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Abstract

The physics of dense plasmas is an important field of research with relevance to
applied and fundamental science. Due to the rapid progress in laser technology,
novel experiments investigating the properties of dense plasmas in the laboratory
have become possible in the recent years. Although these experiments have strongly
contributed to our understanding of the physics of dense plasmas, there are still many
open questions.

In the first part of this work, radiative properties and the equation of state (EOS) of
dense plasmas with relevance to astrophysics and fusion research are investigated.
Thin layers of dense plasmas with temperatures of 200 eV are produced by isochoric
heating of solids with high contrast, sub-10-fs laser pulses. The XUV emission from
the plasmas generated from different target materials is analyzed in detail. Separate
absorption measurements confirm a plasma scale length of the order of one
nanometer during the interaction. The thickness of the plasma layer of about 10 nm is
limited by the penetration depth of the laser into the solid target. For the production
of thicker samples, a second method based on isochoric heating with laser driven
proton beams is pursued. Dense plasmas with a temperature of 20 eV are produced.
In the experiments, the expansion and the temperature of the plasma are measured
with high temporal resolution. In this way, the EOS along the release isentrope is
derived.

In the second part of this work, the generation and the transport of strong currents of
laser driven, relativistic electron beams, which are important in fusion research and
ultra-fast x-ray science, are investigated over a wide range of experimental
parameters. This includes experiments with very short laser pulses with a duration of
only 40 fs and very intense pulses with a power in the petawatt regime. Depending
on the experimental conditions, different acceleration mechanisms are identified. The
effects of self-generated magnetic fields and instabilities are analyzed. Special
attention is given to the optimization of the target design for the generation of high
electron fluxes. Different types of cone targets are investigated. The potential of

these targets for a controlled transport of the electron beams is demonstrated.



Zusammenfassung

Die Physik dichter Plasmen ist ein wichtiges Forschungsgebiet mit Relevanz fiir die
angewandte Wissenschaft und die Grundlagenforschung. Aufgrund der groflen
Fortschritte in der Lasertechnologie sind in den vergangenen Jahren vollig neuartige
Experimente zur Untersuchung dichter Plasmen im Labor moglich geworden.
Obwohl solche Experimente stark zu unserem Verstindnis dichter Plasmen
beigetragen haben, sind viele Fragen noch nicht hinreichend beantwortet.

Im ersten Teil dieser Arbeit werden die Emission von XUV Strahlung und die
Zustandsgleichung dichter Plasmen, wie sie in der Astrophysik und in der
Fusionsforschung von Bedeutung sind, untersucht. Diinne Schichten dichter Plasmen
mit einer Temperatur von 200 eV werden durch isochores Heizen von Festkorpern
mit sub-10-fs Laserpulsen mit einem hohen Kontrast erzeugt. Die XUV Emission
dieser Plasmen wird im Detail analysiert. Separate Absorptionsmessungen bestitigen
eine extrem kleine Skalenlinge in der GrdéBenordnung von einem Nanometer
wiéhrend der Wechselwirkung.

Zur Erzeugung dichter Plasmen mit groBeren Schichtdicken und mit Temperaturen
von bis zu 20 eV wird ein zweites Verfahren, basierend auf isochorem Heizen mit
Laser-getriebenen Protonenstrahlen, angewandt. Die Expansion und die Temperatur
werden mit hoher Zeitauflosung gemessen. Auf diese Weise wird die
Zustandsgleichung entlang der Expansions-Isentropen ermittelt.

Im zweiten Teil dieser Arbeit werden die Erzeugung und der Transport starker, Laser
getriebener Strome von relativistischen Elektronen, wie sie in der Fusionsforschung
und bei der Entwicklung schneller Rontgenquellen von groBer Bedeutung sind, {iber
einen grofen Bereich experimenteller Parameter untersucht. Dazu gehdren Versuche
mit sehr kurzen Laserpulsen mit einer Dauer von nur 40 fs und mit sehr intensiven
Pulsen mit Leistungen im Petawatt Bereich. In Abhéngigkeit von den
experimentellen Bedingungen werden verschiedene Beschleunigungsmechanismen
beobachtet. Der FEinfluss von selbst-generierten magnetischen Feldern und
Instabilitidten wird untersucht. Besondere Aufmerksamkeit wird der Optimierung der
Targets fiir die Erzeugung starker Flussdichten von Elektronen gewidmet. Dazu
werden verschiedene Arten von konischen Targets verwendet. Das Potenzial dieser
Targets fiir einen kontrollierten Transport von hochenergetischen Elektronenstrahlen

wird demonstriert.
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Introduction

1 Introduction

The physics of dense plasmas has become a major field of research with increasing
interest over the past years. A detailed understanding of the physics of dense plasmas
is crucial, e.g., in astrophysics, fusion research and the development of ultrafast x-ray
sources. Radiative properties of dense plasmas play an important role for the energy
transport in the interior of stars. The generation and the transport of strong currents in
dense plasmas are crucial in the fast ignitor scheme of inertial confinement fusion.
Ultrashort x-ray flashes produced in dense plasmas allow for the observation of fast
processes in crystallographic structures with an unprecedented time resolution.

Many laboratory experiments investigating dense plasmas have become possible due
to the tremendous progress in the development of high power laser systems in the
recent decades. The radiative properties and the equations of state of matter were
investigated under conditions found in the interior of stars or giant planets. The
complex processes involved in the transport of high currents of electrons in dense
plasmas were studied. Advanced target geometries were developed to control the
propagation of the electron beams and to produce high fluxes of electrons.

In the recent years, these experiments have greatly contributed to the understanding
of high energy density matter. Important scaling laws and numerous processes
involved in the interaction of intense laser pulses with dense plasmas have been
identified. However, a large number of phenomena are not yet fully understood, and
there are still many open questions. In this work, important novel aspects of the
physics of dense plasmas with relevance to astrophysics, fusion research, atomic
physics and ultrafast x-ray science are investigated. Novel techniques generating
dense plasmas for measurements of radiative properties and equations of state are
presented. The generation and transport of strong currents in laser irradiated solids is

studied in great detail over a wide range of parameters.

This work is organized as follows: In Chapter 2, some examples highlighting the role

of the physics of dense plasmas for applied and fundamental science is discussed. In



Chapter 3, the potential of different classes of laser systems for the production of
dense plasmas and strong currents is investigated. Chapter 4 is an introduction to the
interaction of intense laser pulses with matter. The experimental results are presented

in the Chapters 5 and 6.

In Chapter 5, radiative properties and the equation of state of dense plasmas are
investigated. Two novel methods for the production of dense plasmas in different
physical regimes are presented. The first method is based on isochoric heating of
solid targets by direct irradiation with few-cycle, high contrast laser pulses. Dense
plasmas with temperatures of about 200 eV are produced. XUV spectra obtained
from different target materials are analyzed in detail. In the second method, dense
plasmas are generated by isochoric heating of solids with laser-driven proton beams.
Equation of state measurements are demonstrated for dense aluminium plasmas with

temperatures of about 20 eV.

In Chapter 6, the generation of strong currents in laser irradiated solids is
investigated over a wide range of experimental parameters. The transport of the
electron beams in dense plasmas is characterized in great detail. Special attention is
given to the optimization of the target for a controlled transport of high electron

fluxes relevant for laser driven x-ray sources and fusion research.

The work closes with a summary and an outlook in Chapter 7.
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2 The physics of dense plasmas

The physics of dense plasmas has gained an enormous interest due to its relevance to
fundamental and applied science. The goal of this chapter is to highlight important
aspects of this field of research. The role of dense plasmas for topical research is
discussed in the context of ultrafast x-ray science, astrophysics, warm dense matter

and inertial confinement fusion.

2.1 Astrophysics

Dense plasmas are found in the interior of stars, giant planets, brown dwarfs and
accretion discs. As the inner structure of astronomic objects is not directly accessible,
our models rely to the most part on computer simulations. Parameters such as the
opacity and the equation of state (EOS) are required as an input for these
calculations. In the recent years, laboratory experiments measuring these quantities
in laser produced, dense plasmas have become an important tool for astrophysics.

To discuss the relevance of the EOS in the context of astrophysics, the phase diagram
of hydrogen calculated with the free energy model as described in [202] is shown in
Fig. 2.1. Model calculations of the temperature-pressure profiles of Jupiter, a brown
dwarf and a dwarf star are indicated by the dotted lines. Jupiter has an outer shell of
molecular H,. The pressure in the center of Jupiter is assumed to be 40 Mbar at a
temperature of a few eV. It is believed that there is a transition to metallic hydrogen
at =0.75R; (R, Jupiter radius) at a pressure of approximately 2 Mbar. In the
computer models, the dimension of the boundary between the molecular hydrogen
mantle and nonatomic core plays an important role. A sharp boundary caused by a
first order phase transition would reduce the convective heat transfer and thus result
in a higher core temperature in the computer models. In addition, the position of the
boundary is relevant for the magnetic field which is generated by currents in the
planet’s interior. Because the currents cannot be transported in the molecular
hydrogen mantle, the position of the boundary determines which part of the planet

contributes to the magnetic field generation.
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Log pressure (Mbar)

Log Temperature (°K)

Fig. 2.1: Phase diagram of hydrogen
calculated with the free energy model
[202].  The  temperature-pressure
profiles of Jupiter, a brown dwarf and
a dwarf star are indicated by the
dotted lines. In addition, curves of
constant coupling parameter I and
degeneracy parameter 0 (see Chapter
2.2) are shown. The regions dominated
by molecular, atomic and ionized
hydrogen are indicated by the dashed
lines corresponding  to 50%
dissociation or ionization. Plot from
Reference [202].

Besides the EOS, the opacity of dense plasmas, defined as a weighted average of the

absorption coefficient, is an important parameter in astrophysics. Fig. 2.2 shows the

inner structure of the sun [212]. The core is surrounded by the radiative zone and the

convective zone. The energy transport in the radiative zone is basically through high

energetic photons in the XUV and x-ray spectral range and is determined by the

opacity of the stellar matter in this region.

Fig. 2.2: Schematic drawing of the
interior of the sun. The core is
surrounded by the radiative zone and the
convective zone. The energy transport in
the radiative zone is determined by the
opacity of the stellar matter in this

region. Image from Reference [212].

The opacity is related to a number of radiative transitions, where the electrons final

and initial states can be free-free, bound-free or bound-bound. Historically, early

models have neglected the contribution of bound-bound transitions to the opacity
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because their calculation is complex due to the large number of atomic levels
involved. However, a closer analysis has revealed that bound-bound transitions
become important in regions where the plasma is only partially ionized. For the
heavier elements, e.g. iron, this is the case throughout the whole radiative zone down
to the core. A first attempt to account for the bound-bound transitions resulted in the
Los Alamos Astrophysical Opacity Library [111] which was to a large extent based
on detailed configuration accounting (DCA) methods. More precise calculations with
improved EOS and atomic physics were carried out at Lawrence Livermore National
Laboratory within the OPAL project [114, 115] and more recently by the Opacity
Project (OP) [205]. These projects were carried out in close collaboration with
laboratory experiments and have contributed to a more detailed understanding of
astrophysics. This is illustrated in Fig. 2.3, showing experimental data of the XUV
transmission through a laser produced iron plasma and results from DCA and OPAL

calculations [186].

Fig. 2.3: Transmission of XUV radiation

through an iron plasma in the energy
range between 50 and 120 eV [186]. Fat
solid line: Experiment with laser-
produced iron plasma. Dashed line:
OPAL calculation. Solid line: DCA
calculation. The experiment is in good

agreement with the OPAL calculation.

The iron opacity plays an important role

0Q e
%0 ?gm:: m;’:, (.J)Dﬂ 1o 120 in the cycle of some variable stars. Plot
from Reference [186].

In Fig. 2.3, there is a good overall agreement between the experimental data and the
OPAL calculations, whereas it significantly deviates from the DCA calculations.

The opacities are closely related to the pulsation of some variable stars such as the
Cepheids. When there is a sharp increase of opacity with temperature, the contraction
of a star leads to an increase of the opacity in the radiation zone. The energy will be
trapped in the center, resulting in an increase of temperature and pressure, and finally

leading to expansion and an increase of brightness. As the star expands, it cools
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down and falls back through its equilibrium state through the gravitational forces.
The OPAL opacities have rendered possible detailed understanding of the Cepheid
periods. These examples demonstrate the potential of laboratory experiments for

astrophysics.

2.2 Warm dense matter

The term warm dense matter (WDM) is used for matter at the convergence of
condensed matter and dense plasma. WDM states are relevant in astrophysics,
planetary physics and inertial confinement fusion. The WDM regime ranges roughly
from temperatures between 1 and 100 eV and from densities between 0.1 and 10
times solid. A definition of WDM 1is sometimes given in terms of the ion-ion
coupling parameter /;; and the degeneracy parameter 6. The ion-ion coupling
parameter is defined as the ratio of the average Coulomb energy to the kinetic energy
of the ions in the plasma. For an one-component plasma, it is obtained [113]

_ @
B TikTi

Here, Ze is the ion charge, k is the Boltzmann constant, 7; is the ion temperature,

I

2.1)

1; = (4mn;/3)~/3 is the ion sphere radius and n; is the ion density. The degeneracy
parameter, defined as the ratio of the electron temperature to the Fermi temperature
Er = h? (3n%n,)?/3/(2m,), is

_ kT,

Q—E_F.

(2.2)

Here, h = h/2m, h is the Planck constant, m, is the electron mass, 7, is the electron
temperature and 7, is the electron density. In WDM states, the coupling parameter /;;
is typically close to or larger than unity and the degeneracy parameter @1is close to 1.
The first condition means that the plasma ions are strongly coupled, whereas the
second condition indicates that the electrons are in a partially degenerate state.

As an example, the diagram in Fig. 2.4 shows lines of constant values of the ion-ion
coupling parameters (/;=1, 10 and 100, respectively) in density-temperature space

for aluminium. The dashed blue line indicates a temperature equal to the Fermi
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temperature, i.e. &=1. The WDM regime is highlighted in grey. The values of /;; and

6 were calculated based on a quotidian equation of state [125].
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Fig. 2.4: Density-temperature phase diagram of aluminium. The solid black lines indicate
constant values of the ion-ion coupling parameter (=1, 10 and 100, respectively). The
dashed blue line represents a constant value of the degeneracy parameter of 6=1. The
position of the warm dense matter regime in density-temperature space is highlighted.

The number of electrons in the Debye sphere Ny = (4/3)mn,A3 is an important
scaling parameter in classical plasma physics [134]. Here, Ap = (g0kT/e?n,)/? is
the Debye length and 7, is the electron density. When the number of electrons in the
Debye sphere is large, i.e.

Np>1 , (2.3)
the Coulomb interaction between particles can be treated perturbatively, and
collisions between particles are uncorrelated. The reciprocal value, 1/N, is an
important expansion parameter in this perturbative approach.

In strongly coupled plasmas, the number of electrons in the Debye sphere is small,
and the Coulomb interaction cannot be treated perturbatively, anymore. The
numerical treatment is complex because correlations between particles become
important, and the plasma exhibits short range order. Because the temperature of

WDM states is close to the Fermi temperature (6~1), excited states are significantly

populated, in contrast to condensed matter where 6<<l. Quantum effects are
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important because the free electrons are partially degenerate. Under these conditions,
classical plasma physics and condensed matter physics fail to describe WDM states,
and new approaches are required. Although a number of theoretical models have
been developed [113], a closed description over the whole WDM parameter range is
not yet available.

Besides the complexity of the theoretical treatment of WDM, it turns out that
experiments are challenging. Measurements in this regime require the preparation of
WDM states under well-defined conditions. Experimental methods for the generation
of WDM states include strong shocks [53], isochoric heating with laser [170] or
particle beams [171], quasi-isentropic compression [63] and static compression in
conjunction with laser heating [69]. Although experiments have strongly contributed
to gain some insight into the nature of WDM, comprehensive studies over the whole

range of temperatures and densities are still missing.

2.3 Inertial confinement fusion

The concept of inertial confinement fusion driven by intense laser beams was
published for the first time in 1972 [167]. The idea is to compress a millimeter scale
spherical pellet filled with a fuel consisting of deuterium and tritium by
symmetrically focusing laser beams onto its surface. Due to the thermal pressure, the
shell is rapidly ablated, driving spherically converging shocks to the center of the
pellet. Provided that high densities and temperatures can be achieved, the conditions
for thermonuclear fusion will be reached.

More than three decades of research have revealed that the realization of this concept
poses enormous requirements on the driving laser energy and symmetry [149,150]. A
number of issues making the compression less efficient have not been considered in
the original work. Today, in most laboratories the hot-spot scenario is pursued where
the nuclear burn will be ignited in a small volume in the center of the pellet [8]. It is
estimated that a positive energy gain in a fusion pellet requires driving laser energies
in the order of 1 Megajoule. Two laser systems capable of delivering this enormous

energy on a nanosecond scale are currently under construction.
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The fast ignitor (FI) scheme was suggested to reduce the requirements of the driving
laser by generating the hot-spot with an additional external energy source. In the FI
scheme in Reference [222], it is proposed to transport the energy into the compressed
core by a laser-driven electron beam. In the first step, the pellet is compressed to a
density of 300 g/cm’. In the second step, a laser pulse with a duration of several 100
picoseconds drills a channel into the corona to the compressed core. In the third step,
another laser pulse with an intensity in the petawatt regime propagates through the
channel and generates a population of electrons with a temperature of about 1 MeV.
The electrons are stopped by collisions in the compressed core and generate a hot-
spot with a temperature of 5-10 keV. A closer analysis has shown that a huge energy
of about 20 kJ has to be transported by the electron beam [7]. This energy translates
into an enormous current of 1 GA. The transport of such strong currents exceeding
the Alfvén limit is widely unexplored. It is assumed that currents above the Alfvén
limit can be transported in plasma when the self-generated magnetic fields are
compensated by counter propagating currents. However, this configuration of two
counter propagating currents is susceptible to instabilities, which can dramatically
affect the transport of the electron beam.

To avoid some of these issues, alternative FI schemes have been proposed. A
promising approach is the concept of cone guiding. As shown in Fig. 2.5, a re-entrant
cone is attached to the fusion pellet. The population of hot electrons required to
produce the hot-spot are generated by a laser beam focused into the cone. It has been
demonstrated that high fluxes of electrons can be achieved at the tip of the cone
[133]. This effect is related to optical guiding of the laser pulse and guiding of the
electrons by the electric sheath fields and the self-generated magnetic fields at the
inner cone surfaces. Cone guided fast ignition does not require a laser beam drilling a
hole to the core of the pellet. It has been demonstrated that the fusion neutron yield
can be enhanced by a factor of 1000 with a heating pulse with a power in the

petawatt range [132].
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‘1’ Fig. 2.5: Cone-guided fast ignition. A pellet

R '4 is compressed by ns laser pulses to a density

—_— ’ & of about 300 g/cm’. A re-entrant cone is
attached to the pellet. A strong beam of MeV

A AN electrons is generated by focusing a ps laser

pulse into the cone. The electrons are

emitted from the tip of the cone and are then

ns laser pulses: compression absorbed in the center of the compressed

—> ps laser pulse: heating pellet by collisions.

The progress in ICF research is closely related to our understanding of the physics of
dense plasmas. The compression of the fusion pellet is basically determined by
radiative hydrodynamics. Therefore, the knowledge of the equation of state and the
opacity of the dense plasma in the pellet is crucial for a prediction of the
performance. The transport of the huge current proposed in the fast ignitor scheme is
widely unexplored. A large number of studies have investigated the complex
processes involved. Many of these studies do not require a complete inertial
confinement infrastructure. In particular, experiments on electron transport, EOS and
radiative properties of dense plasmas can be carried out at smaller facilities, and the
collaboration between large scale laboratories with smaller facilities has been

essential for the progress in ICF research.

2.4 Ultrafast x-ray science

Dense plasmas with temperatures in the range of 100 — 1000 eV are produced when
ultra-short, intense laser pulses are incident onto solids. The interaction is
accompanied by the generation of populations of supra-thermal electrons with MeV
temperatures. Under these conditions, bremsstrahlung is generated over a wide
spectral range. In addition, ionic resonance lines in the x-ray and XUV range and
characteristic x-rays from inner shell transitions are emitted. The duration of the x-
ray pulses can be extremely short, close to the laser pulse duration. This short pulse
duration makes x-ray diffraction experiments with an unprecedented temporal

resolution possible. Pump probe experiments using laser generated x-rays have

10
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investigated ultrafast processes such as the lattice dynamics of crystalline samples,
nonthermal melting or phase transitions [190]. An example for a pump probe
experiment investigating coherent lattice vibrations in a bismuth crystal is shown in
Fig. 2.6 [213]. Lattice vibrations are excited with a femtosecond laser pulse incident
onto the surface of the bismuth sample. A short pulse of x-rays is produced from a
thin titanium wire irradiated with an intense, ultrashort laser pulse with a defined
delay. Fig. 2.6 shows the intensity of the titanium K, Bragg reflex from the (222)
plane as a function of the delay. The oscillations of the reflectivity are related to the
coherent lattice vibrations with a period of 467 fs.

In addition, the potential of laser produced x-rays for biomedical imaging has been
demonstrated in a number of studies [128, 221]. In combination with time gated
imaging techniques, the short duration of laser based x-ray sources allows for the

reduction of radiation exposure in medical applications.

Fig. 2.6: Pump-probe experiment

.g investigating coherent lattice vibrations in
E’ 1.06 |- a bismuth crystal [213]. The vibrations
E 1.04F are excited by irradiation with a
*§ 102k femtosecond laser pulse. The x-ray probe
%’ 1.00 l is generated by focusing an intense laser
E - _l pulse onto a titanium wire. The plot shows
g 006l the intensity of the x-ray probe reflected at
2 - (I) 1- é :|3 zll the (222) plane as a function of the delay

Time delay (ps) between pump and probe. Plot from

Reference [213].
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3 Generation of ultrashort, intense laser pulses

Many of the experiments on dense plasmas carried out in the recent years have
become possible through the development of high power laser systems generating
ultraintense pulses with sub-picosecond durations. In the 1960s, Q-switching and
mode locking were important milestones for increasing the peak intensities of short
laser pulses. In the period from the beginning of the 1970s to the mid 1980s, only
little progress was made. The reasons for this stagnation were difficulties in the
amplification of the laser pulses caused by nonlinear processes in the optical
components. The breakthrough towards higher intensities came in 1985 when the
technique of chirped pulse amplification was invented [219]. The principle of
chirped pulse amplification is shown in Fig. 3.1. The low energy pulses from an
oscillator are stretched in time by a factor of 10°-10°. Due to the longer pulse
duration, the intensity becomes smaller and non-linear effects in the amplifier media
can be reduced to an acceptable level. Amplifier media with high saturation fluences
such as titanium:sapphire or neodymium:glass increase the pulse energy by several
orders of magnitude. Instead of conventional amplifier media, CPA has also been
implemented using optical parametric amplifiers (OPCPAs). After the amplification,

the pulses are re-compressed, ideally to their original duration.

A
—» —> —>» —

Oscillator ~ Stretcher Amplifier Compressor

Fig. 3.1: Principle of chirped pulse amplification.
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These days, table-top laser systems generating peak intensities in excess of 100
terawatt are routinely available in many laboratories. A number of petawatt lasers are
operational, and new petawatt lasers are currently constructed in several laboratories.
Future laser systems aiming at intensities in the Exawatt level are being planned. The
ultrahigh energy densities and electromagnetic fields in combination with pulse
durations on a femtosecond scale have made laboratory experiments in a completely
new regime possible and have opened new opportunities for fundamental physics and
technical applications. The development of the maximum laser intensities over the

past decades with an extrapolation to the near future is shown in Fig. 3.2 [224].

10" [1Tov
] ] k)
< 203 Relativistic ] §
§ 1077 electrons T1Mev| ?
2 / ] &
£ 10" < Plasmaphysics- 5
- . | "5
= : Mode locking \Chl'gzed {1ev uij
10 ] L L u ]
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Year

Fig. 3.2: Development of maximum laser intensities over the past decades with an
extrapolation to the future after [224]. On the right axis, typical energy scales of electrons in
the laser field are shown.

The maximum energy which can be extracted from an amplifier medium is roughly

given by the saturation fluence [209]

Fy=hvjo (3.1)
where / is the Planck constant, v is the frequency of the lasing transition and o is the
induced emission cross section. The minimum pulse duration which can be achieved
is limited by the amplifier’s gain bandwidth. For a laser pulse with a Gaussian shape

in time, the relationship between pulse duration A7 and bandwidth A4 is [209]
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Generation of ultrashort, intense laser pulses
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In praxis, the bandwidth of the output pulses is smaller than the gain bandwidth of
the amplifier medium due to the effect of gain narrowing. Gain narrowing can, at
least partially, be compensated by shaping the spectrum of the seed pulses. In
modern titanium:sapphire amplifiers, a bandwidth of more than 40 nm corresponding
to a pulse duration of about 25 fs can be achieved. Taking advantage of the high gain
bandwidth of non-collinear optical parametric amplifiers (NOPAs), intense few-cycle
pulses with durations of less than 10 fs can be produced [176, 230].

In experiments, laser pulses are focussed by parabolic mirrors to achieve high
intensities. For laser pulses with a Gaussian profile, the diffraction limited focus

diameter defined by the 1/ ¢’ radius in intensity is [209]

_4 S
T d

Wo

(3.3)

Here, A is the laser wavelength, f'is the parabolic mirror focal length and d the initial

beam diameter. This spot size corresponds to an average intensity of

I=(-&)x2 (3.4)

Wy T

in the focal region. In praxis, the focal spot size is often larger because the profile of
the laser beam deviates from Gaussian, and phase front distortions make the pulses
less focusable. Using high aperture focussing optics in combination with adaptive
optics, it has been demonstrated that focal spot sizes with an area in the order of A*
are possible [165].

Assuming a bandwidth limited pulse with duration 7= 1/4v focussed down to a spot
with an area of A%, this corresponds to an intensity of

B hviAv

2
CcC O

I, (3.5)

per unit area of the amplifying medium. The intensities in Fig. 3.2 were estimated

using Equation (3.5) assuming reasonable values for the size of the amplifier media.
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3.1 Pulse contrast and preplasma formation

In laser amplifiers, the energy is stored in the amplifier crystals for durations in the
order of microseconds before it is released to the seed pulse. Some leakage of the
stored energy through the amplifier chains cannot be avoided, leading to the emission
of electromagnetic radiation before the main pulse. Several processes can potentially
contribute to the leakage. Amplified spontaneous emission (ASE) leads to a pedestal
with a duration typically on a time scale in the order of nanoseconds before the main
pulse. The leakage of oscillator pulses through optical shutters (pockels cells) in the
amplifier chain and reflections in optical components lead to prepulses. Finally,
nonlinear optical effects (e.g. self-phase modulation) in the optical components affect
the spectral phase of the chirped laser pulse. Due to the associated higher order
dispersion, the pulses cannot be perfectly recompressed and wings close to the laser
peak are produced.

In most high power laser systems, the intensity of the light leaking through the
amplifier chain is sufficient to generate a preplasma before the main pulse interacts
with the target. Experiments have shown that the preplasma scale length significantly
affects the interaction. Therefore, the knowledge of the prepulse intensity expressed
in terms of the pulse contrast is an important parameter. Denoting the intensity of the
radiation leaking through the laser system in a certain period before the main pulse

by I1.qx and the main pulse peak intensity by /j, the contrast is defined as I/ I1cax-

3.2 Classes of laser systems

Laser technology has been rapidly developing in the recent years. Depending on the
application, laser systems are being optimized in terms of repetition frequency, pulse
duration, peak intensity, pulse energy and contrast. In this work, experiments were
carried out with different laser systems. On the one hand, this allows for the
investigation of the interaction over a wide range of experimental parameters. On the
other hand, optimized laser conditions can be achieved for a specific application.

Here, a brief description of some of the laser systems used in this work is presented.
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3.2.1 Sub-10-fs laser systems

For the production of dense plasmas and for studies of optical field ionization at high
intensities, laser systems with extremely short pulse durations less than 10 fs and an
optimized contrast are required. For this kind of experiments, a laser system similar
to that described in [103] was set up at our laboratory at the Institute for Laser and
Plasmaphysics in Diisseldorf. A schematic of the laser system is shown in Fig. 3.3.
The pulses from a titanium:sapphire oscillator are stretched in a SF57 glass block. A
precise control of the pulse duration and the higher order dispersion was achieved
using an acousto-optical dispersive programmable filter (Dazzler). After 9 passes
through a titanium:sapphire crystal pumped with a frequency doubled Nd:YLF laser
at a repetition rate of 1 kHz, the pulses are amplified to an energy of 1 mJ with a

pulse duration of 25 fs.

Ti:Sapphire
Multipass-Amplifier

Stretcher Dazzler

Ti:Sapphire] _ 1
Laser | I | '\
Chlrped Mirror Ar-Filled Hollow Fiber \
Compressor N\
To Target Chamber:
Pulse Energy 200 pJ /

Pulse Length <10 fs
Rep. Rate 1kHz
790 nm Prism Compressor

Fig. 3.3: Drawing of the sub-10-fs laser system used for the generation of dense plasmas.

The pulse duration is further reduced by a second compressor consisting of a noble-
gas filled hollow-fiber and a set of eight chirped mirrors [43]. Due to self-phase
modulation in the fiber, the spectral width of the laser pulses is increased by a factor
of 3. The spectra measured before and after the fiber are shown in Fig. 3.4 (a). The

pulses are then compressed to a length of less than 10 fs by the chirped mirror
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compressor. The temporal shape calculated from the spectrum assuming a bandwidth
limited pulse duration is shown in Fig. 3.4 (b). The corresponding pulse duration is

7 fs (FWHM).

1.04 — Before ﬁber'
— After fiber 011
— 08
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Fig. 3.4: Spectrum of the laser pulse before and after the noble gas filled hollow fiber (a).
Self-phase modulation increases the bandwidth by a factor of 3, resulting in a bandwidth
limited pulse duration of less than 10 fs after the chirped mirror compressor (b).

This value is close to the value of 8 fs which was measured with a second order
autocorrelator. The contrast was measured before the hollow fiber with a third order
autocorrelator. The result is shown in Fig. 3.5. The contrast was better than 10° for

the period 1.3 ps before the laser pulse and the ASE contrast is in the order of 10,

-
.

Fig. 3.5: Third order autocorrelation
of the titanium.:sapphire laser system

measured before the fiber.

1E-10 T T T T y J
15 R

Third order autocorrelation [a.u.]

Delay [ps]
Due to their low intensity, the prepulses will not be spectrally broadened in the
hollow fiber and consequently they are not further compressed. Therefore it is

expected that the prepulse contrast is further improved by a factor of approximately 3
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after the second compressor. Due to the transmission losses in the compressors and
in the optics in the beam line, the energy on the target reduces to 200 pJ.

The peak intensity which can be achieved with this technique is limited by the
energy that can be transported through the fiber. Here, peak intensities of the order of
10" W/em® were achieved. Few-cycle-pulses with higher intensities exceeding
10" W/ecm? were recently demonstrated using OPCPA amplifiers [176, 230]. These
systems will allow for experiments in a new regime of laser plasma interactions in

the near future.

3.2.2 Table top, terawatt laser systems

The generation of strong currents in solid targets requires laser pulses at relativistic
intensities exceeding 10" W/cm?. Laser pulses with powers of more than 100 TW at
a repetition frequency of 10 Hz can be generated with table-top titanium:sapphire
multipass amplifier systems. The compact size of this type laser system, the high
repetition frequency and the short pulse duration make this kind of laser system
interesting for many research institutions.

Some of the experiments investigating the transport of strong currents in dense
plasmas have been carried out at the THOR laser facility at the Texas Center for
High Intensity Laser Science at the Universtity of Texas at Austin. THOR is a CPA
titanium:sapphire laser system generating pulses with an energy of up to 700 mJ on
target and a FWHM duration of 40 fs. Fig. 3.6 shows the setup of the laser. The
pulses of a titanium:sapphire oscillator are stretched to a duration of 600 ps. The
pulses are amplified in a regenerative amplifier and two multipass amplifiers to an
energy of 1.2 J. After compression in a vacuum compressor, laser pulses with a

duration of 40 fs and an energy of 700 mJ on target are available.
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Ti:Sa oscillator Stretcher
600 ps
1nJ
20fs
Regenerative
amplifier € 40 m)J
2ml
4-pass €——150 m)J
amplifier
20m)
14) —— 5-pass
oo 1.4)
amplifier
1.2)

Vacuum Ti:Sapphire @ 800 nm
—

compressor
Pump lasers:
l Frequency doubled
Nd:YAG @ 532 nm
700 mJ, 40 fs on target —_—

Fig. 3.6: Schematic drawing of THOR laser.

Because the preplasma scale length is an important parameter for the electron

acceleration, the pulse contrast of THOR was characterized using a third order

autocorrelator. The result is displayed in Fig. 3.7, showing a number of pre- and

postpulses.

0.14
0.014
1E-34
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Delay [ps]

Third order autocorrelation [a.u.]

Fig. 3.7: Third order autocorrelation
obtained from THOR laser. The plot
shows the main pulse at t=0 and a
number of pre- and postpulses. The
prepulses generate a preplasma with a

scale length of 3.5 um.

A detailed study of the effect of the prepulses on the interaction of THOR with solids

has been carried out in [220]. The conversion efficiency from laser energy in hard x-

rays has been measured using planar silicon targets at different angles of incidence.
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The maximum conversion efficiency was found for an angle of 10°. According to the
theory of linear resonance absorption (see Chapter 4.4.3), this value corresponds to a

preplasma scale length of 3.5 um.

3.2.3 Petawatt laser systems

Some applications, such as ultrabright backlighters or the generation of strong
currents needed in fusion research, require laser powers in the petawatt regime. The
first petawatt laser was realized in 1996 by implementing CPA on one of the
beamlines of NOVA laser at Lawrence Livermore National Laboratory [173]. Since
then, petawatt lasers with improved designs were planned and set up in a number of
laboratories [54, 58, 175, 204, 236].

In this work, experiments investigating the electron transport in dense plasmas
relevant to fusion research were carried out using the VULCAN petawatt laser at
Rutherford Appleton Laboratory. The pre-amplifier is based on OPCPA and
generates broadband pulses with an energy of 10 mJ. In the main amplifier chain, a
combination of Nd:silicate and Nd:phosphate amplifyer media are used. Laser pulses
with energies of 500 J and durations of 500 fs are delivered on target [54]. The
maximum repetition rate is limited by the heat load of the glass amplifiers to about

one shot in 20 minutes.
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4 Interaction of intense laser pulses with matter

A great variety of processes is involved in the interaction of intense laser pulses with
matter. The plasma formation is induced by optical field ionization and impact
ionization. A large number of collisional and collisionless heating processes
contribute to the energy transfer from the laser to the plasma. Relativistic effects and
strong quasistatic electric and magnetic fields generated during the interaction
significantly affect the plasma dynamics. Populations of hot electrons and collisional
radiative processes have an important impact on the energy transport in the plasma.
In this chapter, some of the processes relevant in this work and their consequences

for laser plasma interaction are discussed in more detail.

4.1 Ionization of matter in intense laser fields

Optical field ionization plays an important role for the plasma formation when
intense laser pulses interact with matter. To characterize the ionization processes, it

is userful to introduce the Keldysh parameter y[123, 172]

= | L 4.1
Y= w, (4.1)

Here, Ip is the ionization potential and Up is the ponderomotive potential of the laser

(see Equation (4.10)). For y> 1, the electric field of the laser can be considered as a
small perturbation of the Coulomb field seen by the bound electrons. In this regime,
the atom is ionized either by absorption of a single photon with an energy close to
the ionization potential or by multiphoton ionization, i.e. the simultaneous absorption
of a number of n lower energetic photons. The n-photon cross section o; is defined

through
Fn = O-nl Z > (42)
where 7, is the n-photon ionization rate.

Experiments have shown that the atom can absorb a larger number of photons than

necessary for ionization [1, 95]. The energy of the excess photons is converted into
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kinetic energy of the freed electron. This process is called above threshold ionization
(ATI).

For small values of the Keldysh parameter, << 1, the field of the laser significantly
affects the Coulomb potential of the atom and a perturbative treatment is not
possible, anymore. Electrons can escape from the atom by tunnel ionization. The
theory of tunnel ionization has been developed for hydrogen-like atoms and ions by
Keldysh [123] and has been extended to more complex atoms by Ammosov, Delone
and Krainov (ADK) [4]. The ionization rates obtained from the ADK theory have
been confirmed experimentally over a wide range of laser intensities [10].

At a certain threshold, the laser intensity is strong enough to suppress the Coulomb
barrier below the ionization energy. In this regime, electrons are instantaneously
released from the atom by barrier suppression ionization (BSI). The appearance
intensity /,,, at which BSI occurs is given by [90]

cmley Iy
Iapp = 7? . (43)

For a hydrogen atom with Z=1, the appearance intensity is ,,, = 1.37x 10" W/em?

As soon as a population of free electrons is generated by optical field ionization,
electron impact ionization becomes important. At high density, impact ionization
results in an ionization avalanche and strongly affects the ionization dynamics. [25,
119]. An empirical formula for the impact ionization cross section is found for
example in References [153, 154]. The cross sections strongly depend on the electron

density and temperature.

4.2 Motion of electrons in intense laser fields

In an electromagnetic field, charged particles are accelerated by the Coulomb force
and the Lorentz force. Due to their highest charge to mass ratio, electrons experience

the strongest acceleration. The force on a single electron is given by
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%§=—4E+5xé). (4.4)
Here, E and B are the electric and magnetic field, v is the velocity and p the
momentum of the electron. In a monochromatic, plane wave, the electric and
magnetic fields are periodic functions in time. At low intensity, the Lorentz force
related to the magnetic field in Equation (4.4) is negligible. For a linearly polarized
wave, the electron oscillates perpendicular to the wave vector and gains a peak

momentum py with
Lo _q, 4.5)

where ay is the normalized vector potential

A eE
g, =—0 = (4.6)
mc wmc

Ap and E, are the vector potential and electric field amplitudes, respectively. In the
non-relativistic regime (ay << 1), this corresponds to the peak velocity

Doxa, . (4.7)
C

At high intensity, when ay exceeds 1, the electrons quiver velocity approaches the
speed of light and the Lorentz force cannot be neglected anymore. An electron which

was initially at rest in the laboratory frame drifts in laser direction with a velocity

2
Up a,

c 4+a;

(4.8)

In the co-moving reference frame, the motion of the electron has a figure 8 shape as
shown in Fig. 4.1. For linear polarization, the Lorentz factor averaged over one

oscillation period is
y=yl+al/2 . (4.9)

In a plane electromagnetic wave that is varying slowly in time, the electron interacts
adiabatically with the electromagnetic field. Under these conditions, the electron
does not gain energy from the electromagnetic wave. When the electron was initially

at rest, it will be at rest again when the wave has passed by.
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The situation is different when the electron interacts with a tightly focussed laser
beam. The strong gradients of the electromagnetic field in the focus result in
complex electron trajectories [182]. The effects of the field gradients on the motion
of the electron can be expressed in terms of the ponderomotive potential U,. In the
non-relativistic regime, the ponderomotive force has been investigated in great detail
in [109]. A number of studies have shown that the formalism can be extended to the
relativistic regime [17, 182], resulting in

2
U, = ’Z; a . (4.10)

The cycle averaged force on the electron is given by the negative gradient of the

ponderomotive potential. In a laser focus, an electron will be pushed towards regions
with low intensities and gains an energy E = mcz(y —1) which is of the order of the
ponderomotive potential. The angle at which the electron is emitted from the laser

focus is

cosd = 7—: . (4.11)
/4

Equation (4.11) has been confirmed in experiments measuring the energies and
emission angles of electrons originating from different ionization stages of rare gases

[159].
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4.3 Propagation of laser pulses in underdense plasmas

Due to the electromagnetic interaction of the charged particles in plasmas, many
phenomena are of collective nature. A prominent example is the collective oscillation

of electrons at the plasmas frequency ,

2
w, = |2 (4.12)

gome
Here, e is the electron charge, n, is the electron density, & is the dielectric constant,
y 1is the Lorentz factor of the electrons averaged over one oscillation period and m,

is the electron mass.
Laser pulses can only propagate in underdense plasmas, i.e. when the plasma
frequency is smaller than the laser frequency @;. For a given laser frequency @y, the

plasma is underdense when the electron density is smaller than the critical density 7.

— 2 2

& ym, @ w

0 L L
n,=———=—5n, . (4.13)

e a)p

At low intensity, the propagation of the laser pulse in a collisionless plasma can be

described by a linear wave equation. The dispersion relation is
2 2 272
o =w,+ck (4.14)

corresponding to a refractive index n of

n=y1-(o, /0, =\1=n/n. . (4.15)

At high intensity, the interaction of the laser pulse with the plasma becomes non-
linear. In this regime, a large number of phenomena such as stimulated Raman or
Brillouin scattering, self-amplitude modulation, modulational and filamentation
instabilities or self-focusing result from the interaction of the laser pulse with the
plasma. Self-focusing, for example, is a consequence of the ponderomotive force and
the relativistic motion of the electrons in the laser field. The ponderomotive force
pushes electrons away from regions of high intensity, leading to the formation of a
channel which can be fully depleted of electrons. The electron density n. in the

channel is given by [215]

27



Interaction of intense laser pulses with dense plasmas

nfny=1+k’Viy . (4.16)
Here, ny is the ambient electron density, k,=a,/c is the ambient plasma wave number
and yis the cycle averaged Lorentz factor of the electrons. In addition, according to
Equation (4.12), the plasma frequency is smaller on the laser axis where the intensity
is high. Both effects contribute to an increase of the refractive index on the laser axis,
and the plasma acts on the laser beam like a converging lens. The detailed analysis

shows that self-focusing dominates over diffraction when the laser power exceeds a

threshold of

n
%F=UGWXj-~ (4.17)

For laser powers above this threshold, the laser pulse collapses to a filament
extending over distances significantly larger than the Rayleigh length [181]. Self-
focusing and filamentation have been investigated in a number of experiments by
imaging the self-emission from the channel, the transmitted light or by optical
probing [30, 72, 74, 82]. Recently the strong electric fields associated with the
channel have been directly observed by the proton projection imaging technique

[120].

Laser

—>

Channel

Fig. 4.2: Observation of the quasistatic electric fields in an ion channel using proton
radiography [120]. The channel was generated by the ponderomotive force of an intense
laser pulse propagating through a gas target.

4.4 Interaction of intense laser pulses with dense plasmas

Laser pulses cannot propagate in overdense plasmas. When a laser pulse is incident
onto an overdense plasma, a fraction of the laser pulse will be reflected close to the

critical surface. In addition, several processes of collective or collisional nature
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contribute to the absorption of laser energy. The interaction significantly depends on
the experimental conditions, as for instance the laser intensity, pulse duration,
polarization, plasma density and plasma scale length. A large number of
experimental studies were carried out to investigate the effect of these parameters on
the absorption of intense laser pulses in dense plasmas [33, 127, 179, 191, 201].

For laser pulses with low intensities up to the order of 10" W/cm?, collisional
processes play an important role for the absorption. At high intensities, the electrons
quiver velocity approaches the speed of light and collisional absorption becomes less
important. The high values of the absorption in this regime are due to collisionless
processes such as vacuum heating, j x B heating or resonance absorption. In the

following chapters various absorption processes in dense plasmas are summarized.

4.4.1 Normal skin effect

At low intensities (/<10'* W/cm?®), when there is a sharp boundary between the
vacuum and the overdense plasma, energy is absorbed due to collisions in a thin skin
layer in the plasma. For a perfect step profile with the plasma-vacuum boundary at
z=0

_{ 0,z<0
e = ng>ng,z=0"’

(4.18)
the absorption can be calculated with the Fresnel formulae [35]. Due to preplasma
formation and the expansion of the plasma during the interaction, the condition of a
step profile is never strictly fulfilled for laser plasma interactions. Nonetheless, it is
interesting to investigate the normal skin effect as a limiting case.

The absorption by the normal skin effect is determined by two parameters: the
electron density 7, and their collision frequency v. Because both parameters depend
on the temperature, heating by the laser pulse and thermal conduction have to be
taken into account. Different types of collisions are relevant in different stages of the
interaction of ultrashort laser pulses with solids. In the initial state of the interaction,

when the target is cold, there are contributions from electron-phonon collisions. At

high temperatures, electron-ion collisions are relevant for the interaction. In addition,
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there are contributions of electron-electron collisions [191]. The electron-ion

collision frequency v,; can be calculated with the Spitzer-Harm formula

4 Ze*
vy =327 ’;;253 A . (4.19)

Here, In A is the Coulomb logarithm, Z is the ion charge, m is the electron mass and
v, =+/kT/m is the thermal velocity of the electrons. According to Equation (4.19),

collisional absorption becomes weak when the thermal velocity of the electrons is
high.
According to the Drude model, the relative permittivity ¢ for an electromagnetic

wave with frequency @ is related to the collision frequency v by [35]

602

&= 1—m . (420)

The reflectivity R defined as the ratio of the reflected to the incident intensity

depends on the polarization. The Fresnel formulae for p- and s-polarization are [35]
2

R = sin(@ — 6,)
S |sin(6 + 6,)
. (4.21)
R = tan(0 — 0;) 2
P |tan(0 + 6,)
Here, @is the angle of incidence and 6, is defined by Snellius’ law
sin@
6, = sin—l( ) (4.22)
n
The index of refraction # is related to the permittivity through
n=+e . (4.23)
The fraction of energy absorbed by the normal skin effect fysz is
fNSE =1—-R . (424)

In the overdense region of the plasma, the electric field decays exponentially on a

spatial scale given by the electron skin depth &
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5= iriv,fof (4.25)

p
The Fresnel formulae have been used to analyze the absorption of intense, ultrashort
laser pulses measured in experiments. Typically, the finite plasma scale length in the
experiments results in deviations from the Fresnel formulae [73, 191]. For a more
precise calculation of collisional absorption, the expansion of the plasma during the
interaction has to be taken into account. Hydrocodes have been successfully used to
calculate the absorption of laser pulses in steep density gradient plasmas. Further
details are discussed in Chapter 4.11.1.

The high values of the absorption observed in steep density gradients at intensities
exceeding 10'® W/em? cannot be explained by collisional processes, anymore. In this
regime, collisionless processes described more in detail in Chapter 4.4.5 become

important.

4.4.2 Inverse bremsstrahlung

In the case of long plasma scale lengths (L>A), inverse bremsstrahlung in the
underdense region of the plasma contributes to collisional absorption of the laser
pulse. The propagation of an electromagnetic wave in the collisonal plasma can be
described using the Helmholtz equations. Assuming a plasma density gradient in z-
direction and an incident electromagnetic wave linearly polarized in x-direction (s-
polarization) propagating in the y-z plane at an angle @ with respect to the z-axis as

shown in Fig. 4.3 (a), the Helmholtz equation for the electric field is [35]

2 2
OE, +2 (e-sin®0)E, =0 . (4.26)

2 2
0z c

For a linear density profile where the density ramps from 0 to n. over a distance L,
the x-component of the electric field has the shape of an Airy function as shown in
Fig. 4.3 (b), whereas the y- and z-components are zero. At oblique incidence, the
turning point of the electromagnetic wave is at a distance d before the critical
density. Behind the turning point, the electric field is evanescent. For a collisionless

plasma, the turning point is at e=sin(6).
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Fig. 4.3: Reflection of an s-polarized electromagnetic wave by an overdense plasma with a
linear density profile. At oblique incidence at an angle 0 with respect to the z-axis, the
turning point of the wave is at a distance d before the critical density (a). (b) shows the x-

component of the electric field. Beyond the turning point, the field is evanescent.

The calculation yields a contribution of

32v,L
fs :l—exp(— 15’2 cos’ Hj (4.27)

from inverse bremsstrahlung to the absorption [68, 140].

4.4.3 Resonance absorption

The situation for a p-polarized laser pulse at oblique incidence is shown in Fig. 4.4.
At the turning point, the electric field has a component parallel to the density
gradient. The electric field tunnels to the critical density layer where the laser
frequency equals the plasma frequency. The z-component of the electric field is
strongly enhanced, produces charge separations and resonantly drives plasma waves.

This collisionless process is called resonance absorption.
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An analytic expression for the fraction of laser energy absorbed by resonance
absorption is given in [92, 174]

AP(r) 4.28
Al(e) (428

Here, 7= (a)L/ c)]/ ’sin@ , Ai is the Airy function and Ai’' it’s derivative. The
absorption vanishes at 7=0 and approaches zero for 7=2. The maximum absorption of
fra=0.5 1s at 7=0.8. For a given scale length L, the angle of incidence for maximum
absorption is O, ~ arcsin[0.8 x (c/wL)'/3]. As shown in Fig. 4.5, Gy increases
for small values of the scale length and approaches 90° at L/A ~ 0.081. This result

indicates that the theory of linear resonance absorption is not valid for very small
values of the scale length. The reason for the breakdown of the linear resonance

absorption at small scale lengths is discussed in the Chapter 4.4.5.
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4.4.4 J x B heating

As pointed out in [139], the high frequency component of the ponderomotive force
of a laser pulse, which is proportional to j x B, gives rise to another collisionless
heating mechanism termed j x B heating. For a linearly polarized electromagnetic

wave propagating in z-direction, the z-component of the ponderomotive force is

f.=—=—02 (1-cos2mt) . (4.29)

4 dx
The first term on the right side of Equation (4.29) represents the DC component of
the ponderomotive force. At high intensities, it plays an important role for the
interaction as it is involved in density profile steepening and hole boring [90]. The
second term is a high frequency component leading to heating of the electrons.
Bunches of electrons are accelerated 2 times per laser cycle, predominantly in the
direction of the laser. Ponderomotive heating works for any polarization except for
circular. The contribution of j x B heating to the absorption and the scaling of the hot
electron temperature with the laser intensity have been studied in detail in PIC

simulations by Wilks [243].

4.4.5 Collisionless absorption processes in steep density profiles

For extremely small values of the plasma scale length, linear resonance absorption

cannot contribute to the energy transfer from the laser to the plasma. The amplitude
of the displacement of an electron close to the critical density is z, =eE, / me’ .

Here, E, is the driving electric field at the critical density layer. When the amplitude
exceeds the plasma scale length, linear plasma waves cannot be driven, anymore. In
steep density profiles other collisionless processes such as such as vacuum heating
[43, 89], Brunel heating [38], anomalous skin layer absorption [246], sheath inverse
bremsstrahlung [40] and anharmonic resonance absorption [161] become important.

In the following paragraphs, two models relevant in this work are discussed.
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4.4.6 Vacuum heating

When the electrons excursion length exceeds the plasma scale length, vacuum
heating becomes important [89]. In steep density gradients, electrons in the
underdense region of the plasma vacuum boundary are directly exposed to the laser
field. An electron arriving at the boundary at a certain phase of the laser field will be
accelerated away from the boundary and will then be reinjected into the overdense
region of the plasma in the next half cycle of the laser. Because the laser field is
strongly attenuated on a length given by the electron skin depth in the overdense
plasma, the electron keeps on propagating into the target with the energy is has
gained from the laser pulse. Brunel has investigated vacuum heating in a capacitor
model neglecting magnetic fields and assuming a step profile [38]. The calculation

yields a value of

S = ﬁ%o i+ aazsin o) - 1]% (430)
for the absorption f;; by vacuum heating. The field amplification factor « is
a=1+(1-7,)" (4.31)
and
N, = iao sin” 0 (4.32)
T cosd

Equation (4.30) predicts a strong absorption of up to 100% at grazing incidence.

The model of vacuum heating has been refined by computer simulations taking into
account magnetic fields and more realistic density profiles [89]. The results are
significantly different from the capacitor approximation and show a complex
transition from vacuum heating to resonance absorption for increasing values of the
density scale length. One reason for the deviation of the computer simulations from
the capacitor approximation is the existence of surface currents generating magnetic

fields which inhibit the reinjection of electrons into the target.[89]
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4.4.7 Anharmonic resonance absorption

The concept of anharmonic resonance can be explained by a very fundamental
physical image. For a harmonic oscillator, the cycle duration does not depend on the
amplitude of the excursion, resulting in a constant eigenfrequency @y. A driving
frequency close to @y is required to drive the oscillator in resonance. The situation
changes when the oscillation becomes anharmonic. The cycle duration and thus the
eigenfrequency depend on the amplitude. Consequently, the oscillator can be driven
to resonance with a driving frequency smaller than the initial eigenfrequency,
provided that the driver strength is sufficient.

This model has recently been applied to investigate the absorption of intense laser
pulses in steep density profiles [161]. For small amplitudes, the eigenfrequency of
the electron fluid in the plasma is equal to the plasma frequency @,¢. In the linear
regime, plasma waves are resonantly driven only close to the critical density layer.
The situation becomes different when the motion of the electron fluid becomes
anharmonic at high laser intensities. For a single plasma layer with thickness d, the

eigenfrequency ay of the electron fluid decreases like [161]
2

w0y = (/4 x| 2oL (4.33)
$o

Here, & is the amplitude of the displacement of the electron fluid. Consequently,

electrons can be driven to resonance with a driver frequency below the original
plasma frequency.
An important prediction is the existence of a threshold for anharmonic resonance
absorption. For a single plasma layer, the threshold for the electric field to drive the
anharmonic resonance is [161]

Erp = mewpd/(4e) . (4.34)
In computer simulations, it was confirmed that a large fraction of the electrons
accelerated by intense laser pulses in steep density profiles exhibit a characteristic

resonance behavior [161].
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4.5 Generation of strong currents in dense plasmas

In Chapter 4.4, a number of processes contributing to the absorption of ultrashort,
intense laser pulses in dense plasmas have been discussed. A fraction of the absorbed
energy will be transferred to the electrons. The final kinetic energy of an individual
electron depends on a number of stochastic factors such as the initial position of the
electron and the laser intensity during the acceleration. Therefore, the energy
distribution of an ensemble of N, heated electrons is typically broad and can often be
described by a Boltzmann distribution with temperature 7
dN N, E
dE kTP (_ k_T)

Collisional processes generate a bulk population of thermal electrons with a

(4.35)

temperature 7). At high intenities, collisionless processes such as resonance
absorption or j x B heating generate directed beams of electrons with a temperature
T}, that is significantly larger than the bulk electron temperature. The existence of two
electron populations with different temperatures 7, and 7; has been confirmed in
experiments investigating the energy spectra of the electrons emitted from laser
irradiated, solid targets [90, 200]. The generation of a beam of suprathermal electrons
by collisionless processes is of immense importance for laser plasma interaction.
Many phenomena such as target normal sheath acceleration (see Chapter 4.7) or the
emission of high energetic x-rays are related to the strong currents associated with
the hot electrons.

The characteristics of the hot electron population are closely related to the
predominant acceleration process. In the case of resonance absorption, the laser
drives plasma waves at the critical surface layer. Electrons are then heated in the
strong fields of the plasma wave by Landau damping [68, 140] or by wave breaking
[23, 24]. In this way, a beam of electrons bunched at the laser frequency is injected
into the target at an angle close to the target normal. An empirical formula for the
temperature of the hot electrons as a function of the laser intensity is given in

Reference [18]:
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Tra = 0.1 X (I;;23)/3MeV . (4.36)

Here, I7 is the laser intensity in units of 10" W/cm? and Ay, s the laser wavelength in
microns.
For the case of j x B heating, the electrons are predominantly accelerated into the
laser direction. Because the ponderomotive force has a component oscillating at
twice the laser frequency @y (see Equation (4.29)), the electrons are bunched at 2 ;.
A scaling law for the hot electron temperature has been found by Wilks [243]:

Tpy = 0.511 X [(1 + [;542/1.37)Y/2 — 1]MeV . (4.37)
Here, 1,3 1s the laser intensity in units of 10" W/em?.
The laser driven electron beams transport strong currents into the target. To estimate
these currents, a Boltzmann energy distribution with temperature 7} is assumed. The
total number of electrons N, is related to the beam energy Epge.n by Ny =
Egeam/kTy,. The beam energy can be calculated from the conversion efficiency #
from the laser into hot electrons according to Eg.um = Ejgser X 1. Typical values for
the conversion efficiency are in the range of 15-40% [18, 227]. The current close to
the interaction zone is approximately I = eN, /T, where 7 is the laser pulse duration.
For a 30 fs laser pulse with an energy of 1 J, a conversion efficiency of 7=20% and a
hot electron temperature of 7,=1 MeV, the total number of electrons is about
Ny=10", corresponding to a current of about 6 MA. It is noted that this value is
significantly above the Alfvén limit introduced in Chapter 4.6.3. Due to velocity
dispersion, the current will decrease as the electron beam propagates through the
target. These aspects of electron beam transport are analyzed in detail in the

following chapter.
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4.6 Transport of strong currents in dense plasmas

For some applications such as the fast ignitor scheme in inertial confinement fusion
or advanced x-ray sources, the transport of laser driven currents in the target is of
fundamental importance. Bunching of electrons, return currents, self-generated
magnetic fields and electromagnetic instabilities are important issues. In the
following chapters, important aspects of the electron transport in dense plasmas

relevant in this work are investigated.

4.6.1 Bunching of laser driven electron beams

As discussed in Chapter 4.5, some collective heating mechanisms as e.g. resonance
absorption or j X B heating, produce bunched electron beams. The propagation of a
laser driven, bunched electron beam in a metal foil is shown schematically in Fig.
4.6. In the interaction zone, electron bunches with a longitudinal dimension
significantly smaller than the laser wavelength are generated. Due to velocity
dispersion, the longitudinal dimension of the bunches increases as they propagate
through the target. An important consequence of electron bunching is the emission of
coherent transition radiation (CTR) from the rear surface as discussed in detail in

Chapter 4.6.2.

Fig. 4.6: Schematic drawing of the transport

‘Si R4 of a laser driven, bunched electron beam in a
— Vacuum solid target. The delay between two bunches is
Laser ot. Due to velocity dispersion, the duration of

Ti=Mc the electron bunches increases as they
‘ . ;7 propagate through the target. The green

arrows indicate the emission of coherent

~ f .. ..
/ CTR transition radiation (CTR) from the target rear
bunches surface (see chapter 4.6.2). The black arrows
< . > represent the coordinate system used in the

transport model.

In this chapter, the currents associated with the bunched electron beam are

investigated. Therefore, we follow a transport model developed in [251, 252]. In this

39



Transport of strong currents in dense plasmas

model, collisions of the fast electrons in the target are neglected and a ballistic
transport is assumed. Under these conditions, the distribution function f(7,r,v) defined

as the electron density in phase space satisfies the transport equation

%w-vjf:o . (4.38)

The components of the velocity and position vectors are v = (Vv,u): (vx,vy,vz) and

r= (,5,2): (x, y,z), respectively. The target rear surface is in the x-y plane at z=0,

the front surface is at z=-d, as indicated in Fig. 4.6. For a d-like electron pulse with a

transversal Gaussian profile with radius a, the initial distribution function is

2

£(0,7,%)= ! . 5(z+d)exp[— 2’; QJ 1) . (4.39)

2ma

where f,(v) denotes the velocity distribution and p = /x? + y2. In the following
calculations, a relativistic 1-dimensional Maxwellian velocity distribution
pmc’
1(B)=——<rexp(-&/kT) 4.40
k(- )" (349

is assumed, where & = mc? l(l - p )_1/2

- IJ is the electron’s kinetic energy and 7 is the
longitudinal beam temperature. Energy spectra for different values of the temperature
T between 200 keV and 2 MeV are plotted in Fig. 4.7. At high temperature, a large
number of the electrons propagate with a velocity close to the speed of light c.
Consequently, there is a peak in the velocity distribution close to c.

The distribution function f{7) describing the electrons phase space density after

propagation of a distance d at time 7 follows as

AN IE 27;2 5(r—d/u)exp(—%] L) . (4.41)

The current associated with the electrons at z=d as a function of time is

J(z)=eN[dpdvf.(z,p,%) . (4.42)
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It is instructive of investigate the effect of velocity dispersion on the current using
Equations (4.41) and (4.42). In Fig. 4.8, the current associated with a single bunch of
electrons with a Maxwellian velocity distribution is shown for different propagation
lengths between 10 and 100 um. In the calculations, the electron bunch is initially 6-
shaped and is injected into the target in the z-direction at 7=0. The electron
temperature is 1 MeV. Because the energy spectrum is broad, velocity dispersion
results in a decrease of the peak current and broadening of the electron bunches as

they propagate through the target.
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Fig. 4.8: Current associated with an electron bunch with a Maxwellian velocity distribution
for different propagation distances. Due to velocity dispersion, the width of the electron

bunch increases, whereas the peak current decreases for long propagation distances.

In high intensity laser interaction with dense plasmas, multiple electron bunches are

accelerated at the front surface. This situation is illustrated in Fig. 4.9 showing the
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current produced by a total number of 100 identical electron bunches with a
temperature of 1 MeV at the rear side of a foil with 10 um thickness. In the
calculation, the delay between adjacent electron bunches is 1.76 fs. This delay
corresponds to the injection of two electron bunches per laser cycle (as expected for
J * B heating) for a laser wavelength of 1053 nm. The time =0 corresponds to the

injection of the first electron bunch into the target.

7
74
64
'S 54 ElG
S5, S5,
= 4] =
5 o
E 34 £ .
3 o
24
14
0 41 1 11 11 12
0 50 100 150 200 250 300 0 0 0 5 0
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Fig. 4.9: Current produced at the rear surface of a 10 um thick foil by a total number of 100

electron bunches. The right hand side shows a detailed view for the time interval from 100 to
120 fs.

4.6.2 Optical transition radiation

Optical transition radiation (OTR) is emitted when charged particles cross the
boundary between two media with different optical properties [86, 91]. The emission
of radiation is related to the temporal change of the polarization in the vicinity of the
charged particles as they cross the boundary [117]. Transition radiation has been
studied extensively in particle accelerators in the x-ray [45, 46, 248], optical [155,
168, 240] and far-infrared region [99, 208, 239]. More recently, transition radiation
has been used to investigate transport of laser driven electron beams in planar foil
targets [16, 48, 85, 118, 199, 253]. As shown in Fig. 4.6, transition radiation is
generated when the electrons cross the boundary between the target rear surface and

the vacuum.
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In the case of a constant flux of particles, the contributions of the individual particles
add up incoherently and the OTR fluence is proportional to the number N of
particles. The situation is different when the particle beam is bunched as shown in
Fig. 4.6. In this case, the contributions of the individual bunches add up coherently.
The fluence of the coherent transition radiation (CTR) is proportional to N

As discussed in Chapter 4.5, bunching is a typical signature of some heating
mechanisms in laser irradiated solids. For resonance absorption, the electrons are
bunched at the laser frequency, whereas they are bunched at twice the laser intensity
for j x B heating. When the electrons are emitted from the target, they generate CTR
with spectral characteristics which depend on the bunching frequency and thus on the
predominant acceleration mechanism. This makes CTR an ideal tool to distinguish
between different acceleration mechanisms in high intensity laser plasma interaction
[177].

A model for the emission of transition radiation generated by laser driven electron
beams in planar foil targets was developed in [251, 252]. The calculations are based
on the ballistic transport model discussed in the previous chapter. Here, some
important results which are used for data analysis in the experimental part of this
work are summarized.

For the calculations, a cartesian coordinate system is chosen as indicated in Fig. 4.10.
The rear surface of the planar foil is in the x-y plane at z=0 and the front surface is at
z=-d. The center of the electron beam at the rear surface is at r=(0,0,0). The
directions of the electron velocity and the wave vector are given by the azimuthal

and polar angles (®,®) and (0,9), respectively. The components of the wave vector

are k =(g,n)=(k,.k,.k.).

x2y2ttz
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An important result in [252] for the CTR energy emitted per frequency and solid

angle element by a total number of A identical electron bunches is

&E,,, &N -
= eXpl\— a

dodQ e pl-g’a’)

(4.43)

X

jdrdvexp[i(a) -G Vv)r]; S(c—1,—d/u)f,(%)explig - wr,)

y 3 cos®lsin & — Bsin © cos(p — (D)] |2
(1 Bsin Bsin O cos(p— D))’ — B cos’ Hcos’ O)|

Here, the time for the emission of the & electron bunch is 7, p=v/c is the velocity
in units of the speed of light and N, is the number of electrons in each bunch.
According to Equation (4.43), the CTR energy depends on the emission angle @ of
the electron and the observation angle 6. In order to take into account this angular
dependence, Equation (4.43) was used to analyze the experimental data in chapter
6.1.2 where two electron beams were emitted in different directions.

For the analysis of the experiments in the Chapters 6.1.1 and 6.2, the absolute value
of the CTR fluence and the angular dependence are not crucial. In this case, the CTR
emission can be calculated in 1D and Equation (4.43) can be written in the form [16]

()= n(@)P*|j(0)’ S‘::;% w;% i) . (4.44)

Here, M is the number of electron bunches, 6T=1,:-7, is the delay between two

adjacent electron bunches, 7(@w) denotes the light intensity emitted by a single
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electron into the aperture of the detector optics and j(w) is the Fourier transform of
the current generated at the rear surface by a single electron bunch.

As an example, the CTR spectra calculated for the cases of resonance absorption and
Jj % B heating are shown in Fig. 4.11. In the calculations, the laser wavelength is
1053 nm. The left hand side (a) shows the result for resonance absorption
corresponding to 67=3.51 (one electron bunch per laser cycle). The CTR spectrum is
peaked at multiples of the laser frequency ay. The right hand side (b) was calculated
for j x B heating corresponding to 67=1.76 fs (two electron bunches per laser cycle).
The CTR spectrum is peaked at multiples of the second harmonic of the laser. There
is no peak at the fundamental. In both spectra the foil thickness is 10 pum, and a total

of 100 identical electron bunches with a temperature of 1 MeV are emitted from the

target.
1 T T T T 1 T T T T
(@) Resonance absorption ] 04 (b) J X Bheating ]
'S 001 i 3 E
S, S,
P 1 =2 ;
.g) 'g)
o 1E4 ko) 1
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Fig. 4.11: Spectra of CTR emission for the case of resonance absorption (a) and j x B
heating (b) calculated with a 1D transport model. The frequency axis is in units of the laser
frequency . For resonance absorption the CTR spectrum is peaked at multiples of the laser
frequency, whereas it is peaked at multiples of 2ax for j x B heating.

A detailed view on the spectrum calculated for j x B heating around the second
harmonic is shown in Fig. 4.12. The corresponding CTR fluences at 2@ are shown on
the right hand side of Fig. 4.12 as a function of the target thickness for different
temperatures. In the calculation, a dependence of the conversion efficiency into CTR
from the electron energy is not taken into account. The decrease of the CTR fluence

for long propagation lengths resulting from velocity dispersion can be seen clearly.
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Moreover, the CTR fluence is stronger at high temperature. This observation can be
explained regarding the relativistic velocity distributions shown in Fig. 4.7. At high
temperature, a large fraction of the electrons propagate with a velocity close to the
speed of light. Consequently, the width of the velocity distribution becomes smaller,

and electron bunching is stronger at the target rear surface at high temperature.
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Fig. 4.12: Calculation of the fluence of CTR generated by laser driven electron beams. Left
hand side: CTR spectrum around the second harmonic of the laser. In the calculation, the
electrons are accelerated by j x B heating (61=1.76 fs at a laser wavelength of 1053 nm).
Right hand side: corresponding of CTR fluences as a function of target thickness for

different electron temperatures. Detailes are explained in the text.

4.6.3 Effect of self-generated magnetic fields on the electron beam
transport

Self-generated magnetic fields can dramatically affect the transport of electron
beams in dense plasmas. A number of phenomena related to the self-generated
magnetic fields, such as the Alfvén limit, collimation of the electron beam or
filamentation due to instabilities are described in this chapter.

In Reference [3], Alfvén pointed out that the self-generated magnetic fields result in
a maximum current which can be transported by charged particles. This result was
obtained in a model where a uniform beam of identical charged particles with
identical momenta is emitted from a circular area. The beam transports a current in a

charge-neutralizing background plasma. When the current exceeds a certain
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threshold, the trajectories of the particles are strongly deflected and the beam cannot

propagate, anymore. The following expression was obtained for the Alfvén limit:

3
m,c

1,=py

~17.187 kA . (4.45)

More recently, the Alfvén limit was reinvestigated for laser driven, relativistic
electron beams in dense plasmas. Here, the situation is more complex because factors
such as the broad energy distribution and the interaction of the electron beam with
the plasma become important [55]. Special attention has to be given to return
currents transported by cold background electrons. Return currents can partially
compensate the magnetic field generated by the high energetic electron beam. As a
result, the hot electrons can transport currents exceeding the Alfvén limit. The
maximum current depends on the plasma conditions and the electron beam
characteristics [55].
The cold return currents j.,;; are related to the plasma resistivity 7 by Ohm’s law:
Jeota = E/m. Assuming that the cold return currents compensate the current jzg
transported by the relativistic electron beam [19], the combination of Ohm’s law with
Faraday law yields the following expression for the growth of the magnetic field [20]
B
a
As discussed in Reference [56], the first term on the right hand side of Equation

=nVxj, +V(n)xj, . (4.46)

(4.46) generates a magnetic field that pushes electrons towards regions of high
current density, whereas the second term pushes electrons towards regions with high
resistivity. Depending on the experimental conditions, the magnetic field can
potentially increase or decrease the divergence of the relativistic electron beam
propagating in the plasma.

The configuration of two counter propagating currents is susceptible to
electromagnetic instabilities, such as the Weibel instability [241]. Instabilities can
dramatically affect the transport and result in a filamentation of the electron beam.
Neglecting collisions and the transversal beam temperature, the growth rate of the

Weibel instability is [118]
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n
r~ wb—bxﬁ . (4.47)

nNe Y

Here, @, is the electron beam plasma frequency, n, and n, are the electron densities
of the beam and the surrounding plasma, respectively, f is the electron beam velocity
in units of the speed of light and y is the Lorentz factor of the beam. For conditions
typically found for the interaction of intense laser pulses with dense plasmas,
Equation (4.47) predicts a growth of the Weibel instability on a spatial scale of the
order of 10-100 um. This strong growth would significantly impair the transport of
strong currents over long distances required for the FI scheme [107].

For a more detailed analysis of the effect of the Weibel instability on the transport of
electron beams, a number of theoretical studies using PIC [39, 79, 107, 121] and
hybrid [108] simulations were carried out. In was found that the dynamics of the
Weibel instability strongly depends on the simulation parameters, as e.g. collision
frequencies and the transversal beam temperature. From these data, there is still no
unique picture, and further investigations are needed for a comprehensive
understanding of the transport of strong currents in dense plasmas. The experimental
observation of filamentation of an electron beam in a dense plasma due to the Weibel

instability was reported in [118].
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4.7 Target normal sheath acceleration

The interaction of intense laser pulses with solids leads to the formation of Debye
sheaths at the target boundaries. In the associated electric fields, ions can be
accelerated to high energies in the MeV range. Here, special attention is given to a
process called target normal sheath acceleration (TNSA), where ions are accelerated
from the rear side of thin foil targets [52, 100, 156, 211]. This process is

schematically shown in Fig. 4.13.

Contaminant layers

Pre-plasma
P Debye layer

E~1011V/m
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‘
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Fig. 4.13: Target normal sheath acceleration. Protons and ions are accelerated in the strong
electric field of the Debye sheath at the rear surface of a laser irradiated metal foil. The

Debye sheath is generated by electrons which are accelerated at the front surface and

Electrons

propagate through the target.

In the initial phase of the interaction, electrons are accelerated at the target front side
and propagate through the target. At the rear side, they set up a dense electron plasma
sheath with strong electric fields of the order of 10'? V/m [188]. Matter at the rear
surface is ionized by field ionization, and the ions are rapidly accelerated normal to
the target surface. The target surfaces contain layers of water vapour and
hydrocarbon contaminants. Due to their high charge to mass ratio, the protons
originating from these contaminants are accelerated most efficiently, and
consequently mostly protons are observed unless the contaminants are removed from

the target surface.
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Many of the experimental observations can be quantitatively calculated by a fluid
model where the emission of the ion beam is described as expansion of the plasma at
the target rear side into vacuum [160]. The electron and ion densities at the rear side
are schematically shown in Fig. 4.14 for two different times. At =0, the ion density
is given by a step function, whereas the electron density decays on a spatial scale
given by the Debye length. At later times, an ion front is formed in the expanding
plasma. The strong electric field in the Debye sheath at the front accelerates the ions
until the electrons have lost their energy by cooling, and the ions keep on
propagating with the velocity they have gained at that stage.

A
Fig. 4.14: Expansion of the ion front according
to the fluid model. The strong electric field in
the Debye sheath at the ion front drives the ion

acceleration, until the electrons have lost their

energy by cooling.

The initial electric field in the Debye sheath is

N.okT
E, = 22-¢ | (4.48)
&o

where n.9 and T, are the initial electron density and temperature, respectively. The
electric field at the ion front at a later stage of the expansion is approximately given
by

2E,

Efront ~
JZexp(l) + wlt?

(4.49)

Here,

(4.50)

is the initial ion plasma frequency, and Z; and m; are the ion charge and mass,
respectively. The maximum energy E,,, gained by the ions close to the ion front and

is given by
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2
Epmax = 2T, [ln (t,, + /t,z, + 1)] ) (4.51)

Wyt
ty = ———x (4.52)

V 2exp(1)

is the normalized acceleration time. For the acceleration time #,.., an empirical value

where

of tyee ® 1.3 X Tjger 18 found in [81] where 7, is the laser pulse duration.

According to the fluid model, the energy spectrum of the ions is

dN ngoCity. A 2E
— =R Payp - == ] . (4.53)
dE 2ET, Te

Here, ¢, = \/m is the ion sound speed and A4 is the area covered by the Debye
sheath at the target rear surface. As an example, the energy spectrum calculated with
Equation (4.53) for protons accelerated with 30 J, 1 ps laser pulses focused onto a
10 um thick metal foil with a focal spot size of 10 um is shown in Fig. 4.15. The

spectrum is broadband with a maximum proton energy of about 45 MeV.
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%‘ 1E121 ] Fig. 4.15: Energy spectrum of protons
% accelerated by TNSA calculated with
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g, 1E104 3 protons close to the ion front gain the
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g 1E9. maximum energy of 45 MeV. For
© details, see text.
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The penetration depth of MeV protons in dense matter vastly exceeds the penetration
depth of visible and near infrared laser pulses. This is illustrated in Fig. 4.16 where
the energy loss of protons with energies of up to 20 MeV in solid aluminium is
plotted. The Bragg peak of the 20 MeV protons is close to 2 mm. The plots in Fig.
4.16 were calculated using the Monte Carlo code SRIM described in detail in [254]
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Due to their small transversal emittance [32, 192], their short duration at the source
and their high penetration depth in matter, laser produced proton beams are
interesting for a number of applications. Laser driven proton beams have been used
to generate dense plasmas by isochoric heating of solid density matter [5, 36, 61,
171]. Further details are discussed in Chapter 5.2. Radiography using laser driven
proton beams turns out to be an ideal tool for probing electric fields in regions of
dense plasmas not accessible for optical probing [29, 188]. Fig. 4.17 shows the
formation of the ion front at the target rear side of a thin, laser irradiated foil

observed with the proton projection imaging technique [187].

Mesh " Interaction
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Fig. 4.17: Formation of the ion front at the rear side of a thin, laser irradiated foil observed
with the proton projection imaging technique. Images from Reference [187].
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4.8 Atomic Kinetics in plasmas

The description of atomic kinetics in plasma is a complex task. The calculation of
atomic population dynamics includes atomic structure calculations, scattering theory,
plasma physics and statistical physics. Table 1 summarizes the relevant radiative and

collisional processes which are important for the atomic kinetics in plasmas.

Process Inverse Process

Photo excitation by absorption Photo de-excitation by spontaneous or
stimulated emission

Photo ionization Photo recombination

Collisional excitation Collisional de-excitation

Collisional ionization Three body recombination

Auto ionization Dielectric recombination

Table 1: Collisional and radiative processes involved in the population dynamics of atoms
and ions in a plasma.

In principle, the atomic population dynamics can be derived by solving rate
equations for each energy level and for each ion species present in the plasma. Due
to the huge number of atomic energy levels involved, this would require an
enormous computational effort. The complexity of the calculation is drastically
reduced when the plasma in the state of thermodynamic equilibrium. In this case, the
plasma can be fully characterized by a finite number of thermodynamic quantities.
The principle of detailed balancing states that, in equilibrium, the rate for each
process in Table 1 is equal to the rate of the corresponding inverse process.

At complete thermodynamic equilibrium, the velocity distribution is Maxwellian and
the ionization-recombination dynamics is described by the Saha equation. The
plasma emits blackbody radiation according to the Planck formula, and the
population of the atomic energy levels is given by the Boltzmann distribution.
Although the investigation of systems in complete thermodynamic equilibrium is of

immense importance in statistical physics, this condition is almost never fulfilled in
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laboratory plasmas. In praxis, the state of local thermodynamic equilibrium (LTE),

where the equilibrium with the radiation field is not required, plays an important role.

4.9 Emission and absorption of radiation in plasmas

Radiative processes in dense plasmas have an important impact onto the atomic
kinetics. On the other hand, measurements of the XUV and x-ray spectra provide a
powerful tool to investigate atomic kinetics in dense plasmas. A detailed treatment of
plasma spectroscopy is found in text books, e.g. in References [98, 151, 193, 197]. In
the following section, some important results relevant for data analysis in the
experimental part of this work are summarized.

The radiation emitted by a plasma is characterized by a set of radiometric quantities.
The electromagnetic energy emitted from a plasma is related to the specific intensity

or brightness /, defined by
dE =1,dAdtdQdv . (4.54)

Here, dE is the energy emitted by a surface element d4 in the time interval dt into the
solid angle d(2 within the frequency interval dv. The mean intensity is defined as the

average of the specific intensity over the solid angle

I
J =L (rda .
, 47r4jﬁv (4.55)

The mean intensity is related to the spectral energy density u, by

J,=——u, . (4.56)
4

In an isotropic radiation field one obtains

u =21, . (4.57)
C

The interaction of the plasma with the radiation field is characterized by the emission
and absorption coefficients. The spectral emission coefficient ¢, is defined as the

energy emitted by the plasma per volume, solid angle, frequency and time interval
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dE

6 =— (4.58)
dVdtdQdv

The absorption coefficient x is defined by the attenuation of a light beam crossing a

plasma layer with thickness ds according to

dl
vo— ] . 4.59
o=, (459)

The transport of radiation in plasmas is determined by the radiative transport

equation
al, _ -1, +S, . (4.60)
dr
Here,
dr = wds (4.61)
is the optical depth and
s =% (4.62)
K

is the source function. Scattering of radiation is neglected in Equation (4.60). For an
object in the state of complete thermodynamic equilibrium, the absorbed energy is
equal to the emitted energy. Applying the principle of detailed balancing, it can be
shown that the source function in equilibrium is given by the Planck formula
2hv3/c?
Sy, =B, = : 4.63
Vo 7V T exp(hv/kT) — 1 (4.63)

The radiative transport equation plays an important role for the analysis of

spectroscopic measurements. In general, the solution of the radiative transport
equation for a given plasma geometry is complex. There are some cases when the
radiative transport equation can be solved analytically. It turns out that the optical
depth is an important parameter. Writing the radiometric quantities as a function of

the optical depth 7instead of s, the formal solution is [193]
1,(c) = 1,(0)exp(~2)+ [ expl- (e 2 )Js, (= )’ . (4.64)
0

For a homogeneous plasma layer, i.e. when the source function S, is constant, the

solution of Equation (4.64) is
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1,(z)=S,+(1,(0)-5, )exp(-7) . (4.65)
The emission and absorption of radiation in plasma is associated with radiative

transitions of electrons. The initial and final states of the electron can be either

bound-bound, bound-free or free-free.

Bound-bound transitions
The rate R of photo excitation processes from a atomic level i to a higher energetic
level k is related to the density n; of particles in state i by [151]
R, =nu,B, . (4.66)

Here, By is the Einstein coefficient for absorption. The rate of photoemission due to
spontaneous and stimulated emission is

R, =n A, +nu,B, (4.67)
where A;; and By; are the Einstein coefficients for spontaneous and induced emission,

respectively. Applying the principle of detailed balancing yields relations between

the Einstein coefficients

3
4 =5p —8””3ka (4.68)
8k c
and
gB, =gB; - (4.69)

Here, g; and g; are the statistical weights of the states i and &, and v; is the frequency
of the transition. Instead of the Einstein coefficients, the atomic transition rates are
sometimes expressed in terms of the oscillator strength f;. The relation between the
Einstein coefficient for spontaneous emission from state k£ to state i and the

corresponding oscillator strength is

8rle’v: g
SLALIE A (4.70)

4, 3
me’ g,

1

where e is the electron charge, m, is the electron mass and c is the speed of light. The

contribution of a resonance line to the opacity is given by the Ladenburg relation
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hv
[ x,()dv="=nB, . 4.71)
Using the normalized line profile ¢(v), Equation (4.71) can be written in the form
hv
Ky (V) = TniBik¢(V) . (4.72)

The corresponding expression for the contribution of the resonance line to the
emissivity is
_hv

&, —EAkinkgb(v) : (4.73)

At low density, the line profile ¢#(v) is determined by the lifetime of the transition
and the Doppler effect. The limited lifetime of the states involved in the transition
results in a Lorentz profile, whereas the Doppler shift yields a Gaussian profile. The
convolution of the Lorentz and the Doppler profiles results in a Voigt profile. At high

density, the line profiles are dominated by pressure broadening and Stark broadening

(see Chapter 4.10).

Bound-free transitions
For the bound-free transitions, the opacity is related to the cross section for photo-
ionization. The classical calculation for the photo-ionization cross section Gnd of a
hydrogenic ion with charge z-1 (z=1 for a neutral atom, z=2 for a singly charged ion,
etc.) and principal quantum number # yields [151]
64n*m,e®  z*
3V3chs Vs

The quantum mechanical calculation results in a value o:.;, which is slightly

ot (v) =

(4.74)

different from Equation (4.74). The quantum mechanical corrections can be

expressed in terms of the Gaunt factor G,

Uz—l,n(v) = O-rcll(v)Gn(V) . (4.75)
The cross section for photo-recombination with a hydrogenic ion in the ground state

0., can be calculated from the Milne relation
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gz—l,i( hv
gz,l meCv

Here, v is the free electron’s velocity. The contribution from photo-ionization to the

2
0,1 (V) = ) oni) (4.76)

opacity is
Ak(v) = nz—1,iUz—1,i(V) . 4.77)
Here, n.;; is the density of ions with charge z-1 in quantum level i. The

corresponding expression for the contribution to the emissivity is

2

v
a,,(v,0) , (4.78)

Ag, = nenz,lf(v)m
e

where f{v) is the velocity distribution of the free electrons.

Free-free transitions
A semi-classical calculation of the free-free emissivities and opacities was carried

out in Reference [135]. The results for a Maxwellian velocity distribution are [151]

(L) i
and
2
KT (v) = C6nenzm (4.80)
with
C, = 16me®
3c3/6mmk
8me®

Ce = :
¢ 3m.hc/6mm,k
Similar to the bound-free transitions, the quantum mechanical calculations yield

deviations from the classic results which can be expressed in terms of Gaunt factors.

Gaunt factors for the free-free transitions have been published in [122].
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4.10 Collisional radiative effects at high density

At high density, the interaction of an ion with other particles in a plasma affects the
energy levels of bound electrons. Numerous effects such as line broadening, line
shift, satellite emission, pressure ionization, continuum lowering or the Inglis Teller
effect result from the interaction. Many of these effects were identified in
experiments investigating the XUV and x-ray emission from dense, laser produced
plasmas [9, 14, 65, 87, 157, 162, 163, 183, 195, 214, 233, 244]. In this section some

of the effects relevant in this work are discussed.

Line broadening and line shifts

At high density, the energy levels of radiating ions are disturbed by the electric field
of surrounding electrons and ions. Elastic or inelastic collisions of electrons with the
radiating ion result in pressure broadening of the resonance line. The duration of the
collisions with electrons is typically much shorter than the lifetime of the radiating
ion, and the effect of the electrons can be treated perturbatively. In contrast, the
interaction with surrounding ions is on a timescale much longer than the lifetime of
the excited state. The effect of the ions’ microfield results in a shift of the frequency
of the resonance line. The final line shape is obtained by averaging over all line shifts
of an ensemble of ions. Line profiles in dense plasmas are often calculated using the
standard quasistatic ion and impact electron approximations [143].

Besides line broadening, the microfield of the electrons and ions surrounding a
radiating ion also results in a shift of resonance lines. This effect called plasma

polarization shift has been observed for the first time in [21].

Satellites

At high density, dielectric recombination leads to a significant population of double
excited states and to the emission of satellites at the low energy side of resonance
lines [195, 157]. Satellites have been observed for the first time in [62] and were
classified in [83]. An example of a configuration leading to the emission of a
dielectric satellite is shown in Fig. 4.18. Fig. 4.18 (a) and (b) show the configuration

for the emission of the Ly, and He,, lines, respectively. In Fig. 4.18 (c) there are two
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electrons in an excited state, resulting in the emission of a helium-like satellite of the
Ly, line. The second electron is not involved in the transition and is therefore
referred to as spectator electron. Because the spectator electron is in an excited state,
its contribution to shielding of the Coulomb potential of the nucleus is smaller than
in (b), and the satellite is at a wavelength between the Ly, and the He,. Due to the
large number of electronic configurations, a large number of satellites exist. Besides

dielectric recombination, double excited states are populated by three body

recombination.
Ly, He, Satellite
[oe]
3 3 3
2 2 2 Spectator
electron
1 1 1

() () ()

(2) (b) (©)

Fig. 4.18: Emission of satellites from ions with more than one excited electron. The blue
circles represent the atomic energy levels. The main quantum numbers 1-3 are shown. The
series limit is indicated by the oo symbol. Fig. (a) and (b) show the configuration for the
emission of the Ly, and the He, resonance lines, whereas (c) is the configuration for the
emission of a He-like satellite of the Ly, line. The spectator electron contributes to shielding

of the Coulomb potential, and the energy of the emitted photon is below the Ly,

Continuum lowering and pressure ionization

The interaction between charged particles results in a decrease of the ionization
potential of bound electrons. Depending on the plasma density, there are different
regimes of this effect called continuum lowering [59]. At low density, continuum
lowering is a consequence of the shielding effect of free electrons in the plasma. In

this regime, the ionization potential depression AE is approximately [144]
AEzzez/lD , (4.81)

where e is the electron charge, z is the ion charge +1 and A is the Debye length.
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At high density, the ion sphere radius 7; given by
r; = (4mn;/3)"1/3 (4.82)
is smaller than the Debye length, and shielding appears in the vicinity of each ion
individually. In this so called ion-sphere regime, the ionization potential depression
is [144]
AE ~ zez/rl. . (4.83)
At high density, the ionization potential depression can be higher than the vacuum
ionization potential of bound electrons. Under these conditions, the bound states do
not exist anymore and matter gets pressure ionized. Pressure ionization can be
explained as a consequence of the overlap of higher orbitals of adjacent ions in dense

plasmas as indicated in Fig. 4.19. Due to the overlap of the n>3 orbitals, the electrons

in these states are effectively free.

P

=

Fig. 4.19: Pressure ionization in a dense plasma. At high density, the higher orbitals of

> X

neighbouring ions overlap, and consequently these levels do not exist, anymore. The plot at
the bottom represents the potential V(x) of a bound electron as a function of its x-coordinate.
The ionization potential depression AE exceeds the ionization potential of the levels with a
principal quantum number of n>2.

Another effect contributing to the ionic potential depression is the Inglis Teller effect

[116] where Stark broadening leads to an overlap of the higher levels in an individual

ion. A detailed analysis of ionization potential depression in different regimes was
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carried out by Stewart and Pyatt [218]. Continuum lowering can be calculated over a

wide range of plasma parameters using the empirical formula [144]

AE = 216 x 10—72{[1 + (Ap /1313 = Ap/m)?} (4.84)

Here, AE is in units of ¢V and 7; is in units of cm.

4.11 Numerical description of plasmas

The analytical description of the dynamics of dense plasmas and the interaction of
dense plasmas with intense laser beams is only possible for simple model cases. In
general, the complexity of laboratory experiments with all the processes involved
requires numerical description. The collaboration between experimental, theoretical
and computational physicists has been very successful for a deeper understanding of
laser plasma physics. A large number of computer models have been developed and
have become indispensable for the quantitative analysis of experimental data and for
the prediction of new phenomena. In this chapter, the types of computer simulations

relevant to this work are summarized.

4.11.1 Hydrocodes

The dynamics of LTE plasmas is often dominated by the collective behaviour of the
particles. In this case, the plasma is well described by fluid models where the state of
the plasma is characterized by a number of hydrodynamic observables such as
density, pressure, temperature and velocity. The dynamics of the plasma is
determined by the Euler equations, i.e. the equation of continuity, the equation of
motion and the energy equation, given either in Eulerian or in Lagrangian
coordinates [59]. A separate treatment of the electron and ion fluids is possible. The
interaction with laser pulses can be simulated by calculating the energy transfer from
the electromagnetic field to the electron fluid. The assumption of LTE restricts the
maximum laser intensities to a value of about 10" W/cm?. At higher intensities,

kinetic effects become important leading to the deviations from LTE.
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In the early days of laser plasma interaction, hydrocodes have been extensively used
to investigate the interaction of nanosecond laser pulses with plasmas. With some
modifications, the simulations have been extended to the regime of sub-picosecond
laser pulses. An important example is the 1D Lagrangian hydrocode MULTI-fs.
MULTI-fs is based on the 1D version of the multigroup radiation hydrodynamics
code MULTI. Three major changes are implemented in MULTI-fs to optimize the
code for the ultrashort pulse regime:

First, the Maxwell equations are solved numerically using an algorithm described in
[35] instead of the WKB approximation used in MULTI (see Chapters 4.4.1 to
4.4.3). Using this modification, the pulse propagation can be accurately described
even in steep density gradients.

The second modification refers to the calculation of the collision frequencies. At low
temperatures, an analytical expression for the electron-phonon collisions is used,
whereas the electron-ion collision frequencies from Equation (4.19) are used at high
temperatures. An interpolation for the intermediate temperature range is used.

Third, MULTI-fs allows for different EOS tables for the electron and ion fluids. This
is important because the ion and electron fluids are typically not in equilibrium
during the interaction with ultrashort laser pulses. The energy transfer between
electrons and ions is implemented using a characteristic electron-ion relaxation time,

typically in the range between 10 and 20 ps.

4.11.2 EOS tables

For a closed treatment of the hydrodynamics, the equation of state (EOS) of the
plasma has to be known. In many hydrocodes, EOS tables containing the pressure
and energy for a grid temperatures 7 and densities p are used. The SESAME tables
are an important example for a tabulated EOS database [105].

Simulations of laser plasma interactions require the knowledge of the EOS over a
wide range of temperatures and densities. Many established, rigorous EOS models
are only valid for a limited range in p-T space. In order to cover a wide range of

plasma parameters, different models are incorporated in the SESAME tables of some
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important materials such as aluminium [105] and copper [238]. For the construction
of the table, the EOS has to be interpolated at the boundaries between different
models.

The adequate description of the hydrodynamics requires the thermodynamic
consistency of the EOS tables, i.e. the first law of thermodynamics has to be fulfilled.

Thermodynamic consistency can be expressed by the condition [59]

d(ge) dp
7t _ 4.85
T +p 5T 0 . (4.85)

The construction of EOS tables from different models often results in
thermodynamic inconsistencies, as Equation (4.85) cannot be strictly fulfilled at the
boundaries between different models.

These inconsistencies can be avoided in global EOS models such as the quotidian
equation of state (QEOS). The QEOS can handle a wide range of temperatures and
densities based on the Thomas-Fermi (TF) model. The TF model solves self-
consistently the potential around an ion and takes into account ionization, excitation,
Fermi-degeneracy of the electrons and ion-ion interactions. To some extent, quantum

mechanical effects such as the shell structure can be incorporated in TF models.

4.11.3 PIC codes

At high laser intensities exceeding 10'® W/cm?, laser plasma interaction becomes
relativistic and the plasma is far from thermodynamic equilibrium. In this case,
kinetic modelling is required. The motion of electrons and ions in plasmas is
determined by the self-generated electromagnetic fields given by the Maxwell
equations. The force of the electromagnetic field on a particle with charge ¢ and

mass m is

F =

Sy

=g(E+vxB) (4.86)

and the equation of motion is
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dar = P . (4.87)

dt ym
In principle, the evolution of the fields and the trajectories can be calculated when
the initial phase space coordinates of each individual particle and the initial fields
strengths are known. Due to the huge number of particles even in a small volume
laboratory plasma, this approach is computational prohibitive. However, it turns out
that the plasma behaviour can be represented by a reduced number of macroparticles
[26]. This approach, used by particle-in-cell (PIC) simulations, drastically reduces
computational effort to a feasible level. Macroparticles can be considered as a cloud
of real particles or as finite volume fluid elements in phase space. Following the
trajectories of the macroparticles by integrating the equation of motion allows for the
detailed calculation of laser plasma interaction including kinetic effects.
In PIC simulations, the Maxwell equations are solved for each time step on a spatial
grid. For the integration of the equation of motion, the electromagnetic field has to be
extrapolated from the grid to the particle coordinates. In addition, the contribution of
the particles to the charge and current densities on the grid points has to be
calculated. These operations are called field and particle-weighting, respectively. The
simplest approach is the nearest grid point approach, corresponding to a rectangular
shape of the macroparticles. Due to the finite macroparticle size, the collision
frequency is drastically reduced and PIC simulations reflect the collisionless
behaviour of the plasma [26]. Binary particle collisions can be implemented using
Monte Carlo approaches [225].
PIC simulations have become an indispensable tool for modelling laser plasma
interaction. Fully relativistic codes calculating the interaction in 3D have contributed
to a more detailed understanding of laser plasma interaction and to the prediction of
new phenomena. In this work, a number of PIC codes were used to analyze
experimental results. The absorption of sub-10-fs laser pulses in solid targets was
investigated by 2D simulations with the PSC code. Simulations of the propagation of
relativistic, laser generated electron beams in dense plasma were carried out in 3D
using the virtual laser plasma laboratory (VLPL) code [180]. Finally, the electron

transport in cone targets was investigated with the PICLS code [206].

65



Numerical description of plasmas

4.11.4 Collisional radiative codes

Collisional radiative codes calculating the atomic kinetics and the emission and
absorption of radiation in plasma are indispensable tools for plasma spectroscopy. In
principle, the atomic population dynamics can be derived by solving rate equations
for each energy level and for each ion species present in the plasma. However, the
computational effort for the numerical solution of the rate equations for the complete
set of detailed atomic energy levels is enormous. In practice, an established approach
is to solve the rate equations using a reduced number of atomic energy levels
representing the most important physical processes in the plasma. In this way,
physical observables can be calculated accurately with a reasonable computational
effort.

In this work, XUV spectra emitted from dense, laser generated plasmas were
analyzed with two codes. K shell spectra were interpreted with the FLY code suite
[144, 147] which is limited to ion species with a maximum number of three electrons
and with a maximum atomic number of Z=26 (iron). For L shell spectra, the
FLYCHK code was used [50, 51, 145]. The numerical models incorporated in
FLYCHK can treat elements with a maximum atomic number of Z=93 (neptunium)
without limitations of the electron number. In this chapter, a short overview of the

capabilities of the codes is given.

FLY

In the FLY code, detailed atomic data including ionization potentials and energy
levels of the hydrogen, helium and lithium-like ions are used for the calculation of
the atomic kinetics. Because detailed information of the beryllium-like to the neutral
stages is not provided, these states are represented by the ground state having zero
energy and an ionization potential taken from [124]. In the FLY code, three kinetic
models are implemented solving the rate equations for the steady state, LTE or time

dependent case.
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For the calculation of the synthetic spectra, bound-bound, bound-free and free-free
transitions are taken into account. The emissivities and opacities of the bound-bound
transitions are calculated according to Equations (4.72) and (4.73). Detailed line
shape calculations including Doppler and Stark broadening based on the impact
electron, quasistatic ion model are possible. Bound-free transitions are calculated
using hydrogenic cross sections and Gaunt factors as discussed in Chapter 4.9. Free-
free transitions are treated in the formalism of Kramers [135]. Opacity effects can be

taken into account assuming a 1D, planar geometry.

FLYCHK

In the FLYCHK code, detailed population distribution calculations are implemented
for the hydrogen to lithium like ion stages. For elements with Z<26, the original FLY
energy levels are used, whereas the atomic energy levels for higher Z elements are
obtained from the HULLAC code [11, 12]. For species with more than three
electrons, a set of superconfigurations is used to calculate the population dynamics.
The FLYSPEC spectral model includes detailed calculations of the line emission
from the hydrogen to lithium like species, similar to the FLY code. For the species
with more than three electrons, the superconfiguration transition array (STA) model
is used to calculate the emissivities and opacities [13]. Therefore, detailed line
frequencies and widths are calculated with the Dirac-Hartree-Slater (DHS) atomic
physics code JJATOM [44]. For the calculation of the synthetic spectra, FLYCHK
redistributes the populations of the superconfiguration levels statistically among the

DHS configuration levels.
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5 Production of dense plasmas by isochoric heating

In the recent years, there is an increasing interest in laboratory experiments
investigating dense plasmas in the context of astrophysics, fusion research and high
pressure science. Many of the experiments have become possible due to the
development of high power laser systems. Various methods for the production of
dense plasmas probing different regions of density-temperature space were
developed.

Dense plasmas are produced by strong shocks driven with intense laser pulses [53,
112] or flyer plates [131]. Using the Hugoniot relations, the pressure and density of
the shock wave are obtained by measurements of the shock speed and the particle
velocity behind the shock [250 ]. Alternatively, the impedance matching technique
allows for the derivation of the post shock density and pressure by comparing the
shock velocity in the sample with the velocity in another material with well known
EOS [59]. Shock experiments render possible the measurement of the equation of
state along the Hugoniot at high pressures exceeding 100 Gbar [53, 131].

Shock waves are typically associated with a strong increase of temperature. For the
production of dense plasmas with lower temperatures, shockless quasi-isentropic
compression experiments (ICE) were developed. In ICE, quasi-isentropic
compression is achieved by applying a smooth, increasing pressure to the sample.
ICE driven with laser pulses is described, e.g., in References [63, 152, 210]. Dense
plasmas were also produced by static compression in diamond anvil cells in
combination with laser heating [69]. Pressures of up to 200 Gbar at a temperature of
4000 K are reported in [27].

Here, we focus on the production of dense plasmas by isochoric heating of solid
density matter. Dense plasmas are generated by rapidly heating a sample on a time
scale smaller than the time scale of the plasma expansion. For a sample with
thickness d, this translates into a heating pulse duration 7 of

T<d/cg (5.1)
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where ¢, is the ion sound velocity of the expanding plasma. Different types of
heating pulses, such as optical photons, x-rays, electrons or ions, can be used for
1sochoric heating. The penetration depth of these pulses in solid matter varies from
the nanometer range for visible laser pulses up to the centimetre range for high
energetic electrons and protons. This is illustrated in Fig. 5.1 showing the penetration
depth of optical photons, x-rays, electrons and protons in solid aluminium. The
attenuation lengths of electrons and protons represent the CSDA (continuous slow
down approximation) range obtained from the estar and pstar databases, respectively
[22]. The x-ray attenuation length was calculated using the database of the Center for
X-Ray Optics [102]. The attenuation length for laser irradiation was calculated using

Equation (4.25).
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Ultrashort laser are among the highest developed sources producing intense radiation
pulses with sub-picosecond durations. However, isochoric heating with laser pulses
requires laser systems with an optimized pulse duration and contrast. Without
optimization, a preplasma with a scale length exceeding the electron skin depth is
present during the interaction. This situation is schematically shown in Fig. 5.2 (a).
The laser cannot penetrate into the solid region of the target. The laser energy is
absorbed in the preplasma close to the critical surface where the density is much
smaller than solid. The generation of dense plasmas relies on energy transport by
heat conduction to the solid region.

For a direct energy transfer from the laser to the dense region of the target, preplasma

scale lengths shorter than the electron skin depth are required. This situation is
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shown schematically in Fig. 5.2 (b). The laser penetrates into the dense region of the
target and a thin layer of dense plasma with a thickness of the order of the electron
skin depth is generated. In the past, these conditions could only be achieved with
moderate laser intensities, typically smaller than 10'* W/cm?. Direct laser heating has
successfully been used to investigate the dielectric properties [6, 247] and the EOS
[242] of dense plasmas with temperatures of the order of 10 eV.

Preplasma

Heat conduction Dense plasma layer
/ (10 nm)

/

Target

Target Laser
pulse

(a) (b)

Fig. 5.2: Two different regimes of the interaction of intense, ultrashort laser pulses with

Laser
pulse

solids. (a) When the preplasma scale length exceeds the electron skin depth, the laser cannot
penetrate into the solid region of the target. The laser energy is absorbed in the preplasma
close to the critical surface where the density is much smaller than solid. (b) Isochoric
heating is possible when the preplasma scale length is smaller than the electron skin depth.
The laser directly interacts with the dense region of the target, and a thin, dense plasma
layer is produced.

Due to the short penetration depth of the laser into solids, the sample thickness is
limited to a dimension of the order of 10 nm. The ion sound velocity of plasmas with
a temperature of 100 eV is typically of the order of several 10 nm/ps, and the thin
plasma layer expands on a picosecond timescale. This short lifetime of the plasma is
a limitation for some experiments where conditions close to thermodynamic
equilibrium are needed. Therefore, other types of heating radiation with higher
attenuation lengths in dense matter were proposed.

Ultra-fast, volumetric heating with x-rays requires high brilliant sources of keV

photons. Experimental studies investigating isochoric heating with laser generated K,

radiation are reported in [60]. Although calculations predict a significant contribution
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from the laser generated K, photons, it was found that other heating sources such as
electrons and protons were more efficient. A substantial improvement will be
possible with the new generation of x-ray free electron lasers (XFELs) which are
currently under construction at some facilities.

Isochoric heating with laser driven electron beams is one of the key issues in the FI
scheme in fusion research. Recently, a number of studies have investigated isochoric
heating of solid density matter with laser driven, relativistic electron beams.
Depending on the experimental conditions, different processes contribute to heating.
In thin foils, electron refluxing plays an important role [2, 158]. In thicker foils,
heating is basically an effect of the resistive transport of return currents [200].
Heating with relativistic electron beams has also been demonstrated in wires attached
to the tip of re-entrant cone targets [126]. The heating processes involve a number of
complex phenomena. Self generated magnetic fields and instabilities may be
associated with the transport of the electron beams. The effects on the electron
transport and the energy transfer to the surrounding material are subject of topical
research.

Another approach envisages isochoric heating with intense proton beams generated
with intense laser pulses by target normal sheath acceleration. Protons with an energy
of 10 MeV exhibit a penetration depth of more than 500 pm into solid aluminium. At
to the source, the duration of the proton beam is close to the laser pulse duration,
typically shorter than 1 ps. The total number of protons is of the order of 10'%. These
properties make laser driven proton beams well suited for volumetric, isochoric
heating of solids. Recently, the generation of dense plasmas with laser accelerated
proton beams has been successfully demonstrated. WDM states with temperatures of
about 20 eV were produced [5, 171]. Design studies using laser driven proton beams

in the FI scheme in fusion research are reported in [126].

In this work, two methods for the generation of dense plasmas in different parameter
regimes for spectroscopic studies and for equation of state measurements are
presented. The first method is based on isochoric heating of solids with ultrashort

laser pulses. For the experiments, an optimized laser system with a pulse duration of
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less than 10 fs and a high contrast is used. Unique experimental conditions with a
nanometer preplasma scale length, significantly smaller than the electron skin depth,
are achieved. Under these conditions, the laser energy is directly absorbed in a small
layer with an initial thickness in the order of 10 nm as indicated in Fig. 5.2. The high
density and the temperature of 200 eV make this kind of laser produced plasmas
interesting for spectroscopic studies and opacity measurements in the context of
astrophysics.

The second method pursued in this work is based on isochoric heating by laser
driven proton beams. In this way, solid density aluminium plasmas with temperatures
of 20 eV are produced [61]. The temperature and the expansion velocity of the
plasma are measured with high temporal resolution. From these data, the EOS along

the release isentrope is determined [80].
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5.1 Production of dense plasmas with sub-10-fs laser pulses

Here, experiments generating dense plasmas with sub-10-fs laser pulses with a high
contrast are presented. In the experiments, the Diisseldorf sub-10-fs laser system
described in detail in Chapter 3.2.1 was used. Due to the high contrast and the short
pulse duration, there is virtually no preplasma and the energy is transferred directly
to the solid region of the target. This is confirmed in spectroscopic studies and
absorption measurements. The series limit observed in K shell spectra from elements
with a low atomic number clearly show that dense plasmas with peak temperatures in
the order of 200 eV are produced [169, 170]. The strong absorption of p-polarized
pulses close to grazing incidence confirms that unique conditions with extremely
small values of the plasma scale-length are achieved. [42]. These properties make the
plasmas produced with the few-cycle laser pulses interesting for opacity
measurements and for basic studies of the interaction of intense electromagnetic

fields with matter at high density.

5.1.1 XUV emission from dense plasmas generated with sub-10-fs laser

pulses

For the characterization of the plasma conditions in the experiment, K shell
spectroscopy was used. For the plasma temperature of about 200 eV, elements with a
small atomic number are needed to obtain the hydrogen- and helium like species
producing the K shell emission. Therefore, first experiments were carried out with
carbon and boron nitride targets. Because the K shell emission from these elements is
in the XUV wavelength range, an imaging XUV spectrometer with high detection
efficiency was constructed [194]. A schematic drawing of the experimental setup is
shown in Fig. 5.3.

The laser was focussed with an {/3 off-axis parabola. The focal spot with a diameter
of 10 um contained 50% of the laser energy resulting in a peak intensity of

3x10'® W/cm?. The p-polarized laser is incident onto the target at an angle of 45°.
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XUV Grazing-
Incidence
Imaging System
CCD (Kirkpatrick Baez)
Camera

Target

Flat Field Concave Grating
1200 or 2400 Lines/mm

Fig. 5.3: Schematic of the XUV spectrometer used for plasma diagnostics.

The XUV emission from the plasma was imaged with a Kirkpatrick-Baez system
[129] consisting of two gold-coated, spherical mirrors with a diameter of 2 inch. The
first mirror (radius of curvature 7 m, grazing angle 2.2°) generated a line focus at the
position of the spectrometer entrance slit, whereas the second mirror (radius of
curvature 10 m, grazing angle 2.6°) imaged the plasma onto the detector plane in one
dimension. Two different kinds of mechanically ruled, gold coated reflective flat-
field gratings with a nominal number of 1200 [130] and 2400 lines/mm were used.
The reciprocal linear dispersions were 0.6 nm/mm and 0.3 nm/mm, respectively. The
spectra were recorded with an intensified CCD camera. In the image intensifier, the
XUV light was converted into visible light using phosphor with a 100 nm Al coating.
The CCD pixel size was 14 um x 14 pm with a total number of 2048 x 2048 pixels.
Depending on the signal strength, the XUV spectra were integrated over a time
interval of up to 800 s, corresponding to a maximum of 8x10° laser shots. During the
exposure, the target was moved laterally in order to keep the target surface in focus
position. The resolution of the spectrometer was A/AA~100 at the wavelength of
5 nm.

XUV spectra obtained from a carbon target are shown in Fig. 5.4. The spectrum
represented by the black line was obtained with the sub-10-fs laser pulses. The
spectrum only consists of the C VI 1s-2p (C Ly,, 3.37 nm) and the C V 1s*1s2p
(C He,, 4.03 nm) lines. There is a small contribution of the C V 1s*-1s3p (C Heg,
3.50 nm) line in the spectrum which is only slightly above the noise level. This

spectrum is compared to a second carbon spectrum obtained with a frequency
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doubled Nd:YAG laser with a pulse duration of 8 ns and an energy of 120 mJ in the
same experimental setup in Fig. 5.4. In that spectrum, the whole series including the

recombination continuum are observed.

® _>’|d | <_I :q:;s I Fig. 5.4: XUV emission from a carbon
61 0— o © | plasma. Black line: sub-10-fs laser
—_ 4_:0:> pulses, grey line: 8ns laser pulses
E' 4. o | (shown with an offset). For the sub-10-
2 8ns fs laser pulses the plasma is at high
é 2] d _ density, and a series limit is observed.
£ | P sub10fs | In contrast, the whole series including
oM ' N w M ” l W I' “ MI a recombination continuum are
R e R e emitted for the case of the 8 ns laser

2 3 wav‘élengthS[nm] ° pulses.

Similar results were obtained from BN targets. A typical XUV spectrum obtained

with the sub-10-fs laser pulses is shown in Fig. 5.5.
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S
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3 20_- %5 om \ 'EN :q:? | Fig. 5.5: XUV spectrum from a dense
> 15 1% =z o 3 m boron nitride plasma generated with
2 4] o ]
% ] ; ‘ i I / ] sub-10-fs laser pulses. Due to the high
£ 101 L = T density, the higher series lines
5 * 4 including the B Lyg are suppressed.
O_ T— 1 + T T T T T T T

2 3 4 5 6 7 8
wavelength [nm]

In the spectrum, the N VII 1s-2p (N Ly, 2.48 nm), N VI 1s*-1s2p (N He,, 2.88 nm),
BV 1s-2p (B Ly,, 4.86 nm), B IV 1s*-1s2p ( He,, 6.03 nm) and the B IV 1s*-1s3p
(B Hep, 5.27 nm) are labelled. The higher series lines, for instance the B Lyg, are not
observed.

The series limit observed in the spectra obtained from the sub-10-fs laser pulses
indicate that the plasma is at high density and the higher lines are suppressed by
pressure ionization. The plasma conditions during the emission of the XUV spectra

can be estimated using Equation (4.84). To this end, the ionization potentials of the
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hydrogen and helium-like levels in boron are plotted versus density for three
different temperatures in Fig. 5.6. According to the observed spectral lines, the
calculation was carried out for an average ion charge of Z =4.5. For a temperature
of 100 eV, a density of p>0.36 g/cm’ is required for the suppression of the B Ly,. On
the other hand, the observation of the B He,, requires a density of p<1.37 g/cm’. In
the same way, it is estimated that the density is higher than 0.55 g/cm” for the carbon
plasma.

Slightly different values of the density were estimated using the IMP code described
in [189]. In these calculations the Schrodinger equation is solved for different
orbitals. The potential around the ions in the plasma is calculated using the high-
temperature Thomas-Fermi model. For a temperature of 100 eV the range of
densities which allow for the emission of the Ly, and suppress the Lyg lines is
between o, = 0.3 g/cm3 and Py = 0.8 g/cm3 for BN and between p,;, = 0.2 g/cm3
and Py = 1.3 g/cm3 for C.

It is noted that some of the resonance lines in Fig. 5.5 exhibit a shoulder towards the
long wavelength range. These features are attributed to the emission of dielectric

satellites.
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Fig. 5.6: lIonization potential

depression as a function of density in

hydrogen and helium-like boron for

three different temperatures. The

unperturbed  energy levels are
indicated by the dash-dotted lines. At
high density, the higher levels are

removed by pressure ionization.
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Although these calculations are very useful for a rough estimation of the plasma
conditions, more sophisticated calculations are required for a detailed understanding
of the XUV emission. Therefore, computer simulations including the energy transfer
from the laser to the plasma, the hydrodynamic expansion of the plasma during the
emission, the highly transient nature of the plasma, line broadening and opacity
effects were carried out [169].

In the first step, the expansion of the plasma was calculated with the 1D Lagrangian
hydrocode MULTI-fs [66]. For the simulations, a prepulse was implemented in the
hydorcode to investigate potential effects of a preplasma. The temporal grid ¢ for the

simulations was chosen with intervals of Az, =¢,,, —¢, ranging from 0.1 fs close to

the laser peak to larger values before and after the peak. The target was subdivided
into a total of N=160 Lagrangian cells as shown in Fig. 5.7. A small layer size close
to the target surface of 0.05 nm was chosen to resolve the high temperature and
density gradients. The laser pulse was Gaussian in time with a FWHM duration of

8 fs. The equation of state was taken from the SESAME database.
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As discussed in detail in Chapter 4.9, the radiative transport equation (4.64) has to be

solved to calculate the XUV emission from the plasma. For this purpose, the
emissivities ¢, and opacities x were calculated for each individual layer using the
FLY code [147]. In the FLY simulation, the time dependent atomic kinetics, detailed
line shapes and opacity effects were taken into account. The radiative transport
equation was solved numerically using a standard finite difference scheme:

L5 %00, = S, (6 X )+ exple 7 ) (o x )= 8,00 x0) (5.2)
Here, x;; denotes the position of the Langrangian layer with index k at the point of

time with index j, S,=¢,/k is the source function and
Tho, = K(t_ 9 Xk Xxkﬂmj —xkjj) is the optical thickness of layer number k+1. In this

way, the intensity at the target front side /,(z,xy) was obtained for each time #.
Finally, the time integrated spectrum D(v) was calculated by adding up the

contributions of all times:
D(v)= Zlv(tj’xN,j)Atj (5.3)
J

The simulations were carried out for different values of the preplasma scale length
and the flux limiter. The best fit was obtained for a preplasma scale length of a few
nm in agreement with the observations in [42] and for a flux limiter of /~0.001. The
small value of f might be attributed to the small focal spot size resulting in 2D
effects.

The electron temperature, mass density and electron density obtained for the carbon
plasma for different times are shown in Fig. 5.8. The time /=0 corresponds to the

laser peak. The corresponding time integrated XUV spectrum is shown in Fig. 5.9.
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Fig. 5.8: Hydrodynamic simulation
of the temperature (a), mass density
(b) and electron density (c) of a
carbon plasma generated with sub-
10-fs laser pulses. For details, see

text.

In the simulated spectrum only small contributions of the higher series lines are

observed. The ratios of the Lyg / Ly, and Heg / He, are smaller than 0.09 and 0.06,

respectively. This is close to the noise level of the experiment, and consequently the

lines are not observed in the measured spectra.
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Fig. 5.9: Time integrated XUV
spectrum from a carbon target
calculated with MULTI-fs and FLY
simulations. The contribution of the
higher lines is small due to pressure

ionization during the XUV emission.

In the hydrodynamic simulations, there is only a small preplasma scale length of a

few nm at /=-10fs right before the laser pulse. Due to the small preplasma scale

length, there is only a weak contribution of the low density part of the plasma to the

overall XUV emission. The emission is dominated by the region of the plasma where
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the density is high and the higher series lines are suppressed by pressure ionization.
At later times, the plasma scale length increases, but the plasma cools down quickly.
This is demonstrated in Fig. 5.10, where the temperature and density histories of the
Lagrangian layer number 92 with an initial position of x=2.7nm are plotted. Close to
the laser peak, the temperature rapidly increases to about 200 eV. When the

temperature is at its maximum, the density is still larger than 1 g/cm”.
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The temporal evolution of the intensities of the C Ly, and C He, lines for layer
number 92 are plotted in Fig. 5.11. The line intensities drop off with a time constant
on a ps scale. Consequently, the emission of the hydrogen and helium-like resonance

lines is predominantly from the period where the plasma is at high density.
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In the simulations it was found that the thickness of the emitting plasma region is
very small. For example, at the point of time 10 fs after the laser peak, the C Ly, line

is emitted from a region with a thickness of about 10 nm (FWHM). This value is in
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agreement with the expansion model in [170] where the initial thickness of the
emitting plasma layer is equal to the electron skin depth.

Similar results were obtained for the BN plasma. In Fig. 5.12, the calculated ratios of
the Ly, / He, lines are shown for B, C and N. The calculated values agree within the
experimental error of 20% with the measured intensity ratios, indicating that the
computer models used in this work are well suited for the calculation of XUV spectra
generated with sub-10-fs laser pulses. Due to the small plasma thickness, all lines are
optically thin at the point of time of the maximum emission, except for the N Heg
with an optical depth of 1.2 [170].

It is noted that additional PIC simulations were carried out to analyze the absorption
of the sub-10-fs laser pulses in the target (see Chapter 5.1.2). Although the PIC
simulations are an ideal tool for analyzing the energy transfer to the plasma, the
calculation of the XUV emission requires the calculation of the expansion over an
extended period of time and target volume. Because this task would require a huge
computational effort for PIC simulations, MULTI-fs was used for the analysis of the
XUV spectra, instead. In the PIC simulations, it is shown that kinetic effects are
important for a detailed understanding of the absorption mechanism. Although
kinetic effects are not included in the hydrocode, a good agreement between
experiment and calculations was obtained by fitting the values for the preplasma
scale length and the flux limiter in the calculations. This is consistent with the results
in [67], where a good agreement between the absorption measured in experiments
and MULTI-fs and PIC simulations is reported.

It is interesting to mention that the ratio of the Heg/He, lines measured in the
experiment is larger for boron than for carbon, although under similar plasma
conditions pressure ionization eliminates the B Heg at lower density. This
observation is an effect of the smaller atomic number of boron. The Heg lines are
emitted at a late stage of the plasma expansion when the temperature is low. Under
these conditions, the 1s3p states are stronger populated for ions with a small atomic

number, and consequently the intensity of the Heg is higher for B than for C.
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In order to investigate the effect of the laser intensity on the XUV emission, another
experiment measuring the ratio of the B Ly,/B He,, lines was carried out. The ratio of
the Lyy,/He, is sensitive to the plasma temperature and is therefore often used for
plasma diagnostic. The laser intensity on the surface was varied by moving the target
out of focus. Prior to the experiment, the Rayleigh length zz was determined by
imaging laser profile at different z-positions. A Rayleigh length of zg=30um was
derived and was used to calculate the intensity at different z-positions. The measured
intensity ratios are shown in Fig. 5.13 as a function of the laser intensity. In the range
between 0.5 and 3-10'® W/cm?, the ratio increases almost linearly from 0.8 to 1.5. At

smaller values of the intensity, the ratio drops quickly.
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smaller plasma temperature.
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intensity [10'® W/cn]
The ratios of the line intensities calculated with MULTI-fs and FLY are also shown

in Fig. 5.13. There is a good qualitative agreement with the experimental data.
Deviations are attributed to errors of the intensity scaling in the low intensity range.
The absence of the higher series lines is one of the most remarkable results of the K

shell spectra from the low Z elements. Because the individual lines can be easily

83



Production of dense plasmas with sub-10-fs laser pulses

resolved, K shell spectroscopy is an ideal tool for plasma diagnostics. Besides the K
shell spectra, it is interesting to investigate L shell spectra from higher Z elements in
the same spectral range. Because L shell spectra contain a larger number of lines,
they are more complicated and less suited for plasma diagnostics. However, they
play an important role for the opacities in dense plasmas and for the radiative energy
transport in the interior of stars. Due to the higher nuclear charge, the dimension of
the orbitals is smaller, and it is expected that higher series lines are emitted. For Ti
XIII, for example, Equation (4.84) predicts an ionization potential depression of
about AE=72 eV at 0.25 times solid density and a temperature of 200eV. This value
is much smaller than the ionization potential of 788 eV and does not lead to pressure
ionization of the M shell electrons.

An XUV spectrum from titanium plasma generated with the sub-10-fs laser pulses at
an intensity of 3x10'® W/ecm?® is shown in Fig. 5.14. For the interpretation of the
spectrum, computer simulations were carried out. Because the FLY code is limited to
a maximum number of three electrons, the superconfiguration code FLYCHK [50,

51] was used, instead.

0_6__&052’?{#:%&8'”“”'3“0“ lil | Fig. 5.14: XUV emission from

14 4 N a titanium plasma generated
with sub-10-fs laser pulses.
Black line: experiment, red

line: computer simulation.
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Some L shell lines are labeled.

The labels are explained in
Table 2.
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The temporal evolution of the plasma parameters was calculated with an expansion
model described in [170]. In the model, a fraction f; of the laser energy is converted
to thermal energy within a layer with an initial thickness in the order of the of the
electron skin depth &. The plasma layer is initially at solid density (py=4.5 g/cm’)

and expands with the ion sound speed c,;. Assuming an adiabatic equation of state, a
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set of two coupled differential equations is obtained describing the laser absorption

and the expansion of the plasma layer:

% KT(f) = %_f,h;L(t )_ (- 1)C§ST(:))kT(t) (5.4)
%5@) = cs(t)=(Z +y)kT(t)/ M (5.5)

Here, k is the Boltzmann constant, N is the total number of particles (free electrons
and ions) in the interaction volume, P; is the incident laser power, y =5/3 is the
adiabatic exponent, M is the ion mass and J(?) is the layer thickness. The first term
on the right side of Eq. (5.4) represents heating of the plasma by the laser, whereas
the second term is due to adiabatic cooling during the expansion. The temporal
evolution of the laser power was calculated from the Fourier transform of the laser
spectrum shown in Fig. 3.4. Equations (5.4) and (5.5) were solved numerically using

an explicit Euler scheme. The density is obtained from p(t) =Py 6,/0 (t), taking into

account that the expansion can be considered as 1-dimensional as long as the plasma
layer thickness is smaller than the focus diameter. The ion sound speed in Eq. (5.5)
was calculated assuming an average ion charge of Z=8, which is consistent with
atomic kinetics calculations. A value of f,;,=25% was chosen for the calculations
[170]. The temporal evolution of the plasma temperature and density are shown in
Fig. 5.15. Similar to the results for the carbon plasma in Fig. 5.10, the temperature
increases quickly to a value of about 200 eV and decreases on a picosecond time
scale during the expansion. At the peak of the temperature, the density is about

3g/cm’, which is still close to solid.
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The plasma parameters calculated with the expansion model were then used as input
for the FLYCHK calculations. The calculated, time integrated spectrum is also
shown in Fig. 5.14. In the simulations, the XUV emission in the observed spectral
range is basically from transitions from L shell excited stated to the ground state. The
labels of the lines in Fig. 5.14 are explained in Table 2. There are contributions from
the Ti XII to Ti XVII species to the measured spectrum. Basic features of the
measured spectrum are reproduced by the calculations. The main difference from the
measured spectrum is the smaller intensity in the wavelength range close to 2.74 nm.
This might be attributed to the expansion model which considers only a single
plasma layer. More precise results might be obtained from hydrodynamic simulations
of the plasma expansion in combination with calculations of the L shell emission.

Although laser generated plasmas are highly transient, conditions close to LTE can
be approached quickly at high density [9]. This has been confirmed in FLY
simulations where LTE conditions were reached a few 100 fs after the laser peak. It
is also interesting to calculate the ion-ion coupling parameter /;; for the plasma
conditions of our experiment. In the simulations 7;; is close to 1 for the BN and C
plasmas, and significantly larger than 1 for the Ti plasma within a period of more

than 10 picoseconds after the laser peak.
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Label Transition Wavelength range [nm]
1 Ti XII 1s725°2p%31-15"2572p°31° 2.66-2.80
2 Ti XIII 15725%2p%-15*25°2p°5d 1.77-1.79
3 Ti XIII 15725%2p%-15*25°2p°41 1.92-2.01
4 Ti XIII 1s%25°2p%-15*25%2p°3p 2.10-2.11
5 Ti XIII 1s%25*2p%-15725*2p°3d 2.34-2.40
6 Ti XIII 1572572p% 15%25°2p"3s 2.66-2.70
7 Ti XIV 1s%25%2p°-1s*2s%2p*4d 1.76-1.79
8 Ti XIV 15°2s%2p°-15*2s2p*3d 2.13-2.25
9 Ti XIV 15°2s%2p°-15*252p"*3s 2.37-2.53
10 Ti XV 15%25°2p*-15725%2p*3d 2.01-2.11
11 Ti XV 15%25°2p"-15725*2p*3s 2.21-2.34
12 Ti XVI 15°25°2p°-15725"2p*3d 1.90-2.01
13 Ti XVII 15*2s*2p*- 15*2s*2p3d 1.80-1.88
14 Ti XVII 15*25*2p*- 15*25"2p3s 1.94-1.97

Table 2: List of transitions from L shell excited levels contributing to the XUV emission of

the titanium plasma.

5.1.2 Absorption of sub-10-fs laser pulses in solid targets

The energy transfer from the laser to the plasma is a fundamental question.
Experiments highlight the role of the preplasma and the hydrodynamic expansion
during the interaction [75, 179, 201]. The absence of the higher series lines in the
XUV spectra discussed in the previous section indicates that there is virtually no
preplasma during the interaction of the sub-10-fs laser pulses with the target. It is
interesting to investigate the energy transfer to the target under these conditions.
Therefore, additional experiments investigating the absorption of the sub-10-fs laser
pulses over a wide range of intensities and angles of incidence have been carried out
[42].

A schematic drawing of the setup is shown in Fig. 5.16. The target is mounted in the

center of an integrating sphere. The integrating sphere collects the light that is
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specular and diffuse reflected from the target. The intensity is measured with a fast
photo diode connected to the sphere via an optical fiber. Prior to the experiment, the
linearity of the detector was confirmed. The signal on the detector is proportional to
the amount R of reflected laser energy. The fraction of absorbed energy is A=1-R.
Because a smooth surface is essential for a well defined angle of incidence, optical

quality glass substrates with an aluminium coating were used.
Integrating sphere

Target: Al coated
glass substrate

Photo detector

N

Optical fiber

Fig. 5.16: Experimental setup for the absorption measurement. The target is mounted inside
an integrating sphere. The diffuse and specular reflected light is measured with a photo
detector which is coupled to the integrating sphere via an optical fiber.

The absorption for different angles of incidence at a laser intensity of 5x10'® W/em®
are shown in Fig. 5.17. Each point in Fig. 5.17 is averaged over 10-20 shots. The
error bars represent the standard deviation. For all investigated angles, the absorption
in p-polarization is higher than for s-polarization. The p-absorption increases from a

value of 34% at an angle of 10° to 77% at an angle of 80°.
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Besides the angular dependence, we also investigated the intensity scaling of the
absorption. The intensity was varied by moving the target out of focus. The result is
shown in Fig. 5.18 for an angle of incidence of 45°. For s-polarization, the absorption
is nearly constant (10%) in the low intensity range up to a value of 10" W/em?. It
then increases to a value of approximately 20% at an intensity of 5x10' W/ecm®. For
p-polarization, the absorption is in the range of 10-20% for intensities smaller than

10" W/ecm?®. At higher intensities, the absorption increases and reaches a value of

more than 50% at the highest intensity of 5x10'® W/cm®.
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For the interpretation of the experimental data, 2D PIC simulations using the plasma

Absorption

simulation code PSC [28] were carried out. In the simulations, the aluminum target
with the dimensions of 15 um x I pm was placed in a 20 um x 20 um simulation
box. The FWHM duration of the laser pulse with a Gaussian shape was 10 fs.
Simulations were carried out for different values of the preplasma scale length L. The

electron density profile at the target front side was chosen according to
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n,(x)/n,, =(1+exp(-=2x/L))". In order to account for the high contrast of the laser,

the initial electron density in the cold target was set to zero, and optical field
ionization using the ADK model [4] (see Chapter 4.1) was implemented in the
calculations.

In order to compare the simulation results with the experiment, the collisionless
absorption defined by the difference between p- and s-polarization is plotted versus
the angle of incidence in Fig. 5.19. In the PSC code, an optional module calculating
binary collisions using a Monte Carlo approach [225] is implemented. Here,
simulations were carried out with and without binary collisions. The values obtained
in the collisional simulations were only slightly larger than for the collisionless case,
and similar results for the difference between p- and s-polarization were obtained.

This indicates that the major absorption mechanism is of collisionless nature.

1,04———PICL/=0.625 . . . . Fig. 5.19: Collisionless
::FQ : Xﬁ:gl_u&;gggg absorption of the sub-10-fs laser
0,84 |—~PIC,L/»=0.012 i .
5 | =R =002 pulses as a function of the angle
3 06 — Experiment of incidence. The open symbols
§ ‘ represent PIC simulations for
S - different preplasma scale-lengths
ﬁ L. The filled black squares
_5 i represent the experimental data.
7]
'§ A good agreement is obtained for
20 a preplasma scale-length of the
Angle of incidence [°] order of L/A=0.01.

The values of the collisionless absorption for large scale lengths (L/4=0.625 and
0.250) follow the well known form expected for the case of linear resonance
absorption with a maximum of the absorption at an angle of 30° and 40°,
respectively. For smaller values of the preplasma scale length, the angle of the
maximum absorption shifts towards larger values as discussed in Chapter 4.4.3. The
best agreement between the simulations and the experimental data is obtained for a
preplasma scale length of the order of L/A=1%. This result confirms the

interpretation of the XUV spectra in the previous chapter.
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There are a number of collisionless processes which can potentially contribute to the
absorption under our experimental conditions, such as sheath inverse bremsstrahlung
[40], anomalous skin effect [246], vacuum heating [43, 89] or Brunel heating [38]
(see Chapter 4.4.5). Although these processes are consistent with the small plasma
scale length, their contribution to the absorption would be smaller than in the
experiment [42]. Special attention was given to vacuum heating which has been
investigated in detail by Gibbon [89]. In his calculations, a significantly smaller
absorption is predicted under our experimental conditions. In addition, the predicted
scaling of the absorption with the laser intensity is different from the experiment
[42].

A new model of anharmonic resonance absorption was recently developed in
Reference [161] (see Chapter 4.4.7). Anharmonic resonance absorption is a
collisionless process which is efficient at high density gradients. Similar to the
experiment, high values of the anharmonic resonance absorption are predicted close
to grazing incidence. In addition, the threshold behaviour observed in the experiment
(see Fig. 5.18) is consistent with the model. Therefore, the authors in Reference
[161] come to the conclusion that anharmonic resonance absorption is the most

promising candidate to explain our experimental results.
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5.2 Production of dense plasmas with laser-driven proton beams

In the previous chapter, the production of dense plasmas with sub-10-fs laser pulses
for spectroscopic studies was presented. The thickness of the sample which can be
heated is limited by the electron skin depth and is of the order of 10 nm. The
preparation of thicker layers of dense plasmas requires radiation with a higher
penetration depth, such as protons. Here, the production of dense plasmas with laser
driven proton beams for equation of state measurements in presented.

A schematic drawing of the experimental setup is shown in Fig. 5.20. The
experiment was carried out at the at Titan laser at the Lawrence Livermore National
Laboratory [236]. The 100J, 500 fs laser pulse with a wavelength of 1 pm was
focussed to a spot size with a diameter smaller than 10 um onto a aluminium foil
with a thickness of 17um. A proton beam with a cut-off energy of about 50 MeV was
generated by TNSA. The proton beam was incident onto a 2 um aluminium sample
target supported on a 25 nm SiN3 and a 500 nm gold layer. A 400 pm gap separated

the proton source from the sample.

400 um
Laser D Chirped probe beam
\ Self emission
to streak camera
Protons
Source / \ CPI
17 um Al Sample

2 um Al

Fig. 5.20: Experimental setup for the measurement of the equation of state of dense
aluminium plasmas heated with laser driven MeV proton beams. The plasma temperature
and density were measured simultaneously using a streaked optical pyrometer and a chirped

pulse interferometer.
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The temperature of the expanding aluminium plasmas was measured using a streaked
optical pyrometer (SOP) [5, 41, 171]. To this end, the visible light emitted from the
rear side of the sample foil was imaged onto the entrance slit of a fast Hamamatsu
C7700 streak camera with a resolution of 3 ps. A filter was used to select light at a
central wavelength of 470 nm with a bandwidth of 10 nm. The imaging optics and
the streak camera were absolutely calibrated at this wavelength, allowing for a direct
measurement of the brightness temperature.

The expansion of the sample was investigated with a chirped pulse interferometer
(CPI) [88]. A 5 mJ probe beam was extracted from the amplifier chain and stretched
to a duration of 130 ps. As shown in Fig. 5.20, the CPI probe beam is incident onto
the rear side of the sample foil at an angle of 15° with respect to the normal. The
reflected probe beam was then relay imaged into a Mach-Zehner interferometer and
onto the entrance slit of a high resolution imaging spectrometer.

A typical result from the SOP diagnostic is shown in Fig. 5.21.

04 b Fig. 5.21: Time resolved

OTR measurement of the optical emission

100 — Thermal from dense aluminium plasma using

g Emission streaked optical pyrometry. The
E 200 — optical transition radiation (OTR) at
= t=0 is emitted when fast electrons
300 — cross the rear side of the sample foil.
The brightness temperature is

400 — derived from the thermal emission of

the plasma.
1.0 0.5 0.0 0.5 1.0

distance (mm)

In the SOP data, the time zero is identified by the short duration emission of optical
transition radiation (OTR) which is emitted when the fastest electrons cross the rear
side of the sample foil. The thermal emission of the sample, related to proton heating,
starts after a delay in the order of a few 10 ps, corresponding to the transient time of
the protons across the vacuum gap.

An example image from the CPI diagnostic is shown in Fig. 5.22. The horizontal axis

corresponds to the spatial dimension and the vertical axis to the spectral dimension.
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The frequency of the linear chirped probe pulse translates into the linear time scale
shown on the left side of the interferogram. In the undisturbed region of the
interferogram, the fringes are equally spaced in the spatial dimension, whereas they
are bent in the regions where the target expands. The expansion of the sample was
derived from a Fourier reconstruction method applied to the interferometric data

[88].

-20 : -
§|Expansion begins
0
E Fig. 5.22: Expansion of the aluminium
; 20 | plasma measured with the chirped pulse
-g interferometer.  Bending  of  the
40 | interference  fringes indicates  the
IEI beginning of the expansion.
60

-100 0 100
distance (um)

For the further data analysis, the data in Fig. 5.21 and Fig. 5.22 was evaluated at
different times in the spatial region of maximum temperature and expansion velocity.
The result is shown in Fig. 5.23. The analysis reveals an expansion velocity
approaching 5x10* m/s and a peak temperature of about 20 eV. This temperature
corresponds to an ion-ion coupling parameter of /;=100 at the maximum density and
[;=10 at the critical surface.

To compare the experimental data with different EOS models, computer simulations
with the 1D Lagrangian hydrocode HY ADES [142] were carried out. Proton heating
was implemented using a time dependent source of energy into thermal electrons
according to the measured proton energy spectrum and the NIST proton stopping
power tables [22]. Because the total number of protons was not measured in the
experiment, this parameter was used to fit the calculated brightness temperature to

the experiment.
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Fig. 5.23: Brightness temperature (a) and expansion velocity (b) of the aluminium plasma.
The experimental data (symbols) are compared the hydrodynamic simulations. Simulations
were carried out using two different equation of state tables (LEOS: solid line, SESAME

3718: dashed line).

In the simulations, the brightness temperature is given by the temperature at the
critical density layer corresponding to the SOP wavelength and viewing angle. The
temperature derived from the simulations for two different EOS tables (LEOS and
SESAME 3718) is shown on the left side of Fig. 5.23. For both EOS tables, there is a
good agreement with the measured temperature within the whole period of time
covered by the SOP diagnostics. The expansion velocities of the critical density layer
at the wavelength of the probe beam calculated with the hydrocode are shown as
solid (LEOS) and dashed (SESAME 3718) line in Fig. 5.23 b. The expansion
velocity derived from the SESAME 3718 tables fits the measured values over the
whole time range, whereas deviations at late times are observed for the LEOS tables.
This suggests that the SESAME tables calculate the EOS more accurately. However,
it was possible to fit both the measured expansion velocity and brightness
temperature calculated with LEOS to the experimental data by using a slightly
different value for the total proton number. For both the SESAME and LEOS tables,
the calculated temperatures and expansion velocities are accurate within an error of
18%.

These results demonstrate the potential of laser accelerated proton beams for EOS

measurements in the WDM regime. It is expected that an improvement of the
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precision is possible, e.g. by using spectrally resolved SOP measurements in the

visible or XUV wavelength range.
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6 Generation of strong currents in dense plasmas

Due to its relevance to inertial confinement fusion, the development of strong x-ray
sources and ion acceleration by target normal sheath acceleration, a large number of
experiments have been carried out to study the generation and the transport of strong
currents in dense plasmas. The scaling of the temperature with the laser intensity was
derived using the bremsstrahlung and characteristic x-rays generated by the electrons
in the target [18, 178, 198, 220] or the energy spectra of ions emitted from the target
[18, 226]. The angular distribution of electrons emitted from laser irradiated foils
was studied using nuclear activation techniques [198]. The transport of electron
beams has been investigated by optical probing, [31, 96, 227] x-ray imaging [47, 96,
217] and by proton imaging [34]. More recently, laser driven electron beams were
investigated using Cherenkov radiation [37, 216, 232] or optical transition radiation
[16, 48, 85, 118, 199, 253].

From these experiments, important scaling laws, e.g. for the electron temperature as
a function of laser intensity, have been obtained. However, so far no unique picture
of the interaction has emerged from the experimental data. The acceleration and the
transport of the electron beam depend on a large number of experimental parameters
such as the laser pulse duration, intensity, polarization, plasma temperature,
conductivity and the preplasma scale length. The investigation of the effect of the
experimental conditions is subject of topical research.

An important issue is the optimization of the experimental conditions for the
generation and the transport of strong currents. This is in particular true for the
generation of strong currents driven by petawatt laser pulses in the context of fusion
research. Recently, a number of studies were carried out to optimize the target design
for the transport of strong currents. An enhancement of the electron flux was
observed at the tip of laser irradiated, re-entrant cone targets. The transport of
electrons along a wire attached to the tip of the cone was demonstrated [133]. In
fusion experiments, a strong enhancement of the neutron yield was achieved by

transporting electrons to the center of a pre-compressed fusion pellet via cone
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guiding [132]. In [78] the generation of protons by target normal sheath acceleration
at the tip of cones with a flat top was investigated. An enhancement of the proton
energy was observed and was explained by cone guiding, resulting in stronger
electric fields in the Debye sheath.

Here, investigations of the generation and transport of electron beams in dense
plasmas over a wide range of experimental parameters are presented. This includes
ultrashort laser pulses with durations of only 40 fs and laser pulses with petawatt
intensities. So far, only few experimental data is available in these regimes. The
temperature, divergence and angular distribution of the electron beams are
investigated in detail. The efficiency of different acceleration mechanisms and the
effects of magnetic fields and instabilities on the transport are discussed.

Special attention was given to the optimization of the target design in terms of high
electron fluxes. Advanced target concepts including cone and wedge shaped targets

were investigated in experiments and computer simulations.
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6.1 Generation of strong currents with ultrashort, multi-terawatt
laser pulses

Many of the experiments investigating laser driven electron beams were carried out
with pulse durations longer than 100 fs. At the present time, only few experimental
data on the transport of electron beams produced with shorter laser pulses exist. In
this chapter, experiments investigating the transport of strong currents driven with
40 fs laser pulses in planar metal targets are presented [48, 49]. The experiments
were carried out with the THOR laser at the Texas Center for High Intensity Laser
Science (see Chapter 3.2.2). A schematic of the experimental setup is shown in Fig.

6.1.
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Fig. 6.1: Schematic of the experiment investigating the transport of electron beams in dense

plasmas generated with ultrashort laser pulses.

The laser was focussed with an /2.8 off-axis parabola. The focus diameter was 7 um
corresponding to a peak intensity of 2x10" W/cm?. The CTR emission from the
target rear surface was imaged with 20x magnification onto a CCD camera using an

achromatic lens. Neutral density filters were used to avoid overexposure of the

99



Generation of strong currents with ultrashort, multi-terawatt laser pulses

camera. A part of the CTR emission was extracted with a beam-splitter after the lens
and imaged onto the entrance slit of an imaging spectrograph. In this way, the spatial
characteristics and the spectrum of the CTR were be observed simultaneously for
each shot.

In addition, a multi-channel hard x-ray spectrometer was used to measure the
bremsstrahlung emitted from the target. The spectrometer consisted of five Nal
scintillating detectors located outside the target chamber at a distance of 3 m from
the target. Lead filters with different thicknesses (0.0, 0.31, 0.95 and 4.8 cm) in
combination with the 0.5 cm stainless steel target chamber wall resulted in x-ray cut-
off energies of 85, 269, 413 and 916 keV, respectively. In this way, bremsstrahlung
spectra were obtained in the energy range between 100 keV and 1 MeV for each
shot.

In the experiments, planar metal targets with thicknesses between 10 um and 40 um
were used. The interaction and the electron beam transport were characterized for

two different angles of incidence of @=10° and ©@=45°.

6.1.1 Planar targets at 10° incidence angle

A typical image of the optical emission observed at the rear side from a planar
aluminium foil with 10 um thickness at an angle of incidence of 10° is shown in Fig.
6.2. In the image there is a single bright spot with a diameter of 6 um FWHM. The
spectrum of the optical emission is shown on the right side of Fig. 6.2. The spectrum
with a bandwidth of 20 nm is peaked around 800 nm. This bandwidth is significantly
smaller than the laser bandwidth also shown in Fig. 6.2, indicating that the observed
signal is not laser light scattered into the imaging optics. This is reasonable because
the laser pulse cannot penetrate the overdense aluminium plasma. For a foil thickness
of 10 um, it is estimated that the expanding plasma becomes underdense after a time
of 10 ns, and thus direct laser light can be excluded as a source of the observed
signal. It is noted that similar images were obtained in a configuration (not shown in

Fig. 6.1) where the collection angle of the imaging optics did not overlap with the
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opening angle of the laser beam. It is also noted that experiments with different filter
combinations and spectrometer settings were carried out to check for contributions in
the spectral range at 2w to the CTR fluence. However, the emission at the second
harmonic could barely be distinguished from thermal plasma emission for an angle
of incidence of @=10°.
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Fig. 6.2: CTR emission generated by a laser driven electron beam at an angle of incidence
of 10°. Left side: Typical image of the CTR emission from the rear side of a 10 um Al foil.
The units at the image axes are pixel numbers. Right side, solid line: Spectrum of the CTR.
The spectrum is peaked at 800 nm indicating that the electrons are bunched at the laser
frequency. Dotted line: Laser spectrum.

These observations allow for the conclusion that the observed signal is CTR
generated by hot electrons emitted from the target rear side [199]. The peak of the
CTR spectrum clearly indicates that the electrons emitted from the foil are bunched
at the laser frequency. This phenomenon is expected for some acceleration
mechanisms such as resonance absorption and vacuum heating. Vacuum heating can
only contribute to the energy transfer in steep plasma profiles when the electron
quiver amplitude exceeds the plasma scale length as discussed in Chapter 4.4.6. For
the intensity of 2x10' W/cm?, the quiver amplitude eE/m." is smaller than 1 pm.
Because this value is below the preplasma scale length of 3.5 um (see Chapter 3.2.2),
vacuum heating is not significant in this experiment. Therefore, it is concluded that
resonance absorption is dominant at an angle of incidence of 10°.

The small spot size of the CTR emission indicates that the electron beam is well

collimated over the propagation distance of 10 um inside the foil. To analyze this
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aspect more in detail, the spot size was measured for different foil thickness. The
result is shown in Fig. 6.3 for three different foil thicknesses of 10, 25 and 40 pm.
The spot size increases only slightly with a divergence of approximately 4° from 10

to 25 um and 8° from 25 to 40 pm.
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The x-ray yield measured with the Nal detectors from a 10 um aluminium foil is
shown in Fig. 6.4. Each data point represents the x-ray energy above the cut-off
energy of the corresponding filter. To derive the electron temperature from the
experimental data, the bremsstrahlung emitted from an ensemble of electrons with a
single Maxwellian velocity distribution with temperature 7, was calculated. After
convolution with the x-ray transmission of the filters, the calculated data was
compared to the experiment. The best fit was obtained for an electron temperature of

7=340 keV.
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As discussed in Chapter 4.6.2, it is expected that the CTR fluence decreases with

increasing target thickness. This is confirmed in Fig. 6.5, where the CTR fluence
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obtained from several experimental runs with 10 and 25 pm aluminium foils is
plotted. The error bars represent the standard deviation from a series of shots under
identical experimental conditions. The measured CTR fluencies are reproducible
from day to day. In Fig. 6.5 the fluence from the 25 um foils is smaller than from the
10 pum foils by a factor of 4.7x107.
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From the measured CTR fluences, the electron temperature was derived using the 1D
transport model introduced in Chapter 4.6.2. Therefore, the CTR fluences for the
10 and 25 um foils were calculated for different electron temperatures 7 using
Equation (4.44). The data from the 40 um foils were not used in this analysis because
they were obtained with a slightly different imaging setup. Because this has an effect
on the detection efficiency, a direct comparison with the data from the thinner foils is
not possible.

In the calculation, the temporal delay between two electron bunches is 67=2.67 fs
corresponding to one electron bunch per laser cycle at the laser wavelength of
800 nm. The total number of bunches was M=15 corresponding to the pulse duration
of 40 fs. The result is shown in the left side of Fig. 6.6. To derive the electron
temperature in the experiment, the ratio of the 25 um to the 10 um foils calculated
for different temperatures is shown on the right side of Fig. 6.6. The measured value,
represented by the horizontal, solid red line, corresponds to an electron temperature
of 290 £ 20 eV. The experimental error of 20% is indicated by the dashed, red lines.
This value is close to the electron temperature of 340 keV derived from the

bremsstrahlung spectrum. The scaling law in Equation (4.36) predicts a significantly
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higher electron temperature of 500 keV for an intensity of 2x19'° W/em?. It is noted
that an electron temperature exceeding 500 eV was measured at a different angle of
incidence of 45° (see Chapter 6.1.2). This result indicates that the angle of incidence

is an important parameter for the energy transfer by resonance absorption.
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Fig. 6.6: Left side: CTR fluences calculated for different electron temperatures with a 1D
transport model for foil thicknesses of 10 and 25 um. Right side: Ratio of the CTR fluences
of the 25 to the 10 um foil. Black line: calculation. Red line: experiment. The dotted line
represents the experimental error. The measured signal ratio corresponds to an electron
temperature of 290 +20 eV.

It is noted that the divergence of the electron beam obtained from the CTR emission
is smaller by almost a factor of 10 compared to experiments investigating the x-ray
emission from the target [47]. This deviation can be explained by the different
conversion efficiencies into CTR and K, x-rays. The conversion efficiency for the K,
production has a maximum at electron energies of about 30 keV in [47], whereas the
CTR is produced most efficiently by higher energetic electrons. This result indicates
a stronger collimation of the higher energetic electrons. The small divergence of the

electron beam 1is attributed to the self-generated magnetic fields [56, 227] as
discussed in Chapter 4.6.3).

6.1.2 Planar targets at 45° incidence angle

In laser irradiated foils, the predominant electron heating mechanism crucially
depends on the angle of incidence (see Chapter 4.4). Here, it is confirmed

experimentally that different acceleration mechanisms contribute to the production of
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hot electrons at an angle of incidence of 45°. Fig. 6.7 shows the CTR image obtained
from a 10 pm aluminium foil at 45°. The image is filtered with a 3 mm thick BG39
glass blocking the 800 nm light from the diagnostic. There are two distinct spots
labelled A and B in the CTR image. The right side of Fig. 6.7 shows the spectrum of

the CTR which is peaked at the second harmonic of the laser beam.
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Fig. 6.7: CTR emission generated by laser driven electron beams at an angle of incidence of
45°. Left side: Image of CIR obtained from a 10 um Al foil at the second harmonic of the
laser. There are two distinct spots labelled A and B resulting from different acceleration
mechanisms. Right side: The CTR spectrum is peaked at 400 nm.

The peak in the CTR spectrum clearly shows that the electrons are bunched at either
the laser frequency (also resulting in CTR emission at 2®w) or at twice the laser
frequency. The observation of two distinct spots at the target rear side can be
explained assuming the two beams of electrons with different propagation directions
are generated in the interaction zone at the target front side as indicated in Fig. 6.8. In
the experiment, the position of spot B corresponds to the laser direction, whereas
spot A corresponds to the target normal. This observation suggests that the electrons

generating spot A were accelerated by resonance absorption, whereas the electrons in

spot B were produced by j x B heating.
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Laser

Fig. 6.8: Schematic of the electron
transport in the foil at an angle of
incidence of 45°. Two electron
A populations propagating in different
directions are generated in the interaction

zone at the front surface. The beams
Observer L
generate two distinct spots of CTR at the

Q target rear surface.

In order to further characterize the two electron beams, the CTR fluence was

measured as a function of laser intensity. The laser intensity was varied by changing
the timing of the flash lamps of the pump lasers in the final amplifier.

The CTR fluences of each spot A and B were obtained from a horizontal lineout
through the central region of the spots as shown in Fig. 6.9. The lineout was fitted
with a double peak Gaussian function. The peak height of the Gaussian represents

the CTR fluence of each spot.
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Fig. 6.9: Lineout through the central regions of the spots A and B. The lineout was fitted
with a two peak Gaussian curve. The peak heights represent the CTR fluences of the two

spots and are used for further data analysis.

The measured CTR fluences Fs and F are shown in Fig. 6.10 as a function of the
laser intensity. To analyze the scaling of the CTR signal with the laser intensity, the

fluences were fitted with power laws according to Foc/?, resulting in «,=4.6+0.3 for
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spot A and ap=5.4%0.2 for spot B. In the following calculations, the indices A and B
are used to distinguish between quantities related to spot A and B, respectively.

The measured CTR fluences were further analyzed with the ballistic transport model
discussed in Chapter 4.6.2. Because the different emission angles of the two electron
beams have to be taken into account, Equation (4.43) was used to calculate the CTR
spectra around the second harmonic of the laser. The calculations require the input of
the electron temperature 7, the bunching frequency @, and the propagation length /
of the electron beams. According to Fig. 6.8, it was assumed that spot A is produced
by electrons accelerated by resonance absorption, corresponding to a bunching
frequency )y, 4=y, equal to the laser frequency. The effective propagation length was
set to [,=13 um, corresponding to the 10 um target thickness plus the 3 pm
preplasma at the target front side. The number of electron bunches is 4,=15 for the
40 fs laser pulses. The electron temperature was calculated using the scaling law

given in Equation (4.36) [18].
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Assuming that spot B corresponds to electrons accelerated by j x B heating, the
bunching frequency was set to @y, =2 @, corresponding to a total number of Az=30
bunches. The propagation length is /z=18.4 um. The electron temperature was
calculated from the scaling law for j x B heating given in Equation (4.37) [243].
Fitting the calculated fluences with a power law results in exponents of «;=4.9 and

ap=5.9 which are close to the exponents derived from the experiment.
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For an absolute comparison of the calculated CTR fluences, the number of electrons
N in each bunch has to be known. Using the same number for both spots yields a
CTR fluence which is about two orders of magnitude smaller for resonance
absorption than for jx B heating. In the experimental data, however, the same
fluences in spot A and B are observed at a laser intensity of about 8x10'® W/cm?,
The ratio of the numbers of electrons in each bunch for spot A and B can be derived
by fitting the calculated CTR fluences to the experimental data. The best agreement
was obtained for N, 4=10.6xN, g. Taking into account that the ratio of the number of
bunches is A,4/A5=0.5, the ratio of the total number of electrons in each beam A and
B was N4/Np=5.3, i.e. approximately 5 times more electrons are accelerated by
resonance absorption. This result is in qualitative agreement with [198] where
resonance absorption dominated when the plasma sale length was less then 10 pm.

The CTR fluences calculated for this ratio of Ny 4/Nj 5 are shown in Fig. 6.11.
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For an experimental estimation of the electron temperatures in each electron beam,
the CTR fluences were measured for two different foil thicknesses (10 and 20 pm).
At a laser intensity of 2x10'* W/cm?, the fluences from the 20 pm foil were smaller
by a factor of 0.120 and 0.186 compared to the 10 pm foil for spot A and B,
respectively. This result is compared to the ratio of the CTR fluences calculated for
different temperatures using the ballistic transport model in Fig. 6.12. The measured
ratio of the CTR fluences corresponds to a temperature of 7,=0.78%+0.02 MeV for

resonance absorption and 73=1.5£0.2 MeV for j x B heating. At an intensity of
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2x10" W/em?, the scaling laws in Equations (4.36) and (4.37) yield temperatures of
0.5 MeV for resonance absorption and 1 MeV for j x B heating, which are roughly
consistent with the experiment. The slightly higher temperatures derived from the
CTR fluences might be a consequence of an intensity increase due to relativistic self-

focusing in the underdense plasma (see Chapter 4.3).
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The interpretation of different acceleration mechanisms was confirmed in 3D PIC
simulations using the fully relativistic Virtual Laser Plasma Laboratory (VLPL) code
[180]. In the simulations, a Gaussian laser pulse
a = agexp(—r%/R?)exp(—t?/T?)cos(wyt) was incident at p-polarization onto an
overdense plasmas layer at an angle of 45°. The pulse duration, focus radius and
wavelength were 7=30 fs, R=6.7 um and A=800 nm, respectively. The amplitude of
the normalized vector potential was ay=5 corresponding to a peak intensity of
5.4x10" W/cm®. The electron density of the 9 pm thick plasma layer was 20 times
overcritical. A linear density profile increasing from 0 to 20 times critical density
over a distance of 3.5 um at the target front side was implemented to simulate the
preplasma. The simulation box was sampled with a grid of 250 x 237 x 20 cells with
8 particles per cell.

In the PIC simulations, two distinct electron populations were emitted from the target
in different directions and in different time intervals. The temporal evolution of the
energy spectrum of the hot electrons is plotted in Fig. 6.13. The first population is

emitted in the time interval from 20 to 40 laser cycles. The second population with a
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smaller number of electrons, but with a higher temperature is emitted in the interval

between 40 and 80 laser cycles.

80 105
El
S 70 10
U 9.5
'8 60,
ke 9
@
S 50
Q
wn
I 40
£
£ 30
£

N
o

5 10 15 20 25
Electron Energy (MeV)

Fig. 6.13: Time resolved energy spectrum of laser driven electron beams calculated with a
PIC simulation. The angle of incidence is 45°. The colour bar represents the electron density
on a logarithmic scale.

The angular distribution of the two populations is shown in Fig. 6.14. In the period
corresponding cycle 20-38, the angular distribution of the emitted electrons is peaked
at 165°, close to the target normal. In contrast, the second population is emitted in the

time interval from cycle 40-80 close to the direction of the incident laser beam.
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Fig. 6.14: PIC simulation of the electron emission from a laser irradiated metal foil. Two

electron populations are emitted at different angles in different time intervals.
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The energy spectra of the electrons in the angular intervals of 90-150° and 150-210°
are plotted in Fig. 6.15. The electrons following the laser direction have a
temperature of 3.3 MeV, whereas the electrons emitted close to the target normal

have a temperature of 1.4 MeV.
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Fig. 6.15: Energy spectra of the electrons emitted in normal direction (blue line) and in
laser direction (red line) as calculated with the PIC simulation.

These trends observed in the PIC simulations are in agreement with the experimental
results. The observation of two distinct electron beams with different temperatures
confirms the interpretation of different acceleration mechanisms. It is noted that
similar observations are reported in Reference [232] where the emission of Cerenkov
radiation and protons was investigated.

It is interesting to estimate the currents transported by the electron beams as
discussed in Chapter 4.5. Using the temperatures obtained in the experiment
(T4=0.78 MeV, Tp=1.5 MeV) and the ratio of the total electron numbers of Ns/ Ng =
5.3, the conversion efficiency for resonance absorption is higher than the efficiency
for j x B heating by a factor of 2.8. Assuming a total conversion efficiency of
177=20%, the number of electrons accelerated by resonance absorption is N,=8.2x10"!
electrons corresponding to a peak current of /,=3.3 MA. The number of electrons
accelerated by by j x B heating is Nz=1.5x10"", corresponding to a peak current of
15=0.62 MA. Both values are larger than the Alfvén currents of 7, ,4=42.7 kA and
1, 5=66.7 kA, respectively.
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6.2 Generation of strong currents with petawatt laser pulses

In the FI scheme of inertial confinement fusion, the generation of strong currents of
the order of Gigaamperes with petawatt laser pulses is proposed. The transport of
such huge currents far above the Alfvén limit in dense plasmas is widely unexplored.
In numerical simulations, self-generated magnetic fields and the interaction with the
plasma play an important role for the beam transport [55]. Computer simulations
have predicted effects such as the filamentation due to the Weibel instability [108,
121] or anomalous stopping [107].

Here, experiments on the transport of electron beams generated with petawatt laser
pulses incident onto dense foam plasmas are reported [118]. The transport was
investigated using the CTR emitted from the target rear side. Electron temperatures
in the MeV range were measured with an electron spectrometer. The CTR spectra
clearly showed bunching of the electron beam. In the CTR images, the filamentation
of the electron beam due to the Weibel instability was observed.

The experiment was carried out at the Vulcan petawatt laser at the Rutherford
Appleton Laboratory. A drawing of the experimental setup is shown in Fig. 6.16. The
laser pulses with an energy of 350 J, a duration of 750 fs and a wavelength of
1053 nm were focused with an f/3.2 off-axis parabolic mirror. The focal spot with a
diameter of 6 um contained 75% of the energy, resulting in an intensity of up to
510" W/cm®. The transition radiation emitted from the target rear side was collected
with a mirror and imaged with an f/2 lens system with 40 times magnification. Beam
splitters in the imaging path were used to distribute the light to two cameras and two
spectrometers. In this way spectra and images with different filter settings were
obtained simultaneously with a single shot. In addition, a permanent magnet electron
spectrometer covering the energy range of up to 40 MeV was set up in the laser

forward direction at a distance of 3.7 m from the target.
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To electron spectrometer

Electrons ' Fig. 6.16: Experimental setup for the
Mirror investigation of electron acceleration and
transport with petawatt laser pulses. An
electron spectrometer and the CTR

emission were used for diagnostics.

Optical diagnostics
Laser (cameras, spectrometer)

For the experiment, foam targets with different thicknesses (250, 500 and 750 pum)
and different densities (100 and 200 mg/cm’®) were used. The target front surface was
coated with a 75 nm gold layer. The high Z material efficiently converts laser light
into x-rays and preheats the foam to a temperature of about 150 eV. The target rear
side was coated with 200 nm of aluminium to maintain a sharp plasma-vacuum
boundary required for CTR generation. The p-polarized laser pulses were incident
onto the target at an angle of 45°.

A typical image of the optical emission from the target rear side is shown in Fig. 6.17
[118]. The image consists of a number of bright spots arranged on a ring, indicated

by the dashed line. These spots are surrounded by a cloud of smaller spots.
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The spectra of the light emitted from targets with different thicknesses are plotted in
Fig. 6.18 in the wavelength range between 490 and 580 nm. For the target with a
thickness of 250 um, a strong peak around 527 nm is observed. The peak in the
spectrum indicates that the electrons are bunched either at the fundamental or at the

second harmonic of the laser frequency. For the 500 um target only a weak peak at
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527 nm is observed, whereas the spectrum obtained from the 750 pm target only
consists of the broadband OTR signal without any significant contribution from
CTR. The ratio of the CTR peak height for the 500 um to the 250 um target is
CTR500/CTR250=0.01.
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Electron spectra obtained from two targets with different thicknesses and densities
are shown in Fig. 6.19. The spectra are similar and can be well described by a two

temperature Boltzmann distribution with 7,=2.6 MeV and 7,=8.8 MeV.
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The CTR image shown in Fig. 6.17 clearly shows that the electron beam was split
into a number of filaments during the transport in the foam plasma. As discussed in
Chapter 4.6.3, this might be a consequence of the Weibel instability. For a
confirmation of this assumption, 3D PIC simulations using the VLPL code were
carried out. The first simulation investigated the generation of the relativistic electron
beam at the target front surface. A Gaussian laser pulse with a normalized vector
potential a = agexp(—r2/R?)exp(—t?/T?)cos(wyt) was normally incident onto a

20 times overdense plasma. The focal spot radius, laser pulse duration, wavelength
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and amplitude were R=63c/ay, T =314a)0'1, A2ne/ wy=1054 nm and a,=15,
respectively. The preplasma was simulated using a linear density profile increasing
from 0 to 20n. over a distance of 300c/Ay. The calculated electron spectrum was
fitted with a two temperature Boltzmann distribution, resulting in 7,=8 MeV and
T,=3.5MeV. These values are reasonably close to the electron temperatures
measured with the electron spectrometer in the experiment.

In the second part of the simulation, the transport of the electrons through the target
was investigated. To this end, the electron beam with j=15, a Gaussian density
profile with a beam radius of R,=10um and a density of n;=0.1n,. in the center was
injected in x-direction into a 30 times overdense plasma. The transversal beam
profile and the magnetic fields were analyzed in detail. Fig. 6.20 (a) shows the
transversal density profile of the electron beam in units of the critical density after a
propagation distance of 100 um. It is evident that the electron beam splits into a
number of filaments. The spatial structure of the filaments is similar to the structure
observed in the CTR images. The filaments are surrounded by a strong magnetic

field shown in Fig. 6.20 (b).
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Fig. 6.20: PIC simulation of the electron beam transport through a dense foam plasma. a)
transversal electron density profile after a propagation length of 100 um in the foam plasma.
b) z-component of the magnetic field strength. The electron beam splits into a number of
filaments due to the Weibel instability. The filaments are surrounded by strong magnetic

fields.
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In the simulations the electron beam transports a power of P, = yn,mc3nR? ~
14 TW, corresponding to a current of I = nyecnRj ~ 1.8 MA. This value exceeds
the Alfvén current by a factor of 7. The current in each filament in Fig. 6.20 is below
than the Alfvén current.

For the interpretation of the CTR spectra, the 1D ballistic transport model introduced
in Chapter 4.6.2 was used. Because the observed spectra are consistent with electron
bunching frequencies of 1@y and 2@y, both cases were considered in the calculations.
Similar to the analysis in Chapter 6.1.2, it is assumed that bunching at lay
corresponds to a population of electrons heated by resonance absorption, whereas
bunching at 2y corresponds to a population of electrons generated by j x B heating.
For resonance absorption, a total number of A,,~=213 identical electron bunches,
corresponding to the 750 fs pulse duration and one electron bunch per laser cycle,
was used. Because the electrons accelerated by resonance absorption propagate
predominantly along the target normal, the propagation lengths are 250, 500 and
750 um corresponding to the thicknesses of the foam targets. For j x B heating, a
total number of A,,5=426 electron bunches was used, corresponding to two electron
bunches per laser cycle. The electrons in this population are expected to be
accelerated in a direction close to the laser axis, and the corresponding propagation
lengths are larger than the target thicknesses by a factor of /2. The calculated CTR
fluences at the wavelength of 2@y are shown as a function of the electron temperature
in Fig. 6.21 for the three target thicknesses used in the experiment. In the calculation,
the same number of electrons in each bunch was assumed. As expected, the CTR

fluences increase with temperature (see Chapter 4.6.2).
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Fig. 6.21: Calculation of the CTR fluences at the second harmonic of the laser with a 1D
ballistic transport model for j x B heating (a) and resonance absorption (b).

The ratios of calculated CTR fluences at 2@y of the 500 pm to 250 um targets are
plotted in Fig. 6.22. The measured ratio of the CTR fluences of CTR50o/CTR750=0.01
and an experimental error of 20% are indicated by the solid and dotted lines,
respectively. This value corresponds to a temperature of 7,.,,~1+0.2 MeV for the case

of resonance absorption and 7},5=1.7+0.2 MeV for the case of j x B heating.
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These temperatures are compared to the scaling laws of hot electron temperatures
given by Equations (4.36) and (4.37) in Chapter 4.5. At a laser intensity of
5x10%° W/cm?, the scaling law by Beg predicts a temperature of 1.8 MeV for
resonance absorption, whereas the scaling law by Wilks results in a temperature of

9.8 MeV for j x B heating.
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For both cases, the temperature obtained from the CTR spectra is significantly
smaller than the temperatures calculated with the scaling laws and measured with the
electron spectrometer. There are a number of factors which can explain these
observations. Due to the filamentation of the electron beam, the assumption of
ballistic transport might not be valid in this experiment. It is expected that the
formation of the filaments and the interaction of the electrons with the strong
magnetic fields leads to more complex electron trajectories. In addition, it has to be
taken into account that the Alfvén limit and target charge up effects will inhibit the
propagation of a fraction of the electrons from the target to the electron spectrometer.
Analytical models predict that basically the low energetic electrons will be confined
to the target [76, 77]. As a consequence, the energy distribution of the electrons
generating the CTR at the target surface will differ from the energy distribution of
the electrons measured with the electron spectrometer at large distances from the

target.
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6.3 Electron transport in cone targets

For some applications, such as the fast ignitor scheme in ICF, enhanced backlighters
and isochoric heating with fast electrons, a high flux of electrons is important for the
performance. The high value of the divergence of the electron beams generated in
laser irradiated, planar targets of up to 50° measured in some experiments [96] is a
limiting factor. Cone guiding has been demonstrated to be a promising approach to
achieve high electron fluxes. Besides guiding of electrons to the tip of the cone, their
transport along a thin wire attached to the tip has been demonstrated [133]. The high
energy density at the tip of the cone also results in a higher conversion efficiency to
protons by target normal sheath acceleration [78].

There are two effects contributing to the strong electron fluxes at the tip of the
conical targets. On the one hand, the laser is reflected by the overdense plasma at the
inner cone surfaces, resulting in an increased intensity at the tip of the cone. On the
other hand, electric and magnetic fields in the cone guide the electrons to the tip as
shown in Fig. 6.23. The electric field normal to the surface is generated by the Debye
sheath at the inner surface of the cone. The magnetic fields parallel to the surface are
generated by currents in the cone. In these fields, electrons are inhibited from being

injected into the bulk target material and are transported to the tip of the cone.

Electrons
Laser e— ﬁ)CTR
E=0.8J, B
1=40 fs

Fig. 6.23: Guiding of electrons to the tip of a cone target. The electric field in the Debye
sheath and the self-generated magnetic field result in a potential minimum close to the inner
cone surface. In this potential, electrons are transported to the tip of the cone. When the

electrons are emitted from the tip of the cone, CTR is produced.
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In this chapter, the generation and transport of electron beams in cone targets is
studied in detail. To this end, the CTR emitted by the fast electrons at the tip of the
cones was investigated. A reproducible method for a precise alignment of the cones
was developed [85]. The focussing geometry was optimized for an efficient
production of hot electrons. The transport of fast electrons in the extended tip of the
cones was observed. These results are confirmed by PIC simulations [84].

For the experiments, different types of cone targets were investigated. Scanning
electron microscope images of copper cones are shown in Fig. 6.24. The base of the
cones was 250 um in diameter, the height was 250 um. The cones in Fig. 6.24 have a
rough surface with bumps in the order of 15-20 um. In addition, cones with a smooth
surface with a flatness of less than 4 um and cone targets with an extended tip as

shown in Fig. 6.30 were used.

sample3 20.0kV 11.9mm x400 SE(M) 5/25/07 sample3 20.0kV 11.9mm x400 SE(M) 5/25/07 100um

Fig. 6.24: Scanning electron microscope images of the copper cone targets for cone guiding
experiments with ultrashort laser pulses. (a): slanted view, (b). top view.

The experiments were carried out at THOR laser using the same setup as shown in
Fig. 6.1. For the precise alignment of the cone targets, a retro diagnostics and several
telescopes viewing at the target at different angles (not shown in Fig. 6.1) were used.
The cones were attached together with 10 pm copper foils to a motorized xyz target
mount. The coordinate axes are chosen as indicated in Fig. 6.25. In a first series of
shots, the CTR signal and the x-ray yield from the copper foils were maximized by
scanning the z-position of the targets. The position of the best interaction was
defined as z=0 (Fig. 6.25 a). The cone targets were then aligned in two steps. In the
first step, the z-position of the base of the cones was aligned to z=0 using the retro

diagnostics and a telescope viewing obliquely at the target front side. In the second
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step, the tip of the cone was aligned to the laser axis. Therefore, the ASE from the
laser which was backscattered by the target was observed with the retro diagnostics.
When the tip of the cone was on the laser axis, a strong signal was observed which
was extremely sensitive to the exact x-y position of the cone. This observation is
explained in Fig. 6.25. When the cone is off axis as shown in Fig. 6.25 (b), the light
gets reflected sideways and is not collected by the imaging optics. In Fig. 6.25 (c),
the cone is on axis, the light is reflected symmetrically and fills a wide area of the
image plane. Indeed, at a well defined x-y-position, a bright signal filling the whole
image plane of the retro diagnostic could be identified for each cone. The accuracy of

the lateral alignment was about 1-2 um.
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Fig. 6.25: Alignment of the cone targets. When the cone is on axis with the laser beam, there
is a strong back reflection allowing for a precise lateral alignment of the cones targets.

A typical image of the optical emission from the tip of the cone is shown in Fig.
6.26. A bright spot with a FWHM diameter of about 5 um is observed. Similar to the
experiments with the foil targets at an angle of incidence of 10° (see Chapter 6.1.1),
the spectra of the optical emission from the cone targets were peaked at 800 nm.
Following the interpretation in the previous chapters, this indicates that the observed
signal is CTR generated by electrons bunched at the laser frequency at the tip of the

cone.
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Fig. 6.26: Image of the optical emission from the
tip of the cone. The units at the axes are pixel

numbers.

In order to optimize the electron flux at the tip of the cone, a series of shots
measuring the CTR fluencies at different z-positions was carried out. The result is
shown in Fig. 6.27. The highest CTR fluences were obtained at z=0, corresponding
to the configuration where the laser focus is at the base of the cone. Weaker CTR
fluences were observed when the cone tip was moved 50 um towards the laser focus.
The CTR disappeared for z-positions larger than 150 um, corresponding to a distance

between the focus and the tip of less than 100 um.
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For the interpretation of this observation, it is important to mention that, for z=0, the
divergence of the laser beam leads to a decrease of the laser intensity when it
impinges onto the inner cone surface as shown in Fig. 6.28. In the interaction zone,
the beam diameter is 21 pm, corresponding to an intensity of 2x10'™ W/em?. It is
assumed that the strong electron fluence observed in this configuration is related to
the mitigation of preplasma formation at the tip of the cone [85]. The smaller laser
intensity at the inner cone surface leads to a smaller preplasma scale length, resulting

in a more efficient optical guiding of the laser pulse and guiding of the electrons
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along the cone surface. This interpretation is consistent with [15] where electron

guiding by the cone was inhibited in the presence of a preplasma.

| = 2210 Wiem?  —— Cone Fig. 6.28: Alignment of the cone targets. The
highest CTR fluence was observed at z=0
when the laser Divergence of the laser beam
at z=0um when the focus close to the base of
the come. In this configuration, the beam
1 = 2x10" W/cm? / Flat diameter is approximately 21 um when the
laser pulse is incident onto the cone surface
and the intensity in the interaction zone is
about omne order of magnitude smaller

Laser compared to a flat target at best focus.

In order to further characterize the electron transport inside the target, the size of the
CTR spot was measured using lineouts in x and y direction through the central region
of the images. The result is shown in Fig. 6.29. The diameter of the CTR images
obtained from the flat foils with a thickness of 10 um is between 6 and 9 pm. Similar
values were found for the cone with 45° opening angle. A remarkable result is that
significantly smaller values for the CTR spot diameters were found for the cones

with the extended tips.
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To explain the small diameter of the CTR signal obtained from the long tip cones,
the exact shape of the inner cone surface close to the tip was analyzed. Scanning
electron microscope images of the region close to the tip are shown in Fig. 6.30. In

the top view (a) and the side view (b), the white arrows indicate the outer diameter of
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the extended tip of 15-20 um. Fig. (c) shows the inner surface of the cone close to
the tip, whereas (d) is a magnification showing a small channel with a diameter of
5 um extending into the tip. The dotted lines in Fig. 6.30 (a) and (c) indicate the size
of the laser beam in the cone where it impinges onto the inner surface when the focus
is at z=0. In the side view (b), the inner surface of the cone is indicated by the dotted

line.
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Fig. 6.30: Scanning electron microscope images of the copper cones with an extended tip.
(a) top view, (b) side view, (c) and (d) view inside the cone. The yellow spot in (a) and the
bar in (b) indicate the electron beam transported through the extended tip. The dashes lines
in (a) and (c) indicate the diameter of the laser beam when it impinges onto the cone surface.
In order to further analyze the experimental results, two dimensional PIC simulations
using the PICLS code [206] were carried out. In the simulations, a Gaussian laser

pulse with 1 um wavelength and 40 fs duration is used. Similar to the experimental

setup in Fig. 6.28, the pulse is incident onto the cone at an intensity of 3x10'® W/cm?
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with a spot size of 21 um. The laser is polarized in the simulation plane,
corresponding to p-polarization with respect to the inner cone surface. The shape of
the target in the simulations is close to the shape of the cone in Fig. 6.30. The walls
of the cone consist of 10 um of fully ionized aluminium at 10 times critical density.
A channel with 5 um diameter extends into the tip of the cone. The dimension of the
simulation box is 150 pum x 150 um with a mesh size of 80 nm x 80 nm. The laser
enters the simulation box from the left side and the peak of the pulse crosses the
simulation box boundary at =40fs.

The electron temperatures calculated with the PIC simulations at three different times
(132 fs, 264 fs and 396 fs after the beginning of the simulation) are shown in Fig.
6.31. In the simulations, the laser pulse is guided to the tip of the cone where the
intensity increases from 3x10"™ W/em? almost by one order of magnitude to
2.2x10" W/em®. At the tip, a high density plasma is produced filling the funnel. In
Fig. 6.31 (b), a population of hot electrons is generated at the tip of the cone in a
region with a diameter of 5 um corresponding to the inner diameter of the channel.
This size is much smaller than the initial laser focus diameter of 21 um. In Fig. 6.31
(c), the hot electron population extends over a distance of several 10 microns inside

the tip. The electron beam diameter remains well collimated over this distance.

a) Extendedcone 10 keV

60 80 100 120

Fig. 6.31: PIC simulation of electron acceleration and transport in a cone target at three
different points of time. At t=132fs, the laser is incident onto the inner cone surface. At
t=264 fs, population of fast electrons is generated at the tip of the cone. At t=396 fs, The
electron beam with a diameter of 5 um extends into the tip of the cone.

The relation between the electron beam diameter and the dimension of the channel in

the cone tip was further investigated in a second set of PIC simulations. Fig. 6.32

shows the energy density for inside tip diameters of a) 2 um, b) 5 um and ¢) 10 um
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at =264 fs. In each simulation, a population of hot electrons is observed at the tip of
the cones. The transversal dimensions of the high energy density regions are close to

the channel diameters of 2, 5 and 10 um, respectively.

2umcanal 10 keV 5um canal 10um canal

‘l 2um -, | 5um \l 10um

- & | -
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Fig. 6.32: PIC simulations of the electron acceleration and transport in cone targets with
different inside tip diameters at t=264 fs. In each simulation, the dimension of the electron
beam diameter is close to the diameter of the channel at the tip.

The experimental data in combination with the PIC simulations allow for the
following conclusions: A beam of hot electrons with a diameter in the order of
channel diameter is emitted from the tip of the cone. In the cones with the extended
tip, the electron beam is transported over distances in the order of several 10 pm.
These results demonstrate the potential of the new cone targets for applications in
ICF, advanced x-ray sources, measurement of radiative properties and EOS

measurements of dense plasmas.
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6.4 Electron transport in wedge and pyramid targets

In the previous chapter, cone guiding is explained by optical guiding of the laser
pulse in conjunction with guiding of electrons by the Debye sheath and the self-
generated magnetic fields at the inner cone surface. Computer simulations have
shown that the magnetic fields are predominantly generated in the polarization plane
of the laser [207]. In order to investigate the effect of the laser polarization in more
detail, additional experiments using re-entrant wedge and pyramid targets were
carried out. As shown in Fig. 6.33, the polarization with respect to the inner surface
is well defined for the wedge and pyramid shaped targets.

The targets were produced from (100) single crystal silicon wavers using standard
lithographic KOH etching techniques. Owing to the dependence of the etching rate
from the crystallographic orientation, pyramid and wedge shaped structures can be
produced. A schematic drawing (side view) of the target is shown in Fig. 6.33 (a).
Fig. 6.33 (b) and (c) show scanning electron microscope images (top view) of a
pyramid and wedge target, respectively. The opening angle of 71° of these structures
is determined by the angle of 54.5° between the (100) and (111) orientation in
silicon. The rear side of the targets was coated with a 1 pm aluminium layer to
inhibit the transmission of laser light.

The experiments were carried out at THOR laser using the experimental setup in Fig.
6.1. The targets were mounted on a motorized xyz translation stage. The laser was

incident onto the targets as indicated in Fig. 6.33 (a).
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Laser

50pm

s-pol

100um

Fig. 6.33: Pyramid and wedge shaped targets of the investigation of polarization effects. The
targets were produced by anisotropic etching of silicon. a) Schematic drawing (side view) of
the pyramid target. The opening angle of 71° is determined by the crystallographic
structure. b) and c) Scanning electron microscope images (top view) of pyramid and wedge
shaped targets. The two different laser polarizations (s and p) in the experiment are

indicated by the arrows in (c)

The CTR images obtained from the wedge targets in p- and s-polarization, and from
the pyramid targets are shown in Fig. 6.34. The images are significantly different

from those obtained from planar targets shown in Fig. 6.2.

Fig. 6.34: Images of the CIR from (a) p-wedges, (b) s-wedges and (c) pyramid targets. The
polarization of the laser is indicated by the red arrows. The central region in (c) is

overexposed in order to emphasize the side-lobes.
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The spectra of the CTR obtained from the structured targets were peaked at 800 nm,
similar to the CTR emission observed for planar foils at an angle of incidence of 10°
in Chapter 6.1.1. The emission at 400 nm was very low and could hardly be
separated from the broadband thermal plasma emission. This observation indicates
that the electrons generating the CTR emission were bunched at the laser frequency.
The CTR images consist of a bright region close to the tip and a weaker contribution
in the direction normal to the target walls. In addition, the emission close to the tip is
elongated along the crease of the wedge targets. The shape of the CTR emission
suggests that two populations of electrons were generated. One population is emitted
from the region close to the tip whereas the other one propagates normal to the
pyramid and wedge walls. It is noted that the stronger CTR fluence close to the tip is,
at least partially, a result of the shorter propagation length of the electrons from the
tip to the target rear side.

For the p-polarized wedge, the signal emitted normal to the wedge surfaces is very
weak compared to the case of s-polarization. This observation can be explained
assuming that there is indeed an effect of the polarization on the generation of
magnetic fields at the inner cone surface. A strong magnetic field in the p-wedge will
inhibit electrons from penetrating into the bulk target and force them back to the
surface and to the tip of the cone. The weaker field in the case of the s-wedges
cannot confine the electrons to the wedge surface, and they can penetrate into the
target material. This qualitative interpretation of the CTR data is in agreement with

the simulations in [207].
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7 Summary and conclusions

The physics of dense plasmas is an important field of research with relevance to
applied and fundamental science. In the recent years, new laboratory experiments
have strongly contributed to our understanding of dense plasmas. Many of these
experiments have become possible due to the rapid development of laser technology.
In this work, important novel aspects of the physics of dense plasmas with relevance
to astrophysics, fusion research, x-ray science and atomic physics are presented. Two
major topics are investigated. In the first part of this work, dense plasmas are
produced by isochoric heating of solid density matter for spectroscopic studies and
equation of state measurements. In the second part, the generation and transport of

strong currents in dense plasmas are investigated.

7.1 Generation of dense plasmas

In high density plasmas, the interaction between particles becomes increasingly
important and significantly affects the properties of the plasma. This is in particular
the case for the radiative properties and for the equation of state of dense plasmas.
The theoretical treatment of high density phenomena is complex, and reliable
predictions are only possible when numerical calculations can be compared to
experimental data. Consequently, there is an enormous interest in laboratory
experiments investigating opacities and equations of state in laboratory experiments.
However, the experience from the recent years has shown that the preparation of well
defined samples of dense plasmas is complex.

In the first major part of this work, the production of dense plasmas by isochoric
heating of solid density matter is investigated. Two approaches allowing for the
generation of dense plasmas in different parameter regimes for spectroscopic studies
and for equation of state measurements are presented. The first approach is based on
direct irradiation of solids with high contrast, few-cycle laser pulses. Due to the high

contrast in combination with the short pulse duration, extremely small values of the
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preplasma scale length below the electron skin depth were achieved. Dense plasma
layers with an initial thickness of about 10 nm and peak temperatures of about
200 eV were produced.

In the XUV spectra obtained from elements with a small atomic number (boron,
carbon and nitrogen), a series limit is observed which is explained by pressure
ionization in the dense plasma. In addition, spectroscopic studies of the L shell
emission of higher Z elements such as titanium under conditions found in the interior
of stars are demonstrated. Detailed computer simulations including the atomic
kinetics, the expansion of the plasma and radiative transport are in good agreement
with the measurements. In the simulations, the plasma is in a highly transient state
immediately after the interaction, but the plasma approaches the LTE conditions
quickly on a time scale in the order of 100 fs. Due to the small plasma layer
thickness, the plasma cools down quickly. The calculations predict extremely small
durations of the Ly, and He, emission of the order of a picosecond. In the computer
simulations, the ion-ion coupling parameter is close to 1 for boron nitride and carbon
plasmas, and significantly larger than 1 for titanium plasmas in the time interval of
10 ps after the laser peak.

The small preplasma scale length makes the few-cycle laser pulse extremely
interesting for fundamental studies of the interaction of dense matter with strong
electromagnetic fields. The absorption of laser energy in solid targets under these
conditions is not yet fully understood and is subject of topical research. In this work,
absorption measurements are presented over a wide range of laser intensities and
incidence angles for different polarizations. In all measurements, the absorption at
p-polarization is stronger than at s-polarization. A threshold behaviour for
p-polarization with a strong increase of the absorption at intensities exceeding
10" W/em? is found. The highest values of the absorption close to 80% are observed
for p-polarization close to grazing incidence. These experimental results are in
agreement with PIC simulations, indicating that the absorption mechanism is of

collisionless nature.
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Due to the short penetration depth of the laser into the solid target, the thickness of
the dense plasma layer produced with the sub-10-fs pulses is limited to 10 nm. The
preparation of thicker samples by isochoric heating requires radiation with a higher
penetration depth [166]. Therefore, a second method for the generation of dense
plasmas was pursued. Short pulses of protons with MeV energies were generated in
laser irradiated metal foils by target normal sheath acceleration. Solid aluminium
targets with a thickness of 2 pm were isochorically heated to a temperature of 20 eV
by the laser-driven proton beam. The expansion and the temperature of the plasma
are measured with high time resolution. The EOS along the release isentrope was
investigated by comparing the experimental data with computer simulations. A good
agreement with an error of less than 20% was obtained for the SESAME table 3718.
The calculations predict an ion-ion coupling parameter of 7;~100 at the center of the

foil.

7.2 Electron transport in dense plasmas

In the second major part of this work, the generation and the transport of strong
currents in dense plasmas is investigated. Strong currents are driven when solids are
irradiated with ultrashort laser pulses at relativistic intensities. The transport of these
currents in dense plasmas plays an important role, e.g., for ultrafast x-ray sources, for
the fast ignitor scheme and for proton and ion acceleration by target normal sheath
acceleration. The optimization of the conversion efficiency into hot electrons and a
controlled transport of the electrons are important issues for the performance of these
applications.

Although many experiments have investigated the generation and the transport of
electron beams in laser irradiated, solid targets and important scaling laws were
found, there is still no comprehensive picture. The acceleration processes and the
transport depend on a large number of experimental parameters such as preplasma
scale length, plasma temperature, conductivity, laser intensity, pulse duration and
polarization. Magnetic fields and instabilities affect the transport of currents in a

complex way.
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Here, the generation and the transport of strong currents were investigated over a
wide range of laser parameters. Special attention was given to the extreme cases of
very short laser pulses with durations of only 40 fs and very intense laser pulses with
a power in the petawatt regime.

The production of strong currents with 40 fs laser pulses incident onto planar, solid
targets was investigated for laser intensities up to 2x10' W/ecm?®. Electron beams
with temperatures in the MeV range were generated. The transport of the electron
beams through the target was investigated with high spatial resolution by observing
the coherent transition radiation (CTR) emitted from the target. Depending on the
angle of incidence @, different acceleration mechanisms were identified.

At 6=10°, resonance absorption was the dominant heating mechanism.
Measurements of the CTR fluence and the bremsstrahlung generated by the electrons
inside the target yield an electron temperature was about 300 keV. The divergence of
the electron beam of 8° was very small, indicating that self-generated magnetic fields
contribute to a collimation of the electron beam in the target.

At 6=45°, two distinct electron beams were emitted from the target rear side. One
beam close to the target normal was generated by resonance absorption, whereas the
second beam close to the laser direction was generated by jx B heating. This
interpretation is confirmed by 3D PIC simulations. The number of electrons heated
by resonance absorption exceeds the number of electrons produced by j x B heating
by a factor of 5. The temperatures of the beams measured in the experiment are
0.78 MeV for resonance absorption and 1.5 MeV for j x B heating. These electron
temperatures are close to published scaling laws obtained with longer laser pulses.
From these results, the currents transported by the electron beams can be estimated.
Assuming a conversion efficiency of 20% from laser energy into fast electrons,
currents in the Megaampere range are obtained. These currents are significantly
above the Alfvén limit, indicating that cold return currents play an important role for

the beam transport in dense plasmas.

In the FI scheme, the generation of strong currents with laser powers in the petawatt

regime is proposed. Here, the transport of electron beams produced by petawatt laser
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pulses incident onto CH foam targets at 15 to 30 times overcritical densities was
studied over long distances up to 750 um. For this purpose, the CTR emitted by the
electrons from the target rear surface was imaged with high resolution. In the
experiments, the filamentation of the electron beams due to the Weibel instability
was observed. The experimental observations are in agreement with PIC simulations,
indicating that strong currents of about 1.8 MA are driven. A lose analysis of the
spectra of the optical transition radiation suggests that the transport of the electrons is
not purely ballistic. The strong decrease of the CTR fluence for the thick targets
might be related to the filamentation and the interaction of the electron beam with

quasistatic electric and magnetic fields during their transport.

For some applications, the transport of high electron fluxes is crucial for the
performance. The capability of cone guiding for the generation of high electron
fluxes was demonstrated in a number of studies in the past [78, 133]. Here, a
systematic study of cone guiding for different experimental parameters is presented.
Copper cones with different opening angles were used for the experiments. A method
for the precise alignment of the targets was developed. Using this method, the effect
of the laser focussing geometry on the electron transport was studied in detail, and
the yield of hot electrons at the tip of the cones was optimized. Interesting results
were obtained from cone targets with an extended tip. The transport of the electrons
in the extended tip over distances of 60 um was observed. The results are in
agreement with PIC simulations.

For a more detailed understanding of the role of polarization effects and the magnetic
fields involved in cone guiding, additional experiments were carried out. In these
experiments, cones with a rectangular base (pyramid shaped targets) and wedge
shaped targets were used. In these targets, the laser is either p- or s-polarized with
respect to the inner surfaces.

The electron transport was significantly different from planar foil targets. CTR
images obtained from the rear side suggest that guiding of the electrons along the

inner surface is more efficient for the case of p-polarization. This observation is in
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agreement with [207], where the magnetic fields are predominantly generated in the

plane of p-polarization.
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8 Outlook

The physics of dense plasmas is a contemporary field of research and involves
different areas of fundamental and applied science [164]. Future developments in the
fields of laser technology, target engineering and plasma diagnostics will render
possible new experiments for a deeper understanding of high energy density matter.
Laser systems are continuously being optimized in terms of contrast, pulse duration
and power. Lasers generating pulses shorter than 10 fs at relativistic intensities are
currently being developed. Techniques for the optimizations of the contrast, such as
plasma mirrors and cross polarized wave generation (XPW) are available. These
laser systems are promising tools for isochoric heating by direct laser irradiation or
by laser driven electron beams in mass limited targets.

The experiment on isochoric heating with proton beams presented in this work
demonstrates the potential of laser driven particle beams for the generation of dense
plasmas. At the present time, there is a strong effort to optimize these beams for
applications in fundamental and applied science. The generation of proton and ion
beams with mono-energetic features has been demonstrated [101, 203, 231].
Techniques for focussing of laser driven particle beams using plasma devices [237]
or magnetic quadrupole lenses [64] were developed. Using these optimized beams,
the preparation of WDM states over a wider range in density-temperature space will
be possible.

The experiments in this work also highlight the potential of an advanced target
design to control important parameters of laser-plasma interaction. The generation of
high fluxes of electrons in cone targets and the transport of electrons along thin wires
are important examples [84, 133]. Other interesting target designs are currently being
developed. Targets with regions of different resistivity were suggested for a
collimated transport of relativistic electrons in dense plasmas [185]. The high energy
density achieved in mass limited targets renders possible experiments on isochoric
heating with laser driven electrons [2, 126, 158, 235]. The consequent

implementation of an advanced target design in combination with optimized laser
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systems offers a high potential for novel experiments investigating the physics of
dense plasmas.

Improved diagnostics will provide a direct view into the microscopic properties of
dense plasmas. In the past years, new experiments investigating Thomson scattering
of x-rays from dense plasmas were developed [93, 97, 106, 141, 184, 245]. Recently,
measurements of the dynamic structure factor [196] and plasmons [94] in warm
dense plasmas were demonstrated. In these experiments, x-rays were generated from
laser irradiated foils. It is expected that substantial improvements will be possible
using ultrabright x-rays produced by 4™ generation light sources [146] (see below).
These new diagnostics allow for a direct comparison between experimental data and
theoretical predictions. In Reference [196] it was demonstrated that a good
agreement with the measured dynamic structure factor could be obtained in ab initio
simulations using density functional theory (DFT) for the electrons and molecular

dynamics (MD) for the ions [136—138].

Besides these improvements, it is expected that the research on dense plasmas will
strongly benefit from the development of the new generations of heavy ion
accelerators and x-ray free electron lasers (XFELs). A number of experiments have
demonstrated the potential of heavy ion beams for the generation of high energy
density matter. For existing heavy ion synchrotrons such as the SIS18 at GSI in
Darmstadt, dense plasmas with a temperature of the order of 1 eV were produced
[57, 104]. The new SIS100 synchrotron which is currently constructed at GSI within
the Facility for Antiproton and Ion Research (FAIR) will provide heavy ion beams
with a number of 2x10'® ions/bunch, an energy of up to 2.7 GeV/u at a bunch
duration of 20-100 ns [70, 223]. A large number of design studies have demonstrated
the potential of such intense heavy ion beams for the production of bulk samples of
WDM over a wide range of parameters by isochoric heating of solid density matter
[71, 104, 110, 223, 228, 229].

The production of warm, dense plasmas with temperatures of up to 40 eV by heating
solid aluminium with XUV radiation from a free electron laser has recently been

demonstrated at the FLASH facility at DESY [249]. Two XFELs, the XFEL at the
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TESLA facility at DESY, Hamburg [234] and the Linac Coherent Light Source
(LCLS) at Stanford Linear Accelerator [148], are currently being constructed. These
XFELs will generate coherent x-ray pulses with tuneable energies up to the keV
range, pulse durations on a femtosecond scale and an unprecedented brightness.
These light sources will allow for volumetric heating of solid matter and for the
development of new diagnostics such as x-rays scattering and pump-probe

experiments investigating the atomic kinetics in dense plasmas [146].

The physics of dense plasmas is a rapidly evolving field of research with an
increasing community of scientists worldwide. The close cooperation between
different research facilities will open new horizons for a deeper understanding of

dense plasmas and matter under extreme conditions in the future.
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