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Abstract

The interaction of ultra-shot, high-intensity laser pulses with solid targets is
an active topic of intensive theoretical and experimental studies in recent decades.
Dense and collimated fast electron beams generated by laser-solid interactions are
desired for a variety of applications including the fast-ignitior approach in inertial
confinement fusion, ultra-short x-ray sources and ion acceleration. Modulations of
target surface are an efficient method to improve the acceleration and collimation
of the surface fast electrons. In this dissertation, the electron acceleration of grat-
ing targets with different groove spacings (double-, close- and sub-wavelength)
irradiated by superintense (~ 2 x 102°W/ ch), ultrashort (~ 28 fs), high contrast
(prepulse-to-pulse ~ 107!!) laser pulses were investigated and compared with
those of the flat mirror targets. An enhancement by a factor of 3.5 of the fast
electron flux emitted along the grating surface direction with a modulation wave-
length in the order of the laser wavelength was observed compared to the flat mir-
ror target. The experimental results of double-wavelength gratings demonstrate
the excitation of the surface plasma waves (SPWs) in the relativistic regime.

The angular distribution and energy spectra of fast electrons generated by
thin foil targets were also investigated at normal and oblique incidence. The effi-
ciency of the fast electron acceleration is strongly dependent on the target thick-
ness and the laser incidence angle. The effective electron temperature decreases
with the thickness of the targets for both cases, high and low contrast laser pulse.

The efficiency of the laser energy absorption by various types of targets was
investigated and different kinds of target modulation were considered. The results
are in agreement with the electron acceleration investigations. The optimal angle
of incidence for energy absorption by grating targets is 45°, different from the flat
targets of which the absorbed energy increases with the laser incidence angle.

The experimental results were compared with 2D simulations using EPOCH
Particle-in-Cell code. Excellent agreement with the experimental data was found
for the electron acceleration and absorption processes. An analytical model was
developed to interpret the resonant angle shifting and non-linear effects of pre-
plasma in SPWs excitation mechanism.






Zusammenfassung

Die Interaktion von ultrakurzen, hochintensiven Laserpulsen mit einem Festkorper-

Target ist ein aktives Thema intensiver theoretischer und experimenteller Stu-
dien des letzen Jahrzehnts. Dichte, kollimierte, schnelle Elektronen, die bei der
Interaktion entstehen sind fiir eine Vielzahl von Anwendungen von Bedeutung,
zum Beispiel bei der Trigheitsfusion, ultrakurzen Rontgenquellen und der Io-
nenbeschleunigung. Die schnelle Ziindung bei der Trégheitsfusion ist ein vielver-
sprechendes Schema, bei dem die Fusionsreaktionen durch relativistische Elektro-
nen, die durch einen superintensiven Laserpuls beschleunigt werden, ausgelost
werden. Eine Modulation in der Target Oberfldchenstruktur ist ein effizientes Ver-
fahren um sowohl die Beschleunigung als auch die Kollimation der schnellen Ober-
flachenelektronen zu verbessern. In dieser Arbeit wurde die Elektronenbeschle-
unigung von Gittern mit unterschiedlichen Rillenabstdnden (Doppel-, Nah- und
Sub-Wellenldnge) mit der von flachen Spiegel-Targets verglichen. Dazu wurden
die unterschiedlichen Targets mit hochintensiven (~ 2 x 10*°W/cm?), ultrakurzen
(~28 fs) (Prepuls-to-Puls~ 10~!%) Laserpulsen beschossen. Es konnte ein Anstieg
des Elektronenflusses entlang der Oberflache des Nah-Wellenldngengitters um den
Faktor 3,5 im Vergleich zu den flachen Spiegel-Targets beobachtet werden. Die
Resultate der Doppel-Wellenldngengitter zeigen eine Anregung der Oberfldchen-
plasmawellen (engl. Abkiirzung SPWs) im relativistischen Regime.

Die Winkelverteilung und die Energiespektren von schnellen Elektronen, die
durch Beschuss diinner Folien erzeugt wurden, wurden sowohl unter schrigem
Lasereinfall als auch unter Einfall normal zur Target Oberflache untersucht. Die
Effizienz der schnellen Elektronenbeschleunigung héangt stark von der Targetdicke
und dem Lasereinfallswinkel ab. Die effektive Elektronentemperatur sinkt mit der
Targetdicke sowohl bei hohem als auch bei niedrigem Laserpulskontrast.

Die Absorptionseffizienz von Laserenergie in verschiedenen Target Typen wur-
de untersucht, dabei wurden unterschiedliche Arten von Target Modulationen
beriicksichtigt. Die Ergebnisse stimmen mit den Untersuchungen zur Elektro-
nenbeschleunigung iiberein. Der optimale Einfallswinkel fiir die Energieabsorp-
tion durch Gittertargets betrdgt 45°, anders als bei den flachen Targets, deren
absorbierte Energie mit dem Lasereinfallswinkel ansteigt.

Die experimentellen Ergebnisse wurden mit 2D-Simulationen unter Verwen-
dung des EPOCH Particle-in-Cell-Codes verglichen. Exzellente Ubereinstimmung
mit den experimentellen Daten fiir die Elektronenbeschleunigung und die Absorp-
tionsprozesse wurde gefunden. Ein analytisches Modell wurde entwickelt, um
die Resonanzwinkelverschiebung und die nichtlinearen Effekte vom sogenannten
Pre-Plasma im SPW-Anregungsmechanismus zu interpretieren.
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Chapter 1

Introduction

Highly collimated energetic electrons generated by an ultrashort (7 < 100fs),
high intensity (/ > 10"®W /cm®) laser pulse interacting with solid targets have at-
tracted tremendous attention due to their potential applications, such as the fast
ignition (FI) of inertial confinement fusion (ICF) [1, 2], laser driven high energy
ion acceleration[3-8], ultrashort x-ray sources [9, 10], etc. There are specific
requirements on the fast electron energy spectrum, the directionality and the en-
ergy conversion efficiency for each application. The concept of fast ignition uses a
collimated fast electron beam which is accelerated by a relativistic laser pulse to
trigger fusion reactions in inertial confinement fusion. For the study of the elec-
tron acceleration mechanisms, the conversion efficiency of laser energy coupling
to fast electrons, the mean temperature and angular distribution of fast electrons
are essential for optimizing the fast ignitor scheme.

The subject of this dissertation is the study of electron acceleration during the
interaction of high-intensity (I > 10*°W/ cm?), ultra-short (r ~ 28 fs) laser pulses
with solid matter. The work aims to investigate and characterize electrons gener-
ated on the target surface and to improve the efficiency and quality of fast elec-
tron beams to achieve the requirements of fast ignition. The recent development
of ultrashort high power laser systems opens opportunities for such experimental
investigations.

High efficiency of energy conversation from the incident laser to hot electrons
is highly desirable in many applications. In the interacting process of a relativistic
oblique laser pulse with a solid target, fast electrons originating from either 5 x B
heating [11] or vacuum heating induce the quasistatic magnetic and electric fields



which in turn accelerate the hot electrons and confine them along the target sur-
face. This self-sustained surface acceleration process results in the enhancement
of the total number of surface fast electrons (SFEs) [12]. In addition, the laser
parameters (intensities, angle of incidence, polarization, focusing properties) and
the target properties (cone shape, preplasma scalelength, surface structure, etc)
have been investigated to obtain the optimum interaction conditions for better
performances of absorption.

A straightforward way for improving the energy conversion efficiency from
the relativistic laser into hot electrons is by increasing the laser intensity [13, 14].
The limitation of this method is that it simultaneously raises the electrons tem-
perature while reducing the effectiveness of the energy deposities into the core
plasma in FI [15]. Flat and cone targets have been widely employed in many ex-
periments to enhance the laser energy absorption and to confine the fast electrons
to obtain better collimated electron beams [2, 16, 17].

The modulation of the target surface structure is an efficient method to max-
imize the conversion efficiency of laser energy coupling since vacuum heating is
sensitive to the laser field structure at the target surface [18]. Experiments have
shown that the laser absorption is more efficient in the fast electron production
compared to the flat targets (FTs), by employing coated targets with wavelength-
scale spheres [18] and low-density foams [16], as well as using sub-wavelength
gratings [19, 20]. In particular, analytical and numerical simulations [25, 26]
indicate that the electron acceleration can be improved by resonant SPWs exci-
tation on periodically modulated target surfaces (gratings). A laser pulse with
high prepulse-to-pulse contrast (< 10~!!) allows to preserve the surface structures
and create a sharp-edged overdense plasma. In most of these experiments, the
target surface structure is on a 10s nm scale and much smaller than the wave-
lengths of the incident laser. However, it is expected that the laser field can be
built up remarkably through Mie resonances when the size of surface structures
is comparable to the laser wavelength. Using dielectric spheres with a diameter
slightly larger than the half of the laser wavelength on the target surface, Sumeruk
et al., [28] have observed a prominent increase of hot electron number and elec-
tron temperature owing to Mie resonances and multipass stochastic heating of the
electrons [18].

Another mechanism of electron acceleration is the excitation of plasma sur-
face waves (SPWs) or surface plasmons (SPs). It was demonstrated that SPWs can
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CHAPTER 1. INTRODUCTION

have direct impact on the acceleration process of electrons and protons [29, 30].
For example, by employing a double plasma mirror laser system with ultrahigh
contrast (107'2), a strong electron emission with energies exceeding 10 MeV [30]
and protons with higher energies [29] compared with flat targets were produced
via resonant excitation of a SPW in a grating target. Theoretical and experimen-
tal studies placed the main emphasis on the linear regime of SPWs. Recently, Liu
et. al [31] developed a new model which includes relativistic and ponderomotive
nonlinearities to explain the target normal sheath acceleration of protons at high
intensity and in the presence of a preformed plasma on gratings.

The main goal of the present work was to investigate some fundamental as-
pects regarding the electron acceleration in the laser-plasma interactions. The ex-
perimental studies presented in this dissertation are focused on investigating the
physical properties of surface fast electrons and the electron acceleration mecha-
nisms. Different detectors, such as Fuji imaging plates, electron spectrometer and
Ulbricht sphere were employed. The ARCTURUS laser system available at ILPP
Diisseldorf employed in these experiments delivers high-contrast (~ 1072 after
the plasma mirror), 28 fs laser pulses with intensities higher than 2 x 102°W /cm®
onto the targets. The laser parameters offer a novel interaction regime where
SPWs can be generated in a non-linear way. The new regime of SPW excitation is
favored by the relativistic intensity and the very steep preplasma profile of 10s nm
scalelength.

The first set of experimental investigations addresses the surface fast electron
acceleration, their angular distribution and energy spectra. Targets of different
geometries, i.e. flat targets, grating targets and thin foil targets were also taken
into account. An evident enhancement of surface fast electrons was observed in
case of the grating targets compared with the flat mirror targets. The total number
of surface fast electrons produced by wavelength-scaled grating targets (grating’s
periodicity )\, is comparable with the laser wavelength A\;, A\, = 833 nm ~ A)
at the angle of incidence o« = 45° reached maximum while the electron energies
remain similar compared with the other gratings and the flat targets. A significant
high-energetic electron flux was also observed for the sub-wavelength grating tar-
get (\, = 278 nm< A;) close to the laser specular direction at « = 45°. The
experimental results were compared with Particle-in-Cell simulations performed
in a 2-D geometry. A good agreement with the experimental data was found for
a steep plasma profile with the scalelength less than 3% of the laser wavelength.
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A non-linear analytical model was developed to interpret the increase of the reso-
nant angle in the SPWs excitation mechanism. The analytical results indicate that
the ultra relativistic laser intensity and more realistic preplasma density profile
enhance the nonlinear effect and therefore shift the SPWs resonant angle, which
supports our experimental observations. For thin foil targets, the efficiency of
surface fast electron acceleration is dependent on the surface properties and the
thicknesses of the thin foils, and more interesting, on the macroscopic dimensions
of the targets.

In the second part of this work, the laser energy absorption by solid targets
was investigated. The laser absorption by different targets (flat, grating and thin
foil targets) of different laser polarization (P— and S— polarization), at different
angles of incidence were investigated and compared. The grating targets absorb
the maximum energy at an angle of incidence of 45°, different from flat targets of
which the absorption fraction increases with the angle of incidence. The absorp-
tion fraction of thin foil targets was also observed to have a similar dependence
of the surface fast electron acceleration. Moreover, the thin foil targets with flat
surfaces have a higher absorption efficiency than the bulk flat mirror targets.

The structure of this dissertation is as follows:

e An introduction of relevant physical processes which occur during the in-
teraction of the superintense laser pulse with the solid matter is given in
the chapter 2. The motion of electrons in an electromagnetic field and rela-
tivistic waves in plasmas are reviewed in the first two sections. To describe
the experiments and the simulations in the subsequent chapters, the colli-
sional and collisionless absorption processes as well as the propagation of
laser light in overdense plasmas are presented. In the following two sec-
tions of this chapter, electron heating mechanism and surface fast electron
acceleration are also discussed.

e Chapter 3 is dedicated to introduce the laser system employed in the exper-
iments. The important characteristics of the high power ARCTURUS laser
system are presented. The contrast enhancement using a plasma mirror
system is introduced as well. The experimental arrangements used for in-
vestigating the charged particles and measuring the absorbed laser energy
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CHAPTER 1. INTRODUCTION

fraction are illustrated together with the characteristics of targets used in
the experiments.

¢ In the chapter 4 the experimental results on electron acceleration using solid
targets are presented. The enhancement of the electron flux on grating tar-
gets was investigated. The characteristics, like electron angular distribution,
the charge of electron beam, dependence on the angle of incidence and en-
ergy spectra are discussed and compared with the flat target case. The prop-
erties of fast electrons generated by thin foil targets with different materials
and thicknesses are observed at various experimental conditions like: angles
of laser incidence, the laser contrast, dimensions and ground conditions of
targets and presented in the second section. In case of thin foils, the effi-
ciency of fast electron acceleration depends mainly on the thickness of the
thin foil target.

e Chapter 5 presents the experimental results of the energy absorption mea-
surements. The energy transfer process from laser radiation to matter is
determined from considerable physical parameters of the laser as well as
targets. In the experiments, the absorbed energy fraction was measured as
a function of the laser polarization, incidence angle, bulk targets with dif-
ferent surface properties and thin foil targets with different materials and
thicknesses. Finally, the experimental data were interpreted on the basis of
the absorption mechanisms relevant for the interaction regime of the exper-
iments.

e Chapter 6 deals with comparison of simulations of laser-grating interactions
with experimental results. The influence of preplasma conditions is dis-
cussed in detail to reveal that the surface of the target after being heated
by the prepulse is of key importance for the main pulse interaction. At last,
a numerical simulation and a non-linear analytical model are given to inter-
pret the mechanism of resonant surface plasma waves excitation.

e The last chapter summarises the experimental and simulation results and
gives an outlook for future investigations and experiments.

Role of the author:



The author was the leader of the experiments at ARCTURUS laser facility in
Diisseldorf and the experimental work presented in this thesis.

The author has performed the data analysis and interpretation. Further-
more, the author calibrated Imaging Plate records and analysed quantita-
tively the magnetic electron spectrometer in electron acceleration measure-
ments. Moreover, the author has performed the 2D PIC simulations pre-
sented in Chapter 6 using a fully relativistic PIC code EPOCH on the high
performance cluster of the Centre for Information and Media Technology
(ZIM) at the University of Diisseldorf. In addition, the author interpreted
the data in Section 6.5 based on the analytical model developed by Prof. A.
Andreev from Max-Born Institute, Berlin.









Chapter 2

Superintense Laser-Plasma
Interaction

When a laser pulse with the intensity 7, > 10'6W/ cm” interacts with matter,
fast ionization processes generate a plasma in which the electrons can move freely.
At relativistic intensities (I, > 10'W/ cm?), the laser field amplitude is so high
that the electrons will be accelerated to a velocity close to the speed of light ¢, such
that the dynamics of the interacting electrons must be described relativistically.

The key point of describing relativistic laser-plasma interaction is to assume
that the dynamics is dominated by collective behaviours rather than local inter-
actions among neighbouring particles. This means that the force on each particle
due to the mean electromagnetic (EM) field created by all the charges in the sys-
tem is much larger than the forces exerted by the nearest neighbouring particles.
In other words, the collisions between the neighbouring particles are assumed to
be less relevant than the coherent motion in the mean field. In this case, all rele-
vant frequencies must be larger than those of collisions. In classical plasmas, the
frequency of collisions is proportional to the cross section of Coulomb scattering
and inversely proportional to the particle energy. Hence, the high energy density
due to the relativistic EM field smears the rate of collisions and the plasma can be
treated as collisionless, i.e. the particles do not interact with each other. The mat-
ter is assumed as fully ionised in presence of superintense electric field, at least
for the outer electrons.

This chapter discusses the basic principles of interaction between the rela-
tivistic EM fields of the laser and matter. Textbooks are mainly from Macchi [21],
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2.1. ELECTRONS IN ELECTROMAGNETIC FIELD

Gibbon [22], Kruer [23] and Mulser [24] for further details.
2.1 Electrons in Electromagnetic Field

In this section, the motion of single electron in a plane wave is described
first, including the relativistic dynamics and nonlinear equations. Afterwards, the
ponderomotive force and radiation friction are introduced. In the second part of
the section, a briefly review of the basic kinetic and hydrodynamic equations is
present. The derivation in this section follows Macchi [21].

2.1.1 Single Electron in Electromagnetic Field

Non-relativistic Motion in a Plane Wave

The electric and magnetic fields of a plane wave propagating in the z direction
can be written in the complex representation as:

E = E(z,t) = Eyée™ ", B=B(z,t)=%xxE (2.1)

where the fields are the real parts of the expressions. Here k = w/c and ¢ is the
polarization vector. € = y (or z) denotes the linear polarization along y (or z)
direction while for circular polariation, & = (y =+ iz)/v/2. The equations of an
electron motion in non-relativistic EM fields are:

d
med—z = —e|E(r,t) +% x B(r,t)|,

dr
— =V 2.2
m (2.2)
In general the term v x B is neglected in the linear approximation for weak fields
and the linear solutions are thus obtained only with the same frequency of the
oscillating motion as:

e e
r =
mew Mew?

E (2.3)

It is obvious that the trajectory is a straight line for linear polarization and a circle
for circular polarization.

The dimensionless parameter of EM fields called the normalized vector po-
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CHAPTER 2. SUPERINTENSE LASER-PLASMA INTERACTION

tential is defined as the ratio between the electron momentum and m.c,

ao = 220 2.4

MeWC

If ap < 1, |v|] < cis fulfilled, the linear solution approximation is justified. If
now is close to unity, the effects of the magnetic force should be taken into account.
We use the “perturbative” method and write the velocity as v = v(!) + v(?) where
v and v(? are of order ~ ay and ~ a2 respectively. Now the equation of motion
becomes:

d(vD 4 v) v 1+ v®

= —¢|E(r,t) + ———— x B(r, 1) (2.5)

me
dt c

And it is straightforward to obtain

dv® dv® (1)
me% = —cE, Me zt = —evc x B (2.6)

Assuming the linear polarization along y—direction (¢ = y), it may be written

as:
eE c
v = —OSI sin wt = agcy sin wt, v = —qy— coswt 2.7)
e w

where we assign the initial position of the electron at x+ = 0. Considering B(x =
0,t) = Fyz coswt into the equation for v(?), we get:

dv® 2
M (apcsinwt)(Ey coswt) = —f(%cw sin 2wt (2.8)

dt MeC

Thus, the electron oscillates along the x direction with a frequency of 2w:

2 2
v (t) = %C cos 2wt, 3 (t) = —g sin 2wt (2.9
Defining the dimensionless coordinates X = (wz/c)/ad and Y = (wy/c)/ag, We
obtain the famous figure-of-eight trajectory of the electron shown in Figure 2.1:

16X% =Y?1-Y? (2.10)

For circular polarization, the trajectory is unaffected by v’ x B term in the
first order of approximation and the electron still undergoes a circular orbit with
radius agc/(v2w).

11



2.1. ELECTRONS IN ELECTROMAGNETIC FIELD

YN

OS5FN- .

>~ 0}

Figure 2.1: Characteristic figure-of-eight orbit of a
0] 18 free electron in a plane EM wave in the average rest
X frame.

Relativistic Regime

The dimensionless quantity o defined by (2.4) is the maximum momentum of
an electron oscillating in an E field with frequency w and amplitude £ in units of
mec. In fact, ay is a convenient measurement of relativistic effects. When ag = 1,
the laser-plasma interaction may be defined as in the “relativistic regime”. The
laser intensity I can be expressed in the form of ay:

2
[=(ZExB|)= 2 () (2.11)
47 8T e
])\2 1/2

At present, multi 100 TW laser systems generate pulses which can reach focused
intensities above 2 x 1022W /em” [33] for A=0.8m, corresponding to ag ~ 68.

Now the relativistic equation for the momentum is:

d
_p = —6(E+ X X B)7 P = m.yV, (2.13)
dt c

where v = (1 — v?/c?)~'/2. The EM plane wave is assumed to propagate along %
and represented by the vector potential A = A(x,t) with A - x = 0. After some
vector algebra, from (2.13) one obtains

d e
p Al = 2.1
dt( L7 ¢ ) 0 (214

12



CHAPTER 2. SUPERINTENSE LASER-PLASMA INTERACTION

where the subscript“_” refers to the vector component in the transverse yz plane.
We take the vector potential

A = Ag[§dcosd+2(1 — %) ?sing], ¢ = kx — wt, (2.15)

where =1 or 0 means the wave is linearly polarized along y or z, respectively and
§ = +1/4/2 means circularly polarized. Other values of § correspond to elliptical
polarization. Here we evaluate the derivative of ¢ with respect to time as % =2
and get immediately:

pL = (py,p:-) = 0 (5 cos 6, (1 — 8%) 2 sin ), (2.16)
C

2
Da L (e—AO> [(52 cos® ¢ + (1 — 6%) sin? qb}

2mec

1 620 9 2 (2.17)
= e (T) [1+ (26° — 1) cos 2¢].
Averaging over an oscillation cycle (cos 2¢) = 0 and
1 eAy 2 ai
pe) = (7> = mec) = pa. (2.18)

So the longitudinal drift of the electron is constant. Together with p? = (eAy/c)?/2,

we get p? = p? + p? and the relativistic factor ~ is constant as well.

After integrating (2.16, 2.17), normalizing the coordinates to 1/k = ¢/w and
defining © = kr, the trajectory of the electron is given by:

T 1 1, .

?IZ —¢—(52—§)SH12¢

N . (2.19)
Yy z
Qo

= —{sin ¢, = (1 —6HY2cos ¢

Qo

Figure 2.2 shows the typical trajectories of plane waves with linear (6 = 1) and
circular (0 = +1/ v/2) polarization for ay = 2.

Ponderomotive Force

The ponderomotive force (PF) is a nonlinear force exerted on the electrons
of the plasma by an inhomogeneous oscillating electromagnetic field. The mo-
tion equation of electrons in the plasma under the effect of the laser electric and

13



2.1. ELECTRONS IN ELECTROMAGNETIC FIELD

(a) (b)
1

0.6 1.5 4
<02 i}
% 0.5 4
-0.2 S i
—-0.54
-0.6 .

_1 _1 .5 7 0

0 1/21 T =30 -20 ]
kx/(al) o 0 0

Figure 2.2: The trajectory of an electron in an monochromatic plane wave for ag = 2. (a)
Linear polarization along y (6 = 1). (b) Circular polarization (§ = +1/ V2).

magnetic field can be written as

(31_: - —%(E(r) +v x B(r)). (2.20)
If the amplitude of the laser electromagnetic field varies in space, the force the
oscillating fields exerting on the electrons can be non-zero. It can be understood
more easily considering a non-relativistic wave. The varieties of amplitude of the
electric field will cause that the electrons cannot be back to its original position.
The electrons will drift toward the regions where the electric field is smaller due
to such an average effect. At relativistic intensities, the Lorentz force leads the

electrons to populate in regions where the intensity is lower.

Considering E = Eg(r) coswt, where Eq is the field at the initial position ry,
we evaluate with a perturbative method and neglect the v x B term in the first
order. The solution of the Eq. 2.20 is

dvq e
—=——E 2.21
P - o(ro) coswt ( )
Vi = —iEO(rO) sin wt (2.22)
mw
ry = — ¢ 2E0(r0) cos wt (2.23)
mw
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Now we consider the second order the term v; x B;. B; can be obtained by
Maxwell’s equation

dB
Eo = —— 2.2
V X 0 a ( 4)
1 .
B, = —;V X Eg|y—r, sinwt (2.25)
Expanding E(r) about ro we obtain
E(r) = E(ro) + (r1- V)E|, =, + ... (2.26)

Together with Egs. (2.21 , 2.22) the equation of motion in the second order is

d E
vz _ _ E{ {Eo coswt + <£—0 cos? wt - V>E0}
m

dt m w

(2.27)

+ sin? wt [EO x (V x EO)]}

mw?

The average of the term cos wt over an oscillation period goes to zero while
< sin®wt >=< cos’ wt >= 1/2. Thus, the Eq. 2.27 becomes

dv 1 €
and can be written as 1 |2
Vo (&
(%) = -simvte) a2

where Eq” = 2(E?).

The right hand side of the Eq. 2.29 is the effective nonlinear force on a single
electron. By multiplying the Eq. 2.29 with the electron density n, and substituting

2
W? = (47”3 ”0> (2.30)

m

where w, is the plasma frequency, the ponderomotive force can be obtained as

s V(E?)
F,=—-——2=5 2.31
P w? 87 ( )

The ponderomotive force (Eq. (2.31)) drives the electrons to the regions of lower
field pressure and eventually effects the ions through charge-separation fields.
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2.1. ELECTRONS IN ELECTROMAGNETIC FIELD

We now consider “realistic” laser pulses with finite spatial width and duration.
In general, a laser pulse is described by an envelope function as:

E(r,t) = Re(E(r,t)e ™) = ~E(r,t)e ™" + c.c.,

(2.32)

woll

B(r,t)e ! 4 c.c..

B(r,t) = Re(B(r, t)e ") =
We assume that the E field almost averages to zero over a period, i.e. (E(r,t)) ~ 0
while for the envelope function (E(r,t)) # 0. This assumption suggests us to
describe the electron motion as the superposition of the slow term and the fast
oscillating term. Under certain conditions, the ponderomotive force is slowly-
varying force to drive the “slow motion” in the dynamic equation.

Averaging the Newton’s equation we have:

dv,
Mo = —e(E(r(t),1)) — e(v x B(r(t),t))
~ — 4m€w2V|E*(rs( ), 1) (2.33)
- gm:ME? (x,(1), 1)) = F,.

The PF F, defined in (2.33) is derived within the non-relativistic regime and de-
scribes the cycle-averaged position and velocity of the oscillation center:

) A g

meF = mew P —VCDP, (234)

where “ponderomotive potential” ®, is the energy of the cycle-averaged oscillation
which is assumed to be a function of the oscillation center position:

D, = ,((r) = TE(vE) = s (E2). (2.35)

Mew?
From (2.34, 2.35), we can see that the electrons will be expelled from the regions
where the electric field is higher.

The relativistic expression of the ponderomotive force can be derived from

the force equation

%‘t’+v Vp——e(E+—XB) (2.36)

where p = m~yv. By substituting B and E in function of the vector A and electro-
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CHAPTER 2. SUPERINTENSE LASER-PLASMA INTERACTION

static potential @, the relativistic ponderomotive force can be derived
F, = —m.*V(y—1). (2.37)

The derivation of the PF in the relativistic regime can be found in [24] in detail.
In the case of EM waves, the F,, is again minus the gradient of the circle-averaged
oscillation energy.

Radiation Friction

An electron subjected to an external EM field is accelerated and emits EM
radiation simultaneously. Both, the external and the induced radiation field, act
on the electron. In other words, together with the extrinsic Lorentz force, the
additional radiation friction force f,,; will exert on the electron with the form as

2¢? 2¢% d
fud = 55V~ ———(E+~ x B)
¢ ’;%f ¢ (2.38)
€ . €
~ — E — ExB
3mec3( mec3 x )’

where v is the electron velocity and By is the applied magnetic field. The relativis-
tic expression for RF in Sect. 76 of Ref.[34] is:

2r? N v 2 V27V
cf _2[(E+YxB) - (Y.E)Y
(T Yy ()’ 29

3 c
[(E+%><B) ><B+(%-E)E] —WWSC(E+%XB>}7

fra,d -

and is called Landau-Lifshitz force. As this force acts on the electron together with
the Lorentz force, the electron is accelerated in the average rest frame and the
figure of trajectory of the electron will develop. The exact solution for the motion
of an electron in a plane wave can be found in [35].

2.1.2 Collective Dynamics

Kinetic Equations

For a collisionless system in which the number of particles is conserved for
each species a, the distribution function f, obeys the kinetic equation

atfa + V- (I..afa) + Vp ’ (pafa) =0, (2.40)
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2.2. RELATIVISTIC WAVES IN PLASMAS

which can also be understood as a continuity equation in the phase space.

The Vlasov theory of a plasma assumes that the force on the particle is the
Lorentz force and the EM fields can be obtained self-consistently via Maxwell’s
equations. The standard Vlasov equation may be written as

Oufa+ Vv -Vifot+qE+v=xB/c) Vpf, =0. (2.41)

The nonlinear equations of Vlasov and Maxwell equations constitute the so-called
Vlasov-Maxwell system of which the analytical solutions are very hard to find.
However, there are efficient numerical methods to solve the Vlasov-Maxwell sys-
tem, for exampe the Particle-In-Cell (PIC) approach [36, 37].

Fluid Equations
Integrating (2.41) over momentum leads to the continuity equation

Ong + V- (ngu,) = 0. (2.42)

where n, and u, are the total density and the mean velocity of the particle a,
respectively. Multiplying (2.41) by v and again integrating over the momentum,
together with (2.42), the non-relativistic fluid equation for the mean velocity u,
with a scalar pressure term P, can be obtained

MaNa(OgUy + U, - VU,) = gone(E 4+ u, x B/¢) — VP,. (2.43)

In very intense laser-plasma interactions, the electron motion is dominated
by the coherent oscillation in the EM fields, which means the thermal velocity
is negligible with respect to the average coherent velocity and it leads to P, =
0. So neglecting the P, results in the relativistic equation, so-called “cold fluid”
momentum equation

(Opa + s - VPa) = ¢@u(E +u, x B/c), Pa = MaYalq. (2.44)

2.2 Relativistic Waves in Plasmas

This section focuses on the waves in a relativistic plasma. For EM waves,
the nonlinear refractive index and two most prominent phenomena: self-focusing
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and transparency are introduced. For electrostatic waves, the wave-breaking limit
with a focus on relevant properties of the electron accelerators are discussed. The
derivation in this section follows Macchi [21].

2.2.1 Linear Waves

We eliminate B from Maxwell’s equations in a plasma [38] and obtain the
wave equation for the electric field

1 4
(v2 — gaf)E ~V(V-E) = C—Z&J, (2.45)

where the current density of a “cold” plasma J = —en.u, in which only electrons
response to the high-frequency fields.

Firstly, we consider linear waves in a homogeneous plasma with a uniform
and constant electron density n.. For monochromatic fields,

=~ n062 ~ 1 w2 ~
J=-i E=-—-E. (2.46)
MW 4T w
where "
Aren,
wy = ( = ) (2.47)
m@

is the plasma frequency. Substituting (2.46) into (2.45) we obtain the inhomoge-
neous Helmholtz equation

2 2
(v2 + qm%)ﬁ ~V(VXE)= (v2 + n2(w)°2—2>]?3 —~V(VxE)=0, (2.48)

where ¢(w) and n(w) are the dielectric function and the refraction index of a cold

plasma, respectively.

wQ

a2 — P

ew)=n"(w)=1- 2 (2.49)

Now we consider the transverse EM plane waves. The dispersion relation
reads:

—k* 4+ e(w)w?® = —k*c + w? — wﬁ = 0. (2.50)

A wave can propagate in the plasma only when k is a real number, which requires
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2.2. RELATIVISTIC WAVES IN PLASMAS

w > w,. This means the plasma density must fulfill

Mew?

Ne < Ne = = 1.1 x 10**em™3(\/1pm) 2, (2.51)
dme?

where n.. is called the critical density. Eq. (2.51) is only valid in the non-relativistic
case, otherwise m, = mgy.. A plasma with an electron density n. < n., allowing
the propagation of transverse EM waves is called the underdense plasma. The
opposite (n. > n.) is an overdense plasma in which the EM wave cannot propagate.
In overdense region, the evanescent field will decay exponentially as ~ exp(—z/¢;)
where the characteristic distance

ly = c(wg — w2)1/2, (2.52)

is the called skin — depth. For overdense plasmas w, > w, {; ~ c/w, = 5.31 x
10572 “*cm. For a typical laser wavelength A\ ~ 1um, the gas targets (typical den-
sity ~ 102%cm ) will be underdense and solid targets (typical density ~ 10%3cm—2)
will be overdense.

When an ultrashort, high contrast laser pulse at a low intensity interacts with
a solid target, the plasma expansion before and during the interaction is negligible,
i.e. the density scalelength L, = n./|0,n.| < A. In such case, the electron density
can be treated as a step-like density profile and the amplitudes of reflected and
transmitted waves can be evaluated from Fresnel formulas (Sect.7.3 of Ref. [38]).

The longitudinal electrostatic (ES) plane waves (k || E) exist in the plasma
only for e(w) = 0, i.e. w = w,. They are called plasma waves or plasmons of which
the group velocity vanishes while the phase velocity may be arbitrary, and the
dispersion relation is w® = w? + ~.k*v;, with v, being the plasma thermal velocity.

2.2.2 Relativistic Self-Focusing

We now consider the propagation of an EM wave in the relativistic regime.
At such a high intensity, the motion of electrons becomes relativistic. We replace
me — mo7y. where 7, = 7.(ag) = (1 + a2/2)"/? in Egs. (2.49) and (2.50) to obtain
the nonlinear ¢(w), n(w) and the dispersion relation as
2

2 wp 2.2 2 wi
en(w) =ny(w) =1— "k —k*c* + w* — P 0. (2.53)
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A typical laser beam with a Gaussian-like profile in the transverse direction has the
peak value a, on the axis and decreases with the distance r away from the axis.
From (2.53) we can see that the refractive index has the same dependence on r as
ap, which shows similar features as an optical fiber. So the laser beam will be bent
and re-collimated by the plasma which takes an effect of a converging lens.

There is the finite width of the laser beam, so the radial component of the
ponderomotive force will expel electrons out of the central region of the beam and
create a density depression around the axis. The local refractive index will increase
due to the density decrease and hence also produce a focusing effect for the laser
pulse, called “self-channeling”. In general, the self-focusing effect comes mainly
from two effects. One is the relativistic effect of the effective inertia of electrons,
and the other is the density profile modified self-consistently by the competition
of the PF and the space-charge electric force generated by charge displacement.

2.2.3 Relativistic Transparency

According to Eq. (2.53), a light wave can propagate in the homogeneous

172 which means the effective critical density now increases

plasma when w > w, /vy
to n., = n.y > n. with respect to the linear regime. The effect is known as relativis-
tic self-induced transparency (SIT) or relativistic transparency. In reality, the real
pulse has a finite profile such that only those parts of the pulse of which the local
amplitude meets the condition that n.y > n. may penetrates inside the overdense
plasma. In this way, the shape of the pulse is modified.

Figure 2.3 shows the nonlinear situation of a plane wave penetrating the
overdense plasma. The ponderomotive force pushes electrons, producing a charge
separation layer at the surface of the plasma. The electrons are piled up and that

makes the density n. higher than the initial density n, in some region.

2.2.4 Electrostatic Oscillations and Waves

As mentioned in 2.2.1, the dispersion relation of the electrostatic (ES) oscil-
lations in a cold plasma is w = w, which does not contain the wavevector k. The
wavelength and the phase velocity of the plasma oscillation can be determined
when the plasma oscillation is excited. Many sorts of means can excite plasma
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e
a
\ no
Ex
Figure 2.3: The sketch of the electric field and the
electron density profile for the plane wave pene-
0 X > trating an overdense plasma. The laser is incident

from the left. ng is the initial electron density of
the plasma. « is the EM vector potential.

oscillations, like particle beams, instabilities and mode conversion et al.. However,
mode conversion is one of the main techniques for coupling electromagnetic wave
energy into a plasma.

In a longitudinal wave, the oscillation amplitude of the particles cannot ex-
ceed the wavelength, otherwise the regular periodic structure will be lost and the
wave is said to break. The wavebreaking plays an important role in the electron
acceleration process and can drive electrons up to higher energies. The maximum
energy of which the electrons can reach is given by:

MeWy,C

max(F,) = 20— 1) = Euwp (2.54)

e

which is called as “relativistic wavebreaking” limit [21]. When 5, = v,/c < 1,
we obtain again max(E,) = m.w,v,/e. When the wave amplitude reaches the
breaking threshold, the electric field acquires a sawtooth shape. It is also possible
to estimate the distance between adjacent spikes, i.e. the wavelength )\, of the
nonlinear wave:

Ap > 4A(c/wp)r/2(7, — 1) (2.55)

2.3 Electron Heating

In this section, the generation of high-energy electrons in laser-plasma inter-
actions will be discussed in two different regimes. Firstly, the electron acceleration
in wake waves will be considered in an underdense plasma. Secondly, the case of
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an overdense plasma will be presented, where the electrons are accelerated at
the vacuum-plasma interface where the collisionless absorption is dominant. The
derivation in this section follows Macchi [21] and Gibbon [22].

2.3.1 Underdense Plasmas: Laser Wakefield Accelerators

There are two necessary conditions for an EM wave to accelerate a charged
particle efficiently: the electric field has a component along the propagation direc-
tion, and there exists the phase velocity that can optimize the phase between the
wave and the particle. The longitudinal electron plasma waves with a phase veloc-
ity v, independent of the plasma frequency match the above conditions and can
be used as the charged particle accelerators. To accelerate relativistic particles,
the phase velocity of the plasma wave should be close to but not exceeding the
speed of light, v, < ¢, so that the relativistic particles may remain in phase with
the wave. The acceleration process may be more efficient for higher relativistic
energies since a large change in energy corresponds to a small change in velocity,
thus the particle may get out of phase after a long time.

We propose a wakefield generated by an intense laser pulse propagates at a
group velocity v, = ¢(1 — w?/w?)"/* < ¢ in an underdense plasma. The pondero-
motive force (PF) on electrons in the longitudinal direction reads

1/2
F, = Fy(x — vyt) = —mec*0ua, Yo = (1 + (a’(z — Ugt)>) , (2.56)

where a*(z — v,t) is the dimensionless amplitude of the laser pulse and v, =
vy ~ c as desired. For an ultra relativistic laser pulse of amplitude ay > 1, the
wavelength )\, of the wake wave depends on ¢, and the wake wave is highly
nonlinear. This dependence results in the phase fronts of the wake wave being
curved around the laser axis, and the transverse structure of the wakefield can
make the wavebreaking threshold lower than in the plane geometry.

The accelerating distance L,.. of the electron trapped in the wave is estimated
o |44 2w AN, w3
==(—) (2.57)

Lee = o o~
“eelBy T wl T \w
0 P P

where IV is the energy gain. In general, the L,,. is larger than the Rayleigh length
so the generated plasma wake will diffract the driving laser pulse. Thus, one of
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the task to develop the laser-plasma electron accelerator is to guide the laser pulse
over long distance by employing several approaches, either in a stable self-guiding
regime near the self-focusing threshold or in a low-density channel in the plasma.

2.3.2 Overdense Plasmas: Collisionless Absorption

The high energy electrons generated by the high-intensity laser interaction
with overdense plasmas are commonly named as fast or hot electrons. In experi-
ments, when solid targets are irradiated with relativistic pulses of a,, the typical
order of magnitude of the fast electron energy is given by

£, =mc* <\/1 +a2/2 — 1), (2.58)

which is also called the “ponderomotive” energy. The process of fast electron gen-
eration is however, far from as simple as the motion of a particle in a potential. A
satisfactory theory should explain several observations, such as the pulsed nature
of fast electron bunch, the conversion efficiency of the laser energy, the depen-
dence on the plasma parameters and the energy spectra of electrons.

We consider an ultrashort, high-intensity laser pulse impinging on a solid
target. The ionization and heating of the solid material occurs rapidly enough so
that the target can be considered as a plasma with step-like ion density profile
n; = no®(x) since the hydrodynamic expansion is negligible. The EM field will be
evanescent inside the overdense plasma according to (2.49) penetrating only in
the “skin” layer of thickness ¢, defined by (2.52) due to the high electron density
(no > n.) in the solid material. If e(w) is real, the reflection is complete and
no energy absorption will occur. To obtain the absorption level, we add a friction
force —m.v, u, to the equation of motion of electrons so that £(w) has an imaginary

part.

w2

glw)=1- w(w—j—)iz/c)' (2.59)
For (w,/w)? = ng/n. > 1, the absorption coefficient A ~ 2v,w?*/w} is obtained from
Fresnel formulas (Sect.7.3 of Ref. [38]). The friction is determined by collisions
with ions in a classical plasma, so it is called as collisional absorption, or inverse
Bremsstrahlung, (see Sect.3.4 of Ref. [24]). For a non-relativistic electron with

velocity v, and energy £, = m.v?/2, the collision rate depends on the Coulomb
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4

. _ -2
cross section o, as v. = n;o.v. where o, o< v;* o £,°. When the average value

of €, increases, collisional absorption becomes inefficient due to the scaling v.
—3/2
£

.7 (runaway effect). During the interaction of a high intensity laser pulse, ¢,
is enhanced and even higher than the thermal energy due to the coherent motion
in the field. The collisional absorption decreases while the intensity increases.
Therefore, the energy absorption at a high intensity occurs mainly via collisionless
mechanisms.

Figure 2.4 briefly gives the sketch of the field and the electron density profile
in the skin layer of the over-dense plasma in a class of kinetic mechanisms of col-
lisionless absorption. Due to their thermal energy, the confined electrons attempt
to escape at the vacuum side (z < 0). On the average, a thin charge separation
layer of thickness /. will be created with /. ~ A\p = v,./w,. Since the spatial scale
¢y > \p and time scale w™! > W, !, we may consider that the electrons are instan-
taneously “reflected” from the sheath field at + = 0. Such reflections leads to a
non-vanishing absorption and named as sheath inverse Bremsstrahlung (SIB)[39].
However, the sheath reflection condition is limited to low intensities when the
external field is too weak to drag the electrons into vacuum against the sheath

potential.

Figure 2.4: The sketch of the electric field and
the electron density profiles in the skin layer of
a solid-density plasma. The sheath field E, “re-
Ap [s X flects” electrons from the bulk.

=) A

2.3.2.1 Resonance Absorption

The excitation of resonances in normal modes of a plasma is another general pos-
sible route to enhance the absorption and the field in an overdense plasma. The
excited plasma oscillations at the critical density surface where w = w, is called
the basic resonance absorption mechanism. The resonance absorption is very effec-
tive when the laser pulse is P—polarized and obliquely incident onto the plasma
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density gradient. When the electric field of the incident laser light is in the plane
formed by k—vector and Vn,, i.e. the plane of incidence, the wave is said to
be P—polarized. In this case, at the turning point F is parallel to Vn.. Part
of the field can tunnel up to the critical surface. A charge density perturbation
may be created and excites a plasma oscillation as shown in Figure 2.5. For a
plane wave, the wavevector is k> = k2 + k. where the component along the sur-
face is k, = (w/c)sinf. By substituting the dispersion relation (2.50) we obtain
w? = w2 + k2 + w?sin®0 and thus, when n, > n.cos®6, k2 < 0. k, being an
imaginary number indicates that the EM field will be evanescent in this region.

We begin from Poisson’s equation V - (¢E) = 0 and it follows that

1 1
VE-'Bvi=-1p¥ (2.60)
€ e "0z

While in a plasma
V -E = 4redn, (2.61)

where on,. is the deviation of the electron density from the equilibrium value. If
E. # 0, the EM wave will induce a density fluctuation. At critical density, the
fluctuation has the plasma frequency w,. and an electron plasma wave is excited.
The oscillation can pass through the turning point and reach the critical surface to
drive the electron plasma wave. The amplitude of the oscillations depends on the
amplitude of the field, and the same issue as the amount of energy transferred by
the laser to the plasma wave. For large angle of incidence 6, the reflection surface
will be too far from the critical surface, and the region to tunnel will be too long.
On the other hand, if # is too small, the component of E along the gradient will
be small and the electron oscillations will not be driven efficiently. In fact, there
is an optimal angle of incidence for given density scalelength L, = n./|Vn.|, as
a compromise between maximizing the electric field component perpendicular to
the plane and its amplitude.

For the S—polarized light, E is normal to the plane of incidence, there is no
component of E along Vn,, i.e. E - Vn, =0, and no plasma wave can be driven.

Using the WKB method, the value of F. at critical can be expressed in a linear

density profile as
1o
P

:

where s is the imaginary part of the dielectric function describing the EM energy
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dissipation, p = 27L, /) and ®(7) the so-called Denisov function. The parameter
T = p'/3sin @ describes the angular dependence of E.. The Denisov function can
be approximated as ®(7) ~ 2.37 exp(—273/3) [23].

The absorption fraction can be obtained by integrating the energy lost of the
light wave over the density profile as f, ~ 1/2[®(7)]*> [23]. At the maximum of
the Denisov function, there is an optimal angle at which the resonance absorption
is most efficient [23]:

sinf, . %O.S( ¢ > (2.63)
wl,

In fact, the angular dependence of the absorption depends on the density profile
near critical. At high laser intensity, ponderomotive force steepens the density pro-
file and shortens the distance from turning point to the critical surface. Therefore,

resonance absorption is less sensitive to the angle of incidence.

Plasma oscillations obtain a group velocity and propagate as ES waves in the
plasma if the temperature is finite. Such longitudinal waves may accelerate a
fraction of thermal electrons along the propagation direction and out of the target
surface. The electrons acceleration in the forward direction will enter the target

bulk and will be discussed in the following sections.

Figure 2.5: Resonance absorption in an
overdense plasma. A P—polarized EM
wave obliquely incident at an angle 6 is
reflected at the n. = n.cos?@ surface.
The evanescent field may excite a reso-
nant plasma oscillation at n, = n..

The plasma resonance is smeared out if the density gradient is very steep and
another normal mode: electron surface waves (SWs) or surface plasmons appears
and propagates along the surface direction with the dispersion relation [21]:

E202 — 2 (w) :1_%3/“};
l+ew) 2-w?/w

(2.64)

The components of the electric field propagating at the x = 0 surface and along

27



2.3. ELECTRON HEATING

the y axis can be written as

eta<e e(—Q>l‘) .
@(+x) efzwt’
q< q> (2.65)

B, = E)[O(—x)et™<" 4+ O(+x)e >"]e ",

where ¢. = (w/c)(w2/w? — 1)*? and q. = (w/c)(w?/w? — 1)7"/* are the modes of
oscillations [21].

The field enhancement and electron acceleration can be achieved by resonant
excitation of SWs and the electrons are emitted along the surface direction. How-
ever, the phase matching with an incident EM wave is not possible from (2.64)
due to the phase velocity v, < c. A direct way out of this difficulty is to use a
target with a periodically modulated surface with the wavevector k, like a grating.
Phase matching with an external field of a wavevector component k, = (w/c) sin 6
requires a condition k = k, + nk,, with n an integer number and there is a proper
angle for a given k,. This model will be discussed in detail in Section 2.4.2.

The classical collisional and resonance absorption processes described in the
previous sections are less efficient when the laser pulse interacts with a very steep
plasma profile (or an overdense plasma). This may happen in ultrashort, high-
contrast laser pulse interactions with solid targets, when the plasma, created by
the pulse’s rising edge, does not have time to expand during the pulse. Under these
conditions other collisional or collisionless absorption mechanisms are predicted
to be important.

2.3.2.2 Normal and Anomalous Skin Effect

In a step-like overdense plasma profile, the laser field can penetrates the plasma

to the skin depth
f,=° ( Ve > (2.66)

Wpe \ W, cOs O

At low laser intensity (I < 10'°W/ cm?), the electrons within the skin layer oscillate
in the laser field provided that the electron mean free path \. = v, /v,; is smaller
than the skin depth. The electron oscillation energy is thus locally thermalized
and the energy dissipation can be achieved through the collisions with ions.

At high laser intensity, the electron temperature increases, resulting in both
the electron mean free path and the mean thermal excursion length v;. /w, exceeds
the skin depth. Under these conditions, collisionless absorption can take place.
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The effective collision frequency v is given in this case by the electron excursion
time in the anomalous skin layer /,, i.e. Ve = vse/lus, Where Ly = (P Jwowpe)
[23]. For normal incidence in the overdense limit, the absorption fraction is given
by fa &~ wol.s/c. The angular distribution of the the collisionless absorption frac-
tion can be calculated making use of the Fresnel equations. The absorption is
expected to a maximum of 0.7 at grazing incidence and can be improved further

by an anisotropic electron distribution function.

2.3.2.3 “Brunel Effect” or “Vacuum Heating”

The resonant absorption is valid only when the density is nearly uniform over
the oscillation amplitude. In fact, in very steep density gradients, the resonance
absorption mechanism does not exist any longer in its standard form. The ampli-
tude of the resonant plasma waves excited during resonance absorption processes
oscillating along the density gradient is [23]

ek Vos
X, ~ 5 = — (2.67)

mews — Wo

In a sharp-edged density profile, X, is larger than the plasma scalelength L,,, the
plasma wave will be destroyed and rebuilt in each cycle and no proper wave oscil-
lation can exist. Brunel has proposed a model for collisionless absorption, referring
to “Brunel effect” or “vacuum heating”, assuming an infinite gradients of the step-
like plasma profile and an external capacitor field extends on the vacuum side. In
this model, the electrons are directly heated by the P—polarized laser field. The
electrons are dragged in vacuum for a half laser cycle, turned around and then
re-enter the highly overdense plasma region there delivering their energy.

The Brunel model considers the once-per-laser-cycle pulsed generation of fast
electrons with the energy roughly close to the “vacuum” value. The driving field
amplitude is equal to the electric field at the surface, F; ~ 2F sinf in the limit
wp, > w. The number of electrons per unit surface crossing the interface is ~
nouq/w;, ~ Eq/(4me). By assuming that each electron dragged out to the vacuum
side re-enters the plasma with a velocity ~ u, and a period 27/w, the absorbed
intensity is estimated as [23]

(meu3/2)(nuqg/w)  eES  eE}sin®0

]a s = - -
b 21w 1672m.w 212 mew

(2.68)
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0.0k , , , , Figure 2.6: Angular dependence of the
0 20 40 60 80 absorption fraction by vacuum heating
Angle of Incidence mechanism described by (2.69)

By dividing (2.68) with the incident energy flux I;,. = (c/87)E?% cosf, we ob-
tain an absorption coefficient A ~ a,sin®#/ cos . To obtain a meaningful absorp-
tion coefficient A < 1, the electric field of the incident wave may be written as
E;~ f(A)Epsinf with f(A) =1+ /1 — A. Accounting for relativistic intensities,

meu?/2 is replaced by m..c? ( 1+u2— 1> , and the implicit relation becomes [22]:

A~ T4 2 oaya2sinz o2 — 150

ag cosf

(2.69)

Figure 2.6 shows the expression of the angular dependence of A. For qy < 1,

f3sin®0
A~ ag— 2.70
Y09 cos b (2.70)
the peak appears at grazing angles. For aq > 1,
2 312
g Losin0 2.71)
m cost

the angular dependence of A has a broad maximum at smaller angles, in a limit

where A is independent on ay.

The kinetic energy of hot electrons accelerated by the vacuum heating can be

estimated as )

1016 - W/cm? - pm?

mev?

~ 3.17

- keV. (2.72)

IiBth ~
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2.3.2.4 Magnetic Force and “j x B” Heating

The necessary conditions for Brunel vacuum heating are the same as resonant
absorption, i.e. oblique incidence and P—polarization. Due to the driving force
provided by the electric field component perpendicular to the surface, both mech-
anisms are ineffective for both S—polarization and at normal incidence. However,
at high laser intensities, the contribution of nonlinear oscillations driven by the
magnetic component of the Lorentz force becomes important, and v,, will have a
component along the k-vector of the laser. Therefore, an absorption mechanism
similar to the one predicted by Brunel can take place even at normal incidence,
with the difference that the electrons are driven across the vacuum plasma inter-
face by the longitudinal v x B Lorentz force rather than by the P—component
of the electric field in the electrostatic model. The mechanism is related to the
oscillating component of the ponderomotive force
md ,

F, = _ZE)_xUOS(Z)<1 — cos 2wt) (2.73)

The main differences of this mechanism are that the dominant frequency of the
driving force is 2w instead of w and scales as a2 rather than a,. For oblique in-
cidence and sufficiently high laser intensities, vacuum heating is predicted to be
more significant than j x B heating when the driving field is greater than the
magnitude of the j x B driving field, i.e. for sin > (v,s/c¢)(wo/wpe)-

With a simple non-relativistic perturbative approach, we assume still a step-
like density profile and the normal incidence of an elliptically polarized plane wave
of amplitude ay. The vector potential inside the plasma in the linear approximation

can be written as
a(0)
V14 €

where 0 < ¢ < 1 is the ellipticity and a(0) = 2a¢/(1 + n). The —ev x B force can
be written as [21]

a(z,t) = e~/ (§ coswt + ez sinwt), (2.74)

2 a2 —2x /L 1— 62
F,=—m.c &;E = Fpe 1+ T e cos 2wt |, (2.75)

where Fy = 2m.c?a?(0)|/ls = (2mec?/ls)(w/wy)?ad from (2.49) and |1 + n|* =
(wp/w)?. The ponderomotive force which can be obtained by averaging one cy-
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cle of (2.75), is independent of the laser polarization. The oscillation term in
double-frequency 2w vanishes for circular polarization (¢ = 1). So there is a quite
different laser-plasma coupling between linear and circular polarization at normal
incidence.

Proceeding with the perturbative approach, the total electron density is given

by
2F,
0ne = ng 0 26_2$/€S (1 +
meéswp

1—¢€2 cos2wt ) 2.76)

T+e 1 —dw?/w?

In the case of linear polarization, ¢ = 0, there will be én, < 0 for some time
interval. This means that some fast electrons can escape to the vacuum side in
that time interval and these fast electron generation is at 2w rate. For circular
polarization (¢ = 1), the oscillation term in the —ev x B force disappears and
there is no fast electrons generated because there is no force driving electrons
across the boundary.

2.3.2.5 Magnetic Field Generation

During the high intensity laser-matter interaction, an extremely high, quasi sta-
tionary magnetic field is generated in the vicinity of the focal spot. In general,
a magnetic field will be created spontaneously where the electrons return to the
plasma along a different path and eventually a current loop is created. In short-
pulse interactions, B-fields can be generated in at least three mechanisms:

1) Radial thermal transport, in which the thermoelectric source term comes from
that the electron temperature and density gradients are not parallel, i.e.

0B VT, x Vn,

T p— (2.77)

2) DC currents in steep density gradients, which is driven by temporal variations in
the ponderomotive force,

VB~V xJ ~ Vn, x VI. (2.78)

where J = en.v, ~ n.VI, is a net DC ponderomotive current.
3) Fast electron currents flowing either along the target surface or into the target
with the hot electron flux n,vy,.

Many theoretical publications have been committed to the study of the mag-
netic field generation and its saturation mechanism in high-density plasmas e.g.
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[42, 43]. Here we consider a simplified, “classical” treatment to illustrates the
main features of the radial thermal transport mechanism.

The basic equations are the Lorentz-Maxwell equations:

0 1
P v-V)p=—eE+ -vxB), (2.79)
ot c
V- E = 4me(ng — ne), (2.80)
10B
47 10E
VxB=——enwv+-——, (2.82)
c c Ot
V-B=0, (2.83)

where p = ymv and v = (1 + p?/m?c?)/2. We begin with the equation of motion
for an electron fluid as Eq. (2.79),
dv, 1
nemed—‘; = —nee (E +-ve x B) —V P £ (2.84)
c
where P, = n.xpT, is the electron pressure. The collisional force is in general f =
nee(J/o + VT, /e), where o is the plasma conductivity and [ the thermoelectric
power [44]. Due to the small electron inertia, the average forces acting on the
electron fluid tent to be unvarying over the characteristics time of the order of the

laser pulse duration 7. Under these conditions, we obtain:

1 P,

E:i——vexB—v%évz’e (2.85)

o c Ne€ e

, 0B o
We take the curl of E using Faraday’s law 5 —cV x E, we eliminate E and
obtain - ]

T2 oV xT 4 Vx(vxB)+-—VxVP (2.86)

ot o Nnee

4
By applying V x B = iy , the first term on the right-hand side becomes
c

c o,
——V xJ=—7V"B (2.87)
o

Ao

Substituting P, = n.kpT, and using simple vectorial identities, the Eq. 2.86 be-
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comes

B 2
9B _ < $eg v« (v x B) + ZEVT, x Vn, (2.88)
ot Ao nee
The term
s = TBYT « (2.89)
ene

in the Eq. 2.88 represents the thermoelectric source term, describing the self-
generated magnetic fields in a plasma. Its direction is determined by the geometry
of the laser-produced plasma and the origin comes from the non-parallel electron
density and temperature gradients. The combination of the temperature gradient
VT, in the negative radial direction and the density gradient Vn, along the direc-
tion normal to the target generates a magnetic field which is toroidal around the

laser axis, as shown schematically in Figure 2.7.

TargethT l ViTe Azimuthal B-field

«— Electron flow
Ve
4—
-f—
Laser
Eﬁlg?rrllglng Figure 2.7: Geometry of mag-
p netic field generation through
the VT, x Vn, mechanism in a
Electron flow laser-produced plasma.

2.4 Surface Fast Electron Acceleration

In this section, two main basic mechanisms for surface fast electron acceleration
in laser-plasma interactions, namely self-induced surface electromagnetic fields and
surface plasma waves are introduced. The latter mechanism is discussed in two
different regimes: linear and non-linear.

2.4.1 Self-induced Surface Electromagnetic Fields
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CHAPTER 2. SUPERINTENSE LASER-PLASMA INTERACTION

When the solid target is irradiated by the high intensity (~ 10®W /cm?), short
(<1 ps) laser pulses, it is expected that the laser energy is transferred to large
numbers of high-energy (~ 100 keV) electrons. These fast electrons have mean
free paths of hundreds of micrometers and the scale time of collisional energy loss
is of typically a few picoseconds, larger than the laser pulse length. Consequently;,
fast electrons can transport the absorbed energy to the target region away from
the laser spot. The fast electron transport is strongly dependent on the plasma
conditions at the surface where the laser energy is absorbed and the temperature
to which the target is heated. The fast electron penetration into the target only
occurs in the case the solid target can supply an equivalent charge-neutralizing
return current. Glinsky [45] and others [46, 47] have shown that electric fields
can reduce the penetration depth to a value much less than the mean free path
for energy loss. Bell [48] developed a simple model which shows that in many
cases such a return current cannot be maintained in the solid and an electric field
is generated electrostatically which confines the fast electrons to the surface of the
target.

The mechanism of the surface electromagnetic fields generation can be under-
stood as follows. When a solid surface is irradiated obliquely by an intense laser
pulse with a steep density gradient, a large number of fast electrons at moderate
energies are produced due to the “vacuum heating” or j x B heating. The acceler-
ated electrons propagate along the laser incidence direction and induce magnetic
fields along the target surface. When the magnetic fields are sufficiently intense,
a large fraction of fast electrons will be reflected back to the vacuum. The con-
sequent negative space charge in the vacuum drive the fast electrons back to the
target. These electrons are therefore confined on the surface, generate the surface
current and enhance the surface magnetic field. Such quasistatic magnetic fields
at the front surface are unipolar and become stronger with time even after the
main pulse is fully reflected, of which the peak moves forward along the target
surface. Meanwhile, the quasistatic electric fields have two peaks which locate in
and outside of the target, respectively. The presence of these quasistatic electro-
magnetic fields take significant effects on the high energetic electron generation
[43].

An analytical model was proposed in [42] to describe the surface electromag-
netic fields and will be discussed in the following. The schematic of the analytical
model is shown in Figure 2.8. The P—polarized laser pulse irradiates the solid
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target obliquely with the incidence angle o« where 2 < 0 is vacuum. As shown in
the right figure, the surface electron current, which is induced by a nonuniform

magnetic field, is assumed in —x direction and the surface magnetic field is in +y
0A(z)

0z
and the initial momentum of the fast electrons is (p,, p.).—o = (P Sin o, pi, cos a).

direction. The magnetic field is defined by the vector potential as B, (z) =

The fast electrons are injected by the laser field toward the target and then bent
by the magnetic field. According to the canonical momentum and energy conser-
vation in the x direction, the momenta become:

pz(2) = pimsina + e[A(z) — A(0)],

2 (2.90)
p.(2) = j:\/ 2 — {pin sina 4 e[A(z) — A(0)]| .

The injected electrons will be reflected by the surface magnetic field at z = z,.f(pin)
when pi, < [A(2er) — A(0)]/(1 —sina). The densities of electron charge and the
surface current can be obtained as

- _e/fo P 7 = 0) 22 P2) gy, (2.91)
O(Pinz» Pinz)
pa(2) O(pa, p-)
JS Z) == / Diy, 2 =0 d in»
( ) Q fO( )a<pinm>pinz) P

where e, m and v are the elementary charge, electron mass and the Lorentz fac-
tor, respectively, and () is the domain of the initial momentum for the reflected
electrons. A(0) = 0 is chosen for simplicity. The surface current density can be ob-
tained according to the water-bag model [49] which assumes that the momentum
distribution of incoming electrons is uniform in 0 < py, < pyae as

ENsPmax ! (pin sin o 4 A)pm COS depm

Js(z) = —
( ) m \/1 + pm \/pm pln sina + A) (2.92)
ENsPmax 5
=]
o (%),

where n, is the number density of the electrons forming the surface current. We
define L the depth of the surface current and the solid density of the target is
located at z > L. Using the conservation of the canonical momentum, the return
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current is written as
2
n,e

Jret(2) =

A — A(2) + Ay, (2.93)

m
where n, is the number density of the background plasma and A,, = A(z = ).

The spatial profile of the surface magnetic

field is obtained to be the surface and return X
currents: Lse Bs
®
?A(z) { Ji(2), 0<z<L,
022 | Ji(2) = 2= (A — A+ Ay), L<z o -
294  Er
Here 2 is normalized by z//; and /¢, =
c/(ey/ns/myogo)- Eq. (2.94) can be solved with vacuum target

the boundary conditions of A(0) = A'(0) = 0 Figure 2.8: Schematic of the ana-
and A(oco) = A,,,, A'(c0) = 0. lytical model in [42].

Figure 2.9 shows the spatial profile of
the vector potential (solid line), magnetic field
(dashed line) and electrostatic potential (broken line) with v = 6.1, corresponding
to a;, = 6. The maximum of surface magnetic field is located at the target surface
while for the electrostatic field, the maximum is outside the current surface region.
It is also notable that compared with the surface magnetic field, the electrostatic
field is much smaller and can be negligible in treating the electron motion inside
the surface region. The return current is localized within the skin depth of the
plasmas and the thickness of the magnetic field layer is equal to L.

2.4.2 Surface Plasma Waves: Linear Regime

Another acceleration mechanism of electrons propagating close to the di-
rection along the target surface can be associated with the acceleration by sur-
face plasma waves (SPWs) [25, 30]. Recently, analytical theories and numeri-
cal simulations [25-27] indicate that the electron acceleration can be improved
by the resonant SPWs excitation with the periodically modulated surface targets
(gratings). In the experiments, a laser pulse with high prepulse-to-pulse contrast
(< 10711) allows to preserve the surface structures and create a sharp-edged over-
dense plasma. By employing a double plasma mirror laser system with ultrahigh
contrast (10~!2), protons with higher energies [29] and a strong electron emission
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with energies exceeding 10 MeV [30] were produced via resonant excitations of a

SPW in a grating target. However, the prior theoretical and experimental studies

placed the main emphasis on the linear regime of SPWs. The derivation in this

section follows Sgattoni [27].

ASPW

Figure 2.10: Schematic of the sur-
\J \4/ V face oscillation mode of the elec-
€ trons at the steep vacuum-metal in-

terface.

=
Lh
T

=
o

o
]

2

Normalized magnetic field
and vector potential

0.0 0.5 1.0 1.5
z coordinate

Figure 2.9: The spatial profile of the vector potential,
magnetic field and electrostatic potential solved from
Eq. (2.94) [42].

SPWs are electron oscil-
lation modes excited at a
steep vacuum-plasma inter-
face. They are confined in a
small region across the bound-
ary and propagate along the
surface (Figure 2.10). The dis-
persion relation of SPWs reads

kspw(w) =

W €1€9
c\ e +e’

(2.95)
where ¢; and ¢, are the dielec-
tric constants of the vacuum
and the plasma, respectively, ¢
the speed of the light, w and

kspw are the frequency and the wavenumber of the SPW. The dielectric constant

of the vacuum ¢; = 1. Within the linear theory, the electrons in the plasma are

non-relativistic and the dielectric constant of the plasma becomes

(2.96)

where w, = \/enn.e?/m. is the plasma frequency with n., e and m,. the electron
plasma density, the elementary charge and the mass of an electron, respectively.
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The dispersion relation of the SPW now depends solely on the plasma frequency
w, and becomes

2 42
w wp w

kspw = = (2.97)

2 _ 9,2
w, 2w

With the phase-matching conditions, a laser pulse with the frequency w;, can
be utilized to excite a SPW resonantly. When metal grating surfaces with a periodic
modulation )\, are employed, the phase-matching condition reads

2m
kL,H = kispw(W) + TL)\— (298)
g
kr, = “ sina with o the angle of incidence. We restrict to the solution with n =

—1 and the condition for resonant excitation of a SPW on a grating by an incident
EM wave with the same frequency (neglecting thermal, collision and relativistic

1—
AL/ = ,/ﬁ —sina, (2.99)

where )\, being the grating period and 7 = (w,/w)? = ne/n., with w, being the

effects) is

plasma frequency and n, the critical density. Within this linear model, a grating
target of periodicity A, = 2\, at o = 30° matches the SPW resonant condition for
n> 1.

2.4.3 Surface Plasma Waves: Nonlinear Regime

Recently, Liu et. al [31] have developed a new model which includes rela-
tivistic and ponderomotive nonlinearities to explain the target normal sheath ac-
celeration of protons at high intensity in the presence of a preformed plasma on
gratings. The mode structure shows that the amplitude of surface plasma waves
(SPWs) excited by a P—polarized laser pulse on a rippled target is larger than
the transmitted laser amplitude. The relativistic increase in electron mass and
ponderomotive force leads the electron density modification, which eventually
modifies significantly the field structure of the SPWs. The derivation [31] will be
discussed in the following in detail.

The schematic in Figure 2.11 shows the SPW propagating along the overdense
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plasma-vacuum interface of which the amplitude is

E, = F(z)e Wi-ks), (2.100)

Considering V - E = 0, the wave

vacoum | overdense plasma equation in vacuum (z < 0) gives:
SPW
ripple F(Z) = Aealz,
EL lk )
1 E, = ——Z Ae7iWt=ke)  (2,101)
x“_ aI
L. oy = (k2 —w?/A)V2

Figure 2.11: Schematic of the analytical
model in [31] While for z > 0, the wave equation is

2

V2E —V(V-E)+ 2cE =0,

2
w?n,
e=1-—
w2yny
(2.102)

For w? < wﬁ, the wave equations in
r—component can simplify to

d2F  w? wn,
—— 4 (&% —kKH)F -2 —F=0. 2.103
dz? + c? 2 c2yng ( )

The magnetic field can be written as
B = j—— exp|—i(wt — k,z)]. (2.104)

After some algorithm processing, the author gave the nonlinear dispersion
relation

ao(w?/c* =k [e) [1 + (a3/2)/(1 + a8/2>} "

ar = 1/2
4(w2/2)((1+a2/2)1/2 - 1) — (w2/c? — kg)az}
{ ? ( of ) ’ (2.105)
-~ w?ag (14 a2)'/?
N 2wpc

(14 a3/2)\/? [(1 a2/ — 1] 172’
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where the propagation constant £, is
ke = (WP + 2?2 w/c+ aje/w. (2.106)

It is noteworthy that the field decay constant in vacuum «; is remarkably modified
at large SPW amplitude.
The ratio of SPW to laser amplitude is calculated as [31]

. Q%—Q 1/2
‘% _ w2hrg (Q}% _ 1)3/2 1 4+ sin O‘(Qg—1) 2.107)
L

2 (Qz% _ 2)2 [1 (@212 }1/27

02 sec? a—1

where Q, = w,/w, h is the surface ripple depth, r, the focal spot size of the laser
and A; = Apseca. In this expression, it is clear that the amplitude of SPWs
scales linearly with the depth of the surface ripple and laser focal spot size, and
nonlinearly with ,,.

30 @ _ 50 ®)
h— ] —1.6
25 —45 40 —17
= 20 2 30
<15 if
<19 -
5 10
0
1 1.5 (2) 25 3 0 20 40 60 80
p o

Figure 2.12: The amplitude ratio of the SPW field to the laser field obtained from Eq.
(2.107) as a function of (a) 2, for the angle of incidence o« = 0 and 45° and (b) « for
Q, = 1.6, 1.7. Here wrg/c = 30, wh/c = 0.3.

Figure 2.12 shows the variation of amplitude ratio of the SPW field to the
laser field as different value 2, (a) and incidence angles (b) deduced from Eq.
(2.107). In Figure 2.12(a), it is shown that the amplitude ratio decreases with
), at both laser incidence, normal and oblique. When (2, = /2 at the surface
plasmon resonance, the amplitude ratio is high, only limited by the damping of
the SPW. While in Figure 2.12(b), when 2, = 1.6 and 1.7, the amplitude increases
firstly with the angle of incidence, attains a maximum at o = 45° and decreases
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to zero at grazing incidence (a = 90°). At w) > w?, the nonlinear mode structure
indicates that the behaviour of SPW is only barely affected by nonlinearity.

2.4.4 Electron Acceleration in Thin Foil Target

Now we consider the interaction of an intense laser pulse (I > 10'¥W/cm?)
with a solid thin foil target. The interaction process can be described as follows.
The intense laser pulse irradiates a thin foil target with a thickness of few microns.
A preplasma is created on the target front side due to the laser prepulse. The
main pulse interacts with the plasma and accelerates electrons in the forward
direction to the energy of few MeV due to the direct action of the ponderomotive
force. Unlike the case of bulk target, this cloud of hot electrons propagates through
the bulk and escape into the vacuum behind the target, producing an negative
charged sheath as shown in Figure 2.13. The electrostatic field with the order of
the laser electric field (~ TV/m) due to the charge separation in the sheath is
almost normal to the surface. The ions can then be accelerated in this sheath field
in the target normal direction. The derivation in this section follows Macchi [21]
and Roth [32].

'Jf ;-
aser Y .
e,
+
i

X

preplasma

\ Figure 2.13: The intense laser
sheath pulse interacts with thin foil
\ target and the charge separa-

surface layer +tion forms.

The number of electrons generated by the laser pulse is larger than 10'° (de-
pending on the target thickness). The electrons are accelerated and transported
through the target bulk to its rear side, which results in the broadening in trans-
verse extension. The size of the electron sheath can be estimated by

Tsheath = T0 1 dtan(@/Q) (2108)
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where rq is the radius of the laser spot, d the target thickness, and ¢ the electron
sheath’s angle to the laser focal spot, i.e. the broadening angle of the electron
distribution. The electrons are assumed to have an exponential energy distribution

FE
kgThor

Nhot () = ng exp(— ) (2.109)

with the temperature kg7 and overall density n,. The electron density at the
target rear side then can be given as

nkr
crpm(ro + dtan0/2)2kpThe:

N.o = (2.110)
where 7 is a scaling with intensity as n = 1.2 x 1075127 (/;, in the unit of W/cm?),
Ey, the laser electric field £, = /211 /coc, ¢ the light velocity, 7, the laser pulse
duration. The electron temperature can be obtained with a practical notation
based on the ponderomotive scaling as:

I [W/em?] A7 [pm?]
T  — 2 L
kpThor = moc (\/1-#- 137 x 1018 1). (2.111D)

The electron angular broadening ¢ (FWHM) and the electron density at the target
rear side n. for electrons with mean energy kp7" can be estimated from above
Egs. (2.108—2.111).

The electrons reach the rear side of the target and escape into the vacuum,
leading to an electric potential ¢ in the vacuum region due to the charge separa-
tion. Assuming a step-like ion density profile at the rear side n; = (ny/Z2)0(—x)
and Boltzmann equilibrium condition for electrons, the Poisson’s equation describ-
ing the static sheath becomes

0P d
50% = e(ne — Zn;) = emeneg eXp(/ﬁZTe

) — O(—z)|. (2.112)

Here the electron kinetic energy is replaced by the potential energy —e®. The
initial electron density n. is taken from Eq. (2.110). If the plasma is globally
neutral, integration of the above equation from —oo to +oo is zero. For the elec-
trostatic potential, $(—oo) = 0 and ®(+o00) = —oo. A possible way out of this
difficulty is to assume that there is a upper cut-off electron energy £ rather than
infinite, which is physically reasonable in general. In such a case ®(+o00) = —&
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limits the maximum energy gain of ions.

To find the solution of Eq. 2.112 in the vacuum (z > 0), we switch to di-
mensionless quantities £ = z/\p, ¢ = e®/T,, and F = eE,\p /T, for convenience,
where \p = (gokpThot/¢*neg)'/? is the electron Debye length and we obtain

¢=-2In(¢/V2+e), E=2/(&+V2e). (2.113)

If we also assume that there is a cut-off energy u7, with v > 0 in the electron
energy distribution, the analytical solution reads

¢ = —u+ (1 + tan®((€ - &)e %/ V2)),

2.114
B = VEe /2 tan(€ — &)~/ V3). @1

where ¢ does not diverge but becomes constant at some distance x, = £ \p from
the surface. The above static sheath model can reproduce the observed scalings
for the cut-off energy of protons in good accuracy.
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Chapter 3

Experimental Setup and Diagnostics

This chapter presents the experimental arrangements and the diagnostic meth-
ods which were used for the experiments in this dissertation. The Arcturus laser
system and its components are described firstly, followed by the plasma mirror
system which is necessary to improve the temporal profile of the laser pulse. The
temporal laser contrast ratio and the focal spots with and without plasma mirror
are measured and compared.

The following sections of this chapter primarily introduce the targets used
in the experiments, the setup of absorption measurements and electron detection
methods. The detailed calibration methods of the Fuji BAS-TR image plates (IP)
will be given. At the end of this chapter, the Particle-in-cell (PIC) codes EPOCH
used to simulate the experiments in Chapter. 6.1 will be introduced in detail.

3.1 Arcturus Laser System

The Arcturus laser, located at the Heinrich-Heine University in Diisseldorf,
is a commercially available table-top, Ti:sapphire-based, high power laser system
which is based on the chirped pulse amplification (CPA) scheme. A few key com-
ponents of the laser system are described in the following similar as in[56] and
can be found in the schematic of figure 3.1. The Kerr-lens mode-locked Synergy
oscillator pumped by a 5W continuous wave (cw) provides pulses with the rep-
etition rate of 76 MHz, energy of 5 nJ and pulse duration of 23 fs. The central
wavelength is around 790 nm with a corresponding bandwidth of ~ 96 nm. The
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Figure 3.1: Overview of the Arcturus laser system at the Heinrich-Heine University Diis-
seldorf. The laser pulse is generated in the Oscillator and then stretched, amplified and
compressed to a final pulse with 4 J, 28 fs and 10 Hz.
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ultrashort laser pulse is then amplified to microjoule level with the enhanced tem-
poral contrast and picked to 10 Hz in a booster amplifier. A saturable absorber
cleans the pulse from amplified spontaneous emission (ASE) at the same time.
Afterwards, the pulse is stretched out in time to ~ 500 ps in the stretcher module.
Inside the stretcher, an acousto-optical modulator called Dazzler is settled to com-
pensate the group velocity dispersion in order to have a flat and minimum phase
pulse, the contrast of which can be improved via compression in the later stages.
The phase of the pulse can be controlled and adjusted by a computer programme.

The pulse passes through a regenerative amplifier with the energy up to 1mJ,
first 5-multipass amplifier to 23 mJ, second 4-multipass 2A amplifier to 600 mJ,
which are all pumped by double-frequency Nd:YAG lasers. The final amplification
is done in a titanium-doped sapphire crystal (5 x 5 x 3 cm?®) which is pumped
by four double-frequency Propulse Nd:YAG lasers with 8 J (2 J each). The beam
diameter is 3.3 cm. After this amplification, the pulse energy is 4 J and the beam
is expanded by a telescope to a final diameter of 8 cm. The transmission efficiency
of the compressor is ~ 60% hence ~ 2.5 J laser energy are delivered to the target.

The vacuum compressor consists of two gold coated gratings which are paral-
lel. By changing the vertical level of the beam path, the pulse passes through each
of the grating twice and can be compressed down to 28 fs.
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The temporal distribution of the laser intensity can be experimentally mea-
sured by a SEQUOIA apparatus (Amplitude Technologies, France) which is a high
dynamic range third-order cross-autocorrelator allowing to measure the laser pulse
contrast on 100s of picosecond time scale. Figure 3.2 shows the typical Arcturus
laser pulse temporal profile after the vacuum compressor measured by the SE-
QUOIA. The diagnosis reveals that after compression, the contrast ratio of the
laser pulse is ~107!° for the ASE pedestal, at 100 ps before the main pulse and
about 10~° for the prepulses at 10 ps before the main pulse.
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Figure 3.2: A typical temporal profile of the Arcturus laser pulse after the vacuum com-
pressor measured by a SEQUOIA (blue line). The red line is the estimated laser contrast
after the plasma mirror.

3.2 Plasma Mirror of Arcturus Laser System

When a laser pulse is focused to an intensity above 102°W /cm”®, prepulses of
six orders less intense can already ionise the target and generate an overdense
preplasma which will reflect the laser pulse at the critical density. However, when
the targets are thin foils (thickness 10s nm) or modulated structure (~ 10s nm),
the preplasma will destroy such targets completely before the main pulse arrives.
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3.2. PLASMA MIRROR OF ARCTURUS LASER SYSTEM

In order to perform the laser-solid interaction in a small scale length of the pre-
plasma, a laser contrast improvement is required. A plasma mirror system (PM)
was designed to improve the temporal contrast of the Arcturus laser pulse, consid-
ering the laser pulse duration and intensity, the space limitation of the laser room
and the feasibility of the PM target replacement.

Substrate
T™1 T™2

Compressor —ﬁ---ﬂ---#_

Figure 3.3: Sketch of the plasma mirror
setup in the Arcturus laser system. The
laser beam, coming from the compressor

is redirected by the turning mirror TM1
to the parabolic mirror P1 and focused
P1 P2 onto the PM substrate. Afterwards, it is
off-axis parabolas re-collimated by a second parabolic mir-
ror P2 and re-enters the beam path via

Plasma Mirror the turning mirror TM2.

Figure 3.3 sketches the plasma mirror setup. The pulse is first directed to a
long focal length (f=1524mm) off-axis parabolic mirror P1 by a six-inch turning
mirror TM1, which can be moved in and out of the beam path controlled by a
motor. The four-inch parabola focuses the pulse beam onto a dielectric substrate
coated with anti-reflective material. The ASE and prepulses with lower intensi-
ties pass through the substrate before the main pulse arrives at the anti-reflective
coating. Before the main pulse reaches the substrate, an overdense plasma on the
surface of the substrate is generated, which acts as a mirror and will reflect most
of the main laser pulse. The radius of the focal spot on the substrate is 350 ym
and the main pulse intensity is around 2x10'W/ cm”. The angle of the incidence
on the PM substrate is close to normal (2.4°) to reduce the laser energy loss due
to the resonance and Brunel absorption.

After the reflection, the second off-axis parabolic mirror P2 re-collimates the
beam and the second turning mirror TM2 redirects the beam into the beam line
again. The coating at the focus position on the substrate is damaged after each
shot. This damaged spot can also prevent the back-reflected laser beam for re-
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turning to the compressor and main amplifiers. This is in particular important
for experiments when the laser is normal incident onto the target and the back
reflected laser light can be significant.

With PM
— Without PM
— With PM
1
0.8
£
. E‘ 0.6 . .

Without PM Z Figure 3.4: 2D images of the
g 04 focal spot recorded by a CCD
= 0.2 FWHM: 5.2um camera and beam profiles with

and without the plasma mirror.
% 0 20 30 40 The FWHM s of thf: focus diam-
Pixel eter are ~ 5.2um in both cases.

The spatial profiles of focal spot with and without PM are investigated by a
microscope lens with 10x magnification and imaged onto a CCD camera shown
in Figure 3.4. Spatial profiles of the focal spots are quite similar for the opera-
tion with and without the plasma mirror. About 50% of the total laser energy is
coupling onto a focal spot with a diameter of 5.2ym (FWHM) when the PM is
included.

The laser contrast is expected to be improved by two orders of magnitude on
a ns and ps time scale after the plasma mirror as shown in Figure 3.2 (red line).
One can estimate in this case that the contrast is around 10~'? at 100 ps and 10~8
at 10 ps before the laser pulse maximum.

3.3 Absorption Measurements’ Setup

The absorbed laser energy fraction by the solid targets was measured by the
experimental arrangement shown in Figure 3.5. The laser beam is guided onto the
target in the experimental chamber by a number of high-reflectivity (HR) dielectric
mirrors after leaving the compressor (and plasma mirror). The laser beam was
focused by a gold coated 90° off-axis parabola (OAP) with an f-number = 2 and
an effective focal length of 152.4mm. The laser beam is linearly polarized and
focused onto the target with a spot diameter of ~5 ym (FWHM).
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Figure 3.5: Schematic of the set-up for the absorption experimental investigations.

The main component of the setup is an Ulbricht (integrating) sphere with 20
cm in diameter. The inner wall of the sphere was coated by a diffusive and high-
reflectivity Barium Sulphate(BaSO,) paint. The Barium Sulphate paint has a high
reflectivity, better than 95% over a large wavelength range (400-1200nm) with a
Lambertian angular scattering distribution and long-term stability.

There are three open ports with a diameter of 5 cm on the sphere surface.
One is the entrance port of the laser pulse into the sphere. A micro objective with
10x magnification is mounted through the port on the opposite side to monitor
the focal spot. The third port at the normal direction to the laser propagation axis
provides access to the target holder arm which controls the target and can move
the target in three directions with an accuracy of 1um and rotate continuously
360° with an accuracy of 0.1° by a motor. The second port for the micro objec-
tive will be closed during the measurement. An optical fiber bundle connects the
sphere to a high-speed photodiode which records the signal of the reflected light
energy read out by an oscilloscope.

Two separated focus diagnostics are integrated in the main experimental ar-
rangement. In Figure 3.5, the first setup consists of a remotely controlled mo-
torised microscope objective with 10x magnification connected with an 8 bit CCD
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camera or 12 bit beam profiler to image the laser focus. A typical 2D image of the
focal spot recorded with the beam profiler is presented in Figure 3.4.

In left part of the Figure 3.5 an additional setup is shown, named retro-focus
diagnostic. This system is implemented in order to monitor the focus quality when
aligning the target. The solid target reflects the laser beam and a small fraction
of the back reflected laser beam will pass through the last dielectric turning mir-
ror which is mounted in the beam line before entering the target chamber, the
achromat lens (f,=25cm) and the microscope objective (20x), then is aligned
onto a 12-bit CCD camera. The retro-focus diagnostic allows the visual control of
the target position in the focal plane before each shot in the case of absorption
measurements, as long as the target is placed in the Ulbricht sphere and there is
no other method to take a direct sight of the interaction zone during the experi-
ment. A fraction of back-reflected radiation is guided to a photodiode by a pelicle
which is placed before the 12-bit CCD camera in order to measure the light leaked
through the laser entrance port.

By attaching the photodetector at the Ulbricht sphere, the reflected (specular
and scattered) fraction of laser energy R is measured, allowing to determine the
amount of the absorbed energy fraction A via the formula: A=1—R. The fraction
of the total area of the two ports to the total sphere area F, is roughly 0.03.
Considering the multiple reflections and losses through the opening ports, the

average reflectivity is determined by

p=po(l—F,) + p,F, (3.1)

where p, is the sphere paint reflectivity, p, is the reflectivity of the opening ports.
Taking into account the particular geometry of the Ulbricht sphere in the exper-
iments, the average reflectivity is p = 90%. The output radiation field can be
derived from the convolution of the input radiation field with the time response of
the sphere of the form e!/™ with the time constant 7, determined by

(3.2)

where c is the speed of light and d, is the diameter of the sphere. The estimated
scale of the time constant is of the order of 4 ns. After several reflections on the
inner surface walls of the Ulbricht sphere, the reflected radiation reaches the ac-
tive surface optical bundle fiber which is coupled to the sphere. After the fiber, the
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radiation signal passes through a lens with f = 7.5cm and is focused onto the pho-
todiode. In order to prevent the high energy plasma radiation from damaging the
photodetector, and to keep the incident radiation level within the linear response
of the photodetector, several suitable neutral density (ND) and infrared (OG550)
filters are placed in front of the lens.

The linearity of the sphere reflectivity was checked as a function of the inci-
dence laser fluence and found to be better than 7% for fluences up to ~ 64mJ/cm?.
Additional information regarding the Ulbricht sphere can be found in the PhD dis-
sertation by M. Cerchez [57].

A photo of the setup of the absorption measurements is shown in Figure
3.6(a) where the Ulbricht sphere is situated in the target chamber. Figure 3.6(b)
is the photo of the photodetector to measure the energy reflected by the target.

(a)
Focusing Target Ulbricht Micro
Parabola Sphere Objective
_ v g el i
ON Fiber  lens Photodetector

Figure 3.6: (a) Photo of the Ulbricht sphere mounted in the target chamber to measure
the laser energy absorption fraction. The main components in the target chamber are
indicated. (b) Photo of the set-up of the photodetector to measure the energy reflected by
the target.
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3.4 Experimental Setup for Electron Acceleration

We investigate the distribution and spectrum of the accelerated electrons.
Depending on the target configuration and thickness, different experimental ar-
rangements were used. Figure 3.7(a) shows the typical schematic of the electron
measurement for bulk targets and (b) for the foil targets. We define ¢ to be the
angle between the surface fast electron (SFE) emission direction and the target
surface direction in the incidence plane. For bulk targets, such as gratings and flat
mirrors, the electron spectrometer is oriented along the target surface direction
at ¢ = 3° to measure the energy spectra of the SFEs with the aid of Fuji BAS-TR
imaging plates. The gratings’ grooves were orientated normal to the laser polar-
ization direction. A sandwich stack detector consisting of four layers of imaging
plates of 80mm x80mm in size separated by Al filters. For thin foil targets (Figure
3.7 b), the electron spectrometer is set up at the target normal direction at the

rear side.
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Figure 3.7: Schematic view of the experimental setup.

3.4.1 Fuji BAS-TR Imaging Plates

The “Imaging Plate” (IP) is a new film-like radiation image sensor comprised
of specifically designed phosphors that can trap and store the radiation energy.
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The stored energy is stable until scanned with a laser beam, which releases the
energy as luminescence. By this phosphor technology, imaging plates become an
indispensable detection tool for the quantitative measurements of the electrons
generated by laser plasma interaction. Besides, they can also be used for detecting
other particles, such as protons, ions and photons in UV, XUV and X-rays range
[58, 59]. Imaging plates were actually originally developed as a reusable medical
X-ray diagnostic and thereafter widely used in medicine, biology and industry
applications. The properties of the imaging plates and the calibration method
will be discussed in the following section in detail.

The Imaging Plate is a flexible image sensor in which bunches of very small
crystals (grain size: about 5 ym) of photo-stimulable phosphor of barium fluoro-
bromide containing a trace amount of bivalent europium as a luminescence center,
formulated as BaFBr: Eu2+, are uniformly coated on a polyester support film. The
process is known as Photostimulable Luminescence (PSL) effect. The basic prin-
ciple is that the incident particles or photons excite the metastable states in the
sensitive layer of the plates, which are very stable and therefore can save the sig-
nals over a long time. These plates can be irradiated, read out and processed by a
commercial scanner system. Since the metastable states are reversible, the plates
can be reused after reexitation. In combination with a dedicated scanner, a dy-
namic range of 5 orders of magnitude can be reached. The sensitive layer of type
BAS TR plate used in the experiments is 50 ym thick [60]. Figure 3.8 illustrates
the basic structure of a Fuji BAS—TR imaging plate and the process of exposure
and scanning. Left: the IP is firstly exposed to the particles i.e. electrons, ions or
photons. Right: the HeNe-scanning beam relax the excited metastable states in
the sensitive layer and the PSL signals is detected by the photo-multiplier (PM).

Electrons

Photons HeNe-scanning beam
ITons

Sensitive Layer (50um)

Base Film (250um)

Figure 3.8: The composition
of Fuji BAS—TR imaging plate
Back Layer (160um) and the process of exposure
(left) and scanning (right).
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Table 3.1: The thickness, density and material composition of the layers consist of imaging
plate Fuji BAS—TR.

Layer Thickness(xm) Density(g/cm?®) Material

Sensitive 50 2.85 Phosphor! :Urethane*=25:1
Back 10 1.39 Plastic

Base 250 1.39 PET? (C1oHgO.),,

Ferrite 160 2.77 Mn,0s3, ZnO, Fe,O5-+Plastic

?Phosphor: Ba:F:Br:I=1:1:0.85:0.15
bUrethane: C3H,;NO,

°PET: Polyethyleneterephthalate

From http://www.buero-analytik-winden.de

There are several types of imaging plates, with different properties in reso-
lution, size and thickness of the sensitive, protective and carrier material layers.
The protective layer with a few microns of thickness covered by Mylar at the top
of most IPs serves as mechanical protection and also protects the IPs from humid-
ity. Some of IPs avoid such a protective layer in favour of keeping the sensitivity.
Below the protective layer is a 50 — 120um thick sensitive layer where the signals
can be stored, followed by a thin back layer, a base layer and a ferrite layer which
is slightly magnetic to fix the IP during the scanning procedure. The characteristic
properties of the layers composing of FUji BAS—TR imaging plates are listed in the
Table 3.1.

As mentioned before, the dynamic range of the imaging plates is of the order
of 10° which is greater than the intensity range in which the imaging plate scanner
(in our case, CR35BIO) can read in one single scan. At higher signal intensity;, it
is therefore necessary to repeat the scanning process because the readout of the
imaging plate might exhibit “overexposed” regions in case of strong irradiation
after the first scan. It means that the signals stored in this region is too intensive
to be read out by the scanner in one scan but is still in the dynamic range of the
IP. Nevertheless, it is possible to repeat the readout process and reconstruct the
original intensity stored in the IP. The decrease rate in the signal intensity in the
IP is independent of the initial intensity, but is solely a function of the number of
successive scans. Figure 3.9 shows the results of several test series for consecutive
readouts using our scanner CR35BIO. The experimental data can be fitted by an
exponential decay function as

Ly, = 0.999 + 1.8279 - exp(—n/1.4027) (3.3)
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where n is the scan number, L, is the erasing rate defined as the ratio of the signal
intensity scanned after n times to the intensity scanned after the first time. The
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difference between our fitting decay function and the function from [60] mainly
comes from the different imaging plate scanners. The signal recorded in an IP
does also fade with time but does not change significantly after 80 minutes[61].
So we have already included time fading in the decay function and most of the IPs
were scanned after this time. Each scan took around 8 min at a pixel size of 25
pm.

In the experiment, three sandwich stacks composed of several layers of alu-
minium filters and imaging plates were mounted around the interaction point to
detect the emitted electrons within an angular range ¢ between 0° and 180° ex-
cluding the laser incoming divergence angle. Figure 3.10 shows the arrangement
of the stacks in detail. The top 1.5 mm Al layer filtered out 98% of the X-rays
with photon energies below 15 keV as well as the electrons energies ¢ <800 keV.
The last IPs record the electrons with energies higher than 1.7 MeV. Considering
the divergence of electrons in the target surface plane and the distances between
each stack and the target, the IPs surfaces are chosen as 8cmx8cm, sufficient for
recovering the electron divergence in the target surface plane of an angle range of
+40°.

The IPs were erased before being placed into the interaction chamber and
exposed to a new shot. Due to the high signal intensity, the first front imaging
plate is always “overexposed” that a single scan is not able to readout the signal
on the IP. After several successive scans, the initial signal intensity (PSL) can be
deduced through the above described fading characteristic equation 3.3.
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0.5MM—__ e — P4 (£>1.7MeV)
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— Alfilter Figure 3.10: IP stack design. The IPs are
Electron separated by Aluminium filters with var-
beam ious thicknesses.

In 2005, with the LINAC accelerator source, Tanaka et al. [61] calibrated
the BAS-SR IP response for electrons with three different energies (see Figure
3.11). They also gave the fading effect as a function of time after exposure. In
addition, they studied the effect of an electron at oblique incidence at the IP. Af-
terwards, Hidding et al. [60] calculated the deposited energy per electron in the
sensitive layer of an IP for various types of IPs using the Monte Carlo-type frame-
work GEANT4. Figure 3.11 (from B. Hidding’s PhD dissertation [62]) shows the
deposited energy per electron for the four IP types: FDL-UR-V, BAS-SR, BAS-MS
and BAS-TR (solid lines, left y axis) from GEANT4 calculations and the experi-
mental calibration curve (dotted line, right y axis) from Ref. [61]. Concerning the
calculated results, there is no significant difference between the BAS-MS and the
BAS-SR type while considerable differences are found for the other two types of
IPs. In particular, the energy deposition of the TR type is lower by about a factor
of 3 than those of the other types of IPs due to the smaller thickness and lower
density of the sensitive layer in BAS-TR IP.

The calibration curve presented in [61] represented by the dotted line using
the right y axis in Figure 3.11 gives the PSL response of the IP to the incidence
electrons with various energies. The high-energy part of the curve is the PSL
response of a BAS-SR IP upon the well-defined electron bunches with the energies
of 11.5, 30, and 100 MeV produced by a LINAC. The lower-energy part is based on
a relative sensitivity curve obtained in Ref. [63] using a different type of imaging
plate (FDL UR-V).

One can see from the Figure 3.11 that both, the PSL value per electron from
the experimental data and the deposited energy per electron from simulated cal-
culation, are approximately constant when the electron energies are more than
1 MeV. This allows to translate the deposited energy calculated from GEANT4
linearly with a constant conversion factor into an experimental PSL value or ac-
cordingly to the electron number. As shown in Figure 3.11, an electron with an
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Figure 3.11: Monte Carlo calculation of the electron energy deposition in the sensitive
layer of different IPs (solid lines, left y axis) and PSL calibration curve (dotted line, right
y axis). The figure comes from [62].

energy higher than 1 MeV produces a measured PSL response at about 0.008,
with a corresponding deposed energy of about 55 keV in a BAS-SR IP. Because
the BAS-TR IP is about three times less sensitive compared to the BAS-SR IP, one
can estimate that one electron with the energy higher than 1 MeV will deposit the
energy of about 18 keV in the BAS-TR IP and produce the PSL response of about
0.003. It’s worth noting that in Ref. [60, 61], the minimum pixel size of the scan-
ner BAS-1800 is 50 ym and the dotted line in Figure 3.11 is obtained from setting
the scanner pixel size of 200 um. As in our data calibration, the minimum pixel
size of the scanner CR35BIO is 25 um and a factor of 64 (8 x8) needs to be taken
into account. Last but not least, the electron beam always has a certain diver-
gence, so the effect of electrons obliquely incident on the IP has to be considered.
It has been studied to show that there is a 1/ cos f relation between the PSL value

generated by normal incident and oblique incident electrons with an angle ¢ [61].

The IP stack detectors were build for recording the spacial distribution of
electrons emitted from the solid target irradiated by the ultrashort, ultrahigh laser
pulses. The photo of the IPs stack and a detailed view inside the target chamber is
presented in Figure 3.12.
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Target Holder

IPs stack

Focusing Parabola Figure 3.12: Photo of IPs stacks
mounted in the target cham-
' o ber. The main components are
Micro Objective  indicated in the photo includ-
ing the focusing parabola, tar-
get holder and micro-objective.

Target

3.4.2 Magnetic Electron Spectrometer

The multi-MeV electrons are detected by a magnetic spectrometer with the
help of Fuji BAS-TR imaging plates. The magnetic spectrometer consists of a pair
of 5 cm long permanent magnets of 0.28 T and can be used for detecting electrons
with energies higher than 330 keV. The spectral resolution, determined by the slit
width and the dispersion of the spectrometer, is 0.004 MeV at 1.5 MeV and 0.02
MeV at 5 MeV. The slit width used in the experiments is 0.5 mm and the distance
between the interaction point and the entrance slit of the spectrometer is about 4
cm.

The typical images on the IPs recorded in the top and back sides (with respect
to the electron entrance slit) of the magnetic electron spectrometer are shown in
Figure 3.13. The energy of the relativistic electrons from the top side £; and from
the back side £, can be obtained by

By = E“(\/ — 10+ (rlnec/eBrt,b)z) -1),

o b2 + (2 (3.4)
t Qb )
e
Ty = 2€ )

where m, is the electron rest mass, c the light speed, B the strength of the magnetic
field, r; and r;, the Larmor radius of the electron reaching the top and the back side
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Figure 3.13: Typical images on
the IPs recorded in the top and
back side of the magnetic elec-
tron spectrometer.

of the spectrometer, respectively, £, = m.c? the electron rest mass energy, L the
length of the magnetic field, b the vertical distance between the electron entrance
slit to the top of the magnetic field. The distance ¢ is marked in Figure 3.13.

The PSL recorded on the IPs corresponds to the number of electrons. After
calibrating the PSL on the IPs, the electron energy spectrum can be obtained.

3.5 Targets

In experiments, three different targets, i.e. gratings, metal thin foils and car-
bon nanotubes (CNTs) were used. All three types of targets were employed in
the experimental investigation of the energy absorption and acceleration of hot
electrons.

3.5.1 Gratings

The grating targets used in the experiments are holographic reflection grat-
ings with a sinusoidal profile coated by 1um Au layer. Three types of gratings with
different groove spacings (\,) sub-, near- and double-wavelengths (relative to the
laser wavelength) were examined. An atomic force microscope (AFM) image of
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Table 3.2: The parameters of grating targets and flat Au mirrors used in the experiments
of electron acceleration and absorption.

Target Ay (nm) h (nm)
G278 278 50
G833 833 60
G1667 1667 80

Flat Au mirror - < 10
Rough Al plate - 1.6pm

one of the gratings is depicted in Figure 3.14. The longitudinal periodicity of the
grating is given by the parameter )\, and the peak-to-valley depth of the grooves
denoted by h,. For comparison, a gold coated flat mirror with the same thickness
and the surface roughness less than 10 nm and an Aluminium plate rough target
with the roughness h = 1.6m were used. A list of the parameters of targets which
were utilised in the experiments can be found in Table 3.2. The grating’s grooves
were orientated normal to the laser polarization direction.

30
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0
}hg -10
20

Ag nm

(a) (b)

2 4 6 8 10 12 14 16 18um

Figure 3.14: (a) 3D atomic force microscope images of a holographic grating; (b) Sectional
view of target G833 (\,=833nm, h=60nm)

3.5.2 Thin Metallic Foils and CNTs

Different kind of metal foils and CNTs with different thicknesses were selected in

the experiments depending on the experiment purposes and diagnostic methods.
Table 3.3 gives the detailed materials, thicknesses and the experimental observa-
tions of the targets utilised.
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Table 3.3: The thickness of thin metallic foils and CNTs employed in the experiments and
the observations

Target Material Thickness Observations
Titanium 3 pm IA

5 pm EA, IA, AM
Copper 750 nm EA, IA, AM
Aluminium 400 nm EA, IA, AM

6 pm IA

12 ym IA

20 pm IA
CNT 20 pym IA

100 pm EA, IA, AM

EA: electron acceleration
IA: ion acceleration
AM: absorption measurement
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Chapter 4

Experimental Studies of Electron
Acceleration on Solid Targets

In this chapter, the experimental results of electron acceleration on different
solid targets, i.e. gratings and thin metallic foils are reported. The fast electrons
accelerated during the interaction of ultrashort laser pulses with grating targets, of
sub-, near and double-wavelength (relative to the laser wavelength) groove spac-
ings, are investigated experimentally. The electron acceleration along the target
surface direction, in and out of the surface plasma waves (SPWs) resonance condi-
tion are investigated with the double-wavelength grating and compared with other
gratings and flat targets. The flux of surface fast electrons is enhanced dramati-
cally in the case of the grating targets and the optimum is near the wavelength
grating at an angle of incidence of 45°. A significant enhancement of the high-
energetic electron flux is also observed for the sub-wavelength grating target close
to the laser specular direction at o = 53°.

4.1 Electron Acceleration on Grating Targets

In this section, we report on the first experimental studies of the enhanced fast
surface electron beams produced by grating targets (GTs) irradiated by femtosec-
ond laser pulses with the relativistic parameter ay, ~ 10. The incidence angular
dependence, electron acceleration efficiency and electron energy spectrum using
GTs are studied in comparison with the flat targets (FTs). A pronounced enhance-
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4.1. ELECTRON ACCELERATION ON GRATING TARGETS

ment of the number of fast electrons and higher collimation of electron beams
from GTs emitted along the target surface compared with FTs are observed, while
the electron energies do not alter too much. We found that the total number of
surface fast electrons (SFEs) from GTs strongly depends on the angles of incidence
and the preplasma conditions, whereas the spectra merely rely on the preplasma
conditions. Also, the optimum angle of incidence for the laser is 45°.

Figure 4.1 shows the geometric diagram of the raw data recorded on IPs in
the experimental setup. ¢ is defined as before mentioned to be the angle between
the electron emission direction and the target surface direction in the incidence
plane. # denotes the angle between the electron emission direction and the target
surface direction in the target surface plane. The electron number per radian in
the figure of electron angular distribution in the following sections is obtained in
the incidence plane by summing all the electrons emitting in the ¢ direction at the
certain angle of ¢.

IP stack

Target normal direction

______
-------

Figure 4.1: The schematics of the raw data recorded on IPs.

4.1.1 Angular Distribution
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CHAPTER 4. EXPERIMENTAL STUDIES OF ELECTRON ACCELERATION ON
SOLID TARGETS

In Figure 4.2, the angular distributions of fast electrons produced in the in-
cidence plane from the GTs with different groove spacings and the flat target ir-
radiated by the laser pulse at the angle of incidence o« = 30° and 45° with the
electron energies £ 2> 1.5 MeV are presented. The number of electrons per radian
is obtained by summing the electron counts over all the different polar directions
in the incidence plane. Evidently, a large fraction of the emitted electrons prop-
agates along the target surface direction (3° ~ 5°) for grating target G833 and
G1667, while no electrons with energies higher than 1.5 MeV are found for the
flat target and G278 in the direction of o = 30°. Also, the target G278 shows a
similar behaviour as for the flat target at « = 30° under our experimental con-
ditions. In Figure 4.2(b), at o = 45°, all three of grating targets produce higher
electron fluxes along the target surface direction compared with the flat target.
Furthermore, the SFEs angular distribution of the fast electrons measured on the
grating G1667 (\, =~ 2),) shows quantitatively similar behaviours in comparison
to the near—\; G833 case. Apparently, both the double- and near- )\, grating tar-
gets are superior to sub—\; G278 in respect of electron flux and the number of
fast electrons generation. In particular, the target G833 displays the best perfor-
mance with higher maximum electron flux compared with target G1667 along the
surface direction at both the angles of incidence 30° and 45°. An enhanced flux is
generated by G833 with a factor of three compared with the flat target along the
target surface direction at o = 45°.

90 2. 0(x10"/rad) (b) 90  8.0(x10'"/rad)

Figure 4.2: The angular distribution of electrons at o = 30° (a) and 45° (b) with electron
energies > 1.5 MeV. Here, blue: G278, red: G833, green: G1667 and black: flat target.

More electrons with higher energies are found around the laser specular di-
rection for the grating targets when « is increased to 45°. In particular, the sub—\
grating G278 exhibits a strong and high collimated electron beam emission at this
direction. At the angle of incidence of 30°, the electron flux peaks at ~ 48° with
a small offset from the target normal direction. When the angle of incidence in-

65



4.1. ELECTRON ACCELERATION ON GRATING TARGETS

creases to 45°, this maximum flux occurs at ~ 53° which shifts to the target normal
direction. The position of the flux peaks for all the three gratings are very close to
each other for both angles of incidence and only shift a little when the angles of
incidence increase from 30° to 45°. For the flat target, few electrons with ¢ > 2.5
MeV can be found close to the laser specular direction.

The target G278 displays a similar performance with the flat target at a = 30°
while shows the similar features with the grating G833 at o« = 45°. This can be
explained on the one hand, that the target surface modulations of 278 nm are
too small and too close with each other to display the collective interaction; on
the other hand, such a small amplitude is much easier smeared by the preplasma,
leading to behaviors like on a flat target. Similar results were also reported in
Ref.[18, 68]. However, the target G278 shows similar characteristics with the
grating G833 at o = 45°. Thus one can estimate that due to our high contrast, the
scalelength of the preplasma is about a few percent of the laser wavelength. Un-
der such steep density gradient conditions and intense laser fields, vacuum heating
and j x B heating are the major absorption mechanisms in the electron acceler-
ation. At small angles or even at normal incidence, electrons can be dragged out
from a structured surface into the vacuum by 5 x B heating and then reenter into
the neighbour cells of the grating to deliver the energy. So grating targets can
absorb the laser energy more efficiently than the flat target at small angles of inci-
dence. For large angles of incidence, the vacuum heating are dominant by driving
the electron motion with the component of E perpendicular to the target surface.
Thus, the grating targets behave similar to the flat target. At this point of view, the
optimum angle of incidence of grating targets does not occur at very large angles.

4.1.2 Electron Beam Charge

Figure 4.3 shows the charge of electrons (¢ = [0°,180°]) and the SFEs (¢ =
[0°,10°]) generated by different grating and flat targets at different angles of inci-
dence. We found that the efficiency of electron acceleration is higher at o = 45°
than at 30° for both grating targets and the flat target. The total number of elec-
trons with energies higher than 1.5 MeV generated by G833 at the angle of inci-
dence of 45° is about 73 nC and 17% of the electrons are emitted along the target
surface direction within the angle of ¢ = [0°,10°] which is about 2.6 times larger
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Figure 4.3: The total charge of electrons (¢ = [0°, 180°]) and the SFEs (¢ = [0°, 10°]) with
energies higher than 1.5 MeV generated by different targets at o = 30° and 45°

than for the same target at o = 30°. The total charge of fast electrons generated
by G833 at a = 45° is 2.5 times and the charge of SFEs 3.5 times larger than that
from the FT.

4.1.3 Surface Fast Electrons

We proceed to study more closely the generation and acceleration of the SFEs.
One of the acceleration mechanisms of electrons propagating close to the direction
along the target surface is associated with the acceleration from surface waves
(SPWs) [25, 30]. The condition for resonant excitation of a SPW on a grating by
an incident EM wave with the same frequency (neglecting thermal, collision and
relativistic effects) is A, /A, = [(1—7)/(2 —n)]"/? —sin 6; (Eq 2.99), where ), being
the grating period and n = (w,/w)?* = n./n., with w, the plasma frequency and n,
the critical density. Within this linear model, only the target G1667 (A /\, = 1/2)
at o = 30° fulfills the SPW resonant condition for n > 1, while the resonant
condition is not satisfied for the target G1667 at o = 45° and G833 at oo = 30° and
45°.
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Figure 4.4: Electron spatial distributions of G1667, G833 and the FT at a = 30° and 45°.
0 and ¢ are the polar and azimuthal angle, respectively. The electron energies> 1.5 MeV.

Figure 4.4 shows the spatial distribution of the electrons collected on the 3rd
IP of the stack detector corresponding to ¢ > 1.5 MeV for G1667, G833 and the
flat target at &« = 30° and 45°. Prominently, in Figure 4.4(a), two preferential
distribution directions can be recognized, (i) in the incidence plane with a spread
up to ¢ = 40° and (ii) in the surface plane with a spread up to ¢ = £30°. The
spacial distribution of the surface electrons obtained in the incidence plane: (i) is
similar to the previous results [30] and their origins were attributed to the SPWs
acceleration in linear regime. The distribution in the surface plane (ii) has not
been found in prior work [30] while it shows up in all cases as shown in Figure
4.4 (b-d). The experimental parameters in the case of Figure 4.4 (b-d) do not
meet the SPW resonant condition. Interesting features are obtained in the Figure
4.4 (b). The linear model predicts a resonant condition at o« = 30° for the grating
G1667. We measured an enhanced flux of SFE by a factor 3 at & = 45° compared
with 30°. This deviation from the previous experiment [30] and theoretical works
[25] indicates that in our interaction conditions additional effects influence the
excitation of SPWs at such a high laser intensity. However, we can say that there
are still electrons coming from SPWs excitation acceleration mechanism for G1667
at o = 45° due to our short focal parabola (f#=2).
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4.1.4 Angular Dependence

In the region (ii), the SFEs will distribute to the larger angle ¢ when the angle
of incidence is increased to 45° as shown in Figure 4.4(b, d) for the grating targets.

Figure 4.4(e, f) displays the spacial distribution of SFEs generated by the
flat target. It is clear that there are much fewer electrons of energies > 1.5 MeV
generated by the flat target compared with the grating targets.
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We further study the dependence of electron acceleration on the gratings at
different angles. The flat target indicated by the black dotted line in Figure 4.5
shows a typical monotonous increase of the number of SFEs with the angle of inci-
dence due to the vacuum heating effect. However, the optimum angle of incidence
for SFE acceleration by grating targets appears at 45° instead of 60° inconsistent
with the simple vacuum heating scenario, which is also confirmed by our laser
absorption measurements. Clearly, the linear SPWs resonant acceleration is not
solely responsible for the SFEs acceleration in the laser-grating interaction. In Fig-
ure 4.5, the number of SFEs at o = 45° is larger than at 30° for G1667, and the
electron production of G833 shows a better performance than G1667. This can be
understood as follows: the peak-to-valley depths of our grating targets are very
sensitive to the scalelength of preplasma due to the prior heating since tens of
nanometers of preplasma will smoothen the grating surface structures. It means
that the preplasma fills valleys of gratings leading to a decrease of the maximal
plasma density (also 7, see in Eq. 2.99) and therefore to an increase of the optimal
angle of laser pulse incidence [69].
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The angular distributions of the surface fast electrons generated by the flat
target and grating G833 are compared at different angles of incidence as 20°, 30°, 45°
and 60°, and shown in Figure 4.6. The efficiency of surface fast electron accelera-
tion from G833 is higher than the flat target at the same angle of incidence. From
the Figure 4.6, the highest efficiency of SFE acceleration from G833 in the angular
range ¢ € [0°,10°] occurs at the angle of incidence o = 45°. However, the highest
flux is found when « is 60° for grating G833 at ¢ = 2°, closer to the target sur-
face direction compared with ¢ = 6° at a« = 45°. To seek an electron beam with
high collimation, high flux, few MeV generated by laser—solid interaction as an
application, the grating targets at larger angle of incidence can be a good option.

4.1.5 Electron Distribution with Low Laser Contrast

It is well known that a preplasma plays an important role in the laser-solid
target interaction [70-72]. In our experiments, we found that both fast electrons
number and energies depend strongly on the preplasma conditions. Figure 4.7
shows the angular distributions of fast electrons generated by the GTs and the FT
at o = 45° without the plasma mirror. In this case, the angular distributions of
fast electrons are quite similar for the GTs and the FT. The fast electrons distribute
almost homog