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Abstract

The interaction of ultra intense laser pulses with matter comprises the instant cre-
ation of hot dense plasma. Moreover it is accompanied by a large variety of mecha-
nisms and processes leading to the emission of electromagnetic radiation in the XUV
and X-ray regime, and the acceleration of particles. The work presented in this
thesis aims to investigate different kinds of X-ray sources based on this interaction,
applying two independent high intense laser pulses. One option for the production
of X-rays is the usage of a secondary process, namely scattering of photons on fast
moving electrons. The experimental investigations of Thomson scattering on laser
accelerated electrons in two different setups was studied. In a first setup, a high ener-
getic electron beam was accelerated from a gas jet. The remainder of the laser pulse
was reflected back by a glass plate in order to be scattered on these electrons. The
properties of the X-ray beam, generated during this process depend on the electron
characteristics and the laser wavelength. A low divergent (20 — 50 mrad) X-ray beam
with a number of photons in the range of 1.6 x 10* ph/keV per 0.1% BW at 100 keV
was detected along the electron beam axis. A counter-propagating beam geometry
was implemented in order to investigate the frequency upshift of a laser pulse on
electrons accelerated from thin solid foils. PIC simulations showed the generation of
dense electron sheath using a target thickness in the range of tens of nm. Despite
the challenge of spatial and temporal overlap, indication for a frequency upshift of
the scattering 2w laser pulse in the range of 500 — 1000 eV were found.

To investigate the X-ray emission coming from the hot dense plasma directly, spec-
troscopic measurements were carried out. Particularly, the radiation emitted during
the transition of an excited state of an ion into its ground state was studied. The re-
sults showed, that the line emission intensity can be enhanced by a factor of 5, using
a double beam geometry. Due to the controlled manipulation of the target condition
with a heater beam, the radiation dynamics resulting from the interaction with the
second beam were optimised. Hydrodynamic simulations and calculations with an
atomic code for the expected line intensity supported this enhancement. Studying
the line intensity ratio of two different thick targets, the plasma electron temperature
was determined to be in the range of 1500 — 1900eV. Showing, that spectroscopic

investigations can be a powerful tool for the diagnosis of hot dense plasmas.






Zusammenfassung

Die Interaktion von ultra-intensiven Laserpulsen mit Materie umfasst die Erzeugung
heifler Plasmen. Dariiber hinaus wird es von einer Vielzahl von Prozessen begleitet,
die zur Emission von Strahlung im Rontgenbereich und zur Teilchenbeschleunigung
fithren. Das Ziel dieser Arbeit ist es, verschiedene Arten von Rontgenstrahlquellen
zu untersuchen, die auf der Interaktion eines Targets mit zwei Laserpulsen basieren.
Eine Option ist die Streuung von Photonen an sich schnell bewegenden Elektronen
(Thomson Streuung), die in zwei verschiedenen Konfigurationen untersucht wurde.
Im ersten Setup wurden Elektronen mit Energien im Bereich 50 — 100 MeV aus ei-
nem Gasjet beschleunigt. Der Rest des Laserpulses wurde zuriickreflektiert, um an
den beschleunigten Elektronen gestreut zu werden. Rontgenstrahlen mit einer gerin-
gen Divergenz (20 — 50 mrad) und einer Photonenanzahl von 1.6 x 10* ph/keV pro
0.1% BW bei einer Energie von 100 keV wurden entlang der Elektronenstrahlachse
detektiert.

Um die Frequenzverschiebung eines Laserpulses zu beobachten, der auf Elektronen
trifft, die zuvor aus einer diinnen Folie beschleunigt wurden, wurde eine Aufbau mit
zwei gegenlaufigen Strahlen implementiert. Trotz der grofien Herausforderung der
raumlichen und zeitlichen Uberlappung von Elektronen und Laserpuls, konnten In-
dizien fur die Frequenzverschiebung des 2w Laserpulses in einem Bereich von knapp
1keV gefunden werden. Um die Rontgenstrahlung, die direkt aus heiffen und dichten
Plasmen emittiert wird zu untersuchen, wurden spektroskopische Messungen durch-
gefithrt. Dabei wurde vor allem die Strahlung untersucht, die bei dem Ubergang ei-
nes angeregten Ions in seinen Grundzustand freigesetzt wird. Die Ergebnisse zeigten,
dass die Linienintensitdt um den Faktor fiinf ansteigt, wenn eine Doppelstrahlgeo-
metrie verwendet wird. Die Strahlungsdynamik wahrend der Interaktion mit einem
intensiven Laserpuls wurde optimiert, durch kontrollierte Manipulation der Folienei-
genschaften mit einem Heiz-Laserpuls. Hydrodynamische Simulationen und Berech-
nungen mit einem atomaren Code fiir die erwartete Linienintensitat unterstiitzen
diese Ergebnisse. Durch Untersuchung des Verhéltnissen der Linienintensitat von
zwei verschieden dicken Folien, wurde die Plasmaelektronentemperatur bestimmt,
die im Bereich von 1500 — 1900 eV liegt. Es wurde gezeigt, dass spektroskopische Un-
tersuchungen ein wichtiges Werkzeug fiir die Diagnose von heiflem dichtem Plasma

sein konnen.
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Introduction

The development of few-cycles, ultrahigh intense laser pulses initiated investigations
on new regimes of laser-matter interaction. An ultra-intense laser pulse, incident on
matter, is an abundant source for many kinds of radiation and high energetic par-
ticles. Nowadays it is one of the most important research topics in modern physics,
with applications in the field of particle acceleration [1] [2], inertial fusion [3] [4],
nuclear physics [5] and laboratory astrophysics [6].

While most experiments in the field of laser-matter interaction are based on a single
intense laser pulse, the Arcturus Laser facility in Disseldorf has the great advantage
of having two independent high intensity laser beams. This unique feature opens up
the opportunity for new concepts and regimes in all topics of relativistic laser plasma
physics. Applying both beams, either sychronised or with a certain delay onto a solid
target will modify the whole interaction process and the accompanied X-ray radia-
tion [7] and particle acceleration [8]. Another approach is the utilisation of one beam
as the base for a laser generated particle source. A technique called proton prob-
ing, uses accelerated protons as a radiography diagnostic for a second laser plasma
interaction [9]. The proton beam properties, particularly the divergence, can be mod-
ified by shooting a high intense laser pulse onto a metal cylinder or wire structure
in order to create strong electric fields, which help to focus the particles [10] [11].
The injection and acceleration of electrons in plasma wakefields can be controlled
and enhanced by the application of a second laser pulse [12]. Furthermore, a double
beam configuration can be operated in order to generate ultrashort X-ray pulses via
Thomson backscattering of photons on laser accelerated electrons [13].

The huge demand of high-quality X-ray beams in fundamental research and in even
more practical applications, including cancer radiotherapy, radiography of dense ob-

jects or the analysis of large, fast moving biomolecules, leads to a great scientific inter-
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est in this topic. Routinely implemented in medical treatments are Bremsstrahlung
sources, which rely on linear accelerators. Conventional synchrotron sources are re-
cently competing with free electron lasers, which are able to reach an extremely high
brightness [14].

A promising approach to generate high brilliance X-ray radiation on a smaller and
less cost intensive scale is the scattering of laser light on fast moving electrons. The
scattered photons experience a frequency upshift, based on the relativistic Doppler
effect. Freely tunable parameter, in order to manipulate the radiation properties, are
the energy of the electron beam ~, the initial photon frequency wy and the scattering
pulse intensity ag.

One main goal of this work is to investigate different setups for the implementation
of an all laser generated X-ray source based on Thomson scattering. Both, the elec-
tron acceleration mechanism and the scattering beam properties are studied. The
first concept uses laser wake field acceleration (LWFA) for the generation of a high
energetic, low divergent electron beam from a helium gas jet. The remainder of the
laser pulse is reflected back by a glass plate, in order to become the scattering pulse.
The outcome is a likewise low divergent X-ray beam, which is characterised by a
number of photons of 1.6 x 10* ph/keV per 0.1% BW at 100 keV.

Another scheme involves two high intense laser beams. During the interaction of the
first laser pulse with a thin solid foil, dense electron sheath are created. The second
laser pulse is used for the scattering process on those electron layers. The challenging
part of this configuration is to guarantee a sufficient spatial and temporal overlap
of the electrons with the scattering laser pulse. The result is a frequency upshifted

signal, detected along the electron propagation axis.

As stated before, hot dense plasmas are a radiation source on its own. Beside self
emission at the laser frequency wy, or multiple of it, radiation in the X-ray and XUV
range is emitted. When the energy of the laser pulse is absorbed by the target
within a short amount of time, dense plasmas with typical temperatures of hundreds
of eV are formed. A comparable condition for matter is found in the interior of
stars. At such high temperatures, the electrons are usually completely stripped off
the ions. Recombination processes and bound-bound transitions in ions of various
charge states are two examples of radiation mechanisms contributing to the final

emission spectrum. The type of radiation, broad continuum or narrow line emission,
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and its strength depend on temporally evolving parameters, such as the tempera-
ture, density and ionisation degree of the plasma. Thus, plasma spectroscopy is a
powerful tool for the diagnosis of different plasma conditions, which makes is suitable
for experimental investigations in laboratory astrophysics. The experimental studies
reported in the second part of this thesis are focused on investigating the physical
properties and dynamics of hot dense plasmas by spectroscopic measurements and
hydrodynamic simulations. Firstly, the line emission yield of various plasma con-
ditions of low-Z target material is examined. In order to create those conditions,
one laser pulse is used to pre-heat the target before the second main pulse arrives.
The delay (ps time scale) between both beams is a measure for the target density
and plasma scale length, which in return influences the radiation emitted from the
plasma. In comparison to the ps to ns time scale of the plasma expansion and X-ray
emission period, the ultrashort (fs) laser pulse deposits its energy within a negligible
amount of time. Thus, the dynamics of the hot dense plasma can evolve without
further influence by the strong electromagnetic fields of the laser pulse. The second
spectroscopic measurement involves a scan of two different target thicknesses. Due to
the complex interplay of the plasma density, ionisation degree and the plasma tem-
perature, the emissivity and the opacity depends on the available target dimension.
The line emission ratio for both target types is measured and compared to theoretical

calculations in order to determine the plasma temperature.

The structure of this thesis is as follows:

e Chapter 2 gives an overview of the physical processes relevant to this thesis
starting with the ionisation of a target by an electromagnetic wave. Further-
more the interaction of this wave with a single free electron and its energy cou-
pling to the plasma are described. After the introduction of different electron
acceleration schemes, atomic processes in hot plasma are discussed. Finally a
secondary process, the scattering of electromagnetic radiation on accelerated

electrons is depicted.

e In Chapter 3 the main methods and devices used to obtain the experimental
results of this thesis are introduced. Initially, the functionality of the high
power laser system ARCTURUS is presented followed by optical plasma diag-

nostics such as interferometry and shadowgraphy. A description of the electron
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spectrometer and the x-ray detection, diagnostics which detect the radiation

generated during the interaction conclude the chapter.

e Experimental results on the topic of Thomson scattering of a laser pulse on
laser generated electrons in two different setups are presented in Chapter 4.
100 MeV electron bunches are created during the interaction of the laser pulse
with a gas jet. The pulse is reflected back towards these electrons by a glass
plate and during the following scattering process, an X-ray beam in the energy
range of 150keV is generated. In the second part of the chapter a setup,
using two independent beams is introduced. The acceleration of dense electron
sheaths from thin targets is investigated experimentally and with the help of
PIC simulations. Finally, results on a frequency upshift of the second laser

pulse on these electron slabs are presented.

e Chapter 5 summarises the study on line emission from hot plasma at various
target conditions. Typical emission spectra are introduced and the visible lines
are identified. The emission yield depends on the electron density, temperature
and ionisation degree of the plasma. The results reveal that the line inten-
sity can be enhanced by pre-expanding the target with a second laser pulse.
Furthermore the plasma temperature, present during the interaction of a high
intense laser pulse with a tens of nm thick low-Z material is determined by
measuring the line intensity ratio of heliumlike carbon ions. The expected line
intensity at different temperatures is simulated using a hydrodynamic code
for the plasma expansion in combination with an atomic physic code for the

calculation of the emission yield.

e The final chapter is a summary of the experimental and simulation results
presented in this thesis. An outlook for future investigations and possible ex-

perimental campaigns is given.

Role of the author

As a main investigator the author was leading the experiments presented in this thesis
and carried out at ARCTURUS laser facility in Diisseldorf under the supervision of
Mirela Cerchez.

Parts of the theoretical background described in chapter 2 was complied by the author
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in the framework of her master thesis [15].

For the analysis of interferometry images, in order to obtain the gas jet density in
section 4.1.1, the author used a Matlab code developed by Ilhan Engin.

The theoretical calculations and simulations presented in section 4.1 originate from
a Matlab code evolved by the author. Energy dependent transmission curves for
various Cu filter are implemented in the code, which were produced by Maximilian
Kosel during his Bachelor thesis [16], using GEANTA4.

The experimental investigations on the plasma expansion of solid targets in section
4.2.2, was carried out by the author in collaboration with a Master student. In
this context, the data presented in figure 4.14 were prepared by Esin Aktan in the
framework of her Master thesis [17]. The author processed, analysed and interpreted
the output of the 2D PIC simulations presented in section 4.2, based on the relativistic
PIC code EPOCH. The simulation was run by Xiaoming Zhu on the cluster of the
Centre for Information and Media Technology (ZIM) at the University of Dusseldorf.
The hydrodynamic code Multi-fs and the atomic code FLY CHK were employed by the
author for the simulations in section 5.5. Additionally the author further processed
and organised the results with Matlab. Helpful input regarding the simulations with
FLYCHK were provided by Steve Rose and Dave Riley.






Physical processes in laser- plasma

interactions

In this chapter an overview of the fundamentals of laser- plasma interactions
is given. The basic processes in conjunction with high intensity laser light on
matter are described with focus on electron acceleration and X-ray sources.
At the beginning of the chapter a description of ionisation processes with dif-
ferent intensity conditions is introduced. The motion of the freed electrons is
dominated by the applied laser field via the Ponderomotive force, which orig-
inates from the electric field’s gradients. Fundamental plasma parameters,
such as the Debye-length, plasma frequency, critical density and the refrac-
tion index, as well as the propagation of light in a plasma are presented. An
overview regarding the main processes involved in the laser energy transfer
to the plasma is given. Processes including collisional absorption (dominant
in low intensity regime), as well as collisionless absorption (relevant in the
relativistic regime) are discussed. A laser produced plasma can be the origin
of a wide variety of radiation sources consisting of electrons, protons and
characteristic X-rays. Different types of electron acceleration mechanisms
and the atomic radiation effects are presented. Finally the scattering of
laser light on the accelerated electrons and the associated frequency upshift

of these photons is introduced.

2.1 lonisation

To describe the plasma properties it is necessary to analyse the dynamics of its

components, so the basic interaction processes between light and matter have to be
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clarified and here the example of the hydrogen atom is used. The production of a
plasma by the interaction of a laser with matter is caused by ionisation processes.
Considering the Bohr model, the theoretical laser intensity threshold for ionisation
can be derived. The Bohr radius is

B Amegh? B

= =53x107* 2.1
ap =3 cm (2.1)

with the vacuum permittivity ey ~ 8.854 x 1072 As/Vm, the reduced Planck constant
h = % ~ 1.055 % 10731 Js, the electrons mass m and the elementary charge e [18].
To overcome the Coulomb force between the electron and the atomic nucleus of

hydrogen, an electrical field stronger than

e

E,=——~51x10°V 2.2
dTega /em (22)
has to be applied. This field corresponds to a laser intensity I, > [, = % ~

3.51 x 10" W /cm? in which ¢ is the speed of light. However, ionisation processes can
also be observed using intensities lower than this threshold. In the following section
different processes, depending on the laser intensity used, are explained based on the
work of Burnett [19] and Gibbon [18]. The dominant process depends not only on
the laser intensity, but also on the temporal profile of the laser pulse. Saturation is
possible before the laser pulse reaches its maximum intensity [20]. The most common
ionisation process is Photo ionisation, which describes the absorption of a single
photon with suitable frequency by an atomic bounded electron. In this process, the
electron receives enough energy to overcome the Coulomb potential of the atom and
leaves it. With visible and near infrared lasers this is not possible, because the photon
energies (e.g. A = 800nm, hv ~ 1.54¢V) are much lower than typical first ionisation
potentials of common targets.

Increasing the photon flux provides the opportunity of concurrent absorption of mul-
tiple (n) lower frequency photons (wy) by one electron, so that hnw; = FEi,,. The
quantum mechanical description of Multi-photon ionisation (MPI) exhibits con-
secutive energy input based on a certain durability of the electrons virtual states
caused by single photons. The electron is excited by a single photon into a interme-
diate or virtual state and stays there for a certain amount of time before it relapse

into its ground state by emitting a photon. However, if the photon flux is high
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enough, the probability for absorption of another photon before relapsing into the
ground state rises and the atom can be ionised. The ionisation rate for n photons

can be described as

T, = o, (2.3)

where o, is the generalised cross section and [ the laser intensity. The process dom-
inates at low intensities below a certain saturation intensity. For higher intensities
(in the order of 10® W/cm?) the electron absorbs more photons than required for
ionisation, this leads to Above-threshold ionisation (ATIT). The kinetic energy
of the photo-electron is given by an extension of the photoeffect formula derived by

Einstein:

Ef = (n + S)th — Wf, (24)

where n describes the number of photons necessary for MPI, s the number of addi-
tional photons and W/ the ionisation potential.
With increasing the laser intensity, the laser driven field is sufficiently strong to distort
and reduce the Coulomb potential, and with it the potential barrier for ionisation.
Taking the laser electric field E into account the effective potential experienced by
the bound electron in a distance x from the nucleus is then given by

V(z) = —erQ —eFr. (2.5)
For positive x the potential is reduced and outer shell electrons may escape via
Tunneling ionisation (TI) or Over-the-barrier ionisation (OTBI), which ap-
pears when the Coulomb potential is completely suppressed (I>10' W/cm?). The
transition between MPI and TT is characterised by the KELDISH-Parameter

20V
Iy,

for the laser frequency wy, intensity I, and ionisation potential W;. MPI and ATI

(2.6)

Tk = WL

are expected for yx > 1, whereas the TI and OTBI become dominant with increasing

field strength and laser wavelength (yx < 1).
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2.2 Single electron motion in the laser field

After considering ionisation of the material by exposure to a laser field, the dynamics
of the free electrons can be described [21]. Their behaviour under the influence of
an electromagnetic field is an important factor for most of the physical processes in
laser plasma interactions. The fast reaction of the electrons plays a role in the laser
propagation through the plasma and in the energy absorption and transfer mecha-
nisms. However, before going into detail about these topics in section 2.3 and 2.5

the single electron motion in the laser field is summarised.

In conformity with the Lorentz-equation

dp. Ao, L
=Mt = (E+wx B), (2.7)

particles with a charge e and velocity v, in the time depending electromagnetic field,

with the speed of light ¢ and the momentum p., perceive a certain force. The electric
and magnetic field components for a linear polarised, monochromatic laser field,

which affects the electrons are

' (2.8)
. ; .

with w the laser frequency in the plasma and light propagation in the k vector
direction. Assuming a non relativistic velocity of the electron (v, < ¢) corresponding
to laser intensities I < 10" W/cm? at A = 1 um, the effect of the magnetic field is
not strong enough and the second part of equation 2.7 can be neglected. The result
of the first part of equation 2.7, assuming a laser wave propagation in z direction
and linear polarisation, for an electron with the charge e, starting from z—¢) = 0 at

rest, is a transverse harmonic oscillation in the electric field E with the amplitude

eFy eFy
Mew? mew "

To = and with a maximum velocity vy =
For the high intensity regime, in which the motion of the electron can become rela-

tivistic, it is convenient to establish the dimensionless light amplitude

10
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—< L )\%])2:0.85-/\L[um]\/][lolsVV/cm?]. (2.9)

c MeWC 2m2eg m2cd

:M_ eED

Qo

By inserting the value for the laser wavelength in ym and laser intensity in 10¥ W /cm?,

the transition of non-relativistic (ag < 1) to relativistic (ag > 1) particle motion can
1
£/ 1—v2/c?

momentum of the electron changes to p = ym.c. It also affects a relativistic in-

be easily evaluated. The relativistic factor v = becomes crucial and the
crease of the electron’s mass and the motion becomes anharmonic. Using equation
2.9, it can be calculated that the relativistic effects become relevant for a laser inten-
sity 7 > 2.1 x 10" W /ecm? at A = 0.8 um wavelength (equation 2.9). The magnetic
field now exerts sufficient magnetic force to the electron, which causes a nonlinear

dynamic and an average forward drift velocity

2
Qg

= ——ce, (2.10)
4+ a}

Up

in the direction of propagation, resulting from the cross product of oscillation veloc-

ity and magnetic field.

&
>
c
>

transversal motion
transversal motion

— . > — .
longitudinal motion longitudinal motion

Figure 2.1: Electron motion in a linear polarised electromagnetic wave a) in the laboratory
reference and b) in the reference frame moving with the average drift velocity.

Figure 2.1 a) shows the motion of an electron in a linear polarised electromagnetic
wave in the laboratory reference frame. Beside the oscillation in the polarisation
direction of the electric field, there is a drift in the propagation direction. Changing

the reference frame to one which is moving with the average drift velocity, the shape

11
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of motion becomes a figure of eight (figure 2.1 b)). Starting from rest, the free
electron drifts in the propagation direction during the laser pulse and rests again

afterwards, so that the electrons’ net-energy does not increase.

2.2.1 Ponderomotive potential

The Ponderomotive force is exerted on the plasma electrons by the electromag-
netic wave due to spatial variation of the wave intensity. In the non relativistic regime
the energy gain of an electron is expressed by the average kinetic energy over one

oscillation using U, = <%mev§>. This potential

2 172
e“ Iy

Ur = Amw?

(2.11)

is the so called Ponderomotive potential. However, to reach high intensities,
which are desired e.g. for ion acceleration via laser-plasma interaction, the laser
pulse is focused on an appropriate target and the intensity is no longer homogeneous.
In the case of a Gaussian transverse intensity profile, the electron is affected by an
additional acceleration, which is related to the transverse laser field gradient. The
electron moves away from the beam axis during the first half of the laser cycle. The
reverse driving force in the second half is weaker, as the field strength decreases
with the distance from the laser axis. The electron is not able to reach the starting
point again. The ponderomotive force can be described quantitatively by averaging
the dynamics over one laser cycle. Following the derivation in [18], where the laser
pulse propagates in z-direction and the E-field varies with y perpendicular to the

propagation, the force can be identified as

e’ OFE;
dmew? Oy

fo= VU, (2.12)

which is the negative gradient of the ponderomotive potential. In the non- relativistic
case the force acts in the y-direction only and is perpendicular to the k-vector of the
wave.

In the relativistic regime, where the laser intensity is in the order of 10'® W/cm? or
higher the magnetic field component is no longer negligible and the electron dynamics
become nonlinear. The ponderomotive force leads (similar to the non-relativistic

regime) to a displacement of electrons towards lower intensity regions. However,

12
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the electron now experiences additionally a relativistic mass increase during the first
half of the laser cycle and a forward drift due to the magnetic field component. In
the second half of the laser cycle the exerted force is weaker, due to the decreasing
intensity with increasing radial distance. The net effect is that the electron is pushed
both sidewise and forward. Gibbon [18] derives the relativistic ponderomotive force
by separating the electron motion into slow and fast components. The relativistic
ponderomotice force is finally expressed as
dp®

f, = i —mc*V7, (2.13)

where v = (1 + p?/m?c? + a2/2)/? is the relativistic factor of the oscillation and p,

is the impulse which describes the slow component of the electron motion.

2.3 Plasma parameters and light propagation

The previous sections shows how high intensity lasers can both, ionise matter and
also influence the dynamics of the resultant free electrons. This description of laser-
electron interaction is not sufficient to understand all effects of laser- plasma inter-
actions. The plasma is a multi- particle ensemble, in which collective effects play
a major role caused by self generated coupling of all particles [21]. An important
parameter to describe the kinetic energy of plasma particles, which usually occurs
in form of a disordered motion, is their temperature. The electron temperature 7T,
is typically much higher than the ion temperature 77 because of their considerably
lower mass. In addition, the positive and negative charge of the ions and electrons
compensate each other to fulfill the demand of quasi-neutrality. However, local charge

separation does exist over a scale length known as the Debye length

kgT,
)\D _ \/@ — 9291 pm X T;/Q[Me\/] % n;1/2[1019 cm*3], (2.14)
Ne€

where kp ~ 1.38 x 1072% J/K is the Boltzmann constant and T, the electron temper-

ature. From the macroscopic point of view (3> Ap, a plasma behaves neutrally. The
Debye length is also a scale length for the oscillation of electrons around the much
heavier and consequently more inert ions, which are assumed to be quasi-static. The

frequency of this oscillation can be derived from the equation of motion and the
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Gauss theorem and results in

€2n 1/2
Wy = ( ) >~ 5.6 x 10" ?[cm~3[s7"). (2.15)

€0MMe

The resonance frequency of the electrons depends on their basic properties like the
density n., the elementary charge and their mass m..

In contrast to a neutral gas, the accumulation of the positively-charged ions and
negatively-charged electrons generates a plasma. This leads, in the local scale, to the
formation of an electric field E, current flow and consequently the development of a
magnetic field B; so that a modification of light propagation through plasma occurs.
For an electromagnetic wave £ = Eyexp(kr —wt) with the frequency w and the wave

vector |k| = k = 27/ the dispersion relation in a plasma is given by

w? = wg + k2. (2.16)

When a laser beam hits a plasma, the propagation through the plasma is just possible
for frequencies wy, > w,. For w; < w, the k—vector becomes imaginary, which means
the laser is not able to propagate in the plasma. Inserting eq. 2.15 into the limiting

case w? — w% = 2k? = 0 the critical density is found to be

1.1 x 102!
(Alpm])?

which divides the plasma into two distinctly different regions: the underdense (n,. <

€M

12

Ne = w? [em™?], (2.17)

o2
n.) and the overdense plasma (n, > n.).

Figure 2.2 depicts a schematic of a non-uniform plasma, where the plasma density
n. is a function of x. Electromagnetic waves can penetrate into the underdense area,
but are reflected at a point where the plasma density reaches the critical density n.,
above which the plasma becomes overdense.

In laser-solid target interaction the density profile strongly depends on the temporal
profile of the laser pulse, which usually contains pre- and postpulses. The prepulse
preheats the target and a significant plasma expansion can appear. The main pulse
deposits its energy in the created low density matter instead of interacting directly

with the dense target.
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Figure 2.2: Light propagation in a non-uniform plasma. A laser pulse can propagate into
the underdense part of the plasma and is reflected as the electron density exceeds a certain
threshold, the critical density ne.

The propagation in a underdense plasma leads to significant interactions between the
electromagnetic field and the plasma, resulting in deviations of the electron density
and a relativistic mass increase of the electrons. This affects the refractive index 7 of

the underdense target, which can vary in time and space. The refractive index can

ck / w2 / n
= =y/1-2= /1—-=2 2.18
77p w W2 Ne ( )

and depends on the plasma frequency w, and consequently on the electron density

be written as

ne and the critical density n..

When the laser-matter interaction becomes relativistic, the propagation of light in
classically overdense plasma (n > n.) is possible. The phenomenon, known as
self—induced transparency, describes the modification of the plasma frequency and
therefore the critical density in the relativistic regime. The critical density is cor-
rected due to the relativistic mass increase of the electrons to

Nerel = MNe 1+ %, (219)

where ag is the dimensionless light amplitude (eq. 2.9).
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2.3.1 Self-focusing

An important effect at relativistic laser intensities in underdense targets is self-
focusing of the laser pulse in the plasma beyond the geometrical limits [18]. As
discussed before, the propagation of laser light in plasma strongly depends on its
refractive index. A transverse gradient in the refractive index of the plasma, peak-
ing on the laser axis, reduces the phase velocity of the central part of the pulse.
Consequently the phase front of the whole beam profile bends and self-focusing oc-
curs. Two mechanisms contribute to this effect: Firstly, the ponderomotive force
pushes electrons out of the region with higher laser intensity. As the refractive index
increases when the electron density decreases, a transverse gradient develops. The
second mechanism is related to the dependency of the refractive index to the y-factor
of the oscillating electrons. At relativistic intensities the y-factor is at its maximum
near the propagation axis, thus the refractive index rises and the laser pulse becomes

self-focused. The power threshold at which these phenomena occur is
P, ~17(—)*GW (2.20)

where plasma frequency w, directly depends on the electron density (eq.2.15).

2.4 Excitation of plasma waves in underdense plasma:

Variants of Laser wakefield acceleration

The acceleration of electrons by waves in an underdense plasma which are triggered
by intense laser pulses was first suggested by Tajima and Dawson [22]. The concept
of laser wake field acceleration (LWFA) comprises the excitation of a plasma
wave in the wake of a laser pulse comparable to the waves created in the wake of
a ship. The following description is based on [23]. The intense laser pulse triggers
plasma oscillations due to its nonlinear ponderomotive force (eq. 2.13), which pushes
electrons away from regions of high laser intensity gradient. Thus, a positive charged
cavity is generated behind the laser pulse surrounded by the expelled electrons. On
the other hand, the plasma applies a contrary potential pushing the electrons back
onto the laser axis (or further). Electrons, which are trapped in the wake, experience

a strong energy gain. The amplitude of this oscillation and the properties of the cav-
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ity depend strongly on the strength of the driving pulse, quantified by its relativistic
amplitude ag. The phase velocity of the plasma wake equals the group velocity of
the laser pulse v, = w,/k, = v, = nc, where 7 is the refractive index of the plasma.
A huge advantage of plasma as a medium for the acceleration of particles is the ac-
cessibility of high electric fields, orders of magnitude above the limit for conventional
accelerators [23]. In a cold plasma, the limit of the electric field in the linear regime

is given by

CMm W
Egp=—2=96V \/Me[em=3], 2.21
b . /m % y/ne[cm=3] ( )

where w, is the electron plasma frequency (eq. 2.15) and n. is the electron density.
Typical values for electron densities in gas targets are in the range of 10 cm ™3,
leading to an electric field of up to 300 GV /m. If this limit is exceeded, neighbouring
electron sheets in the longitudinal plasma oscillation may cross each other, associated
with a singularity in density [18]. The result is a loss of coherence, the wave breaks.
In the relativistic case (ag > 1), the electric field can reach even higher values before
the wave-breaking limit is exceeded. In order to use those fields, there are several
approaches how to excite and preserve plasma waves with the final goal of a stable

and reproducible electron acceleration.

In the linear case (ap < 1), the response of the plasma on the perturbation by the
laser pulse can be derived by the Poisson equation, the equation of continuity and
the fluid momentum equation. The linear wave is excited inside the uniform plasma,

which can be described by

(820t + w2)on/ny = *V3aj /2

2 2 2 2 2 (2‘22)
(070t + w,)® = wyap/2,

where ® is the electrostatic potential, ny the plasma density and accordingly én/ng =
(n—ng/np) is the normalised density perturbation. For small perturbations, 0n/ny <
1 and electric fields far underneath the limit for wave breaking (F < E,;) (eq. 2.21),

the solutions
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Figure 2.3: Density variation dn/ng and axial electric field E,/Ey in LWFA driven by an
intense laser pulse based on [23]. In the linear case a) ap < 1 the fields follow a sinusodial
function and the nonlinear regime b) ag > 1 the electric field forms a sawtooth profile,
while the density develops strong peaks.

dn/ng = (¢*w,) /Ot dt'sin[w,(t — )| V2ag(r,t') /2

. (2.23)
E/E.,, = —c/o dt'sinjw,(t — )| Vai(r,t') /2
describe plasma waves with a frequency w,. The solutions of equation 2.23 are convo-
lutions of the gradient of the squared laser amplitude ay and a simple sinus function
with the periodicity of 27w /w,. A schematic of the density and electric field oscilla-
tion in a plasma wave triggered by a weak laser pulse is shown in figure 2.3a). In
the linear regime the plasma wave follows a sinusodial oscillation with the plasma
wavelength A\, = 2m¢/w,,.
At high power laser facilities, pulses with an amplitude ag > 1 are provided. The
electrons, expelled by the ponderomotive force, become relativistic and trigger the
generation of a nonlinear wave. Details about the derivations in the nonlinear regime
can be found in [23], here the modification of the relevant parameters is given quali-
tatively.
In case the maximum amplitude of the electric field F,,,, exceeds Ejy, its oscillation

deviates from the linear case and develops into a sawtooth profile, while the den-

18



CHAPTER 2 PHYSICAL PROCESSES IN LASER- PLASMA INTERACTIONS

sity variation dn/ng changed into strong peaks, as illustrated in figure 2.3b). The

modification of the plasma wavelength is given by

1+ 3(Epas/ E0)?/16, Ernas/ Fo < 1
Anp = Ay (Binac/ Bo)"/ /By (2.24)

(2/7]-)(Emax/E0 + EO/Ema:L"); Ema;p/Eo > 1,

which shows a lengthening of the plasma period as the laser amplitude enters the
nonlinear regime.

A major development in the context of LWFA is theoretical work based on 3D PIC
simulations by Pukhov and Meyer-ter-Vehn [24], which predict a non-linear broken-
wave regime and is also called bubble regime. For relativistic few-cycle laser pulses,
which are shorter than the plasma wavelength (L < Ap), and with intensities high
enough to overcome the threshold of wave breaking, the excitation of the plasma
wave stops after the first oscillation. The wake field takes the shape of a single cavity
or bubble in which electrons can be trapped and accelerated. A great advantage
compared to classical LWFA is the generation of quasi-monoenergetic electrons.

In many experimental setups the laser pulse length is longer than the plasma wave-
length (L > Ap). However, it is possible that the laser pulse breaks up into a train of
pulses if the laser power exceeds the critical power for self-guiding. Each pulse of this
train is shorter than the plasma wavelength and therefore fulfilling the condition for
LWFA. This regime is called self~-modulated LWFA and has the advantage, that
the parameter conditions to initiate the process are more flexible.

Figure 2.4 shows a typical energy distribution recorded during the experiment dis-
cussed in chapter 4.1. A 30fs high intensity laser pulse (ay = 2) is focused into
ane = 5-10Ym™? helium gas, implying L ~ 1.5Ap and P ~ 10P,.. Here, the
self-modulated LWFA regime is triggered leading to a 20 MeV broad energy peak at
100 MeV.

The electron energy gain is limited by the depletion of the laser pulse. An additional
limit is, that the electrons and the plasma wave can dephase, which results in a

electron deceleration. The depletion length is given by [23]

I A3 ) 2/ag, ag < 1
depl ™~ Vo

2.25
2| (V2 /m)ao, a2 > 1, (2:25)
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Figure 2.4: Electron spectrum from electron acceleration in the self-modulated LWFA
regime. A high intensity laser (ag = 2) is focused onto a helium gas jet (n = 0.03n.). The
electrons are accelerated and detected on the lanex screen of an electron spectrometer.

while the dephasing length for the two cases of low and high intensity is

A1, ag < 1
Ldeph ~ 71)2
20 | (V2/m)ag/Np, a2 1,

where Np is the number of plasma periods behind the laser pulse.

(2.26)

2.5 Coupling of laser energy into overdense plasma:

Absorption and Acceleration schemes

One of the most important and discussed processes in the field of laser plasma in-
teractions is the coupling of laser energy via electrons into the plasma. The energy
absorption efficiency is a major factor in a variety of applications and effects. The
absorption of laser energy by a plasma strongly depends on every type of laser and
target parameters and is thus a non-trivial topic. Over the last few decades, many de-
scriptions of absorption mechanisms were developed [18], [25]. For a quite moderate
intensity regime collisional absorption (e.g. inverse Bremsstrahlung) and collisionless

classical resonance absorption occur. In the ultrashort, high intensity laser pulse
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regime collisionless processes are identified to be responsible for the energy transfer
to the target. These mechanisms are the Brunel effect or vacuum heating, jxB heat-
ing and the anomalous skin effect. They are described in the following section. A
short qualitative overview of some mechanisms out of the large zoo of descriptions
for laser energy absorption in plasmas is presented. In addition, a combination of
several energy transfer mechanisms is usually required to describe the behaviour of

contemporary laser experiments.

2.5.1 Collisionless absorption

For high laser intensities, approaching or reaching the relativistic regime, the colli-
sion probability decreases rapidly, and collisionless absorption mechanisms dominate.
For laser intensities less than 10** W/cm?, the interaction between the laser light and
the electrons is relevant and the direct interaction of the ions can be neglected [25].
One of the main issues of developing theoretical models to fit experimental results is
the complex behaviour and mutually interaction of the laser light with the plasma.
The electron density for example, an important parameter for most of the absorption
processes, is strongly influenced and modified by the laser, which results in a density
variation in space and time. The following explanations are simplified models of dif-

ferent mechanisms which contribute to the total absorption.

When a p-polarised electromagnetic wave penetrates a plasma at a specific incident
angle 6, the electric field has a component parallel to the plasma density gradient.
This part of the electric field initiates a spatial oscillation of the electrons at the point
of the critical density, which results in the development of a plasma wave. Here we
choose the coordinates so that the electromagnetic wave propagates in the y-z-plane
and the plasma density varies along the z-axes. The dispersion relation in this case
is w? = wp + (k) + kZ)c*; only k. is a function of z but k, = “sin 6 is constant. Using
this relation to find the point where 6 becomes 90°, the reflection point moves to a
density n. = n.cos?6. Although the incident laser wave is reflected at this density,
its field can tunnel into the region of the critical density and the condition for res-
onance absorption is satisfied. The electrons oscillate resonantly with the laser
field and a plasma wave develops. This wave runs into the plasma longitudinally and

transmits the laser energy by collision (Landau damping).
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Figure 2.5: Light propagation in a plasma with increasing density gradient. Under certain
conditions resonance absorption takes place.

The Brunel effect or vacuum heating describes the interaction of a steep plasma
with a laser pulse of intensities (I > 10' W/cm?) higher than necessary for colli-
sional absorption. Because of the high laser intensity, the electrons are accelerated
extremely abruptly into the vacuum at the steep plasma-vacuum boundary. The
electric field direction changes after a half cycle, and the electrons are forced back
towards the overdense region of the plasma. Due to the decreasing collision rate with
increasing intensity, the free path A\ becomes longer than the skin depth [ (which
is also the lasers maximal penetration length). The electrons become irreversibly
independent of the laser field and thus deliver their energy to other particles. The
plasma heats up quite efficiently in this case without the development of a plasma
wave. Vacuum heating depends, analog to resonance absorption, for p-polarised
waves on the incident angle, because the driving force is the electric field normal to

the target surface.
Besides vacuum heating, the laser energy can be transmitted to electrons via another

heating process. The driving force of j x B heating is the ¢ x B component of the

Lorentz force, which cannot be neglected in case of high laser intensities. It is relevant
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for p- and s- polarisation and plays a significant role in short-pulse, high-intensity
laser solid interaction, because it is most efficient when the incident pulse is normal
to the target surface. At relativistic intensities, the v x B term induces a gyratory
movement of the electrons with a final velocity component along the k-vector of the

radiation (as discussed in section 2.2). The ponderomotive force

m Ov*(x)
Jo= 4 Ox

created by the laser field with frequency w, includes the usual non-relativistic part and

(1 — cos 2wt) (2.27)

an oscillating component caused by the interaction between the transverse movement
of electrons in the laser field and the magnetic field. The damping of this longitudinal

oscillation provides the plasma heating.

The Normal skin effect comprises an oscillation of electrons within the skin depth
and subsequent energy transfer due to collisions. With increasing electron velocity,
the free path gets longer and the oscillation amplitude rises above the laser penetra-
tion length. This so called anomalous skin effect describes another laser energy

absorption mechanism.

In the previous section, a qualitative description of the absorption mechanisms is
given. Quantitative calculations or scaling laws require numerical modeling, which is
beyond the scope of this thesis. However, Davies [25] gives a detailed comparison of
different experimental measurements with numerical modeling of laser absorption in
overdense plasmas in the relativistic regime and reveals the complexity and difficulties
which accompany this topic.

Figure 2.6 shows several published values of absorption and numerical modeling as
a function of IA\2. To determine the general trends and the main conclusions, it is
sufficient to compare the experimental and numerical results of Ping et al. [26] (black
solid dots, squares and line). The other results belong to experiments and theoretical
investigations dealing with fast electron absorption; further interpretation can be
found in [25]. Ping et al. examined the relativistic regime and measured the total
absorption by detecting the reflected and scattered radiation. Using a A = 0.8 ym
p-polarised laser pulse focused on different plain target foils at an incident angle of
6° (solid black dots) and 45° (solid black squares), they investigated the absorption
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Figure 2.6: Absorption values as a function of I\2, published by Davies et al. [25]. The
solid black symbols are results from [26], representing experimental data (dots 6° incident
angle and squares 45° incident angle) and numerical (vertical lines) data from total ab-
sorption. The solid red and dashed black crosses and boxes are results from fast electron
absorption from other experiments.

energy fraction in a intensity range I\? from 1.64 x 107 to 2.30 x 102 W/cm?. The
black solid line is a simple fit to the specific data and shows the increase in absorption
with TA\%.

The dependency of absorption on the incident angle and the plasma density cannot
be specified due to the few data points and insufficiently determined parameters.
Nevertheless, in the numerical results (vertical black lines) the preplasma conditions
are varied to simulate different plasma densities. A long preplasma length leads to
lower densities (the upper dot of the vertical line) and the density increases with
shorter preplasma length (the lower dot of the vertical line). The results indicate an
increase of absorption with lower density, with a maximum near the critical plasma

density.
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Although general trends can be clearly identified in these published results, further
work is required to complete the current data sets. The consistently lower values
of fast electron absorption (red data), compared to the total absorption, provide
a motivation for furthers studies. As the absorption depends not only on the laser
intensity, but also on many other parameters (e.g. the incident angle, plasma density,

pulse duration etc.) there are many opportunities for future investigations.

2.5.2 Hot electrons and bunch formation from thin foils

When considering absorption mechanisms for high intensity, short pulse laser foil
interactions, the generation of hot electrons with energies much higher than the
bulk plasma temperature has to be mentioned. In the high intensity regime, this
fraction of electrons absorbs most of the laser energy by collisionless mechanisms
as those described earlier in this chapter. For most applications, the conversion
efficiency of laser energy into hot electrons is designed to be as high as possible. As
the hot electron temperature 7}, depends strongly on absorption mechanisms, these
models can be used to construct scaling laws for 7),. This also means, that several
competing processes contribute to the resultant energy scaling. Different absorption
mechanisms become dominant depending on the pulse intensity, duration, contrast
or angle of incidence.

In figure 2.7 a comparison of experimental measurements of hot electron tempera-
tures for short pulse solid target interactions with several scaling laws, which follow
different absorption models in different intensity regimes, is presented [18]. The gen-
eral trend shows a dependence of T}, on the product I\?, which is predicted in all
theories. In the relativistic regime I>> 10® W /cm?, for a laser pulse normally incident
onto a target, the absorption is dominated by j x B and the hot electron temperature

is estimated by

T = me*(y - 1)

pz 1/2
<1 + m2c2> — 1] (2.28)

~ 511 [(1 (073 x I[10" W/em?] x X2[um])) " - 1} keV,

mc2
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Figure 2.7: Hot electron temperature as a function of irradiance from sub-ps laser solid
interaction experiments compared with various models, published by Gibbon [18]. Details
on experimental data and scalings laws derived from different models are given in [18].

where I is the laser intensity (in 10'® W/cm?) and A the laser wavelength (in pm),
both typical dimensions. The temperature is proportional to the ponderomotive
energy [27] and equation 2.28 predicts a value for the hot electron temperature of
~ 4 MeV for an intensity of 10** W/cm? and a laser wavelength of 1 um. This scaling
is in good agreement with both, the experimental data for this regime (see figure
2.7) and 2D PIC simulations of laser interactions with step-like density profiles in-
vestigated by Wilks et al. [27]. These simulations show that the plasma surface is
strongly influenced by hole boring processes and almost all energy is absorbed due
to j x B and vacuum heating.

For different kind of applications, for example secondary scattering processes, the spa-
tial and temporal physical parameters of the electrons become important and thus, a
widely investigated topic in laser-plasma physics. The driving force of the dominant
absorption process indicates a longitudinal oscillation at twice the frequency of the
incident laser pulse. This oscillation leads to a periodic formation of dense electron
bunches, gaining high energy before escaping the laser field [28]. Baton et. al [29]
first observed this effect by the indirect measurement of the second harmonic laser

light emitted from those electron bunches. More recently, theoretical investigations
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were carried out describing the interaction of an high intense laser pulse with ul-

trathin (nano) foils, where all electrons are separated from the ions completely [30].

Spatial energy distribution

Spatial density distribution
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Figure 2.8: Simulation results from the interaction of a step-like laser pulse (ap = 2) with
a 25bnm thin carbon foil. The image shows the spatial electron energy distribution 30 fs
after the pulse hits the target. The spatial density distribution of the generated electron
bunch formation is shown in the enlarged section on the right.

Figure 2.8 illustrates the simulation results from a step-like laser pulse with ag = 2
and Ay; = 800nm incident on a 25nm thin carbon foil at 30fs after the main pulse
arrived at the target surface. The spatial electron energy distribution indicates, that
the high energetic electrons (Ej;, > 3MeV) are accelerated in bunches. The section
on the right shows the spatial electron density distribution of the energetic bunches
in the red marked square. The bunches have a periodicity of A7, /2 and reach densities
near the critical density n.. They are generated by the v x B force of the incident
pulse and are driven through the remainder of the target. The electron sheets elude

at the back side of the foil, while slowly dispersing due to their energy distribution.
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2.6 Laser produced plasmas as a radiation source

The electromagnetic radiation emitted by hot plasmas has importance in two fields.
Firstly, laser produced plasmas can be used as a direct source for X-ray beams with
femtosecond pulse duration, to provide temporal resolution for microscopy of dy-
namic atomic-scale objects [31]. Secondly, the emission of hot plasmas can be of
great interest for the characterisation of the properties of an ionised medium. The
spectrum carries information about the plasma temperature and density conditions
and thus is one of the most important diagnostics in the field of hot plasmas. Es-
pecially for fast processes, such as the interaction of an ultrashort laser pulse with
matter, the emitted radiation is a signature for the evolution of the plasma [32].

The atomic physics, describing the processes which lead to the emission of the char-
acteristic spectrum, is partly introduced in chapter 2.1 and 2.5. Here, the concepts
are briefly summarised based on [32], emphasising the importance for the contribu-
tion to the emission spectrum recorded during the interaction of a laser pulse with a

thin target.

2.6.1 Atomic processes in hot plasmas

Photoionisation occurs dominantly at the beginning of the interaction, when the
target is still optically thick and the free path of the photons is shorter than the
plasma dimensions. During the inverse process, called radiative recombination,
radiation is emitted when an electron is captured in a bound state. For high Z ma-
terial the efficiency increases as the coefficient rate is proportional to the ionisation
potential of the bound electron.

In optically thin plasmas the electron impact ionization plays an important
role. An electron with high kinetic energy encounters an ion and spalls one ini-
tially bounded electron. In high density plasmas on the other hand, the three body
recombination is more likely, because the present of two electrons is required. One
electron is caught by the ion while the other one gains its extra energy.
Autoionization and dielectron recombination involve two electrons in an ex-
cited level. While one electron decays to a lower level the second electron takes the
released energy and is thereby freed into the continuum. During the inverse process

a free electron is captured in an excited state, additional energy is transferred to a
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Figure 2.9: Schematic drawing of ionisation and excitation processes in hot plasmas based
on [32]

bound electron which leads to the transition into a higher state. In case this electron
decays back into the ground state, radiative stabilization is achieved and the emitted
photon contributes to the features of the line spectra in form of satellites lines.

Spontaneous decay takes place when an ion of a higher state F,, decays into the
ground or lower excited state F,, emitting a photon with F, = E,, — E,. In the
contrary, a photon with an energy equal to the energy difference between ground
level and excited level or two excited levels is absorbed resonantly by the ion. As
a single-particle process spontaneous decay does not depend on the density of the
plasma. Moreover both processes follow the well-known Einstein coefficients describ-

ing the probability of spontaneous decay and resonant absorption.
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Electron impact excitation is a process induced by the collision of an electron and
an ion. Due to the collision the ion gets excited into an upper state while the electron
experiences an energy loss. When the ion is already in an excited state the opposite
process, impact deexcitation, can occur. The ion relaxes and transfers the energy
to the electron. The efficiency of electron impact excitation is at a maximum when
the plasma temperature is in the range of the transition energy. For higher tempera-
tures the electron energy increases and becomes sufficient for ionization rather than

excitation.

2.6.2 Emission Spectrum

The total emitted radiation intensity and spectral distribution of hot plasmas con-
sist of two parts, the continuous spectrum and the line spectrum. Both parts are
determined by the details of the emission process, the plasma temperature and its
density.

Bremsstrahlung contributes with an exponentially decreasing function to the spec-
tral structure of the continuous spectrum. It is produced when an electron is passing
through the electric and magnetic field of an ion. Due to its acceleration in this field
a photon is emitted. This mechanism is dominant for a low-Z plasma and for fully
ionised higher Z plasmas at very high temperatures. However, for high-Z plasmas at
low temperatures, the contribution of Bremstrahlung to the total emission spectrum
is usually limited to a low continuous background signal.

Recombination radiation or free-bound radiation is emitted when a free electron re-
combines with an ion. This second type of emission, devoting to the continuous part
of the spectrum, shows an edge structure corresponding to recombination into atomic

states.

Particularly for intermediate and high-Z plasmas the spectral line emission, also
called bound-bound emission, becomes prominent. Line emission occurs when a
bound electron of an excited ion decays into a lower shell while emitting a photon
with the transition energy Fp = E,, — F,,. While the radiation characteristics of high-
7 plasmas can be rather complex, the spectra of ionized low-7Z plasmas predominantly
show spectral lines of hydrogenlike ions as well as heliumlike ions. Both species are

well known and abundant in hot plasmas and therefore lines can be easily identified.
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Figure 2.10: Comparison of simulated emission spectra of carbon at a density of 10! cm—3

and an electron temperature of T, = 50eV (upper spectrum) and T, = 5¢eV (lower spec-
trum). The line emission of hydrogenlike and heliumlike carbon becomes prominent as the
high temperature is sufficient to ionise the carbon atoms.

The most probable transitions of an excited hydrogenlike ion are into the ground state
1s. Simplifying the Bohr formula, energies of the Lyman series can be calculated
with

AE(Lyman) = Z%hcRa(1 — 711), (2.29)
where R is the Rydberg constant. For hydrogenlike carbon with the atomic num-
ber Z = 6, the energy of the Lyman-a line, which originates from the transi-
tion of an electron from the second shell n = 2 to the ground state, becomes
62%13.6eV (3/4) = 368 eV. This line can be found for example in the emission spec-
trum of the interaction of a high intensity laser pulse with a thin diamond-like-carbon
foil (DLC). Figure 2.10 shows two emission spectra of carbon at different electron
temperatures, generated by the computer code FLY CHK [33]. The simulations are
based on an electron density of 10! cm™2 and the spectra for a temperature of 5eV
(lower spectrum) and 50eV (upper spectrum) are plotted. In the lower spectrum

there is hardly any line emission visible, as the temperature is not sufficient to pro-
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duce heliumlike or hydrogenlike carbon. Increasing the temperature by a factor of
ten the spectrum changes significantly. The recombination edge structure is present
and the emission lines of highly ionised carbon (C'4+ and C5+) become prominent.
Some dominant emission lines are marked by an arrow in figure 2.10, amongst these
is the Lyman-« line of hydrogenlike carbon (C5+) at 368 eV.

The list of effects and mechanisms taking place in a hot plasma and contributing to
the final emission spectrum is certainly not complete. Effects, like pressure ionisa-
tion, continuum lowering, satellites line emission, atomic level shifts or line pressure
broadening are phenomena occurring in dense plasmas and are further describes
in [32].

2.7 Thomson scattering

Classical Thomson scattering is a process, in which electromagnetic radiation scatters
on a free charged particle with a total cross section of ¢ = 6.65x1072° cm? [34]. While
the magnetic field can be neglected in the non-relativistic case, the electric component
of the incident laser field accelerates the particle in the direction of the oscillating
field. The result is electromagnetic dipole radiation, which is emitted dominantly in
direction perpendicular to its motion. In this linear process, the scattered frequency
equals to the frequency of the incoming laser field. In a plasma, the scattering on
electrons is most important as the ions are much heavier and their contribution is
negligible. The condition for classical Thomson scattering is that the photon energy
is much smaller than the electron rest energy (hw < m.c?), in order to preform
inelastic recoils.

When the light intensity exceeds 10® W /cm?, the magnetic field component becomes
relevant and the motion of the accelerated electron describes a figure of eight, as
discussed previously in section 2.2. The quiver velocity of the electron in such a strong
electromagnetic field approaches the speed of light. In this relativistic regime, the
photons are scattered with a specific angular distribution and at harmonic frequencies
of the incident laser field [35].
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2.7.1 Thomson scattering and frequency upshift from laser

accelerated electrons

An effective way to create an X-ray source is the scattering of a laser field on a bunch
of relativistic electrons instead of a plasma. The result is a scattered spectrum, which
is modified by the relativistic Doppler shift of the moving electrons. The relativistic
electron beam can be generated by the interaction of a high intense laser beam with
matter. Physical parameters, namely density, divergence and energy spectrum of
the electron beam highly depend on the details of the acceleration mechanism and
have a direct impact on the scattered X-ray beam. For instance, the interaction of
a high intensity laser pulse with a thin foil is promising to deliver a near critical
density electron sheath, resulting in a high number of back-scattered photons [36].
The electron acceleration from a gas jet on the other hand can provide a non-thermal
energy distribution and therefore can lead to a narrower band X-ray source [37]. An

adequate quantity to compare different X-ray sources is their brilliance, defined as

photons
second - mrad? - mm?2 - 0.1%BW "

Brilliance = (2.30)

It embraces important properties, in particular the photon flux, the beam divergence

and the X-ray source size.

Frequency upshift

The relativistic Doppler shift describes an alteration in wavelength and amplitude
of an electromagnetic wave, which is reflected of a relativistic, fast moving source
and was first mentioned in the work of Einstein [38]. The following description is
based on [39] and is pictured in figure 2.11 in two different frames of reference. The
reflection takes place on the boundary of two media with the refractive index n; and
no. The second medium can be for example a relativistically moving plasma slab
with an electron density n. 2 and a velocity ¢, acting as the reflective source. Figure
2.11 a) illustrates the laboratory frame of reference L, in which the electromagnetic
wave with frequency wy and wave vector kg is propagating through medium 1 under
an angle of #; towards the plasma slab. The rest frame of reference R, where the
plasma slab does not move is drawn in b). In this situation, the reflection of the

wave follows the classical Snell’s law, which describes the relation between angles of
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n, ko

N, N3

Figure 2.11: a) Reflection of an electromagnetic wave on a plasma layer with refractive
index no. The plasma layer is moving with velocity Sc along the x axis in the laboratory
frame of reference L. b) The reflection is illustrated in the rest frame of reference R of the
plasma layer. The schematic is based on [39].

incidence and refraction at a boundary between two media with refractive index n,

and no:

g — g S0) _m (2.31)

Y Tsin(0))  nb

If the two media are plasmas, the refractive index can be replaced with equation 2.18

and the expression 2.31 changes to

1 — (wpa/w')?
1 — (wpa/w)?’

where wy 1 /5 is the plasma frequency of the two media and w’ is the wave frequency

sin(6;) = sm(@i)J (2.32)

in R. The wave parameters in R are related to the once in L by the Lorentz trans-

formation [34]

w' = y(wo + ko 20¢),

k. = y(koa + K o=k (2:33)
z — YRz WOB/C)u y — MO,y
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with the relativistic Lorentz factor of the plasma slab v = 1/4/1 — 32. The incidence
and reflection angles in L can be expressed by sin(6;) = ko, /ko and sin(6,) = ko, /k;.
To find the frequency of the reflected wave in the laboratory frame of reference L,
another Lorentz transformation from R to L has to be performed, considering the
change in sign of the x component of the wave vector. Including the expressions
for 6;, 0, and the result of the first Lorentz transformation (eq. 2.33), the reflected

frequency becomes

_wo(l+ 8%+ 216_\/;28 — wpacos(0:) (2.34)

For a counter-propagating geometry (5 > 0), the electromagnetic wave experiences

Wr

a frequency upshift accompanied by a compression of the pulse and an increased
wave amplitude in the laboratory frame of reference L. If, in addition, medium 1 is
a vacuum (w,1 = 0) and the angle of incidence of the wave is normal to the plasma

slab (6; = 0), the reflected frequency simplifies to

Wy = Wo = wo(1 + B)*y? = 4v%wo. (2.35)

1-p
The latter part of the equation becomes valid in the ultra-relativistic limit v > 1,
where f =v/c= 1.

An extensive theory for the description of Thomson scattering was developed by
Esarey et al. [40], starting with the Lienard-Wiechert potential in order to calcu-
late the energy spectrum of the radiation emitted by a single electron. A detailed

derivation is given, leading to a reflected frequency of

N 472&10
- L+a§/2 4926

The results for the reflected frequency w, given in equation 2.35 are confirmed and

Wr

(2.36)

supplemented by the dependency on the radiation cone angle ¢.

Scattered number of photons

The total radiated power emitted by an accelerating charge is calculated with the
Larmor formula. For the case of a relativistically moving source one can use its

relativistic generalisation [34]. The description below follows closely the derivations
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of Ride et al. [41], who applied this concept to determine the scattered photon flux
per electron in an intense laser field. Firstly, the motion of an electron in a laser field
is described by the Lorentz equation 2.7. Here the normalised electron momentum
u = p/me.c =B and the normalised electron velocity 8 = v/c are used.

The motion of interest, when the electron and the electromagnetic wave are counter-
propagating, is the laser direction. Assuming the laser field, with the wave number
ko = 2mw/)\g is propagating along the z-axis the average axial electron velocity is

stated as
5. B = ab/ 4920+ )
T 14 aj/(492 (1 + Beo)

where ag (eq.2.9) is the normalised amplitude of the incident laser field.

(2.37)

For the derivation of the total radiated power, the relativistic Larmor formula

2¢? da\’ dv\”
P="~|—] —|— 2.38
3¢ | [(dt) (dt) ’ (2.38)
is introduced, where e is the electron charge and c the speed of light. The quantities
u, B and v are functions of the variable 7 = z + ¢t and the Lorentz equation implies

the constant of motion d(y — u,)/dn = 0. This assumption and time averaging over

a whole laser period leads to the approximation for the radiated power
1
P ge%kﬁa%yg(l + B0). (2.39)

The radiated photon frequency is given in equation 2.36, thus the average energy can

be written as )
2(1 + /BZO),YO

(1+aj/2)

with the average harmonic number (n) and 79 > 1. In order to gain information

h{w) = (n) fuy, (2.40)

about the total number of photons, the flux can be determined by dividing the
photon power (eq. 2.39) by the average photon energy (eq. 2.40). Finally the flux is

multiplied by the interaction time
T = XoNo/(1+ B.) /e, (2.41)

where Nj is the number of laser periods during the interaction. The result is the
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number of radiated photons per electron:

_ T az(l +ag/2)(1 j’ﬁzo)
N = Noag ) (1 + 3) )

(2.42)

where « is the fine structure constant. In the case of a laser based electron source,

there are N, electron involved, and consequently the total number of photons is the

product of N and N,.
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Laser setup, diagnostics and experimental

techniques

This chapter is dedicated to present a description of the laser system, its
specific parameters and the experimental techniques utilised during the ex-
perimental campaigns. Furthermore the diagnostics for both, the interaction
itself and the detection of the radiation generated through the process are
explained. Relevant aspects are the characterisation of the electrons acceler-
ated by the high intensity laser pulse and the detection of the X-rays, which
are either generated by scattering processes of laser light on these electrons
or originate from the hot dense plasma itself. Therefore the underlying phys-
ical concepts of the corresponding diagnostic are introduced and finally the

utilized spectrometers and detectors are described.

3.1 Arcturus laser system

The versatile high power laser system ARCTURUS, situated at the Heinrich Heine

University in Disseldorf is a double chirped pulse amplification (CPA) system equipped
with a cross-polarised wave (XPW) module for additional contrast enhancement. It

is capable of delivering three independently compressed beams into the target cham-

ber, enabling optimum flexibility in the setting of experimental parameters. The two

main beams have up to 6J laser energy during a 30 fs long pulse. This leads to a

laser power of 200 TW at a central wavelength of 800 nm with a repetition time of

theoretically 10 Hz. The third low power beam (10 TW) can be additionally applied

as a probe beam.

The system uses the CPA technique developed by Donna Strickland and Gerard
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Mourou [42] which was a milestone in the history of high power laser systems. This
technique implies a stretching in time of an ultra short laser pulse with low energy
(nJ). This is to keep the intensity low, in order to avoid nonlinear effects on the op-
tical systems, for example damages or breakdowns of the laser pulse in air. Finally,
the amplified laser pulse is compressed again to provide the high power output.

At the ARCTURUS laser system all beams originate from a Kerr-lens mode-locked

Front End
( \( A [, XPW |—
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Amplification e Regenerative
Stage 2 Preamplifier 2 Booster
Stretcher
Oscillator
L—) 4 N <
Dazzler Regenerative e
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Y ; ‘ \ ]
( \ [ \ S L
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>
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Figure 3.1: A simplified overview of the Arcturus laser system. The laser pulse is generated
in the oscillator, preamplified and its contrast is enhanced in the XPW module. There are
two more amplification stages before the pulse is split into three parts, two main beams
and a probe. The main beams are further amplified and finally compressed before they are
sent to the target area.

Synergy Ti:Sa Oscillator, which generates ultra short pulses (25fs) with low energy
(5nJ) at a repetition rate of 75 MHz. The central wavelength of these pulses is
790 nm, with a spectral bandwidth of 96 nm. Mode locking of the oscillator provides
this particular frequency spread, which acts as a limit to the minimum duration of

the pulse. Focusing these pulses leads to intensities too low for most recent research
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fields, consequently an amplification of the laser pulse is required. The pulse is guided
through a booster amplifier and experiences a gain of 10%, being picked at 10 Hz by a
pockels cell. A saturable absorber is responsible for cleaning the pulse of unwanted
amplified spontaneous emission (ASE). The next step is a first CPA in combination
with a cross-polarised wave (XPW) module in order to pre-amplify and enhance the
contrast of the laser pulse. The pulse is optically stretched and injected in a re-
generative cavity amplifier. The result is a 1 mJ energy pulse, which is compressed
to 40fs and guided through the XPW module. This method improves the contrast
ratio of the Arcturus laser system from originally 10~ without XPW module to now
107! on ns time scale. The pulse leaving the XPW becomes the seed pulse for the
second, conventional CPA stage. Lengthened to a pulse duration of ~ 750 ps by a
stretcher module, the pulse is shaped in phase and amplitude by an acousto-optical
dispersive filter called Dazzler. During the amplification process, a reduction in the
bandwidth usually occurs; this is known as gain narrowing. To avoid this effect, the
Dazzler introduces spectral losses on the central part of the spectrum and broadens
the spectrum for efficient amplification. The amplification chain starts with a regen-
erative pre-amplifier, in which the pulse runs multiple passes through a Ti:Sa crystal.
In a second amplification stage the pulse reaches an energy of 300 mJ and is then
divided into three parts, a probe beam and two main beams (beam 1 and beam 2).
The probe beam is guided directly into a delay setup, before entering the compressor.
This is required for the compensation of missing beam path in comparison to the two
main beams which undergo several multi-pass, butterfly amplifiers. Each amplifier
contains a cooled Ti:Sa crystal pumped by frequency doubled Nd:YAG lasers. In the
first amplification stage (2A and 2B) after splitting the beam the energy is increased
to 300mJ. The following main amplifiers boost the energy up to a maximum of 6 J.
This can be attenuated by reducing the pump power, thus enabling each beam to be
individually tuned for different experimental requirements.

During the amplification process the beam diameter is expanded in order to keep
the fluence on the optics below their damage threshold. The 80 mm diameter beams
are temporally compressed in two separate vacuum compressors to a minimum pulse
duration of 25fs and are finally guided through vacuum beam lines into the target

area (TA) and the experimental chambers.
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3.1.1 Laser pulse contrast

The laser pulse contrast is the ratio of the laser peak intensity to the intensity of the
ASE pedestal background. The ASE pedestal originates mainly from the preampli-
fier in the laser system and is generated by spontaneous emission, which is further
amplified by the main amplifiers. The parameter laser pulse duration describes the
temporal length of the main high intensity peak. The entire temporal profile of the
laser pulse however, discloses a complex time structure. It contains the ASE pedestal
before the main pulse arrives and some additional pre and post pulses. It can be ex-
perimentally measured, typically in a pico- to nano second time scale. Current laser
systems, without additional contrast improvement modules, deliver pulses reaching
6 — 9 orders of magnitude contrast in ns time scale [43].

The leading edge of such a laser pulse has intensities well above the ionisation thresh-
old and interacts with the target before the main pulse arrives. The result is a pre
ionised material or, in case of ultra thin solid foils, the target can be completely
destroyed. Effects of the so called pre-pulse on interaction and the following accel-
eration processes are an interesting part of the research in Laser-plasma physics on
its own [44] [45]. The experiments carried out in the context of this thesis require
additional pulse cleaning to avoid these effects.

Two methods, which are implemented in the ARCTURUS laser system are intro-
duced in more detail. The first one, the XPW module is implemented at the front
end of the laser system, whilst the second method, the plasma mirror setup improves

the contrast for each main beam individually after the final compression.

XPW generator

Cross-polarised wave generation is a nonlinear filtering technique, producing a wave
with the same wavelength as the input pulse. The temporal profile of the output
wave has a cubic dependence on the input pulse profile, which makes this technique
successful in the enhancement of the temporal contrast of femtosecond laser pulses
[43]. A XPW generator consists of two crossed polarisers and in between a nonlinear
crystal (BaFy crystal). A linear polarised laser pulse is focused onto the crystal; a
new wave is generated, which is orthogonally polarised to the input pulse. As the
conversion is more efficient for high intensities, the ASE background is drastically

suppressed.
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Plasma mirror setup
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&
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Figure 3.2: Schematic of a plasma mirror setup (left) and the working principle (right).
The laser pulse is focused by a parabolic mirror onto a subtrate, which becomes instantly
reflective when the rising edge of the main pulse starts to ionise it. The reflected high
contrast laser pulse is re-collimated by a second parabolic mirror.

In the plasma mirror setup (figure 3.2) the compressed laser pulse is reflected by
mirror 1 onto an off-axis parabola. The pulse is focused onto a dielectric optically
flat glass substrate, which has an anti reflective coating. The low intensity ASE
pedestal and prepulses go through the substrate, which is transparent for the laser
wavelength. The rising edge of the main pulse reaches intensities sufficient to ionise
the substrate. A reflective plasma sheet is triggered by the laser pulse itself and acts
as a mirror, which reflects most of the subsequently arriving main pulse. A second
off-axis parabola re-collimates the beam and it is finally redirected by mirror 2 into
the beam line. As a positive side effect, possible reflections from the interaction area,
which are guided back through the beam line towards the front end are stopped at

the damaged substrate surface.

Figure 3.3 depicts the temporal laser pulse profile of the ARCTURUS laser system,
including the XPW module. 60 ps before the intensity peak, the laser pulse contrast is
10719 which is one magnitude higher than the contrast without XPW module (before
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the ARCTURUS upgrade in 2013). A contrast measurement of the pulse after the
plasma mirror is challenging, as for each shot the damaged substrate surface has to
be moved and the limit of the dynamic range of the measuring device is exceeded.
Nevertheless, the contrast improvement by using a plasma mirror can be estimated to
be two orders of magnitude, which adds up to a final contrast of 1072 on a hundreds

of ps time scale.
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Figure 3.3: Temporal profile of the laser pulse of the ARCTURUS laser system. The
contrast is 10710 on a hundreds of ps time scale. Implementing the plasma mirror enhances
the contrast up to 10~12.

3.2 Diagnostics and techniques

For both experiments, discussed in this thesis, a high intense laser pulse is used
to accelerate electrons from a target (gas or solid). On these electrons a counter-
propagating laser pulse is scattered, generating X-rays via Thomson scattering. Fig-
ure 3.4 shows a schematic valid for both setups, emphasising the diagnostics in use

which can be divided into two groups: diagnosis of the interaction area and detection
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of generated radiation.
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Figure 3.4: Schematic of the experimental arrangement of the diagnostics used during the
campaigns in connection with this thesis.

The interaction itself, particularly the target conditions, including density (gas tar-
get) or expansion velocity (solid target) are diagnosed by optical probing. A colli-
mated probe beam is sent orthogonally to the interaction beam through the interac-
tion area. The modifications are captured on a CCD camera by an interferometric
or shadowgraphy setup.

The accelerated electrons are measured by an electron spectrometer. They are de-
flected by a magnet and detected, energetically resolved, on a lanex screen (online) or
an image plate (single-shot). The X-ray detection method depends on the expected
spectral range of the generated radiation. For soft X-rays (100eV — 5keV) a trans-
massion grating, which diffracts X-rays onto an Andor camera is used. Hard X-rays
(10keV — 200keV) are attenuated in dependence on their energy by a set of copper

filter and captured by a Photonic camera, which is sensitive in this range.

3.2.1 Optical probing

The interaction of ultra short, high intensity laser pulses with matter leads instantly
to the creation of a plasma. The evolution of the characteristic parameters, for ex-
ample the plasma density and temperature, happens on a ns time scale. At the

early stage of this interaction, the characteristics are mainly determined by the con-
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tribution of the electron density. For this reason, diagnostic techniques capable of
measuring the electron density variation become important.

The optical probe technique is a diagnostic based on the propagation of a probe beam
through the plasma [46]. The beam profile is modified due to the variation of the

refractive index within the plasma. The refractive index

ne(l 7y7z7t) iLe(:[7y72;7t)
t)y=4/1—-——--"—"-=1 - — 3.1
/r](x’y,z’ ) \/ nc 27?,0 ( )

is a function of the electron density and of the critical density and therefore depen-
dent on the probe wavelength. The variation of the refractive index and therefore
plasma parameters, such as the electron density, can be obtained by the measurement
of the modifications (e.g. phase variations) induced on the probe beam. The probe

pulse duration determines the temporal resolution of the diagnostics.

Interferometry

Chamber

Nozzle

Probe o

Beamsplitter

Figure 3.5: Mach Zehnder interferometer as used in order to measure the density distri-
bution of a gas jet.

A practical approach to capture these modifications is the interferometry [47]. The
probe beam, crossing the plasma and a non-influenced reference beam, traveling the
same distance, are brought to interfere on a detection plane. The resulting fringe pat-

tern contains information about the electron density present at the time the probe
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beam passed through the plasma or gas. The technique is of great interest when
experimenting with gas jets, using different background pressures, as the density of
these jets is an important parameter in the electron acceleration process.

There are several possible configurations to implement interferometry as a diagnos-
tic [47]. Figure 3.5 shows the Mach Zehnder interferometer, that is used to measure
the density distribution in the jet and the temporal response of the valve during the
experimental campaign described in chapter 4.1. A continuous wave laser (400 nm)
is expanded and directed slightly off center through the interaction area. The probe
exits the vacuum chamber through a glass window and is divided by a beam splitter
into two parts. Both beams are reflected at two mirrors, before the beams recombine.
Finally, the beams are individually aligned in such way, that the reference part of
one beam interferes with the distorted part of the other beam on a CCD camera.
The spatial and temporal variation of the refractive index 7 is a function of the elec-
tron density. The propagation of the probe beam through the expanding gas leads
thus to an additional phase shift A®(x,z) of the probe beam with respect to its prop-
agation in vacuum, for the same distance. Phase extraction from the interferometric
data is therefore an important step in the analysis. This is achieved by measuring
the fringe displacement from their unperturbed position [48].

The mathematical treatment involves a Fourier transformation of the intensity pro-
file of the raw data (figure 3.6 a)) along the z-axis. The inverse Fourier transfor-
mation is applied to the component of the spectrum, where the phase information
is stored. Finally, the phase (figure 3.6 b)) can be deduced from the ratio of the

inverse Fourier transform of the signal and the reference case. The phase shift

d) Density at 700pm

Figure 3.6: Process of the interferogram analysis. From the raw data (a), the phase
information (b) is extracted via Fourier transformation. The 2D density plot (c) can be
obtained after an Abel inversion of the phase shift. A line out of the density map provides
information about the density at a specific height (d) above the nozzle.
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Ad(z,z) = [,(n(z,y,2) — 1)22dy is proportional to the integral of the refractive
index along the optical path length (y-axis). Considering the cylindrical symmetry
of the gas jet, the integral becomes analytically solvable by an Abel inversion [48].
The final density is plotted in 2D (figure 3.6 ¢)). To obtain the specific density pro-
file, at the position where the focused laser beam interacts with the gas jet, a line
out is taken (figure 3.6 d)).

3.2.2 Shadowgraphy

Transverse optical shadowgraphy is one of the simplest optical probing techniques,
in which the shadow of the plasma is imaged along the probe line. The probe light is
not able to propagate through the region, where the refractive index is higher than
the critical density, this causes a shadow in the recorded image. An optical lens
is installed to collect the probe rays and to focus them onto a CCD camera with a
magnification of 10. The probe pulse is converted to 2w by a BBO crystal, in order to
be able to block w light of other sources from reaching the detector. The visible signal
is proportional to the second derivation of the refractive index. The diagnostic is often
used to analyse the plasma expansion rather then gaining quantitative information
about the electron density. However, the expansion velocity can be derived from
shadowgrams by measuring the spatial evolution of the shadow edge at different

times.

3.2.3 Electron spectrometer

An electron spectrometer is a magnetic yoke with two detection planes, one on the
top and the other one on the back of the magnets. It is used to record energetically
resolved electron spectra in high power laser plasma experiments.

The deflection of a charged particle in a homogenous magnetic field depends on its
kinetic energy E. More specific, the trajectory of a particle with the charge ¢ and

mass m describes a circle with the energy dependent radius

_myB  m

E
5 4B 1+ )2 -1, (3.2)

Ey
called the Larmor radius [49], where FEj is the electron rest energy. The magnetic

field B is therefore causing a dispersion of a bunch of energetically broad distributed
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electrons in space.

Detection planes

Electron beam

Pinhole

L db

Figure 3.7: Schematic drawing of an electron spectrometer. Electrons enter the magnet
through a pinhole and are deflected due to the magnetic field in dependency of their energy.
They are detected above and behind the magnet by an electron sensitive screen.

Figure 3.7 shows a schematic drawing of the working principle of an electron spec-
trometer. The entrance of the spectrometer is covered by a layer of plastic and lead
with a pinhole in the middle of the magnetic yoke. A small pinhole diameter improves
the energy resolution of the system. However, the minimum size is defined by the
flux, which is necessary to obtain a decent signal on the detector plain. Electrons,
which enter the spectrometer through the pinhole, are deflected by the magnetic
field. When they exit the yoke, they follow a linear motion with a constant veloc-
ity. The detection plane can be either at a certain distance d; on top and d, behind
the magnet or directly attached to the magnet. Commonly used for the detection
are phosphor screens, which instantly emit light, that is imaged by a CCD camera
(online) or image plates, which store the information. The latter are read out by a
scanner after each radiation process and can be analysed quantitatively.

The electron spectrometer, used for the measurements presented in chapter 4.1, is
designed for high energetic electrons up to 150 MeV. Two 20 cm long and 10 cm high
neodymium magnets are mounted, with a 1cm gap between them, in an iron yoke
configuration. The resultant homogenous magnetic field within the yoke is measured
with a hall probe and is 400 mT. The 5mm pinhole is surrounded by 2cm thick
plastic and 1 cm thick lead, in order to block high energetic electrons, which are not

on the laser axis. The electrons are detected at a distance d; = 18 cm on the top and
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d, = 17 cm behind the exit of the spectrometer on a phosphor screen.

To measure a lower energetic energy range up to 10 MeV, the gap between the mag-
nets can be increased. For the experiment described in chapter 4.2 two neodymium
magnets (10 x 7.5 cm) are arranged with 4 cm space between them and the magnetic
field in the center reaches 150 mT. During shooting sessions a phosphor screen is
mounted directly on top of the magnet and the spectrometer is used as an online
diagnostic. However, for each target type, the electron distribution of some shots are
recorded on image plates in order to gain quantitative information on the electron
flux. During these shots, a 3mm pinhole limits the entrance of the spectrometer,

consequently a resolution of less than 10 % is achieved.

Phosphor Screen

The working principle of a lanex screen is based on the scintillating layer. When an
energetic photon or a charged particle penetrates, it excites the phosphor molecules
by collisions. The absorbed energy is re-emitted in form of green light, which can be
captured by a CCD camera looking onto the screen.

When focusing an intense laser pulse onto a gas jet, the shot to shot fluctuation
of the accelerated electrons, in particular their flux and energy distribution, can be
rather strong. This kind of experimental campaigns require an online diagnostic for
the recording of the electron spectrum and a lanex screen is most suitable as the
detecting element.

The active layer of the lanex screen (KODAK Biomax MS) is protected by 15 pum
thick aluminium in order to block unwanted laser light. The energy deposited in the
phosphor layer by the electrons is proportional to the amount of energy of the light
re-emitted by the screen in the visible range. A calibration of the same lanex screen,
which is used during the experiments described in this thesis, shows that above
3MeV the deposited energy becomes nearly independent of the incident electron
energy and therefore depends only on the number of electrons [50]. The emitted
light of the screen follows a cosine distribution, and to determine the total number
of electrons it is crucial to measure all of the scintillation signal [50]. The camera,
looking at the detection screen, is usually installed outside of the chamber. Thus is
it not straight forwards to gain quantitative information from the images recorded.

However, a qualitative energy distribution can be easily found by taking the line out
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of the traces the electrons generate on the screen.

Image plates and flux determination

An image plate is a flexible sensor, which contains a photostimulable storage phosphor
layer. When the molecules in this layer are struck by ionising radiation (e.g X-rays
or charged particles), electrons are elevated into higher energetic levels, where they
become trapped. This metastable state remains until lower-frequency light returns
the trapped electrons to the conductive band, where they relax to their original
state while releasing photons in the visible range [51]. In practice, the reading out
process is operated by a laser scanner, which performs photostimulated luminescence
(PSL) and captures it in discrete pixel values. The PSL signal is proportional to the
number of incoming charged particle and therefore an essential detection method for
quantitative measurements of laser plasma generated electrons.

In comparison to a lanex screen, which emits a signal instantaneously and only for
a few milliseconds, an image plate (IP) is a one-shot-only diagnostic. Irradiated
by charged particles, the information is saved long enough to be read out typically
after 80 min, when the fading process of the IP stops and the signal stays constant
over several hours [52]. During the read out process the total signal stored on the
IP can be obtained. With the lanex screen however, the fluorescence is captured
with a CCD camera, often far away from the screen and thus does not contain all
photons emitted by the screen. For the experiment discussed in Chapter 4.2, BAS-
TR2040 IPs containing a 50 um thick sensitive layer are used and scanned by a Diirr
medical CR 35 BIO scanner. In the scanner, a HeNe scanning beam is releasing the
trapped electrons and the PSL signal accompany this process is detected by a photo
multiplier, transforming it into a 16 bit grey value image with a pixel size of 25 pum.
The dynamic range of the image plates is in the order of 10°, while the range of the
read out system is lower. However, the IPs can be read out several times to gain
all the information stored and the total signal can be reconstructed considering the
signal decay after each scan [53]. The exponential decay function after n scans, using
the CR 35 BIO scanner, is measured to be [54]

n

=0 1. - :
Ly = 0999 +1.8279 exp (3.3)

where L, is the ratio of the signal intensity of scan n to the intensity of scan n = 1.
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The energy dependent spatial distribution of an electron beam is captured on a
stratified stack, alternating different layers of aluminium filter and IPs. Hidding
et al. [53] describe in detail the analysis method of the IP stacks technique, as it
is used in the experiments presented in this thesis. Based on the total number of
electrons and their divergence, the fraction of electrons going through the pinhole of
the electron spectrometer and reaching the detector plane are estimated.

The response of IPs to electrons and the 1/cos(#) relation between the PSL value of
electrons reaching the IP under normal incidence and under an incidence angle of ¢
is investigated by Chen et al. [52]. The effect of oblique arrival is acknowledged by
considering the divergence of the electron beam and the deflection in the magnetic

field of the electron spectrometer. The energy deposition in different types of IPs,
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Figure 3.8: GEANT4 calculation results carried out by Hidding et al. [53] showing the
deposited energy per electron for different types of IPs (solid lines and left y axis). In
comparison, the PSL response per electron for the BAS-SR type IP (dotted line and right
y axis) is plotted [55]

depending on the incident electron energy, is plotted in figure 3.8. The dotted curve
is based on an experimental calibration [55], whereas the solid curves are the outcome
of simulations with GEANT4 [53]. The solid, light blue curve corresponds to the IP

type BAS-TR, used in this experiments and shows a nearly constant behaviour of
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the deposited energy per electron, when the electron energies are higher than 1 MeV.
The electrons produce a PSL signal at about 0.008 PSL/electron, looking on the
experimentally measured calibration curve using BAS-SR type IPs. In comparison
to BAS-SR IPs, the simulations show that BAS-TR IPs store three times less energy,
consequently the PSL response is reduced to 0.003, corresponding to a deposited
energy per electron of 18keV. The calibration data in figure 3.8 is measured by
reading out the IPs with a pixel size of 200 um. The resolution of the CR 35 BIO

scanner is eight times higher, therefore a factor of 64 has to be considered.

3.2.4 X-ray detection and evaluation with a Photonic Camera

Experimenting on optical laser generated ultrashort X-ray sources, based on electron
acceleration from gas jets, it is mandatory to design a suitable diagnostic for hard
X-rays. The theoretically expected properties of the X-ray beams imply a diagnostic
for photon energies in the range of hundreds of keV with a sufficient energy resolution

and a detection area large enough to capture a divergent beam.

Filter combination

In the experiment described in chapter 4.1, a Photonic Science Image Star 1001E
X-ray camera is used, with an active area of 45 x 45 mm and an optical pixel size at
the scintillator input of 44 ym. The absorption efficiency at 100 keV is 35 %, the com-
plete quantum efficiency curve, provided by Photonic Science, is taken into account
when estimating the total flux on the chip. The detector is protected by a 12 um Al
window, which is nearly invisible for high energetic X-ray radiation, but shields the
array effectively from laser light. The X-ray radiation passes through a 500 ym thick
glass plate and exits the vacuum chamber through a 20 gm thick polyimide (Kapton)
window. The corresponding transmission curve for both, glass and kapton, can be
generated with the XCOM Calculator of the National Institute of Standards and
Technology (NIST) [56]. The product of these transmission curves and the efficiency
curve of the X-ray camera can be summarised as the total response curve R(E)
of the detection system. The energy distribution of the scattered X-rays is experi-
mentally measured by a set of copper filters (f1 — f8). Image 3.9 shows the beam

profile through radially symmetrical arranged copper of different thickness (0 mm,
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Figure 3.9: Raw image of a recorded X-ray beam going through a set of copper filters
f1-f8, with the red highlighted area being analysed. The corresponding curves dj, ;41 (E) =
Ti(E—)Tk+1(E) are the difference of the transmission curves of two consecutive filters.

0.05 mm, 0.15mm, 0.5mm, 1 mm, 1.5mm, 2mm, 3.5mm). The energy dependent
transmission curve Ti(FE) for each filter is simulated by a GEANT code, which was
run by Maximilian Kosel in the framework of his bachelor thesis [16]. The differ-
ence dyjp+1(E) = Tp(E—)Tiy1(£) of two transmission curves for consecutive filters
is plotted in figure 3.9. The integral of d 41 (E) (e.g. dy/2, grey area) equals to the
difference in signal going through the filters. To meet the properties of a Gaussian
beam profile, which can be off center to the copper arrangement, the average counts
per pixel going through a filter is measured in a ring segment (highlighted in image
3.9). Knowing the response curve R(E) of the detection system, which translates
counts per pixel into photons, the total number of photons per 1% bandwidth (eV)

can be calculated.

3.2.5 Transmission spectrometer

For the detection of extreme ultraviolet radiation up to soft X-rays (10eV — 10keV),

which is the typical range when scattering laser light on electron bunches accelerated
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from thin solid foils, a high energy detection range Andor CCD camera is sufficient.
The camera is vacuum compatible, with the advantage that no further material to
hold the vacuum is in the field of view. The detectable photon energy ranges from
10 to 10.000 eV and is captured on a 27.7 X 27.7 mm chip with a pixel size of 13.5 um.
A transmission grating is aligned with a distance of b = 390 mm with respect to the
CCD detector, at 0 degree to the target normal and in the direction of the driv-
ing beam (figure 3.10), to resolve the photon signal spectrally. Both, detector and
grating, are covered by a lead housing with a 2mm diameter hole at the entrance.
A 200nm aluminium filter is used to reduce any incoming optical light (e.g. laser
light), while a great part of the XUV light passes through the filter. For an ade-
quate resolution, an additional pinhole or slit (150 pm diameter/width) is added in
line with the entrance of the lead housing. A side effect of the electron spectrometer,
which is positioned in front of the grating setup, is the deflection of charged particles,
which could cause strong background signal on the CCD. Supplementary, another
strong magnet (500mT) is located between grating and Andor camera to deflects
these particles completely from the detector chip.

The grating is built of 5000 free standing gold lines per milimeter (G = 5000[1/mm])
on a 1 pm polyimide carrier foil and is optimised for 1st order diffraction. The dis-
persion at the detector plane can be measured and the wavelength \ of the radiation
at a distance x from the zero point can be deduced from the interference condition

A= —x sin(arctcm(x - (3.4)

with the grating parameter G (lines per milimeter) and the distance between grating

and detection plane b.

Total efficiency and analysis method

Figure 3.11 a) shows a raw X-ray spectrum of a shot on an aluminium target, which
is analysed by taking the average signal of each column along the whole slit length.
Hotspots are eliminated and the background signal is subtracted. The remaining
counts are not directly proportional to the X-ray spectrum created during the inter-
action, as an energy dependent fraction of the radiation is absorbed by the Al filter
and the polyimide layer of the grating. The transmission curves for these filters is
provided by the XCOM Calculator of NIST [56]. The diffraction efficiency of the
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Au grating

Figure 3.10: Setup of the transmission grating spectrometer. X-rays enter through a
200 nm aluminium filter and a slit. They are diffracted by a gold grating and the spectrum
is detected by an Andor camera. Unwanted protons are deflected by a magnet.

grating itself can be plotted with the Transmission Grating Efficiency Calculator,
provided by the Lawrence Berkeley National Laboratory [57]. Finally, the quantum
efficiency of the CCD, provided by Andor has to be taken into account. Considering
these effects, a total transmission curve of this setup can be derived and applied to
the counts above background level measured on the CCD. In figure 3.11 b) the final
spectrum is present. The x-axis is calculated with equation 3.4 and the X-ray counts
per pixel on the y-axis include the total transmission function of the setup.

The spatial and spectral resolution of the transmission grating setup strongly de-
pends on its geometry, more accurately the size of the elements and the relative
distances between them. The source projection through the pinhole or slit with a
diameter/width D is given by dL = [(I' + 1)/T'| D, where I is the magnification de-
termined by the distance between pinhole and detector (b = 390 mm), divided by the
distance between source and pinhole (& = 760 mm) [58]. In the setup, the pinhole size

is large compared to the X-ray wavelength, that diffraction effects can be neglected
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and a spatial resolution of less than 0.45 mm is achieved.

The signal on the detector has a certain spot size or line width, which is respon-
sible for the spectral resolution of the setup. Based on the linear dispersion D, =
d\/dx = 5A/ mm calculated with equation 3.4 and assuming a point source, the

minimal resolvable wavelength difference can be written as

AN=D,x D=« (1+T). (3.5)

For the range of interest from 10 — 100 A, the spectral resolution of the setup is less
than 10 %.

For a proper calibration of the spectrometer, the spectra emitted from targets of
different material with well known k, emission, for example aluminium (figure 3.11

b)) and titanium (figure 3.11 ¢)) are recorded.
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Figure 3.11: The raw image of a shot on an aluminium target is shown in a). The image is
processed and the spectrum plotted in b) is obtained. In order to calibrate the spectrometer
the spectrum of a shot on another target material (Titanium) is recorded c).
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Laser generated, all-optical X-ray source

Ultrashort and brilliant X-ray beams are of great interest in many areas of
science as they allow to resolve fast moving processes on the atomic level. A
promising approach to create such radiation is based on Thomson scattering
of intense laser light on relativistically moving electrons. The concept was
proposed in the second half of the 20th century [59], [60] and since then inten-
sive theoretical studies have been carried out [30], [40] and [41]. The process
is build on the relativistic Doppler effect, which leads to a frequency shift of
the scattered photons to w, = 4v%wy/(1+a2/2+~%¢?), with v = (1— 32)~1/2
the Lorentz factor of the electron beam. The radiation depends on param-
eters, which can be freely tuned by varying the laser wavelength and the
electron energy. The latter strongly depends on the applied electron accel-
eration method. Possible schemes are conventional high energy accelerators
or the laser based acceleration from solid targets, gas jets or gas cells. Each
scheme has their own advantages and has been experimentally investigated
in [36], [37], [61] and [62]. In this chapter two setups are introduced, both
with the aim to produce an X-ray pulse by Thomson scattering in an entirely
optical manner. Firstly, the results from the scattering process of a recycled
laser pulse on a 100 MeV electron bunch are presented. In this context, the
electron acceleration from a gas jet is investigated. The configuration leads
to the production of X-ray beams with energies around 150 keV, a divergence
of less than 30 mrad. The second setup includes two independent beams, an
intense w pulse, which accelerates dense electron sheaths from a thin foil,
and a counter-propagating 2w scatter pulse. The latter is timed relative to
the driver beam in such way, that it is able to scatter on the accelerated
electrons. The investigations include an experimental characterisation and
simulations on the electron acceleration from thin foils. Finally indications
for a frequency upshift of the scatter pulse on these dense electron bunches

are presented.
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4.1 Thomson scattering of a recycled laser pulse on

laser accelerated electrons

The two ingredients for a X-ray source based on Thomson scattering are relativisti-
cally moving electrons and a scatter laser pulse. There is a variety of experimental
realisations for both of them. Quasi monoenergetic electron bunches in the range of
hundreds of MeV and a high repetition rate are the results of SM-LWFA from a gas
jet. The recycling of the driver laser pulse by the reflection on a plasma mirror has
the great advantage of an inherent temporal and spacial overlap of the laser pulse

and the relativistic electrons.

4.1.1 Setup |

The results, presented in this chapter, were obtained at the ARTURUS laser system
in Diisseldorf using one of the 200 TW main laser beams for the interaction with a
gas jet, and the 2w probe beam for its diagnosis. A schematic of the experimental
arrangement is shown in figure 4.1. The laser pulse is focused 600 ym above the

center of the gas nozzle by an f/12.5 off-axis parabolic mirror to a spot size of 15 ym

Laser
pulse Probe Electron spectrometer

X-ray camera

f/12.5 OAP Gas nozzle Filter

Figure 4.1: Schematic of Setup I. The laser pulse is focused by an off-axis parabolic mirror
into a gas jet, reaching intensities of 101 W /cm?. The laser pulse is reflected back towards
the accelerated electrons by a glass plate in order to generate X-rays. The electrons are
detected by an electron spectrometer, and the X-rays are recorded by a Photonic X-ray
camera after passing through a set of filters.

Reaching intensities of 10 W/cm?, the main beam accelerates electrons from the

gas. A 0.5mm thin glass plate is positioned a few hundred pum behind the nozzle,
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on the laser direction. After passing the gas nozzle, the laser pulse reaches the glass
plate and reflects back towards the electrons. The glass plate acts like a plasma
mirror as the laser pulse has enough intensity to generate a plasma on its surface. A
2w probe is guided perpendicular to the main beam through the interaction area to
a shadowgraphy setup. The interaction plane is imaged 10 times magnified by a lens
onto a camera. The electrons are detected by an electron spectrometer, resolving
energies up to 150 MeV. A Photonic camera, able to detect X-ray up to hundreds of
keV, in combination with different filter arrangements is used for the characterisation
of the X-ray beam. The diagnostics, applied in this experiment are described in more
detail in chapter 3.2. For the remainder of the thesis, this experimental arrangement

is referred to as Setup I.

Gas jet characterisation

A suitable gas target for the laser based electron acceleration is the Parker Hannifin
series 9 valve in combination with a supersonic nozzle. The gas used during the
experiments for an optimum electron acceleration, is a mixture of 99 % Helium and
1% Argon. The valve has a fast response time (us) and is triggered to open just a
few ms before the laser pulse arrives in order minimize the total gas load released
into the vacuum chamber. The supersonic nozzle, mounted on top of the valve, is
responsible for shaping the density profile. The optimum profile is a broad and flat
density distribution with steep density gradient at the edges [63]. The maximum gas
density is adjusted by tuning the backing pressure of the valve.

A time-resolved Mach Zehnder interferometrical measurement (details chapter 3.2.1)
was performed to investigate the temporal response of the valve and the density
profile along the gas jet. When the gas jet is expanding, local variations in parti-
cle density (and consequently the refractive index) result in a fringe displacement
on the interferogram. The backing pressure is set to 15,20 and 25bar to generate
measurable fringe shift. The probe gas is 100 % Argon, instead of the gas mixture
used during the shooting sessions. Argon has a higher refractive index than helium,
which leads to a stronger fringe displacement at the same density.

The results reveal, that the gas density is stabilized after 6 ms, consequently the den-
sity distribution in dependence of the backing pressure at 8 ms is further investigated.

Figure 4.2 a) shows the density profiles for three different backing pressures 0.6 mm
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Figure 4.2: The left graph shows the interferometrically measured density profile, 0.6 mm

above a supersonic gas nozzle, for three different background pressures. A linear inter-

polation along the data points of the maximum electron density at different background
pressures is plotted in the right graph.

above the nozzle. For low backing pressure the profile becomes steeper at the edges
and flatter in the center. In graph b), the maximum particle density against the
backing pressure is plotted. A linear fit through the data points enables an estimation

of the particle density at lower pressure values, e.g. at 5 bar the particle density equals
to 1.15 x 10" cm ™3,

4.1.2 Parameter optimisation

The spectrum of Thomson backscattered photons depends on both, the electron
energy distribution v and the laser strength parameter ay of the recycled pulse.
Therefore the study and detailed description of these parameter is essential for the

interpretation of the measured X-rays.

Electron acceleration

The aim of the investigation of electron acceleration from gas jets is to create a
spectrally characterised electron source for Thomson scattering. Depending on the
demands of the final X-ray source, quasi-monoenergetic or broad band energy fea-
tures can be of great interest. For the analysis it is important that both, the electron

beam and X-rays are detected simultaneously.
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Systematic modifications of different parameters, such as the nozzle diameter, the
position of the focus and the plasma density were performed to find a set of param-
eters for a stable acceleration regime.

Figure 4.3 shows the raw data of 19 shots, recorded while continuously reducing
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shot #1-19

Figure 4.3: Images of the detection screen of the electron spectrometer for 19 different
shots, onto a gas jet with increasing background pressure are shown. The black scale, on
the left side, gives the electron energy. The gray scale, on the right side, gives the electron
density of the gas jet present at each individual shot. The coloured traces are the electron
signals, while the blurry purple and pink signal towards shots with high electron density
are artefacts. The figure shows, that in a density band from 2 — 3 x 10'® cm™2 the electron
acceleration is most efficient.

40

E [MeV]
Ne [cmM™]

the density of the gas jet. The scale for the electron density, present at each indi-
vidual shot, is on the right side of the diagram and is ranging from 1 x 10 cm ™3 to
6.4 x 10" cm™3 . The optimum density regime for the production of hot electron nar-
rows down to a backing pressure of 5—6 bar, which corresponds to an electron density
of 2.3 x 10" em™3. At this density the condition P/P,.;; > 1 for self focusing of short
laser pulses is fulfilled, which leads to an enhancement of the laser intensity. The
plasma wavelength becomes longer than the laser pulse (Ap/2 < ¢ < Ap), suggesting
then both, SM-LWFA and LWFA acceleration can occur. The self-modulation of the
laser pulse by the plasma wave can cause further shortening of the pulse. This can
result in wave-breaking and the production of fast electrons in bubble like structures
with non Maxwellian energy distribution. The acceleration is extremely sensitive to
fluctuations of the laser and plasma parameters, for example the laser pulse dura-
tion, the plasma density profile and the spacial jitter of the laser pulse. Thus it is
difficult to precisely predict the acceleration mechanism present at each individual
shot causing a certain diversity of electron spectra.

Below a density of 2 x 10 cm™3 there is no electron signal above 40 MeV visible,
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suggesting conditions for an efficient acceleration are not met. The density profile
and the exact density value at such low backing pressures originate from a linear
fit and are not measured directly. A reason for the abrupt change of the electron
signal can be a nonlinear behaviour of the gas density at low backing pressures. With
decreasing electron density, the critical power increases. Without the effect of self
focusing, the laser intensity is not sufficient to accelerate electrons to the range of
hundred MeV.

For higher electron densities, the electron signal becomes less stable and the mo-
noenergetic features disappear. The laser depletion length L, o n3/? is inversely
proportional to the electron density and thus becomes shorter than the plasma length

leading to an inefficient acceleration.
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Figure 4.4: The raw electron data of two typical consecutive shots and the corresponding
energy spectra are shown. The signal intensity is normalised to the peak number of counts
of spectrum (2).

Various types of acceleration mechanisms, triggered at the optimum plasma density,
produce different shapes of electron spectra. In Figure 4.4 two types of electron spec-
tra are plotted, which are both normalised to the maximum signal counts of the raw
data (2). Spectrum (2) shows a strong, quasi energetically narrow peak at 97 MeV
with a spectral width of 20 MeV FWHM. In contrast to (2), the electron signal (1)
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is decaying with increasing electron energy.
Maksimchuk et al. [64] investigated the electron acceleration in underdense plasmas
using similar laser parameters and a similar gas density range. High-energy quasimo-

noenergetic electron beams were generated at a plasma density of n, = 1.5x 101 cm ™3

3

to n. = 3 x 102 cm =3, confirming the observations from this experiment.

Recycled Scattering Beam

For the interpretation of the generated X-ray beam in the recycling mirror setup, it is
essential to estimate the intensity regime of the scattering laser pulse. The reflected

beam properties were measured by tilting the glass plate 25°. Figure 4.5 a) shows the
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Figure 4.5: Degradiated profile of the reflected laser pulse on a PTFE screen, 32 cm behind
TCC, and after the interaction with the gas jet. The red curve is a lineout taken along the
arrow. The gaussian distribution (black curve) fits the data and is used to estimate the
reflected total energy.

laser profile on the PTFE screen with a 2.5 cm hole in the center, in order to capture
the remaining laser energy on the calorimeter behind the screen. The reconstructed
Gaussian beam profile is plotted in figure 4.5 b), showing that 53 % of the total
beam energy can be measured on the calorimeter. After the interaction with the gas
jet and the reflection on the glass plate, about 500 mJ beam energy remains. The
energy absorption during the interaction with the gas jet strongly depends on the
gas jet density. For a backing pressure of 5 bar measurements account for 40 — 50 %
absorption of the initial laser energy.

The electrons, accelerated during the interaction, are traveling with a velocity near

to the speed of light. Considering this fact, the position where the recycled beam

65



CHAPTER 4 LASER GENERATED, ALL-OPTICAL X-RAY SOURCE

scatters on the electrons is tens of nanometer away from the glass plate surface.

Filamentation and refraction lead to an increased divergence of the beam and a
degradation of the profile. In comparison to the undisturbed beam (shooting without
gas), the divergence doubles. According to this, the beam diameter at the scattering

position is about 45 um (FWHM), resulting in a maximum amplitude of ag = 0.9.

4.1.3 X-ray beam characterisation

Along the axis of the relativistic electrons, an X-ray beam generated via Thomson
scattering was detected. The X-ray radiation is produced when the recycled laser
pulse scatters on the relativistically accelerated electrons. The radiation properties,
such as the energy spectrum, the divergence, the pointing direction and the source
size were measured and analysed by methods described in chapter 3.2.4. These
properties strongly depend on the recycled laser amplitude ay and frequency as well

as the electron beam characteristics.

Betatron radiation

Besides Thomson scattering, there is an additional X-ray source present in a laser-
plasma electron accelerator. During the acceleration process the electrons undergo
relativistic betatron oscillations in the strong electromagnetic field of the laser; as
a result, a collimated beam of broadband radiation in the X-ray spectral range is

emitted.

Figure 4.6 shows the X-ray spectrum, which was measured during an experimental
campaign at the Arcturus laser facility in 2010 [65]. A 10" W /cm? laser pulse was
focused onto a n, ~ 10 cm ™2 He gas nozzle and the resulting X-ray spectrum was
recorded. The betatron spectrum peaks at 2keV with a FWHM value of 3 keV.

The interaction parameters are comparable to the parameters applied during the
experiment described in this chapter. Thus, it is reasonable to assume a similar
emission of the X-ray beam originating from betatron oscillation. As regards detec-
tion, most of the radiation (up to 5keV) is absorbed just by the 12 ym aluminium
protection layer of the Photonic X-ray camera. Additionally the glass plate, which
is inserted when creating X-rays via Thomson scattering, blocks the betatron radi-

ation spectrum fully. This leads to the conclusion, that betatron radiation doesn’t
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Figure 4.6: Betatron radiation spectrum (black curve) measured at the Arcturus laser
facility in 2010 using similar interaction conditions as in the experiment presented in this
chapter. The red curve is the simulated betatron spectrum [65].

contribute to the recorded experimental data.

Beam profile, divergence and lateral pointing

Figure 4.7 presents the detected electron raw data and the X-ray beam profile of
three different single-shots. The electrons are vertically deflected by a magnet onto
a screen. The lateral pointing and the energy distribution of the electron beam
can therefore be detected simultaneously with the X-ray beam. The X-ray signal
is partly attenuated by a T-shaped filter system before reaching the detector. This
methods guarantees the accurate measurement of the beam profile, the divergence
and the lateral pointing direction. At the same time, the energy distribution can
be determined by analysing the transmitted signal through the filter system. This
unique setup provides for the first time information about important X-ray beam
characteristics in one single shot.

The electron spectrometer and the X-ray camera were aligned along the laser axis.
The dashed lines in figure 4.7 a) mark the center of this axis laterally. Due to
fluctuations in the density profile of the gas jet and the laser jitter, the acceleration
axis of the electron beam can change on a shot to shot basis. In two different
shots, shown in figure 4.7 a) and b), the direction of the accelerated electron beam
diversifies from 1.9mrad to —15mrad. The X-ray beam follows by approximately

the same amount (from 2mrad to —18 mrad), proving that the scattering process is
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Figure 4.7: Raw electron and X-ray data of three single shots, showing the electron energy
on the left side. The lateral shift of the X-ray beam is following the pointing drift of the
electron beam, which is drawn in a) and b). The beam profile is plotted and its divergence
is indicated for the shots b) and c¢) by the FWHM.
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most efficient along the electron beam axis.

The X-ray beam profile has a symmetric Gaussian distribution and is plotted in
light gray for the shots shown in figure 4.7 b) and ¢). In b) a quasi mono-energetic
electron spectrum, peaking around 90 MeV, leads to an X-ray beam profile with a
FWHM angle of 19 mrad. The divergence of the X-ray beam in ¢) on the other hand,
more than doubles (48 mrad). The corresponding electron spectrum is exponentially
decaying with a cut of energy of 70 MeV. This observation is supported by theory,
as the divergence is a function of the energy and decreases with increasing energy.

Moreover, the X-ray energy is proportional to 72 of the accelerated electrons.

Reconstructed X-ray spectrum based on filter edge

In this section the shape of the X-ray energy distribution is analysed. Based on the
electron spectrum measured for each individual shot, the theoretical X-ray energy
spectrum is calculated. Finally this spectrum is validated by experimental data, the

energy dependent of the transmission through different filter configurations located
in front of the detection camera.
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Figure 4.8: A simulated angulary resolved energy spectrum of the backscattered X-rays is

plotted in a). The calculation is based on the experimentally measured electron spectrum,
which is plotted in b).

Figure 4.8 a) presents a calculated angularly resolved spectrum of the backscattered

photons. The x-axis of the graph shows the X-ray energy in keV, while the observation
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angle in mrad is plotted along the y-axis. The colorbar represents the intensity and
is normalised to the maximum intensity at Omrad. The simulation is based on
the theoretical model for Thomson scattering for a head-on geometry described in
chapter 2.7.1, using the equation 2.36 for the X-ray energy and equation 2.42 for the
number of scattered photons. The input electron spectrum, plotted in figure 4.8 b),
peaks at 70 MeV. The number of X-rays decreases with increasing observation angle.
The slope of this decrease is mainly associated with the gaussian beam profile of the
electron beam and its divergence, which is included in the code.

The general shape of the X-ray energy distribution follows the shape of the electron
spectrum. The X-ray intensity resulting from the 70 MeV electron peak, at 0 mrad
observation angle, is at 130 keV with a FHWM of 120 keV.

Based on the angularly resolved spectrum in figure 4.8 a), a theoretical beam profile

a) 20 b)

Divergence [mrad]
o
Divergence [mrad]

Cu filter

)
o

-20 0 20 -20 0 20

Divergence [mrad] Divergence [mrad]

Figure 4.9: Calculated beam profile, with the attenuation of a 500 ym Cu filter in the
bottom left quarter of the image a). The simulation results are compared to the experi-
mental data plotted in b). The white arrow marks the position of a line out, which is taken
and further analysed.

can be reconstructed, which is shown in figure 4.9 a). During the experiment, a
500 pm thick copper filter was used to attenuate the X-ray signal of approximately
one quarter of the beam. In the theoretical beam profile, the energy spectrum of this
part of the beam (bottom, left quarter) is multiplied with the transmission curve of
the filter, in order to model the experimental configuration. Figure 4.9 b) presents
the corresponding X-ray raw data, including the 500 um thick copper filter. Along

the white double arrow (in both plots) line-outs were taken, which are plotted in
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figure 4.10 a), normalised to the peak intensity without any attenuation.

a) b)
r 10
. “‘... i
E=) Ly o 8
= . : Q
FSB 0] SN AR S &
[J] I
2 PN o
£ o8f z°
2 I~ without filter @
8 o6} S 4
- -
© : c
£ 04} SO =
5 AR 2 b
Zz 02} ¥~ through 500um Cu ’
0 , , S
-5 0 5 10 15 20 0 2 4 6 8 10

Observation angle [mrad] Observation angle [mrad]

Figure 4.10: The graph in a) shows the experimental (dots) and calculated (lines) lineouts
along the detected X-ray beam (white arrow in fig. 4.9). The black line/dots are showing
the profile without attenuation and the gray line/dots profile is taken with a 500 um Cu
filter. The ratio of these two profiles (with and without filter) is plotted in b).

The calculated curves, with and without filter, fit the experimental data points well
between 0 — 5mrad from the observation axis. Further away from the axis the
experimentally measured X-ray beam, which is not attenuated by a filter, is less
intense than expected from the calculations. However, the filtered signal is stronger
than predicted. In figure 4.10 b), this trend becomes even more clear by plotting the
ratio of the X-rays reaching the detector directly and through a filter. For the central,
high energetic part of the X-ray beam, the curve overlaps with the experimental data
and for angles > 5mrad the calculated ratio increases rapidly.

The calculation relies on two approximations; The first one is caused by the low
energy detection limit of the electron spectrometer. The minimum energy of the
input electron spectrum is 40 MeV, while the undetected part of the spectrum from
0 — 40 MeV can contribute strongly to the final X-ray spectrum and beam profile.
The second approximation is, that the angle between the electrons and the scattering
laser is considered as 0° (head-on geometry). This leads to a correct estimation of
the X-ray spectrum near the propagation axis. However, further away from the axis
the divergence of the electron beam and of the back-reflected laser pulse leads to a
larger interaction angle. Consequently, the back scattered radiation for observation

angles > 5 mrad is less intense in the experimental results.

71



CHAPTER 4 LASER GENERATED, ALL-OPTICAL X-RAY SOURCE

«++ exp. data
— exponential fit

Normalised intensity [a.u.]

o

20 40 60 80 100
Electron energy [MeV]

)

n

P Ne= — measured spec.
«« « calculated spec.
from e data

— calculated spec.
. WA i from e data fit

Normalised intensity [a.u.]

0 50 100 TS0 200 250
X-ray energy [keV]

Figure 4.11: Graph a) shows an experimentally measured electron spectrum of a single
shot and its exponential fit. In b) the associated X-ray raw data is plotted, showing the
different filter areas. ¢) Comparison of the experimentally measured and the theoretically
predicted X-ray spectrum. The latter is calculated from the electron spectrum in a).

Reconstructed X-ray spectra from multi Cu-filter setup

The second filter configuration applied in the experiment consists of seven, radial
symmetrically arranged Cu filter (0.05 — 3.5mm thick). The details of the setup
and the analysis method are described in section 3.2.4. Figure 4.11 a) shows the
experimental electron spectrum and an exponentially decaying fit. The correspond-
ing X-ray beam, plotted in b) is centered (with a certainty of 5mrad) behind the
filter system. As expected for an exponentially decaying electron beam in this en-
ergy range, the X-ray beam divergence is rather large, about 50 mrad. In figure 4.11

¢), the X-ray energy spectrum from the X-ray signal on the camera is compared to
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the calculated spectrum, which is based on the measured electron spectrum. The
green curve, peaking at 48keV is reconstructed from the difference in signal going
through neighbouring filters. This signal equals to the integral over the subtracted
filter transmission curves dy k11 (E) (section 3.2.4) of the associated filter pair. The
horizontal error bars are the FWHM of dj/x11(E) for each filter pair and increase
rapidly for higher energies. The measured single-shot result (green curve) is shifted
10keV to the theoretically predicted spectrum built on the measured electron spec-
trum (black dots), but for energies > 40keV it is still within the error bars. The
method relies on the assumption that the energy distribution is not changing across
the filters and that the observation angle is 0 degree.

Now two facts can be taken into account: The X-ray beam can be located up to
5mrad off center and the measured signal is averaged over an area up to 5mrad
away from the center. Thus it is reasonable to compare the results to the predicted
X-ray spectrum for an observation angle between 0 — 10 mrad. It is shifted towards
lower energies and therefore fits the measured results within the error bars over the

whole spectral range.

Number of photons and source size

An important quantity in the character-

isation of an X-ray source is the number
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(section 3.2.4). The multiplication of the integral of the curve with the solid angle
of the X-ray beam results into a total photon number of 4.2 x 10°. The peak of the
energy spectrum is at about 100keV. At this energy (dashed line) the number of
photons per 0.1 % bandwidth is 1.6 x 10 ph/0.1% BW.

Another parameter of an X-ray source is the source size. The knife-edge technique is
often used in order to determine the source dimensions. This method is a geometrical
approach, where the intensity profile of the shadow of a knife-edge and the distances
of the detector and of the source to the object are considered. The images recorded
during the experiment in the context of this thesis show only objects (e.g. filters),
which are rather close to the detector plane. Considering this geometric setup and
the fact, that the X-ray camera resolution of 44 um per pixel is rather low, the cal-
culated source size, based on the intensity profile of a filter edge is in the range of
several mm. A typical Thomson backscattering source size should be in the range of
tens of pum [37] [66]. One factor contributing to this discrepancy is the method itself.
A sharper object can be used, which should be positioned closer to the source than
to the detector in order to improve the accuracy of the measurement. However, the
large value obtained from the filter edge indicates, that other sources in the same
wavelength range may be present. The accelerated electrons are stopped by various
materials (magnet, chamber walls) and thus secondary radiation in the X-ray regime
is produced e.g. by Bremsstrahlung. This radiation can contribute to a rather diffuse
background signal and has an impact on the shadow profile of an object on the X-ray
camera. In future, a pinhole geometry can be implemented to overcome this issue

and improve the imaging quality.
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4.2 X-ray generation in counterpropagating double

beam configuration

An ultrashort X-ray source based on the interaction of a high intense laser pulse with
a ultra thin target depends strongly on the ability to create a dense population of
fast electrons, which forms a mirror like structure. This effect was investigated in
theoretical work by applying laser intensities high enough to completely separate all
electrons from the ions, using a few nm thick targets [30]. The counter-propagating
laser pulse reaches the electron bunch within hundreds of fs afterward and experiences
a frequency upshift, which depends on the laser pulse frequency and the electron -

factor distribution.

4.2.1 Setup Il

The experimental setup shown in figure 4.13 is designed to use the unique advantages
of the Arcturus Laser System at HHU Diisseldorf. Providing two independent beams,
each with a separate compressor and plasma mirror, this configuration is suitable for
shooting both high power beams counter propagating. The driving pulse is focused
by an f/2 parabola onto the front side of the target to a reproducible focal spot of
3pm FWHM. The pulse is compressed to a pulse duration of 27 fs and has an energy
on target of 1J at the central wavelength of A\ = 800 nm, reaching peak intensities
of 10 W/cm?. In the following, this beam is referred to as "driver". To obtain the
contrast level required for targets in the nanometer thickness range, additional pulse
cleaning is reached by using a plasma mirror. The collimated scattering pulse, is
converted to 2w by a 7bmm diameter KDP crystal. Afterward, a 4 mm thick blue
glass filter and two mirrors coated for 400 nm vanish the remaining infrared fraction
in the pulse and an f/6.6 parabola focuses the beam onto the rear side of the thin
foil. The energy, reaching the target, is measured to be 25mJ in a focal spot of H50um
FWHM. By calculations the pulse duration can be estimated to 100 fs as the initial
271fs infrared pulse travels through 4.5 mm glass and is widened due to dispersion.
Both beams are operated with the plasma mirror included, offering the advantage of
protecting the beams to couple one on the amplifier line of the other. The energy
distribution of the electrons accelerated by the driving beam is measured with a

150 mT magnet deflecting the electrons onto a detector. The radiation emitted from
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the foil and the radiation created in the scattering process is diagnosed at 0 degree to
the target normal in the direction of the driving beam. For this reason the parabola
focusing the scattering beam has a 1cm hole in its center and the spectrometer to
measure the radiation energy is set up behind this parabola. A 150um slit defines
the entrance of the spectrometer, which is based on a transmission grating with 5000
lines/mm supported by a 1um polymer layer. In addition the entrance is light tide
shielded by a 200 nm aluminum filter to protect the detector, an Andor camera which
is positioned 40 cm behind the grating. More details of the spectrometer are given
in Chapter 2.

Driver
Pulse Scatter
* Pulse
. Andor camera
‘ Target Slit
f/2 OAP l .
for w
Grating
x Electron £/6.6 OAP
Probe Spectrometer ’

for 2w, with a hole
Pulse

Figure 4.13: Illustration of Setup II. The w driver pulse is focused by an f/2 off-axis
parabola onto the front side of the target, while the 2w scatter pulse is focused onto the
rear side by an f/6.6 off-axis parabola with a hole in its center. The electrons are detected
by an electron spectrometer. A transmission grating in combination with an Andor camera
is installed as an X-ray diagnostic.

Spatial and temporal overlap of two beams

One of the most important requirements for a successful backscattering process is
a precise temporal and spatial overlap of the driving and the scattering pulse. The
spatial overlap is obtained by defining the TCC with the tip of a 10um thick wire,
which is imaged in both high magnification focal spot diagnostics. The pointing
stability is measured to be less than 10um for the driver and less than 20um for the
scattering beam. During shooting sessions over several hours, the spatial overlap is
double checked every hour to ensure, that the beams have not moved or misaligned.
To control the time between the two beams, so called delay stages are build into the

beam line. The beam path is folded in a setup including two motorised mirrors to
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either increase or decrease the path the light has to travel before reaching the TCC.
A timing precision in the nanosecond range is ensured by reflecting both beams onto
a photo diode by the edge of a prism set up at TCC.

The formation of a dense electron sheet and its widening in thickness and decreasing
in density occurs within just a few hundreds of femtoseconds. Its life time depends
of the target areal density and the laser pulse amplitude aq [67]. Thus, for an effec-
tive scattering process, the timing between the beams in the range of femtoseconds
becomes crucial.

In the alignment process before each shooting session the photo diode is replaced by
a camera, which monitors the overlap profile of the two beams and the beam path
length of the scattering beam is adjusted. When both pulses are temporally syn-
chronised, the condition for constructive interference is fulfilled and a fringe pattern
becomes visible on the camera. Theoretically, this method should ensure a timing
precision in the range of the laser pulse duration (tens of fs). However, in the exper-
iment the fringe pattern appears on the camera for a longer time period. The reason
for this is, that both beams are guided through a lens system, in which outer rays of
the spatial beam profile travel a longer distance than central rays. Thus, for some

part of the beam profile, the condition for interference is given for about 300 fs.

Flat foil solid targets; Preparation and Alignment

Experimental investigations of ultrathin foils is a widely studied topic; it has been
demonstrated that in reduced target size, new acceleration mechanisms can be gen-
erated for an improved particle (e~ and ions) beam quality [68]. For the formation
of dense electron bunches for instance, a combination of a high contrast laser pulse
on target foils in the range of tens of nanometer is used [30].

Targets used for the investigations described in this chapter are 50 — 100 nm thick
diamond like carbon (DLC) foils and 27nm parylene (HgCgF3) foils floated onto a
6x5.5cm brass frame with about 400 holes of Imm diameter. DLC foils are an amor-
phous type of carbon and they are assigned to different kinds of characteristics usually
related to diamond, for example chemical resistance and mechanical strength [69].
The second type of targets, used during the experiment is 27nm parylene (HsCgF3).
It has the advantage of mechanical stability as well as homogenous thickness over

the whole layer and small surface roughness [70]. The target preparation process is
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similar to the one for DLC foils where the target layer is attached to the brass frame
via adhesion [69].

The delicate nature of ultra thin targets requires careful handling during the whole
alignment process. The vacuum chamber needs to be pumped down slowly and the
irradiation with focused laser pulses, even in a low energy alignment mode, should
be avoided. Target alignment is operated before each shot by imaging the TCC po-
sition in the focal diagnostic system. The target material is transparent and small
structures, such as dust particle can be imaged in order to drive the foil into the cor-
rect focal plane. Likewise, this method allows to review the target quality as double

layers or damages of the target surface can be identified.

4.2.2 Characterisation of the acceleration of thin foils

An ultrashort X-ray source based on the interaction of a high intense laser pulse with
an ultra thin target depends strongly on the ability to create a dense population of
electrons which form a mirror like structure. The dynamics of the thin foils, in
particular the plasma expansion on the rear side of the target can be observed in the
shadowgraphy image of the interaction. Figure 4.14 a) depicts the raw shadowgraphy
image of an expanding 100 nm parylene foil, 200 ps after the laser pulse left the target.
The target is mounted on a grid, which is visible in the image in form of a shadow,
restraining the view on the expansion at the early stage of the interaction. However,
at later times (delay> 50ps) the plasma expansion at the front and the rear side
of the target along the laser axis exceeds the shadow of the target mount and thus
becomes visible again. The graph in b) shows a comparison of the expansion velocities
of a thick (5 um titanium) and a thin (100 nm DLC) foil. Up to 300 ps the expansion
velocity at both sides is higher in the thin target case. This behaviour changes at
later times, when the expansion material is depleted. Another observation is, that
the plasma at the rear side of the thin target expands faster than the front side, which
is contrary to the expansion dynamics of the thick target. The expansion of the thick
target can be understood with the collisionless absorption mechanisms described in
section 2.5.1. The laser pulse interacts mainly with the front side of the overdense
target and the resulting electron population travels through the remainder of the
target before escaping into vacuum. This process causes a strong plasma expansion

at the front side of the target, which becomes visible in the shadowgraphy image. The
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Figure 4.14: a) Shadowgraphy image of the plasma expansion of a 100 nm thin foil, 200 ps
after the interaction. b) Time dependent expansion velocity of the front and rear side of
a thin target (red) and a thick target (blue). The results are obtained by focusing a high
contrast (plasma mirror) laser pulse with an f/2 parabola onto the target, reaching an
intensity of 102° W /cm?.

interaction with a thin target is different. A laser pulse can propagate into a solid
target up to the characteristic skin depth /; = ¢/w,, which depends on the plasma
frequency and therefore the electron density n.. Typical values for the skin depth
are in the nm range. If the foil thickness is in the same range, the target becomes
partially transparent for the laser pulse. Thus, the laser pulse has a direct impact
onto the dynamics of the electron acceleration, which resembles a rather collective
motion [71].

An additional effect is the recirculation of the electrons in thin targets, which applies
when the target thickness is smaller than half a laser period d < ¢71,/2 [72]. The
accelerated electrons can be reflected several time at the back and front of the target
by the Debye sheath. The electrons can transit the target twice, if the foil is thin
enough. In this case, the total electron density is a superposition of the recirculated
electrons and the electrons, which are accelerated by the laser pulse. The effective
hot electron density increases compared to the thick target case and the plasma
expansion becomes stronger [72].

The observations confirm that processes in connection with the interaction of a high
intense laser pulse with a thick or thin target differ fundamentally. In the context of
the development of a laser based X-ray source, a collectively forward moving, dense

electron sheath is favoured. The temporal dynamics of the hot electron population
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created from thin targets meet better these conditions.

Simulation on electron bunch formation from thin foils

The early stage of the acceleration process, when the laser peak energy enters the
target, is crucial in the development of dense electron sheaths from thin foils. As
mentioned before, the experimental observation of this stage is limited. However,
particle in cell (PIC) simulations exhibit the electron density distribution up to sev-
eral hundreds of femtoseconds. Moreover, additional quantities such as the electron

energy and the directional impulse of each particle are obtained.
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Figure 4.15: 2D-PIC simulation results from the interaction of a high intense laser pulse
(102 W /cm?, 30 fs)with a 30 nm thin carbon layer. a) shows the electron density distribu-
tion at wt = 10, in units of the critical density for 2w. In b) the corresponding electron
energy distribution and in ¢) the electron phase diagram is plotted. The graphs d) and e)
display the angular distribution of all electrons with energies £ < 1MeV and E > 2 MeV.
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To demonstrate the acceleration from a thin foil, 2D PIC simulations have been pre-
formed with the EPOCH 3D code for a linearly polarised, gaussian laser pulse, prop-
agating along the z axis, with a peak intensity of 10** W /cm? and a pulse duration of
301fs. The target is a 30 nm thick carbon layer with a solid state density ng = 1507.,,.
The simulation box is 15pum x 20pm in transverse and longitudinal direction and has
a spatial resolution of 5nm. Figure 4.15 a) presents the electron density distribution
in units of the critical density for a 2w laser pulse ng.2, = 7- 102 em™! at wt = 10
relative to the pulse maximum. In b) the corresponding electron energy distribution
is plotted. Both graphs show periodically generated, dense electron layers with ener-
gies of 2 —3 MeV traveling into vacuum at the back side of the target. The dominant
absorption mechanism in this interaction is v X B heating. During this process the
laser energy is transferred to the electrons at every half cycle of the laser field. The
result is, that thereby accelerated electrons escape into vacuum in form of multiple
thin plasma layers at a frequency 2w, with densities in the range of the critical den-
sity for w laser light. Eventually the bunches are traveling with a velocity near to
the speed of light, along the k-vector of the radiation free in space.

The qualitative observation that the high energetic dense electron sheath is moving
mainly in the forward direction is confirmed quantitatively, when considering the
impulse of the particles, which is plotted in ¢). A fraction of the total number of
electrons propagates almost radial from the focal spot, while another fraction is di-
rected strongly along the z axis. In order to analyse the dependency of the electron
propagation direction on the energy, histograms of the angular distribution of all
electrons with energies £ < 1MeV and E > 2MeV are plotted respectively in d)
and e). The laser front, reaching the target is strongly bend due to the focusing
on the f/2 parabola; a part of the profile has components, which are not normal to
the target surface. The components, which are parallel to the foil are responsible
for the generation of rather low energetic surface electrons, which are accelerated
predominantly into the x direction. Electrons with energies £ > 2 MeV move mainly
in the forward direction, as the maximum intensity of the laser pulse is normal to
the target, which leads to an efficient J x B heating. The curvature of the wave front
introduces a small angular distribution, accompanied with the velocity dispersion for

different energies, the dense bunch structure survives on a micrometer scale distance.
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4.2.3 Indications for frequency upshift from relativistic electron
bunch
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Figure 4.16: Electron spectra from the interaction with a 100nm DLC foil and a 27 nm

parylene foil. The small window shows the calculated X-ray spectrum based on the scat-
tering process of a 2w laser pulse on the accelerated electrons from a 27 nm parylene foil.

The X-ray energy range for the scattered 2w laser pulse on the relativistic electron
bunch can be predicted with the formula for the relativistic Doppler shift, which was
introduced in section 2.5. Essential for this prediction is the electron energy spectrum,
which was measured for the interaction with a 100 nm DLC foil and a 27 nm parylene
foil. Both spectra are plotted in figure 4.16 and show a typical exponential decay
between 1 — 6 MeV with a maximum number of electrons around 10° MeV~'mrad 1.
The small plot in figure 4.16 depicts the calculated X-ray spectrum based on the
measured electron distribution of the 27 nm parylene target. Note that the simulation
results in section 4.2.2 indicate, that electrons which are accelerated mainly in forward
direction have energies £ > 3 MeV. Thus, the X-ray energy range between 0.6 —1 keV
has to be carefully investigated.

Figure 4.17 exhibits a typical recorded raw X-ray spectrum. In this representation,
the zero order and the high energetic part (£ > 2000keV) are saturated in order to
enhance the visual dynamic range of the relevant part of the spectrum. The freckled

background originates from charged particles, such as protons, ions or electrons,
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Figure 4.17: Image of the raw X-ray data obtained from a 27 nm target shot, using driver
and scatter beam simultaneously.

which are not deflected sufficiently. A detailed analysis of the raw data reveals, that
the average counts per pixel in the freckles is significantly higher than the zero order
signal. Therefore, it is possible to distinguish between real X-ray signal and the signal
of other radiation sources.

The detected signal is normalised to the zero order signal of each individual shot, in
order to be comparable to each other. The zero order contains the whole spectrum,
thus an enhancement of the normalised signal implies that the X-ray signal of the
specific energy band is increased. In figure 4.18, this normalised signal is plotted for
three different energy bands, 1190430 eV, 910+£30 eV and 690£30 eV. Experimentally
challenging, but crucial for the scattering process, is the relative timing between the
driver pulse and the scattering pulse, which covers a range from —2 to 1ps, where
negative sign means that the driver beam comes first. The expected optimal time
range for a successful scattering process is a few hundreds of fs after the interaction
of the driver pulse with the foil. Most shots, with negative delay (driver beam before
scattering beam), which is an inevitable condition for Thomson scattering, have a
similar signal level compared to shots with positive timing or shots with the driver
beam only. However, there are a few shots in the relevant delay regime, between
0 to —300fs, which show a stronger X-ray yield. The low rate of shots with an
enhanced signal is not surprising, as the ideal conditions for Thomson scattering
to occur undergo experimentally strong fluctuations. The error bars result from a
statistic which shows, that the number of counts for each energy interval can be
measured with a certainty of £2 counts. Consequently the error bars become larger,
when the absolute signal level is low, which is the case for the shots with enhanced
signal. Considering the lower limit of the error bars, the yield in two shots is still
above average for the energy bands 1190 4+ 30eV and 690 + 30eV. These results

are a clear indication for a Doppler frequency upshift of the scatter beam from the
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Figure 4.18: Normalised signal at three different X-ray energies from shots on 27 nm
targets. The relative delay between scatter and driver pulse spans from —2 to 1ps. The
enhanced signal between —0.3ps and Ops is an indication for a frequency upshift of the
blue scatter beam on the previously accelerated electron sheath.
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laser-driven electron bunch.

4.3 Discussion

In the following, the experimental results of both, Thomson scattering of a recycled
laser pulse on laser accelerated electrons from a gas jet (setup I) and Doppler upshift
in counterpropagating double beam configuration using solid targets (setup II), are
discussed in the context of other experimental and theoretical investigations in this
field. Difficulties in the experimental execution and suggestion for optimisation, as

well as further prospects are reviewed.

Table 4.1 gives examples of experimental work carried out on the topic of Thom-
son scattering on electron bunches, similar to setup I. The characteristic parameters
of the interaction partners, in particular the electron distribution and the scattering
beam intensity are listed. The resulting X-ray beam properties, such as the diver-
gence, the total number of photons, the peak number of photons at a specific energy
and the source size are selected for a comparison of the experimental results presented
in section 4.1 to three different publications. All quantities are in the same range of
magnitude, showing that the results obtained in connection with this thesis fit well
into the current status of all optical X-ray sources. However, some differences can be
pointed out.

One mayor challenge is the reproducible generation of a stable electron beam, which
is a highly investigated research topic on its own. Khrennikov et al. [73] report on a
tunable, quasi-monochromatic X-ray source, which is an inherent result when using a
stable electron source producing monoenergetic bunches. In their case, a shock front
injector scheme was used, which was developed in a separate experimental investiga-
tion [74]. To implement this scheme, a razor blade is placed in the supersonic flow of
the gas nozzle. The obstacle causes a sharp downwards density jump, which is used
for the injection and trapping of electrons. The development and fine tuning of such
an electron source is intense and time consuming and thus, beyond the time limit
of the experimental campaign, which is presented in this thesis. A topic for future
investigations can be the study of various nozzle configurations (with and without

blade), the acceleration from gas cells and the impact of different laser pulse param-
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Phuoc et Tsai et Khrennikov Results

al. [37] al. [66] et al. [73] Chapter 4.1
Electron ~ 100 MeV, 50 — 90 MeV, | 17 —50MeV, | 50—100 MeV,
distribution broad peak peak peak/ broad
X-ray beam
divergence 18 20 - 20-50
[mrad|]
Total number 108 9 % 107 i 4 % 106
of photons
Number of
ssgcti%is 310t at 11x10%at |5—10x10° | 1.6 x 10 at

_1 | 100 keV 90 keV at 15keV 100 keV

energy [keV
0.1% BW]
Source <3 6 13 - 30 .
size [pm]

Table 4.1: The interaction parameters and X-ray beam properties are listed for a compar-
ison between the results presented in section 4.1 and the published results of three other
research groups.

eters on the electron beam stability and quality. The number of photons emitted by
the X-ray source is in the middle range compared to other experimental investiga-
tions. An outstanding result, excelling the other by nearly two order of magnitude is
reported by Phuoc et al. [37]. The latter additionally measured the source size with
the knife edge technique and obtained a value of less than 3 ym. Another approach
is to assume the X-ray source size to be equal to the electron beam diameter at
the collision point, which is at best an upper limit [73]. In order to calculate the
brilliance of the X-ray source, the source size should be measured precisely in future
campaigns.

Tsai et al. studied comprehensively the laser intensity and profile after the interac-
tion with the gas jet and the reflection on the recycling mirror. Values of ag between
0.6 — 1.2 are reported, shooting onto a gas jet with electron densities in the range of
1.7 — 2.2 x 10 em—3, confirming the estimation in section 4.1.2. For future inves-
tigations, the Arcturus laser facility offers the opportunity to implement a second,
counterpropagating beam, which make recycling of the first laser pulse obsolete. The

second pulse can be focused on the electron bunch, in order to reach intensities in
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the nonlinear regime to trigger high harmonic Thomson scattering.

Frequency upshift of laser light on fast moving electron mirrors generated from solid
targets was theoretically studied over the past decades. Despite the high experimen-
tal demands, evidence supporting this theory was recently found. Kiefer et al. [36]
report on relativistic electron mirrors from nm scale DLC foils. When shooting syn-
chronously on the rear target side with a second infrared pulse, a coherent frequency
upshift to the range of 20 eV is observed. The radiation spectrum is enhanced at har-
monic orders of the laser frequency, which is the result of dense, monochromatic elec-
tron mirrors. The acceleration from ultra thin targets requires a very high laser con-
trast, which can be achieved by implementing a double plasma mirror. In case of the
experiment described in section 4.2, a single plasma mirror is used and a 27 nm target.
PIC simulations of this setup predict dense electron layers with a rather broad en-
ergy distribution. Thus, the X-ray diagnostics is designed in such a way that a rather
broad and higher energetic frequency upshift can be detected. Paz et al. [75] acceler-
ated fast moving electron layers from pm thick aluminium foils. The backscattered ra-
diation from the counterpropagating infrared laser pulse was in the range of 50—70eV.
The enhanced yield in this energy range
occurs when the timing between drive
and scatter pulse is in the range of 100 fs.
In the experiment presented in this the-
sis it was possible to more than dou-
ble the backscattered X-ray energy. One
factor is the choice of target and laser in-
tensity. The electron acceleration from
tens of nm scale targets in combination
with a laser pulse in the range of 10%°

produces 2 — 3 MeV electron layers. Ir-

radiating these layers with an intense 2w

scatter pulse leads to an X-ray signal of

Figure 4.19: Single exposure radiograph of
a USB-stick. The X-ray beam is marked with
a 2w pulse is that the electron layers be-  j yed circle. The inner structure of the USB-

come underdense in a shorter amount of stick is clearly identifiable.

up to 1keV. The disadvantage of using

time, as the critical density for blue is
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higher than for infrared. Thus, the rate of enhanced shots is rather low, as it is more
difficult to meet the conditions for efficient Thomson scattering.

In summary, the recycling mirror geometry is currently much more advanced than
the scattering of a laser pulse on a relativistically moving electron mirror from thin
foils. The latter is experimentally extremely challenging to implement and has a
low repetition rate due to the fragile targets. On the other hand, it bears striking
advantages and is thus highly beneficial to investigate further. Both techniques for
an all optical X-ray source are in the stage of fundamental research and a promising
alternative to synchrotron radiation. The radiograph of a USB-stick, recorded during
the experiment, is shown in figure 4.19 and demonstrates just one example for future
applications. By implementing a pinhole into the setup the image quality can be

enhanced, as diffuse background radiation from other sources can be eliminated.
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X-ray line emission from hot dense plasma

This Chapter is dedicated to present the investigation of the radiative prop-
erties of hot dense plasmas in the X-ray and XUV regime. Ultra short X-ray
flashes, produced in hot dense plasmas, can be applied in the field of radiog-
raphy or crystallography, e.g. the observation of fast processes in biological
atomic structures [31]. As the emitted radiation also contains information
about plasma parameters and dynamics, its detection and analysis comprises
to an important plasma diagnostic. Hot dense plasmas can be found in the
interior of stars, making the interaction of laser pulses with matter ideal for
laboratory experiments to investigate the field of astrophysics [6] [76].

In this chapter, the radiation emitted during the transition of an excited
ion into its ground state, called line emission, is studied. Various plasma
conditions, created during the interaction with a heater beam, are probed
at different times by a ultra short, laser pulse. The resultant emission yield
is analysed. Its trend is verified by simulation results from a hydrodynamic
code in combination with an atomic physics code. Finally, the line emission
in dependency of the target thickness is investigated in order to determine

the plasma electron temperature.

5.1 Setup

The investigation of line emission from various plasma conditions with ultrashort
laser pulses were carried out during the experimental campaign of Thomson scat-
tering (section 4.2) using setup II. As the two studies involve the application of a

second beam, and the detection of X-ray radiation, the setup suits both. A detailed
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drawing of setup II is shown in figure 4.13 and the description can be found in section
4.2.1. Here, some adaption and the main parameters, including their function in the
context of the investigation presented in this chapter are given.

Table 5.1 gives an overview of the beam parameters and figure 5.1 shows a schematic

| w Main ‘ 2w Heater

Wavelength A [nm] 800 400
Focal spot FWHM [pm)] 3 50
Pulse duration 7 [fs] 30 100
Intensity I [W/cm?] 10%° 10%

Table 5.1: Parameter of the two beams involved in the interaction.

of the different irradiation conditions applied during the experiment. Most interest-
ing is irradiation condition a); the delay between both beam is positive, which means
that the 2w heater pulse interacts with the target first. The ultra short main beam
arrives later and deposits its energy in an already expanded target. A negative delay
between the pulses is illustrated in b). The tightly focused w main beam reaches the
target before the heater beam. The situation described in c) is used as a reference,
where just the main beam is fired.

The target composition and thickness, given in section 4.2.1, are important param-

a) Positive delay b) Negative delay ¢) Main beam only

2nd Main 1st Heater 1st Main 2nd Heater Main

Figure 5.1: Temporal arrangement of the pulses; a) 2w heater pulse arrives before w main
pulse, b) w main pulse arrives before 2w heater pulse. In ¢) only the main pulse is applied.

eters regarding possible radiative transitions. The X-ray diagnostic, a transmission
grating, is designed to resolve photons between 0.5-2keV. This range matches the

emission associated with a highly ionised low-Z plasma, which is created when irra-
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diating DLC and parylene foils. The transmission grating setup is equipped with a
slit (instead of a pinhole), in order to simplify the identification of isolated lines in
the spectrum. The spatial and temporal overlap of the two beams is guaranteed by
applying the methods described in section 4.2.1. A spatial jitter of maximum 20 pym
and a timing precision of 300 fs are found. Other diagnostics, which are visualised
in figure 4.13, namely the electron spectrometer and the low intensity optical probe,

are not in use for the investigation on line emission.

5.2 Time integrated emission spectra of low-Z targets

A typical spectrum using a DLC foil target is shown in figure 5.2 a), where the res-
onance lines of oxygen He-like ions and lines of the Lyman series of carbon H-like
ions are identified. During the target preparation process, the DLC foils are in per-
manent contact with water or air, causing the oxidation of the material. Thus, it
is not surprising to find O VII 1s%-1s2p (O He,, 21.60 A) and O VII 1s*1s3p (O
Heg, 18.63 A) lines among the emitted radiation. Despite the high content of carbon
in the target material, the emission of carbon He-like ions is not visible and C VI
15-2p (C Lya, 33.73A) and C VI 15-3p (C Lyg, 28.47 A) lines are rather weak. The
X-ray diagnostic, a 5000 lines/mm Au transmission grating, is deposited onto a 1 um
plastic foil, which reabsorbs most of the lines emitted by carbon ions.

Figure 5.2 b) pictures typical raw data recorded when irradiating thin parylene F
targets (HgCgFy). Fluorinated parylene is a polymer, consisting predominately of
hydrogen and carbon. But due to its low mass density, the amount of carbon is more
than one magnitude lower compared to the amount of carbon in equally thick DLC
foils. The re-absorption effect of the grating material leads in this case to a total
absence of carbon ion line emission. The first order of the transmission grating can
resolve three lines of the parylene F plasma spectrum: F IX 1s-2p (F Ly,, 14.98 A),
F IX 1s-3p (F Lys, 12.64A) and F VIII 1s*-1s2p (F He,, 16.81A). The F VIII
1s2-1s3p (F Heg, 14.46 A) line is to close to Ly,, thus it only becomes visible in the
second order of the transmission grating.

Both spectra do not contain higher line series, such as the transition 1s-4p (H, line).
This observation is an effect of a high density plasma, where the binding energy

of electrons on upper atomic levels is compensated by the electrostatic potential of
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Figure 5.2: Time integrated emission spectra, emitted by a DLC target a) and a parylene
F target b), when irradiated by the main high intense laser pulse.

neighbour ions. The bound states are shifted into the continuum, an effect called
pressure ionisation, where upper level line emission does not appear [77] [78]. The
lack of higher resonance lines is a signature of a high density plasma in spectro-

scopic measurements, particularly with ultrashort laser pulses, as demonstrated by

Osterholz et al. [79].

5.3 Line emission as a function of the relative timing
between two beams

The emission yield at various plasma conditions is investigated by scanning system-
atically the relative delay between the heater beam (B2) and the main beam (B1), by
irradiating 27 nm parylene targets. The interaction process can be divided, according
to the sign of the delay, into two cases. Applying a delay between —30ps and 0 ps,

means that the strongly focused main beam arrives at the target first. The second,
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Figure 5.3: Line emission originating from flourine ions in the plasma as a function of
the relative delay between the two beams, which are interacting with the target. The X-
ray yield is enhanced, when the heater modifies the target before the main beam arrives
(positive delay).

and more interesting scenario happens when the delay is positive (0 ps to 25 ps) and
the less intense heater beam changes the target conditions before the main beam
arrives.

Figure 5.3 presents the results of the study. The yield of the flourine ion lines F
He,, F Heg, F Ly, and F Lyg, normalised to the maximum measured value is plotted
against the delay between both beams. Note, the x-axis breaks between —30 ps and
—8ps and on the positive side between 4 ps and 25 ps, in order to improve the data
visualisation. The first noticeable observation is the strong emission from He-like
flourine ions, suggesting that the dominant ionisation degree of flourine atoms is
Z =T. The second striking feature is the rising yield from the left side of the plot to
the right side, which can be discussed in more detail. The line intensity plotted on
the outer left side originates from shots, where only the main beam is applied (B1
only). The yield level of shots, where the main beam arrives tens of ps before the
heater, is comparable to main beam only shots. This is an indication, that the ultra

thin foil is already completely diluted when the second beam arrives and only the
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interaction with the first beam determines the emission features. For the condition
that the main beam comes just several ps prior to the heater, the yield increases
slowly, while showing a periodic structure. When the heater beam interacts with
the target first, the emission behaviour changes in such way, that with increasing
delay, the yield rises steadily and stronger than in the case of negative delays. The
heater beam is modifying the target characteristics for the interaction with the main
beam. The X-ray signal does not change significantly up to a delay of 3 ps. However,
for longer delays, for example 25 ps, the line emission is increased by a factor of 5

compared to a main beam only shot.

5.4 Dependency on the target thickness

The experimental study of inner shell line emission from dense plasma involves a
scan with two different target thicknesses. Figure 5.4 depicts the results of this scan,
showing the normalized line emission yield of C Ly,, C Lyg, O He, and O Heg,
detected from the interaction with a 50nm DLC foil (blue) and a 100 nm DLC foil
(red). Additionally, the normalised X-ray yield at different energy values, distributed
over the whole spectrum is plotted for both target types. The emitted radiation from
oxygen ions is on the same level for thick and thin foils. The oxidised contamination
layer on the target is a surface effect only and consequently does not depend on the
target thickness. There is clear evidence of a 10% enhancement of carbon Lyman
line emission originating from the thin 50 nm DLC target. This enhancement can
be quantified by building the integrated line intensity ratios of C Ly, (C Lys) from
the interaction with the thin foil to the same lines, originating from the interaction
with the thick foil, namely Rr,, = 1.1 and Rr,, = 1.35. For the interpretation of
these time integrated result, the plasma dynamics have to be considered as a whole,
including not only its emissivity but particularly its opacity in dependency of the
target thickness. The method of choice to comprise these parameters and dynam-
ics is a hybrid simulation with the hydrodynamic code MULTI-fs and the atomic
physic code FLYCHK. By comparing the experimental results to the simulations,
the measurement becomes an important plasma diagnostic for the determination of
the plasma electron temperature. A detailed description is presented in section 5.5.4,

later on in this chapter.
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Figure 5.4: Emission spectrum from 50 nm DLC foil (blue) and 100 nm DLC foil (red).
The spectra are recorded while applying both beams with a delay between —5 to 0ps. For
the thin target case, the C Ly, 3 lines are enhanced.

5.5 Simulations and interpretation

5.5.1 Hydrodynamic modeling of varying target conditions

The interaction with a high intense, ultrashort laser pulse initiates a rapid heating
process, a plasma is created and starts to expand into vacuum. During this process,
the plasma parameters are highly transient, changing from hot and dense to cold
and diluted in a time scale of tens of ps. The plasma electron density, the plasma
temperature, the ionisation degree and the plasma size are evolving as a function of

time and space and are also responsible for the emissivity and opacity of the medium.

Figure 5.5 shows the results of the 1D Lagrangian hydrocode MULTI-fs. The simu-
lation setup follows closely the experimental configuration of the plasma expansion
initiated by the heater beam. In the simulation, the interaction of a 100 fs laser pulse
with an intensity of 10'® W/cm® at normal incident to a thin target is modeled. The
target is designed as a 30nm carbon layer, with a density of 1.65g/ cm®, a typical
value for parylene foils. The fraction of flourine atoms in the parylene foil is not con-
sidered. However, both species are low-7Z materials. Thus, the temporal evolution
of the density and the ionisation degree is assumed to be similar. The simulation

grid consists of NV = 100 Lagrangian cells, which are monitored in time intervals
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Figure 5.5: Temporal evolution of physical plasma parameters simulated using the 1D
hydrodynamic code MULTI-fs. The results show the a) cell position, b) ionisation degree,
c) electron density, d) temperature of a 30nm target interacting with the 106 W/cm?
heater laser pulse.

of At = 0.1ps up to 50ps. Different flux limiter values are tested. Compared to
other theoretical work on hydrodynamic simulations [79] [80], the best agreement is
obtained using a flux limiter of f = 0.01.

The plots in figure 5.5 illustrate the temporal evolution of the most important plasma
parameters, namely the cell position a), the ionisation degree b), the electron density
c¢) and the plasma electron temperature d). As soon as the laser pulse peak hits
the target, it becomes instantly fully ionised. This condition lasts for less than 2 ps
as the plasma temperature drops dramatically and recombination takes place. The
dominant species between 2 — 12 ps are two-electron atoms. The temporal evolution
of the ionisation degree fits well to the experimental data, which show a strong emis-

sion of He,- and Heg-like lines originating from two-electron flourine atoms.
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The cell position at the front and rear side of the target (a), in combination with

the electron density (c), provide information about the density gradient at the target

boundaries. The target profile changes from a rectangular shape to a curve with slow

decay. A parameter, which describes the density gradient at the target front side, is
d

the plasma scale length which is defined as L = |-logn.|r = x.r. With increasing

time after the interaction with the heater beam, the plasma scale length increases.

3

After 12ps the plasma becomes completely underdense n, < 1.7 x 10*! cm™ and

extents to b um FWHM.

Target profile effect on the laser absorption

The entire interaction process of the main pulse with the pre-heated plasma, starting
from the coupling of laser energy into the plasma, the ionisation and recombination
time scales, to the creation of strong electromagnetic fields and the subsequent ac-
celeration of particles, strongly depends on the heated plasma profile. In the case of
the results presented in this section these properties, namely the plasma scale length
and the electron density change dramatically over the time scale of the experimental
delay scan. Thus, the line emission properties of the different species in the plasma
can change significantly, when varying the relative timing between the heater and
the main beam.

Figure 5.6 a) displays a plot of the reduced plasma scale length L/ as a function
of the time after the interaction with the heater beam, based on the simulations
presented in figure 5.5. The plot can be divided into three regimes: up to approxi-
mately 5 ps, the scale length can be treated in the limit L < 1, between 5 — 8 ps the
scale length is comparable to the laser wavelength, and for longer delays, the plasma
scale length becomes a multiple of the laser wavelength. These classifications play
an important role, when talking about the absorption process and the energy gain of
a target interacting with a high intense laser pulse. Several mechanisms contribute
to the coupling of laser energy into overdense targets, which are described in detail
in chapter 2.5. The dominant mechanism for an extremely high intense (I > 10
W /cm?) laser pulse, which is normal incident onto a steep gradient plasma is J x B
heating [26]. However, small density gradient modifications, introduced by a prepulse
or by the heater beam, influence the interaction immensely. Cai et al [82] found ana-

lytical solutions for the contribution of the plasma scale length on the absorption via
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Figure 5.6: a) Reduced plasma scale length as a function of the relative delay between
heater and main laser pulse. The curve is obtained from the electron density evolution and
cell position of hydrodynamic simulation results. b) Absorption and average hot kinetic
energy as a function of the plasma scale length. The data points are taken from the PIC
simulation results of Lefebvre and Bonnaud et al. [81].

JxB for L <« 1. For a wide range of the normalised laser amplitude ag, an increasing
power absorption rate is calculated, when the scale length grows. Lefebvre and Bon-
naud [81] investigated nonlinear electron heating over a wide range of parameters,
including the density gradient length L in the range of 0—15. Figure 5.6 b) shows the
results of their 1.5D PIC simulation, where a maximum electron density of n, = 17n,.,
with L = 0,0.1, and 1, and a smaller maximum electron density of n. = 9n,, for
the case of L = 4 is used. The normalised laser amplitude for the values presented
in the graph is ap = 5.5. For a small scale length, the absorption is increased by a
factor of 2 compared to the case of an infinitely steep plasma gradient. For a scale
length in the order of the laser wavelength, the absorption fraction drops again and
slowly rises for multiple of the laser wavelength. More interesting is the behaviour
of the average hot kinetic energy, which increases for a scale length of L = 0.1 to
4 linearly and is a measure for the X-ray line emission intensity. The point of the
critical density is inside the plasma, which leads to an interaction of the underdense
fraction of the plasma with a standing wave (incoming, and reflected fraction of the
laser pulse) [82]. The stochastic oscillation, triggered by this interaction leads to a
stronger energy gain [83].

The parameter regime, regarding laser amplitude, plasma density and plasma scale

98



CHAPTER 5 X-RAY LINE EMISSION FROM HOT DENSE PLASMA

length of the experiment discussed in this chapter is by all means comparable to the
regime investigated by Lefebvre and Bonnaud [81]. Thus, the experimental result in
section 5.3, which shows an X-ray line emission enhancement with increasing delay
between heater and driver beam, can be qualitatively explained by the advanced

energy gain of the plasma with rising plasma scale length.

5.5.2 Hydrocode and atomic code hybrid to calculate

enhancement in line emission

In order to confirm the experimental trend and the theoretical considerations, a sim-
ulation hybrid of the hydrocode MULTI-fs and the atomic physics code FLYCHK is
performed. The plasma expansion of three different target conditions, corresponding
a delay of t= 0, 10ps and 15 ps is modeled with MULTI-fs in a similar manner to
the simulation of the interaction with the heater beam. Only the laser intensity and

wavelength is adapted in such way, to fit the interaction with the driver beam. In
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Figure 5.7: Time history of the plasma electron temperature and the electron density
for the interaction with a steep gradient target, corresponding to a delay t= Ops a) and a
diluted target corresponding to a delay t= 15ps b). The graphs are results of hydrodynamic
simulations.

figure 5.7 the electron temperature and electron density evolution of the simulation
with a steep gradient target (t= 0ps) and an expanded target (t= 15 ps) are plotted,
respectively in a) and b). The plasma temperature of the steep gradient target drops
much quicker than the one of the expanded target, while the maximum temperature

of both is rather similar. The electron density at the time, when the plasma reaches

99



CHAPTER 5 X-RAY LINE EMISSION FROM HOT DENSE PLASMA

its highest temperature, is two orders of magnitude lower for the diluted target. The
density decline is therefore stronger for the steep gradient target, while the electron
density of the diluted target stays rather constant.

The plasma temperature, the electron density and the plasma size in dependence of
the time are fed into FLYCHK code in order to calculate the line emission intensity
of F He,. The parylene target (HsCgF3), used during the experiment, contains only
14% flourine, which is considered in the FLYCHK input file.

On the basis of these parameters, the code is able to calculated the spectroscopic
intensities of given plasma conditions at different moments of time. The calculated

intensity of a line emitted at the frequency v is defined as
I,=5,(1—¢"), (5.1)

with the source function S, and the optical depth 7,,, which are given by

S, = Z—V and 7, = Kk, L. (5.2)
The emissivity €, and the opacity x, depend on the level populations, the density and
the geometric length L of the plasma layer [84]. For the highly transient conditions
of a laser pulse heating a thin target, the system is considered in a non-LTE mode
and time dependent.

The line intensity evolution of F He, for the interaction with the different target
conditions is shown in figure 5.8. The red data points correspond to the simulation,
when the target is not preheated, which leads to the lowest line intensity. The blue
and black curve are results of the simulation for a delay of 10 ps and 15 ps respectively.
The line emission becomes stronger with increasing delay between the two beams,
which matches the experimental data presented in figure 5.3. The peak intensity in
the temporal evolution of each case moves with increasing delay to later times.
Taking into account the input density and temperature evolution, this shift and the
increasing line intensity can be explained as follows: The electron density is an im-
portant parameter for the line intensity, while the plasma temperature is responsible
for life time of specific ion population levels. At early times, when the plasma is
fully ionised, the line emission of hydrogenlike flourine (F Ly, ) is most prominent.

Thus, the high initial electron density for t= 0 (figure 5.7 a)) has no effect on the line
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Figure 5.8: Line intensity of F' He,, calculated by the atomic physics code FLYCHK for
different target conditions.

intensity of F' He,. The ionisation distribution calculated by FLYCHK reveals, that
heliumlike flourine becomes dominant in the time 20 — 400 ps after the interaction.
In this time interval, the density (and consequently the line intensity) of an initially
stronger expanded target (figure 5.7 b)) is higher than the density of the case t= 0.
The temporal shift of the peak intensity correlates to the evolution of the plasma
temperature for the different cases. For an increasing delay between the two beams,
the plasma stays longer hot, which affects the life time of the heliumlike flourine

atoms.

5.5.3 Discussion

In this chapter, the X-ray radiation originating from plasma interacting with two laser
pulses is studied. The double pulse approach is a recently highly investigated topic
in laser plasma physics, including improvements regarding the acceleration of ions [§]
or the double stage electron acceleration [12]. In the research of materials and in the
low laser intensity regime, the double beam geometry is establish in laser induced
breakdown spectroscopy [7]. Similar to the results in this chapter, the first laser pulse
is used to heat the target material, in order to enhance the X-ray signal emitted after

the interaction with a second beam. For ultrahigh laser intensities, different groups
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investigated various parameter regimes. Eidmann et al. [85] measured the Al K-shell
emission and resonance lines after focusing a single high intense, ultra short laser
pulse and a double pulse (one delay: 25 ps) onto an aluminium block. The resonance
line emission (Al Ly, and Al He,) are stronger in the double beam case, while the
continuum part of the spectrum is weaker compared to the spectrum generated by a
single laser pulse. Bastiani et al. [86] studied the K-shell emission from solid SiO, as
a function of the initial plasma scale length by introducing a prepulse. An increasing
signal of K, emission for a prepulse delay up to 10 ps was found. The results are in
strong relation to the absorption measurements preformed during the same campaign.
Investigation on K-shell emission are interesting, particularly for rather thick targets,
as it provides information about deeper plasma layers.

In the experiment, described in this section, targets in the range of tens of nm are
used. Ultrathin targets have the advantage that they are heated more uniformly,
and effects of spatial temperature gradients are reduced [87]. The temporal profile
of the ultrashort main pulse can be described almost as a delta function, causing a
laser energy deposition into the plasma within a negligible amount of time compared
to the time scale of the plasma emission. Thus, the radiation originating from this
hot dense plasma state depends predominantly on the initial target conditions. The
presented data show both, the function of the setup as a diagnostic of various hot
dense plasma conditions and the application as a energetically narrow X-ray source.
Nonetheless, the topic on line emission from a plasma in a double beam geometry
deserves further computational and experimental investigations. The simulation can
be improved by employing a PIC code, particularly for the modeling of the interaction
with the high intensity main beam. Different atomic species in form of various target
materials can be studied, while scanning a larger delay interval. The optimisation of
these two parameters, in the view of an enhanced X-ray signal can be a step towards

a strong and ultrashort X-ray source.

5.5.4 Plasma temperature diagnostic

The line emission from hot dense plasma, particularly the intensity ratios of lines orig-
inating from highly ionised atoms are of great interest when diagnosing the plasma
temperature. The simple observation of those lines, provides a method in order to es-

timate the lower limit of the plasma temperature. Considering the ionisation energy,
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required to create hydrogenlike species, the corresponding temperature can be calcu-
lated. In the experimental study presented in section 5.4, C Ly, and C Lys emission
is measured, which occurs exclusively in plasma with a temperature of more than
300eV. A more accurate estimate is achieved by looking at the line intensity ratios
of C Ly, (C Lyg) from the interaction with a 50 nm DLC foil to C Ly, (C Lyz) from
a 100 nm DLC foil.

In the following, these values are compared to line intensity ratios calculated in a
combined simulation of the hydrocode MULTI-fs and the atomic physics code FLY-
CHK. The heating process of the experimental conditions are modeled by covering a
certain input parameter regime, including a scan of the laser intensity and the flux
limiter. These values have an affect on the peak plasma electron temperature which,
in return, can be determined when the simulation results fit the experimentally mea-
sured ratios.

In a first step, the temporal evolution of the plasma expansion of a 50 nm carbon
layer is calculated with MULTI-fs. The simulation setup is similar to the one de-
scribed in the last section 5.5.1, except that the plasma expansion is modeled for a
longer time interval, up to 1.5ns. The target dimension is adjusted to 50 nm and
the peak laser intensity is increased in order to model the interaction with the high
intensity main beam. A second run is performed, changing only the target thickness
to 100 nm. Figure 5.9 a) and b) shows the results of the plasma expansion simula-
tion. While for both cases the same laser intensity is applied, the thin target becomes
hotter than the thick target. In experimental studies on mass-limited targets, this
effect has been observed before [88] [89]. In thin targets, the absorbed laser energy is
concentrated near the focal spot, while in thicker targets, the heat is transported and
distributed over a larger amount of target material. The different temporal evolution
of the electron temperature, the electron density and the opacity size are considered
in the following simulation of the line emission yield. The MULTI-fs output data of
both runs are organised in the shape of a history input file for the code FLYCHK.
Figure 5.9 presents the line intensity evolution for C Ly, resulting from the calcu-
lation with the 50 nm (blue) and 100 nm (red) carbon layer. The results are based
on the MULTI-fs simulation a) and b), in which the thin target reaches a maximum
electron temperature of 1150 eV. Although the intensity maximum in the thick target
case is higher, the contribution over the whole time interval has to be considered.

The strongest line intensity is emitted a few ps after the interaction and reduces by
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Figure 5.9: Time history of the plasma electron temperature and the electron density
for the interaction with 50 nm DLC target a) and a 100nm DLC target b) obtained from
hydrodynamic simulations with MULTI-fs. ¢) Atomic code FLYCHK results, showing the

temporal evolution of the C Ly, line intensity based on the plasma expansion displayed in
a) and b).

half within 2 ps for the thick target case, and within a much longer time period of
30 ps for the thin target case. This large intensity drop, on a ps time scale shows,
that the detected integrated signal originates from the period, where the plasma is
hot and dense, and gives important information about the fast plasma dynamics.
After 5 — 10ns the line intensity for both cases decreases more than two orders of
magnitude. Thus, is it sufficient to integrate the line intensity over a time interval
of 10ns in order to compare the simulation results to the experimentally measured
data. FLYCHK generates the output intensities at discrete time steps 7, leading to
a time integrated signal I'(v) = >, I,,(t;) At;.

To draw conclusions about the plasma electron temperature, present during the inter-
action, the values of the integrated emission signal of the thin and thick target case are
compared to each other by looking at their ratios Ry, (7¢) = 'sonm (LYa) /T 100mm (LYa)
and Ry, (Te) = sonm(Lys) /T 100nm(Lys). The amount of radiation emitted during
a specific transition, strongly depends on the plasma temperature and density. By
scanning a certain laser intensity range, the plasma expansion (electron tempera-

ture and electron density evolution) of both target types is simulated several times
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Figure 5.10: Intensity ratio of C Ly lines originating from the interaction with a 50 nm
carbon layer and a 100nm carbon layer. The dashed lines represent the experimentally
measured ratio.

using MULTI-fs. The results are processed in FLYCHK in order to calculated the
ratios Ry, (Te) and Rp,,(T,) for different initial plasma temperatures. In figure 5.10
the temperature scan and the corresponding ratios are plotted and compared to the
experimental values (dashed lines) obtained in section 2.5. The intersection of simu-

lation results and measured data is at an temperature interval between 1500 eV and

1900 V.

Discussion

Plasma spectroscopy comprehends many important diagnostic methods of hot plas-
mas. By measuring the intensity ratio of two lines within the same charge state,
for example Lyman—a and Lyman— (3, the ratio of the partial densities of the initial
excited states can be calculated. This ratio is related to the plasma temperature and
density, which makes the method suitable for a hot plasma diagnostic [32]. The line

ratio emitted from two differently ionised atoms is often easier to measure, because
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the emission of « lines is stronger than the emission of 3 lines. Jiang et al. [90] ob-
tained the plasma temperature by detecting He, and Ly, lines produced by focusing
a 10'® W /cm? laser pulse onto a 130 um Al target. Osterholz et al. [91] considered the
same ratio, but used different atomic species in the spectroscopic calculations with
FLYCHK and compared the results to experimental data. For short living plasmas,
the hydrogenlike lines originate from a part of the plasma which is hotter than the
part, where heliumlike line emission is dominant. Thus, dealing with two different
species introduces a certain complexity in the analysis, which may lead to incorrect
results [32]. Highly resolved spectroscopic measurements give the opportunity to
analyse the spectral line shape, which provides valuable information about the local
plasma conditions, particularly the plasma density [92] [93]. The line ratio of satellite
to parent line intensities is used in a large number of experiments to diagnose the
plasma temperature [94] [95]. For both techniques, an X-ray spectrometer with a
resolution in the sub-angstrom range is necessary. Crystal spectrometer, which are
based on Bragg’s law offer such a high resolution for an X-ray range up to 100 A.
The spectra, analysed in the context of this thesis are recorded with a grating spec-
trometer. Its resolution is not sufficient to distinguish between satellite and parent
lines or to identify modifications in the line shape. However, the method developed in
this chapter has the unique advantage, that the plasma electron temperature can be
determined by measuring the integrated line intensity of only one line emitted from
two different plasma conditions. The required simulations rely on the assumption
that the spatial density and temperature distributions after the interaction with the
laser pulse are rather uniform, which is a reasonable approximation in the case of
ultrathin targets [95].
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In this chapter, the experimental investigations and computational results presented
in the thesis are reviewed and discussed in the prospect of future experimental cam-
paigns.

The generation and diagnosis of X-ray radiation related to laser-matter interaction,
involving two ultrashort, high intense laser pulses was studied. X-ray radiation orig-
inating directly from hot dense plasmas and the production in secondary processes,
namely the scattering of photons on laser accelerated electrons are addressed. The
results obtained, advance the understanding of hot dense plasmas and contribute
considerably to the development of novel X-ray beam sources.

In the first part of this work the generation of X-rays via Thomson scattering of light
on laser accelerated electrons was investigated using two different setups. For one
setup, the electron acceleration in the SM-LWFA regime from a gas target was stud-
ied by varying the gas valve backing pressure. The most stable electron beams, with
quasi monoenergetic electron spectra around 100 MeV, were detected at an electron
density of 2.3 x 10! cm™3. After the interaction with the gas jet, the remainder of
the laser pulse was reflected back by a thin glass plate, acting like a plasma mirror.
An energy measurement of the recycled laser pulse in combination with the detection
of the beam profile on a plastic screen revealed a maximum amplitude of ag = 0.9 at
the scattering position. Thus, intense X-ray radiation was generated resulting from
Thomson scattering of the recycled pulse on the electron bunch. X-ray beams, with
a symmetric Gaussian beam profile and a divergence of 20 — 50 mrad were detected
along the propagation direction of the electron beam. A Matlab code was developed,
which considered the experimentally measured electron spectrum of each shot and
the transmission of X-rays through a set of copper filter, in order to reconstruct the

X-ray energy spectrum. The typical X-ray beam energy was in the range of hundreds
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of keV and strongly depending on the electron beam parameter. The signal observed
in the experiment was translated into a total number of photons per shot. Finally, the
developed X-ray source was characterised with a photon number of 1.6 x 10% ph/keV
per 0.1% BW at 100 keV.

For the second setup, the plasma expansion at the rear side of thin foils and the
electron dynamics after the interaction with a high intense laser pulse were inves-
tigated. An energetically broad, exponentially decaying electron distribution up to
several MeV was observed. To demonstrate a temporally resolved density and energy
distribution, 2D PIC simulations were carried out. The results revealed the periodic
formation of dense electron layers due to v x B heating, with energies £ > 3 MeV,
traveling in forward direction micrometer scale distances before dispersing. To in-
vestigate the backscattering of light on these electron layer, a dual beam geometry
was implemented. The second 2w was focused onto the rear side of the target. As
the production and sustainability of the electron sheath is highly time sensitive, the
relative delay between the two beams was a crucial parameter. The temporal overlap
of both beams was controlled by a setup, which brought both beams to constructive
interference on a detection camera, when synchronisation was achieved. By irradiat-
ing a 27 nm parylene foils with the intense driver pulse and the counter-propagating
2w scattering pulse synchronously or with a maximum delay of —300fs (driver be-
fore scattering beam), an enhanced X-ray signal in the range of 0.6 — 1.2keV was
observed. The behaviour of the X-ray signal for increasing negative delay and for
positive delay, namely the absence of shots with an enhanced signal, indicated that
the high energy photons originate from Thomson scattering.

The second part of the thesis focused on the study of line emission originating from
a hot dense low-Z plasma created by a high intense, ultrashort laser pulse. A lim-
ited series of Ly, s and He, g lines was detected for two different target materials.
Various plasma conditions were created by heating a 27 nm parylene foil with a low
intensity 2w laser pulse and letting it expand up to tens of ps before the interaction
with the high intense main pulse. The results showed a line intensity enhancement
with increasing delay between the heater and the main laser pulse. The radiation
yield for the transition configuration 1s? — 152p of helium-like flourine ions increased
by a factor of 5, when the heater pulse arrived up to 25 ps earlier. Simulations of the
plasma expansion with the hydrodynamic code MULTI-fs revealed that the plasma

scale length becomes longer with increasing delay, thus the absorption of the second
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beam is more efficient. Calculations with the atomic physic code FLYCHK for the
line intensity, including opacity effects, confirmed the experimentally measured trend.
Important in this context is the time interval in which the population of helium-like
ions is at its maximum, which is tens of ps after the interaction. Hydrodynamic
simulations showed, that at this point the electron density of a pre-expanded target
is higher than the electron density of an initially steep gradient target.

Futhermore, an increased line intensity from a 50nm DLC foil in comparison to a
thicker 100 nm DLC foil was found. A simulation hybrid of the hydrodynamic code
MULTI-fs and the atomic physic code FLYCHK was applied in order to model the
plasma expansion and related line emission. The simulation results and the experi-
mentally measured line intensity ratios from both target types matched for a plasma

electron temperature in the range of 1500 eV and 1900 eV.

Both setup were build up and used in this form for the first time at the Arcturus
laser facility and the results constitute a successful proof that both, dual beam ex-
periments in counter-propagating geometry and the development of an all laser based
X-ray source can be implemented.

The results obtained in the experiment on line emission from various target condi-
tions showed that spectroscopy is a powerful tool for the diagnostic of hot dense
plasmas. Additionally an optimisation regarding the intensity of a narrow band (res-
onant line) X-ray source was achieved by manipulating the target properties. In the
next step, the source can be further enhanced by scanning a larger time interval of
the delay between the two beam. Different target compositions and thicknesses can
be investigated and the X-ray energy can be adapted according to the application by
choosing the most suited foil material.

Inspired by the results of the X-ray generation via Thomson scattering, a prospect
for further investigations on this topic is an improvement of the electron acceleration
in terms of energy, flux and stability. An experimental campaign can be dedicated
exclusively on this topic, testing different schemes including the acceleration from gas
jets, gas cells, capillaries and from ultrathin solid targets. Furthermore, the intensity
of the scattering laser pulse can be enhanced in order to enter the regime of nonlinear
Thomson scattering. One approach is to increase the efficiency of the KDP crystal,
which is responsible for the conversion into 2w laser light. Another way is to use a

more powerful laser pulse. At present, a new 6 J pump laser is added into the ampli-
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fication chain of each of the two arms at the Arcturus laser facility. With the extra
pump energy, the aim is to increase the output energy to 7J before compression.
In the course of this upgrade and by using fast focusing optics, intensities of up to
10*' W /ecm? can be reached. This will enable the study of new regimes and improve

the concepts discussed in this thesis.
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