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Abstract

In this dissertation, we explore two major themes related to intense laser-matter inter-
action. Firstly, we present a comprehensive characterization of the intense THz emis-
sion from the rear surface of thin targets during the interaction with ultrashort laser
pulses. We report the detection of THz pulses with a record-breaking field strength of
3MV /cm. We utilize a novel detection scheme based on a non-collinear single-shot
electro-optic detection technique. The characterization encompasses the picosecond-
temporal waveform, the spectral analysis, the polarization state, and the 3D angular
distribution of the THz emission. To verify the correlation between the spatiotempo-
ral dynamics of the charged particles and the THz radiation, we conduct quantitative
measurements of the charged particle emission at the rear surface of the target, includ-
ing a parametric investigation of the energy, particle yield, temperature, and angular
distribution of accelerated protons and electrons. Moreover, we perform detailed nu-
merical modeling of various generation mechanisms of THz emission based on the
charged particle measurements and find an excellent agreement with the experimen-
tally measured THz emission. Furthermore, our findings reveal a notable agreement
between the estimated temporal properties of the electron emission derived from the
THz analysis and hot electron spectra. This strongly validates the reliability and utility
of THz-based diagnostics for characterizing the temporal dynamics of electron emission
during laser-matter interaction.

Secondly, we report the first direct visualization of the Coulomb field of relativistic
electron bunches from laser-thin solid interactions on a sub-picosecond timescale. We
introduce a novel non-destructive single-shot detection scheme based on the electro-
optic principle. Our time-resolved measurements reveal a complex temporal structure
with multiple electron bunches propagating at nearly the speed of light. Moreover,
our observations confirm the contraction of the electric field of the relativistic electron
bunches under the Lorentz transformation. Further, we demonstrate the spatiotem-
poral evolution of the Coulomb field wavefronts as the electron bunches propagate
away from the target. This work paves the way for non-invasive measurements of fast

dynamics of charged particles on sub-picosecond timescales.



Zusammenfassung

In dieser Dissertation wird zwei Hauptthemen im Zusammenhang mit intensiver Laser-
Materie-Wechselwirkung untersucht. Erstens wird eine umfassende Charakterisierung
der intensiven THz-Emission von der Riickseite einer diinnen Folie wahrend der Wech-
selwirkung mit einem ultrakurzen Laserimpuls prasentiert. Wir werden tiber die Erfas-
sung von THz-Impulsen mit einem Rekord-Feldstarke von 3 MV /cm berichten. Wir
werden ein neuartiges Erfassungsschema verwenden, das auf einer nicht-kollinearen
Einzelschuss-Elektrooptik-Detektionstechnik basiert. Die Charakterisierung umfasst
die Pikosekunden-Wellenform, die spektrale Analyse, den Polarisationszustand und die
3D-Winkelverteilung der THz-Emission. Um die Korrelation zwischen den raumlich-
zeitlichen Dynamiken der geladenen Teilchen und der THz-Strahlung zu verifizieren,
fuhren wir quantitative Messungen der geladenen Partikelemission an der Riickseite der
Probe durch, einschlieBlich einer parametrischen Untersuchung von Energie, Teilchenaus-
beute, Temperatur und Winkelverteilung von beschleunigten Protonen und Elektronen.
Daruber hinaus werden wir detaillierte numerische Modellierung verschiedener Gen-
erationsmechanismen der THz-Emission durchfiihren. Diese basiert auf den gelade-
nen Partikelmessungen und zeigt eine ausgezeichnete Ubereinstimmung mit der ex-
perimentell gemessenen THz-Emission. Zudem zeigen unsere Ergebnisse eine be-
merkenswerte Ubereinstimmung zwischen den geschatzten zeitlichen Eigenschaften der
Elektronenemission, die aus der THz-Analyse abgeleitet werden, und den Spektren
heiBer Elektronen. Dies bestatigt nachdriicklich die Zuverlassigkeit und Nitzlichkeit
der THz-basierten Diagnostik zur Charakterisierung der zeitlichen Dynamik der Elek-
tronenemission wahrend der Laser-Materie-Wechselwirkung.

Zweitens wird ber die erste direkte Visualisierung des Coulomb-Feldes relativistis-
cher Elektronenbiindel aus der Wechselwirkung diinner Folien mit Lasern auf einer sub-
pikosekunden Zeitskala berichtet. Wir werden ein neuartiges zerstorungsfreies Einzelschuss-
Schema vorstellen, das auf dem elektrooptischen Prinzip basiert. Unsere zeitaufgelosten
Messungen enthiillen eine komplexe zeitliche Struktur mit mehreren Elektronenbiindeln,
die sich nahezu mit Lichtgeschwindigkeit ausbreiten. Dartiber hinaus bestatigen unsere
Beobachtungen die Kontraktion des elektrischen Feldes der relativistischen Elektro-
nenbuindel unter der Lorentz-Transformation. Zudem demonstrieren wir die raumlich-
zeitliche Evolution der Coulomb-Feld-Wellenfronten, wahrend die Elektronenbiindel
sich von der Folie entfernen. Diese Arbeit ebnet den Weg fiir nicht-invasive Messungen

schneller Dynamiken geladener Teilchen auf relativistischen Zeitskalen.
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1 INTRODUCTION

1 Introduction

Chirped pulse amplification (CPA) [1], honored with the 2018 Nobel Prize in physics,
revolutionized the generation of high-power laser pulses with incredibly short durations
in the femtosecond (107'°s) range and power levels exceeding petawatts (PW) [2]. By
focusing a high-power laser pulse to a spot size of a few micrometers, the intensity can
reach 1022 W /cm? [3], thereby opening up new frontiers in high-energy-density studies.
The interaction of an ultraintense laser pulse with a thin solid-state target produces
high fluxes of relativistic electrons that can lead to secondary processes such as bright
x-ray and ~y-ray emission [4], ion acceleration [5], and powerful terahertz radiation [6].
The plasma produced during such an interaction has many advantages over other well-
established generation methods due to the compact size, high damage threshold, and
high conversion efficiency. At present intensities, the laser energy is mainly transferred
to relativistic electrons, whose collective fields result in the acceleration of ions. In
addition, the transient dynamics of charged particles at the rear surface of the target,
involving the formation of a plasma sheath and the acceleration of its charges, can gen-
erate intense electromagnetic pulses in the terahertz range [7,8]. In fact, short-pulse
laser-based terahertz sources may offer compact and cost-effective alternatives to con-
ventional synchrotrons and free-electron lasers. Even today, they can routinely deliver
terahertz pulses with peak powers exceeding the gigawatt level [7]. The generation
mechanisms include the excitation of dc polarization in the case of organic crystals [9]
and the generation of free electron currents upon ionization of the media [10]. A
particularly intriguing aspect of short-pulse laser-based terahertz sources is their ability
to generate sub-picosecond single-cycle terahertz pulses with field strengths reaching
MV /cm levels [11]. In contrast to visible light, which typically carries an excess of
photon energy for collective excitations in condensed matter systems, THz light allows
direct coupling to the low-energy (meV scale) excitations of interest, enabling new
dynamical states of matter in which the material exhibits properties quite different
from those of equilibrium [12]. As a result, they have attracted significant interest due
to their unique applications, such as coherent manipulation of molecular orientations
and electron spin both resonantly and non-resonantly [13,14], and characterization of

laser-wakefield acceleration [15].

Experimental studies and two-dimensional particle-in-cell simulations suggested
that the emission of THz radiation is due to charged particle dynamics at the tar-

get rear surface via multiple processes such as coherent transition radiation (CTR) by
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the electrons exiting the rear of the target [16], surface currents, and sheath radia-
tion [17]. These initial findings sparked considerable interest in investigating terahertz
generation from relativistic lasers. [18]. However, the subsequent studies by various
groups could not agree on the precise origin and characteristics of the terahertz ra-
diation for comparable experimental conditions [17,19,20]. The lack of agreement
among these studies has prompted the need for further research into the underlying

mechanisms driving the emission of intense THz radiation from the target rear surface.

In this work, we resolve this ambiguity by providing a comprehensive and thorough
characterization of the THz radiation emission from the rear surface of a thin solid
target irradiated by intense laser pulses. We present an accurate temporal charac-
terization of the THz emission using single-shot, spatially-resolved electro-optic (EO)
detection. Moreover, we illustrate the directional properties of the THz emission by
providing their complete three-dimensional (3D) angular distribution. In order to gain
a deeper insight into the generation mechanisms responsible for the THz emission, we
perform thorough quantitative measurements of the charged particle emission at the
rear surface of the target during the interaction. This includes parametric investiga-
tions of the energy, temperature, and angular distribution of the particles. We employ
the experimentally recorded electron and ion spectra to conduct a detailed numerical
analysis of the THz generation and compare the results of the numerical modeling with

the experimental observations.

Different groups have used various laser and target parameters to transfer laser
energy into the electron beam [21], however, while most studies measure the inte-
grated energy of the accelerated electrons, detailed studies of the temporal structure
of the electron emission are lacking. Many studies either lack single-shot capability or
compromise electron beam quality by inserting a detection medium in the beam path.
Indeed, obtaining accurate time-resolved data remains challenging, mainly due to the
limitations of diagnostics in the sub-picosecond timescales involved. Nevertheless, ac-
quiring temporal information is essential as it provides an invaluable understanding of
the energy coupling pathways, enabling the optimization of the interaction. Moreover,
due to the velocity and phase matching conditions, an accurate temporal mapping of
the electron emission is crucial for efficient post-acceleration using synchronized energy

sources such as optical [22] and THz [23] based acceleration schemes.

In this work, we also report on novel experimental results on the temporal struc-
ture of the relativistic electrons emitted during intense laser-thin target interaction.

We employ a single-shot non-destructive electro-optic detection system to visualize
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1 INTRODUCTION

the Coulomb field of relativistic electron bunches on a sub-picosecond time scale. The
transient electric field of the relativistic electron bunches induces a momentary bire-
fringence in an electro-optic crystal (EOC) due to the Pockels effect. The EOC is
probed with an ultrashort optical pulse, allowing for a single-shot temporal-to-spatial
conversion that can be used to reconstruct the temporal structure of the transients on
a sub-picosecond timescale. We experimentally demonstrate, the spatial contraction
of the Coulomb field of electron bunches propagating at near relativistic speed as pre-
dicted by special relativity under the Lorentz transformation. Furthermore, we directly
observe the spatiotemporal evolution of the detected wavefronts of the Coulomb fields
as the relativistic electron bunches propagate away from the target. The time-resolved
mapping of the contracted Coulomb fields reveals a complex temporal structure of the
relativistic electron emission, shedding light on the involved acceleration mechanisms,
which vary based on interaction parameters. These results significantly contribute to
our understanding of laser-thin target interactions and provide valuable insights for
characterizing electron acceleration processes.

This thesis is organized as follows. In Chapter 2, we briefly explain the theoretical
concepts relevant to the laser-thin target interaction. We also include the electro-optic
effect (Pockels effect) and a detailed description of the detection schemes used for
THz radiation and relativistic electron bunches. Chapter 3 presents a comprehensive
characterization of the THz radiation from the rear target side during the interaction.
This includes a precise temporal waveform, polarization, and 3D angular distribution
of the THz emission. In Chapter 4, we conduct a parametric study of the charged
particle emission from the rear side of the target, analyzing electron and ion energy
spectra, temperature, and angular distribution. Chapter 5 focuses on a detailed nu-
merical investigation of the physical processes leading to the emission of THz radiation,
using the experimentally measured electron and ion spectra from the previous chapter.
We compare the numerical modeling results with the measured THz emission and esti-
mate the corresponding electron bunch longitudinal length. Finally, in Chapter 6 , we
report on a novel pilot experiment to visualize the temporal structure and spatiotem-
poral evolution of the wavefronts of the Coulomb field accompanying the emission of

relativistic electron bunches during the interaction.



2 Theoretical background

This chapter provides a concise theoretical overview with essential concepts applicable
to this work in three main sections: 2.1 presents the fundamental aspects of the
laser-plasma interaction and the optical energy transfer leading to the acceleration of
electrons and ions. Next, we convey the mathematical treatment of the Pockels effect
in electro-optic crystals in Section 2.2, and finally, in Section 2.3, we demonstrate
the experimental procedure for detecting transient phenomena during laser-plasma

interactions using electro-optic detection.

2.1 Laser-plasma interaction

When an ultra-high peak power laser pulse interacts with a thin target, a pre-plasma
can be formed due to heating by the advancing part of the amplified spontaneous
emission (ASE) of the laser pulse. If it is suppressed, however, by the use of a plasma
mirror, for example, or in a high-contrast laser pulse, a plasma is created due to optical
field ionization by the main pulse [24,25]. The plasma consists of charged particles,
i.e. electrons and ions. The particles with the largest charge-to-mass ratio, namely the
electrons, are accelerated by the laser first. The motion of electrons in this regime is

governed by the dimensionless laser amplitude:

— el _ Iy (1)
* T Mecw 1.37 x 1018 W /cm?(pm /)2

where e and m, are the electron charge and mass, and [y, Ey, A, and w are laser
peak intensity, electric field, wavelength and angular frequency, respectively. For a
laser wavelength of ~ 1pm and I > 10'® W/cm?, the dimensionless amplitude is
much larger than unity. In this case, a significant number of electrons in the plasma
are accelerated to relativistic velocities within a few cycles of the laser electric field,
leading to a 'relativistic plasma’ [26,27] with collisionless heating effects [28]. Further,
the electron motion is governed by both magnetic and electric fields. For direct ion
acceleration, however, the analogous dimensionless amplitude a; = eFEy/m;cw, where
m; is the ion mass, remains much smaller than unity for all experiments performed to
date in laboratories around the world. The irradiance value corresponding to a; = 1
for protons is I ~ 10** W /cm?(pm/\)?.

It is useful to define the following parameters; The plasma density scale length L
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is defined as [29]

d _].
L=n, <d_n) R coTr; s &N/ Z*kpT. /M, (2)
x

where n, is the plasma density, dn/dx is the slope of the density at n., 7, is the laser
pulse duration, ¢, is the speed of the acoustic wave (sound) in the plasma with 7 is the
electron temperature, M; is the ion mass, and kp is Boltzmann's constant. In addition,
the plasma frequency which stems from the collective electron density oscillations
caused by charge imbalance against the positive ion background, is given as w, =
\/m where m denotes the electron rest mass. A plasma becomes overdense if
its electron density n. exceeds the critical density n., = \/W. This description
arises from the expression for the refractive index of transverse electromagnetic waves in
plasmas ns = /1 — wg/w%. Thus, for wy, < w,, the refractive index becomes purely
imaginary. As a result, the plasma becomes non-transparent to the EM wave, effectively
blocking the laser field from reaching the target volume. This has a significant impact

on how the laser energy is absorbed by the material.

2.1.1 Absorption mechanisms of intense laser pulses in a plasma

We briefly describe the main mechanisms responsible for the transport of laser energy to
plasma electrons under the conditions present in this work. When the intensity reaches
10 — 10 W /cm? at the advancing pulse pedestal prior to the main laser pulse,
the absorption is dominated by collisional absorption (inverse bremsstrahlung) and
resonance absorption [30,31]. However, for intensities above 10> W /cm?, the plasma
temperature rises rapidly during the interaction, reducing the importance of collisions
for coupling energy [32]. In addition, the electron quiver velocity becomes comparable
to the thermal velocity, thus further decreasing the effective collision frequency [33].
Therefore, collisional heating cannot explain the observed high absorption rate at high
laser intensities [34,35]. In fact, there are a number of alternative mechanisms that can
couple laser energy to plasma in collisionless processes. Depending on the sharpness
of the plasma gradient, the polarization of the laser light, and the angle of incidence,

vacuum heating or j X B absorption may occur.
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Figure 1: A p-polarized laser pulse is incident obliquely onto a plasma gradient at the
front surface of the target. The laser light propagates up to a density of n., cos® @
before it is specularly reflected, creating a standing wave at the turning point that
leads to an evanescent decaying electric field in the longitudinal direction. The cyan
arrow represents a resonantly excited plasma wave that accelerates electrons inside the
target along the normal direction. Additionally, the yellow arrow indicates the direction
of the pondermotive acceleration along the laser propagation.

Resonance absorption

In the standard picture [36], we consider a plasma expanding from a solid surface into
the vacuum in the z direction with a p-polarized laser pulse being incident at an angle
6 with respect to the surface’'s normal. We also consider a plasma gradient Vn in
the case where E - Vn # 0. Using Snell’s law, it is easy to show that the laser light
propagates up to the density n., cos? @ before it is specularly reflected. At the same
time, some of the light energy will tunnel into the critical density. If the electric field
vector, E, of the laser light is in the direction of the density gradient Vn, an electron
plasma wave will be resonantly excited at a depth where the frequency w, = w;. The
transferred energy goes into accelerating a fraction of the electrons in the plasma. The
damping of the oscillation amplitude can be assumed to be due to either collisional or
collisionless effects such as particle trapping or wave breaking. In addition, it was found
that the energy distribution of the accelerated electrons is roughly a Maxwellian " tail”
of hot electrons superimposed on the initial background temperature. The temperature

of the hot electrons due to resonance absorption scales as [37, 38]
Tres  (I110" W /em?] X2[m?])"* [MeV] (3)

As hinted at earlier, resonance absorption is less effective at very steep density



2 THEORETICAL BACKGROUND

gradients. In a sharp density profile, the resonance breaks down if the field amplitude
of the oscillations exceeds the density scale length L, i.e. if v,s/wol > 1 [39]. It is
worth mentioning that at higher intensities, effects such as the rippling of the critical
surface due to a Rayleigh—Taylor-like instability may increase the absorption, providing
additional regions where EVn # 0. In fact, this may enable resonance absorption for
s-polarized light [40].

Brunel (vacuum heating)

Classical resonant absorption becomes less effective for sharp plasma gradients (L/\ <
1) since no resonant plasma waves can be established. This simple fact was pointed
out by Brunel [41], who proposed an alternative mechanism in which electrons are
directly heated by the p-polarized component of the laser field. The electrons are
pulled away from the plasma-vacuum interface, spun around, and accelerated back
into the plasma with v & wv.s within half a laser cycle, with v,s = eE//m.w, co being
the quiver velocity. The accelerated electrons are absorbed and the energy will be
eventually spread through collisions in the plasma. The thermal electron temperature

implied by this model and by electrostatic PIC simulations is [39]

Toae o< V2, = 3.61[10'° W /em?| A\*[um?] (4)

While this model predicts both high absorption and a strong hot temperature scaling,
subsequent studies with electromagnetic codes showed that the mechanism saturates

at high intensities due to the deflection of the electron orbits by the v x B force [42,43].

Relativistic j x B heating

For relativistic irradiance and relatively gentle plasma gradients, j x B heating becomes
effective [44]. The driving force in this case arises from the oscillating component of
the ponderomotive force of the laser. It relies on the large gradient of the laser light
near the vacuum plasma interface, due to the penetration of the laser’'s electric and
magnetic fields. For an electron fluid element in the plasma, near the vacuum plasma

interface, the equation of motion is

(5)

L, uXxB
c

=4 Vp=—e [E+

where p'= ymgU, and -y is the Lorentz factor. By rewriting the electromagnetic fields

9



in terms of a vector potential A, one obtains the following equation for the longitudinal

component of the electron fluid momentum [31]

op > -
% =eVo —mec®V(y — 1) (6)

The first term is the force term due to an electrostatic force. The second term can
be identified with a relativistic ponderomotive force, from which the potential can be
written as

Up = (v — 1)moc? (7)

As a result, the electrons are accelerated along the laser propagation direction at twice

the laser frequency. The effective electron temperature scales as [45]

I[W/em?] A*[pm?]
Tpond = m002 <\/1 + 28 % 1018 —1 (8)

It is worth mentioning that the effectiveness of this absorption mechanism is reduced

when a high-density plasma with sharp gradients is present [31].

Other heating mechanisms, such as the anomalous skin effect, can contribute to the

energy coupling process during the interaction and can be found in the reviews [31,39].

2.1.2 Laser-driven ion acceleration

As previously hinted, a direct acceleration of the ions, especially at the back surface
of the target, cannot be obtained directly by the laser light; thus, the acceleration
of the ions has to rely on the energetic electrons that can propagate through the
target. Indeed, several models have been proposed to describe the emission of positively
charged particles from the rear surface of an irradiated target, such as target normal
sheath acceleration (TNSA) [46] and radiation pressure acceleration (RPA) [47], or
even both in a hybrid acceleration scheme [48]. A detailed review of all possible
ion acceleration processes during laser-matter interactions can be found in the review
articles [49,50]. For laser intensities of ~ 10 W/cm? and thin targets, the TNSA
mechanism is the dominant process; Henceforth, we will focus on the TNSA process

in this work.

10



2 THEORETICAL BACKGROUND

Target normal sheath acceleration (TNSA)

Experimentally, the recorded ion energy spectrum has a characteristic energy cut-off,
which can be well described by the simple physical model proposed in [51-53] based
on the expansion of the plasma into vacuum [54,55]. Fast electrons accelerated by the
laser on the irradiated side propagate through and then exit the target. As a result, a
huge electrostatic field of the order of TV/m is generated due to the charge separation
caused by the escaping electrons and the unbalanced charge left behind. This charge
separation field ionizes atoms, and the resulting ions start to expand into the vacuum
behind the target, following the electrons [46,56]. The accelerated ions and protons
mainly originate from the hydrogen-rich contamination layer and water vapor. These
models assume that initially the ions are at rest and form a sharp boundary with the
vacuum. Electrons, in contrast, follow a Boltzmann distribution with an electrostatic
potential:

Ne = Mep €XP % (9)
where n, and 7T, denote the hot electron density and temperature. The electrostatic

potential satisfies the Poisson equation:

d?®
dz2

where n; and eZ; are the ion density and charge along the spatial coordinate z. In

= 4dme(ne — Zin;) (10)

the TNSA model, the plasma is neutral except for a small region near the expansion
front, the so-called plasma sheath, which has a width of the order of the Debye length
Ap = \/To/4mnee?. The integration of Equation 10 gives a measure of the initial

electric field at the target rear surface,

1/2
Esheath - \/ 3 Te = (S_WneTe> (11)
EN 6>\D EN

with ex being Euler's number. Using the 1D isothermal plasma expansion model [51]

one can derive the maximum ion energy,

2

wpit

Wil 2
Emax(t) =22T,< 1 2 1 12
i " ¢2—+\/(¢2—) . 12

Here wy = +/4mZinepe?/m; is the ion plasma frequency with ne being the initial
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plasma density. The limitation of such a 1D model is that the ion energy grows to
infinity at ¢t — oo. In actuality, the ion energy is always finite. It is reasonable to assume
that the 1D approximation breaks down when the ion front extends to distances of
the order of the sheath’s transverse size. A more refined expression for the maximum

energy of the accelerated ions is given as [57],

2T, \/ Aghea P
Ernax = V “sheath __ 27 M o (13)
AD T 8.7 x 10°9W

whereas Ageatn = T(r + dtan 0)? denotes the transverse area of the sheath with 7,
d, and 0 being the focal spot radius, the target thickness, and the half-opening angle
of the electrons spread during their propagation through the target. P, = Ep /7 is
the laser power and 7 is the conversion efficiency of laser energy absorption into hot
electron generation. For our experimental parameters, this model gives a maximum

proton energy around &, &~ 4 MeV.

It is worth mentioning that laser-driven ion acceleration is a very complex pro-
cess that is influenced by many physical phenomena [50]. Examples include plasma
formation, absorption of laser energy into electrons, plasma evolution driven by laser
and collective plasma fields, electron transport, and charge particle dynamics during

acceleration.

2.2 The electro-optic effect

Electro-optical detection schemes are widely employed in a myriad of demanding fields
such as electron bunching measurements at linear accelerator facilities [58]. The exper-
iments described in this work use the electro-optic effects to reconstruct the temporal
profile of the THz radiation and electron bunches emission during laser-plasma inter-
actions. In short, birefringence can be induced in an electro-optic crystal by the field
of interest, such as a quasi-static Coloumb field of a relativistic electron bunch or an
electromagnetic pulse in the THz regime, and the birefringence is subsequently probed
by ultrashort laser pulses. In the following, we review the physical background of the

electro-optic effect (Pockels effect).

12



2 THEORETICAL BACKGROUND

2.2.1 Wave propagation in anisotropic crystals

It is customary to describe the propagation of an electromagnetic wave (EM) using the

well-known Maxwell's equations, which lead to the wave equation in dielectric materials

,., 10°E  O°P
T2 o Mo

(14)

where FE is the electric field vector, P is the electric polarization in the material, and
(1o is the permeability of free space. As the EM wave penetrates the optical material
of interest, the electrons respond by generating a new field with electric polarization

P, which counteracts or increases the external flux:
P =D —¢FE = x.coF (15)

where D [%] is The electric displacement density or flux density, ¢ is the vacuum

permittivity, and x. is the electric susceptibility.

In an isotropic medium, the induced polarization is always parallel to the electric
field vector and is related to the field by the susceptibility. In the case of an anisotropic
medium, however, the induced polarization is not necessarily parallel to the electric
field, facilitating the treatment of the susceptibility as a tensor x;;. The coefficients of
the susceptibility tensor depend on the choice of the coordinate system with respect to
the crystallographic axis of the lattice. Since the susceptibility tensor ;; is symmetric
for non-absorbing crystals, it can be diagonalized with the non-vanishing eigenvalues,
also called main-susceptibilities [xs = 11, X22, x33]- The axes, chosen such that the
susceptibility tensor is a diagonal matrix, are called the principal axes of the crystal.
If the components of x;; are not all equal, the material will exhibit birefringence.

Similarly, the dielectric permittivity tensor will be
€ij = 1+ X5 (16)

In this case, the permittivity is a symmetric tensor, and D in equation 15 is in general

not parallel to the electric field.

In an anisotropic crystal, the phase velocity of a plane electromagnetic wave is

given by

C
Up = = E (17)

C
NG
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which depends on both the direction of propagation and the polarization. We can
consider two orthogonal axes U, and Uy with different phase velocities and, accordingly,
different refractive indices. The accounted refractive indices are commonly referred to
as ns (slow) and ny (fast). In general, during the propagation of a linearly polarized
electromagnetic wave through a crystal, the field vector can be decomposed into two
components parallel to the two optical axes of the crystal, each with a different phase
velocity. As a result, a phase shift between the two components is induced and the

polarization of the exiting wave is altered with respect to its initial state.

2.2.2 The Index of ellipsoid

To find the indices of refraction ns and ny, it is customary to define the so-called index
ellipsoid. Considering that the energy density in the electrical form is half of the total,

we can write the energy density of an electric field as

1 1
we =B D= Y EiejE; (18)

.3

If we rotate our coordinate system so that these axes are parallel to the axes of the

ellipsoid, we then rearrange into
1
We = §(€1E12 + €2E22 -+ €3E§) (19)

substituting E; = f— gives

D2 DI D2
e et R

2w, (20)
&1 €9 £3
By taking a suitable dimensionless vector along the direction of D such as
Ui
D
u= [ uy | = (21)
2w,
us
and by considering the main refractive indices for a nonmagnetic material n; = \/¢;; i =
1,2, 3 we get the equation of the refractive index ellipsoid
2 2 2
u u u
N 2)
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2 THEORETICAL BACKGROUND

The main axes of the index ellipsoid have the length 2n; and are parallel to the

optical axes of the crystal. The electric impermeability tensor is defined by

n=e’ (23)

which form in the principal axis system of the crystal as

3

I
o o 3~
owﬁwl’_‘ )
wﬁml’_‘ o O

—

N

~

—

The equation of the index ellipsoid can be rewritten as

u-n-u=1 (25)

For light waves propagating in a giving direction, the index ellipse is obtained by
defining an intersecting plane through the origin of the ellipsoid perpendicular to the
propagation direction, see Figure 2. The index ellipse gives the refractive indices n,
and ny which indicates the vibration direction of the light waves, as the electric vectors
of the waves vibrate along the major and minor axes of the index ellipse. For each
direction of travel in an anisotropic medium, there are two plane-polarized light waves
that vibrate perpendicular to each other and travel at different velocities, giving rise
to the phenomenon of birefringence. Reference [59] offers an interactive model of the
index ellipsoid.

2.2.3 The Pockels effect in ZnTe and GaP

An external static (or quasi-static) electric field can alter the properties of an optically
active crystal as the refractive index becomes a function of the field. The change
in refractive index in some materials depends linearly on the strength of the applied
electric field, leading to changes in the orientation and shape of the index ellipse. For
sufficiently high electric fields, the polarization shown previously becomes nonlinear

and can be written as a power series in field strength:

P =co(x"E +xVE* + xPE®..) (26)

For weak electric fields, all but the first term can be neglected. The linear suscepti-

bility x(®) (first-order susceptibility) induces dispersion where in the case of anisotropic
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Index ellipse

a3 Index ellipsoid

Figure 2: A cross section through the ellipsoid produces a refractive index ellipse for
waves traveling normal to that section k. The major and minor axes of the ellipse
denote the refractive indices encountered by the slow and fast waves, which vibrate
with their electric displacement vectors along those two axes. Reference [59] offers an
interactive model of the index ellipsoid.

crystals leads to a directional dependence on the speed of light (birefringence). The
second-order susceptibility x (1) term characterizes how the refractive index depends
on the electric field. This is known as the linear electro-optic effect or Pockels effect,
on which the work in this thesis relies. Another important implication of x(1) is the
second harmonic generation. The 3rd order susceptibility x(? leads to a dependency of
the refractive index on the intensity of the electric field (I ~ E?) and is called the Kerr
or quadratic electro-optical effect. In practice, for intensities below ~ 106 W/cm?,

polarization terms above third order can be neglected.

In this work we utilize two crystals (ZnTe and GaP) for the detection of THz pulses
during the laser-plasma interaction. Such crystals belong to the zinc blende structure
group, which features two face-centered cubic lattices shifted by one-quarter of the
spatial diagonal, thus leading to a high degree of symmetry. In other words, they
can be characterized as isotropic in the absence of an electric field such that n; =
ny = n3 = ng. However, in the presence of strong electric fields (E > 10°V/m), the
force of the electromagnetic field distorts the crystal lattice resulting in an anisotropic
crystal. Due to the emerging anisotropy, the susceptibility can be described by a linear
dependence on the electric field. We can apply Taylor expansion of X, in equation

26 in terms of the electrical field around E = 0 rather than the expansion of the
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2 THEORETICAL BACKGROUND

polarization P.
Since x and 7 are related by equation 16 and 23, the permeability tensor also
contains terms of higher order in the presence of a strong external electric field, and

can thus be expanded using a Taylor expansion around E = 0:
Nij = Mij (0) + TijkEk + SijklEkEl + ... (27)

The case of conventional linear optics can be retained in the first term. In the
second term, we have the tensor r;;, that describes the linear electro-optic effect
(Pockels coefficients). The next term contains the tensor s;j;; that describes the
quadratic electrooptic effect (Kerr coefficients). For the electro-optic crystal used in
this work, such as ZnTe and GaP, the term due to the Kerr effect can be neglected as

the order of magnitude for both coefficients is:

e~ 1077 2
o M (28)
Sijkl ~ 10~ v2

The impermeability tensor thus becomes:
n(E)=¢'T+r - E (29)

Here I is the identity matrix. Substituting this into the final equation of the index
ellipsoid 25 gives

u - n(E) U = Z (81(5173‘ + Z rijkEk> Uity = 1 (30)
1,7=1,2,3 k=1,2,3

Since the tensor m is symmetric (r;;x = 7;ix), it can be simplified by introducing

the following nomenclature to contract the indices

) — 1 11k — Tik
y2) — 2 T2k — T2k
— 3 T33k — T3k

— 4 | Trosp = T3k — Tak

— D | T3k = T3k — Tsk

— 6 | Tiop = T2k — Tek
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Figure 3: Left: the crystal cut along the (110) plane in the cubic zinc telluride crystal.
Right: The coordinate system (X, Y ) in the (110) plane. The THz and laser pulses
incident along the normal direction U3 of this plane. This figure is adapted from [60]

The symmetry of a crystal limits the number of independent elements in the matrix
of electrooptical coefficients r;;,. Crystals of the zinc blende structure (ZnTe and GaP)
feature a high degree of symmetry and as a consequence, the matrix of electro-optical
coefficients has only one independent entry (741 = r5o = 763). We can now calculate

the equation for the electro-optically induced index ellipsoid in the following form:

1
F(u% + ug + ug) + 2r41 (Fhugus + Esuguy + Esujug) =1 (31)
0

Determination of the main refractive indices

To obtain the principal refractive index, we perform a principal axis transformation
where n(E) is diagonalized. The crystals used in the following EO experiments are cut
in the (110)-plane as schematically presented in Figure 3. It is worth mentioning that
the external electric field of interest in this work is assumed to be a linearly polarized
electric wave in the terahertz spectral regime Erp,. To maximize the retardation
due to the induced birefringence in the presence of a sufficiently strong electric field
of THz-radiation, the propagation vectors of both pulses (THz and laser probe) are
perpendicular to the cut plane (110); Thus, their electric field vectors vibrate within

this plane. A new coordinate system (X,Y) is defined in this plane:

(! 0
X=-"7| 1 , Y=1[o0 32
7 1 (32)

By following the treatment in [60], we assign the angle o between the electric field
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2 THEORETICAL BACKGROUND

component of the perpendicularly incident THz pulse and the X-axis (the [—1,1,0]
axis of the ZnTe and GaP crystals), giving the components of the electric vector Ergs,
of the THz radiation in the base system of the crystal lattice as:

—\/% cos
ETHz = ETHZ \/Li COS (x (33)

sin «

The the field-dependent impermeability becomes:

. 1 00 0 sin av cos a/\/§
n(Ern,) = — 01 0 | +ryEru, sin « 0 —CoSs oz/\/§
L
0 01 coS a/\/§ —Cos a/\/ﬁ 0

(34)

In order to find the main refractive indices and the principal axes, we need to write
the eigenvalues and eigenvectors of the tensor. The eigenvalues of n(ETg,) can be

assessed as follows

1 Ern, (.
Alg = — _ o (sma + \/1—|—30052a>
ng 2

(35)
A3 = + 141 B, sin

with the normalized eigenvectors presented in appendix 8.A. Taking into account the

relation n; = \1K along with the approximation r4 Fry, < 1/n3, we get the main

indices of refraction of a zinc-blende type crystal in the presence of a strong electrical
field:

n3 141 Ern,
ni = ng + —o AT (sina + \/1+30082a>

4
Srau b
Ny = ng + w (sina - v1+30032a> (36)
. _ n8T41ETHz .
ns = Mo Tsma

In the crystal plane (110) the axis U1 may enclose an angle of ¢ with the X-axis
[-110], see Figure 4. The angle ¢ can be estimated by computing the scalar product
of U1 and X with the applied relation cos(21)) = 2cos*y) — 1, giving
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Figure 4: The refractive index ellipsoid projected onto the (110) plane of an electro-
optic crystal (ZnTe). The electric vector of the signal of interest Ery, encloses an
angle o with the X-axis [-1, 1, 0], and the angle between the long half-axis of the
ellipse and the X-axis is given by Equation 37. The larger index implies a slower
propagation speed of the light (ns), where the smaller index corresponds to a faster
propagation speed (ns). Right: both the THz and the laser probe propagate along the
normal to the (110) plane. Figure adapted from [60].

sin «
V1 + 3cos?a

When o = 7/2, the principal axis U1 points in the X direction, and the axis U2

cos(2¢) =

(37)

in the Y direction. The third principal axis is perpendicular to the (110) crystal plane
and parallel to the propagation direction of the THz-radiation. The principal refractive
indices corresponding to the first two principal axes are n; and ny as shown in Figure
4.

When an ultra-short laser probe beam is sent through the crystal along the eigen-
vector U3 to read the time-dependent birefringence, its wave vector may be tilted by
an angle of 5 with respect to the y-axis (0,0,1) as shown in the right panel in Figure
4. If the angle 5 # 0, the beam must be p-polarized as to keep the electric vector
Ejaser completely within the (110) plane leading to maximum phase shift. This will
be the case when detecting THz pulses in Section 3. A modified detection geometry
will be utilized in Section 6 where the laser probe beam is incident perpendicularly on

the crystal plane. In both cases, however, the laser probe beam is linearly polarized to
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2 THEORETICAL BACKGROUND
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Figure 5: Left: The angle ¥ between the long principal axis of the refractive index
ellipsoid and the X'-axis in the crystal plane as a function of the angle o between the
electric vector Ety, of the THz wave and the X-axis. Right: The relative phase
shift I" between the two orthogonal components of the laser field Ejaser, plotted as a
function of the angle a.. The retardation I' is calculated for a d = 500 pm thick ZnTe
crystal subjected to a focused THz pulse with a field strength of Fry,, = 10°V/m.

ensure that the laser electric field oscillates in the crystal plane.

In a crystal of thickness d in the presence of a sufficiently strong external THz field,
the two components of Ej,q along the principal axes U1 and U2 acquire a relative
phase shift of

Wo d md

[ = —(n —ng) = )\—ng ra1 Era, V1 + 3 cos? « (38)
C 0

where wy is the angular frequency of the laser light and \q its wavelength in vacuum.
The rotation angle 1) of the index ellipse in the (X, Y) plane and the relative phase shift
I'. The phase shift is referred to as retardation parameter, which is proportional to the
strength of the external electric field Etgy, and depends on the angle o between the
field vector and the X-axis. The angular dependence of 1(«) is illustrated in Figure
5. The maximum phase retardation can be achieved when o« = 0 giving ¢ = 7 /4. The
relative phase shift T" is plotted in Figure 5 as a function of the angle a between the

electric vector and the X-axis.

2.2.4 Electro-Optic Properties of ZnTe and GaP

It is instructive to introduce the parameters we use in this work. When a THz pulse in-
teracts with the crystal lattice of an EO-crystal, a resonance at the transverse oscillation

(TO) strongly modulates the complex index of refraction nry, and the electro-optic
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coefficient r4;. These effects induce a frequency dependence of the electro-optical

phase retardation inside an electro-optical crystal.

2.2.4.1 Refractive index in the THz regime For THz frequencies, the complex
dielectric function (f) of an electro-optic crystal (ZnTe and GaP) can be obtained
from the general case [61] by restricting the frequency sum of the electro-optic response

to the lowest transverse optical (TO) lattice oscillation, and can be written as [60]

Sofd
fe— f2—ilof

e(f) = ea + (39)
with f;, I';, and S; being the eigenfrequency, damping constant and oscillator strength
of the lattice oscillation j. We used the following fitting parameters as [62]:
InTe: e(el) =74, fo=53THz, So=27, T'y=0.09THZ

GaP: e(el) = 8.7, fo=10.98THz, S;=1.8, T'y=0.02THZ

The complex index of refraction is given by:

n(f) +ik(f) = Ve(f) (40)

2.2.4.2 Electro-optical coefficient in the THz regime The electro-optic co-
efficient 74, is also governed by the lattice oscillations (TO). It can be written as a

function of frequency as follows [63]

Cf?
ro = dp (1 T - z’Fgf) (41)

In addition to the previously defined parameters fy and 'y, we use the following for

ZnTe and GaP [64,65]:

ZnTe: dg =4.25 x 1072 m/V, C = —0.07,
GaP: dp =1.1x107"2m/V, C = —-0.53,

2.2.4.3 \Velocity difference between THz and NIR pulse in GaP and ZnTe
The phase and group velocities of a THz wave and a NIR pulse of a certain carrier
frequency are matched only over a short THz frequency range [66]. A Ti:Sa laser pulse

propagates with the group velocity

c Adn c
=—(1+—-——)=—— 42
Vs n( +nd/\) n+ fin (42)
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Figure 6: A comparison of phase and group velocities in ZnTe (left) and GaP (right)
in the THz range.
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Figure 7: Electro-optic response functions of ZnTe and GaP in the THz frequency
range for crystal thicknesses of 100 pm, 200 pm, and 500 pm.

which is lower than the phase velocity of the contributing harmonic waves. On the other
hand, the index of refraction in the THz-regime is defined by 39 and 40. The phase and
group velocities in ZnTe and GaP are presented in Figure 6 as function of frequency.
Compared to the optical group velocity at 800 nm, the THz pulse propagates at a
higher velocity at low frequencies, and there is a growing mismatch in velocity when
approaching the TO resonance at 5.3 THz in ZnTe and 11 THz in GaP.

2.2.4.4 Electro-optic response function To account for all aforementioned ef-
fects, including phase-slippage, the frequency dependence of the refractive index, and
the electro-optical coefficient in the THz regime, a response function depending on
the frequency f and the crystal thickness d can be defined as [67]

C

GULD = T {exp (m fd%) _ 1} (43)

23




Optical
Coulomb field probe Focused
Polarizer . THz pulse prope

electron
Coulomb
field

(110) cut

Electron bunch

EOC

Polarization
components

Space (mm)

Time (mm)

Figure 8: A simplified view of the electro-optic detection scheme: A linearly polarized
short laser probe propagates through an electro-optic crystal in the presence of a
longitudinally contracted Coulomb field of a transient relativistic electron bunch. The
polarization state of the probe beam becomes elliptical and is then controlled by a wave
plate. An analyzer splits the s- and p-components of the elliptical polarization to be
imaged on a CCD to measure the intensity modulation. The upper-left corner shows
the orientation of the polarization components leading to the largest electro-optical
effect when using a ZnTe crystal cut in the (110) plane. The inset on the right shows
the principle of time-to-space mapping of a transient THz pulse via spatial encoding
due to the oblique incidence of the probe.

where the index difference An = nyy, — ¢/v,. The EO response function of ZnTe
is shown in Figure 7 for various crystal thicknesses, where the TO resonance sets an
upper limit to the accessible frequency range. The higher TO resonance frequency in
GaP allows for a higher frequency range. A thin crystal (d < 100 pm) should be used
to exploit this capability, otherwise, ZnTe is favored due to its higher EO coefficient

T41-

2.3 Electro-optic signal detection

In the following, we address the question of how to experimentally measure the re-
tardation induced within an electro-optic crystal by a transient electric field of the
THz wave during their interaction. To achieve this, we describe the technique used
to encode the time-dependent retardation onto the laser probe pulse and present the
method used to convert the retardation into a detectable signal.

In order to extract temporal information, such as measuring the THz pulse duration
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2 THEORETICAL BACKGROUND

as demonstrated in Chapter 3, we employ a spatially resolved electro-optic setup [68].
In this setup, the temporally induced birefringence is encoded within the laser probe as
spatial intensity modulations. The geometry is depicted in the inset of Figure 8, where
a THz pulse is focused perpendicularly onto the EO crystal, while a linearly polarized
short laser probe is directed towards the EO crystal at an angle 6 relative to the crystal
surface’s normal. Since one side of the laser probe arrives at the EO crystal before
the other side, different temporal components in the crystal are observed by different
spatial components of the laser. The analyzer converts the spatial modulation of the
polarization into a spatial intensity modulation, which is detected by the CCD camera.
The mapping between the time coordinate ¢ and the spatial coordinate = can be readily
obtained

t = %tan(ﬁ) (44)

where 0 is the angle (in air) between the two beams. The total window of time,
AT = wtan(f)/c, probed during the measurement is determined by the width w of
the incident probe beam.

To obtain the signal, we consider a collimated laser probe beam exiting the ZnTe
crystal and passing through a quarter-wave plate whose main axes are oriented at +45°
with respect to the horizontal direction. An analyzer separates the two polarization
components of the laser beam to be imaged on a CCD to measure the signal intensity.
The analyzer will then be rotated by 90° and the shot will be repeated to obtain the
orthogonal polarization component. This configuration is called a balanced® detection
scheme and is shown in Figure 8 for the case of detecting the transient electric field
of electron bunches. In the absence of an external electric field, the laser probe pulse
passes through the EO crystal without changing its polarization state. The quarter-
wave plate transforms the linearly polarized probe into a circularly polarized one. The
analyzer guides the two orthogonal components of a circular wave of equal intensity
toward the camera. Consequently, the signal difference vanishes. However, in the
presence of a sufficiently strong THz field, the phase retardation induced inside the EO
crystal modifies the polarization of the laser probe into an elliptically polarized state,
leading to an imbalance between the two measured signals on the camera.

Here, we summarize the treatment in [69,70] based on Jones calculus. Laser light

with a horizontal or vertical polarization is represented by the vectors

UIn a conventional balanced detection scheme, instead of an analyzer, a Wollaston prism is used,
which separates the two orthogonal components to be measured simultaneously by two diodes or
two cameras to obtain the signal in a single shot. For this purpose, two intensity-sensitive detectors
capable of sustaining large background intensities without damage or saturation are required.
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1 0
Eh = Elaser < 0 ) or Ev = Elaser ( 1 > (45)

and the rotation of the polarization plane can be described by the matrix

R(¢) = <Cosgb —sinqb) (46)

sing  cos ¢

The Jones matrix of a quarter-wave plate with fast axis in horizontal direction is

Q = exp(—in/4) - ( (1) (Z) ) (47)

When an EO crystal of thickness d is subjected to a strong electric field, it acquires
the indices ns(a) = ny(a), ng(e) = na(a). The Jones matrix of the EO crystal is

given by

EO(a) = ( exp(—ins(a)wd/c) 0 ) (48)

0 exp(—ins(a)wd/c)

By separating out the average phase change ¢ = (ns + ny)wd/c we get

(49)

EO(a) (exp(—if(a)/Q) 0 > e

0 exp(+il'(a)/2)

where T" is given by equation 38. Since only the intensities are calculated, the overall
phase factor exp(—i¢) can be omitted.

In order to fully simulate the system, the Jones matrices of all optical elements
in the path of the laser beam between the EO-crystal and the detector have to be
multiplied. To calculate the electric field strength, the electric field of the laser beam
FE)... is rotated into the principle axis system of the EO crystal, then passed through
the crystal and finally rotated back into the laboratory system (X, Y). Mathematically,

this can be described as a product of matrices:

R(—¢(a)) - EO(a) - R(¥()) + Ejaser

(10  cos(2¢)  sin(2y) \ . (50)
= ( 01 ) cos(I'/2) —i ( n(20) —cos(20) ) sin(I'/2) - Elager ,

where the angle v, is given by equation 37.
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Crossed-polarizer setup The simplest setup for electro-optic detection is where
a horizontally polarized laser beam passes through the EO crystal and then through
a vertical polarizer in front of the detector. The electric field strength Eg4. at the
detector can be calculated by multiplying the electric field vector of the horizontally
polarized laser beam E, by the rotated matrix of the EO crystal (equation 50). In this
system, the vertical polarization component FE, is calculated

Eaet = ( 10 ) -R(—v) - EO(a) - R(¢) * Biaser ( ! )

0
()

- iz () "

and the intensity at the detector I4.; can be calculated as:

CEQ

Idet(a) = 7

Bal = GBR o) () (52)

for the maximal electro-optic effect & = 0 giving ¢» = /4 and the detected intensity

is

Liet(a) = %&)Eget sin? <¥) - %OEﬁet sin? (“;—j nd ray ETHZ) (53)

For small T' < 1 the intensity is proportional to E2y,. In practice, a small back-
ground leakage is recorded by the detector even when the two polarizers are fully
crossed. Some residual intensity in the system occurs due to imperfections in the EO
crystal and mechanical stresses, which can be compensated by a quarter-wave plate
between the EO crystal and the analyzer. Other factors can lead to higher background
signals, such as imperfect polarization of the input beam, uncompensated residual bire-
fringence, scattering in the crystal, and imperfect polarization in the analyzer. The

background signal I, is proportional to the laser intensity CETOEZ and can be added:

laser
[det = IO : sm2(F/2) + [bg (54)

Balanced detection In the crossed-polarizer scheme, the detected signal is propor-
tional to the THz intensity. This means that we can only obtain the amplitude but
not the phase of the THz pulse. We can add a quarter-wave plate behind the EO

crystal and a Wollaston prism (replaced by the analyzer) to set up a balanced scheme
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as shown in Figure 8. This scheme enables the detection of both the phase and the
amplitude of the electric field and provides much better sensitivity than the crossed
polarizer setup. The fast optical axis of the quarter wave plate is rotated by 45° with
respect to the polarization direction of the laser beam so that the wave becomes cir-
cularly polarized. The intensity of the observed background at either analyzer position
is Iy = 1/2I,. Since the quarter-wave plate is inserted in the optical beam path, we
need to rotate the beam into the main coordinate system of the quarter-wave plate,

apply the appropriate matrix, and rotate it back. Thus equation 50 becomes:

Fuew = (0 1) R(-7/4)-Q Rix/4)- R(~1) - BO(a) - R() - B |

(55)
For maximal electro-optic effect i. e. « = 0 making ¢» = 7/4, the field and the

intensity at the detector becomes:

Enaser .
Eaetv = i (cos(T'/2) — sin(T'/2)) (56)

ce
[det,v = 70E§et,v + [bg
EQ
= SR feos(D/2) — sin(D/2) + g (57)

Iaser .
- 12 (1 —sin(l)) + Iug

For I' < 1 the intensity [4cv is proportional to Ery, but on a large background

(E34,/2). When the analyzer is orientated to pass the horizontal polarization compo-
nents, the latter can simultaneously be measured:

]aser .
Tietn = =22 (1 +sin(T)) + Log (58)

2

Thus the intensity difference seen by the balanced detector is:

[det,h - [det,v = [laser SIH(F) (59)

For the THz field reported in this work Ery, ~ 10 MV /m, the phase retardation
is ' < 1. Since the balanced detector signal scales linearly with the electric field
Ery, of the THz pulse, it is therefore much larger than the signal obtained in the

crossed-polarizer setup which is proportional to I'2. However, a detector with a high
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2 THEORETICAL BACKGROUND

dynamic range that does not saturate at half the laser power transmitted through the
EO crystal is required.

It is worth mentioning that in some cases balanced detection is not always possible,
especially in environments where a single shot detection is necessary, as in accelerator
facilities. Other variations of the electro-optic setup can be applied, such as near-

crossing polarization.
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3 Electro-optic detection of THz radiation

There are several well-known processes in which laser pulses transfer energy to electrons
during their interaction with the plasma. The energy transfer can be realized via various
pathways as briefly presented in section 2.1.1. Examples are nonlinear forces exerted
by the laser pulse, Lorentz force, vacuum heating, etc [50, 71]. Depending on the
heating mechanism, the energy gained by the electrons varies from keV to several
MeVs, as we will see in the next chapter. Additionally, for ultrathin targets with a
thickness comparable to the longitudinal extent of the incident laser pulse, energetic
electrons can propagate through the target without significant energy loss and exit at
the rear surface, thus, creating a strong quasistatic sheath field. The resulting sheath
field is accounted for ionizing and accelerating the positive charges to several MeVs
via the TNSA mechanism [46]. The dynamics of the charged particles during the
intense laser-foil interaction can include the escape of the electrons with subsequent
current generation along the target surface to neutralize the charge void, the formation
of a plasma sheath and acceleration of the sheath charges, etc., all leading to the
generation of electromagnetic radiation [16, 18, 72]. This radiation can be coherent
and/or incoherent, depending on the generation process. The characterization of the
emitted radiation can provide useful information about the spatio-temporal dynamics
of sources that would otherwise be complex to diagnose.

The first comprehensive observation of THz radiation at the target rear surface
was reported prior to this thesis project [18]. Strong THz emission at large angles
to the target normal was observed by employing electro-optic techniques to record
the temporal and spectral features of the THz radiation. The results showed sub-
picosecond pulses with peak powers reaching up to the gigawatt (GW) level and a
relatively broad spectrum containing many octaves of frequencies [73,74]. In this
chapter, we present a comprehensive study of the THz radiation at the rear surface of
the target, including temporal and spectral features and angular distributions of the
emission. The temporal dynamics of the THz emission is acquired using a single shot
noncollinear electro-optic setup built outside the interaction chamber, which ensures a

clean detection away from the interaction.

3.1 Experimental setup

The experiments on the interaction of intense laser pulses with thin solids have been
performed at the JETI40 facility (see appendix 8.B) at the Institute for Optics and
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3 ELECTRO-OPTIC DETECTION OF THZ RADIATION
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Figure 9: A simplified schematic of the experimental setup for collecting the THz radi-
ation during relativistic laser-thin solid interaction. Ultra-short laser pulses are focused
onto a thin metal foil target at an angle of incidence of 45°, achieving relativistic inten-
sities above 10 W /cm?. The THz radiation is generated during the interaction due to
the dynamics of the accelerated charged particles. Part of the THz radiation emitted
from the rear surface of the target is collected separately using two geometries: an
ellipsoidal mirror (non-collinear emission NE in green) and a parabolic mirror (forward
emission FE in cyan). The collected THz light is then collimated and relayed outside
the interaction chamber to the THz diagnostics. Additional diagnostics: a Thomson
parabola ion spectrometer and an X-ray dosimeter.

Quantum Electronics in Jena. The experimental setup is presented in Figure 9 where
laser pulses are guided inside the interaction chamber in vacuum using dielectric mirrors.
The polarization state of the laser is controlled by a 4-inch half-wave plate placed
in the collimated beam just before the focus. We consider the polarization state
to be p-polarized when the electric field component oscillates parallel to the plane
of incidence, while s-polarized light oscillates perpendicular to this plane. Next, the
laser pulses are focused by a 4-inch 45° (f/2) off-axis parabolic mirror (OAP) onto
a thin metallic target. The focus spot size achieved is about 12pm? at (1/e?) and

is optimized using adaptive optics while being imaged onto a CCD (16-bit) using a
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Figure 10: (Left) Laser focal spot obtained from an ~ f/2 off-Axis parabolic mirror
(OAP) after optimization using adaptive optics. (Right) An aluminum foil mounted
on a motorized holder pictured after one of the experiments, different hole sizes are
due to the movement of the target through the focus region.

microscope objective placed after the focal region, The resulting focal spot is shown
in Figure 10. The pulse energy on the target is monitored by measuring the energy
after the vacuum compressor using a calibrated energy meter on a shot—shot basis and
is estimated to be around 650 mJ on target with a minimum pulse duration of about
32fs (FWHM). The calculated intensity, therefore, is above 1 x 10 W/cm?. In this
work, we mainly use aluminum and titanium foils with a thickness of 5 pm and lateral
dimensions of 30 x 30 mm?. Target foils are stretched in a special frame by exploiting
the different thermal expansions of the frame and the foil. The target frame is mounted
on a 3D stepper motor configuration with z, y, and z translation stages as well as a
rotation stage. The energy of the accelerated protons emitted in the normal direction
to the target is measured in a single-shot Thomson parabola spectrometer (TPS) (see

appendix 8.D) and used to gauge the shot-to-shot fluctuations.

To well set the various properties of the laser, several diagnostics are employed, such
as two third-order autocorelators to measure pulse duration and picosecond contrast
(Sequoia) [75], a fast photo-diode for the nanosecond pulse contrast, an interferometer
for the pulse front tilt, calibrated energy detectors to measure the pulse energy at
different locations down the beam line, and, finally, near- and far-field detectors to
monitor the beam positions. The contrast ratio of the final pulse before the interaction
chamber is about 10~ within 1 ns of the main pulse and is presented in Figure 11 along

with the laser beam profile.
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Figure 11: (Left) Contrast scans of the JETI laser system using a third-order autocor-
relator. The scan consists of smaller sweeps due to the time limitation of the delay
line inside the autocorrelator. A clear ASE-pedestal with a contrast of around 10~
was measured within 1ns of the main pulse. (Right) A beam profile in the near field
of the JETI was captured with a CCD camera and shows a beam diameter of around
75mm at FWHM with a slightly inhomogeneous profile.
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Figure 12: The collection angles of the THz emission via reflective optics behind the
target as depicted in Figure 9. An ellipsoidal mirror was used to collect the non-collinear
emission (blue), while a parabolic mirror was used separately for the forward emission

(pink).

3.2 Electro-optic detection of THz radiation

We collected the THz radiation emitted from the rear surface of the metallic foil target
in two separate geometries as illustrated in Figures 9 and 12 with a total solid angle
of about 5.12sr. We refer to the collected emission in the range of £90° to +41° as

the noncollinear emission (NE) and collect it using an ellipsoidal mirror. Additionally,
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Figure 13: Electro-optical setup for detecting THz pulses during the interaction of
ultrashort laser pulses with thin foils. The collected and collimated THz radiation
as shown in Figure 9 is focused onto an electro-optic (EO) crystal using an off-axis
parabola (OAP). The temporal waveform of the THz pulse is obtained by a single shot
noncollinear EO detection, where the horizontal axis of the recorded image provides
temporal information and the vertical axis provides the spatial profile of the THz
spot. A wire-grid polarizer can be inserted in the collimated beam to determine the
polarization state of the THz radiation. Corner: an example of the crystal orientation
of a (100) cut GaP used to detect the longitudinal polarization component ¢, of the
THz pulses at the focus.

we define the emission in the angular range from 0 up to +37° and down to —22°
as forward emission (FE) and collect it using an off-axis 3-inch diameter (~ f/1)
parabola. After collection, the THz radiation is collimated by an additional parabolic
mirror and steered out of the vacuum chamber through a high resistive float zone
silicon (HRFZ-Si) or a TPX window using metallic mirrors. The collimated THz beam
from a given collection geometry is then focused onto an electro-optic crystal using a
4-inch off-axis parabolic mirror to perform temporal and spectral measurements.
Figure 13 shows the experimental setup employed for the detection of THz emission
based on a single-shot noncollinear pump-probe electro-optic EO technique. The THz
radiation is focused perpendicularly onto a ZnTe EO crystal. The external field acts
as a transient bias and induces time-dependent birefringence in the crystal, which is
subsequently probed by a laser pulse. The probe pulse is a 1% split from the main

laser beam, temporally delayed using a remote-controlled kinematic stage, and sent
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3 ELECTRO-OPTIC DETECTION OF THZ RADIATION

on the EO crystal at an angle of § with respect to the THz incidence. In this case,
the linearly polarized probe pulse experiences an induced ellipticity [73], which is then
converted into an intensity modulation via a quarter-wave plate with a polarizer on a
CCD camera. Due to the skewed geometry between the THz and the probe, one side
of the optical beam reaches the EO crystal earlier than the other. Thus, the temporal
profile of the transient birefringence and hence the temporal dynamics of the THz
emission can be mapped on the horizontal spatial profile of the optical probe. The
time window (t) as presented previously is defined by the diameter (w) of the optical

beam and the angle 6 between the optical and THz pulse at the EO crystal [68].

t =2 tan(0) (60)

c

The signal of the detected intensity is directly proportional to the intensity of the
THz electric field (crossed-polarizer detection scheme). We begin by estimating the
crystal response function, which accounts for both absorption and velocity mismatch
within the electro-optic (EO) crystal, as detailed in Section 2.2.4.4. Subsequently,
we incorporate this response function into the Fourier domain analysis. The outcomes
derived from the inverse transformation of this data enable us to estimate the temporal
waveform and spectral characteristics of the THz pulse. For a linearly polarized optical

pulse, the phase retardation induced is given by Equation 38:

T = g—j ngra B, V14 3 cos? 0 (61)

We employ different electro-optic crystals of various thicknesses for the detection of

THz pulses in NE and FE geometries due to the variance in radiation energy and crystal

sensitivity. For measurements in the FE direction, a 500 pm ZnTe (zinc telluride) crystal

and for the NE direction, a 100 pm GaP (gallium phosphide) crystal were employed [76].

The corresponding minimum detectable pulse durations are 250 and 103 fs for the ZnTe
and GaP crystals, respectively.

3.3 Temporal structure of the THz emission

We present the temporal structure of the detected THz pulses in the forward and non-
collinear directions separately, as shown in Figure 14. We detected multiple pulses with
variable amplitudes and durations in the time domain for both detection geometries.
The duration (FWHM) of each pulse is sufficiently longer than the inverse detection
bandwidth of the diagnostics defined by the electro-optic function of the crystal. In
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Figure 14: Recorded transient structure of the THz radiation obtained from the electro-
optic measurements in a single shot during the intense laser-foil interaction. Multiple
pulses with comparable pulse durations and temporal delays are present in both detec-
tion geometries as shown on the left: the collected radiation in the forward direction
(FE; pink area in Figure 12). On the right: the wide-angle emission (NE: blue area in
Figure 12).

the forward direction presented in the left panel, at least three pulses of various field
strengths can be identified. These pulses have a duration width of around 0.34 ps.
Likewise, the temporal structure of the noncollinear emission presented in the right
panel also reveals multiple pulses with similar duration widths but significant field
strengths. The field amplitudes of the longitudinal components measured with the
GaP <100> crystal reached an unprecedented ~ 3 MV /cm [11]. At such high signals,
broadband silicon attenuators are inserted in the collimated beam path to avoid satu-
ration or over-rotation of the EO signal. Similar to the forward emission, the temporal
structure reported in the noncollinear direction extends over several picoseconds. It
is worth noting that the separation between the detected pulses does not match any
extra distance due to internal reflections in the beam path inferring the detection of

true distinct pulses.

Additionally, we evaluate the spectral range of the detected pulses from the Fourier
transform of the temporal domain. Figure 15 shows the frequency of the THz pulses
in both detection geometries, forward emission on the left and wide-emission (non-
collinear) on the right. The detected pulses cover a similar frequency range of around
1 THz. Since the separation between the pulses, the temporal widths, and the frequen-
cies are comparable for both emission geometries regardless of the different collection
optics, this suggests common and possibly periodic-generation process along various

directions.
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Figure 15: Spectral intensity of the three major THz pulses presented in Figure 14 is
obtained from the Fourier transform of the temporal measurements.

3.4 Polarization state of the THz emission

Although we measured the longitudinally polarized THz radiation at the focus due
to focusing a radially polarized beam, we separately measured the polarization of the
radiation. To this end, we inserted a wire-grid (WG) polarizer in the collimated beam
path as shown in Figure 13, and measured the total transmitted THz power for various
rotation angles of the WG using a pyrometer. The results are presented in Figure
16, which shows that the collected emission is predominantly radially polarized in
both geometries. This can be explained when we discuss the generation mechanisms

responsible for the THz emission in Chapter 5.

The obtained outcome aligns well with the reported temporal measurements. When
focusing a radially polarized beam, compared to linear polarization, a strong and
tightly focused longitudinal field is achieved as the longitudinal components will be
added constructively and provide a finite field amplitude, while the transverse compo-
nents cancel, as illustrated for radially polarized Bessel-Gaussian and Laguerre-Gaussian
beams [77-79]. The ratio between the longitudinal to the transverse field is given by
the numerical aperture of the focusing optics. The numerical aperture in our case
is NA = 0.33, experimental measurements yielded a ratio of 0.5, while theoretical

estimates indicated a ratio of 0.43.
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Figure 16: Polarization state measurements of the detected THz radiation using se-
lected wire grid polarizers. The radiation from both collection geometries is radially
polarized. Red line: forward emission, green circles: noncollinear emission.

3.5 Angular distribution of terahertz radiation

It is instructive to verify the angular distribution of the THz emission and compare
it with that of charged particles. For this purpose, we reconstructed the angular
distribution of the THz emission from the back surface of the target by inserting a
motorized beam profiler in the collimated beam path before the OAP shown in Figure
13. The beam profiler is a motorized metallic plate with a 5 x 5 mm? window translated
in the vertical and horizontal directions in the collimated beam. The transmitted energy
is then measured using a calibrated pyroelectric detector placed at the focus. The
window size provides a compromise between diffraction effects at long wavelengths and
adequate spatial resolution. By careful reconstruction, each section of the collimated
beam can be associated with an absolute angle on the ellipse, and similarly for the
forward emission. Finally, the two measurements are combined to obtain a full and
true three-dimensional representation of the THz emission from the target rear surface.

Figure 17 shows the angular distribution pattern of the THz radiation emitted from
the rear surface of the target during the interaction with an ultra-short high-power laser
pulse. The reconstructed 3D profile demonstrates a strong asymmetry with multiple
peaks and a variety of signal amplitudes, indicating potentially multiple excitation
processes. The THz profile consists of a weak but homogeneous background emission
dominated by strong directional emission closer to the laser propagation direction,

with signal strengths many times higher than the background level. Such multiplicity
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Figure 17: Experimentally measured angular distribution of the terahertz radiation
during the intense laser-foil interaction. The 3D profile is reconstructed from the
collected THz emission at the target rear surface in the two geometries shown in Figure
12. An ultrashort laser pulse is focused on a thin metal target at 45° reaching relativistic
intensity above 10! W /cm?. The detected emission of THz radiation is asymmetric,
with high-energy peaks around the laser propagation direction indicating a considerable
contribution of charged particle dynamics. A complete 360-degree perspective can be
seen in [80].

implies a significant contribution from sub-picosecond dynamics, such as the ejection
of particle bunches from the rear surface of the target, as the dominant source of THz

pulses rather than surface currents [81, 82].

3.6 Conclusion

So far we have examined the emission of the THz radiation away from any signal
contamination or interference from the interaction. We presented a true 3D angular
distribution of the terahertz emission from the target rear surface, which shows that

the emission is asymmetric with multiple peaks at various energy levels. Similarly, the
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temporal measurements of the same emission show multiple pulses with variable am-
plitudes and durations in the time domain for both noncollinear and forward emission
geometries, confirming the features noted in the 3D beam profile. Additional testing
revealed that the detected THz radiation is mainly radially polarized. The direction-
ality and the multiplicity of the detected THz pulses can be a strong indication of a
characteristic contribution of charged particle dynamics as the main generation pro-
cess of the THz radiation. It can be expected that the emission of electromagnetic
radiation in the THz spectral regime is related to the timescale of particle dynamics.
It would therefore be advantageous to characterize the emission of charged particles
under the same conditions during the interaction. For this purpose, a complete char-
acterization of particle emission with quantitative measurements will be provided in
the next chapter, which will help to explain the underlying physics behind the detected

subpicosecond emission.
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4 CHARACTERIZATION OF CHARGED PARTICLE EMISSION

4 Characterization of Charged particle emission

During the intense laser-foil interaction, and depending on the experimental parame-
ters, highly directional hot electron emission with a charge up to ~ nC can be generated
via various processes, which subsequently can lead to ion acceleration [51,83]. Such
dynamics could be primarily responsible for the generation of the EM radiation [84]
presented in the previous chapter. Quantitative measurements of particle emission
are indeed needed to better define the generation mechanisms of EM radiation. Two
main processes may lead to coherent? emission of electromagnetic radiation from the
back surface of the target [85]. These are (1) transition radiation (TR) due to hot
electron bunches crossing the plasma-vacuum boundary at the rear surface and (2)
sheath radiation (SR) due to plasma sheath formation, expansion, and the resulting
ion acceleration process in the target normal direction. In this chapter, we provide a
comprehensive parametric characterization of the charged particle emission from the

rear side of the target, including energy spectra, temperature, and angular distributions.

4.1 Angular distribution of electron emission

The spatial distribution of the electron emission behind the target can provide insight
into the dominant energy coupling mechanism at the front surface during the laser-
target interaction. For this purpose, we utilized highly sensitive radiochromic films [86]
and CR39 plastic detectors [87] to reconstruct the spatial distribution of the electron
and proton emissions, respectively.

The electron beam profile was acquired using a stack of radiochromic films (RCF)
shaped as a semicircle behind the target, covering the entire back side of the target
in the horizontal plane and 17° in the elevation plane. The stack consists of 9 RCFs
with aluminum sheets of various thicknesses in between, enabling an energy-resolved
measurement. Figure 18 provides a visual representation of the RCF films positioned
behind the target, where both the target normal and the laser propagation directions
are depicted. The dark rectangles in the middle are holes in the films through which
the ions can pass toward the ion spectrometer. Since the presented measurements
required a large number of shots in order to accumulate a sufficient signal on the films,
we used the proton signal to check the consistency of the interaction.

In order to construct the full energy-resolved angular distribution, we scanned the

2The coherent nature of the THz emission will be presented in Chapter 5.
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Figure 18: A 3D view of the semi-circular stack behind the target, consisting of 9
electron-sensitive Gafchromic films with metallic filters in between (not shown). Rect-
angular holes along the target’'s normal direction were made for passing the accelerated
ions to the spectrometer.

RCFs and assigned angular values as seen in the scans in Figure 19. Here we present
the signal intensity on the 9 films, each corresponding to a specified energy range,
with angular values ranging from 0° in the middle to £90° in the lateral and +17°
in the vertical directions. On the first film behind the target (top), we see a more or
less uniform distribution of low-energy electrons of 30 — 125 keV. As the accumulated
thickness of the Aluminum filter increases in the successive layers, this uniform distri-
bution narrows as the energetic electrons become more concentrated toward the laser
propagation direction. A rough estimate of the maximum electron energy in target nor-
mal direction, where the electrons induce the sheath acceleration of positive charges, is
less than 850 keV. On the other hand, the electrons in the laser propagation direction
have peak energies extending above 2.25 MeV.

The result of this measurement can be presented more quantitatively in the polar
plot shown in Figure 20. The electron number is integrated over the elevation plane and
plotted as a function of the angle. The described heterogeneous distribution indicates
the presence of multiple processes through which energy couples from the incident laser

pulse to electrons. In addition, such processes can lead to spatiotemporal dynamics of
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Figure 19: Scans of the same films from Figure 18 are flattened and assigned angles
and energy values. A prominent peak of energetic electrons can be seen along the laser
propagation direction.

charged particles, which in turn can be a potential source of electromagnetic radiation

at the rear of the target, as we will discuss in Chapter 5.
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Figure 20: Energy-resolved angular distribution of hot electrons emitted at the back
surface of the target during the interaction with intense laser pulses. A uniform distri-
bution of low-energy electrons can be identified, as well as strong directional emission
of high-energy electrons along the laser propagation direction LP. TN is the target
normal.

4.2 Angular distribution of proton emission

Turning our attention to the proton emission, we reconstructed its angular distribution
using CR-39 nuclear track detectors [87] arranged in a semi-circular configuration be-
hind the target, covering the full range of angles in the interaction plane. We chose
the CR-39 detector due to its user-friendly nature and its notable sensitivity to protons
while being less responsive to electrons. For the measurement, we used the same inter-
action parameters, such as a maximum laser pulse energy of 1J and a pulse duration
of 32fs. We used target foils of aluminum and separately of titanium, both with a
thickness of 5um. Unlike the electron beam, the proton and ion beam in Figures 21
and 22 is only observable in the target's normal direction, with an opening half-angle
of 23° & 1°. This observation suggests that only the slower electrons ejected in the
target normal direction contribute to the ion acceleration. As we will see later, the
maximum proton energy measured with the ion spectrometer in the target normal
direction exceeds 3.7 MeV.
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Figure 21: A scan of a CR39 plastic detector placed behind the target to record the
angular distribution of accelerated protons and ions during the interaction.
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Figure 22: Angular distribution of the sheath accelerated protons and ions from Figure
21 emitted at the back surface of the target during the interaction with intense laser
pulses.

4.3 Energy spectra of electrons and protons

By using dedicated energy spectrometers we provide more precise energy measurements
of the emitted charged particles at the rear surface of the target during the interaction.
Since experimental conditions can also vary between various laser systems around the
world with similar characteristics, we wanted to test the dependence of the electron and
proton emission on the parameters of our laser system. In the following, we present

a full parametric study [88] supported by experimentally measured electron and ion
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energy spectra while varying the experimental parameters such as laser polarization,
intensity, pulse duration, and laser spot size on the target. We used calibrated electron
spectrometers to record the electron energy at 0° and 45°, as well as, a Thomson
parabola spectrometer to measure the ion energy at 0°. More on energy diagnostics

can be found in the Appendix 8.

4.3.1 Electron temperature

In the following, we present the temperature of the electron emission behind the target
in two distinct directions, the target normal (0°) and the laser propagation (45°)
direction. We expect various electron temperatures along the aforementioned directions
which can reveal the dominant electron heating mechanism at the front surface of
the target during the interaction. In this experiment, we used aluminum foils with
a thickness of 5pm as targets. The laser parameters were as follows: wavelength
800nm, pulse energy 0.65J, and pulse duration 32fs. The laser polarization state
(p- and s-) was controlled by a motorized 4-inch half-wave plate placed in the parallel
region of the main beam before the focus.

The measured electron spectra are shown in Figure 23. All spectra are fitted
by a Maxwell-like distribution N(E,) ~ exp(—E./kT}) with different linear fits for
calculating electron temperatures k7}, (black lines). Starting from the electron spectra
at the target normal direction shown on the left side, we find electron temperatures of
0.5 MeV and 0.3 MeV for the laser with p- and s-polarized states, respectively.

The higher electron temperature in the case of the p-polarized light is in good
agreement with the theoretical scaling of resonance absorption [31]. During the in-
teraction, a p-polarized laser pulse is incident at an angle (6 = 45°) on a pre-plasma
with a gradient length of \;. Upon specular reflection, the electric field vector ﬁ of
the laser becomes parallel to the density gradient sn thus, an electron plasma wave
can be resonantly excited along the direction of the density gradient, and a fraction of
the laser energy is transferred to the electrons. The temperature scaling in the case
of resonant absorption follows T} = a (IX?)°3 where a is an experimental constant.
By substituting the values from the experiment we get an electron temperature of
Tres = 0.16 (I = 50 x 10¥[W /cm?] \? = 0.8%[pm?])%3® = 0.5 MeV.

For s-polarization, we observe a Maxwellian-like distribution, albeit with a lower
electron temperature of 0.3 MeV. This reduction can be attributed to the condition of
the parallel electric field vector at the vacuum-plasma boundary, resulting in reduced

energy coupling through resonance. However, resonant energy transfer can still occur
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Figure 23: Recorded electron spectra with corresponding temperatures at the target
normal direction 0° and laser propagation direction 45° for laser polarization states P
and S. Black lines are linear fits.

at such high laser intensities due to the rippling of the critical surface and instabilities at
the vacuum-plasma boundary, which can lead to additional regions where EVn;«éO [40].
If we lower the experimental value (a) and the scaling to compensate for the unfavorable
conditions for resonance heating, we get 7, = 0.12[(/ = 50 x 10" W /cm?) (\? =
0.8% pm?)]%26 = (0.3 MeV. These values will be validated in the coming section.

Moving on to the energy spectra of the electron emission in the laser propagation
direction (right graph in Figure 23). The electron temperature can be estimated by
the ponderomotive potential of the laser pulse U, with a scaling of T},onq oc (1A2)1/2
[45] and empirically as Tpona = 0.511(1/1 4 aZ — 1) MeV [89] with ay being the
dimensionless laser parameter. With respect to the Jeti-40 laser parameters used here,

we substitute

Tpond = moc* <\/ 4 Yo =5x 107 fia/ ini))l?z =08 pm?) 1) (62)
and arrive at a temperature of T},onqa = 1.8 MeV. We measured a similar temperature
near the high-energy tail of the electron spectrum as presented in 23.

However, the electron spectrum in the case of the s-polarized state has a lower
temperature of 0.5 MeV. Such decrease in the temperature can be also seen in the
simulations presented by Wilks in [31]. It is worth reminding that ponderomotive

heating arises from the oscillating component of the ponderomotive force induced
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Figure 24: Electron temperatures as a function of the laser intensity show the scalings
for vacuum and resonance heating at the target normal direction 0° and Pondermotive
scaling at the laser propagation direction 45°. Black lines are power-law fits.

by the laser. When the magnitude of this force is sufficiently high, electrons at the
vacuum-plasma interface will oscillate non-resonantly, aligning with the laser’s vector
direction. Nevertheless, the vector is the same for linearly p- and s-polarized light.
An additional feature in the electron spectra at the laser propagation direction is the
clear multi-temperature distribution, see multiple line fits in the right panel of Figure
23. For example, on the low energy side (£ < 1MeV), the electron temperature
measures about 125keV for both polarization states. For comparison, this feature is
less apparent in the spectra measured at the target normal direction shown on the left
in the same figure. It is possible that electron spectra integrated the emission with

various temperatures due to multiple energy coupling mechanisms.

4.3.2 Laser Intensity Scan

We investigated the dependence of the electron and proton emission on the laser
intensity for p- and s-polarized light. To control the laser intensity, we varied the pulse
energy on the target from 10 mJ up to 650 mJ in steps < 100 mJ, while keeping the
pulse duration and the focal spot size fixed. We plotted the temperature against the
equivalent laser intensity multiplied by the square of the wavelength I\ and used
a power-law fit ¥y = ax® to estimate the scaling that can be associated with the
interaction mechanism.

Starting with the electron temperature recorded along the target's normal direction,

as shown on the left in Figure 24. For p-polarized and moderate light intensities,
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Figure 25: Maximum proton energy (left) and normalized proton numbers (right) as a
function of laser intensity for p-, sp-, and s- laser polarization states. Dashed lines are
power-law fittings.

the electron temperature increases rapidly with laser intensity, with a scaling of @ =
0.8 +0.04 MeV up to around ~ I = 2.1 x 10" W/cm?. Such linear scaling indicates
a significant contribution from vacuum heating and a sharp plasma density gradient at
the plasma-vacuum boundary [41,90]. At higher laser intensities, however, the scaling
reduces to a = 0.31+0.05 MeV and follows the scaling expected for resonant heating.
The corresponding power-law fit is T, = 0.14(IX\?)%3!, in good agreement with
reference [31]. For the s-polarized light, the scaling is lower at « = 0.26 + 0.05 MeV,
which is due to the non-optimized conditions of vacuum and resonant heating. The fit,
in this case, is T, = 0.12(1A?)%2?%, which was used in the previous section to estimate
the theoretical electron temperature against the experimental value we derived from
figure 23.

For the recorded temperature of electrons propagating in the laser direction, shown
on the right in figure 24, we see a clear pondermotive scaling, & = 0.5 [45,91]. The
scaling follows o = 0.6 £ 0.04 MeV for the p-polarized light and is slightly lower for
the s-polarized light at @ = 0.44 4+ 0.02 MeV.

During the laser-foil interaction, the dynamics of the charged particles at the rear
surface of the target involve the acceleration of ions along the target normal direction.
For laser intensities ~ 1 x 10* W /cm?, the TNSA mechanism is the dominant process.
TNSA typically produces broad Maxwellian-like energy spectra with an exponentially
decreasing profile with a sharp cutoff as the ion energy increases [92]. It has been found
that the maximum energy of the accelerated protons is proportional to the temperature
Erax =~ BThet [93]; The beta factor will be determined for

of the hot electrons, i.e. EJSE
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a variety of parameters.

To acquire the energy spectra for the accelerated ions, we employed a Thomson-
parabola spectrometer as illustrated in figure 44. We are mainly interested in the
proton signal since they have the highest charge-to-mass ratio of all TNSA accelerated
ions. In figure 25 we present the maximum energy and total number of protons as a
function of laser intensity for the p, s, and (45°) sp-polarized states. On the left, we
see the recorded maximum proton energy as it increases with laser intensity. Similar to
the increase in electron energy reported previously in figure 24, the maximum proton
energy follows a power law of a & 1 for intensities up to 2.1 x 10 W /cm?. At higher
intensities, the power-law scaling decreases to o, =~ 0.35 and s ~ 0.31 for p- and
s-polarized light, respectively. In addition, the increase in the maximum proton energy
when using sp-polarized light lies in between the reported scaling values, since the
sp-polarization state can be considered as a superposition of p- and s-states.

Given the maximum proton energies of E'** ~ 2MeV and EJ** ~ 1.5MeV, and
the electron temperatures of 7}, = 0.5 MeV and 75 = 0.3 MeV, we estimate the beta
factors to be 3, ~ 4 and 35 = 5 for p- and s-polarized light, respectively. This comes
in good agreement with the work in reference [94].

In the right panel of Figure 25, we present the recorded total number of emitted
protons entering the spectrometer for the three polarization states. We integrated the
total number of protons collected by the Thomson-parabola from the lowest detectable
energy of 30keV up to the maximum proton energy recorded. Each spectrum is then
normalized to its maximum. We could not observe a significant difference in the relative
growth of the proton number due to the polarization of the incident light.

It is worth mentioning that when acquiring the electron spectra, the electron spec-
trometer was inserted in the beam path of the ion spectrometer, thus blocking the
latter. As a result, the ion and electron spectra were not taken simultaneously, but

consecutively under comparable conditions.

4.3.3 Laser Pulse Duration Scan

Next, we fix the laser energy on target at the maximum value of 0.65mJ and vary
the temporal duration of the laser pulse and measure the corresponding energy of the
charged particles. The scan range started from the optimized minimum pulse duration
of 32fs up to 180fs. In the case of energy resolved measurements of electrons, the
duration range is shorter, from 32fs up to 100fs. We employed an acousto-optic

programmable dispersive filter (Dazzler device) to vary the group delay dispersion [95]
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Figure 26: Electron temperature as a function of laser pulse duration recorded at target
normal (0°) and in laser propagation direction (45°) for p- and s- laser polarization
states.

and Spider and Wizzler devices [96] to measure the pulse duration for different Dazzler

parameters.

In Figure 26 we present the measured electron temperature as the duration of the
laser pulse increases. A general downward trend is seen for both p- and s-polarized light
when extending the pulse duration from 32fs to 93 fs at 0° and 45°. We found that
the decrease in electron temperature can be presented with a scaling power of —0.67+
0.01 MeV for p- and —0.57 = 0.06 MeV for s-polarized light in the normal direction
(0°), and —0.87 4 0.1 MeV for p-polarized light for electrons at 45°. Interestingly, the
electron temperature for s-polarization at 45° does not show a significant dependence
on the pulse duration.

Moving on to the recorded maximum proton energy presented in Figure 27, the
resolution is higher compared to the electron scan as we recorded more data over
a longer duration span. We can see a slight energy increase followed by a general
downward trend with increasing pulse duration. This behavior agrees with the work
in [97]. It is worth mentioning that the intensity is not kept constant when varying the
pulse duration, but only the energy, which is set to a maximum value on target. The
intensity is shown on the upper axis. In the case of p-polarization, and less clearly in
s-polarization, the highest proton energy was reached for around 70 fs. After this peak,
the energy decreases with the laser pulse duration with a scaling law of 0.5 for both
polarization states. This is in agreement with the analytical model of a radially confined

surface charge induced by laser-accelerated electrons on the target rear surface [98]. To
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Figure 27: Proton maximum energy as a function of laser pulse duration for (left) p-,
and (right) s-polarized laser. The red (solid) line is a power-law fitting.

establish the scaling for the reduction in maximum proton energy with increasing laser
pulse duration, we consider that the laser energy (Ey,) is converted with an efficiency
of 1 into hot-electron energy over the time of the pulse duration (71,). The maximum

possible energy an ion could gain for a certain laser power P, = Eyp /7, is [98]

E 1/2
Eproton =« 2nlec2 (777_L ]I;R> (63)

where Pr = mc?/r. = 8.7 GW s the relativistic power unit, 7, is the classical electron
radius, and n = 0.4 [99, 100] is the conversion efficiency of energy transfer from the
laser into hot-electron. We used a factor of @ = 0.11 to obtain the same maximum
proton energy of Epoton = 2.3MeV as seen in the left panel of Figure 27 at a pulse

duration of 7, = 70fs. After substitutions, Eq.63 becomes equivalent to

1 1/2
Eproton = 9.8 x 1072°[J] (ﬁ) (64)
T

We used a quantity of 9.8 x 1072°[J] in Equation 64 to fit the data for the maximum
proton energy after the peak at 71, = 70fs and indeed we obtain a scaling of (1/TL)0‘5.

On the other hand, when plotting the proton yield as a function of the laser pulse
duration, as seen in Figure 28, we find an uptrend for both polarization states. The
energies of the summed protons start at the low energy threshold of 30keV of the
spectrometer and go up to the maximum reported in Figure 27. We compare our

experimental findings with the theoretical estimation of the total number of protons
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Figure 28: Total number of protons recorded along the target normal direction (0°) as
a function of laser pulse duration for p- (left) and s-polarized light (right).

given by the fluid model of Mora [51], and after some work we obtain

2F
Np = Ne Cs tace Ssheath CeXp <_ T )
hot

Emin

(65)

Emax

where N, is the total number of accelerated protons over a given energy range,n, is
the electron density, ¢ is the sound speed, t,.. = 1.37, is the acceleration time [93],
and Sgheatn IS the sheath size at the target rear surface. We can observe that the
number of accelerated protons can increase with the pulse duration, even though the
maximum energy available per particle is lower due to the finite energy distribution
over a longer time span. Finally, it is crucial to limit an effective 'acceleration time
(tacc)'; otherwise, the fluid model in [51] would predict endless proton acceleration due

to the isothermal hypothesis, which assumes no energy depletion of the electrons.

4.3.4 Laser focus Spot Size

At this point, we fix both the laser energy and pulse duration, while varying the laser
spot size on the target by moving the target along the focus, and as a result, the
intensity of the laser varies with the spot size w,. To properly estimate the intensity,
we measured the spot size of the laser beam around the focus at lower energies under
vacuum using a motorized objective and a CCD camera. Figure 29 (left) shows the
measured spot size at 1/e? of the maximum value at each z position fitted using a

Gaussian equation to estimate the laser spot size further along the propagation axis as
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Figure 29: (Left) measured laser spot size along the focal axis z. Red line is a fit of a
Gaussian beam. The magenta line shows an ideal Gaussian beam with a beam quality
factor of M? = 1. (Right) the corresponding intensity fitted with a Gaussian profile.

2
W(z) = Wo 1+ <i> (66)

where the spot waist at z = 0 is wy = 1.93 & 0.05 pm and the experimental Rayleigh
range is wr = 7.37+0.3 pm. This gives a beam quality factor of M? = mw?/wr\ =~ 2,
to be compared to an ideal Gaussian beam with M? = 1. We also estimated the
equivalent intensities on target as shown in the right panel of Figure 29 with Gaussian
beam fitting.

Going back to characterizing the proton emission, we measured the maximum
proton energy at each target position, see Figure 30. As previously presented, we
achieve the highest proton energy when using p-polarized light and the lowest energy
when using s-polarized light. Furthermore, for all polarization states, the proton gains
its maximum energy at the focal point corresponding to the highest intensity and
beyond the Rayleigh range of the focused laser, the energy decays rapidly.

When estimating the proton yield recorded at each focal position as presented in
Figure 31, we see a double-peak structure with the minimum at the zero position of
the focus. This feature is evident for both polarization states (p and s) and can be
accounted for by the volumetric effect. Although the laser intensity decreases fast
away from the focus, the irradiated area on the target becomes larger, meaning that
more particles are involved at a given volume. However, this is only applicable if the

intensity is still sufficient to generate hot electrons that propagate through the target
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Figure 30: Maximum proton energy as a function of the target position along the laser
focus when employing p- and s-polarized light.

and accelerate the protons at the rear surface. To test that, we employed a Gaussian
fit to the measured proton yield and found that the average position of the peak in
the case of p-polarization is around +155 pm and slightly larger for the s-polarization
state of around £220 pm. Next, we calculate the equivalent intensity at these positions
using the fitted Gaussian beam profile shown in equation 66. This gives an intensity
just below 108 W /cm?. At such an intensity, the electron temperature can be derived
from the left panel in Figure 24 where it is experimentally measured as T}, ~ 0.1 MeV.
These hot electrons must still be involved in creating a strong enough sheath field to
ionize and accelerate the protons at the rear surface of the target. We use a simple

equation to estimate the electric field of the sheath at the exit behind the target as [89]

\/§ kBTe

o (67)

ETNSA =

where \p is Debye length. The (TNSA) electric field when the target is at the position
where the maximum number of protons is detected is roughly 1 x 10" V/m, which is
about one order of magnitude lower than its value at the focus z = 0, yet it is still
strong enough to ionize hydrogen atoms at the target side via barrier suppression of
the atoms Coulomb field BSI [101] with a threshold electric field strength of

Eion =
e3(Z=1)

~ 10"V /m (68)

In the case of s-polarization, we estimate an electron temperature of around Th,,; ~
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Figure 31: Total number of protons as a function of the target position along the laser
focus for a laser polarization state of p- (left) and s-(right). The red (solid) line is a
Gaussian peak fit.

40keV, which corresponds to a sheath field of Epyga = 3 x 1010 V/m compared to
~ 7 x 10" V/m at the focus position.

To elaborate more on the volumetric volume effect responsible for the two-peak
feature seen in the proton yields, we calculate the TNSA electric field and the in-
teraction volume at different target positions. We start with the TNSA field, which,
as discussed before, depends on the electron temperature T;,,; and the Debye length
Ap = \/m, where n, is the electron density at the target rear surface ne-
glecting recirculation [89]. To estimate the electron temperature behind the target,
we first calculate it at the target front surface at different target positions (which
correspond to different laser intensities), using the power scaling from the intensity
scan from Figure 24, Ty, o< (IA2)%87931 These electrons are then injected into the
target where their energy decreases mainly due to collisional energy transfer to bound
atomic electrons following “Bethe” theory [102]. The TNSA field is then calculated
for each target position. As expected, the TNSA electric field decreases as the electron
temperature decreases rapidly from the focus position, see the left panel in Figure 32.
We also added a field ionization threshold limit of ~ 10'°V/m for ionizing hydrogen
atoms behind the target.

The counteracting factor in our model is the increasing interaction volume of the
incident laser pulse and the plasma created on the irradiated side of the target. We

consider an interaction volume of Viper = (7Tw2)(¢pre ¢s) as shown in the right panel in
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Figure 32: Theoretical calculations for TNSA electric field at the target rear surface
at various conditions as a function of the target position (left), and the interaction
volume at the target front side (right).
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Figure 33: The product of the modified TNSA electric field and the interaction volume
as a function of the target position along the laser focus. The product reveals a double-
peak feature similar to the experimentally measured proton yield in Figure 31 regardless
of the laser polarization.
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Figure 32, where mw; is the focus spot size at the target position, t,,. = 10 ps is the
time between the main laser peak and the pre-pulse from the contrast scan, and ¢ is
the pre-plasma expansion velocity. The product of (Ernsa « Vinter) displayed in Figure
33 shows matching behavior to the measured proton yield, particularly when using the
ionization limit of Ei,, = 10 V/m. It is worth mentioning that this simple model
neglects some aspects that are crucial for the laser-plasma interaction, such as the

changing pre-plasma dynamics for different laser intensities and the interplay between
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various absorption mechanisms at different polarization states. To adequately address

this task, however, extensive simulations are required.

4.4 conclusion

In this chapter, we have presented a complete parametric characterization of the emis-
sion of charged particles from the rear side of the target during the interaction with
intense laser pulses. Such work serves as a valuable addition to the field of laser-particle
acceleration. In addition, having a fully quantified characterization of the charged par-
ticles enables the construction of a fitting numerical model, which will be presented
in the next chapter, to reveal the dominant physical processes that can lead to the
previously detected emission of sub-picosecond radiation.

In summary, we have recorded the angular distribution of the hot electrons ex-
iting the target, revealing the presence of two distinct electron heating mechanisms:
resonant absorption and ponderomotive heating. We have also delivered precise energy-
resolved measurements of the electron emission along two distinct directions: the target
normal and the laser propagation direction, all while varying the laser parameters. We
have measured the temperature of accelerated electrons, demonstrating the heating
mechanism responsible for the energy transfer during the interaction.

As for characterizing the emission of accelerated protons during the interaction,
we have experimentally investigated the effect of different laser parameters on the
number and maximum energy of protons. The total number of protons increased with
laser intensity for all polarization states of the incident laser, with a slight saturation
above 3 x 10 W/cm?. A similar trend was also observed in the case of maximum
proton energy. The measured scaling of the maximum proton energy with the electron
temperature is around F,, ~ 4—57T., in agreement with theoretical work [103]. Further,
we observed a slight increase in the maximum proton energy when increasing the laser
pulse duration from 32fs up to 70fs, however, the maximum energy decreased when
increasing the laser pulse duration for all polarization states. For p- and s-polarization
states, we obtained a scaling of EF®* ~ (——)".

spot size on the target and observed a double peak structure in the number of protons

Finally, we also varied the laser

for both polarization states, which was accounted for by the volumetric effect.
In short, we have quantified the energetic and directional emission of charged
particles that could be primarily responsible for the generation of the detected EM

radiation, as we will see next.
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5 Theory of THz generation processes

So far we have measured sub-picosecond radiation pulses in the THz spectral range,
where we detected three strong pulses with field strengths up to MV /m. We have also
delivered complete measurements and characterization of the accelerated charged par-
ticles including electrons and protons. All of the above is emitted during the interaction
of a high-intensity laser pulses with thin targets. While we expect that such strong
radiation is induced by the transient dynamics of the accelerated charged particles, we
still need to quantify this relation.

In this chapter, we present a detailed numerical investigation of the dominant
physical processes leading to the emission of THz radiation based on experimentally
measured electron and ion spectra at the rear surface of the target. We compare the
results of the numerical modeling with the experimental observations of the radiation
presented in Chapter 3. Additionally, we also estimate the longitudinal bunch duration
of the particle bunch exiting the target rear surface and the source size of the plasma

sheath generating the THz radiation.

5.1 Coherent transition radiation

Transition radiation (TR) is emitted when an electron passes through an interface that
separates two media with different dielectric constants (relative permittivity) e, [104,
105]. This can be treated using classical electrodynamics. By using the macroscopic

form of Maxwell’s equations the problem reduces to

VxH= 68—]? + evd(r — vt), (69)
0B

VxE= —E, (70)

V-B=0, (71)

V-D =ed(r —ot), (72)

where H, E, D, B are the magnetic field, electric field, displacement density, and the
magnetic flux density, respectively. Additionally, o denotes the Dirac distribution and
r = ot defines the trajectory of the electron. In the case of laser-accelerated electrons
in a semi-infinite plasma, as considered in [106,107], the full solution of this system of

equations is the sum of the solution of the homogeneous and inhomogeneous problems.
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Figure 34: Geometric parameters considered in the TR calculations are as follows: e
represents the particle’s direction, k denotes the wave (observation) vector, and z is
the target normal.

The field associated with the charged particle in the inhomogeneous solution does not
'see’ the presence of an interface [84]. In contrast, the homogenous solution ensures
the continuity of the tangential components of E and H and of the normal components
of D and B. However, the boundary conditions can not be fulfilled by the particle’s
field alone, and, as a result, requires the presence of a unique solution to the problem
which is the emission of a radiation field (TR).

In the case of laser-plasma interaction, where the hot electrons propagate across the
boundary between a plasma with dielectric constant ¢, — oo and a vacuum ¢, = 1, the
angular and spectral distribution of the energy of the TR emitted by a single electron
reads [84]

e %! N d*et (73)
dwdf) dwdQ)  dwd2

where indexes || and L designate the parallel and perpendicular components of the

TR electric field with respect to the radiation plane. The two orthogonal polarization

components are given by

%! _e? Fcos? sin — Bsiny cos ¢ 2 A
dwdQ — Amdeyc {(1 — Bsinfsin cos ¢)? — 52 cos?d 00821#1 ’ (74)
*el e* B cos’ip [ B cos 0 sin 1) sin ¢ } 2 (75)
dwd? 4mdege (1 — Bsinfsint cos p)2 — [2cos?fcos?ep| ’

where e and [ describe the charge and the reduced velocity of the electron, ¢ is the
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light velocity in vacuum, and %) is the electron incidence angle at the boundary, i.e. 0°
(target normal) and 45° (laser direction) in our experiments. 6 is the angle between
the direction of the emitted radiation and the observer, while ¢ defines the azimuthal
angle defined in the boundary plane (XY).

In the previous chapter, we presented the energy spectra of the accelerated electrons
during the laser-solid target interaction. A large number of electrons are accelerated
and transported to the rear side of the target. As a result, the total energy of the
emitted TR is the superposition of the radiated fields from a beam of N, individual
electrons crossing the plasma-vacuum boundary with a longitudinal bunch length o,.
For emitted wavelengths much shorter than ¢,, the radiation field from each electron
adds up incoherently and scales only with N,. For wavelengths, Arg longer than o,
however, the TR emitted by individual electrons adds up coherently and scales with
~ N2. Considering the recorded electron spectra presented in this work, which show
a sufficiently large number of hot electrons of ~ 10'° electrons/pulse, we can neglect
the part of incoherent transition radiation. The angular and spectral distribution of the
coherent component of the radiation (CTR) by an electron bunch with N, electrons
can be estimated as [106]

d*ec e? N?
dwdg ~ e (‘/dSpg(p)f F(w) D(w, p)

; \ [ @ ra)€ P Do
(76)

here p is the electron momentum and g(p) is the electron bunch momentum distribu-

)
tion. &I and & denote the electric field amplitudes in the plane parallel and perpen-
dicular to the radiation plane, respectively. D(w, p) represents the diffraction function
that includes the diffraction effects on the CTR spectrum emerging from the finite
transverse size p of the boundary [106], whereas F'(w) is the bunch form factor (the co-
herence function) which is the Fourier transform (FT) of the normalized electron bunch
distribution. The spatial form in the factor F' can be written for a near-divergenceless
beam at the plasma vacuum boundary (¢ < 1) as F' = exp[—(wo,/v)?/2].

In the following, we estimate the temporally integrated angular and spectral distri-
bution of the CTR for hot electron bunches exiting the rear surface of the target along
the 0° (target normal) and the laser propagation direction at 45°. From the energy
spectra presented in the previous chapter in Figure 23, both electron emissions have

Boltzmann-like energy distributions. In addition, we consider the broadening of the

bunch due to energy dispersion while propagating through the target. We assume that
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Figure 35: Left: the diffraction function D(w, p), calculated for a transverse boundary
of radius p = 5mm, and right: the coherence function (form factor) F'(w), calculated
for electron bunches exiting the target in the 0° and 45° directions. The dynamics of
the electron bunches at the plasma-vacuum boundary with longitudinal lengths around
120 fs and 166 fs define the spectrum of the CTR emission to be in the THz spectral
range.

an electron bunch is accelerated by a laser pulse on the front side of the target with
an initial bunch length of 0, = 7, - ¢ = 9 um for a laser pulse duration of 71, = 30fs.
The estimated bunch lengths at the rear surface of the target due to broadening are
000 = 36 pm and 0, 450 = 50 pm.

Figure 35 shows the calculated bunch form factor F'(w), and the diffraction function
D(w, p), for a boundary of the transverse size of a p = 5mm radius. We also assume
the bunch length previously presented, which is equivalent to a temporal dimension of
0,00 = 120fs and 0,00 = 166 fs. Consequently, the frequency range of the emitted
CTR lies in the THz spectral range. We can see that the radiation is sufficiently
coherent for wavelengths A = 2mc/w that are large compared to the dimension of
the bunch A > o,. On the other hand, for radiation wavelengths such as A\ < o,
the spatial form factor vanishes F' ~ 0 and the beam does not radiate coherently
ectr == 0.

Next, we calculate the angular distribution of the CTR with parallel (||) and per-
pendicular (L) electric field components to the radiation plane as the electrons exit
the target in the 0° and 45° directions, see Figure 36. The theoretical expressions for
ell and e+ can be found in [84,105]. We find that the CTR radiated due to the exiting
electrons in the 0° direction is purely radially polarized, as there is no perpendicular
polarization component of the electric field. On the contrary, the CTR emitted by the

electron at 45° has both orthogonal components, albeit with distinct magnitudes, as
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Figure 36: Spectrally integrated angular distributions of energy radiated in the form of
coherent transition radiation (CTR) in the XY plane when electrons exit the target at
0° (left column) and 45° (right column). The top panels show the parallel component
ell, the middle, the perpendicular component e, and the bottom, the sum of the two
polarization components el + e of the electric field.

the energy of the parallel component (||) is twice that of the perpendicular one (L).
Moreover, the asymmetric distribution agrees with the previously presented 3D angular
distribution of the THz emission in Figure 17. In addition, the polarization features also
agree with the experimental data observed previously in Figure 16, where a stronger
radial field component was measured in the direction of the laser propagation.

So far we have presented CTR emission quantities with no wavelength dependence.

To show the spectral components of the CTR, we combine the coherence and diffraction
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Figure 37: Angular distribution of energies ecTr of different spectral components in
the THz range in the form of CTR emission from hot electron bunches exiting the
target at 0° (left) and 45° (right).
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Figure 38: Angular distribution of the CTR emission in the radiation plane ¢ = 0°.
TN is the target normal direction and LP is the laser propagation direction.

functions given previously. The angular and spectral distributions of CTR emission from
electrons exiting the target at 0° and 45° are shown in Figure 37. We note that most
of the energy of the radiation lies within a spectral range of < 2 THz. In addition,
an alternative perspective on the angular distribution of CTR radiation in the emission
plane perpendicular to the target (¢ = 0°) can be seen in Figure 38.

To obtain the temporal structure of the emitted CTR, we can switch to the time
domain by performing an inverse Fourier transform on the angularly integrated spectra.
The resulting temporal waveform can be seen in Figure 39. The pulse durations of
the CTR emission at FWHM are 790 ~ 295fs and 7450 ~ 487fs. These numerical

estimates are comparable to the experimentally measured THz pulse durations with
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Figure 39: Temporal structure of the CTR-THz pulses from the inverse Fourier trans-

form on the angularly integrated spectra. The pulse durations of the CTR emission at
FWHM are 190 ~ 2951s and 7450 &~ 487 fs.

the electro-optic technique reported in Figure 14.

The expected CTR emission due to electron bunches exiting the target rear surface
has a broad angular distribution due to the contribution of a large number of low-energy
electrons with a Boltzmann-like distribution. The broadening in the CTR emission
is more significant in the 0° direction due to the lower temperature of the electron
emission (7. = 0.5MeV) along the target normal (0°) compared to the electrons
exiting at 45°, (7% 45 = 1.8 MeV). Moreover, the asymmetry in the angular profile of
the CTR from electrons exiting at 45° can be attributed to the oblique trajectory of the
electron bunch with respect to the target surface. Another possible explanation could
be the slight asymmetry in the distribution of electrons on both sides of 45°-direction,
as seen in Figure 19 in the previous chapter. It is worth mentioning that additional
effects on the CTR emission, such as electron scattering inside the target material, are
neglected, although scattering effects would be detrimental for low-energy electrons,

however, for MeV electrons at relativistic intensities, can be neglected.

5.2 Sheath radiation

We established that the emission of THz radiation can follow the transient dynamics
of charged particles during the interaction. A prominent application of the interaction
of intense laser pulses with thin targets is the acceleration of ions by the target normal
sheath acceleration (TNSA). Such a dynamical mechanism could result in the emission
of coherent THz radiation during the interaction. In short, during the interaction of

the laser with the target, hot electrons propagate through the target to the rear side,
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and some of the electrons with sufficient energy escape toward the vacuum leading
to an unbalanced charge at the target's rear surface, which in turn creates a strong
electrostatic field of the order of TV/m [46]. The field is strong enough to trap and
confine most of the escaping electrons, creating a hot electron sheath with a Debye
length of A\p = \/W. In addition, the electrostatic field ionizes the neutral
atoms found at the rear surface, leading to the expansion of the plasma and acceleration
of the positively charged ions in the target normal direction.

According to the plasma expansion model by Mora [51,52], the electrostatic poten-
tial ® can be obtained from the Poisson equation €0°®/dz* = e(n.—n,,), taking into
account the electron and proton densities. At the beginning of the expansion, ¢ = 0,
the proton density, n,, is steplike with n, = n.o in the target. Thus, at the front of
the expanding plasma sheath, ne front 7 7p front- | he unbalanced charge densities lead
to an emerging current equivalent to the uncompensated net charge where eventually,
the accelerated ions reach the front. The dynamics of the moving net charge can be
thought of as a transient electric dipole, and may give rise to a dipole-like emission of
electromagnetic radiation.

By adapting the treatment found in Mora's work [51] and by assuming that the
sheath is a pure electron-proton plasma expanding in the z-direction (TN), the velocity

of the expanding plasma front v; as a function of time ¢ is estimated as

ve(t) ~ 265 In(T + V72 + 1), (77)

where ¢, = (ZkgTe/m;)"/? is the ion-acoustic velocity, T = wpt/\/2ex is the nor-
malized acceleration time, with wy; = (neoZe? / micg) is the ion plasma frequency,
Ne,o 1S the electron density in the unperturbed plasma, Z is the ion charge number,
and ey = 2.718... . The plasma expansion velocity increases steadily with time until
t = 7o = v2en/wpi. Afterward, for t > 79, the acceleration diminishes when the
ions reach the expansion front, where we can consider the latter to be moving with a
uniform velocity. This model leads to a change in the electron and proton densities at

the expanding plasma front which is given as [51]

Ne front == 2ne,0/w12)1t27 (78)

Ny front = 4”6,0/w§it27 (79)

We can describe the time-dependent charge density distribution and the plasma
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current distribution along the z-direction (TN, 0°) as

p(r, z,t) = e[ne front (2, 1) — Np fromt (2, )] exp(—r?/R?), (80)
J(ryz,t) = —ve(t)0(z — vt + Ap)p(r, 2, 1), (81)

where R = rg + dtana =~ 3.4 um is the transverse radius of the sheath with rq =
1.25 pm is the laser focal spot radius, a = 23° is the half-angle of the electron emission
obtained from the angular distribution of the proton beam in Figure 22, and d = 5 ym
is the target thickness. Since the intensity and temporal profile of the focused laser is
Gaussian, we consider the density distribution of electrons in the sheath to be Gaussian

as well, and their mean energy at a defined position to be radially homogeneous [108].

The transient nature of the plasma sheath dynamics can lead to the emission of
radiation which can be estimated from the Liénard-Wiechert potential [109]. For an
observer far from the plasma current source (r > Ap), the near-field term can be
neglected and only the radiation term in the far-field from the accelerated charge is
present. The electric field of the radiated wave can be obtained by incorporating the

charge density p and plasma current j given previously as follows:

)= o [ {2200 D= U} (@

B 4rreg cr dt

In our case, we treat the charge and current densities with arbitrary time depen-
dence. Thus solving the radiation fields in the frequency domain is favored due to

dispersion and retardation. Therefore, we write the electric field in Fourier space as

qcs sin 6

() = —k(w)

exp|ik(w)r]F(w,0), (83)

4megre

where k(w) = w/c and ¢ = epVipeatn is the net charge in the sheath with Veatn =
7R?\p being the sheath volume. Similar to the previously presented, the form factor
F(w, 0) specifies the frequency-angular dependence of the radiation field and defines

a space-time Fourier transform of the current density, which can be expressed as [110]

F(w,0) = iwTy

1 —exp(—1 —iwTp) (_w2R2 sin? 9) 7 (84)

(14 wr)? 4¢?

Finally, by employing the sheath parameters, we can estimate the sheath radiation

emitted during the expansion of the plasma into the vacuum, leading to the radiated
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Figure 40: Spectral and angular distribution of the radiation emission due to the plasma
sheath dynamics in the THz range. Most of the radiation is emitted normal to the
direction of acceleration.

energy per angular frequency and solid angle as

d?esp cegr? qQCz )
dod ~ m? COI = e F (O sin ™ (85)

In our case, the protons are accelerated via the TNSA mechanism in the target nor-
mal direction (TN) with a half-angle opening of 23° & 1° as experimentally verified in
Figure 22. The emitted radiation during the sheath acceleration process is numerically
estimated by using the experimentally acquired electron energy spectra and tempera-
ture of the bunch propagating in the TN-direction. The resulting angular and spectral
profiles of the sheath radiation are shown in Figure 40. It is clear that most of the
emission is emitted at large angles with respect to the target normal, with emission
spectra being mostly below 2 THz.

The spectrally integrated angular distribution of the SR emission is shown in Figure
41. We note that, unlike CTR, SR radiation is emitted predominantly at wide angles
with respect to the direction of acceleration and deceleration of charged particles in
the plasma sheath (z-direction). Similar to before, we obtain the temporal waveform
of the SR by performing IFT on the angularly integrated SR spectrum, resulting in a
FWHM pulse duration of 7¢g = 350fs. We find that the estimated theoretical value
of the SR pulse duration lies in the range of the experimentally measured THz pulses
at a wide detection angle presented previously in Figure 14, although a wide-angle

detection may accept emission from both suggested mechanisms, CTR and SR.
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Figure 41: Angular distribution of sheath radiation (SR) with a cross-section along the
XZ-plane perpendicular to the target. TN is the target normal along the z-direction
and LP is the laser propagation direction.

5.3 Bunch length estimation

We can reconstruct the longitudinal length of an ultrashort electron bunch from the
spectrum of coherent transition radiation emitted by the bunch as it exits the thin
target [111]. For this purpose, we employ the experimentally obtained CTR temporal
waveforms from the single-shot electro-optic measurements reported in Chapter 3.
The minimum pulse duration that can be measured with this technique is limited by
the crystal response function, which is around 111 fs for the thinnest GaP crystal [8].
Therefore, it is valid to consider the experimentally recorded temporal duration as the
actual pulse duration of the radiation. The CTR spectrum obtained from the FT of
the temporal waveform is determined by the form factor F'(w), which sets the high
cutoff frequency, and diffraction effects, which set the low cutoff. The longitudinal
bunch length o, can then be extrapolated and compared to the numerical estimate.
Temporal measurements of THz radiation in Chapter 3 revealed 3 main consecutive
THz pulses, whose origin can be attributed to the generation mechanisms discussed
previously. We consider pulses 1 and 2 generated by the CTR process as they appear
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Figure 42: Measured spectra of two CTR pulses (dashed lines) with the corresponding
Gaussian fit function of Equation 87 (solid lines).

early in time. The bunch form factor for an uncorrelated spatial distribution is denoted
as F(w) = F*(w)F!(w), where F*(w) is related to the transverse distribution of the
electron bunch and Fll(w) is related to the longitudinal profile. The electron bunch
that generates the CTR can be assumed to have a Gaussian spatial profile, and with

the lateral size 0, < 0, and w = 27v, the form factor reduces to [112]

Pl) ~ e (-2, (56)

To define the longitudinal size o, we employ the following Gaussian function on
the CTR spectrum to determine the spectral width of the CTR pulse 4

6(v) ~ exp (—%) , (67)

An analytical expression for the bunch size ¢, with spectral width o, can be
written as [113]

1 c
2 R 7 88
? 2\/571' <Urms) ( )

The corresponding spectra with the resulting fits are shown in Figure 42. Addi-
tionally, we deliver the computed results from the CTR fits and the estimated values

from the electron energy spectra in Table 1. It is worth mentioning that the finite size
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From CTR spectra fits
Pulse | oums (THz) | 0, (um)
1 0.552 61
2 0.825 41
From hot electron spectra
Oc - o, (pm)
0° - 36

45° - 50

Table 1: Comparison of the extrapolated values of the bunch lengths o, from the CTR
spectra 0,5 and the hot-electron spectra.

of the plasma-vacuum boundary suppresses, i.e defines, the low-frequency components
in the CTR spectrum. To verify this effect, we evaluate the distortion in the Gaussian
fit in the region v > oy, in the above figure. We note that the spectral region above
pulses gyms1 = 0.552 THz and 0,52 = 0.825 THz is only weakly distorted, confirming
the reliability of the bunch length estimates. After this acknowledgment, we find a
reasonable agreement between the bunch sizes obtained by fitting a Gaussian function
on the detected CTR spectra as 41 ym and 61 um, and the estimated values from
the measured energy spectra of the hot electrons as 36 um and 50 ym. This further
demonstrates the reliability of the extrapolation of the temporal properties of electron
bunches generated during the laser-solid interaction from the spectral characteristics
of the CTR emitted by the bunches.

5.4 Comparison of the model and the measured data

Given the experimentally measured THz pulses in Chapter 3 and the calculated THz
beam profiles, we may now compare both data sets in order to fully characterize the
phenomenon of picosecond radiation generation from the rear surface of the target

during the laser-plasma interaction. Figure 43 combines the following:

Modeled:

1- the dashed blue line represents the estimated angular distribution of the com-
bined coherent transition radiation emitted by the electron bunches when exiting
the target at 0° and 45° as shown in Figure 38.
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Figure 43: Comparison of the angular intensity distributions of the modeled and mea-
sured sub-picosecond radiation emission in the THz spectral range during the laser-thin
target interaction. Numerical estimates include the coherent transition radiation CTR
emission estimated for the electrons exiting the target rear surface (dashed blue), and
sheath radiation emitted by the plasma expansion (dashed magenta). The sum of

these two numerical estimates is plotted in dashed orange. The measured THz emis-
sion consists of forward emission in solid pink and noncollinear emission in solid green

2- the dashed magenta line represents the expected sheath radiation SR from
the sheath acceleration process TNSA shown in Figure 41. The dashed orange
line shows the sum of the three numerically estimated emissions CTRy, CTRys,
and SR.

Measured: the solid line indicates the experimentally measured angular distribution
of the THz radiation taken from Figure 17, which is the sum of the forward emission
(FE) and wide-angle non-collinear emission (NC).

Here we report on the good agreement between the experimentally measured and
theoretically estimated THz beam profiles, and we may now characterize the emission
process for each detected THz pulse. For this aim, we consider the propagation time
taken by the charged particles to exit the target at various angles, as well as the
geometry of the emission and amplitude of the transient peaks. Additionally, we
may remind the reader about the collection geometry of the THz emission shown
in Figure 12, which consists of the forward emission FE and the wide-angle non-
collinear emission NE. With this in mind, we may attribute the first peak observed

in both detection geometries (Figure 14) to the CTR emission due to the electrons
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escaping in the target normal direction. The strong second peak in the NC can originate
from the CTR emission by the energetic electrons accelerated by the ponderomotive
force of the laser exiting along the laser propagation direction at 45°. The same
origin can be given to the weak second peak in the forward emission albeit a rather
weaker signal due to the narrow solid angle of detection geometry and as a result,
the collection optics employed for the FE measurements did not collect the whole left
lobe of this CTR emission. The CTRys pulse is the strongest emission seen in the
beam profile, which could also contain high-frequency components extending beyond
the optical regime [114]. However, such high-frequency components do not affect
the measurements as they are filtered out using the appropriate filters. The temporal
durations from both measurements are comparable while the discrepancy in the field
strengths can be attributed to the solid angles of the collection optics.

Moving on to the third pulse presented in Figure 14, which appears after 2.89 +
0.02 ps, it can be attributed to the expansion of the plasma sheath described by the
TNSA acceleration process. This dipole-like emission is caused by the transient dynam-
ics of the low-energy electrons exiting the target in the TN direction and, subsequently,
the following positively charged particles. The measured signal amplitude is higher in
the NE measurement than in the FE measurement because such dipole-like emission

occurs over a wide angle.

5.5 Conclusion

In this chapter, we have presented a theoretical estimate of the THz radiation emission
from the conditions found during our experiments in this work. The experimental data
presented in Chapter 3 can be explained by coherent transition radiation (CTR) and
plasma sheath radiation (SR). CTR radiation is emitted when accelerated electrons
exit the thin target and such radiation strongly depends on the energy and number of
electrons. We have found that the CTR radiation from accelerated electron bunches in
the direction of laser propagation (LP) is an order of magnitude higher than that from
electrons emitted in the target normal (TN) direction. Additionally, the low-energy
electrons emitted in the TN direction generate a symmetric distribution of CTR, while
the contribution from energetic electrons emitted in the LP direction is inhomogeneous
and tilted at wider angles. Further, we have shown that most of the energy of the
CTR emission lies in the THz spectral range between 0.1 and 1.5 THz.

The second possible source of picosecond radiation is the transient dynamics of
the expanding plasma sheath formed at the back surface of the target in the TNSA
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mechanism. This can lead to plasma sheath radiation (SR) that is predominantly emit-
ted in the non-collinear direction, that is, away from the target normal TN direction.
The SR spectrum mostly contains frequencies below 2 THz. It is worth mentioning
that the plasma sheath expansion model used here only considers the expansion in the
z-direction and is expected to fail in three dimensions. However, the 3D treatment
does not significantly affect the longitudinal expansion shorter than the transverse
sheath size R [108,115,116]. For instance, at ¢ = t,.., the plasma front propagates
2zt &= Ap ~ 0.53 — 1 um which is smaller then the transverse size R ~ 3.4 um. Thus
for a time interval ¢t < t,.., our treatment using the 1D model suffices in describing
the expansion and the corresponding dipole radiation.

Finally, we have estimated the longitudinal bunch duration of the electron bunches
o,. We have calculated the expected longitudinal duration of two fast electron bunches
from the measured CTR spectrum and compared them to the values obtained from the
hot electron spectra. The reasonable agreement between the two estimates suggests
that CTR in the THz range is a valid diagnostic for particle bunches generated during

laser-matter interaction.
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6 DIRECT VISUALIZATION OF COULOMB FIELD OF RELATIVISTIC
ELECTRON BUNCHES FROM LASER-PLASMA INTERACTION

6 Direct visualization of Coulomb field of relativistic

electron bunches from laser-plasma interaction

In this chapter, we present novel experimental results on the detection of the spher-
ical wavefronts of the Coulomb field around relativistic electron bunches during the
interaction of an ultrashort laser pulse with a thin metallic target. We also investigate
the spatiotemporal evolution of the detected wavefronts as the relativistic electrons
propagate away from the target. When a short and intense laser pulse interacts with
a thin metallic foil, energy is transferred to electrons in the plasma through various
mechanisms. These energetic electrons can propagate through and out of the target
on timescales comparable to the main laser peak. Previous studies have focused on the
energy and angular properties of the electron emission [117], but accurate time-resolved
studies have been challenging due to the limitations of the diagnostics compared to
the short timescales of the relativistic regime. Obtaining temporal information on the
electron emission is crucial for post-acceleration using synchronized energy sources like
optical [22] and THz [23] post-acceleration schemes, which rely on velocity and phase
matching criteria. In this chapter, we demonstrate a proof of concept for measuring
the temporal profile of electron emission at near-relativistic energies. Furthermore,
mapping the structure of the contracted Coulomb field can accurately represent the
temporal dynamics of the interaction, as the mechanism varies depending on the in-
teraction parameters. Relativistic electrons generate anisotropic and radially extended
Coulomb fields perpendicular to the electron beam direction, which can be detected
using the electro-optic effect. Electro-optic detection offers non-destructive and single-

shot characteristics, making it an ideal diagnostic tool in accelerator facilities.

6.1 Experimental setup

The experimental setup is presented in Figure 44, where laser pulses from the JETi-40
laser system (see appendix 8) are focused onto a thin metallic target using a 4-inch
45° off-axis parabolic mirror. We employed aluminum and titanium targets with a
thickness of 5pm. The laser spot size at the focus was imaged to be around 12 pm?
at (1/e?) with a laser pulse energy of 0.65J at target and a pulse duration of 32fs,
accounting for a light intensity above 1 x 10' W/cm?. Further detailed properties of
the interaction can be found in Section 3.1.

The detection system in this experiment is based on the electro-optic effect and is

75



JETI Laser

l p-polarized
Interaction
X-ray dosimeter 1%l chamber
2
% Delay
“ g <—'Delai
= —— - ray
|3
Electrodes" l e Dosimeter
¥ Electron - 1
6D Ilons energy spectrometer OAP
spectrometer 45
I f12
Electro-optic = — Plasma
detection Andor shadowgraphy

Figure 44: A simplified schematic of the experimental setup at JETi-40 for the obser-
vation of long-lasting transient emission. Laser pulses are focused onto a thin metallic
target (T) reaching light intensities above 1 x 10! W /cm?. Electrons are accelerated
on the irradiated side and then transported through the thin target, leading to tran-
sient dynamics of charged particles on the rear side. A detailed temporal structure of
the resulting emission in the THz regime is obtained using an electro-optic detection
technique with a delayed laser probe. In addition, the emerging plasma at the front
surface of the target is simultaneously imaged via time-resolved shadowgraphy. Ad-
ditional diagnostics: a Thomson-parabola spectrometer, electron spectrometers, and
X-ray dosimeters. P is a polarizer, \/2 is a half-wave plate, and EOC is an electro-optic
crystal.

similar to the one we presented previously in Chapter 3.2. We employed Zinc Telluride
(ZnTe) crystals with thicknesses of 200 and 500 pm, all are cut along the <110> crystal
plane. A preview of the detection setup is shown in Figure 45. The ZnTe crystal is
placed in a special frame with its upper edge fully exposed and aligned parallel to the
path of the accelerated electrons along the target normal direction at 0° and, separately,
at the laser propagation direction at 45°. The frame is mounted on a high-precision
motorized 3D stage with submicrometer resolution (from Smaract). In addition, the
crystal optical x-axis [—110] is aligned parallel to the polarization direction of the

probe beam to ensure maximum electro-optic signal [118]. A blocking plate of various
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Figure 45: A simplified preview of the electro-optic setup employed to map the temporal
profile of long-lasting picosecond dynamics during intense laser-thin foil interaction.
Relativistic electron bunches (blue) pass over a thin electro-optic crystal (ZnTe). The
transient electric field creates a time-dependent birefringence inside the crystal, which
induces an optical phase shift in a synchronized 100 fs optical probe. A pair of crossed
polarizers converts that into a spatial intensity distribution recorded on a CCD camera
leading to a single-shot temporal-to-spatial conversion. Inset shows the orientation of
the Coulomb field of an electron bunch and the polarization direction of the probe
beam with respect to the z-axis of the crystal.

thicknesses and materials with a 1 mm hole is used to shield the detection system from

unwanted electromagnetic radiation and to protect the crystal from debris.

As illustrated in Figure 45 and previously in Figure 8, transient electric fields in the
form of contracting Coulomb field of relativistic electron bunches from the interaction
traverse the top of the EO crystal. Although the transverse electric field of the electron
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bunch is radially polarized, at the position of the laser beam at a distance r from the
electron bunch, the field can be approximated as a linearly polarized THz field [57].
This field acts on the EO crystal as a quasi-DC bias, inducing the Pockels effect, which
in turn generates a transient birefringence inside the crystal. An ultrashort optical pulse
is incident normal onto the EO crystal to probe the time-dependent variation of the
birefringence. As the probe pulse propagates orthogonal to the direction of the electron
beam, the time profile of interest is encoded at different spatial locations for each time
delay, leading to a single-shot temporal-to-spatial conversion. Using a pair of crossed
polarizers, the induced optical phase shift across the full area of the crystal is converted
into an intensity modulation, which is subsequently detected by a high-performance
16-bit-cooled CCD camera (Andor).

The probe pulse is collected from the main laser pulse through the first dielectric
mirror with a transmission of 0.4% and a thickness of 18 mm, leading to the stretching
of the probe pulse [119]. The final probe pulse duration was measured by setting up
a scanning third-order cross-correlator (Sequoia, Amplitude Technologies) inside the
chamber and was found to be less than 100fs. In addition, we consider the exact
time event of the arrival of the main laser pulse at the focus as the time zero by
performing plasma shadowgraphy. This was achieved by utilizing a dedicated objective
to image the focal region via the probe beam which has a diameter of about 5 cm that
also covers the interaction point. During time calibration i.e. setting time zero, the
target was lowered and the energy of the main pulse was reduced to a few microjoules
by turning off the final amplification stage and using neutral density filters of known
thickness and material. Next, the time delay was varied using a linear stage inside the
interaction chamber in steps of 10 pm, corresponding to 33 fs. As a result, a faint but
still detectable plasma shadow in the air was imaged using a lens and a CCD camera.

Similar to previous experiments, other diagnostics are employed to characterize
the interaction conditions, such as a Thomson-Parabola ion spectrometer, electron

spectrometers, and X-ray dosimeters.

6.2 QObservations of relativistic electron bunches along the tar-

get normal direction

In the following, we demonstrate a direct visualization of the Coulomb field of rel-
ativistic electron bunches from the laser-plasma interaction along the target normal

direction. We placed two ZnTe electro-optic crystals in the crystal holder as shown
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Figure 46: (a) Two EO crystals assembly for observing the evolution of the Coulomb
fields of relativistic electron bunches. (b) Illustration of a spherical wavefront generated
by the superposition of electromagnetic fields emitted by a relativistic electron bunch.
(c) Evolution of the spherical electromagnetic potentials around a relativistic electron
at distances Dy < Dy, < D3 < D, after passing through a metallic boundary. The
wavefront can be considered to be flat at D.,. Vector E represents the electric field
of the electromagnetic wave derived by the Liénard-Wiechert potentials with axial
symmetry around the z-axis.

in Figure 46. Both crystals are placed along the target normal direction as shown in
Figure 45 for a single crystal. The upper crystal has a thickness of 500 ym, while the
bottom crystal has a thickness of 200 pm, both at a distance of 6 mm from the inter-
action point. In addition, an aluminum plate with a thickness of 1 mm and an aperture
of 1 mm covers both crystals, with a distance of 1.3 mm between the crystals and the
plate. The two crystals are separated by 1.67 mm, and both are centered around the
electron beam axis defined by the aperture. We focused a laser pulse with a maximum
available energy of 0.65J onto a 5 pm thick aluminum target, resulting in an intensity
of ~ 5 x 10" W /cm?.

We varied the probe delay and recorded the EO signal accordingly as shown in
Figure 47. We report the direct detection of spherical wavefronts of Coulomb fields
accompanying relativistic electron bunches emitted during the intense laser-plasma
interaction. The EO measurements show concentric semi-spherical profiles of various

intensities propagating near the speed of light with radii equal to the propagation
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Figure 47: Observations of spherical wavefronts of Coulomb fields accompanying rel-
ativistic electron bunches during the laser-plasma interaction. The panels on the left
show the electro-optic measurements at various probe delays with one instant enlarged
for clarity. The outer edges of the two EO crystals are traced in yellow and can be
seen in Figure 46 (a).

distance. The observation starts from 6 mm away from the interaction point up to the
full length of the crystal of 16 mm. The EO signal extends over 15ps in time, and

while additional EO signals can still be observed later, they lack the same well-defined

80



6 DIRECT VISUALIZATION OF COULOMB FIELD OF RELATIVISTIC
ELECTRON BUNCHES FROM LASER-PLASMA INTERACTION

structure and appear objectively faint and diffuse. The long EO signal can be explained
by the velocity dispersion of the electrons, leading to a dispersed temporal structure

that extends spatially with propagation distance, as we will discuss later.

So far, we have observed the electric field profile around the relativistic electron
bunches as concentric spherical waves. To explain the spherical shape, we consider
the energetic electrons in the plasma when their Coulomb field is shielded, however,
once the electrons are ejected out of the plasma volume, the Coulomb field distribution
evolves from the plasma-vacuum interface due to the loss of quasi-neutrality [120]. As
the electron bunches propagate away from the target, the Coulomb field wavefronts

expand as spherical waves with the interaction point located at the center.

Special relativity predicts a contraction of the Coulomb field around a charged
particle moving uniformly at high velocity [109]. The associated characteristic electric
field profile can be derived using the Liénard-Wiechert potentials assuming the Lorentz
gauge under the Lorentz transformation. The wavefront of the Coulomb field around
a moving electron is derived by integrating multiple retarded spherical electromagnetic
potentials propagating at the speed of light, see Figure 46b. In the general case, the
spherical curvature of the electric field wavefront caused by boundary passage can be

ignored at infinity, as depicted in Figure 46c.

We can consider the contracted Coulomb field around a relativistic electron bunch
in the propagation direction of the beam as a transient half-cycle terahertz pulse
because of the unidirectional nature of the field amplitude and the temporal scale of
the event. The electric field vector points toward the electron bunch, implying that each
crystal perceives the field in the opposite direction. However, we employed a crossed-
polarizer scheme where the resulting signal is proportional to the square of the electric
field. When crossing the two polarizers, however, we typically place a single crystal in
between as a reference to minimize background signal caused by incomplete extinction
due to inherent birefringence and mechanical stresses in the crystal [67]. A phase shift
is introduced into the detection scheme when we place the thinner crystal side-by-side
with the thicker one to create a two-crystal system. This shift can alter the helicity
of the probe in the thin crystal due to the lower material thickness and the increased
susceptibility to mechanical stress caused by the holder. This alteration could explain
the discrepancy in the amplitude direction of the observed signal between the thinner
(bottom) and the thicker crystal (top) in Figure 47. Finally, the high oscillations,
appearing as thin and intense lines on the thicker crystal at the top, will be discussed

in more detail later.
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Figure 48: (Right) EO signal broadening of one electron bunch propagating at rela-
tivistic speed during the exposure time of the laser probe through the thickness of the
crystal. (Left) a lineout from the EO measurement fitted with a cumulative Gaussian
function to estimate the signal width.

6.3 Electron bunch length estimation

Here, we employ a distance-to-time conversion to obtain temporal information from
the EO measurements. The detected signal propagates for a distance Az on the crystal
when adding a delay of At¢. Thus, we can convert the travel distance on the horizontal
axis of the image to a temporal value and, hence, perform a spatiotemporal conversion.
The fact that the probe is orthogonal enables a true one-to-one projection of the signal
onto the crystal, which can be employed to visualize the spatiotemporal evolution of
the Coulomb spherical wavefront. Moreover, we can directly calculate the propagation
velocity of the signal as v = z/t. The reported setup with a thinner crystal can also
be used as a bunch arrival time detector.

The temporal resolution is limited by the propagation time of the laser probe
through the thickness of the crystal, see Figure 48. In the case of a 200 pm thick
ZnTe crystal, the temporal resolution is 7, = d(200 pm)/c - n(2.85) = 1.9ps. This
implies that the probe's response to the birefringence induced by the bunch’s Columb

field will be integrated over the entire time it takes for the probe to propagate through
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Figure 49: (Left) EO signal from the 500 pm EO crystal shown in Figure 47. Green

lines mark the locations where the electric field is measured. (Right) The dependence
of the electric field on the radial distance.

the crystal’s thickness, which means that the minimum signal width obtained for a
bunch propagating at near the speed of light will be comparable to the spatiotemporal
resolution of the crystal, which in our case is 1.9 ps.

To estimate the longitudinal size of the electron bunch o,, a Gaussian function is
employed on the EO signal obtained from the 200 pm crystal, as depicted in Figure
48. We find the signal width of the first bunch to be 58.8 + 0.8 pixels, , which is
equivalent to 2.1 ps after applying the spatiotemporal transformation of 35.8 fs/pixel.
We consider the measured signal to be the convolution of the bunch’s longitudinal size
with a Gaussian charge distribution and the probe inside the crystal with a tophat-like
distribution with a width of 1.9 ps. The deconvoluted bunch length is estimated to
be around 1.1 ps at a propagation distance of 12mm. The long bunch width can be
attributed to velocity dispersion, which will be discussed further later. We note that
this model neglects the transverse charge distributions of the bunch, which can be

addressed in future work.

6.4 Electric field dependence on radial distance

In the cross-polarization setup employed here and as derived in theory, the detected
signal Igo o< sin?(I'/2) oc B2y, and thus for small phase retardation I' oc Epy,. We
estimate the electric field strength from the EO measurements using the 500 pm EO
crystal at various radial distances away from the propagation axis and plot the results
in Figure 49 . We find that the electric field decreases inversely with radial distance as
E(r) oc r~170-2 which is not far from the Coulomb field dependence. However, we

can consider that the radiation field consists of two terms [109, 121,122], 1-the near
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field, which decreases as the square of the distance (o< 772) following the Coulomb
field for a particle at rest, and 2-the far field, which scales as the inverse of the distance
(oc r71) for accelerated charges. This suggests a dependence on the detector location
as to which field term becomes dominant. It is worth mentioning that we neglect the
EO signal near the edge of the crystal close to the beam axis, as it can be affected by

the diffraction effect of electrons on the crystal.

Electro-optic detection using a 500 pm EO crystal

In the following, we perform a longer delay scan to demonstrate the full temporal
structure of the emission. We performed the delay scan using a single 500 um thick EO
ZnTe crystal placed in the same holder behind and along the target normal. We chose
the thick crystal due to its higher signal outcome despite the lower temporal resolution.
The vertical edge of the crystal is 5.65+0.046 mm away from the interaction point, and
its upper edge is lowered by 0.5 mm from the beam line defined by the aperture. We
varied the probe delay and recorded the EO signal accordingly, then blocked the pump
for each delay to obtain a signal-free image as background, which was subtracted from
the signal image. However, an all-zero background was not possible due to incomplete
extinction and pointing instabilities. Figure 50 displays the results, indicating that
the emission of relativistic electrons exhibits a periodic temporal structure spanning
several tens of picoseconds. This resemblance to the previous scan can be explained
by velocity dispersion, as we will discuss later. Furthermore, Figure 51 presents a close
comparison of the EQO signal at various consecutive delays. We note that there are
6 to 7 main curves with various intensities at nearly equal spacing. The 4th line in
the middle of the emission has the highest intensity, which rules out the possibility of
internal reflection inside the EO crystal. Moreover, 3 distinct straight diagonal lines
can be seen in the middle of the emission. All detected signals propagate across the
crystal at nearly the speed of light v ~ .

A noticeable feature is the fine structure in the EO signal, which appears as thin
lines between the main stripes. The correlation between the measured electro-optic
traces and the THz pulse is affected by the strong coupling of the THz light to the
TO-phonon resonance around 5.3 THz for ZnTe. This is described in 2.2.4.1, causing
the frequency components of the THz pulse to propagate as a dispersive wave packet.
As a result, a THz pulse appears as a main peak followed by an oscillatory tail, which
is detected as thin lines [123].
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Figure 50: Spatiotemporal evolution of the spherical wavefront of the Coulomb fields
of relativistic electron bunches emitted during the interaction with ultrashort high-
intensity laser pulses. The first image in the upper left panel shows the outer edge of
the electro-optic crystal in yellow. The signal appears from the right side of the crystal
in each frame. All images are background subtracted.
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Figure 51: A comparison of the EO signal at successive delays shows a well-defined
periodic structure at nearly equal intervals (dotted curves), in addition to three diagonal
lines (dashed black). Vertical lines in cyan mark similar EO features on the crystal as
the EO signal propagates to the left with time. The yellow box defines the EO crystal.

6.5 Testing signal origin

Since the interaction studied in this experiment emit not only energetic electrons but
also THz radiation [8], both of which are detectable in our setup, we need to verify the

origin of the detected EO signal. As thoroughly investigated in the previous sections,
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Figure 52: The shielding is arranged as seen in the free-propagation mode and consists
of a fixed 1 mm aluminum sheet with a 5mm window to isolate the EO diagnostics
from reflected THz radiation. A motorized shield plate can be lowered with three
interchangeable areas: a 1 mm hole, an aluminum plate of 1 mm thickness, and an
additional 2mm thick lead plate on top.

the THz emission has a characteristic temporal structure with a few THz pulses with
comparable pulse durations at sub-picosecond times and close temporal delays. The
emission occurs mainly in the non-collinear direction around the target normal [80].
Moreover, we also need to estimate the kinetic energy of the electrons separately, since
a small uncertainty in the measured velocity near the relativistic limit leads to a large
difference in the kinetic energy.

In principle, we completely shield the electro-optic detection setup from the in-
teraction region by employing a 1 mm thick black anodized aluminum sheet to block
the noncollinear THz radiation. The sheet has a 5mm square window cut as seen
in Figure 52. The window provides an acceptance angle of about +£41°. This has
been demonstrated experimentally to protect against reflected electromagnetic radia-
tion that would otherwise be detectable. Figure 53 shows the acquired electro-optic
signal taken at a longer delay with and without the added shielding.

In addition, we add a motorized aluminum plate of thickness 1 mm partially covered
by an additional 2mm of lead, as shown in Figure 52. The plate position can be
controlled to constrain the pathway between the interaction point and the EO crystal
in three distinct modes, as seen in Figure Figure 54. The implications of this approach

allow us to block THz radiation and energetic electrons in a systematic way. We present
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Figure 53: (a) Detected EO signal at a longer delay without complete shielding during
the optimization of the experiment. (b) the same acquisition shows zero signal or
leakage after adding an aluminum sheet around the EO crystal as illustrated in Figure
52.

the results in Figure 54, where the left column shows the detected EO signal with no
restriction between the interaction region and the EO crystal. We note that the EO
signal saturates but still shows a similar periodic structure propagating at near-light
speed v ~ c.

Next, we introduce a 1 mm thick aluminum plate in the pathway to the EO crystal
to fully shield it from THz radiation from the interaction. However, the energy of
the electron bunches passing through the metallic plate decreases due to the colli-
sional energy transfer to bound atomic electrons in the material following the “Bethe”
theory [102]. The stopping power of 1 mm of aluminum can be estimated using the
continuous-slowing-down approximation range (CSDA), which, according to the NIST
database, is about 0.57 MeV [124]. The results are presented in the middle column
of Figure 54, where the EO signal becomes weaker compared to the free propagation
case. Direct THz pulses could not reach the crystal due to the blockage. On the other
hand, the recorded energetic electrons near the high energy cutoff in Figure 23 can
still penetrate the blocking material, which could explain the detected EO signal.

Evident features in the EO signal rise when blocking the propagation path with
a combination of 1mm aluminum and 2mm lead plates. The equivalent stopping
power is 2.7 MeV (Pb) +0.57MeV (Al) = 3.27 £ 0.32MeV. The results are shown
in the right column of Figure 54. We note a particularly broad signal extending in
time, which may originate from the dispersion of the kinetic energy of the electrons
due to their propagation through the blocking material. Since the energy loss depends

on the kinetic energy of the electrons [125], the energy dispersion increases, that is,
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Figure 54: Detected EO signals under distinct propagation conditions between the
interaction region and the EO crystal; (left column) free propagation, (middle column)
complete blockage by an aluminum plate with a thickness of 1 mm. (Right column)
complete blockage by 1 mm of aluminum and 2mm of lead. Dashed lines mark the
position of selected signals to help guide the eye across each delay. The white region
in the left column is due to signal saturation.

the difference between the fastest and slowest electrons. This results in an elongated
electron cloud emerging behind the blocking material. In this way, the accompanying

Coulomb field is elongated longitudinally.
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Figure 55: A simplified schematic of the setup for detecting transient emission in
the direction of laser propagation. A 200 pm ZnTe crystal is placed at a distance of
13.5mm at 45° with respect to the target normal. The EO crystal is protected by
a 1 mm aluminum aperture. The detection scheme is similar to the one presented
previously in Figure 45.

6.6 Observations in the direction of laser propagation

In this experiment, we aim to investigate the spatiotemporal structure of the rela-
tivistic electron emission along the direction of laser propagation and compare it to
observations along the target normal. The EO crystal is placed 13.5 mm away from
the interaction point and along the laser propagation direction at 45°, see Figure 55.
The crystal has a thickness of 200 pm, compared to 500 pm in the case of the obser-
vations along the target normal direction (0°). Here we used a titanium target with a
thickness of 5 ym. We present the detected EO signal in Figure 56. We report on the
detection of spherical wavefronts of Coulomb fields accompanying electron bunches
emitted along the laser propagation direction. When varying the probe delay, all de-
tected wavefronts propagate at nearly the speed of light in the vacuum v & ¢ with
radii equal to the exact distance to the target. Moreover, the detected EO signal ex-
tends for ~ 20 ps due to velocity dispersion after a propagation distance starting from
13.5mm to 23.5mm. Due to the larger propagation distance, the radius of curvature
of the wavefronts presented here is considerably larger than that previously detected at
5.65 mm in Figure 50. Although the two observations differ in showing distinct propa-
gation directions, 0° and 45°, the spatiotemporal evolution of the spherical wavefronts
of the Coulomb fields is nevertheless evident. To the best of our knowledge, this is the
first experimentally obtained visualization of the wavefronts of Coulomb fields emitted

from relativistic electron bunches during an intense laser-solid interaction.
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Figure 56: Observations of spherical wavefronts of Coulomb fields accompanying rel-
ativistic electron bunches emitted along the laser propagation direction during the
laser-plasma interaction. The EO detection takes place 13 mm away from the target.
All observed spherical wavefronts have radii equal to the distance to the interaction
point. The dashed cyan indicates a circle with its center at the interaction point. Inset
shows the detected THz pulses and their reflection at the crystal edge at longer delays.
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Figure 57: A long strip of Titanium with a thickness of 5 ym was used as a target in
the plasma shadowgraphy experiments.

We also report on the detection of THz pulses at longer delay values, see inset
of Figure 56. 3 THz pulses were detected with a time delay of around 70 ps from
the first observation at Ops. The difference in the EO signal induced by the THz
pulses and the electron bunches is an indication of the origin of the signal for both
cases. As for the THz pulses, the signal appears as 3 long curves with homogeneous
intensities across the entire length of the crystal. The number of pulses reported here
matches the 3 identified THz pulses from the EO measurements in Chapter 3 in Figure
14. On the other hand, the EO signal of electron bunches decreases exponentially
away from the electron propagation axis, as was shown previously in Figure 49. This
comparison further suggests that the presented signal is indeed caused by relativistic

electron bunches.

6.7 Time evolution via plasmashadowgraphy

The intensity-temporal profile of the laser has a typical nanosecond-long ASE pedestal
with pre-pulses 10s of picoseconds before the main peak, see Figure 11. Given the
moderate contrast of the laser, heating and, consequently, ionization of the target is
expected to form a pre-plasma before the arrival of the main laser peak. The accel-
eration of electrons on the irradiated side of the target is governed by the interaction
parameters including the conditions of the pre-plasma. However, charge-particle dy-
namics on the rear side of the target may also give rise to modulated electron emission.
One possible mechanism is related to the reflection, deceleration, and acceleration of
laser-driven hot electrons by the target-rear sheath electric field [126], which implies
a long sheath evolution at the target rear surface. An additional contribution can be

the recirculation of hot electrons on the target back surface [127]. Both possibilities
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Figure 58: Plasma shadowgraphs show the expansion of the plasma on the irradiated
side of the target at various time delays. Laser incident from the right. Images in the
top and bottom rows show the target before and after the interaction.

require that the target back surface remains intact over the timescale of the emission,
so as not to be perturbed by the expanding plasma on the front side.

We attempt to obtain the time evolution of the plasma expansion using a dedi-
cated time-synchronized probe beam via plasma shadowgraphy, while simultaneously
detecting the long-lasting emission, all acquired in a single shot. We set the arrival
time of the main laser pulse at the interaction point as time zero by observing the
plasma shadowgraph in air at reduced energy. The setup is schematically depicted
in Figure 44. The image of the interaction plane is relayed outside the chamber to
a CCD camera with a magnification of around 10x to achieve a resolution of about
1.2 ym/pixel. The target is a hand-cut strip of titanium with a width of ~ 2mm and a
thickness of ~ 5 pm, see Figure 57. This layout was chosen as a compromise between
mechanical stability and obtaining the thinnest target shadow on the camera.

During the experiment, we varied the time delay of the probe beam with respect
to the main beam between —200 ps and +500 ps. In addition, we imaged the target
prior to each shot while blocking the main beam and used it for reference. A selection
of images obtained from the shadowgraph scan is shown in Figure 58. The laser beam

comes from the right. We can see a plasma shadow expanding hydrodynamically into
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the vacuum on the irradiated side of the target, while the rear side remains intact
through the whole scan i.e. well beyond the time span of the observed THz and
electron emission. A pre-plasma is expected to develop before the main pulse due
to the amplified spontaneous emission (ASE) and pre-pulses in the laser temporal
profile, however, the expected size of such a pre-plasma is smaller than 40 pm [128]
and thus can be obscured by the shadow from the curvature of the target and the
limited resolution of the imaging system. The plasma expansion velocity after the main
pulse can be calculated as (60 — 92) pm/380ps = 8.4 x 10*m/s in good agreement
with [129, 130].

6.8 Discussion

The electric field of an electron bunch can be roughly estimated as a convolution
Ern, = (E*Q)(r,t) [57,120], where

Ne yr 1 —2
( ) 47T€0 (TQ + 721}2{/_2)3/2 ) Q( ) 902 eXp (20_2) (89)

here E(t) is the radial electric field of N electrons at distance r, v is the electron
velocity, and )(t) is the temporal distribution of the electron bunch assuming a Gaus-
sian profile. We can estimate the number of electrons in a bunch by providing the
energy and electric field. We have a good estimate of the average kinetic energy of
the electrons from the stopping power of the material used to block them from 6.5.
Using a stopping power of 3.27MeV leads to a strong broadening of the EO signal
but not a complete stopping, see Figure 54. Furthermore, we measured the electric
field of the leading bunch in Figure 49 to be around 8.8 kV /cm. We thus estimate the
number of electrons in the bunch to be on the order of 7.3 x 10® electrons which is
equivalent to a charge of ~ 100 pC. This is in good agreement with the values found
in the integrated energy spectra shown in Figure 23, obtained with a calibrated energy
spectrometer.

An evident feature arises when comparing the periodicity of the bunches at 45°,
shown in Figure 56, and at 0°, shown in Figure 47. We note that the number of lines
in the emission at 45° appears to be higher than at 0°. This could originate from the
oscillatory component that accelerates the electrons for a given heating mechanism.
For example, energetic electrons are accelerated along the laser propagation direction
mainly via j x B acceleration following the frequency of the oscillating ponderomotive

force, 2wg [91,131]. This means that twice every laser cycle, a group of electrons will be
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accelerated into the plasma by the ponderomotive force. On the other hand, resonance
and vacuum heatings accelerate the electrons at a full cycle along the target normal
direction. Although the timescale of the laser cycle is of the order of a few femtoseconds
and the laser main peak is around 32 fs, we need to take into account the broadening
in the electron emission due to energy dispersion while propagating through the target.
Additionally, the temporally extended EO signal presented here can be explained by the
velocity dispersion of the ejected electrons. For example, using At = diijnce(l/ﬁl —
1/55), where (31 and (35 represent the reduced velocity of the slowest and fastest
electrons in a bunch, respectively, the temporal broadening of electrons with energies
between 0.511 MeV and 4 MeV, starting at the interaction point at t = 0, would be
approximately 5.5 ps and 12 ps. This broadening occurs after propagating distances of
16 mm at 0° and 23 mm at 45°. More broadening is expected when considering the
temporal intensity profile of the laser [128]. The detected EO signal indeed extends
longer in time at 45° compared to the 0° case due to the longer propagation distance
at which the crystal is placed. In addition, the separation between electron bunches
can be affected by wave breaking dynamics inside the plasma, which reduces the
correlation with the laser period [132]. Many groups have presented simulations of
laser-thin target/plasma interactions showing accelerated electrons as "trains” of high-
energy electrons [133-135], however, to the best of our knowledge, this is the first
experimentally obtained temporal profile of electron bunches emitted during laser-thin
solid interaction. Moreover, our measurements show a difference in the periodicity
of the temporal profile of the electron emission between 0° and 45° due to various
acceleration mechanisms.

Our EO measurements show the evolution of the spherical wavefronts observed
in a single-shot at a distance of D after the electron beam has passed through the
aluminum target. Due to the orthogonal probing of the laser onto the EO crystal, the
spatiotemporal profiles can be regarded as snapshots in space, which serves as a proof-
of-concept. Despite the limited temporal resolution, the observations confirm that
the spherical curvature of the electric field wavefront becomes smaller with increasing
propagation distance, as seen from D = 6 mm to 16 mm at 0° in Figure 47, and from
D = 13.5mm to 23.5mm at 45° in Figure 56. This validates the approximation of
considering the wavefront as a flat plane near the beam axis at a long propagation
distance, as can be seen in Figure 56, where the wavefront reaches 23.5 mm on the
left side of the EO crystal.
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7 Summery

The work contained within this thesis explores two major themes: the intense THz
emission and the temporal structure of relativistic electron bunches both emitted from
the rear surface of thin metallic foils during the interaction with intense ultrashort laser
pulses. The comprehensive characterizations provided in Chapter 3 demonstrate the
emission of radially polarized intense terahertz pulses with record-breaking field strength
reaching ~ 3MV /cm at the focus [11]. The temporal structure of the THz emission
exhibits short, multiple pulses of a few hundred femtosecond duration lasting for several
picoseconds in both noncollinear and forward emission geometries. Moreover, the
constructed 3D angular distribution reveals the dominance of THz emission at large
angles relative to the target’s normal direction for oblique laser incidence. A prominent
application of intense sub-picosecond THz pulses is the post-acceleration [136] and

steering [137] of electron bunches.

To define the correlation between the detected subpicosecond emission and the
charged particle dynamics during the interaction, we conducted an in-depth charac-
terization of the particle emission in Chapter 4. Our analysis included the angular
distribution of hot electrons exiting the target, revealing the presence of two distinct
electron heating mechanisms with various temperatures: resonant absorption at 0° and
ponderomotive heating at 45°. Additionally, we provided precise energy-resolved mea-
surements and explored the influence of various laser parameters on the properties of
laser-accelerated electrons and protons. This parametric study offers valuable insights

into the relativistic laser-matter interaction within thin targets.

In Chapter 5, we present a detailed numerical investigation supported by experimen-
tally measured THz and charged particle emission. We defined two dominant physical
processes that could be responsible for the emission of THz radiation. 1- coherent
transition radiation (CTR) by the energetic electrons exiting the target. We observed
that the CTR emission from accelerated electron bunches in the direction of the laser
propagation (45°) is an order of magnitude higher than that from electrons emitted in
the target normal (0°). This discrepancy is due to the energy dependence of CTR. In
addition, the emission is inhomogeneous and inclined at wider angles, with a spectral
range between 0.1 and 1.5 THz. 2- plasma sheath radiation (SR) due to the transient
dynamics of the expanding plasma sheath formed at the back surface of the target
in the TNSA mechanism. The SR radiation is predominantly emitted non-collinearly

away from the target normal, with a spectrum mostly below 2 THz. Comparing the nu-
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merical models of CTR and SR radiation with the experimental data revealed excellent
agreement in both angular and energy profiles. This validation further supports our
understanding of the mechanisms driving the THz radiation emission from thin metallic
foils during intense laser interactions. Ultimately, we applied the treatment established
in our numerical model to estimate the expected longitudinal duration of fast electron
bunches from the measured CTR spectrum. Our analysis revealed that the spatial
length of the electron bunches exiting the target is approximately 41 — 61 pm, which
corresponds to a temporal length of 133 — 200 fs for relativistic electrons. Comparing
these values with those obtained from the hot electron spectra, we found a reasonable
agreement, supporting the reliability and utility of non-invasive THz-based diagnostics
in characterizing the electron bunch dynamics during laser-matter interaction. These
insights contribute significantly to the field, paving the way for optimized applications
and advancements in the generation and utilization of THz radiation.

Finally, driven by the demand for accurate time-resolved characterization of charged
dynamics during intense laser-matter interactions, our work achieved a significant mile-
stone: the first direct observation of Coulomb fields’ wavefronts accompanying rela-
tivistic electron bunches emitted during the interaction of an intense laser pulse with
a thin metallic foil on a sub-picosecond timescale. Ultrafast direct visualization of
relativistic electron bunches has been made possible by employing a non-destructive
single-shot electro-optic detection system. We experimentally demonstrated the con-
traction of the electric field of relativistic electron bunches under the Lorentz transfor-
mation. The visualized spatiotemporal electric field profile confirms the description of
Liénard-Wiechert potential for the Coulomb field: the electromagnetic waves emitted
from a relativistic electron are integrated over the propagation direction, forming a
spherical wavefront with a radius identical to the propagation distance. Furthermore,
we validated the spatiotemporal evolution of the spherical wavefronts by monitoring
the change in curvature as the electron bunches propagated away from the target. As
the electron bunches exit the rear surface of the target, the Coulomb field distribution
extends with wavefronts expanding as spherical waves from the plasma-vacuum inter-
face due to the loss of quasi-neutrality inside the plasma/target. The time-resolved
measurements revealed a complex temporal structure with multiple electron bunches.
Our proof-of-concept experiment opens the possibility of practical applications in mea-
suring fast dynamics of electrons and positrons [138] and in the research on electric
fields described by the general Liénard-Wiechert potentials.
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A. Normalized eigenvectors
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B. The high power laser system Jeti 40

The Jeti-40 laser is a table-top multi Terawatt Titanium:Sapphire system operating
based on the chirped pulse amplification scheme (CPA) [1]. The system is able to
deliver pulses with a maximum pulse energy of 1.2J at a repetition rate of 10 Hz
at a central wavelength of 800 nm with a minimum duration of 32fs. This leads to
intensities exceeding 101 W /cm?.

The laser system presented in Figure 59 uses titanium-doped sapphire crystals (Ti:Sa)
as an active medium for all amplification stages. The pulses start by a femtosecond
oscillator at a central wavelength of 800 nm with energy of about several nanojoules
and duration of 45fs. The pulses are then amplified in the Booster up to microjoules
and a pockels cell based pulse picker reduces the repetition rate to 10 Hz. Afterwards
the pulses pass the stretcher where they get positively chirped which extends the pulse
duration to about 150 ps. This is crucial to prevent non-linear effects such as pulse
filamentation and to protect all the following optics from high intensities along various
amplification stages. Next, the stretched pulses are guided into three Ti:Sapphire
amplifiers pumped by frequency doubled Nd:YAG (Neodymium:Yttrium-Aluminum-
Garnet) lasers. These are in sequence: a regenerative amplifier with an outcome of
millijoules followed by two free running multipass amplifiers which brings the pulse
energy up to few 100s of mJ and later to about 1 Joule level. An additional (1:5)

magnification telescope is used to further reducing the intensity. Finally, the fully
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Figure 59: schematic layout of the Jeti laser: a table-top high-intensity laser that uses
chirped pulse amplification (CPA). It consists of a short pulse oscillator, a stretcher,
three amplification stages, and a vacuum compressor to deliver pulses of 0.7J of
energy on target within 32fs at a central wavelength of 800 nm. The laser is guided
under vacuum to the target chamber and by employing an f/1.2 focusing off-axis
parabolic mirror intensities higher than > 10' W/cm? on a target can be achieved.
SA: saturable absorber, PP: pulse picker, D: Dazzler, M: Mazzler, PC: Pockels cell.

amplified pulses are re-compressed under vacuum using a double-grating with a double
pass compressor down to a FWHM pulse duration of 32fs. The outcome efficiency
of the compressor is about 65% due to multi-reflection on the two gold gratings.
After the regenerative amplifier a fast Pockels cell with a rise time on the order of a
nanosecond is employed to suppress amplified spontaneous emission (ASE) as well as

pre-pulses.
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Figure 60: Thomson parabola spectrometer for the detection of protons and ions
during high intensity laser-plasma interactions. It consists of two parallel electric and
magnetic fields which deflect the accelerated charged particles according to their q/m.
After exiting the deflection fields, protons and ions drift for 31c¢m to hit a multi-
channel plate (MCP+) detector with a phosphor screen, such that the impact position
and intensity can be imaged using a CCD. (MCP-) was used to detect electrons and
negative ions (not presented in this work).

C. lons Diagnostics

During the laser-target interaction, the ions are accelerated via TNSA at the rear
surface and along the normal direction of the target and can be detected with an
ion spectrometer. We built a special spectrometer based on a Thomson Parabola
(TP) as a dispersive element and a large (70 mm) multichannel plate (MCP) with an
imaging system and nuclear track plastic detectors (CR39) for MCP calibration. The
spectrometer was built in a separate chamber for quick adjustment and to prevent light
leakage. The TP element consists of two parallel electric and magnetic fields, both
of which can be modified by varying the potential and varying the distance between
the magnets, respectively. We measured a flux density of B = 110 mT using a Hall
probe, while the electric field was fixed at 42.5kV /m. After exiting the deflection field,
the protons and ions drift for 31 cm to hit the MCP detector with a phosphor screen,
such that the impact position and intensity can be imaged using a CCD. TP deflects
charged particles according to their ¢/m, so that the energy (£) of each particle can

be estimated from its deflection value as

B (1
r= 2 <—L2B+LBDB> (91)
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Figure 61: A typical MCP image of ion spectra recorded during the experiment. The
dashed lines are simulated traces of carbon ions and protons.

where Ly is the length of the magnet along the trajectory of the particle and Dg
is the distance between the end of the magnets and the MCP. The entrance of the
TPS is placed 86.3 cm away from the interaction point and has a 1.35 mm hole, giving
2 pSr as the acceptance angle.

The prominent feature of this spectrometer is the high dynamic range, as it can
detect protons with energies as low as 30 keV while still detecting high energy cutoffs
around 4 MeV in a single shot. The detection of low-energy protons can be a useful tool
for marking the evolution of the TNSA mechanism starting from low laser intensities
around 5 x 10'® W /cm? [88], as will be presented later.

D. Electron Spectrometer

In this work, we attempt to provide a complete picture of electron emission during
high-intensity plasma interactions. To support the temporal measurements, we also
measured the energy and, sequentially, the temperature of the electrons along the
normal direction of the target and the laser propagation direction using an energy
spectrometer. We used calibrated electron spectrometers based on a magnetic deflec-
tion with image plates as the detection medium [139]. The angles of acceptance are
41 and 25 pSr for the spectrometer at (0°) and (45°), respectively. Both can measure
from several keV up to several tens of MeV. To record the electron spectra, several
shots were averaged for each set of parameters of the interaction. The time-integrated
and averaged spectra are then fitted using a Maxwellian-like distribution to estimate

the temperature.
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