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Abstract

In the field of laser-matter interaction, plasma densities ranging from extremely low
values (such as in laboratory astrophysics) to extremely high values (such as for laser-
driven nuclear fusion) are experimentally realized. For a given laser wavelength, they
are specified in terms of the critical density n.. Shortest and most intense pulses are cur-
rently generated with lasers in the near infrared for which n. ~ 10?' cm™3. Low-density
targets (ne < 5%mne ~ 5...9 x 1012 cm™3) are commonly created from gas jets or gas
cells, whereas high-density targets (ne > 100n. ~ 10?3 cm~3) are created from solids.

This thesis is about laser interaction with targets in the intermediate density range
(0.05n. to 2.5n.), which are more challenging to create. Using novel high-density Hy-
drogen gas jet targets, the plasmas are either created by prepulses or directly by the
interaction pulses. The laser-plasma interaction of both the generating pulses and the
subsequently transmitted pulses are investigated with regard to two applications: First,
the creation of a collisionless shock by a laser in a near-critical target n. £ n. can con-
tribute to proton acceleration. Second, undercritical plasmas are used to transfer energy
from one laser pulse to another. As a long-term objective, laser pulses are to be ampli-
fied using this scheme to reach intensities beyond the damage thresholds of conventional
optical components.

Collisionless Shock Acceleration For many applications, directional monoenergetic
ion beams are desirable. Ion beams accelerated by target normal sheath acceleration
(TNSA) are directional but have a broad spectrum. One of the processes that might
overcome this limitation is collisionless shock acceleration (CSA).

In this thesis, ion acceleration by CSA is studied experimentally. In an experiment
at the TITAN Nd:glass laser, a 210J, 5ps pulse is focused into a 0.9...2.5n. gas jet
target. It is demonstrated experimentally that for an overcritical target, a collimated
proton beam is generated in forward direction. The proton spectrum shows a monoener-
getic peak at 0.2...1MeV over a broadband spectrum. Numerical simulations indicate
the formation of a collisionless shock and acceleration of protons both by the shock and
TNSA on the rear surface of the target under these conditions. Therefore, the exper-
imental proton spectrum can be ascribed to the coexistence of both processes. The
dependence of the proton spectrum on the laser intensity and the plasma density is
comparable to theoretical estimates.

Laser pulse amplification by stimulated Brillouin backscattering The other part of
the thesis is about an experimental study on amplification of laser pulses by Stimulated
Brillouin Backscattering in the strongly-coupled regime (sc-SBS). In these experiments,



the amplification of an ultrashort seed beam by a picosecond pump beam in a 5% n. <
ne < 15 % n. plasma is studied.

In a first experiment at the ELFIE Nd:glass laser, a plasma created by a 30J, 600 ps
uncompressed prepulse, and subpicosecond seed pulses are amplified in it. The 6J,
4 ps pump and the 4mJ, 700fs seed are counterpropagating, and overlap in space and
time in the preformed plasma. For optimal conditions, the seed pulse is amplified,
shorter in time, the spectrum broader and shifted compared to an unamplified pulse.
This demonstrates amplification in the self-similar regime, where the pump is effectively
attenuated. Tens of millijoules of energy are transferred from the pump to the seed.

For shorter pulses, amplification by sc-SBS is studied at the ARCTURUS Ti:sapphire
laser. The role of the preionization is studied by either using a preformed plasma,
generated and heated by a 400 mJ, 780 fs prepulse, or relying on the pump pulse to ionize
the gas. In both cases, the 700mJ, 800fs pump and counterpropagating 1...12mJ,
30...160fs seed interact with the target. Without preionziation, a considerable amount
of pump energy is lost for amplification due to collisions and Raman scattering. This
transmission is greatly increased in the case of the preformed plasma. Furthermore, it
can be seen that amplification is reduced due to the influence of the chirp on the pump
beam, as expected from theory.



Zusammenfassung

Im Gebiet der Laser-Materie-Wechselwirkungen werden Plasmadichten in einem grofien
Bereich von sehr niedrigen Werten (z. B. Laborastrophysik) bis hin zu extrem ho-
hen Werten (z. B. Kernfusion) experimentell realisiert. Fiir eine bestimmte Laser-
wellenlange werden sie in Einheiten der kritischen Dichte n, angegeben. Die kiirzesten
und intensivsten Pulse werden aktuell mit Lasern im nahen Infrarot erreicht, fiir die
ne ~ 10?2 em™3 ist. Targets niedriger Dichte (ne < 5%mn. ~5...9 x 101 cm™3) werden
typischerweise mit Gasjets oder Gaszellen hergestellt, wahrend Targets hoher Dichte
(ne > 100n, ~ 10% cm~3) mit festen Targets erreicht werden. In dieser Dissertation
geht es um Wechselwirkungen von Laserpulsen mit den schwieriger herzustellenden Tar-
gets mittlerer Dichte (0.05n, to 2.5n.). Mit neuen Hochdruck-Wasserstoffjets werden
die Plasmen entweder durch Vorpulse oder direkt durch die Hauptpulse hergestellt. Die
Wechselwirkungen der Pulse mit dem Plasma werden hinsichtlich zweier Anwendungen
untersucht: Erstens tragt die Erzeugung eines kollisionslosen Schocks durch den Laser in
einem Target nahe der kritischen Dichte n. g n. zur Protonenbeschleunigung bei. Zweit-
ens werden unterkritische Plasmen genutzt, um Energie von einem Laserpuls auf einen
anderen zu ibertragen. Als langfristige Anwendung sollen damit Laserpulse verstarkt
werden, bis hin zu Intensitéten jenseits der Zerstorschwellen konventioneller Optiken.

Schockbeschleunigung Fiir viele Anwendungen sind gerichtete monoenergetische Io-
nenstrahlen wiinschenswert. Durch target normal sheath acceleration (TNSA) beschleu-
nigte Ionenstrahlen sind gerichtet, haben aber ein breites Spektrum. Einer der Prozesse,
die diese Begrenzung tiberwinden konnten, ist die Schockbeschleunigung (collisionless
shock acceleration, CSA). In dieser Dissertation wird CSA experimentell untersucht.
Am Nd:Glas-Laser TITAN wird ein 210J, 5ps Puls in ein 0.9...2.5n, Gasjet-Target
fokussiert. Das Experiment zeigt, dass sich fiir ein iiberkritisches Target ein kollimierter
Protonenstrahl in Vorwartsrichtung bildet. Das Protonenspektrum zeigt einen monoen-
ergetischen Peak (bei 0.2...1MeV) iiber einem Breitband-Spektrum. Numerische Sim-
ulationen zeigen, dass sich unter diesen Bedingungen ein kollisionsloser Schock bildet,
und dass Protonen durch den Schock und durch TNSA an der Targetriickseite beschleu-
nigt werden. Daher kann das gemessene Spektrum durch die Koexistenz beider Prozesse
erklart werden. Die Abhdngigkeit des Protonenspektrums von Laserintensitdt und Plas-
madichte ist vergleichbar mit theoretischen Vorhersagen.

Laserverstarkung Im anderen Teil der Arbeit geht es um Experimente zur Verstarkung
von Laserpulsen durch stimulierte Brillouin-Riickstreuung im Regime der starken Kop-
plung (stimulated Brillouin Backscattering in the strongly-coupled regime, sc-SBS). In



Experimenten wird die Verstdarkung eines ultrakurzen Seed durch einen Pikosekunden-
Pump in einem 5 . .. 21 % n. Plasma untersucht. In einem ersten Experiment am Nd:Glas-
Laser ELFIE wird ein Plasma mit einem 30J, 600 ps Vorpuls erzeugt, und es werden
darin Subpikosekundenpulse verstéirkt: Der 6 J, 4 ps Pump und der 4 mJ, 700 fs Seed sind
gegenlaufig und in Raum und Zeit im Plasma {iberlappt. Unter optimalen Bedingungen
ist der Seed energiereicher und kiirzer und hat ein breiteres und verschobenes Spektrum
im Vergleich zum unverstiarkten Seed. Dies ist typisch fiir Verstdrkung im selbstdhn-
lichen Regime, das erreicht wird, wenn der Pump durch den Prozess abgeschwacht wird.
Es werden einige 10 Millijoule vom Pump auf den Seed iibertragen. Fiir kiirzere Pulse
wird Verstiarkung durch sc-SBS am Ti:Saphir-Laser ARCTURUS untersucht. Die Rolle
der Vorionisation wird untersucht, indem das Plasma zum einen durch einen 400 mJ,
780fs Vorpuls, zum anderen direkt durch den Pump erzeugt wird. In beiden Fillen
wechselwirken ein 700mJ, 800fs Pump und ein gegenldufiger 1...12mJ, 30...160fs
Seed mit dem Target. Ohne Vorionisation ist die Transmission gering, da ein erheblicher
Anteil der Pumpenergie durch Kollisionen und Ramanstreuung fiir sc-SBS verloren geht.
Im Falle eines vorgeformten Plasmas ist die Transmission deutlich héher. Dariiber ist
die Verstarkung wegen des deutlich héheren Chirp des Pumppulses hier geringer, wie
auch von der Theorie her zu erwarten war.
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1. Introduction

The ever growing field of interaction of laser pulses with matter is important to both
fundamental and applied research. Applications range from nuclear fusion [!] and lab-
oratory astrophysics [2] to particle acceleration [3, 1], laser amplification [5, (], pulsed
radiation sources [7], and generation of attosecond pulses [3].

Plasma densities realized for these experiments range from extremely low values in lab-
oratory astrophysics and electron acceleration to extremely high values for laser-driven
nuclear fusion. Because electrons have a lower mass than ions, the electric field of a
laser pulse at a given wavelength A (with the wavenumber k = 27/)\) couples mostly to
the electrons as it interacts with a plasma. The non-relativistic dispersion relation of an
electromagnetic wave in a plasma is [J]

w? = wﬁe + k2, (1.1)

with the light angular frequency w, the speed of light in vacuum ¢, and the eigenfrequency
of an electron oscillation in the plasma

e2n,

Wpe = (12)

€0Me ’

where e is the elementary charge, n. is the electron density, €y is the vacuum permittivity
€0, and m, is the electron mass. Equation (1.1) does not allow for a real k, i. e. a wave-like
solution, if w < wpe, or a density n. higher than the critical density

e (2mc)?
ne = (”C> . (1.3)

e? A

If the laser fields are strong enough, relativistic effects in the motion of the charged
particles, especially the electrons, arise. In the single-electron picture, the relativistic

gamma factor is

p2

1
V=i e
so that the relativistic electron mass ym, rather than its rest mass m, is relevant for
a system. The relevant density for laser-plasma interaction, the critical density of the
plasma, is then yn. > ne.
Therefore, the ratio n./(yn.), the plasma electron density in terms of the critical
density, determines which laser-plasma interaction effects are possible and sizable.
For an overdense (overcritical) plasma where n./(yn.) > 1, the laser cannot propagate
in the medium. The pulse is in part reflected, in part absorbed at the surface where

(1.4)
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1. Introduction

ne/(yne) = 1. The absorption leads to electron heating (Sec. 2.2.2), which in turn can
result in the formation of an electron sheath at the target surface whose electric field
can accelerate ions on the target surface [10] (Sec. 2.4.1). The reflection leads to a
momentum transfer to the target electrons. Once they are moved, the accompanying
electrostatic field moves the target critical surface inwards by dragging the ions behind.
It can accelerate them to sizable energies (hole boring acceleration, Sec. 2.4.2). If the
critical surface moves faster than the speed of sound in the plasma, it can also create a
shock wave. As it propagates forward, this shock wave can also reflect ions of the target
material, which are initially at rest (collisionless shock acceleration, Sec. 2.4.3). These
properties allow using a plasma as a particle accelerator (Sec. 1.1).

In contrast, a laser pulse is, in part, transmitted through an underdense (undercritical)
plasma with n./(yn.) < 1. It is also, in part, absorbed (Sec. 2.2.1) and it can trigger
parametric processes: Moving electrons, it acts on the plasma density (and refractive
index) profile, which modifies the laser transmission, which in turn modifies the density
profile, and so on. Therefore, these processes can be instable. Notable instabilities are
Brillouin backscattering (the decay of an electromagnetic wave into another electromag-
netic wave and an ion acoustic wave, Sec. 2.1.1), Raman backscattering (the decay of an
electromagnetic wave into another electromagnetic wave and an electron plasma wave,
Sec. 2.1.2), and filamentation (the creation of zero-frequency transverse density fluctu-
ations, Sec. 2.1.3). Their growth can be analytically predicted for the non-relativistic
(low-intensity) case, whereas for higher intensities relativistic effects can inhibit their
growth. Therefore the relevant parameters are non-relativistic. Filamentation and Bril-
louin backscattering happen at any plasma density n. < n., Raman backscattering only
for ne < n./4 [9]. These processes permit to use the plasma to transfer energy from one
laser beam to another, thereby using it as a plasma amplifier (Sec. 2.3).

1.1. Plasma accelerators

Due to the strong electrostatic forces in a plasma, it is possible to use a laser system as
a table-top accelerator for proton and ion beams [ 1-13]. In medicine, this technology
could make hadron therapy available to a much broader population [14, 15]. This appli-
cation would benefit from the much lower cost and the short pulse duration compared to
a conventional particle accelerator [16]. Another, already largely exploited, application
is the use of protons to probe the electric and magnetic field in a plasma. It provides
a novel way to diagnose laser-generated plasmas [17—19], compared to optical and x-ray
probing, as it can retrieve complementary information. Laser-generated proton beams
can also be used to generate warm dense matter by isochoric heating [20]. Finally, in
the context of inertial confinement fusion, the use of ion beams is discussed to make fast
ignition possible [21].

The most commonly used regimes of laser-driven proton and ion acceleration are the
Coulomb explosion regime [22] (at typically 5 %n.) and the target-normal sheath accel-
eration (TNSA) regime [23] (attained at overcritical densities, typically solid density).
A major challenge for laser-based ion acceleration, however, is the high energy spread in
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1.2. Plasma optics

the accelerated particle bunches, which is difficult to mitigate in both regimes.
Novel particle acceleration schemes, such as radiation-pressure acceleration (RPA) and
collisionless shock acceleration (CSA), can provide proton beams with a high repetition

rate, a controllable energy spectrum, and low divergence [12]. The generation of a
monoenergetic proton bunch through CSA has been first demonstrated with a carbon
dioxide (CO3) laser with a laser wavelength of 10.6 um [24]. In this thesis, the results

of an experiment are discussed that demonstrates CSA with an Nd:glass laser at a
wavelength of 1054 nm (Chap. 4). Gas jet targets allow to create a plasma at a density
of ne = 10?1 ...10%2 cm ™3, slightly higher than the critical density for this wavelength,
102 em™3. It is thus so high that laser pulse is stopped at the critical surface and
transfers momentum to the bulk of the plasma. It is, however, still so low that the given
laser momentum is sufficient for this surface to move at supersonic velocity, rather than
at much lower speed as would be the case for a denser (hence, higher inertia) target.
That is why this density is particularly favorable for acceleration in the CSA scheme
(Sec. 2.4).

1.2. Plasma optics

For particle acceleration applications, a laser system serves as the workhorse to generate
laser pulses that are used in an experiment. In contrast to this, the development of
plasma optics provides a way to use laser-plasma interactions to create optics that can
be used as components of a laser system [25, 26]. Such a scheme benefits from the fact
that a plasma can sustain much higher intensities than a solid state amplifier[27]. The
most well-known example is the plasma mirror: If a high-power pulse train is focused
onto an anti-reflection coated glass slab, low-power prepulses are transmitted, but the
sufficiently powerful main pulse’s leading edge creates an overcritical plasma on the glass
surface which reflects the remainder of the pulse. The plasma’s critical surface is so flat
and smooth that the reflected pulse can be collimated again. This setup is widely used
as a fast optical switch [28]: Other concepts have been proposed, including photonic
crystals made from a plasma to reflect high-intensity pulses on a density grating [29],
laser amplification by parametric processes [30, 31], and the use of plasma mirrors as
focusing devices [25]. Especially amplification by a laser is of interest because a plasma
amplifier can amplify ultrashort high-intensity pulses in a scheme in which the pulse
does not need to be compressed again after amplification.

Using a plasma to amplify a laser pulse has been proposed as early as in 1979 [32],
but was quickly disregarded and neglected as a research topic for almost 20 years. Solid-
state laser amplifiers, being much easier to implement and control, became the main
technology for short-pulse laser amplification. Due to their reliability and technological
simplicity, they have been the dominant laser amplification technique ever since the in-
ception of the laser (Fig. 1.1). This did not even change when intensities approached
the damage thresholds of the optics. As a workaround — in order to continue using
solid-state amplifiers — the energy density is reduced by using large optics and beam
diameters, and by using long chirped pulses in chirped pulse amplification (CPA) [33]

13



1. Introduction

systems. As an improvement, optical parametric chirped pulse amplifiers (OPCPA)[31]
have been built. Rather than generating a population inversion on certain energy transi-
tions in the material, they use nonlinear dispersion to transfer energy from the pump to
the signal (seed) pulse. They offer higher contrast and higher bandwidth, but they are
still plagued by low damage thresholds as they involve solid-state optics. The weakest

1 PeV

1Tev

1 GeV

Pulse power
Electron energy

1 MeV

Focused intensity [W/cm? |

Classical plasmas

1 keV

1970 1980 1990 2000 2010
Year
Technological d
mode locking CPA OPCPA

FIG. 1.1.: Evolution of high-power laser systems [35].

part in the laser chain (which is, basically, composed of oscillator, pulse picker, stretcher,
amplifier, compressor) is the last grating of the compressor for the amplified pulse. Here,
not only the fluence is high but also the intensity. For example, to keep the fluence below
the grating damage threshold of 200mJ/cm? at 30 fs [36] (corresponding to a breakdown
intensity of 6 x 102 W /cm?) for 300 J pulses, the beam diameter has to be larger than
43 cm. This makes optics prohibitively expensive.

Therefore, a plasma’s ability to amplify and compress ultrashort high-intensity pulses
has come to attention again in the late 1990s [37, 38]. In the envisioned scheme [39],
the plasma amplifier would be added as a last amplification stage to a CPA or OPCPA
laser. It would amplify and compress pulses that are already intense and ultrashort.
These amplified pulses would then be focused using a plasma mirror [25].

Even if a plasma amplifier can generate a centimeter-sized beam at an intensity of
not more than 108 W i/ cm?, focusing it to a micrometer-sized focal spot allows to reach

14
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an intensity of 10 W/em?2. This is considerably more than possible with state-of-
the-art lasers, such as the APOLLON laser facility, currently under construction at LULI
(Palaiseau, France), which is designed to deliver intensities of up to 2 x 10%2 W /cm? [40].

In a plasma, energy can be transferred from a moderate-intensity not too short laser
pulse (pump) to a low energy ultrashort pulse (seed), which is consequently amplified [27]
(Fig. 1.2). Like in a solid-state OPCPA, amplification is achieved due to a parametric
process, but in a plasma as the amplifying medium. Energy is exchanged either via a
plasma electron wave (stimulated Raman backscattering, SRS) [38] or via an ion acoustic
wave (stimulated Brillouin backscattering, SBS) [41].

Incoming pulses Interaction Outgoing pulses

2< 4 &3

FIG. 1.2.: Concept of a plasma amplifier.

Both processes offer different growth rates for the signal under different conditions:
Amplification by SRS can amplify ultrashort seed pulses down to typically 10 fs and re-
quires plasma densities of some percent of n.. Amplification by SBS is efficient for longer
pulses (typically > 100fs), uses plasma densities around 10 %n,. and generates higher
growth rates. Since this thesis deals with lasers interacting with plasmas at high but
subcritical densities (10%...100 % of the critical density), amplification by stimulated
Brillouin backscattering is studied. A comparison of SBS and SRS amplification is given
in Sec. 2.1.

Laser amplification by SRS has been studied by several workgroups in theory [37,
38, 42-45] and experiment [5, 30, 46-48]. Laser amplification by SBS has been less
investigated. It was studied by the workgroups at LULI and ILPP in theory [49, 50] and
was demonstrated at LULL, using an Nd:glass laser in a proof-of-principle-experiment [51].

In this thesis, it is demonstrated that SBS amplification of a subpicosecond pulse can
be efficient enough to deplete the pump (Chap. 6), and that SBS amplification is possible
for pulses in the range of tens of femtoseconds (Chap. 5).

1.3. Targets

Experimentally, plasmas at a given density are made by ionizing a solid, liquid, or gaseous
target. Upon ionization, the plasma keeps the density profile of the target during a time
window accessible for laser-plasma interaction experiments. Therefore, the density of
the plasma can be chosen by ionizing a specifically designed target. In order to generate
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1. Introduction

highly underdense plasmas (< 5 %n.), gas cell and pulsed supersonic gas jet targets are
routinely used [52]. To reach high densities (> 10n.), solid targets [13] are frequently
used. Plasmas at the density range in between are less obvious to generate: Targets
such as capillary ablation targets [53], foam targets [51], exploded foils [55], clustered
gases [70], and liquid targets [57], are more cumbersome to use and less flexible in the
design of the density profile than a gas jet. Compared to these techniques, high-pressure
gas jets (see, e. g., Refs. [58—060]), as in the present work, allow for a high reproducibility
and good control of the plasma density profile. Unlike for foam and ablation targets,
there is no need for careful realignment after each shot. Compared to tape targets, there
is a higher flexibility concerning the density profile, and the required temporal contrast
is much lower. Compared to gas cells, gas jets are easily accessible for beams from
all sides. Compared to cryogenic targets (clustered gases and liquids), no complicated
cooling technology is needed. As for cryogenic targets, the use of high density gas jets
requires a considerable vacuum pump throughput, which can be provided by differential
pumping techniques [61]. As opposed to cryogenic targets, in the case of gas jets the
requirement can be alleviated by reducing the repetition rate if suitable pumping is
unavailable. Using high backing pressures, it is possible to create overdense targets even
for near-infrared lasers, as will be shown in this thesis. They can also be used at high
repetition rates, making them perfectly suitable as damageless optics: The plasma target
is destroyed on each shot but a new plasma is formed in less than 100 ms using a gas jet.

1.4. Role of the author

The experiments described in the thesis at hand have done by two laser-plasma labo-
ratories: LULI (Palaiseau, France) and 1LpP (Diisseldorf, Germany). The author of the
present thesis formed part of both.

Methods The experiments have been carried out at three existing laser facilities: ELFIE
(Palaiseau), ARCTURUS (Diisseldorf), and TITAN (JLF, Livermore/CA, USA). The facil-
ities (Sec. 3.1) have been developed and maintained by the scientific and technical teams
in the respective institutes.

The author set up the off-line gas jet characterization described in Sec. 3.2. Using this
setup, he characterized the gas targets (Sec. 3.3), except for the target for the TITAN
experiment, the second target for the first ARCTURUS experiment, and the target for the
ELFIE EXPERIMENT (characterized by R. Riquier using a setup at LULI).

The diagnostics (Sec. 3.4) were developed at LULI and ILPP, except for the water
switch contrast measurement, which was set up and done by the JLF technical team. The
magnetic field measurement of the magnetic spectrometer was done by H.-P. Schlenvoigt.

Proton acceleration experiment The experiment on proton acceleration (Chap. 4) was
done by the authors of the article (CHEN et al. [62], No. 4 on the list in appendix A).
The author fielded and calibrated the magnetic proton spectrometers. He measured the
proton spectra.
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1.4. Role of the author

SBS experiments at ARCTURUS The author conceived and prepared, in part, the
setup of the experiments (Chap. 5), especially the configuration of the targets and diag-
nostics used in these experiments. The beam setup was conceived by M. Blecher. Shots
and data acquisition were done by an experimental workgroup including B. Aurand, M.
Blecher, S. Bolafios, M. Cerchez, J. Fuchs, L. Lancia, J.-R. Marques, R. Prasad, and the
author. The latter evaluated all the data of the experiment I and most of experiment
II. A part of the data analysis and calibration of the spectrometers was done by M.
Blecher and S. Bolanos. The data interpretation was done by M. Blecher, S. Bolanos,
J. Fuchs, and the author. The plasma temperature calculation was done by the author
for experiment I. The plasma temperature simulation for the second experiment was
done by P. Loiseau. The calculation on the chirp influence in Sec. 5.5 was done by J.-R.
Marques with the envelope code written by M. Chiaramello [63].

SBS experiment at ELFIE This experiment (Chap. 6) was conceived, carried out,
and evaluated by the authors of the article (LANCIA et al. [6], No. 2 on the list in
appendix A). The author participated in the data analysis of this experiment (transverse
interferometry).

17






2. Laser-plasma interaction with gaseous
targets

As mentioned in Sec. 1.3, gaseous targets can be both overdense or underdense for lasers
in the near infrared (e. g., 800 nm or 1053 nm).

The laser field amplitude can be specified by the amplitude of the normalized vector
potential (also called laser field strength parameter)

e

= — 2.1
2mmec?’ (2.1)

ao
where e is the electron charge, £ is the electric field, m. is the electron mass, A is the
angular frequency of the laser field, and ¢ is the speed of light in vacuum. In practical

units, it is
1 A
=8.5x107%,/ : 2.2
a0 % 1016 W /cm? 1 nm (22)

Due to the low electron inertia, the laser field couples mostly to the electrons. In an
overdense plasma, this happens only at the critical surface where the pulse is in part
reflected, in part absorbed. In an underdense plasma, it happens in the target as the
laser traverses it. Generally, this motion is relativistic. In the single-electron picture,
the relativistic gamma factor is

1 2
+ -2 (2.3)

= =/ 1
RN ey m2c2
and can be averaged over a laser cycle [(4]
y=3/1+ . (2.4)

The average energy of the electron in this quiver motion is referred to as the pondero-
motive potential [64]:

2
Epond = mec2 ('_Y - 1) = meCZ ( 1+ % — 1) . (25)
This potential gives rise to the ponderomotive force
Fpond = _VEpond . (26)
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2. Laser-plasma interaction with gaseous targets

If ag < 1, or mec? < Ae&, the electron motion is nonrelativistic. Then, the ponderomo-

tive potential is
1

2cn.

Epond NR = agmec® /4 = I, (2.7)
where I := cepE?/2 is the laser intensity, and € is the vacuum permittivity. Therefore,
the ponderomotive force in the nonrelativistic limit is proportional to the light intensity:
Electrons are pushed away from zones of high intensity. This can be understood as
a light pressure (or radiation pressure) acting on the plasma, i. e. the gradient of
the electromagnetic energy density [65]. It leads to a secular movement mostly of the
electrons, due to their lower inertia [66].

This can lead to the excitation of plasma waves, which in turn can transfer energy
into scattered light. Thus in an underdense plasma, a laser beam undergoes parametric
instabilities, which do not involve absorption by themselves (Sec. 2.1). They both affect
the laser beam and the plasma density profile, and they can generate radiation at other
wavelengths than the laser wavelength. They include spontaneous and stimulated Bril-
louin (Sec. 2.1.1) and Raman (Sec. 2.1.2) backscattering, which both can be used for
laser amplification in a plasma (Sec. 2.3).

Additionally, energy is converted to heat upon interaction with the target. This in-
creases the plasma electron and ion temperatures (Sec. 2.2). Absorption processes differ
in whether the pulse can enter the plasma: If so, the pulse moves electrons the bulk
of the target is heated, mainly via electron-ion collisions (Sec. 2.2.2). Otherwise, it is
reflected at the critical surface and absorption happens only there (Sec. 2.2.2).

Both heating and light pressure can lead to ion acceleration. Depending on laser
and target parameters, sufficiently strong fields can be generated by hot electrons at a
plasma surface (Target Normal Sheath Acceleration, [TNSA]| Sec. 2.4.1), by the charge
displacement caused by the radiation pressure (Radiation Pressure Acceleration [RPA]
and Hole Boring Acceleration [HBA], Sec. 2.4.2), by a collisionless shock (Collisionless
Shock Acceleration [CSA], Sec. 2.4.3), or by an expanding magnetic field close to the
laser axis when the pulse leaves an underdense target (Magnetic Vortex Acceleration
[MVA], Sec. 2.4.4).

The parameter regimes for both sc-SBS amplification (Sec. 2.3) and CSA acceleration
(Sec. 2.4.3) are discussed. Prior results are reviewed.

2.1. Parametric instabilities

When neglecting kinetic effects, a cold plasma can be described with the fluid equations,
i. e. continuity equations for each species,

gtna + V- (nquq) =0, (2.8)
where the index a refers to the species. Also, the momentum is conserved:
B
MaNg (aatua +u, - vua) = 4aNq (8 + u, X C) —Vpg . (29)
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2.1. Parametric instabilities

To obtain a closed system of equations, an equation for the pressure dependence on
density and temperature (equation of state) is necessary. For processes whose phase
velocity is low compared to the particles’ thermal velocity, an isothermal equation of
state holds:

Do = 1Ty, (2.10)

whereas for fast processes (that spread much faster than the thermal velocity), the
adiabatic equation of state holds

Pa _ constant , (2.11)
nf{

a
with kK = (2+ N)/N as the adiabatic index, defined via the number of degrees of freedom
N. For waves in plasmas, usually the isothermal (k = 1) or adiabatic equation of state
has to be used. If not otherwise stated, the adiabatic equation of state is used below. The
electromagnetic wave is described by Maxwell’s equations. Especially, the electrostatic
potential ® is given by the Poisson equation

ADP = —4me(n; — ne) . (2.12)

A laser pulse propagating in an underdense plasma interacts with it also by other
processes than heating. These processes — referred to as parametric processes — do not
involve absorption, i. e. they leave the plasma temperatures unchanged. Rather, they
act on the density. A globally homogeneous plasma’s density profile is modified by the
ponderomotive force, which pushes electrons away from high density zones. This can
induce an ion acoustic wave or a Langmuir wave in the plasma, on which energy is then
scattered into another plasma wave or electromagnetic wave. The scattered waves then
affect the plasma density. Therefore, parametric instabilities can be described by a feed-
back loop model that includes the waves’ electric fields and the density perturbation [9]).
The processes relevant for this thesis are Stimulated Brillouin Scattering (Sec. 2.1.1),
Stimulated Raman Scattering (Sec. 2.1.2), and filamentation (Sec. 2.1.3).

2.1.1. Stimulated Brillouin Backscattering (SBS)

Stimulated Brillouin Backscattering is the parametric decay of an incoming electromag-
netic wave into an ion acoustic wave and a counterpropagating scattered electromagnetic
wave. The energy and momentum conservation equations are

wo = w1 +wsy, (213)

and
ko = ki + ks, (2.14)

where w are angular frequencies, k are wavenumber vectors, indices 0, 1, 2, refer to
pump, seed, and plasma wave, respectively.

It should be noted that the Brillouin instability can both grow from noise (spontaneous
Brillouin scattering) and from an injected seed pulse (stimulated Brillouin scattering).
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2. Laser-plasma interaction with gaseous targets

The mechanism of both is principally the same. In the amplifier concept (Sec. 1.2),
the seed pulse is the signal (laser pulse) that is to be amplified. Similar to this process,
there are also Brillouin forward and side scattering. Their growth rates are lower than for
backscattering [9]. Therefore, they are not as suitable for amplification and disregarded
here.

Three-wave model

In the context of SBS amplification, laser intensities are typically kept low to avoid
relativistic effects, i. e. the amplitudes of the normalized vector potential of both beams
are ag < 0.1. This prevents the plasma wave from being destroyed by relativistic wave
breaking [04]. Kinetic effects are not strongly influencing the process. In this case, an
analytical three-wave model can be used to gain insight into the amplification process.

The following definitions are used: Normalized vector potentials are named A, electric
fields &, cgs units are used.

The dispersion relation for SBS in one dimension (plane-wave solution) can be de-
rived [9] analytically under the following assumptions:

e The pump laser interacts with a plasma of initially uniform density and tempera-
ture.

¢ Electrons and ions are treated as warm fluids. Collisions, kinetic effects, and
relativistic effects are neglected.

e The electron response is much faster than the ion response. The ion acoustic wave
frequency is low compared to the laser.

e The electric fields are treated with a slowly varying envelope approximation. The
lasers have linear parallel polarization, and the geometry is 1D (plane waves).

By convention, we choose the pump to move in positive z direction, and the seed is
counterpropagating. The amplitudes and phases for pump, seed, and plasma wave are
defined by & = 1/2{& exp[—i(—koacz+wot)] + c.c.}, & = 1/2{E€} exp[—i(k1 vacz+wit)]
+ c.c.}, and n = 1/2{nexp[i(kaz — wat)] + c.c.}. Here, c.c. is the complex conjugate,
Ko|1,vac are the vacuum wave vectors, and ko, are the wave vectors in plasma for pump
and seed, respectively. The plasma wave amplitude can be normalized to the background
density ng by defining N := n/nqg.

The three-wave equations for Brillouin backscattering are then:

2
2
9?2 5 02 Ze2(ko + k1)% 5 pn il(kotk1)2—(wo—o
((%2 ‘Csaz2> N = onmem; F1 (ko) (wo—w1 )i (2.17)
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2.1. Parametric instabilities

Pump and seed (envelopes éo and 51, respectively) travel with group velocities 0871 =
ko 1¢?/wo1. The speed of light in vacuum is denoted by c. The IAW propagates with the
ion sound velocity ¢ = /ZTe/m;. Wpe = 4/ 47n.e? /me is the plasma electron frequency.
Z is the charge state. T; is the electron temperature. m. and m; are electron and ion
masses, respectively [(7].

A dispersion relation for backscattering is derived by inserting the wave ansatz men-
tioned above into Eqs. (2.16) and (2.17) and carrying out the derivatives. Then the
dispersion relation follows [J]:

k3agc* o

(w% — k%c?) (w% — 2w + 2kokac® — k302> ==y Wi (2.18)

Here wp; == dn; Z%e? /m; = Wper/Zme/m; is the plasma ion frequency.

Weak coupling (wc) regime

For low pump intensities (albeit sufficiently high to overcome collisional and Landau
damping), the pump wave does not greatly change the dispersion relation of the plasma
wave, 1. e. the ion acoustic wave is resonant,

wy' € = £kacs + i75¢, (2.19)

where ¢ := \/(ZT, + 3T;)/m; is the ion sound velocity. Assuming an undepleted pump
(€ is constant), the growth of both ion wave and seed is exponential (i. e. o< €2t and
the growth rate 74’ < ke, is given by [9]

we 1 kO,vacaocwpi

= 2\/§ V kaO,vaccs '

This regime is referred to as weakly coupled SBS (wc-SBS) [9]. The plasma response
timescale is determined by the ion acoustic wave frequency. For Hydrogen with n./n. =
0.1 and a laser wavelength of 800 nm, for example, it is 1/745¢ ~ 5ps. Therefore, the
regime of weak coupling is not suitable for the amplification of subpicosecond pulses.
In contrast, we-SBS is an important topic in the context of inertial confinement fusion
(ICF). Due to the lower intensities in the beams of the driver, energy is transferred by
wc-SBS there [65]. Recently, energy transfer from a nanosecond pulse to a picosecond
pulse by we-SBS was observed [69]. Also, energy transfer from several nanosecond pump
pulses to a nanosecond seed pulse was observed [70)].

(2.20)

Strong coupling (sc) regime

The regime of strong coupling is reached when the pump pulse intensity is so high that
it determines the plasma response. The threshold condition for strong coupling is [71]

2
apc wo
< > > 4]’/‘:0,’1)(160572 5 (221)
Ve wpe
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2. Laser-plasma interaction with gaseous targets

with the electron thermal velocity ve = \/Te/me. In practical units, this is

N

1
5 1
L2, > 11X 107'TE, (i) Zf <1 - ZZ) ’ (2.22)
where I14 is the pump intensity in 104 W /cm?, Aum is the vacuum pump wavelength
in micrometers, T,y is the plasma electron temperature in keV, Z is the charge state,
and A = m;/m,, is the mass number (the ion mass in units of the proton mass m,). The
plasma wave is thus more strongly coupled to the pump laser for high pump intensity,
high wavelength, low plasma electron temperature, and high density. For example, for
a Hydrogen plasma with 7, = 300¢eV and n. = 10 %n,, the minimum pump intensity
would be 2 x 1013 W /cm? for an Nd:glass laser such as the ELFIE laser facility (Sec. 3.1.3)
where A = 1057 nm.

Concerning the temperature, there is a trade-off between the limit for strong coupling
[Eq. (2.22)] and collisional absorption in the plasma. If the plasma is too cold, pump
and seed are too much attenuated. For example, for a Hydrogen (Z = A = 1) plasma at
ne/ne = 10 %, the electron temperature should be around or higher than 7, = 300€V,
to avoid too much absorption of the laser pulse (see Sec. 2.2.1 below). For these plasma
parameters, the minimum intensity for strong coupling [Eq. (2.22)]is I = 2x 10" W /cm?
at a wavelength of 1057 nm. This can be easily reached, thus the temperature is not per
se a concern for sc-SBS.

During the interaction, it is both possible that the pump pulse transfers energy into
the seed pulse, and that the opposite happens. The increase or decrease of the pump and
seed electric field amplitudes & and & can be determined from the three-wave equations
Egs. (2.15) to (2.17). It is assumed that pump, seed, and plasma wave are in resonance,
and that initially the pump phase ¢y and seed phase ¢ are equal to zero. Furthermore,
the plasma density is unperturbed in the beginning (N = 0), and the plasma wave phase
¢9 is equal to m. Then, one obtains

(gt n ”gaaz) o) = —uNE sind (2:23)

(gt n Ug(i) bo = _uNE:,; cosf (2.24)

(gt - vg(i) £ = uNEysin 6 (2.25)

(gt _ Ugi) b = _MNE;T cos 0 (2.26)

TN (5er) -2 (58 v (n4)) - asbems @
Na;j;z e Na;;? o gt N gt bs— 203; N;‘t@ — A& & sind (2.28)
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2.1. Parametric instabilities

where one defined the coupling factor for the fields

w2

= P 2.2
e (2:29)

the coupling factor for the density perturbation,

27¢?
AN=— 2.30
p——g (2.30)
and the total phase,
0 := o — 1 — 2 + ben - (2.31)

Here, the phase ¢, refers to the phase induced by the fact that in general, the pump
pulse is chirped. This means that starting from best compression (bandwidth-limited
pulse duration), the compressor grating spacing is changed so that the pulse is longer,
with either the higher frequencies (down-chirp / blue first) or lower (up-chirp / red
first) frequencies coming first. This adds a term ¢(z,t) = a(ko(z — 20) — wo(t — to))?
to the pump phase, where 2y and ty are constants defining the point where the pump
frequency is equal to the nominal frequency wg. The time-dependent frequency is then
w(z,t) = wy — 0p(z,t) /0t = wo + 2a(ko(z — 20) — wo(t —tp)). The chirp factor is related
to the bandwidth-limited duration 75 and the stretched pulse duration 7., by

1 T2 1
=—/1- 0~ 2.32
@ 2T en Towd Tc2h 22Ty Te, ( )

where the approximation holds for 7., > 7 [72].

Growth regimes of strongly coupled SBS

Amplification can be described as a three-stage process [63]: First, only the seed am-
plitude and phase vary but not that of the pump (startup stage). Secondly, the pump
phase varies, and the seed is further amplified without depleting the pump yet. Its
electric field grows exponentially (linear phase). Then, once the pump amplitude re-
duces significantly, amplification changes qualitatively, yielding to a power-law growth
(self-similar stage).

1. Startup stage Energy is transferred from the pump to the seed. The pump is not
significantly depleted. The total phase grows proportional to v2.t3 [63].

2. Linear stage: Exponential growth For an undepleted pump, the seed phase grows
linearly (o t) [63], and its intensity increases exponentially (small-signal-amplification) |

w2 (L3
Li(t) = Lipexp | 275°t3 o7 ; (2.33)

0
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2. Laser-plasma interaction with gaseous targets

with the initial intensity I1, the plasma length L, and the group velocity vJ. The
typical time involved is t = L/vf.

Under these conditions, the complex frequency of the ion acoustic wave [71] is
\[ 2 1
1+4+iv3 Wpi \ °
Wit = % (kg,mcvgﬂ . (2.34)
wo

In practical units, it is

w Zn n 1/3
= =3. 10731+ == 1—61)\2} 2.
o 3.68 x 1073(1 4+ iv/3) {Anc( n) 15\ 0m (2.35)
Thus, sc-SBS has a growth rate of
15 = S(ws?). (2.36)

For example, for a 101°> W /cm? pulse from a Ti:sapphire laser propagating in a 10 % n,
Hydrogen target, the real part is R(ws./wo) = 0.003, comparable to the plasma ion
frequency wp;/wo = 0.007 under the same conditions. Under these conditions, the char-
acteristic growth time is 1/45¢ = 173 fs, and the growth occurs on a characteristic length
of ¢/v5¢ = 52 pm.

According to Eq. (2.13), the frequency of the backscattered wave is downshifted with
respect to the pump. This corresponds to an upshift of the vacuum wavelength of the
seed, as could be measured on a spectrometer, which is

Wsc

>\1,vac - >\O,vac = AO,vaci . (237)
wo

For example, the parameters above (10®> W/cm? Ti:sapphire pulse, 10 % n. Hydrogen
plasma), the shift would be 1.1 nm, which is small compared to the spectral width of the
laser, which is typically in the range of tens of nanometers.

For backscattering in both the weak and the strong coupling regime, the plasma
wavevector is

iy = 2k — 22065 (2.38)
c c

The frequency red-shift of the seed R(w3°) has the same amplitude as the growth: When-
ever the growth rate is high, the seed is also more red-shifted. This is the case for a high
pump intensity, a high pump wavelength, and a density close to 0.5n.. High growth
rates are also obtained with a high Z/A, i. e. for full ionization. The growth rate is
independent from the temperature, which adds to the robustness of the process.

3. Pump depletion stage: Self-similar growth Once the seed growth leads to sat-
uration of the pump, the above analytic theory does not fully explain amplification
because it was developed using the undepleted pump approximation. However, it is
possible to demonstrate some properties of the solution analytically. In a comoving
frame of reference (coordinates ¢ := x + ¢ and 7 := —xz), its electric field has the form
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2.1. Parametric instabilities

Fyeed(¢,7) = 7/*A(C\/7). Thus, the seed electric field amplitude grows as a power
law, and the duration of the seed diminishes because the pulse form A depends on
¢/T, rather than on ¢ or 7 separately. Functions with this kind of scaling are called
self-similar. Compression in time leads forcibly to spectral broadening [11, 67].

Vlasov simulations [67] show that the exponent of 3/4 only holds for very short seed
pulses (pulse duration typically 75 < 0.25v;.!). For longer seed pulses, growth is still
self-similar but the exponent is lower: For 74 = 7.}, for example, the exponent is 1/2 [67].
The spectral broadening is asymmetric [73, 71] and cannot be predicted analytically.

Since efficient amplification, by definition, is characterized by a high fraction of the
pump energy transferred into the seed, the self-similar regime has to be reached for
amplification to be efficient.

2.1.2. Stimulated Raman Backscattering (SRS)

Stimulated Raman backscattering (SRS) is a quite similar process compared to SBS:
Again, an electromagnetic wave decays into a plasma wave and a backscattered electro-
magnetic wave. Therefore, it is also extensively under investigation as an amplification
technique. The difference to SBS is that for SRS, the plasma wave is a Langmuir wave.
As for Brillouin backscattering, the basic mechanism is the same for seeded (SRS) and

spontaneous (RBS) scattering.

The resonance conditions are
Wy = w1 + wsy, (239)

and
ko = k; + ko, (2.40)

where the plasma wave (we, ko) is a plasma electron wave. For SRS, the plasma wave
frequency, referred to as the Gross-Bohm frequency, is given by the plasma electron
frequency plus a small thermal correction [9],

ws = %2;6 + 3k30? ~ wze , (2.41)
with the thermal electron velocity ve = \/Te/me [75].

In addition to the relevance of SRS as an amplification technique, spontaneous Raman
Backscattering of the pump (growing from noise) is relevant to both SRS and SBS
amplification as a concurrent process (see also Sec. 2.3.1). In all of these experiments,
Raman backscattering happens only in the weak coupling regime as its strong coupling

regime is only attained for very low densities [71], i. e.
1/4
ap >3 (”e) : (2.42)
(&

corresponding, e. g., for a laser with an intensity of 1 x 10'® W/cm? at a wavelength
of 800nm, to n./n. = 1 x 1077, thus happening only in the outermost parts of the
gas jet target on a negligibly small length. Even if one were to focus the pump pulse
to relativistic intensities (e. g. ap = 1), strongly coupled SRS would just happen at
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2. Laser-plasma interaction with gaseous targets

ne < 1%n.. At that intensity, relativistic wave breaking would make the energy transfer
from pump to seed much more difficult anyway. Therefore, for the parameters relevant
in the amplification context, SRS is always weakly coupled. In this property, it is quite
different to SBS.

As, of course, the plasma has to be undercritical for both electromagnetic waves, it
follows from Eq. (2.39) that wi > ws & wpe, so that wy > 2wpe or ne < 0.25n.: SRS
happens only in less than quarter-critical plasmas.

For a linearly polarized incoming pulse, some analytical relations can be derived un-
der some simplifying assumptions [9]: One considers a small amplitude fluctuation on
a homogeneous density, caused by a nonrelativistic electromagnetic wave. The ions are
treated as a fixed neutralizing background and the electrons as a warm fluid, character-
ized by the absence of collisions and kinetic effects as well as an adiabatic equation of
state. For backscattering or sidescattering, it then follows (KRUER 1988 [9], p. 78) that:

(wek - W0)2 - (k2 - k0)262 - wze =

0 (2.43)

Since for the seed wavevector, k12 = (ko —ko)?, and using wey, ~ wpe and wi = k:%cz—kwf)e,

one can derive an expression for the wavelength of the scattered electromagnetic wave,

A ko 1 —ne/ne
)\O_kl_ 1—2\/ne/nc’
which is valid for both sidescattering and backscattering.

More specifically, for pure backscattering kg || ke, and from Eq. (2.43) the rate for the
growth at the Stokes frequency is:

(2.44)

k2 v, w;%e
_ , 2.45
i 4 w2 (OJO — w2) ( )

where v, is the electron quiver velocity in the electric field of the pump.
Approximating, as above, wa ~ wpe and wy < wp:

k2 v, Wpe
==,/ 2.46
1 Vo (2.46)
In practical units, then
1/4

v -3 e
— =43 x 10 T4 \2 — 2.47
wo 14%m (nc) ( )
In experiments that aim at amplifying seed pulses by SRS [70], typical parameters are,

for example, Ti:sapphire laser pulses focused to intensities on the order of 10 W /cm?
propagating in a plasma with a density n, = 2%mn.. Then, v/wg = 0.4, corresponding
to a characteristic time for SRS growth of 1fs, and a characteristic length of 300 nm. In
the parameter range optimal for SBS amplification experiments, i. e. 10'> W/cm? and a
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2.1. Parametric instabilities

density of n. = 2 % n., the growth rate is v/wg = 0.006, corresponding to a characteristic
time for SRS growth of 70fs, and a characteristic length of 20 ym.
The wave number of the plasma electron wave is then

9 . 1/2
ko = ko + h (1 - wP) R (2.48)
C wo

between ks = 2kq for low density, which is typical for SRS amplification experiments,
and ko = kg for n, = 0.25n..

In the context of plasma amplification, both by sc-SBS and SRS, spontaneous Ra-
man backscattering can be detrimental because the pump is depleted before transferring
energy into the seed. For an SBS experiment, the pump beam (for example with an
intensity of 1 x 10'® W /cm? at a wavelength of 800 nm) would exhibit Raman backscat-
tering with a characteristic timescale of 1/y = 20fs corresponding to a characteristic
length of 6 um. Therefore, the pump exhibits a strong Raman backscattering. Since
the only parameters that influence this growth rate are intensity and plasma electron
density, which both have to be sufficiently high for SBS to be in the strong coupling
regime, the concurrent Raman backscattering has to be accepted. For the seed, how-
ever, due to its lower intensity (1 x 10" W/cm?), Raman backscattering is much lower:
The timescale 1/ = 700fs is higher than the pulse duration. To avoid this, two solu-
tions have been proposed: taking advantage of the chirp of the laser [13, 74] and using
a ramp-like plasma electron density profile [12, 19].

2.1.3. Filamentation

Filamentation is the development of zero-frequency transverse density fluctuations. It
has the same dispersion relation as SBS [9]. Starting from a small inhomogeneity in
density or intensity, the laser is refracted into the density depression, lowers the density
there more, and is further refracted. This can lead to either self-focusing of the whole
beam or to the breakup into filaments. Both refer to the same physical process.

The laser pulse can lower the plasma density by either a thermal, ponderomotive, or
relativistic mechanism. Ponderomotive effects dominate over thermal effects if the laser
intensity follows the condition,

3T5\%n. Z 9
— InAg; 2.49
ZT6> Ne )\zm Teg ( n ez) ( )

LA, >2x 107 <1 +
where T, is given in kiloelectronvolts and the laser wavelength in micrometers, and the
intensity is the local intensity taking into account absorption by inverse bremsstrahlung
and refraction in the plasma [77].

For Hydrogen with T; <« T, = 300eV and n. = 0.2n., the Coulomb logarithm is
InA = 6. For A = 800nm, filamentation is thus dominated by ponderomotive effects if
the intensity is above I ~ 103 W /cm?.
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2. Laser-plasma interaction with gaseous targets

Relativistic self-focusing effects become sizable when relativistic self-focusing domi-
nates over diffraction [64], i. e. when the laser power

P> 17.5GW ¢ (2.50)
Ne
which is the case for a pulse energy Er, > 300 mJ at 3 ps duration. Since the laser pulse is
also attenuated by inverse bremsstrahlung, filamentation is more due to ponderomotive
effects than relativistic effects for energies in the range of hundreds of millijoules.
The ponderomotive filamentation growth rate for this regime (short, weakly relativistic
pulses) is given by

wo 8 %n.’

At _ L ame (2.51)

where ag and wg are the amplitude of the normalized vector potential and frequency of

the incoming beam, respectively [78]. In practical units, it is
Yfil -5 2 e
—— =10""114)5,, — 2.52
wo 14\ um e ( )

For filamentation to happen, the transmitted pulse must be longer than the timescale
Ttit = 1/7¢i. For instance, a pulse with an intensity of 10'6 W /cm? at a wavelength of
800nm begins to filament in a n, = 0.1 n, plasma after 7;; = 7 ps.

2.2. Absorption of a laser pulse in a plasma

As will be detailed below, the electron motion is dissipative, so that the laser pulse
is damped. This phenomenon is also known as absorption and happens in the bulk
(for underdense plasmas) or at the critical surface (for overdense plasmas). The mean
velocity of the oscillating electron is v, = agc/v/2. This holds for circular polarization.
For a linearly polarized laser field, v, = apc. In the ultra-relativistic limit (ag > 1),
however, Epond rel = agmec? /2.

2.2.1. Absorption of laser pulses in underdense plasmas

If ne < n. for the laser wavelength, the electron quiver motion creates a comoving plasma
wave. This plasma wave can dissipate energy either by collisions, mostly electron-ion
collisions, or by Landau damping.

Collisional absorption

The collisional absorption damping rate of a light wave in a plasma can be calculated [9].
At low laser intensity, i. e. Zv2/v? < 1, where Z is the charge number and v, is the
electron thermal velocity, the electron distribution function stays Maxwellian. Then, the
electron-ion collision rate is

1 Zw,

— “re 0 A (2.53)
Ve = 3(27T)3/2 nevg’ ni/. .
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2.2. Absorption of a laser pulse in a plasma

Here wpe = v/e?ne/(eome) is the plasma electron oscillation frequency, where e is the
elementary charge. In practical units, it is

6 Zne [em ™3

Vei [1/s] = 2.91 x 10~ (T, [oV])P2

InA. (2.54)
As usual, In A in Eq. (2.54) is the Coulomb logarithm, i. e. the ratio of highest and lowest
possible impact factor for this kind of collision. As electrons moving in the laser electric
field are colliding with ions at rest, the maximum impact parameter is the distance a
thermal electron moves during a laser cycle: v./w, where w is the angular frequency
of the laser electric field. This is in contrast to the usual definition of the Coulomb
logarithm for purely thermal collisions, where the Debye length is used,

eokpT:
Ap = 2.55
b ' en. ' (2:55)

where kg is Boltzmann’s constant and T, is the electron temperature. For a uniform
density n, and a fixed neutralizing ion background, the damping rate is

w2

Veoll = Veiﬁ ) (256)
so that over a distance L, the energy in the laser decreases as exp(—v.yL/cn). Here,
the refractive index of the plasma is 7 = /1 — ne/n.. The rate at which laser energy is
converted into heat is the damping rate v, multiplied by the energy Eyiciq = I/(nec)
of an electron in the electric field corresponding to an intensity I. This energy can be
expressed as Eficiqg = 2Eponane/ne (with the ponderomotive potential E,opq) so that

Reoy = 2V6iEpond (257)

For example, for a Ti:sapphire laser pulse (wavelength 800 nm) at an intensity 10'® W /cm?
propagating in a 10 %n., 200 eV Hydrogen plasma, the damping rate is R = 10eV /ps.

The parameter « := Zv?/v?2, as introduced by LANGDON [79], characterizes the relative
rates of heating by electron-ion collisions and equilibration by electron-electron collisions.
In the strong field / high-Z case a > 1, the electron distribution function does not stay
Maxwellian. This is because electron-electron collisions are not fast enough to bring it
back to equilibrium [79, 20]. In this case, the absorption is reduced by a factor down to
2. This can be calculated by multiplying v..; with a correction factor [79]

_ 0.533
14 (0.27/a)07 "

C’Langdon =1 (258)

At high (but still non-relativistic) intensities, the quiver velocity is larger than the elec-
tron thermal velocity: v, > v. and can become the dominating velocity for the collision
process. In this case, it is not justified to assume the electron velocity to be the thermal
velocity ve in Eq. (2.54) but both velocities have to be taken into account. Since a
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2. Laser-plasma interaction with gaseous targets

higher electron velocity leads to a shorter collision time, this means that the absorption
by inverse bremsstrahlung saturates. The absorption rate has to be multiplied by a
correction factor [31]

2

; —3/2
C1Faehl = (1 + 2 ) (259)

2
3vz

For the parameters mentioned above (Ti:sapphire laser pulse, intensity 10'® W /cm?,
200 eV plasma) this correction factor is Cgaen; = 0.6. Therefore at much higher intensity,
especially relativistic intensity, collisional absorption is inefficient.

Landau damping

The plasma electron wave can also dissipate energy in the absence of collisions. This is
possible because electrons at a thermal velocity close to the phase velocity of the wave
are exposed to a nearly constant field, so that they are accelerated or decelerated. From
a non-relativistic 1D treatment, it can be shown [9] that for a Maxwellian distribution
with thermal velocity v., the growth rate is

2 2
Y Landau T WpeW _2:21)2
—_— = —/ = 2.60
w 8 |k3|v3 o (2:60)

where wpe is the plasma electron frequency, and w and k are the angular frequency and
the wave vector of the plasma wave. The electron plasma wave’s dispersion relation is
the Gross-Bohm relation
2 2 2,2
w” = wp, + 3k7v; . (2.61)

The exponential term in Eq. (2.60) is of the order of minus one or higher if w/k < 3v.. In
this case, Landau damping is sizable. For the case of a near-infrared laser interacting with
a plasma, the phase velocity can be approximated by the laser group velocity w/k ~ cn
(where 7 is the refractive index of the plasma). For example, for a 800 nm wavelength
laser propagating in a n. = 102 cm=3, T, = 100eV plasma, w/k/v. ~ 70 > 3 so that
Landau damping of an electron plasma wave does not attenuate the laser intensity by
much.

Direct laser acceleration

At high intensities, hot electrons can be generated by direct laser acceleration [32]. This
mechanism is important at intensities > 102 W /cm? where the laser pulse is channeled
by ponderomotive and/or relativistic self-focusing (Sec. 2.1.3). Under these conditions,
the electrons are expelled from the laser axis, creating a positively-charged channel. Af-
terwards, also a part of the ions is expelled. The electric field of the channel focuses
electrons that are initially comoving with the laser. The negative charge of the acceler-
ated electrons also expels background electrons, especially further away from the focus
where the intensity and hence the ponderomotive force is lower. The electron beam also
creates a magnetic field whose pinching force has a focusing effect. This focusing force
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2.2. Absorption of a laser pulse in a plasma

and the laser field accelerate the electrons. The forward momentum is provided by the
relativistic v x B force [33].

The electron energies generated at high intensity, in the range of megaelectronvolts,
are quite suitable for TNSA acceleration of ions, as described below. They differ from
laser wakefield accelerated electrons [65] in that they are less energetic and have a higher
charge. The acceleration take place on a longer time scale, and amplification is efficient
at higher densities than LWFA (12 %n. as observed by GAHN et al. [31]).

2.2.2. Absorption of laser pulses in overdense plasmas

If an ultrashort laser pulse interacts with a solid target, the surface is ionized by field
ionization. This plasma is then heated by the laser. The critical surface being close to
the original solid surface, only the undercritical coronal plasma is heated by collisional
absorption.

The critical surface, where several processes lead to heating, is smeared out a bit
because the finite contrast of real laser systems leads to ionization either by a prepulse
or by an amplified spontaneous emission (ASE) pedestal. As the plasma then expands
isothermally, it forms an exponential density profile with n./n. o« exp(z/L¢g), with a
gradient Lg = CsTpedestar [04]-

Resonance absorption An obliquely incident, p-polarized laser pulse has an electric field
component parallel to the density gradient. At the target, this component can
tunnel through the critical surface and excite a plasma electron wave that dissipates
energy through collisional absorption, particle trapping, or wave breaking. This
happens only when the density gradient is long compared to the laser wavelength
(La > A) [9].

Brunel mechanism An obliquely incident, p-polarized laser pulse can also heat a target
when the density gradient is shorter than the laser wavelength. In this case, elec-
trons at the surface can be moved away from the target beyond the Debye sheath
thickness and sent back once the laser field changes sign. They subsequently pen-
etrate further into the target than the evanescent laser electric field. Ultimately,
they dissipate energy through collisions [(4].

Skin effect Laser pulses at normal incidence or s-polarization can also heat electrons.
This is because the laser field can penetrate the plasma to a final skin depth (scale
length of the evanescent laser electric field). In this zone, electrons are made to
oscillate and dissipate energy by collisions. If the electron mean free path ve/ve;
is smaller than the skin depth ¢/wy., this is referred to as the normal skin effect.
Once the temperature increases, v. can reach values so that ve/ve; > ¢/wpe and
even ve/w > c¢/wpe. Then, heating occurs deeper in the target [6].

Relativistic j x B heating At relativistic intensities (as discussed above for the pondero-
motive potential), the laser electric field has a sizable relativistic j x B term. For a
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2. Laser-plasma interaction with gaseous targets

linearly polarized laser pulse, there is a longitudinal force (along the propagation
axis z) of [64]
me OV,
Fop = ——¢
IxB 4 Ox
Here, the first (constant) term in the parenthesis is the nonrelativistic pondero-
motive force (directed away from high intensity zones) and the cos 2wt term is the
relativistic term, leading to electrons oscillating in propagation direction. Heating
is caused by the oscillating electrons according to the Brunel mechanism. This is
most efficient for normal incidence. It appears for all laser polarizations except
circular polarization.

(1 — cos2wt). (2.62)

All of these mechanisms contribute to the generation of a population of suprathermal
electrons, i. e. electrons that have a much higher temperature than the bulk electrons.
Since the electron acceleration by the laser electric field and its thermalization is highly
random, the hot electron distribution function is Maxwell-Boltzmann distribution with
the electrostatic potential ® and the temperature T,:

__ed
Ne = Neg e FBTe | (2.63)

Suprathermal electrons are also referred to as hot electrons or fast electrons.

Due to the coexistence of several heating mechanisms, the scaling of the hot electron
temperature with the laser intensity is nontrivial. Apart from PIC simulations [35],
several models have been proposed, including;:

Brunel scaling This scaling is based on the Brunel heating mechanism. It is assumed
that after its movement in vacuum, it penetrates the target at a velocity v =
2apcsin B, where 6 is the laser angle of incidence, and that its kinetic energy is fully
converted into heat, i. e. Tf’ru“el = mwv? /2. This model is obviously nonrelativistic,
and therefore cannot be expected to hold for high intensities [30].

Wilks scaling According to the relativistic j x B mechanism, the hot electron temper-
ature can be considered equal to the ponderomotive potential including the rela-
tivistic terms: TpVIE = m.c?(1/1 4 ad — 1) [66]. This is equivalent to equating the
laser energy density to the energy density of critically dense hot electrons.

Beg scaling This scaling is not based on a theoretical model but an empirical formula
which reproduces the results of hot electron measurements at the Vulcan Laser
(CLF/RAL, Didcot, UK) [87]. It is similar to the Haines scaling: T}]?eg [keV] =
215 (1 [10"8 W /em?|(A [1 pm])?)1/3.

Haines scaling This scaling, proposed by HAINES et al., is based on the assumption the
laser energy transferred to the electrons during the interaction time is equal to
the energy of the critically dense hot electrons. The electron temperature is then
calculated from the relativistic laser energy in the electron bunch rest frame [38].
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2.3. Laser amplification by strongly coupled SBS

The resulting scaling leads to energies lower than the Wilks scaling and similar to
the Beg scaling:

THames — c? < 14 v2a0 — 1> . (2.64)

The hot electron temperature can be determined experimentally using different meth-
ods: For one, it is possible to measure the energy spectrum of electrons emanating from
the target [29]. Furthermore, one can also take advantage of the fact that the electrons
eject electrons from the inner shell of the cold target material beyond the heating zone.
The free energy levels are then filled by outer shell electrons, and x-rays are emitted (K,
method). Using a stacked target, K, radiation is emitted from different material targets,
chosen independently from the laser target material. In every layer, the electrons loose
a part of their energy, and the spectrum can be concluded [90]. Finally, is also possible
to measure the bremsstrahlung emitted by the hot electrons when they interact with the
cold target [91-93].

Hot electron temperature measurements using electron spectrometers [94] and brems-
strahlung x-ray measurements [33] indicate that the hot electron temperature is well de-
picted by the HAINES model [05]. For example, an Nd:glass laser focused to 102° W /cm?

heats electrons to 1.3 MeV.

2.3. Laser amplification by strongly coupled SBS

The parameter regime at which sc-SBS can be investigated and used for amplification
of laser pulses is limited by the properties of the process itself (which will be detailed in
Sec. 2.3.3) and by concurrent processes (which will be detailed in Sec. 2.3.1).

Experiments

One might be tempted to use a high-Z gas to obtain a high electron density, but it is hard
to fully ionize these gases with a laser. This leads to a lower charge-to-mass ratio Z/A
for high Z gases. Therefore, it is better to use Hydrogen as a target gas. To reach these
parameters in an experiment, one can use a preformed underdense plasma generated
by ionizing a Hydrogen gas jet with an auxiliary laser pulse (ionization prepulse) that
interacts with the gas before pump and seed pulses arrive.

The density is limited to 10 % n.. since at higher densities, pump and seed pulses would
loose too much energy by refraction on small density gradients and collisional absorption
in the plasma (Sec. 2.2.1). A higher temperature would also mitigate collisional absorp-
tion in the plasma, but the temperature cannot be arbitrarily high. This is because
plasma heating by the prepulse is limited by the collisional heating cross-section. There-
fore, a plasma electron temperature of 200V is a typical value. Experimentally, pump
and seed pulses are be made to cross in the plasma under an angle of 180° (fully counter-
propagating along the z axis). The pump intensity is chosen high enough to assure that
the strong coupling regime is reached. For fully ionized Hydrogen at a density of 10 % n,..
and an electron temperature of 200¢eV, the pump intensity must be > 5 x 1012 W /cm?
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2. Laser-plasma interaction with gaseous targets

[Eq. (2.22)]. The growth rate [Eq. (2.35)] for this intensity corresponds to a charac-
teristic time scale of 1/v5. = 170fs. The backscattered wave is frequency downshifted
[Eq. (2.37)] by 1.1 nm.

The characteristic timescale corresponds to the spectral width of the process. It im-
poses a lower limit on the pulse duration: Shorter pulses will first be stretched and then
amplified. Since the amplifier length is limited by the length of the plasma, this results
in less efficient amplification. Longer pulses can also be amplified, but the objective is
in general to have the shortest possible seed pulses.
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FIG. 2.1.: Growth rate seen by the seed for different delays.

The seed pulse is sent into the plasma at the right time to cross with the pump in
the center of the target. Adding a small delay At :=t, — ¢, moves the crossing point of
pump and seed in the plasma along the propagation axis z. Since the plasma density is
not homogeneous but depends on z, hence the amplification occurs at different densities
for different delays. Therefore, changing the delay in an experiment allows to change the
density upon interaction and therefore to modify the growth rate. This way of modifying
the plasma density is preferable to changing the gas backing pressure because competing
processes (that typically do not depend on the delay) are not modified.

Figure 2.1 shows the growth rates for three different delays for the parameters given
above. Growth is maximal if the beams meet in the center of the jet. For different
delays, the growth is lower and happening elsewhere in the plasma.
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2.3. Laser amplification by strongly coupled SBS

2.3.1. Concurrent laser-plasma instabilities

Concurrent processes can convert energy to other forms (heat, a Raman signal, scattered
radiation) or prevent the seed from growing by changing the properties of the ion acoustic
wave. They are often detrimental, but in some cases, if correctly taken into account,
they can be beneficial.

Filamentation Filamentation is a major concern for amplification in a plasma, both
in the sc-SBS and in the SRS scheme [50]. This is even more the case since proposed
experiments are designed to ramp up the energy at constant intensity by increasing
the pump and seed beam diameters in the plasma amplifier, making a homogeneous
transverse profile of the beams more challenging to obtain. To avoid filamentation,
pump and seed pulses must be [19] shorter than the filamentation timescale 77;; = 1/7v¢i
(Sec. 2.1.3). For instance, a pump pulse with an intensity of 10'6 W/cm? at a wavelength
of 800 nm begins to filament in a n, = 0.1n, plasma after 7 = 7 ps. This upper limit
for the pump duration also limits the amplifier length to L < c¢74;/2 = 1mm. This
is not a major concern since efficient amplification can produce a sizable gain on this
length. The limitation on the seed intensity is more restrictive. If, for example, the
seed pulse has a duration of 170fs (to match the characteristic time scale of sc-SBS for
the plasma parameters detailed in Sec. 2.1.1), filamentation can occur at an intensity of
4 x 101" W /ecm? or above.

Collisional absorption A laser pulse is absorbed by inverse bremsstrahlung in the un-
derdense plasma (see Sec. 2.2.1). This process can reduce the observed gain in an
amplification process. For a very weak seed, SBS can even be suppressed if the losses
due to collisions are stronger than the gain by SBS. The minimum seed intensity can be
calculated from the condition vse > veine/ne, i. €.

1.5 0.5
ap > V2 <V”) fle <W> . (2.65)
wo Nie \Me

For Hydrogen with an electron density n. = 9 % n. and temperature T, = 200 ¢V, and
a pump with an intensity of 101 W/ecm? at 1 um wavelength, the threshold intensity
of the seed is 8 x 108 W/cm?2. If the initial seed is less intense, it is not amplified.
Therefore, spontaneous Brillouin backscattering, growing from noise, is much weaker
than stimulated Brillouin backscattering.

For the same plasma and pump parameters, the pump is attenuated over a length
of 10mm by about 80 %. Therefore, a higher plasma temperature would be desirable.
In principle, a laser prepulse can ionize and heat the plasma to higher temperatures,
but at these densities, much energy is needed. Also, the laser parameters must be
chosen so that the ionization pulse is maximally absorbed and converted into heat by
the same plasma that must be maximally transmissive for the subsequent pump and
seed pulses. An optimum would be an intensity of 10'® W/cm? in the pre-pulse where
absorption is maximal. The direct disadvantage of this is that this reduces the density
by ponderomotive expulsion.
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2. Laser-plasma interaction with gaseous targets

Raman Backscattering of pump and seed For typical experimental parameters, for
the SBS pump beam (for example with an intensity of 1 x 1016 W /cm? at a wavelength
of 800nm), a characteristic timescale for Raman backscatter is 1/y = 20fs correspond-
ing to a characteristic length of 6 um. Therefore, the pump exhibits a strong Raman
backscattering. For the seed, however, due to its lower intensity (1 x 10* W/cm?), Ra-
man backscattering is much lower: The timescale 1/ = 700fs is longer than the pulse
duration.

In the context of plasma amplification, both by sc-SBS and SRS, spontaneous Raman
backscattering can be detrimental because the pump is depleted before transferring
energy into the seed. To avoid this, two solutions have been proposed: taking advantage
of the chirp of the laser [13, 74] and using a ramp-like plasma electron density profile [12,

]. This drives the SRS process out of resonance while leaving SBS amplification
unharmed.

SRS amplification allows to amplify very short pulses down to the characteristic
timescale given by the inverse of the plasma electron frequency (1/wp. = 18fs for a
typical density of 108 cm=3). The major drawback, however, is that the resonance is
very narrow. This means that even minor inhomogeneities in the plasma density drive
the process out of the resonance.

Amplification by SRS can be efficient in two cases. When the seed growth is so strong
that it depletes the pump, the seed breaks up into a chain of pulses that become strongly
amplified and compressed. This self-similar 7 pulse regime has been found in theory by
MALKIN in 1999 [38], and reached in an experiment by CHENG in 2005 [30]. The other
case is superradiant amplification. As first pointed out by SHVETS in 1998 [37], it can
be reached if the pump and seed are strong enough for their combined ponderomotive
force to determine electron motion. It was demonstrated experimentally by DREHER
in 2004 [16]. As pointed out by ERSFELD in 2005 [13], it can also be reached if the
pump pulse is chirped, or the plasma density has a ramp profile. With a chirped pulse,
superradiant amplification could be shown by VIEUX in 2011 [96].

The arguably most successful SRS amplification experiment has been carried out by
REN et al., in 2007 [5]. A 16 uJ seed was amplified to a final energy of 5.6 mJ by a 87mJ
pump, i. e. the absolute gain was 360, the transferred energy almost 5.5mJ and the
conversion efficiency 4 %.

If the strong coupling regime is reached, SBS amplification has the following advan-
tages with respect to SRS:

1. Since the frequency downshift is ws. < wp, close to 100 % of the pump energy are
converted into the seed (Manley-Rowe relations) by sc-SBS, as opposed to 90 %
for SRS [11]. This defines the maximum efficiency as derived from linear theory.
As a realistic pump is depleted, however, the transfer is reduced. Additionally,
concurrent processes further reduce the efficiency.

2. The downshift is on the order of the nanometer, less than the spectra of pump and
seed, so that the frequency mismatch is not an important issue. The difference
induced by small plasma density fluctuations is low, so sc-SBS is not sensitive to
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2.3. Laser amplification by strongly coupled SBS

plasma inhomogeneities.

3. sc-SBS is efficient at moderate pump intensities. This allows to avoid particle
trapping and wave-breaking [11].

4. Pump and seed can be of the same frequency. This makes the experimental real-
ization easier as no frequency conversion for the seed is needed.

5. Coupling is set by a forced nonlinear oscillation rather than by a natural resonance.
The energy transfer is fast and the interaction length is short (< 1mm) [19].

2.3.2. Concurrent ion wave-plasma instabilities

Wavebreaking For high gains, the ion acoustic wave in the plasma can be subject to
wavebreaking. Its growth rate is given by

Ywb 2
wo V 490 (2.66)

or in practical units, the timescale for wavebreaking is given by [11]

Twb [fs] = 5.7 x 103,/1‘34 (2.67)

where I4 is the intensity in 10'* W/cm?, and A, as usual, is the mass number. There-
fore, a seed pulse of a duration of 170fs (the shortest amplified duration as mentioned
in Sec. 2.1.1), must not be more intense than 1 x 1017 W /cm?.

Landau damping of the ion acoustic wave Attenuation of the ion acoustic wave by
Landau damping occurs when the ion thermal velocity reaches the phase velocity of the
ion acoustic wave, i. e. when the ion temperature T; is higher than half of the electron
temperature, i. e. T, < 27;. Since in a laser-driven plasma, typically T, > 507;, Landau
damping can be excluded.

2.3.3. Identification of the gain regimes
Strong coupling regime

To amplify a laser pulse by sc-SBS, it is necessary to reach the parameters indicated
in Sec. 2.1.1.

In general, a high I\ is desirable. For example, a carbon dioxide (COz) laser, emitting
at a wavelength of A\ = 10.6 yum) would be a good candidate. However, the spectral
gain overlaps several rotational levels of the COs molecule, so that the spectrum of
the outgoing pulse is modulated accordingly. The corresponding temporal profile is
a pulse train. Recently, however, single 5ps, 1 TW pulses could be generated with
a specifically smoothed spectrum [97]. These pulses can also be amplified using the
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CPA technique [98]. Since this technology is still comparably new [99], and multi-beam
facilities are not available in this range, pump and seed pulse have to be generated
with an optical laser in the near infrared, which has shown (in particular due to the
admissible bandwidth of Ti:sapphire systems) to be able to deliver pulses as short as
25fs. By widening the spectral bandwidth, even durations down to 3...4fs can be
achieved [100]. Multi-beam user facilities in this range exist (Sec. 3.1).

An optimal pump intensity is around 10'® W /ecm?, which is the highest possible inten-
sity at which one avoids filamentation of the pump.

Concerning the plasma, high densities are beneficial as they lead to a high growth rate
[Eq. (2.35)]. Especially it would be useful to have a density higher than quarter-critical
as in this case, Raman backscattering is fully suppressed. However in practice, high
densities are much more challenging to generate, and they also lead to strong refraction
in the plasma. Therefore, densities around 10%n.. are preferable as a compromise. To
obtain a high Z/A ratio and a most homogeneous plasma, Hydrogen is the preferred
species. Since the amplification does not depend on the plasma temperature, it is less
important that the plasma is homogeneous in temperature. However, the plasma tem-
perature should be high enough to limit damping of the beams by collisional absorption,
but not too high as to make sure strong coupling is safely attained. For instance, accord-
ing to Eq. (2.56), a A = 800 laser beam is attenuated in an n¢/n. = 0.1, T, = 100€V,
plasma by 52 %.

To assure that the interaction between pump and seed takes place over the whole
amplifying medium, the plasma length L, and the pump pulse duration 79 should be

related as L, < %vgm. [11]. For amplification to be efficient, 75 > 7, i. e.
1 Ve s ( me>1/3 (ne)l/?* 2 \1/3

=—=36 x 10 Z— — Tia A 2.68
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Self-similar regime

In order to investigate the transition from the linear to the self-similar regime of sc-SBS,
it is necessary to optimize the parameters to obtain a high gain. In an experiment, this
can be done by scanning either the pump intensity or the plasma density.

It can be detected by observing the amplification (calorimetry), spectral broadening
(using a grating spectrometer), pulse compression (using, e. g., an autocorrelator), and
by systematically changing the interaction length to verify the dependence of the output
signal on the growth length scale.

2.3.4. Quantifying amplification

Since the growth rate s, is not directly accessible to measurement, it is not trivial to
quantify the gain obtained from SBS. Obviously, the absolute gain can be defined as

Eseed out

: 2.69
Eseed in ( )

Gabs =
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where Fqy,t is the energy of the amplified pulse and Ej, is the energy of the incoming
beam, as measured on a camera when shooting only the seed without pulsing the gas
jet. Since it includes all detrimental effects, it can be considered as the net gain that is
important in view of the practical application.

One can define a relative gain by replacing the energy of the incoming pulse by the
energy Fiansmitted Of the pulse transmitted in the plasma in the absence of the pump:

E
Grel = seed out (270)

Eseed transmitted

This compares the seed attenuated by other processes to the amplified seed.
Quite often, even the pump alone triggers some spontaneous Brillouin backscattering
Espontancous, Visible on the calorimetry in the absence of the seed:

Eseed out — Espontaneous (2 71)

/
Jrel Eseed transmitted
Since in the experiments outlined in Chap. 5 and 6, the spontaneous backscattering
measured on the diagnostics is negligible, and we are interested in the absolute gain,
Jabs 18 used as gain definition if not stated otherwise.
Another important value to quantify the process is the efficiency, obtained by dividing
the energy transferred to the seed by the energy in the pump pulse before interaction:

Mamp = EseedEolut Eseed in (272)
pump 1

In the literature, one finds quite often definitions for certain spectral components.
These are more specific to the process and less useful for the technological objective.

To assess the quality of an amplification scheme in view of the technological applica-
tion, one can compare the seed energy at the output, the gain (as defined in one of the
ways above) or the conversion efficiency.

Although a high output energy is one of the technological goals, it cannot be the
only criterion, especially not for the experiments described here. The experiments are
done on small laser facilities to explore the amplification scheme and supposed to be
ramped up to higher energies by using bigger focal spots once beamtime is available on
bigger systems. Since these facilities are limited in energy, it is important to have a
high gain rather than a high output energy. The total output energy can obviously be
high with a high energy input seed. Therefore, this it is perhaps not the best measure
to gauge whether the amplification was successful. Specifying the gain is more helpful,
as it shows if there has been relative or absolute amplification. Since the amplification
process can create an energetic output even from low energy input seeds (in principle, it
can grow as well from noise), however, the reported amplification value has to be looked
at carefully: Reporting a high gain starting from a very weak input seed is not in every
case a progress in view of plasma amplification. Low energy seed signals can as well be
amplified with conventional solid-state amplifier technology. Therefore, the efficiency is
perhaps the most useful way to specify amplification since it shows how big a fraction
of pump energy the process can convert into the seed.

41
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2.3.5. Prior experimental studies

It has been first pointed out by ANDREEV et al.[11] in 2006 that Stimulated Brillouin
backscattering in the strong coupling regime can be used to amplify subpicosecond pulses.
Since then, the process has been studied in theory [25, 19, 67, 73, 74, —105]). Ex-
perimental results, however, are not so abundant. They will be discussed below.

ELFIE 2007

In this proof-of-principle experiment [51] conducted at the ELFIE Nd:glass laser (see
Sec. 3.1.3), sub-picosecond pulses were amplified by sc-SBS for the first time. Pump
(3.5ps, 3mJ, 6.5 x 1016 W/cm?) and seed (400fs, 15mJ, 5 x 10'® W /cm?) were crossing
in a preformed plasma under an angle of 20°. The interaction length was limited due to
the nearly-counterpropagating setup. Argon was chosen as a target gas. As mentioned
in Sec. 2.1.1, this allows to reach higher electron densities. However, full ionization was
not achieved everywhere in the plasma. This created small-scale density gradients in the
plasma at which the laser beams were refracted. Since both processes limited the effective
amplifier length, only the linear regime of sc-SBS was attained. In a reproducible way,
only relative gains of g/, = 32 could be attained, i. e. they partly compensated the
losses in the plasma. Only on one shot, an absolute gain of 4 was attained, i. e. the
outgoing seed was more energetic than the incoming seed.

VULCAN 2014

In an experiment [106] conducted at the VULCAN Nd:glass (Central Laser Facility,
United Kingdom), seed pulses (1ps, E = 477mJ, focused to 2 x 104 W /cm?) were
amplified by pump pulses (15ps, F = 860mJ), focused to 3 x 10'* W/cm? in a nearly-
counterpropagating (10° angle) setup. Using a 17 % n. density gas jet target of 5mm
diameter, a much higher interaction length than in the LULI experiment could be real-
ized. Due to the low pump intensity and low plasma density, however, only the onset
of strong coupling was observed in this experiment. The total gain was not determined
since no calorimetry of the beams was done, but a conversion efficiency of 2.5 % of the
relevant spectral component was obtained.

2.3.6. Parameter regime

Therefore, in this thesis, amplification of subpicosecond pulses by sc-SBS under opti-
mized conditions will be studied (Chap. 6). Additionally, the amplification by sc-SBS of
pulses shorter than 300 fs will be studied (Chap. 5). This enlarges the parameter regime
to the shortest pulses in the optical regime that can be generated by a high-power laser
systems.
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2.4. Laser-based ion acceleration

Isotropic ion acceleration as a byproduct of laser-plasma interaction has been observed
by time-of-flight mass spectrometry as early as in the 1970s [107-109].

Ton beam energies above some MeV, however, could be reached only with CPA sys-
tems creating laser pulses at intensities > 10'® W /cm?. These pulses can induce a strong
charge separation that leads to electrostatic fields in the plasma, via several mechanisms:
First, a pulse can heat the target electrons to high temperatures, which pass over the tar-
get surface and form an electron sheath with an accompanying strong electric field there
(TNSA, Sec. 2.4.1). Second, the laser pulse can push electrons forward ponderomotively,
which are followed by the more massive ions; thereby creating a charge separation (hole
boring in a bulk target and RPA of thin foils, Sec. 2.4.2). Third, if these ponderomo-
tively moved ions are faster than the plasma speed of sound, then a shock can form in
the plasma, which is also accompanied by an electrostatic field (CSA, Sec. 2.4.3). All
of these mechanisms have been observed first for overcritical targets and are easier (i. e.
at lower laser intensity) to realize in an overdense target. In the case of TNSA, this is
because hot electrons with energies in the kiloelectronvolt range can be generated most
efficiently at the front surface of an overdense target (Sec. 2.2.2), as opposed to an un-
derdense target, where collisional absorption saturates for high intensities (Sec. 2.2.1).
For the radiation pressure based acceleration mechanisms, the light pressure generates
a sufficiently strong longitudinal electric field only when the laser pulse interacts with
the plasma at the critical surface.

It should be noted that ions can also be accelerated by the mechanism of a Coulomb
explosion: If the laser field can ponderomotively expel electrons from a given target
volume (either in an underdense target or an ultrathin foil), the positive charge of the
remaining ions drives them away. In a thin foil target, this has been reported to have
increased heavy ion acceleration from thin foils [1 10]. It has also been proposed as an al-
ternate mechanism to generate directed beams of high energy protons from double layer
targets [111, |, but has not been demonstrated experimentally. This mechanism can
also lead to acceleration when a high-intensity laser pulse interacts with an underdense
target, such as a gas (in a jet or a gas cell). Propagating in such a target, a sufficiently
strong laser pulse ionizes it at the leading flank, expels the electrons ponderomotively,
and creates a zone with a strong positive charge. The repulsive electric field then acceler-
ates ions mostly in transverse direction. This mechanism was observed by KRUSHELNICK
et al. in 1999 [22]. Tt is a well-tested way to accelerate protons transversely, but cannot
generate a collimated proton beam. Therefore, these mechanisms are disregarded here.

Laser pulses propagating in an underdense target can, however, generate a collimated
ion beam in the forward direction via another mechanism: The laser can accelerate elec-
trons into the forward direction, so that an electron bunch moves through the underdense
plasma behind the laser pulse. This electron bunch generates a vortex-shaped magnetic
field, which in turn generates an electrostatic field when it emanates into vacuum. The
particles are accelerated into the laser direction (MVA, Sec. 2.4.4) [113].

The TNSA, RPA, CSA, and MVA mechanisms are relevant to this thesis as they can
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generate a collimated proton beam. Table 2.1 summarizes the scaling of the ion energy
with the experimental parameters. The mechanisms are detailed below.

TABLE 2.1.: Electron density range in which TNSA, thin foil RPA,
HBA, CSA, and MVA can happen. Scaling of the ion energy with the
laser field strength parameter ag and the ion density n;. For MVA,
Nunaz 18 the maximum and n,,;, is the minimum density of the down-
ramp (Sec. 2.4.4) [114, 115].

Mechanism Density  E(ap) E(n;)

TNSA Ne > YNe  Eazr X ag no dependence

RPA N ag  (ad/n; ~1) o 1/n? (ad/n; ~1)
: ag  (ag/ni>1) g 1/n; (a§/n; > 1)

HBA Ne > Ve Epeak X a? Epear, o< 1/n;

CSA Ne > YN Epeak X a? Epear < 1/n;

MVA Ne < AL Emax X ag Emaa: X nmax/nmin

The electron motion discussed in this section is relativistic. Therefore, one has to
consider the relativistic mass ym, rather than its rest mass me. The critical density of
the plasma is then yn., so that the refractive index is \/1 — ne/(yn.). As always in this

section, the relevant criterion is the relativistic critical density yn. = /1 + a%nc whereas
the classic critical density is n. = wimeeg/e? where wy is the laser angular frequency.

2.4.1. Target-normal sheath acceleration (TNSA)

TNSA is by far the most extensively characterized acceleration mechanism [12, 13, 16, 23,

, 94, 116-1410]. The first protons accelerated by TNSA were observed by SNAVELY et al.
in experiments at the Nova laser (LLNL, Livermore/CA, USA) [23, 119], in experiments
at the Vulcan laser (RAL, Chilton, UK) [116], and by the Michigan work group (Ann
Arbor/MI, USA) [118]. In these experiments, the spectrum was broadband [23, 117, 118].

Mechanism

The laser heats a solid density target upon incidence, the hot electrons propagate through
the target and form an electric sheath field at its surfaces. This fields then accelerates
ions.

Hot electron generation and transport A typically overdense target with well-defined
boundaries, (e. g. a metal foil) is irradiated with a high-intensity ultrashort pulse. The
laser pulse heats a fraction of the electrons at its front surface to temperatures in the
keV ... MeV range (Sec. 2.2.2). The fraction of these hot electrons, compared to the bulk
material’s number of electrons, is typically below 1% [I11]. For example, an Nd:glass
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laser pulse, focused to an intensity of 102° W /cm? on a gold foil, generates a hot electron
population with a temperature of 1.3MeV [Eq. (2.64)].

The hot electrons propagate through the target to its rear. The resulting charge
separation is balanced by a return current consisting of electrons at a much lower tem-
perature. They stem either from collisional ionization driven by the hot electrons or,
in the case of a metallic target, are in a conduction band [123]. In an insulator, the
hot electron transport is disrupted, resulting eventually in a rippled proton beam. The
electron beam in the target has a divergence of tens of degrees: Half-angles 6 between
8° [126] and 25° [112] have been given in the literature.

At the target rear, the electrons emerge into vacuum, but only a small portion escapes
because the target becomes positively charged. Most hot electrons are held back by a
restoring electric field. This field ionizes the atoms on the surface. The electrons form
a sheath whose thickness is on the order of the Debye length Ap [Eq. (2.55)], typically
around 1000 nm [13]. Since the sheath field drags the ions outward, a quite basic physical
problem has to be modeled: The expansion of a plasma into vacuum. Quite obviously,
the ion density n; decreases from a rarefaction wave traveling inwards and the expanding
ion front traveling outwards. This can be described in detail in one dimension, which
allows to predict the form of the sheath and the accelerated ion spectrum.

Isothermal model This model (MORA 2003 [124]) is based on the following assump-
tions:

o The target, consisting of only one ion species, is semi-infinite (constant ion density
n;o for spatial coordinate z < 0, vacuum for = > 0).

e The laser is not modeled. Rather, an initial hot electron temperature Tjq is set,
typically 1 MeV.

o The electrons are initially Boltzmann-distributed, n. = n.o exp[e®./(kpTe)], where
®. is the electrostatic potential corresponding to the charge separation with the
ions and n.q is the density in the unperturbed plasma. The hot electron tempera-
ture T, is assumed to be constant.

e The electrostatic potential fulfills the Poisson equation:

0%®,
€052 = e(ne — Zn;). (2.73)

e The plasma is neutral in the bulk: ney = Zn;o with the charge number Z.

Under these conditions, the sheath extent and electric field and the accelerated ion spec-
trum can be predicted. Using the additional assumption that the plasma is quasineutral
when it expands, a self-similar solution can be calculated valid for x > c¢4t, with the
density

ne(z,t) = Zn; = negest L, (2.74)

45



2. Laser-plasma interaction with gaseous targets

the ion velocity

vi(x,t) = cs + % (2.75)
and the electric field,
£ 20 , (2.76)
wm-t

where ¢, is the speed of sound in the plasma, wy; is the ion plasma frequency. This
corresponds to a positive charge 0 = €y€ss at © = —cst and a negative charge on the
plasma surface.

This self-similar solution has no meaning for wy,;t < 1 because there the scale length c,t
is smaller than the Debye length Apg = \/eokpTe/(neoe?). At very late times, wpy;t > 1,
the ion velocity goes to infinity. This is also obviously non-physical. In fact, the ion
velocity is finite, and the ions that were on the surface in the beginning, form a localized
ion front. It is situated at the place where the local Debye length is equal to the density
scale length, i. e. where the model becomes valid. This is at 14z /cst = 21In(wpt). There,
the velocity is v; front = 2¢5 In(wpit). The electric field is Epony = 2655 = 2E0/ (wpit), twice
the field from the self-similar solution.

Using a 1D hydrodynamic code [124], a more precise expression for the electric field
at the front has been found,

&o

\/2e! + w2t

where e! &~ 2.718 is Euler’s number. The charge density profile Zn; — n. causing this
field is characterized by a strongly negatively charged zone beyond the ion front, which
is balanced by two positively charged zones: One right before the ion front and another
one at the rarefaction wave front traveling into the target. The simulation also allows
to derive an expression for the ion spectrum, which is quite broadband. The number of
ions per unit energy and unit surface is

N _ MioSst e V2E/Eo (2.78)
dE; +/2EEj

where Ey := ZkpT,. This expression for the spectrum does not reproduce the cutoff,
which can, however, be determined (again from the simulation) to

Erront = 2 (2.77)

ERNSA = 2By (In (1, +/22+ 1))2 , (2.79)

where 1, := wy; is the normalized acceleration time. This is obviously unphysical

¢

1
for late times bezexuelse the cutoff F,,q: — oo for ¢ — oo. This divergent behavior is
caused by the assumption of a constant electron temperature. Realistically however, the
electrons are cooled as they transfer energy to the ions, and the electron heating by the
laser occurs only as long as the laser pulse is present at the target front surface. One
can thus expect the acceleration to be over after a pulse duration 77, plus some electron
cooling time. Both are taken into account by the empirical expression by FUCHS et
al. [130], 2.5 (77, + 601fs). The cooling down time can also be obtained from a transient
model (see below).
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Transient model A slightly more precise model (MORA 2005 [111]) yields a more re-
alistic picture of the expansion, including the acceleration duration and the final ion
energy cutoff. Its basic assumptions differ from the isothermal model as follows:

o The target is now a foil with thickness L (typically 20 ym). Initially, the ions have
a step-like density profile (density nijo = neo/Z in the target at || < L/2, zero
outside).

e The expansion of the heated target is symmetrical with respect to z = 0.

o Again, the electrons stay in equilibrium with the electric potential, but their tem-
perature 7, is now given by energy conservation:
dU, . AUions de’ield

- _ — 2.
dt dt dt (2:80)

where Ujons, Utfield, and Ue = g(8)NckpT, are the kinetic energies of the ions, the
electric field, and the electrons, respectively. N, := neoL is the total number of
electrons, and g depends on the ratio kgT./mecc?, with g = 1/2 in the classical
limit (kpT, < mec?) and g = 1 in the ultrarelativistic limit (kgT, < mec?).

The electric field can be determined by solving the Poisson equation. In the beginning
(t = 0, the ions have not moved yet), it is at the surface

/ [neokBTe /2
mztzal n SeOtB e 50 (281)

The subsequent expansion of the ions means that the surface (ion front) moves out-
wards and a rarefaction wave inwards. If the hot electron temperature were constant,
this rarefaction wave would reach the target center at a time ¢, = L/(2cs), where ¢4 is
the initial ion acoustic velocity. Thus, ¢, is a characteristic timescale for the expansion
process. It practice, the rarefaction wave arrives much later at the target center for two
reasons: The hot electron temperature decreases, which slows down the expansion. Also,
the cold electron population limits the expansion. The expanding plasma density profile
is shown in Fig. 2.2.

Limitations of the 1D models These models do not take into account the presence of
several different ion species. On realistic targets, however, there is always a hydrocarbon
contaminant layer. It has a thickness on the order of the nanometer and is present on
all solids handled in a standard room atmosphere [113]. It remains even when the
sample has been put under vacuum. Mostly the light ions (protons, carbons) from the
surface contaminants are accelerated because they have a much higher charge-to-mass
ratio than the bulk target ions [143]. One can choose to observe exclusively the, e. g.,
proton spectrum using a Thomson parabola spectrometer, which distinguishes different
ion species by their charge-to-mass ratio. Although the protons come from a rather
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FIG. 2.2.: Schematic representation of the density profile and the electrostatic field of
the expanding ion sheath.

confined place in the phase-space (the back surface), this spectrum is also broadband.
This is because the electric field has a peak at this point, i. e. the initial electric field
differs considerably even for protons close to each other (Fig. 2.2).

The lateral extension of the sheath, obviously not modeled in 1D, has been found
experimentally to be a circle with a radius r; = rg + [ tan @, where ¢ is the laser spot
radius. The sheath lateral diameter 75 can be determined by imaging the target onto
a camera. Repeating this measurement for several foil thicknesses, the linear relation
between rg and [ with the offset rg could be shown experimentally, with a hot-electron
beam half-angle of § = 17° [144].

The limited lateral sheath size also reflects on the ion energies: The field can be
considered sizable only up to a distance of about twice the sheath diameter. This is
important for long pulses: Increasing the pulse duration (at constant intensity) above a
certain optimum value does not increase the ion energy any more. Since in an experiment,
the maximum energy available at a laser facility is used, stretching the pulse decreases
the intensity. Therefore, for the given energy and a given spot size, there is an optimal
duration that allows to reach highest ion energies. It turns out to be on the order of
some hundreds of femtoseconds [12]. An analytical description is given in SCHREIBER et
al. [133].
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Experimental determination on the electric field

The prediction about the shape of the sheath electrostatic field has been validated in an
experiment using TNSA accelerated protons as a diagnostic for transversal probing [125]:
The sheath created by a 1.5ps, 3.5 x 10'® W/cm? laser pulse at the rear surface of a
metallic target (thickness 10...40 um) has been probed with a transversal proton beam
(from a second solid target illuminated by a second laser pulse). The protons were
recorded with a stack of radiochromic films (RCF) [145]. The delay of the probing
was chosen by changing the timing between both laser pulses. This confirmed that the
electric field is strongest at the beginning of the interaction, and that at later times there
is an ion front to which corresponds a strong peak in the electric field, followed by a
constant and lower electric field.

Laterally, the sheath density profile has a bell-shaped (Gaussian-type) density iso-
contour. Ions are accelerated normally to that contour. A Gaussian contour has an
inflection point at a certain radius where slope is highest, i. e. the normal vector to the
contour is most turned outwards. Therefore, the ions accelerated there have the highest
divergence angle. Therefore, the proton beam impinging on a detector leaves a signal
that resembles a filled circle with a sharp periphery. Since the ion energy decreases from
the center, this means that ions accelerated from the center (highest energies) are at the
center of the beam, ions accelerated further outward around the inflection point (medium
energies) are most divergent, and ions from the outermost areas (low energy) are more
collimated again. This also contributes to the energy spread in the ion spectrum [135].

lon beam properties

The ion energy is typically

2
E.TNSA:ZeS/\D ~ ZkpT, %ZmiCQ 1+E_1 . (2'82)

ons 2

. -1
The cutoff energy [Eq. (2.79)] can be approximated for ¢ > w,; to

+ 2
ETNSA & 97k pT, [m (2“%)] , (2.83)

and the acceleration time can be taken as tq. ~ 2.5 (77 + 60fs) with the laser pulse

duration 77. This means ELNSA ~ Zm;c?a2/2 for ag Z 1, but more interestingly for
high intensities, we have E&ESSA ~ Zm;c®ag and therefore the energy scales linearly

with the square root of the laser intensity: EiTOESSA x ag « v/I. In order to increase

the laser intensity, either the laser energy has to be increased or the focal spot size has
to be decreased. Simply compressing the pulse to shortest durations reduces the cutoff
[Eq. (2.83)]. Therefore, highest ion energies are observed with Nd:glass lasers, rather
than Ti:sapphire system [11].

The ion energy does not depend on the target density [114]. Therefore, broadband
TNSA spectra can be observed at densities ranging from solid density (hundreds of
ne) [116] to some percent of n. [116].
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The ions are quite directional because the accelerating field is oriented normally to the
(typically flat) target surface. The angular divergence ranges from some degrees to 60°
and depends on the energy: The most energetic ions, which are accelerated in the center
of the target, have the smallest divergence (envelope angle) and the lowest energy ions
have the largest divergence angle. The accelerated protons are quite laminar, i. e. they
spread during propagation through vacuum as if they originated from a point source in
front of the target. As they are deflected by electric and magnetic fields, they can be
easily used as a diagnostic to probe an object, such as the TNSA plasma’s electric field
itself (see below) [1417].

For high-contrast, p-polarized laser pulses at oblique incidence, TNSA acceleration
has also been observed at the target front side. This is possible because when laser
is absorbed on the front side by the Brunel mechanism (Sec. 2.2.2), the electrons are
dragged out of the target before being pushed back. Therefore, there is a negative charge
with an accompanying electrostatic field on the front side that accelerates ions. The
spectra are broadband. With low contrast pulses, no acceleration is observed because
the density gradient is too smooth to permit the emergence of a strong electric field [135].

Optimization

The most obvious advantage of TNSA is the technological simplicity: It is simple to
realize at a < 10Hz repetition rate with a table-top high-intensity laser and a solid
target, in contrast to RPA of thin foils, which needs a high contrast, and CSA, which
needs a near-critical target. Ironically, the use of solid targets makes TNSA much less
desirable once it comes to technical applications: The debris contaminates the target
chamber and can damage the optics.

Since basically, hydrocarbon impurities are accelerated, it is difficult to generate a pure
beam of one ion species only, e. g., a pure proton beam. It is, however, possible to steer
the process into accelerating rather heavy ion species. This can be achieved by resistively
heating the target to around 1300 K using electric heating prior to irradiation [148, l.
This can reduce the proton flux by two orders of magnitude [150], so that heavier ion
acceleration dominates over proton acceleration. However, even with this techniques,
TNSA accelerates several ion species.

It should be noted that the energy spread can be reduced by evaporating most of the
contaminants, down to a narrow layer, off the target rear surface by heating the target
before irradiation. In this case, the lighter ions are all accelerated by the same field,
giving rise to a monoenergetic spectrum. Due to the sharp peak of the electric field on
the target rear, however, this works only if the contaminant layer is evaporated down
to an atomic monolayer. This reduces the number of accelerated ions significantly [151].
Similarly, the use of a target with a proton-rich microdot allows to confine the acceler-
ation laterally, so that the electric field is more or less constant. This also reduces the
accelerated ions’ bandwidth, again at the expense of the particle flux [134].

In order to obtain a pure proton beam albeit with a broadband spectrum, an overdense
Hydrogen target can be created using a cryogenic jet [152].

However, the main drawback of TNSA from foils is arguably the high energy spread,
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making, e. g., medical applications difficult: Targeted deposition of energy at the Bragg
peak is possible only if the ions are sufficiently monoenergetic. In addition, the scaling
of the cutoff energy with the laser intensity being EE,Q’SSA o VI does not give rise to the
prospect of increasing the energy by much with future laser facilities.

2.4.2. Radiation pressure based mechanisms

A laser pulse with an intensity I impinging on an overcritical target does not only heat
the electrons on the target surface, as described in Sec. 2.2.2, but the ponderomotive
force also induces a secular motion on the particles, due to the first term in Eq. (2.62).
This force’s density is also — analogously to the high energy density physics literature’s
terminology, e. g. DRAKE [153] — referred to as radiation pressure

Prog= (14 R— T)é | (2.84)
Here R is the reflection coefficient, and T is the transmission coefficient, which depend on
the refractive index and the vacuum wavelength of the beam. More precisely, the radia-
tion pressure is the energy density that corresponds to the oscillation of critically dense
electrons in the laser field with the ponderomotive potential I/(2cn.). It is, therefore,
proportional to a%.

Since the ion inertia is much higher than that of the electrons (1836 times in the case
of Hydrogen), mostly the electrons move [13]. The electrons are displaced by around
a Debye length [Eq. (2.55)], which is the electron thermal velocity v, divided by the

plasma electron frequency wy.,

Ap= ¢ &yl n (2.85)
Wpe wo Te

where the thermal electrons are approximated as relativistic v, = c¢. Therefore, the
Debye length is on the order of the laser wavelength A. The electrostatic potential
induced by this charge separation is balanced by the ponderomotive potential. This
determines the number of displaced electrons. The electric field drags the ions behind
the electrons. Therefore, the critical surface of the plasma is moved in the direction of
the ponderomotive force at the piston (or hole-boring) velocity vy p. [125]. Considering
the radiation pressure acting on the critical surface of the plasma (in a relativistically
comoving reference frame), one can equate the light pressure in this reference frame to

the ion pressure,
211 —vgR

(1+ UR)?il N = nimiU%]B’Y}%{B (2.86)
where vip == (1 — vgp2/c?)~"/2. One can conclude [13] that the hole boring velocity is
VHB u

= 2.87

& 14w ( )
with

1 mene I A2
I 2.88
T 2@ \/1.4 x 1014 W /cm? (1 um) (2:88)
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where m, and m; are electron and ion mass, respectively, n; is the ion density, n. is
the critical density at the laser wavelength. The non-relativistic (vgp < ¢) limit of
Eq. (2.87) is that already obtained by KRUER [154] and WILKS [66]:

nonrelativ.

UHEB = T+, ) 2l 4 (2.89)

C Qmmi

For example, shooting with an Nd:glass laser onto a near-critical (n; = 1 n.) Hydrogen
plasma target at an intensity of 102° W/cm?, the hole boring velocity would be 12 % of
the speed of light in vacuum.

Since this velocity is high for high ag and low plasma density, these acceleration mech-
anisms are favored by a slightly overcritical target and high laser intensity. These mech-
anisms dominate if electron heating is suppressed, i. e. for a circularly polarized laser
beam at normal incidence.

Hole boring acceleration (HBA)

Due to the charge separation (ions being dragged by the electrons), there is a strong
electric field at the moving critical surface. Ions, which are initially at rest behind

the moving critical surface are reflected and have a velocity of vIBA = 2uyp. This
mechanism is also referred to as sweeping acceleration [155], the hole boring regime
of radiation pressure acceleration, laser piston acceleration [156], or simply front side
acceleration [129]. The energy is then
HBA 2 U
EiOIlS = Qmpc m . (290)
Since EHBA oc (vHBA)2 o T /n; the scaling with the laser intensity is more favorable than

in the case of TNSA. Since the energy is higher for low densities and the process works
only for overcritical targets, near-critical targets are needed for HBA to dominate [114].
The laser intensity should be higher than 10! W/cm? for the process to dominate over
TNSA [157].

Radiation pressure acceleration (RPA) of thin foils

If laser intensity, target thickness, and density are chosen so that the force exerted by
the radiation pressure is identical to the restoring force given by the charge separation
field, then the whole target under the focus propagates ballistically. It gains energy
continuously from the laser field, and all particle species are accelerated to the same final
energy [158]. This mechanism is also referred to as light sail regime of RPA [159, 160],
and, unfortunately, also the laser piston regime [161], which adds to the risk of confusion
with HBA. However, it differs qualitatively from HBA, where the light pressure acts only
on the surface.
The energy of the accelerated ions scales with the laser intensity as

F2
ERPA — L (2.91)

ions ? Q(FL‘i‘l)’
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where Fy, := 2 [ I(t)dt/(n;lc?) is proportional to the laser fluence, which depends, for
constant pulse duration, linearly on the intensity so that E%Eﬁ o ag for low ag, and
ERPA o a2 for the ultra-relativistic case (ag > 1) [162].

These conditions are experimentally challenging. In order for the target density to
remain thin, a high contrast is necessary. Heating of the electrons at the target surface
(Sec. 2.2.2) must be avoided since this would lead to a high contribution of TNSA. In
experiments [158, , ], the laser pulse is chosen to be at circular polarization (thus,
j X B heating is quenched) and at normal incidence (this avoids resonance absorption
and Brunel heating). This is, however, difficult to realize practically because the laser
finite laser spot size, leads to the target being bent inwards. Therefore, the pulse is not
perfectly perpendicular on the target surface everywhere, and the Brunel mechanism still
heats electrons [163]. Therefore, TNSA was always present in the experiments, causing a
small monoenergetic feature on a mostly broadband ion spectrum. Mass-limited targets
have been studied in theory and could limit target deformation, but the part of the laser
pulse that overtakes the target also accelerates electrons [165].

Although a high laser intensity is desirable, the onset of relativistic transparency makes
RPA inefficient for l

e

ap > ﬂ-nc 3 (2.92)
with the foil thickness I. Once the target is relativistically transparent, the laser field
removes electrons from the foil. The repulsive electrostatic force between the ions would
then lead to a Couloumb explosion. Therefore, both high target density and high laser
intensity are desirable for the light sail regime [13]. With current CPA systems, a plasma
mirror is needed to achieve a high contrast and avoid backreflection of the laser pulse
into the laser chain. A target with thickness on the order of the micrometer or below
cannot be readily created with a gas or liquid jet, but typically requires the use of solid
targets. Both limits the achievable repetition rate.

2.4.3. Collisionless shock acceleration (CSA)

Another way to generate a strong electrostatic field in a plasma, suitable for ion ac-
celeration, is by producing an electrostatic shock wave in a plasma. Below, first the
properties of these shocks are discussed. Then, two ways of generating these shocks are
pointed out: Shock generation in a near-critical plasma at the front surface, and shock
generation in a density downramp at the rear of a low-density plasma. Finally, prior
experimental results are discussed.

Shock properties

Collisional shock waves are a well-known phenomenon in neutral and charged fluids.
They are usually defined as a traveling discontinuity of the flow variables in the fluid
equations, which are valid if the flow features are larger than the mean free path: L >
AumrF = 5, where v is the velocity of a given species and v is the relevant collision
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FIG. 2.3.: Schematic representation of a shock between upstream low-density (0) and
downstream high-density (1) region.

frequency. In this case, the interaction between particles is provided by collisions. In a
plasma, an ion shock wave is accompanied by an electric field with a potential ¢ because
the thermal electrons from the high-density region form a sheath beyond the shock,
resulting in a charge separation.

In the following, the plasma is modeled as a fluid. It is assumed that the electrons are
Boltzmann-distributed,

ne = nege &/ Te | (2.93)

that there is no magnetic field (B = 0), and the ion pressure is negligible p; = 0. Fur-
thermore, we consider, in 1D, the stationary state that establishes if the ions move at
constant velocity (here referred to as piston velocity v,) in a part of the domain (down-
stream, x < vgpt) towards the other domain, where they are at rest in the laboratory
frame (upstream, = > vg,t). In this situation, one expects a shock-like behavior at a
boundary moving (in the laboratory frame) with a velocity v, > vy, i. e. the discon-
tinuity travels through the medium as a shock wave. The following considerations are
done in the frame boosted with vy, (the shock frame), in which all waves are assumed
stationary. Therefore

0

=0 (2.04)
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2.4. Laser-based ion acceleration

and
0

aui =0. (2.95)
As will be shown, two types of solutions are to be found: In the absence of dissipative
effects (a strongly idealized case), the wave will be a soliton, i. e. at a point in the
plasma, the ion density will rise once and come back to the previous level just once,
whereas the soliton wave will not loose energy. In the presence of dissipation, the wave
will be a shock, i. e. the ion density will rise suddenly and then oscillate around a value
that is globally higher than the initial value. Especially, the reflection, i. e. acceleration
of ions on the shock is a dissipative effect that can turn a soliton into a shock. Therefore
ion acceleration is the reason for the shock formation as well as the shock is, in turn,
the reason for the ion acceleration.

Solitons Under the conditions mentioned above, Eq. (2.8) becomes 0/0z(n;u;) = 0.
Since in the shock frame, ions are coming at the velocity —vg, from upstream (z — o00),
one can use this boundary value:

7’08}1 . (296)

n;u; =
Similarly, Eq. (2.9) becomes u;0/0zu; = —Ze/(m;)0/0z®, and gauging the electrostatic
potential to ® = 0 for x — oo, one obtains

%u% + Zed = %vgh . (2.97)

Inserting Eq. (2.97) into Eq. (2.96) yields

no Zed\ /2
n; = 7Ush (,Ugh -2 m; > > (298)

which, quite obviously, gives a real value only if the radicand is non-negative, mivgh >
Ze®. This means that the incoming background ions must be fast enough to overcome
the electrostatic field, i. e. they are not reflected.

One can introduce new units by expressing the position in terms of the Debye length
(& :=x/Ap), the potential in terms of the thermal energy (¢ := i®/T,), and the shock
velocity using its Mach number (M, := vsh/cs). Using Eq. (2.98), the Poisson equation
[Eq. (2.12)] becomes

d>¢ My,
—o® _ sh (2.99)
5 =€ . .
T
Multiplying with d¢/d¢ and integrating,
0= 1 (d¢>2+U iton (®) (2.100)
- 2 df soliton .
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2. Laser-plasma interaction with gaseous targets

where the definition

Usotiton(¢) := — (e¢ + Mgp/ M2, — 26+ 1 + M§h> (2.101)

was used for clarity. The reason why this is called Usiton, Will be given below. Before,
a useful analogy should be pointed out. Although the physical meaning is very much
different, Eq. (2.99) is formally identical to the equation of motion for a point mass in a
potential, as can be clearly seen from Eq. (2.100). In this analogy, ®(&) is the particle
trajectory (i. e. pseudo-position),  the pseudo-time, and U(¢) the pseudo-potential,
also referred to in the literature as SAGDEEV potential.

With the initial conditions as pointed out before, the shock Mach number M remains
to be determined. However, the general shape of the curve and a range of possible Mach
numbers can be given. The criterion for a non-negative radicand in Eq. (2.98), as

mentioned above, fixes a maximum electrostatic potential ¢ < M s2h /2 =: ¢¢r (critical
electrostatic potential) for a given incoming ion velocity. Since

d

digf)Uso“ton(('b = 0) = 07 (2102)
and, as chosen, Usyiton(0) = 0, the Sagdeev potential must have a well-like shape

Usotiton (¢ £ 0) < 0 and Usgiiton(¢er) > 0. Therefore, there must be a potential ¢,
for which Usopiton (¢er) = 0.
A lower limit for the Mach number is given by

—h2 1
Usoliton(¢ > 0) ~ 7¢ (1 - M2> <0, (2.103)
sh

so that the shock must be supersonic (Mg, > 1). An upper limit is given by
2
Usotiton(¢ = der = M2, /2) = Mn/2 — M2 —1 >0 (2.104)

so that Mg, < 1.58--- = 1.6.
One can consider three possible cases for a solution, i. e. a potential (pseudo-trajectory)
that starts at ¢ = 0:

Soliton: In the absence of dissipative effects, it rises until ¢,, and then bounces back
until it is at ¢ = 0 again. This is a soliton as there is only a single oscillation.

Shock from dissipation: The potential ¢ rises until ¢,, and bounces back. In the case of
dissipative effects, it will not reach ¢ = 0 with a Sagdeev potential U(¢) = 0, but
will oscillate in the Sagdeev potential well, further dissipate until the oscillation
amplitude reaches zero. This scenario is to be ruled out as there are no collisions.

Shock from other processes: The ¢ rises until ¢,,. By the time it is there, the Sagdeev
potential has been risen by some other process, which, again prevents the pseudo-
trajectory / electrostatic potential ¢ from coming back to zero. It will keep oscil-
lating until there is no further dissipation. A process that can change the potential
is ion reflection on the shock.
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2.4. Laser-based ion acceleration

Shocks If one changes slightly the boundary conditions by assuming that a small frac-
tion of the ions is reflected on the shock, this induces the minor change in the potential
necessary to obtain a shock rather than a soliton. Assuming the background ions have

a velocity distribution
vt+vgp

fi = foe i (2.105)

then the function

F(®) := fi(v)dv (2.106)

/(v+vsh)2<2Ze<I>/mi '
is the number of ions that are reflected at a place where the potential has the value ®.
For x — oo, ® = 0, and F(® = 0) is the total number of ions that are reflected anywhere
up to the shock as for them (v + vg)? < 2Ze®/m;.

The boundary conditions change as follows: Since there are more ions upstream,
no — no(1+ F(0)) and nyu; = —novsp /Z — —novsy/Zng(1+ F(0)) for £ — oo. As there
are less ions downstream, ng — no(1 — F£(0)) for z — —oc.

The Poisson equation then reads:

2 [(1 — F(0))e? — MSh(l_F(O))} for £ <0 (downstream)
P _ VM2 (2.107)

Fr _
dg {(1 + F(0))e? — % - 2F(¢))] for £€>0 (upstream)
where the right hand side is the relevant Sagdeev potential and the extra term —2F(0)
represents the reflected ions. In a plasma, reflection of ions dominates over collisions as
a dissipation mechanism as the shock thickness is much smaller than the mean free path
[166].

In contrast to this analytic result, PIC simulations have shown that Mach numbers
between 1 and 6.5 can exist in this regime, and that the shock forms typically in
(2...10) x 27wy, [167, 168], where wp; = \/Zme/miwpe is the ion oscillation frequency
in the unperturbed plasma.

Shock generation on the front side of a near-critical target

So far, it was assumed that in one zone of the plasma (the downstream zone), ions are
moving with the piston velocity v, > ¢, whereas they are at rest beyond the shock.
This condition, necessary for a shock to form, can be achieved if the incident light
pressure on an overdense bulk target is high enough. This means that the hole boring
velocity is above the ion sound speed c¢s = \/ZkpT./m;, i. e. the piston Mach number
Myp = UHB/Cs > 1.

The Mach number M = vy, /cs of the shock, can be estimated [166]: Since the shock
velocity is higher than the hole boring (piston) velocity but on the same order, one can
approximate the shock velocity with the hole boring velocity: wvg, ~ vgp. Using the
non-relativistic expression in Eq. (2.89), this means

kBT,

m;

1
M — aov/T T Taps §%E (2.108)

mg 1y
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2. Laser-plasma interaction with gaseous targets

The hot electron temperature can be estimated at kg7, = 0.8agm.c? (Wilks scaling with
ap > 1), so that

1 n.
M= " 2.1
047m; 0 (2.109)

a M oc TVANY/ 27%_ 1/2 scaling which shows that high laser intensities and low densities
are desirable.

Still in a 1D slab geometry (semi-infinite plasmas) approximation, the accelerated ions
gain a velocity, according to Fruza et al. [169],

/
CSA _ Vs T V0
ions = ;W (2.110)
+ —cz
where M
= (2.111)
1+ M?2%
More realistically, a shock can be modeled in 3D [170], also given in STOCKEM-NOVO
et al. [114] from the theory for three-dimensional shocks [171]. Here, k is the adiabatic

exponent (e. g. 5/3 for a monoatomic gas in 3D) and vy p is the relativistic gamma
factor for the hole boring velocity. The jump condition for the density ratio behind /

before the shock is
ny  kymp+1l k41

ng, k-1 T k-1

(2.112)

where the approximation holds for non-relativistic piston velocity, and a shock velocity

2
veh (mHBJrl)\/VHBi—l Qo | ne Zme(lJr,{) (2.113)

c 1+7HB+I€(’Y%{B—1) D) 2np m;

where, again, the approximation holds for the nonrelativistic limit ygp ~ 1 and the
piston velocity is calculated with Eq. (2.89).

Shock generation in an undercritical downramp profile

A shock can also form in an undercritical plasma in a density downramp, i. e. usually
at the rear side of a gas jet or exploded foil target. This regime is also referred to
as low-density CSA (LDCSA). It is a two-step process [172]: First, an ion wave is
started in a zone where strong magnetic fields are present [131]. When the bunch of
expanding ions enters a low-density zone with strongly decreased magnetic field, the
ions overtake slower ions from that zone, and an electrostatic shock forms. This scenario
has been investigated in PIC simulations for initially near-critical but relativistically
underdense plasmas where no shock forms at the surface [173]. PIC simulations with
8 % n. plasmas [174] have explained peaked spectra from exploded foils [55]. Since both
sheath-acceleration and shock acceleration occurred at the target rear side, the spectrum
was broadband with a peak [55].

o8



2.4. Laser-based ion acceleration

Prior experiments

Since the standard CSA regime can happen in a bulk target (opposed to a thin foil),
pulsed gas jet targets can be used, eliminating the disadvantages of solid targets men-
tioned above. Therefore, CSA has first been observed [1, 24, ] with carbon dioxide
(CO2) lasers [176] with a wavelength of 10000nm, for which the critical density is
1.1 x 10" cm™3. These jets can be generated by applying a backing pressure of some
tens of bars to a supersonic Laval type nozzle with a Mach number around 4 [60]. This
can be done with a standard pressure regulator, reducing the pressure of up to 200 bar
that is typical of commercial gas cylinders.

For instance, from an experiment with the ATF laser (Brookhaven National Labo-
ratory, USA), PALMER et al. [24] report a highest flux of 3 x 102 particles/MeV /sr at
0.6 MeV peak energy for a target with a density of n./n. = 6 and a length of 800 ym and
a laser field strength ag ~ 0.5. They report the highest peak ion energy of 1.1 MeV on
a shot with a slightly higher intensity but the same gas density. In this experiment, the
COg system produced a pulse train (6 ps duration pulses, separated by 25 ps delays), so
it is not clear if the first pulse, interacting with the unperturbed target, or subsequent
pulses are responsible for acceleration.

A follow-up experiment was done with the same facility (TRESCA et al. [175]), but
then with a single pulse, preceded by a prepulse whose energy and delay were controlled.
The prepulse created a blast wave with a localized zone of a gas density of 6n, in the
Helium jet, and the main pulse accelerated 1 x 10° particles/MeV /sr Helium ions to a
peak energy of 1.4 MeV.

In an experiment at the NEPTUNE COgq laser (UCLA, Los Angeles, USA), HABER-
BERGER et al. report proton acceleration from a Hydrogen gas jet at 2n. density,
with a laser intensity of ag = 2.1. Quasi-monoenergetic protons were observed in
the forward direction, with a peak energy at 18 MeV, but at a remarkably low flux
of 107 particles/MeV /sr.

These experiments show that with the facilities available with an ag up to 3, it is
possible to accelerate ions from near-critical targets to energies in excess of 10 MeV, but
realizing only a very low particle flux. Increasing the density allows to accelerate more
particles but limits the energy. In order to further increase the energy, a higher laser
field strength parameter is necessary, as shown in PIC simulations [4].

Lasers in the near infrared, such as Neodymium-doped glass (Nd:glass) lasers and
Titanium-doped sapphire (Ti:sapphire) lasers, can reach higher intensities by up to four
orders of magnitude with current facilities. As the vector potential scales with VINZ,
even with a ten times smaller wavelength, this corresponds to a ten times higher ag. Fu-
ture facilities currently under construction will allow an ag > 200. The critical densities
of these lasers are much higher (1.7 x 102! cm ™3 for Ti:sapphire and 1.1 x 10?! em ™2 for
Nd:glass) than that for a COs laser (7 x 10’ cm™3). One the one hand, this is arguably
beneficial for the particle flux as it increases the number of particles in the focal spot
volume, but on the other hand, these densities are more difficult to produce experimen-
tally. A possibility is to increase the backing pressure on a supersonic nozzle using a
compressor. Neither compressors nor fast (millisecond response time) valves that can
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2. Laser-plasma interaction with gaseous targets

operate at high pressures are standard laboratory equipment, and the high gas load in
the chamber reduces the repetition rate. However, engineered solutions exist as even
continuous gas jet operation in vacuum chambers is possible [(1].

2.4.4. Magpnetic vortex acceleration (MVA)

If the target is relativistically transparent for the laser pulse, i. e. ne < yn., the pulse can
propagate in the target and form a channel of lower electron density. For a target longer
(L > c7) than the laser pulse duration 7, electrons are both expelled ponderomotively
into transversal direction and accelerated into the laser direction. Meanwhile, the laser
pulse is depleted, i. e. the energy is reduced, the frequency decreases and the amplitude
of the vector potential ag increases [177]. The comoving electrons then generate a circular
magnetic field (magnetic vortex) in the target, around the channel. Defining the elec-
tron canonical momentum P := p — eA (with the classical momentum p and the vector
potential A), the vorticity is then & = V x P. This vortex follows the laser pulse [113].
The magnetic field strength can be calculated [175] as By = —pgenic®\/7 /wper, where

vy =4/1+ a%/Z, and wper = /n1e?/mep is the plasma electron frequency to the maxi-
mum electron density n; in the target. It is of some hundreds of megaGauss, or tens of
kiloTeslas [115]. This corresponds to a magnetic pressure of pg = B2?/(2/ug) of some
hundreds of megabars. The lateral size of the vortex is approximately equal to the
collisionless skin depth I =~ ¢,/7/wpe1.

At the rear side of the target, where the density decreases from njy to ns, the vortex
moves downramp. It expands both in forward direction, where the density decreases,
and in lateral direction, where the V x ) force acts on the vortex [179], and the magnetic
field is reduced because €2/n is conserved (Ertel’s theorem). Therefore, the magnetic
field can be estimated as By = Bi(n1 + n2)/2n1 [113]. Upon the increase in size of the
vortex, an ion filament forms that reaches into the vortex, and a sharp peak of the ion
density occurs in the vortex. The volume in front of this peak does not contain any ions,
but a considerable number of electrons moved forward by the magnetic vortex. These
electrons generate a strong electrostatic field that accelerates ions.

The ion velocity is given by the velocity of the moving vortex, which is in turn given
by the Alfven velocity vq = Ba/y/poAmyna/Z, with the ion charge Z, ion mass number
A, proton mass my, and vacuum permeability po. Including a relativistic correction, the
final ion energy per nucleon (in the laboratory frame) can be approximated (for ny > no
and ag > 1) as [117]

Eionsuva (Z) meao 1 (2.114)

A Z 2\/5 TLQ.

It should be noted that the scaling of the ion energy with the laser field strength parame-
ter is not more favorable than that of TNSA (which is also Ejons o ag). The dependence
on the density is a bit more subtle: The density must decrease fast enough at the target
rear for the vortex to increase in size significantly. However, with too steep a gradient
the vortex has not enough time to grow fast enough. From simulations, a decrease by a
factor of eight over a length equal to the pulse length has been found to be a sensible
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choice. This means that the gradient layer size should be in the range of tens of mi-
crons [115]. This is the case rather for clustered gas and foam targets rather than for
gas jets.

This mechanism looks similar to laser wakefield electron acceleration (LWFA) in the
bubble regime [180, |, which is observed at densities of typically n. < 1%n.. There,
electrons are also accelerated in the laser direction, leading as well to magnetic vortex
formation [1582]. However, in that LWFA regime only the electrons are expelled by the
ponderomotive force, but the magnetic vortex does neither expel the ions nor generate
an ion filament in the target. In MVA, however, the vortex is generated behind the laser
pulse and acts on both electrons and ions.
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3. Experimental methods

This chapter reviews the techniques needed to investigate plasma-based laser amplifica-
tion and particle acceleration with intermediate density targets:

First, one or more laser pulses have to be generated by a high-power laser facility
(Sec. 3.1).

Second, these pulses then have to interact with a plasma, generated from initially
neutral matter. As pointed out in Sec. 1.3, gas jets have been chosen to do this as their
densities are in the desired range, and because they are easily accessible for beams and
diagnostics. Section 3.2 reviews both the basic properties and the characterization of
these gas jet targets. A simple model is given to predict the gas density in the jet for a
given nozzle geometry and backing pressure.

Third, the neutral gas has to be ionized, and — in the case of the SBS amplification
experiments — the thus created plasma has to be preheated to have both the density
and the temperature needed to allow for parametric processes to happen without be-
ing hampered by collisional absorption. Pre-ionization and preheating are achieved by
prepulses.

For the experiments discussed in Chap. 4 to 6, all the gas jet targets have been char-
acterized. The results of these measurements are summarized in Sec. 3.3. An estimation
of the temperature is also given.

Finally, Sec. 3.4 describes the diagnostics used to investigate the properties of the
emitted radiation and particles.

3.1. High-power laser facilities

The experiments have been carried out at three different laser facilities, according to the
parameters needed: Due to the need for high energy for the CSA experiment (Chap. 4),
this was done at the TITAN Nd:glass laser (Sec. 3.1.1). The investigation of Brillouin
backscattering with ultrashort pulses (Chap. 5) needed a three-beam Ti:sapphire facility,
therefore the ARCTURUS laser (Sec. 3.1.2) was used. As it turned out, the optimal laser
conditions (spectrum, duration, chirp) were closer to those available from an Nd:glass
system. Therefore, efficient SBS amplification (Chap. 6) was investigated at the ELFIE
laser facility (Sec. 3.1.3).

3.1.1. The TITAN laser facility

The TITAN laser at the Jupiter Laser facility (JLF) of the Lawrence Livermore National
Laboratory (LLNL) in Livermore/CA (USA) is a flash lamp pumped Nd:glass laser.

This user facility provides two main beam lines and a probe beam line:
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o a short pulse (700fs, 150J) at low repetition rate (1 shot every 30 minutes),
 a long pulse (350 ps, 800J) at low repetition rate (1 shot every 20 minutes), and

o a probe pulse, generated from a leakage of the short pulse (same duration), with
energies in the millijoule range.

3.1.2. The ARCTURUS laser facility

to probe

FIG. 3.1.: ARCTURUS laser facility. Front-end and first amplifier section. MP: Multi-
pass amplifier. XPW: Cross-polarized wave generation. PC: Pockels cell. AC: Amplifier
chain.

The ARCTURUS (the brightest star in the northern hemisphere) laser facility is a multi-
beam laser facility at ILPP (Dtsseldorf, Germany) [183]. It is designed to deliver pulses
with energies of 2 J compressed of 30 fs, as well as uncompressed pulses with energies up
to 3J and durations in 600 ps. It is an upgraded version of a commercial Pulsar laser
system (Amplitude, Evry, France)
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13, 7ns, 6x253J,7ns,
532 nm, 10 Hz 532 nm, 10 Hz
Pump laser Pump lasers

50 mJ 300 mJ 2]
AC 1 600 ps 600 ps 600 ps 30fs » Exp.
10 Hz 10 Hz 10 Hz 10 Hz
13,7 ns, 6x25J,7ns,
532 nm, 10 Hz 532 nm, 10 Hz
Pump laser Pump lasers
50 mJ 300 mJ 2]
AC 2 600 ps 600 ps 600 ps 30fs ~ Exp.
10 Hz 10 Hz 10 Hz 10 Hz
<70 mJ 13 mJ
Probe 600 ps 30 fs Exp.
10 Hz 10 Hz

FIG. 3.2.: ARCTURUS laser facility. Main amplifiers. MP: Multipass amplifier. HWP:
Half-wave plate. Exp.: Experiment.

Laser chain

The laser chain starts with a commercial oscillator (Synergy, Femtosource, Vienna, Aus-
tria), pumped by a 4 W, 532 nm diode-pumped solid state continuous-wave (CW) laser.
The oscillator delivers pulses with an energy of 5nJ and a bandwidth of 60 nm, centered
at 800 nm.

The femtosecond pulse is then pre-amplified to the microjoule level by a 14-pass ring
amplifier (booster), followed by a saturable absorber to obtain a high contrast. The pulse
is then stretched to 600 ps by an Offner type stretcher and amplified to the millijoule
level by a regenerative amplifier (Regen) and a multipass amplifier (MP). This design,
using a preamplifier, allows for a low amplification ratio in the Regen, which reduces the
amplified spontaneous emission (ASE), i. e. improves the pulse contrast.

The contrast is then further optimized by taking advantage of cross-polarized wave
generation (XPW), a parametric process: The beam is compressed and focused onto the
entrance of a hollow-core fiber which serves as a spatial filter. The outgoing beam is
divergent and almost perfectly Gaussian. It is sent into a nonlinear crystal, where its
energy is converted into a wave at the same frequency, in forward direction, at orthog-
onal polarization, whose intensity is proportional to the cube of the incoming intensity.
Subsequently, a polarizer removes the residual beam at the original polarization. The
XPW process increases the contrast and broadens the pulse spectrum [184].

Afterwards, the output pulse is stretched again. After a second regenerative ampli-
fier and two more multipass amplifiers, three replica of the beam (B1, B2, probe) are
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generated using beam splitters (Fig. 3.1). The probe is compressed using a grating com-
pressor and can be used for an experiment. The main pulses (Bl and B2) are sent into
two identical main amplifier chains. Each chain contains two multipass amplifiers, which
amplify the beam to up to 5J and a grating compressor, where a duration of 30fs can
be reached (Fig. 3.2). Due to the short pulse duration and therefore the high intensity
already in the near field, all the beams, even the probe, have to be kept under vacuum
after compression.

Each of the main beamlines is equipped with a plasma mirror. The plasma mirror is
a plasma-based fast optical switch: An off-axis parabola (OAP) focuses the pulse onto
an anti-reflection coated glass slab that transmits (i. e. discards) the prepulses at low
power. Only the main pulse’s leading edge creates an overcritical plasma on the glass
surface which reflects the remainder of the pulse. The plasma’s critical surface is flat
and smooth enough for the reflected pulse to be collimated again by another OAP. In
practice, the glass slab is not situated at the actual focus but defocused to reduce the
intensity enough to create the plasma only with the leading edge of the main pulse [25].

The laser basically consists of two CPA systems, pumped with frequency doubled
lamp-pumped Nd:YAG lasers at 532nm. At first glance, it is a highly complex system:
The ultrashort pulse, which is at the microjoule level before stretching, goes through the
first CPA amplifier chain and the XPW and is still at the microjoule level afterwards.
Only the second CPA system amplifies the pulse to the energy needed in the experiment.
The purpose of the front-end section up to the XPW, however, is to inject a low-energy
pulse at very high contrast and optimal spectral phase into the amplifier chain.

Pulse shaping

Directly after both stretchers, the chirped pulse goes through an acousto-optic pro-
grammable dispersive filter (AOPDF), also referred to by its commercial name as a
Dazzler [185]: The pulse propagates through a uniaxial birefringent crystal onto which
an acoustic wave is applied externally. This external acoustic wave is made to propagate
into the same direction as the laser and its frequency changes with time (basically, it
is chirped itself). The incoming pulse’s propagation and polarization direction are per-
pendicular to the crystal’s optic axis, i. e. the incoming pulse is an ordinary wave. Due
to the presence of the acoustic wave, the laser pulse is diffracted into an extraordinary
wave. For each laser frequency component, this happens only when the laser encoun-
ters a phase-matched spatial frequency from the acoustic wave. The point along the
propagation direction where this happens is controlled by shaping the acoustic wave. As
the propagation velocities in a birefringent crystal are different for the ordinary and the
extraordinary beam, the Dazzler induces a different delay for each spectral component
(spectral phase shaping). As the diffraction efficiency depends on the acoustic signal
amplitude, the relative intensity of each spectral component can be individually modi-
fied (spectral amplitude shaping). This only works because the pulse is chirped. This
procedure allows to shape the spectral phase and amplitude to minimize gain narrowing
afterwards.

The second regenerative amplifier is equipped with an acousto-optic programmable
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gain filter (AOPGF), also referred to by its commercial name as a Mazzler. It is basically
a Dazzler put into the Regen’s cavity. Here, it shapes the spectral amplitude and phase
of the cavity losses.

Output

The system can shoot at a repetition rate of 10 Hz at full energy. One can obtain two
short pulses (> 30fs, < 2J on target) and a probe pulse (> 30fs, < 13mJ on target).

If necessary, the energies of the main beams can be reduced by switching off some of the
pump lasers. For the probe beam, there is an energy regulation setup: In the beamline,
before the compressor, the linarly polarized beam is split into two by a polarizing beam
splitter. One of these beams continues its path into the compressor. A half-wave plate
(HWP, Fig. 3.2) directly before the polarizing beam splitter allows to turn the incoming
polarization and therefore to control the energy fraction that goes into the compressor.
The rejected beam is sent onto a calorimeter. This allows to measure the pulse energy
shot-to-shot fluctuations of the laser facility. Since the additional losses after this setup
(in compressor and beamline) are the same for all shots, this value is proportional to
the pulse energy on target. Calibrating this instrument with an energy measurement of
the focused beam in the chamber allows to determine the pulse energy impinging on the
target on every shot, despite the laser fluctuations.

As a facility, ARCTURUS is a small university-scale laser, allowing for the shortest
possible pulses at the Joule level in the near infrared. In terms of energy, however,
the facility is limited. Unlike at most other Ti:sapphire systems, it features two beam-
lines, and therefore, provides two high-energy pulses and a probe that can be optically
timed as they come from the same oscillator. This property, necessary for amplification
experiments, is a unique capability that determined the choice of this facility.

3.1.3. The ELFIE laser facility

The ELFIE (Equipement Laser de Forte Intensité et Energie) laser facility is a multi-beam
laser facility at LULI (Palaiseau, France). It is a Neodymium-doped glass laser. Using a
combination of silicate and phosphate glass amplifiers, pulses with a comparably large
bandwidth (6 nm) around the center wavelength of 1057 nm are amplified. It is designed
to deliver pulses with energies of 12 J compressed down to 450 fs, as well as uncompressed
pulses with energies up to 60J and durations in 450 ps.

As usual for a large CPA system, initially weak pulses with a wide spectrum are
generated by an oscillator, stretched to long duration and then amplified by several
stages. Upon amplification, they forcibly lose a bit of their bandwidth by gain narrowing,
so that the final duration of the amplified pulses is higher than their initial duration
when they leave the oscillator. In order to retain a 6nm spectral width, all of the
Nd:glass amplifiers are a combination of flash-lamp pumped phosphate and silicate glass
amplifiers.
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FIG. 3.3.: ELFIE laser facility: Front end and first amplifier stages. Regen: Regenerative
amplifier. RA: Rod amplifier. HWP: Half-wave plate. PC: Pockels cell. AC: Amplifier
chain.

The front end and the first amplifier stages are shown in Fig. 3.3. The laser chain
starts with a commercial oscillator (Tsunami, Spectra-Physics, Santa Clara/CA, USA),
pumped by a 10 W, 532nm diode-pumped solid state CW laser (Millennia V, Spectra-
Physics, Santa Clara/CA, USA). The oscillator delivers pulses with an energy of 1nJ
and a bandwidth of 12nm, centered at 1057 nm. These pulses are stretched to 450 ps
and pre-amplified to 1.5J by a chain of a laser-pumped regenerative amplifier (Regen)
and two flash lamp pumped rod amplifiers (RA).

At this point, a variable part of the beam is coupled out with a half-wave plate. It
is recompressed using a small grating compressor and can be used as a probe for an
experiment.

The other part is then split into two separate pulses. They are sent into the main
amplifier chains (AC A and AC B), each containing a rod amplifier and a subsequent
disk amplifier, which provides a more homogeneous spatial gain profile. The pulses are
amplified up to 60J. On each chain, a deformable mirror (DM) allows to correct the
phase front of the beam, to have a decent far field profile (Fig. 3.4).

The output of chain A is split again and these two pulses are sent into the two vacuum
compressors and then available to the experiment as short pulses (SP1, SP2). Optionally,
they can be modified after compression (frequency-doubling, change of polarization).
The output of chain B can be used at high energy, without compression (LP).

Between the amplification stages, the beam (near field) diameter is increased in steps
from 2.5mm to 16 mm, then 25 mm, 45 mm, 108 mm, to finally 120 mm between the last
amplifier and the compressor. To this end, lens telescopes are used. Pinholes in the
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intermediary foci control the far field of the beam. Flash lamps are used to pump all the
amplifiers after the regenerative amplifier. As their repetition rate is limited by their
cooling down time, amplified shots can only be done in single shot mode. The shot is
triggered by a mechanical shutter after the regenerative amplifier. Shots with the first
two rod amplifiers can be done once every two minutes, shots at full energy only once
every twenty minutes.

Flash lamp Flash lamp
umped 373, umped 60J
ACA 450 ps » - . 450 ps >l
1/(20min) 1/(20min) to
Switch
Flash lamp Flash lamp yard

umped 373 umped 60 J
ACB 450 ps > . 450 ps >«
1/(20min) 1/(20min)
12 J (1w) 1 4 J 2w)
SP1 - - 400 fs Experiment
1/(20min)
12 J (1w) 1 4 J (2w)
SP2 - - 400 fs Experiment
1/(20min)

60 J
LP 450 ps~ |Experiment
1/(20min)

100 mJ
Probe - 400 fs Experiment
1/(2min)

FIG. 3.4.: ELFIE laser facility: Amplifiers and compressors. AC: Amplifier chain. RA:
Rod amplifier. DA: Disk amplifier. DM: Deformable mirror. FR: Faraday rotator.
HWP: Half-wave plate. SHG: Second-harmonic generation crystal.

As a facility, ELFIE thus provides an intermediate range of energies, situated between
low rep-rate systems (such as LULI2000, TITAN, PHELIX, VULCAN) providing more energy
at a comparable pulse duration, on the one hand, and high rep-rate systems (such as
ARCTURUS, JETI) providing shorter pulses of 30 fs albeit with less energy (in the Joule
range). Unlike at most other systems, it provides three energetic pulses that can be
optically timed as they come from the same oscillator.

Since there are Faraday rotators (FR) as optical isolators after the last amplifiers,
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neither backreflection of the beams on the target nor transmission in a fully counter-
propagating setup is a risk to the amplifiers. The spatial filters after the last amplifiers,
and the length of the propagation distance between amplifiers add to the safety of the
amplifiers.

3.2. Supersonic gas jet targets

The inherent technological problem about having a laser beam interact with a gas is
the need for a spatially confined gas with a suitable density profile. In the experiments
described in the thesis at hand, this was solved by generating a gas jet using a supersonic
nozzle. The use of nozzles to generate gas targets is quite common for laser-plasma
experiments [7, 52, , , —201, —235].  Gas cells are also frequently used
[234, —242], but they have the disadvantage that the access to the target with laser
beams (for preionization, interaction, and probing) is limited. Therefore, gas jet targets
were preferred here because they allow to freely access the target with laser beams from
most directions. The relevant jet properties are reviewed in Sec. 3.2.1. The method for
the 3D ex-situ characterization of the gas jet targets is described in Sec. 3.2.2.

In the gas jet, the plasma was then created either by sending an ionization prepulse
into the gas or from the interaction of the main pulses with the gas.

3.2.1. Gas flow created by a Laval nozzle

A jet is a gas flow emanating from an orifice into a vacuum chamber. For the target to
be confined to a small space at this position, the jet divergence has to be low. This is
best achieved with a supersonic jet because a gas expanded to a supersonic flow has a
low temperature and a low pressure, both giving rise to a slow transversal expansion of
the jet [60].

Core flow in a nozzle A supersonic jet is created using a nozzle, i. e. a duct that
accelerates the flow [243]. A convergent-divergent nozzle (i. e. whose cross-section
decreases up to a throat and then increases again along the mean flow direction) is
referred to as a Laval nozzle (Fig. 3.5) [00]. The precise form of the cross-section can be
designed according to the experimental needs. Axisymmetric and rectangular shapes are
the most common forms as they can be created using turning or milling machines [59,

]. Arbitrary forms can be created using electroerosion [245] or 3D printing. To use a
nozzle in an experiment, a high pressure is applied in the gas reservoir and leads to a flow
into the vacuum chamber. The form of the gas jet depends on the form of the nozzle,
mostly its divergent part. Typical dimensions are throat diameters of 0.1...1mm, and
exit diameters of 0.1...10mm. The pressure in the gas reservoir, referred to as backing
pressure, is typically 1...1000 bar, and the background pressure in the vacuum chamber
is usually around 10~ mbar.
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Reservoir Nozzle Chamber

Inlet values Exit values
Temperature T, Temperature T_< T,
Pressure p, > Pressure p_<p,

Density n,

Density n_<n,
Mach number M, ~ 0

Mach number M_ > 1

FIG. 3.5.: Sketch of a Laval nozzle.

The flow velocity in the Laval nozzle reaches the speed of sound c¢s = \/kkpT/m,, at
the throat. Here, m,, is a gas molecule’s mass and kp is Boltzmann’s constant. The
specific heat ratio (or adiabatic exponent) k := g—"; is the ratio of the heat capacity at
constant pressure C), and the heat capacity at constant volume Cy . It is K = 5/3 for
a monoatomic gas and k = 7/5 for a diatomic gas. By the exit of the nozzle, the gas
velocity v is supersonic with a Mach number M := v/c; of typically M =4...6 [213].
The gas flow can be treated purely hydrodynamically (the space completely filled with
particles) if the characteristic length L of the smallest flow features is large compared to
the gas molecules’ mean free path Ayjp =1/ (\/iﬂr%,n), where 7y is the van der Waals
radius and n is the molecular density (continuum approximation) [246]. This is the case if
L > 103y [247]. For a Laval nozzle and backing pressures of tens of bars, the density
in the nozzle is on the order of n = 102! cm™3. For Hydrogen (ryy = 120pm), then
AyvF = 16 nm, so that the continuum approximation holds for characteristic geometry
sizes down to tens of micrometers. Typically, the throat diameter of a nozzle is > 100 um,
so hydrodynamics is a realistic description.

From 1-dimensional (1D) flow theory, it can be shown that the flow inside the nozzle
(except for the boundary flow close to the walls) is isentropic, i. e. reversibly adiabatic.
Therefore, the gas properties are determined by their initial values (at the inlet) and
one further parameter, which can be the Mach number [215].

For a nozzle cross section F'(z), the following holds for the density 7, the temperature
T, and the static pressure p [60, 219]:

[un

F 1 =1 R4l
0 K — 2 2 Kk—
—=M{1 M -1 3.1
F ( +m+1( )) ’ (3.1)
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FIG. 3.6.: Flow variables in a nozzle, calculated with Egs. (3.1) to (3.4) for a Hydrogen
jet with 100 bar backing pressure, 300 K initial gas temperature, and a nozzle with
0.25 mm throat and 0.5 mm exit diameter. The throat is at 0 mm. The exit is at 4.5 mm.
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For a given nozzle geometry, the cross section F(z) is known. Then, the Mach number
can be calculated using Eq. (3.1). This equation has a subsonic (M < 1) and a supersonic
(M > 1) solution for the Mach number. For M < 1, a convergent duct accelerates
and a divergent duct decelerates the flow. For M > 1 it is the opposite. Since for
a flow emanating into vacuum, the pressure ratio is sufficient for the flow to become
supersonic, the duct really acts as a nozzle, i. e. it accelerates the flow. The flow
values along the nozzle axis are shown in Fig. 3.6 that correspond to the jet generated
by a 0.25 mm throat diameter, 0.5 mm exit diameter, and 4.5 mm length nozzle when
Hydrogen at room temperature with a backing pressure of 100 bar is applied. The flow
becomes supersonic at the throat (z = 0mm) and is further accelerated to Mach 2.9 or
2340m/s. The temperature decreases to 110 K, the pressure to 3 bar, and the density to
1.9 x 102 cm™3. Figure 3.6 shows also the values for a position beyond the nozzle exit
(z > 4.5mm), i. e. in the free jet. They were calculated with the same formulae, i. e.
as if the nozzle walls were continued as represented by the dashed lines in Fig. 3.7. The
validity of this assumption is discussed below.

The parameter upon which the flow variables depend in 1-dimensional theory, can be
either the Mach number, or, using Eq. (3.1), the nozzle cross-section relative to the inlet
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cross-section. There is, however, no dependence on the absolute cross-section. Thus, two
nozzles with the same shape but scaled to different sizes create the same exit pressure,
temperature, and density, as long the continuum approximation holds. The same holds
for two nozzles with the same throat and exit cross-section but a different length (i. e.
different nozzle divergence angles), as long as the flow is confined by the nozzle walls.
Only if the nozzle divergence angle is larger than the maximum turn angle [Eq. (3.5)
below], the flow becomes separated from the nozzle walls and Egs. (3.1) to (3.4) do not
correctly predict the outlet variables. It should, however, be noted that in both cases
(very small and very divergent nozzles), the existence of boundary layers makes the 1D
theory predictions inaccurate even when both the continuum approximation holds and
the flow is not separated from the nozzle wall yet.

It is also instructive to compare the flow of two different gas species with otherwise
identical parameters. In this case, the particle (atomic or molecular) mass and possibly
the adiabatic exponent x are different. Of these two parameters, the former plays no
role for Mach number, temperature, pressure, and number density, but only for the
absolute velocity, which is of less interest for practical applications. A different adiabatic
exponent, however, changes all of the flow variables. Therefore, the density is identical for
different monoatomic (or diatomic) gases but different when comparing a monoatomic to
a diatomic gas: In Eq. (3.1), different x with the same nozzle geometry (F'(z)) leads to a
different Mach number. With a different Mach number and adiabatic exponent, Eq. (3.4)
yields a different density. For instance, if in the example in Fig. 3.6, the target gas is
changed from Hydrogen (monoatomic) to Argon (diatomic), the Mach number changes
from 2.9 to 3.5, and the number density changes from 1.9 x 1020 cm ™3 to 2.2 x 1020 cm 3.
This difference (16 %) is so low that one can use a Hydrogen or Helium gas jet in an
experiment and characterize (Sec. 3.2.2) the nozzle using Argon, which is more suitable
for characterization because of its high polarizability and low prize (compared to Helium)
and for workplace safety considerations (when compared to Hydrogen).

Free jet After leaving the nozzle, the gas expands because the pressure in the jet is
higher than the ambient (background) pressure in the chamber. This is referred to as
an underexpanded jet [53]. Two flow zones can be distinguished in the jet (Fig. 3.7):
Since the transversal expansion cannot travel into the jet any faster than with the speed
of sound, there is an (unaffected) core flow zone (I), where Egs. (3.1) to (3.4) still hold.
The angle of this cone is simply the Mach angle ( = arcsin(1/M). The flow is expanding
here as if it were still confined by nozzle walls. In the expansion zone (II), however, the
flow turns outwards (Prandtl-Meyer expansion), up to a maximum angle given by

s

9:( Zfi—l)—pr(M,ﬁ), (3.5)
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is the Prandtl-Meyer function [250]. The angle strongly varies with the gas species and
the Mach number. For the parameters used in Fig. 3.6 (with Hydrogen), the maximum
turn angle can be as high as 85°, for the same nozzle and the same pressure but for
Argon gas the angle is only 35°. Since it gives only the maximum angle, rather than an
information about the form of the density profile, this is not the most relevant parameter.
Beyond a distance z; = Mdg /2 from the nozzle, the expansion has reached the main flow
axis. From here on, the peak density decreases more strongly than in zone I. Also, the jet
is less confined transversally, the further away one moves from the jet. The distance zy
can be calculated from the nozzle exit diameter and the Mach number, given in Eq. (3.1).
In the literature, sometimes just the orifice diameter itself is used as a scaling parameter
for the free jet. This is justified as long as nozzles with similar cross-section ratios %
are compared [60]. As in the nozzle, the flow is quite turbulent at the boundary (see
below). Thus, strictly speaking, the expansion is not a pure Prandtl-Meyer expansion.
However, the maximum dimensions of the flow can be described with the angle 6 [60].

/

FIG. 3.7.: Sketch of the free jet emanating from a nozzle, with core flow zone (I),
Prandtl-Meyer expansion zone (II), and vacuum (III). The boundaries between the zones
(green lines), fictitious extension of the nozzle walls (dashed lines), and main flow axis
(dotted line) are given. The Mach angle is ( = arcsin(1/M), the Prandtl-Meyer max-
imum turn angle is 0, and the maximum distance for the core flow is z;. The typical
range for the interaction axis in a laser-plasma experiment is shown in yellow.
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Validity of the simple 1D model At positions further away from the nozzle than zy
the form changes qualitatively, and the on-axis density decreases more strongly [58, 59].
Therefore, Eq. (3.4) is not a correct estimate for the peak density beyond that point.

Furthermore, the model neglects the formation of boundary layers close to the nozzle
walls where the flow velocity is lower. This boundary layer stems from the fact that
a flow confined in a nozzle is inherently turbulent, and that the flow velocity is zero
directly at the wall. Therefore, in the boundary, the velocity rises from zero to a highly
supersonic value [251]. Therefore, much more energy is dissipated in this zone than in
central isentropic flow [252]. The width of the free jet gradient layer at and close to the
nozzle exit is determined by these boundary layers. The width of the boundary layer,
in turn, cannot be derived from 1D theory and has to be modeled by computational
fluid dynamics (CFD) simulations. It has been shown by SCHMID and VEISz [60] that
the thickness of the boundary layers depends on the length of the nozzle, i. e. longer
nozzles with the same inlet and exit diameters have larger boundary layer. The resulting
validity range between dr and z; (yellow shade in Fig. 3.7) is the usual range where the
interaction in a laser-plasma experiment takes place [250], as was also the case in the
experiments described here. At such a distance, the gradient layer is wider (i. e. a
smoother transition from vacuum to gas) and governed by the expansion outside the
nozzle. A typical value for a Mach number is M = 3...4, so for a 500 ym diameter exit
nozzle, zy = 750 pm ... 1000 pm. This distance is, in an experiment, far enough to avoid
damage to the nozzle caused by the plasma. Experience shows that one can even go as
close as 300 pm.

Also, the boundary layer displaces the streamlines of the core flow from the nozzle wall
by a distance dg, so that the zone in which the flow is governed by Egs. (3.1) to (3.4) is
reduced in size as if the nozzle was less divergent. The displacement thickness is defined

by
5o = /0599 dy (1 - “(y)”(y)> , (3.7)

UooNoo

where y is the coordinate normal to the wall, u is the velocity, n is the density us, and
Neo are velocity and density in the nozzle center, respectively, and dgg is the distance
from the wall where the flow velocity is 99 % of us,. This effect is stronger for smaller
and longer nozzles [60]. For the geometry shown in Fig. 3.6, the displacement thickness
was determined to dg = 0.05dg using the empirical formula in Ref. [245], which is low
enough to neglect its influence on the on-axis density.

Furthermore, this essentially 1-dimensional treatment does not take into account the
transversal shape of the nozzle. Since the flow variable relations depend only on the
cross-section, they can be used to approximate an asymmetric nozzle with an axisym-
metric one that has the same cross-section profile along the main flow axis.

3.2.2. Characterization

In order to know the gas jet density profile in an experiment, the neutral gas density was
measured in an ex-situ characterization. Since gases have a comparably weak absorption
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coefficient, the refractive index was measured by interferometry. The setup used is a
Mach-Zehnder interferometer (Fig. 3.8). The gas jets in general being asymmetric, the
density was calculated using a tomographic approach detailed below.

Vacuum chamber

cw laser

Rotation
stage

FIG. 3.8.: Mach-Zehnder interferometer.

For the nozzles used for the experiments in Chap. 5, the same gas species as in the
experiments (i. e. Hydrogen) was used for characterization. For the nozzles used in
the other experiments (Chap. 4 and 6), Argon was used since the use of Hydrogen was
limited due to safety regulations. In this case, the densities measured with Argon were
scaled using Eq. (3.1) and Eq. (3.4) to obtain the corresponding neutral gas density for
Hydrogen.

Mach-Zehnder interferometer The setup used for the offline gas target characteriza-
tion is shown in Fig. 3.8. The beam of a Helium-Neon laser (continuous wave, at a
wavelength of A = 632.8 nm) was expanded using an afocal telescope and split into main
and reference beam by the first beam splitter. Both beams were then recombined in the
second beam splitter, and the interference pattern was recorded onto a charge-coupled
device (CCD) camera. The gas jet was imaged onto the camera with a lens. To realize
a tomographic measurement, the gas jet itself was rotated about an vertical axis (the z
axis), i. e. perpendicular to the main interferometry beam. For a number of N angles,
an interferogram I(x;,0;, z) was recorded. The index { = 1... N identifies the projection
with the angle §;. The N different angles span equidistantly over a range of 180°. In
our case, following the approach given by LANDGRAF et al. [59], 4°, i. e. 45 projections
have been done. This corresponds to a spatial resolution of 35 um, comparable to the
point spread function of 1.22 A\g F' = 9 um (for \y = 633 nm and an f number of F' = 12)
of the imaging system.

In addition to the interferograms from the gas jet, an interferogram without it (ref-
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erence) was recorded. For the following derivations, the coordinate system (x,y, z) is
rotated (so that the jet is invariant) against the laboratory frame (x;,y;, 2z). From the
interference patterns I¢(z;, 0;, z) (gas jet interferogram) and Ig(x;, 0;, z) (reference inter-
ferogram), the phase shift patterns ¢g(z;, 6, 2) and ¢r(zy, 6, 2) were determined using
a Fourier transform [59].

Phase shift determination for the individual interferograms Rather than using the in-
terferometer in its zero configuration (i. e. parallel beams after recombination) the beam
splitters were rotated so that an additional shift ¢’ in phase difference was generated,
which depends on the z position as follows:

zsinfpgg

¢ (z) =2n——== (3.8)
A
where fpg is the angle by which the second beam splitter is turned. This way, an inter-
ference pattern with many horizontal stripes is created. The phase difference between
the top and the bottom of the image is now larger than the phase difference induced by
the gas jet. Therefore, it is possible to extract the phase using a Fast Fourier transform
(FFT) algorithm.
The interferogram is a stripe pattern that can be described as

2 .
I(zy,2) = In+ 21 cos (ZZ + (b(z)) =Ihy+1 (e’ [2mz/d+o()] 4 ¢, c.) . (3.9)

where d is the distance between two unperturbed fringes, and c. c. denotes the conjugate
complex. Performing a FFT, filtering in the Fourier space, and backtransforming allows
to remove noise and the background (zeroth order). This filtered interferogram in then
a pattern

Ic, e, (w1, 01, 2) o ¢! Bra/dHoz)] (3.10)

for the gas jet interferogram, and
Iy, fir. (21, 01, 2) ox €' 27/ (3.11)

for the reference interferogram.
The phase is then

Iy, fie. (21,01, 2)

o(z1,01,2) =S [log (Iem(wﬂ (3.12)

where & denotes the imaginary part [253].
These steps (measurement and determination of the phase) were done for a total of N
angles, spanning equidistantly over a range of 180°, as mentioned above.
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Tomographic refractive index and density determination From the set of projections,
the density is retrieved by tomography. Since the coordinate along the rotation axis
z is common to laboratory and jet coordinate system (i. e. the same transformation
is applied at every height above the nozzle), the task is to reconstruct a 2-dimensional
refractive index profile n(x;, y;, z) — 1o from a 1-dimensional projection

+o0
S0 2) = [ kot )~ m)dy. (3.13)

—0o0

Here, k := 2mn/\, and g is the refractive index of the reference path, i. e. typically
equal to one. Equation (3.13) is a Radon transform [254] that can be inversed using
the Filtered Backprojection (FBP) algorithm [255], or by iterative algorithms. The
precision of the reconstruction depends essentially on the number of projections (i. e.
angles). The FBP algorithm is exact for infinitely many projections, and it is more
precise than an iterative reconstruction for more than 20 projections [59]. Since for the
offline characterization, it was possible to do many quite small steps with a motorized
rotation stage, 45 projections were made and reconstructed using FBP. Numerically, the
FBP was implemented by filtering the phase profiles ¢(x;,0;, z) in the Fourier domain
using a ramp (Ram-Lak) filter function |k;| and then projecting them onto a 2D grid:

N +o0 ) +00 .
Ap(z,y,z) = ZAH / dk, e |1 / duie 2R g (2, 0;,2) . (3.14)
=1 —00 ~~J—0
filter
backprojection inverse Fourier transform Fourier transform
This yields a phase shift for each infinitesimal volume [59, 256]. Calculating the refractive

index from this backprojected phase shift is straightforward because

% — (-1 (3.15)

where L is the edge length of the probe volume, and A\g is the vacuum wavelength of
the laser used for the characterization. For an isotropic gas, frequencies in the optical
range, and refractive indices close to unity,

n”—1=—, (3.16)

where n is the density, « is the polarizability of the gas and ¢q is the vacuum permittiv-
ity [257]. Therefore,

2e9 Ao Ao
= ———. 3.17
" o L 2m ( )

Some values for the polarizabilities of gases are given in Table 3.1.
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TABLE 3.1.: Polarizabilities of relevant gases.

Species Polarizability o[ Cm?/V] Ref.

Argon 1.658 x 10~%0 ASHER et al. [258]
Hydrogen (molecular) 8.901 x 1074} GOUGH et al. [259]
Nitrogen (molecular)  1.958 x 1040 GOUGH et al. [259]

3.3. Target specifications for the experiments

For the experiments in Chap. 4 to 6, gas targets have been used. The gas jets have
been characterized before the experiments. In some experiments (see below), the gas
was ionized and heated with a pre-pulse. This section summarizes the neutral density
profiles for each target and (in case of the preformed plasmas) the expected density after
interaction with the prepulse.

3.3.1. Target for the proton acceleration experiment
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FIG. 3.9.: Density profile of the target for the CSA experiment.

For the CSA experiment (Chap. 4), a near-critical target (1...3 times the critical
density) was needed. In order to have a sufficiently collimated jet, a supersonic gas jet
had to be used. Given that the laser operates in the near-infrared 1054 nm, the critical
density is 1.0 x 10! em ™3 [Eq. (1.3)]. As mentioned in Sec. 3.2.1, the free jet density is
related linearly to the backing pressure and on the order of 10'® cm™3/bar, that is, the
backing pressure must be on the order of 1000 bar to reach that density.

The target was a Hydrogen gas jet, generated with a Laval nozzle with a 0.3 mm Xx
0.3 mm throat, a 1 mm x 0.3 mm rectangular exit, and a length of 3 mm.

The backing pressures of up to 1000 bar were generated with a pneumatic gas compres-
sor (Haskel, Burbank/CA, USA). The gas jet was pulsed with an EX-40 electro-valve
(Clark Cooper, Roebling/NJ, USA).
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For this nozzle, an offline gas jet density characterization (Sec. 3.2) had been done

before the experiment.

The density varies linearly with the backing pressure. A backing pressure of 900 bar
leads to a density of 2.71 x 102! em™3 = 2.7n, for a 1054 nm laser.

3.3.2. Target for the first ARCTURUS SBS experiment
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FIG. 3.12.: Nozzle II (rectangular).
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FIG. 3.13.: Nozzle II (rectangular).
Density for 90 bar, 600 ym above noz-
zle.

The target gas was Hydrogen. Figures 3.10 to 3.13 show the plasma electron density
profiles for the four different target configurations: The density and shape of the gas
jet (and therefore, interaction length) were varied using two different nozzles and by
varying the distance of the interaction region to the orifice. The density was regulated
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3.3. Target specifications for the experiments

by changing the gas pressure. Densities are specified in terms of the critical density for
800 nm, i. e. n. = 1.74x 102! W /cm?. The off-line target characterization had been done
with Argon. Therefore, it was taken into account that a diatomic gas, (i. e. Hydrogen)
gives a different molecular density, that the backing pressure was different, and that one
Hydrogen molecule liberates 2 electrons (i. e. for fully ionized Hydrogen).

3.3.3. Target for the second ARCTURUS SBS experiment

In this experiment, a plasma was created by a short prepulse whose parameters (focusing,
delay, and intensity) were chosen to obtain a plasma as homogeneous and hot as possible.
In order to limit the amplifier length, a nozzle with a 0.5 mm exit diameter was used. The
gas density profile was approximately Gaussian with 0.5 mm amplifier length (Fig. 3.14).

200

0.08 150 -
5 0.07 - 0
B 0.06 E & 952
8005 5 3
S § 0 203
g 0.04 o s é
,5‘0-05 10
£ 0.02
8 05

0.01

0.00 —200 —100 0 100 200 00

=08 —0.6 —-04 -02 0.0 0.2 0.4 0.6 0.8 Position [um]
Position [mm]

FIG. 3.14.: Gas jet for the second ARC- FIG. 3.15.: Focal spot of the ionization
TURUS SBS experiment: Density pro- prepulse in the second ARCTURUS SBS
file, 600 pm above the nozzle. experiment. Image taken in low-energy

10 Hz alignment mode.

The ionization prepulse was generated from one of the main beamlines of the facility.
It was stretched by changing the distance of the compressor gratings to a duration of
0.26 ps. The pulse energy was 400mJ on target. The beam was focused with an f/8
off-axis parabolic mirror (f = 0.5m) that had a 10 mm diameter hole to let the seed
beam through. A defocus was necessary to obtain a pulse intensity of 4 x 10> W /cm?
(Fig. 3.15). The form of the pattern is mostly due to the hole in the OAP. The chirp
was so that the red part of the spectrum went through the target first.

3.3.4. Target for the ELFIE SBS experiment

The target was a preformed plasma, generated by ionizing a supersonic Hydrogen jet
with a prepulse. The nozzle was rectangular and had a length of 0.75mm along the
pump and seed beams’ interaction axis and a width of 2mm. The density was chosen by
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changing the backing pressure of the nozzle.

In the shot series detailed below in Sec. 6.2,

the backing pressure was 55 bars, and the beams were focused 0.4 mm from the orifice.
As shown in Fig. 3.16, the corresponding peak electron density in the interaction zone,
inferred from ex-situ tomography with the assumption of full ionization by the prepulse,
is ne &~ 10 %n,, and the interaction length (FWHM) is 0.5 mm.

In order to obtain a big homogeneous
fully ionized plasma, the gas was preion-
ized using the ELFIE long pulse (30J in
450 ps) focused with a lens and a hybrid
phase plate (HPP), as shown in Fig. 3.17.
A HPP is a glass substrate with a coating
that forms a pattern of small zones. It ran-
domly adds a phase (between 0 and 27) to
the beam, i. e. it reduces the transversal
coherence in the near field and thus in the
focal plane. Focusing such a beam with
a lens allows to obtain in the far field a
focal spot that is much bigger than with-
out the phase plate. Its overall shape is
determined by the size of the zones on the
phase plate, and contains speckles whose
size is dictated by the f-number of the con-
verging beam [260].
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FIG. 3.16.: Gas jet density profile of the
nozzle 0.4mm above the nozzle exit. The
axis of the pump and seed laser beams is
horizontal.

The phase plate used in this experiment (made by Scitech, Didcot, UK) was designed
to generate a 0.3mm X 1mm mostly homogeneous focal spot. The beam was focused
with an f/7 lens. Figure 3.17 shows the focal spot obtained using these optics using a
diode laser and scaled to an intensity corresponding to the actual ELFIE uncompressed

pulse.
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FIG. 3.17.: Focal spot of the ionization beam at the ELFIE SBS experiment.

Since the speckles inevitably generate small scale inhomogeneities in the plasma, this
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pulse was made to arrive 1.5 ns before pump and seed. During this time, the plasma den-
sity and temperature inhomogeneities are likely smoothed by hydrodynamic expansion
and heat conduction.

Using an analytical approach [DENAVIT and PHILLION (1994) [261], Eq. (5) and
(6)], the electron temperature can be estimated. For these parameters, one obtains an
electron temperature of 280eV right after the ionization pulse has passed. During the
1.5ns delay, the electron temperature decreases due to expansion and heat conduction.
Therefore, 280€V is an upper limit for the electron temperature.

3.4. Diagnostics

3.4.1. Optical spectrometry

The straightforward result one obtains by using an optical spectrometer is, obviously,
the spectrum of the incoming pulse. The analysis of these spectra can deliver some more
interesting results.

Statistical analysis

If spectra from a campaign on a high-repetition rate system are to be analyzed, there is
a huge number of shots is to be analyzed. This motivates determining some parameters
numerically by an algorithmic analysis that can be easily applied onto a huge number
of shots and allows to compare the results.

Starting from a recorded spectrum S(A), in a spectral range from Ap,ip t0 Apaz, One
can calculate the center of mass,

A
7T SN A dA
)\com = f)\g\lm ( ) . (318)
S §(A) dA

m

One can also calculate a width,

1/2
: (3.19)

min

James S(A)dA

Amaz
Ar= \/8n(2) (fA S((A - Acom)QdA>

where the normalization factor \/81n(2) has been chosen so that for a Gaussian shaped
spectrum, the width would correspond to the FWHM. Since realistic spectra can have an
arbitrary shape, this is obviously not given all the time. However, it allows to compare
spectra of a whole shot series easily.

It should be noted that these statistical techniques are useful only applied to a correctly
denoised spectrum. A background from electronic noise or parasitic light would modify
the results and make them useless.
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Time development of short pulses

—t2 /72 —iat?

Since a chirped pulse with its electric field £ o e probes any target with
different frequencies at different times, fast processes are encoded in its spectrum. The
temporal shape of the process can be retrieved using a spectrometer. The temporal

coordinate is
Wy — w

t= ;
2a
where wq is the central frequency of the pulse and w is the frequency coordinate. The
smallest time that can still be resolved is Ty, given by

(3.20)

Tmin _ [T (3.21)
70 0’ '

where 7 is the pulse duration of the chirped pulse and 7 is the duration of the bandwidth-
limited pulse with the same spectrum [262].

Detection of infrared light: Raman spectra

As mentioned in Sec. 2.1.2, a laser beam propagating in a less-than-quarter-critical
plasma always undergoes sizable Raman scattering. For backward or sideward scat-
tering, the wavelength of the scattered electromagnetic wave is related to the density
by Eq. (2.44). Therefore, measuring the scattered light’s spectrum allows to obtain
information on the plasma electron density.

For example, for a plasma with a density ranging from 0 to 10 %n., the Raman
scattered radiation is to be found between Ag and 1.46 Ag. For a Ti:sapphire laser
(Ao = 800nm), the diagnostic has to be sensitive between 800nm and 1170nm. For
an Nd:glass laser at Ag = 1057 nm, the diagnostic has to record a spectrum between
1057 nm and 1550 nm.

This light can be detected with a spectrometer, configured to have a high spectral
range, forcibly at the expense of the resolution. The detector attached to it has to be
sensitive in the near infrared. Indium Gallium Arsenide (InGaAs) cameras are useful in
this range [263]. A commercially available camera (Xeva 152, Xenics, Leuven, Belgium)
is sensitive between 900nm and 1700nm (Fig. 3.18) [264]. In order to prevent the
laser beams or scattered light at the laser frequency from saturating the camera, an
appropriate filter is used, e. g. a solid Silicon filter (transparent for wavelengths above
1150 nm) or an appropriately chosen colored glass filter (RG, Schott, Jena, Germany).

Usage and limitations To avoid ambiguities in the spectrum due to chromatic aberra-
tions, which would otherwise be sizable over a spectral range of 550 nm, imaging should
be done using exclusively reflective optics.

It is possible that with such a diagnostic, the density at the center of the plasma is
not visible. This is because the signal is attenuated on its way through the plasma.
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FIG. 3.18.: Response curve of an InGaAs camera.

3.4.2. Single-shot autocorrelator

For a pulse with homogeneous near-field and a known temporal (Gaussian or hyperbolic
secant) shape, the duration can be determined using a second-order autocorrelator. The
setup of a single-shot autocorrelator [265] is shown in Fig. 3.19.

In this setup, care has to be taken to avoid changes in the nonlinear spectral phase of
the pulses up to the second harmonic crystal in order to preserve the pulse duration.

The beam is split into two replica. Since the pulse passing through the beamsplitter
collects a nonlinear spectral phase, a plate of the same material as the mirror substrate is
inserted into the reflected beam. This ensures that both replica acquire the same change
in spectral phase. The material and thickness are chosen so that the increase of the
pulse duration is not sizable for pulses longer than 50fs. The replica are synchronized
and superimposed in a nonlinear crystal, typically a potassium dihydrogen phosphate
(KDP) crystal. It generates an output signal at the second harmonic by sum-frequency
generation. The signal at the laser frequency is blocked by an iris and a filter. A lens
images the crystal onto a camera. Since the signal intensity is proportional to the square
of the incoming pulse intensity, a high-dynamic camera is used.

At zero delay, the autocorrelator trace is in the center of the crystal. At the center,
the signal is created from the peak of the two pulses. Since apart from the center, the
signal is created from the leading flank of one pulse and the trailing flank of the other,
the spatial width of the signal corresponds to the pulse duration.
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FIG. 3.19.: Schematic setup of a single-shot autocorrelator.

In order to calibrate the temporal scale, some delay known At delay is added to one
of the replica by moving the delay line. This results in a change of the position Az of
the signal on the crystal. They are linearly related to each other,

At 2nsin(¢/2)
Az c ’

where n is the linear refractive index of the crystal, c¢ is the speed of light in vacuum
and ¢ is the angle between the beams [266].
The FWHM pulse duration 7 then depends linearly on the FWHM of the signal &,
T At

¢~ Kap (3.23)

(3.22)

where K is a factor depending on the pulse shape. It is K = 1/1.414 for a Gaussian pulse,
K =1/1.55 for a hyperbolic secant shaped pulse, and K = 1 for a square pulse [265].

To set up the autocorrelator, a suitable At/Ax is chosen and the necessary angle ¢
between the beams is deduced from Eq. (3.22).

To calibrate the autocorrelator, the ratio At/Az is determined by recording the signal
position for several delays. As can be seen in Eq. (3.22), the only sources of error for this
ratio are a change in the refractive index n and a change in the angle ¢. As long as the
instrument is used in single shot mode, with a low repetition rate, heating of the crystal
by the laser is negligible, and a change in the refractive index can therefore be excluded.
Misalignment of the incoming beams, however, is inevitable because a pulse transmitted
by a plasma always changes its path slightly due to refraction. A rigid shift in the beam
position is not an issue per se since this only moves the position of the signal on the
crystal but does not change the angle ¢ between the beams. A change in the angle can
also occur. Since the chosen angles ¢ are typically small, this leads to a relative error
that is proportional to the relative error in the angle. If, for instance, two irises at the
autocorrelator entrance of diameter 5 mm at a distance of 500 mm fix the axis to an error
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of 0.6° degrees, and ¢ = 12°, then the maximum error of the conversion factor will be at
5%. Another source of error is the fact that pulse duration can be compared only if it can
be assumed that the temporal pulse form does not change. This error, however, cannot
be quantified without any knowledge about the pulse shape of a pulse after transmission
by a plasma. This can be measured, in principle using more sophisticated techniques,
such as a frequency-resolved optical gating (FROG) or by spectral phase interferometry
for direct electrical field reconstruction (SPIDER), but these techniques are much more
difficult to use, rely much more on low shot-to-shot fluctuations, and need more energy
at the input.

In order to determine the duration of an unknown signal, the signal is fitted with a
Gaussian curve, the FWHM is determined, and the pulse duration is calculated from
Eq. (3.23). From shot to shot, intensities can be compared since I o VA, and the
energies can be compared since E oc 71.

3.4.3. Measurement of the amplified spontaneous emission (ASE) at a
high-intensity laser facility

Unlike in the ideal case, the amplifiers in a real laser system do not only amplify the laser
pulse, but also spontaneous emission growing from noise. This noise is in part emitted in
the laser propagation direction and therefore amplified in the laser amplifier rods as long
as there is a population inversion, i. e. during the time when the pump lasers or flash
lamps are irradiating the crystal. This time is typically on the order of the nanosecond.
Therefore, the amplified noise, called amplified spontaneous emission (ASE), is creating
a nanosecond pedestal whose intensity is several orders of magnitude lower than the
actual laser pulse intensity. Therefore, it does not harm the laser amplification nor the
optics. However, as it has a low temporal coherence, it is not compressed with the
main pulse and remains long when sent onto the target. The ASE contrast on target
is typically 107 in intensity for realistic lasers, thus if the main pulse was focused to
10! W/ecm?, the ASE intensity in the focal spot would be 104 W/cm?, one order of
magnitude more than necessary to ionize, e. g. Hydrogen [267, 208].

{1 Pt dicdle

Lens Water cell Lens Diffuser

FIG. 3.20.: Water switch technique to measure the ASE energy.

Since the ASE is on a nanosecond timescale, it can in principle be measured by a fast
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photodiode (with a rise time of hundreds of picoseconds). To do that, a water switch ASE
monitor is used (Fig. 3.20): The leakage of the pulse is taken from behind a dielectric
mirror and focused with a lens to reach an intensity high enough for the ASE to create a
sizable photo-current in the diode. Since in this case, the much higher main pulse would
damage the diode, a so-called water switch is employed as a saturable absorber: It is
positioned so that the beam focus is in water, where the ASE is transmitted, but the
more intense main pulse produces a small plasma in water, from where the laser radiation
is strongly absorbed, refracted and scattered. The transmitted radiation is then weak
enough so that the photodiode is not damaged, albeit still saturated. A diffuser in front of
the photodiode ensures that small far-field movements do not influence the signal. In the
signal, observed on an oscilloscope, the position of the main pulse is easily identified (as
it is saturated). The ASE then is the slowly varying signal beginning some nanoseconds
earlier, on which some prepulse traces can also be seen. Electronically integrating this
signal gives a value proportional to the energy in the ASE. The factor of proportionality,
i. e. the energy calibration, can be done by sending a low-energy nanosecond-scale laser
pulse through the amplifier chain and measuring its energy with a calorimeter in the
target chamber right before the target. The integrated signal observed on the ASE
monitor then corresponds to this energy.

An ASE monitor of this kind is part of the TITAN laser facility’s standard beam
diagnostics [269].

3.4.4. Timing of ultrashort pulses

Multi-beam laser facilities allow to overlap different laser pulses at one point and ensure
that they arrive at precisely the same time. The precision of mechanical motorized delay
lines is on the order of several micrometers, corresponding to tens of femtoseconds. This
allows to create relative delays at high precision. The much more challenging task is
to diagnose if beams are synchronized in time, which allows to subsequently generate
known absolute delays. For a coarse timing, it is always possible to superimpose both
beams, or scattering of them, onto a fast photodiode and observe the pulses using an
oscilloscope. The precision of this method is on the order of hundreds of picoseconds.
For a more precise timing, different techniques exist.

Laser-target interaction Known effects can be used, such as creating a plasma in the
target with one beam and probing the plasma with the other beam. The beams are
synchronized when the plasma creation starts. They are most practical in the case of
a gas target because the repetition rate is not an issue. It is limited, in that it needs
an imaging system that allows to observe the plasma, and one of the beams should
illuminate the plasma. With two focused beams, it is more difficult to see the change in
the imaging.

Optical techniques These techniques are based on interference of synchronized beams.
In this thesis, two techniques have been used: If a prism with a metallic coating is put
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into TCC, both beams are reflected into the same direction. Imaging the TCC then
allows to send both beams onto a diagnostic table. Observing them with a camera
slightly out of focus allows to see both beams overlapped. The beams show interference
fringes only if they are synchronized (Fig. 3.21).

Another possibility is to replace the prism by a piece of tracing paper. The signal of
both beams is scattered on the paper, which means that overlapped speckle patterns
are observed on the camera. There is a visible change in the pattern when both beams
are timed. This is simpler to put into place and to align, but the interference is more
difficult to see in the speckle pattern.

pump ——— B> -¢ seed

< = lens

CCD

FIG. 3.21.: Timing of pump and seed beams by observing the interference pattern on
a camera.

3.4.5. Magnetic ion spectrometers
Working principle of a magnetic spectrometer

A characteristic property of a proton beam is its energy spectrum. It can be measured
using a simple magnetic spectrometer (Fig. 3.22). Permanent magnets in a yoke generate
a magnetic field that deflects charged particles. Particles from the source enter the yoke
by a slit, are deflected by the magnetic field, and are then recorded on a detector (see
below). The detector and the magnetic field strength determine the spectral resolution
and the lower energy limit: A weak magnet separates the energies less strongly, thus
resulting in a lower resolution. A strong magnet deflects low energy particles so much
that they are not visible on the detector.
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FIG. 3.22.: Magnetic field in a magnetic spectrometer with a double magnet pair. A
typical particle trajectory (3 MeV proton) is shown as a continuous green line. Particle
and undeflected x-rays (dash-dotted green line) enter from the left. The continuous
white line on the left marks the beginning of the yoke. The dash-dotted white line on
the right marks the position of the detector.

Particle and x-ray detectors

In order to detect charged particles, several kinds of devices can be used: Solid state nu-
clear track detectors, e. g. CR39 [270], radiochromic films (RCF) [145], scintillators [271],
Cherenkov detectors, micro-channel plates (MCP), Faraday cups, and imaging plates
(also referred to as image plates or IPs).

In the experiments described in the thesis, we only used IPs [272]. These detectors are
based on the phenomenon of photostimulated luminescence (PSL) observed in certain
materials [273]. They are ~ 2mm thick, film-like flexible plates. They contain specifi-
cally designed phosphor compounds that, once exposed to high-energy radiation, are
excited to and trapped in a metastable state by absorbing a fraction of the radiation.
The radiation can be electromagnetic, or particles (electrons, protons, ions). Upon il-
lumination with light, e. g. in a commercial scanner, they decay into the ground state,
emitting light by PSL. This process is visible on a scanned image. The digital image gen-
erated by a commercial scanner, such as the BAS 2500 (Fujifilm, Tokyo, Japan) [274],
is stored using a file format that contains the signal from the detector (the so-called
quantum level, QL). This is proportional to the logarithm of the actual photostimulated
luminescence signal (referred to as the PSL signal). To calculate the PSL signal, the QL
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signal is divided by the bit depth b, corrected for by the detector gain setting (referred to
as “latitude” 1), and the PSL emitted from one pixel is then PSL = Ase®Q /b where s is
the sensitivity (another scanner setting), and A is the area of a pixel. For protons, this
signal is proportional to the number of particles impinging on the detector. The factor
of proportionality depends on the particle energy [275]. The image plate is deleted by
exposure to light (both in the scanner and by ambient light).

Therefore, unlike RCF, it can be reused after sufficient exposure to visible light. Other
advantages are its insensitivity to electromagnetic fields (as opposed to cameras coupled
to MCPs), its high sensitivity, the possibility to calibrate them absolutely in energy
(the flourescence emission is proportional to the radiation dose), and the high spatial
resolution (limited by the scanning system). As opposed to track detectors, they do
not allow to discern between different radiation types [272]. This means that CR39 are
necessary in order to ascertain whether the radiation is, e. g. protons rather than x-rays.
This is no major drawback in a magnetic spectrometers if the source is a Hydrogen jet,
because such a target only emits electromagnetic radiation, electrons, and protons, which
are easily discerned from the deflection direction.

A calibration of the image plate response was done by MANCIC et al. in 2008 [275]:
A broadband proton beam generated by TNSA (Sec. 2.4.1) was sent into a magnetic
spectrometer. In the magnetic spectrometer, the signal was recorded both with CR39
and with an IP, mounted side by side. Counting the traces on the CR39 allows to
determine the proton flux on the detector.

Additionally, a part of the proton beam was intercepted by stack of radiochromic films.
This stack itself allows to determine the spectrum of the protons. This is because the
protons loose energy in every layer and finally depose most of their energy at the Bragg
peak (i. e. the layer where they are eventually stopped). Since the RCF are calibrated
by the manufacturer for a certain energy dose, an absolutely calibrated proton spectrum
can be determined.

Both spectra (RCF for the high energies, and CR39 for the low energies) then allowed
to determine the IP calibration factor (PSL / proton number) for every energy.
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4. Shock acceleration of protons from
gaseous targets at near-critical densities

Proton acceleration by collisionless shock acceleration (CSA) has already been demon-
strated at a laser wavelength of 10.6 um. Since lasers in the near infrared, especially
Nd:glass lasers at 1054 nm, deliver the highest powers, and will arguably continue to
do so, it was of interest to do a proof-of-principle experiment at that wavelength. As a
target, a high-density Hydrogen gas jet was chosen, which allows to reach near-critical
densities. We irradiated a high density gas jet target with high intensity (1x10'® W /cm?)
short-pulse (5ps) laser pulses at a wavelength of 1053 nm. Under these conditions, it
is investigated whether the laser drives a shock into the target, whether protons are
accelerated by TNSA or MVA (broadband) or by CSA or HBA (monoenergetically).

4.1. Acceleration experiment

92° Proton

spectrometers (PS)
43°

Laser pulse:
210 J, 5 ps,
2.2 x 10*° W/cm? at best focus

21°
OO

fI3 OAP H, gas jet:
0.3mm x 1mm exit

FIG. 4.1.: Schematic setup of the experiment, seen from the top.

At the Titan laser (Sec. 3.1.1, an experiment was set up with a driver laser beam,
a Hydrogen gas jet target (Sec. 3.3.1) and four Thomson parabola spectrometers as
diagnostics (Sec. 3.4.5). The setup is shown schematically in Fig. 4.1.
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FIG. 4.2.: T1TAN focal spots. Each image has its own colorscale to highlight the focal
spot form. The spatial scales of the beams are all identical. The defocus (shift along the
beam axis z) is negative for positions behind the best focus.

4.1.1. Laser beam

The driver laser was the TITAN short pulse at 1054 nm, with an energy of 210J and a
duration of 5ps. Using an f/3 off-axis parabola (OAP), it had a best focus of 10 um
FWHM focal spot containing 30 % of the laser energy. Its peak intensity at best focus
was therefore 2.2 x 10 W/cm?. This corresponds to an ag = 4.2 at best focus and
a relativistic critical density of yn. = 4.6 x 10 cm™3. In order to accelerate ions by
CSA, the target density had to be slightly higher than this value. This was mitigated by
reducing the laser intensity on target by a defocus, which was caused by intentionally
focusing in front of the target, and / or by hydrodynamic target shaping caused by the
laser ASE (see below).

A sequence of focal spots, obtained with the unamplified beam at 5 Hz, is shown in
Fig. 4.2. Determining the focal spot size, depending on the position on axis, yields the
longitudinal beam profile shown in Fig. 4.3. Fitting a Gaussian function to the values
allows to interpolate the focus size also for intermediate defocus values. For instance, at
the defocus of 150 pm, the beam FWHM increases from 10 ym to 45 ym. Therefore, the
intensity is only 10'® W/cm? there, i. e. ag = 0.93.

The pulse did, however, not have a high contrast. As was measured with a photodiode
protected by a water cell (Sec. 3.4.3), there was an ASE pedestal arriving before the main
pulse (Fig. 4.4). It began with a 300 ps ramp, followed by a 1 ns pedestal before the main
pulse. The ASE contained 20 mJ of energy on target, giving rise to a pedestal intensity of
10" W /cm?. This is already able to ionize Hydrogen, for which the ionization minimum
intensity is 6 x 1012 W /cm? [267, 265].
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arrives at Ons and saturates the diode.

4.1.2. Target

In this experiment, a rectangular Laval nozzle with 1mm x 300 um orifice was used
(Sec. 3.3.1). The laser was focused 500 pm above the orifice, onto the leading edge of
the jet. The FWHM jet propagation length was 0.4 mm.

4.1.3. Diagnostics

The diagnostics were four proton spectrometers (Sec. 3.4.5), placed at the target height
in a quarter-circle around the target (Fig. 4.1). Since the target gas was pure Hydrogen
(Hz3), all spectrometers were used as simple magnetic spectrometers, rather than Thom-
son parabolas [270], i. e. none of the spectrometers was equipped with electrodes to
separate different ion species. The advantage of this is that the protons are deflected by
the magnet in one direction only, giving the energy axis. Because the spectrometer has
a known distance from the target (360 mm in the case of the 0° spectrometer), the other
direction then allows to determine the solid angle into which the protons are emitted.
This would not be possible with a Thomson parabola, where a pinhole ensures that only
a pencil proton beam enters the spectrometer, so that only a very small spatial angle
is covered. The 0° and the 21° spectrometers had a 20mm horizontal entrance slit.
Therefore, they covered an angle of £20 mrad along the horizontal plane. The magnets
were oriented so that the dispersion direction was vertical.

For all four spectrometers, Image plate BAS-TR 2025 (Fujifilm, Tokyo, Japan) de-
tectors were used (Sec. 3.4.5). For this detector type, the absolute calibration done by
MANCIC et al. could be used to relate the particle flow to the signal (Sec. 3.4.5).
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4.2. Results

With its intensity of 10'® W/cm?, the laser ASE was sufficiently strong to ionize the
gas [267, 268], and modify its profile. The resulting shape of the target was calculated by
a 2D hydrodynamic simulation (Sec. 4.2.1). Protons were accelerated by the main pulse
from this preshaped target. The spectra, depending on the laser and target parameters,
show features that can be attributed to different acceleration processes, which points
at acceleration by CSA for shots with highest target densities (Sec. 4.2.2). In order to
attribute these proton spectra to CSA, 2D PIC simulations were done which demonstrate
the formation of a collisionless shock and proton acceleration by this shock for these
target parameters (Sec. 4.2.3).

4.2.1. Interaction of the ASE with the target

The 1ns duration, 103 W /cm? pedestal pre-ionized the plasma and shaped its density
profile. Its effect was not straightforward to analyze: Interferometry was not possible
as the plasma was overcritical. Therefore, its effect had to be assessed using a hydrody-
namic simulation. This allows to predict the plasma hydrodynamics reliably for plasma
conditions within the parameter range of the given code. This way, plasma conditions
of earlier experiments have as well been evaluated [55, 277-280)].
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FIG. 4.5.: On-axis electron density profiles for different durations of the ASE, counted
from the beginning of the pedestal. Snapshots taken right before the main pulse. FCI2
hydrodynamic simulation. The curve for 1ns duration (blue line) corresponds to the
experimental case.
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This experiment is evaluated using the FCI2 (Fusion par confinement inertiel, 2 dimen-
sions) code. FCI2 is a 2-dimensional hydrodynamic code that takes into account electron
and ion heat conduction, and thermal coupling. It models laser propagation, refraction,
and collisional absorption by ray tracing. Ionization, equations of state, and opacities are
taken from tabulated values [281]. Starting from the correct picture of a Gaussian beam
in vacuum, laser propagation is simulated by 3-dimensional ray-tracing [282]. Since ray-
tracing is a geometrical optics technique, deviations from a Gaussian beam induced by
diffraction cannot be modeled. However, refraction by density gradients is included in
the model, as well as absorption: the power is distributed over the rays pp. Propagating
in the plasma, each ray is absorbed by inverse bremsstrahlung.

In the parameter range of the TITAN ASE, the interaction of a non-relativistic laser
pulse with an underdense-to-overdense target had to be modeled, which is in the param-
eter regime for which FCI2 has been validated [283, |. In contrast, FCI2 could not
have been used for the interaction of the main pulse with the plasma because (1) it does
not include the relativistic effects expected at this intensity and (2) as a hydrodynamic
code it cannot model any effects on a timescale as short as 5ps nor acceleration of in-
dividual particles. A minor drawback of FCI2 is that it cannot model ionization by the
laser pulse, so that a fully ionized but cold target had to be assumed by the simulation.

The target was simulated on a 2-dimensional axisymmetric grid with total dimensions
of 1.2mm length and 0.4mm diameter. The on-axis gas jet density profile was set
as a Gaussian with the width of 0.4mm and the peak density known from the offline
characterization. The initial electron temperature was set to 1€V, a low value that is
realistic for a cold target without conflicting with the hypothesis of full ionization. This
also avoids setting the temperature to zero, which would lead to a singularity in the
inverse bremsstrahlung absorption coefficient. [Eq. (2.56)]. Not modeling the ionization
can in principle lead to a minor overestimation of the available laser energy because the
real laser pulse’s leading flank can pass through an initially unionized or partly ionized
gas. Also, the form of the blast wave created by the ASE can be different since the outer
parts of the beam are ionizing the target even less. However, the differences on axis are
minor.

The results of the irradiation of the jet by the prepulse are shown in Fig. 4.5. As
can be seen, the plasma is pushed into the forward direction so that the density profile
is steepened. This also means that the plasma is moved away from the laser focus, so
that the subsequently arriving main laser pulse is effectively defocused to approximately
150 pm. The main pulse being focused with an f/3 parabola, this increases the focal
spot size and reduces the intensity from 10 zm FWHM, 2.2 x 10* W/cm?, and ag = 4.2
to 45 yum FWHM, 3 x 10 W/cm?, and ag = 1.6 at the critical density interface position.
Therefore the relativistic critical density decreased from yn. = 4.6 x 102! ecm ™3 to yn. =
1.9 x 102 em™3. As mentioned above, some shots were done where the focus was even
more in front of the center of the gas jet, so that the defocus was even stronger. The
accordingly reduced intensity was taken into account for the considerations below.
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FIG. 4.6.: Experimental a) proton spectra and b) proton divergence from the forward (0
degree) proton spectrometer, measured on three shots with different backing pressures.

4.2.2. Proton beam

Varying the backing pressure to values up to 900 bar, the peak plasma electron density
was tuned to values between 0.5n. and 2.7n., with all of the other parameters kept
unchanged.

Spectrum and collimation

Accelerated protons were detected only by the spectrometer in forward direction, i. e. at
0°. Figure 4.6 shows the spectra and divergences of the beams recorded in this proton
spectrometer for various backing pressures. The minimum spectral energy of 100 keV
was the instrument lower detection limit. As can be seen, the spectrum has a high
bandwidth and a low angular divergence for an undercritical plasma, and shows a peak
and a higher angular divergence for an overcritical plasma. It should be stressed that
all these spectra and divergences have been recorded with the same proton spectrometer
(in forward direction) in one series of shots.

Proton spectra from undercritical plasma For the shot into underdense plasma, (0.5n.),
the spectrum is broadband, up to 400 keV, without a peak. The angular spread of the
proton beam is 13mrad. This is much lower than for higher densities, and also lower
compared to typical TNSA-generated proton beams. The high directionality in this case
is not typical for TNSA per se, but rather hints at MVA, where the magnetic vortices
collimate the emitted protons (Sec. 2.4.4) [285, 280].

Similarly collimated proton beams have been generated in a different experiment pub-
lished by WILLINGALE et al. in 2006 [219]. In that experiment, at the VULCAN laser
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facility, a 1ps laser pulse with an intensity of 5.5 x 102° W/cm? at 1053 nm interacted
with a 2mm diameter, 4n,. He gas jet. He?' ions were accelerated in forward direction
to energies up to 40 MeV, with a broadband spectrum and a divergence of < 180 mrad.

Proton spectra from overcritical plasma When passing from undercritical to over-
critical density, the spectrum shows a peak that increases with the density, and is su-
perimposed on a broadband spectrum that seems to decrease exponentially, similarly
to TNSA spectra. For n. = 1.4n,, the energy peak is at £ = 0.4MeV, with a spread
of AE/E =~ 0.3, and at n. = 2.5n,, the peak is at £ = 0.55MeV, with a spread of
AF/E =~ 0.16. The angular patterns in Fig. 4.6 show that the beam is well-directed,
albeit less than in the underdense case. Its spread also depends much on the density:
For high densities, the protons are less directional. However, even the most divergent
beam (at 2.7n.) is more directional than TNSA-accelerated proton beams, where the
divergence angle is > 250 mrad [117]. Both spectral and angular change in the beam
indicate a qualitative change in terms of the acceleration mechanism. For targets of this
thickness, it is obvious that the light sail regime of RPA (Sec. 2.4.2) cannot be reached.
However, the monoenergetic proton bunches can stem from the HBA (Sec. 2.4.2) or the
CSA (Sec. 2.4.3) mechanism. The spectrally broadband contribution can originate from
TNSA acceleration because the target is overdense, precluding MVA.

Scaling of the proton energy with laser intensity and target density

As discussed in Sec. 2.4.2 and 2.4.3, the accelerated ion energy depends on two im-
portant parameters: The laser intensity and the target ion density. In Egs. (2.89),
(2.109) and (2.113), relevant for HBA and CSA, this dependence is either proportional
to I*/4n=1/2 or proportional to I'/2n~1/2. Figure 4.7 shows the dependence of the pro-
ton energies on the parameter /I /n;, for several shots done under different conditions.
The energies of the monoenergetic peak in the spectrum are shown as red diamonds and
the areas of largest energy around the central peak are shown black error bars.

In order to compare the experimental values with the theoretical estimates for HBA
and CSA, three analytical expressions were evaluated: First, the energy corresponding to
the ion velocity from hole boring acceleration, as discussed in Sec. 2.4.2, was calculated
with Eq. (2.89) from the article by WILKS et al. [66]. It is shown in Fig. 4.7 as blue
dash-dotted line. Second, the ion energy for CSA was predicted, assuming the laser
generates a planar shock. For the experimental conditions given here, an absorption
coefficient for the laser of n,s = 0.2 is realistic [287]. The Mach number, given by
Eq. (2.109), is between 1 and 1.6 depending on the laser intensity. The velocity of the
ions accelerated by the shock is then given by Eq. (2.110), which was first derived by
Fruza et al. [169]. The corresponding energy is shown in Fig. 4.7 as a green dotted line.
Third, the energy corresponding to the shock velocity for a spherical shock as given by
Eq. (2.113), given in the publication by STOCKEM-NOVO et al. [I14]. This energy is
shown in Fig. 4.7 as a blue solid line.
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The energies were calculated using the relativistic energy-momentum relation,
1

).
V:— @
although the difference to the nonrelativistic energy 0.5Ampv2 is not enormous.
The experimental results for the high density shots /I/n; < 0.03 VW c¢m? are close
to the values given by F1uza et al. and STOCKEM-NOVO et al. They follow the same
trend (higher proton energy for lower density), and their spectra all show strong peaks,
as given for a typical shot in Fig. 4.7 (¢). This correspondence between energy and
density is a clear signature for acceleration by hole-boring or a shock. The energies
range between 200keV and 800 keV and are clearly higher than that predicted for HBA
by WILKS et al. (blue dash-dotted). This leads to the conclusion that the protons have
probably be accelerated by CSA. In contrast, the spectra from the low density shots
with /I /n; > 0.05vVW cm? (marked with a yellow ellipse) show only a weak peak on a
broadband spectrum, as shown in Fig. 4.7 (b).

E = Am,c? ( (4.1)

4.2.3. Simulations

In order to verify that the quasi-monoenergetic proton beams generated from the high
density targets (Fig. 4.6 a) and Fig. 4.7 ¢) are created by CSA, and to obtain insight
into the acceleration process, particle-in-cell (PIC) simulations were done.
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Simulation setup

The simulations were done using the PIC code OSIRIS in 2D. The simulation domain is
1273 pm long and 16 pm wide. The grid had 48000 x 600 cells and 8 particles per cell.
The laser main propagation axis is referred to as x, with x = 0 in the center of the gas jet.
The total simulation time is 20 ps and the time step At = 0.06fs. As an initial density
profile, the result of the FCI2 hydrodynamic simulation for an ASE duration of 1ns was
used (Fig. 4.8 a), blue line) for all simulations described in this section. Additionally,
some further simulations, described in Sec. 4.3, were done using a 1.91ns prepulse. The
transverse boundary conditions are periodic. The laser pulse is modeled as a plane wave
with 5 ps FWHM duration, coming from the left.

The geometry being quasi-1-dimensional due to the plane wave assumption and the
80 : 1 aspect ratio of the simulation box, the proton energies will be overestimated.
This effect is well-known for the TNSA case. This is a considerable disadvantage of this
simulation geometry, but has to be accepted due to computing limitations: The whole
target length has to be simulated, the interaction time is long, the spatial resolution
must be high enough to correctly model the shock. Therefore, even in this quasi-1D
approximation, a full simulation run takes 500.000 CPU hours. Another reason to use
these quasi-1D simulations is that the result is so sensitive to the initial thickness that
full agreement with the experiment could not even be expected from a full 3D simulation.
Furthermore, the initial peak plasma density is close to critical, so that minor variations
in the laser intensity lead to a change in the longitudinal position of the critical sur-
face. Nevertheless, the simulations confirm the shock formation in these experimental
conditions and reproduce the experimental results reasonably well. Table 4.1 shows an
overview over the four different cases.

TABLE 4.1.: PIC simulation cases. Case I corresponds to the exper-
imental parameters. The density was 2.7n. in all cases.

Case ap ASE duration
I. Defocused (Exp.) 1 1mns

II. Long ASE 1 19mns

III. Best focus 4 1ns

IV. Best focus, long ASE 4  1.9ns

Proton acceleration under experimental conditions

In order to better understand the process as it happened in the experiment, two sim-
ulations were done with an ASE duration of 1ns and a target density of 2.7n. (Cases
I and IIT in Table 4.1. To reproduce the experimental parameters, the intensity was
set to ap = 1 in case I. This is the intensity of the beam at a target 150 ym from the
focal plane, as described above. To compare the process under these conditions to the
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FIG. 4.8.: On-axis density profiles a) upon arrival of the main pulse (calculated from
offline characterization data using FCI2) b) 5.7 ps after the main pulse (calculated with
OSIRIS, using the values in (a) as input). The 1ns prepulse case corresponds to the
experiment.

acceleration with an undeformed target, another simulation run was done with ag = 4,
corresponding to the experimental intensity at best focus (case III).

In both cases, the laser generates a shock at the front critical surface of the target.
This can be seen in Fig. 4.8 as a peak in the density profile. The phase space for these
two cases is shown in Fig. 4.9 b) and d). Protons accelerated by TNSA, HBA, and
CSA can be seen in the phase space. The spectra (Fig. 4.9 b) and d) show only the
CSA accelerated protons. The broadband TNSA background has been excluded from
the representation to highlight only the CSA process. The peak seen in the spectrum is
from the higher energy CSA accelerated protons.

These results compare favorably with the experiment: The general observation of
protons accelerated by TNSA, HBA, and CSA is consistent with the experimental finding
of a strong peak overlaid with a broadband spectrum. The peak energy of =~ 1 MeV is not
too far from the experimentally observed 0.6 MeV at 2.7n. (Fig. 4.6, red curve). Since
the PIC simulation results depend strongly on the input density profile (calculated with
the FCI2 hydrodynamic simulation), the difference between experiment and simulation
can be either an overestimation of shock acceleration in the PIC code or an inaccuracy in
the hydrodynamic FCI2 simulation that influences the PIC simulation, or a combination
of both. In contrast, the energy peak of ~ 8 MeV seen in the simulation with ag = 4
(i. e. best focus and same parameters otherwise) is significantly higher than both in the
more realistic simulation and in the experiment.

Proton acceleration with a shorter target

Since according to the simulations above, the acceleration by CSA took place mostly
close to the front side of the target, this begged the question if the process could not be
optimized with a shorter target. Therefore, two other simulations were done, with the
same gas jet but an ASE duration of 1.9 ns, was more than in the experiment. As before,
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FIG. 4.9.: a), ¢) spectra and b), d), phase space images from the PIC simulation 11.7 ps
after the main pulse for the simulation assuming a 1 ns pedestal. The amplitude of the
normalized vector potential of the laser is ag =1 (a, b) or ag =4 (c,d).

the target deformation was calculated with FCI2 from the known gas jet density profile,
resulting in a much shorter target and a lower target peak density (Fig. 4.8, red line).
Although this would result in a more defocused laser under the present experimental
conditions, it was chosen to compensate for that in the simulation. Therefore, two
simulations were done again with agp = 1 (case II) and ap = 4 (case IV), respectively.
Thus, only the effect of reducing the target length and density at constant intensity is
seen here.

As can be seen in Fig. 4.10, a thinner and less dense target leads to a significantly
increased proton peak energy, but also a slightly broader spectrum.

Shock formation in the simulation

In order to see directly the shock velocity, the electron density profiles from two of the
PIC simulations are shown in Fig. 4.11. Since there are density gradients, there is not
one single density discontinuity in Fig. 4.11 but rather several ones. They travel into the
gas jet at different velocities. However, it was possible in all but one simulation case to
find a dominant density discontinuity, which was responsible for most of the reflection
of the ions.
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FIG. 4.10.: a), b) phase space images and c), d), spectra from the PIC simulation
11.7 ps after the main pulse for the simulation assuming a 1.9 ns pedestal. Amplitude of
the normalized vector potential of the laser is ap =1 (a, ¢) or ag = 4 (b,d).

In the 1 ns ASE / long target case (phase space in Fig. 4.9 b, density profile in Fig. 4.11
a), the maximum density peak velocity is v/c = 0.017. If ions reflected on this peak
have a velocity v; = 2v, then the ion energy is 0.54 MeV. This value is consistent with
the spectrum of the reflected ions shown in Fig. 4.9 a) and the experimentally observed
value (Fig. 4.7).

The velocity in the 1.9ns ASE / short target case (phase space in Fig. 4.9 a, density
profile in Fig. 4.11 b) is higher: v/c = 0.024, corresponding to 1 MeV. If ions reflected
on this peak have a velocity v; = 2v, then the ion energy is 1 MeV. and Fig. 4.10 c).

Additionally, the velocity of the target surface, i. e. the point where the laser is
reflected, could be observed in the simulation. A summary of these values is given in
Table 4.2.

In order to verify if the high density surface is a shock, it was also checked whether the
upstream electron temperature T; allowed shock formation. In cases I and II (ap = 1, for
both plasma profiles), T, =~ 0.12 MeV. This corresponds to a sound speed of ¢s = 0.011c.
For a shock to form, the hole boring speed must be higher than the ion sound speed,
which is the case here (Table 4.2). Since the hole boring is essentially nonrelativistic
(vpp < ), it can be expected that v, /vp, = 4/3 [114], which is also the case. Similarly,
in cases III and IV (ag = 4), T. ~ 1MeV, so ¢s; = 0.033c. Again, vy, > cg, and also
vsh/vny = 4/3. This verifies the simulation result concerning the shock formation.
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FIG. 4.11.: Electron density evolution from a PIC simulation. Time is normalized to
the laser frequency wy, the propagation length is normalized to ¢/wg. a) corresponds to
the density profile for 1ns ASE, b) to that for 1.9ns ASE. In both cases, agp = 1. The
white dashed lines have been drawn to show the propagation of the highest density peak
in time.

Therefore, several conclusions can be made from the simulations: First, under the
experimental parameters, a shock forms, which propagates 4/3 times faster than the
critical surface, as predicted by the analytical theory. Second, ion acceleration occurs
due to HBA, CSA, and TNSA. Third, the experimentally measured proton energies are
close enough to those predicted for CSA and clearly higher than those predicted for
HBA.

4.3. Conclusions and prospects

With a comparably simple setup using only well-tested components that are in use for
other purposes, a proton beam in the forward direction, with a small divergence and
narrow spectral features, was generated. Two regimes were identified:

For an underdense plasma, the spectrum was broadband with minor peaks, and showed
an extremely small angular divergence (tens of milliradians), smaller the expected di-
vergence for TNSA. Therefore, the underlying mechanism can be MVA, similarly as
observed by WILLINGALE et al. [219, , ].

For an overdense plasma, a part of the protons was accelerated monoenergetically, with
peak energies up to 0.8 MeV, with a peak particle flux up to 4 x 10'? particles/MeV /sr.
Simulations done with the experimental parameters, verified using analytical expressions,
showed shock formation and proton acceleration due to HBA, CSA, and TNSA. TNSA
explains only the broadband part of the accelerated protons. The monoenergetic part
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TABLE 4.2.: PIC simulation results: The velocities are given for
the critical surface (vpp) and the shock (vgy). The kinetic energies
correspond to protons reflected on them, i. e. having twice the given

velocity.
Case ag ASE ’th/c EHBA 'Ush/c ECSA
I. 1ns 0.013 0.37MeV  0.017 0.54MeV

1
II. 1 19ns 0.018 0.61MeV  0.024 1.08MeV
I11. 4 1ns 0.049 4.54MeV  0.065 8.03MeV
IV. 4 19ns 0.080 12.00MeV >0.1 19.00MeV

of the beam was attributed to CSA, because the energies predicted for CSA were close
to the experimentally obtained proton energies.

Earlier experiments done with COq lasers show similar proton fluxes and energies
(Sec. 2.4.3): For instance, from the experiment with the ATF laser, PALMER et al. [21]
report a highest flux of 3 x 10'2 particles/MeV /st at 0.6 MeV peak energy. However,
their target density was n./n. = 6 or 7 x 10! cm~3, which is higher in terms of the
critical density, but lower in absolute particle number. Experiments at lower density,
e. 8. ne/ne = 2 (HABERBERGER et al. [1]), have shown higher proton energies up to
18 MeV but lower fluxes (107 particles/MeV /sr), and the authors conclude that a higher
laser intensity would be necessary.

Concerning the experiment described here, better control of the ASE can both reduce
the target length (with a modified blast wave) and increase the main pulse intensity
(due to the different defocus) at the TITAN laser. A PIC simulation for this case predicts
a peak beyond 60MeV, much higher than the current record for CSA protons, and
comparable to the high-energy TNSA cutoff reached with similar driver lasers. These
parameters are reachable with the same laser facility and a smaller gas jet or a longer
laser ASE. This will be tested in an upcoming experiment done by the LULI workgroup
at the PHELIX laser (GSI, Germany). Future laser facilities, allowing for shorter, more
intense pulses than TITAN, offer a prospect for further optimization of CSA acceleration,
as well as its exploitation at high repetition rate.
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5. Experimental investigation of SBS
amplification of ultrashort pulses

As mentioned in Sec. 2.1.1, the characteristic timescale 1/v,. [Eq. (2.36)] is a critical
parameter for the interaction of pump and seed: In the linear phase, a seed shorter
than 1/ is expected to develop a much longer tail before being amplified, and to grow
faster in the self-similar regime [67, 73, 288] than an initially longer pulse. The chirp
of the seed pulse has also an influence on the process: A spectrally wider pulse has a
larger chirp factor, leading to a different phase evolution during interaction. As shown
in Egs. (2.23) to (2.26), the evolution of the phase 6, which includes the chirp phase
[Eq. (2.31)], is critical for the energy transfer.

Seed pulse:
Pump pulse: 3...12mJ, 30 ... 163 fs,
660 mJ, 1.7 ps, 10" ... 10 W/cm?
15 2 . .
710 Wicm 11%.... 21% n_H_ gas jet chirp red first
[— N ———
f=2m OAP to seed diagnostics: to pump diagnostics: spherica|f;1i§?g:
(fI25) - Imaging * Imaging (f175)
- High-resolution spectrometer - Spectrometer

- Autocorrelator

to Raman backscatter diagnostics
- Low-resolution spectrometer

FIG. 5.1.: Schematic setup of experiment I.

In order to investigate these dependences experimentally, two experiments were set
up at the ARCTURUS Ti:sapphire laser facility at 1LPP (Sec. 3.1.2). In both, a &~ 1ps
duration, ~ 700mJ energy, ~ 10 W/cm? intensity pump pulse was overlapped in
a fully counterpropagating geometry with a 30...160fs duration, 1...12mJ energy,
~ 10" W /cm? intensity seed beam. Both beams were at 800 nm wavelength (Sec. 5.1.1).

The target was composed of Hydrogen (Z = A = 1) with a density of around
ne = 10%n. (Sec. 5.1.2). For a pump intensity of 4 x 10*® W/ecm?, Eq. (2.35) yields a
growth rate of 5. = 6 x 10121/s, a timescale of 1/ys. = 110fs and a frequency shift of
1.8 nm. Therefore, doing several runs with seed pulse durations between 30 fs and 163 fs,
amplification was investigated for pulses both above and below this threshold.
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5. Experimental investigation of SBS amplification of ultrashort pulses

After interaction, the outgoing beams were coupled out of the counterpropagating
geometry using beam splitters and sent onto diagnostics for energy, pulse duration,
and spectra (Sec. 5.1.3). These instruments allowed to determine whether the beams
were amplified, to which extent there were losses by other processes, whether the full
spectral bandwidth was amplified or only a part of the spectrum, and which duration
the amplified pulses had. The use of low-resolution near infrared spectrometers allowed
to investigate concurrent Raman backscattering and to compare its intensity with the
Brillouin scattering, as well as measuring the target density.

Pump pulse: )
630 g\lp 780 fs 5%...13% n_ §=0.5m OAP Seed pulse:
— Wedge H, gas jet (NF 8omm: fi5) 4 mJ, 30...90 fs
I — ~ :
f=1m OAP f=_1.5m sph.
(near field diameter mirror (NF
80mm, i. e. f/13) 30mm: 1/50)
Pellicle —_—
to diagnostics to pump diagnostics:
- Single-shot autocorrelator - Imaging
(small window) to transverse Raman - Pump spectrometer
- Imaging spectrometer

- Seed spectrometer lonization prepulse:
- Backward Raman spectrometer 450 mJ. 260 fs. 800nm

FIG. 5.2.: Schematic setup of experiment II.

The main difference between the two experiments was the target (Sec. 5.1.2): In
experiment I (Fig. 5.1), pump and seed were sent into a millimeter-sized neutral gas jet
(Sec. 3.3.2). Ionization was provided by the pump. These properties made the target
quite absorptive.

In order to reduce the absorption of the laser beam in experiment 11, the target size
was reduced (from 800 pm to 450 pm) interaction length), the density was reduced (from
21 %n. to 5, %n.), and the plasma was generated and pre-heated by a prepulse (Fig. 5.2).

5.1. Amplification experiments

In both experiments, the pump and seed pulses were fully counterpropagating (at 180°),
in order to ensure that the beams overlap in the target over its full length. This is critical
as the overlap has been identified as a limiting factor in an earlier experiment [289].
A fully counterpropagating setup also reduces the detrimental effect of refraction in
the plasma on the beam overlap, because the beam propagation is less complex in an
essentially 2D axisymmetric beam geometry.
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5.1. Amplification experiments

5.1.1. Interaction beams

Pump The pump pulse was taken from one of the facility’s main beamlines. The pulse
energy was 650 mJ on target. The wavelength was A = (8004 30) nm FWHM. The pulse
duration was chosen by changing the distance of the compressor gratings. The chirp
was positive, i. e. the red part of the spectrum came first. The duration was 1.5 ps in
experiment I. Due to the shorter target (see below), the pump duration could be chosen
shorter to be 0.8 ps in experiment II. The beam was focused with an off-axis parabolic
mirror (f = 2m, so f/25 in experiment I, and f = 1m, so f/13 in experiment II). A
defocus was necessary in both experiments to obtain a pulse intensity of 4 x 10! W /cm?
(Fig. 5.3).

Seed The seed was generated by focusing the probe beam of the facility with a f =
1.5m (i. e. f/50) spherical mirror. The resulting focus was of 100 um x 250 um FWHM
elliptical shape and had an intensity of up to 8 x 10® W/cm? for a duration of 30fs
(Fig. Sec. 5.1.1). This is much larger than the FWHM for an ideal f/50 focus (27 ym
FWHM). This is in part due to the imperfect focusing with a spherical mirror, and
mostly due to an imperfection in the phase front that could not be corrected. Therefore,
no defocus was needed to obtain a sufficient seed intensity. By regulating the compres-
sor gratings, different durations were chosen between 30fs and 163 fs. The seed pulse
energy, at most 12mJ on target, was reduced on some shots with the facility’s attenua-
tor setup (Sec. 3.1.2). The energy actually achieved was measured on every shot using
the calorimeter in the beamline, so that the amplification could be correctly measured
despite the laser shot-to-shot fluctuations. The seed chirp was chosen to be red first on
all shots with f > 30fs.

The focusing of pump and seed was not modified during the experiments. The seed
intensity therefore depended on seed energy and duration only.

2.00 400
1.75 8
200 E T
= L50 § 56 E
3 1253 E 6 2
c o — 5~J
s o 100 2 = 2
i = S 4=
nc_) 0.75 g 4§ ‘ >
—200 050 & £ 3'g
£ _ @
0.95 200 2 8
1
- 0.00
100000 =200 0 200 100 g
Position [m] CU400 —200 0 200 400
Position [um]
FIG. 5.3.: Focal spot of the pump
pulse. FIG. 5.4.: Focal spot of the seed pulse.
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5. Experimental investigation of SBS amplification of ultrashort pulses

Delay The delay between pump and seed was controlled using a LIMES-150 delay
stage with a stepper motor (Owis, Staufen, Germany). The maximum positioning error
is 3 um corresponding to 20fs error on the relative delay. The zero timing (pump and
seed meet in the center of the gas jet) was determined using a prism and a camera
(Sec. 3.4.4) with an accuracy equal to the length of the pump beam. By convention, in
both this chapter and Chap. 6 smaller delays refer to the seed coming later.

5.1.2. Target and preionization

In prior experiments (Sec. 2.3.5), both neutral gas jets [100] and preformed plasmas [0,
| have been used as targets. In order to study the influence of the preionization, both
options were chosen here:

In experiment I (Fig. 5.1), pump and seed were sent into a 12% ... 21 %n, neutral gas
jet with an approximately Gaussian density profile (0.5mm...1mm width [interaction
length]). Ionization was provided by the pump (Sec. 3.3.2). This target turned out
to absorb much of the laser beam (Sec. 5.2.2), therefore diminishing the intensity and
energy available for backscattering.

In experiment II, several modifications were done to avoid too much absorption. The
interaction length was limited by using a nozzle with a smaller exit diameter (Gaus-
sian density profile with 0.5 mm FWHM, Sec. 3.3.3). The density was reduced to
5%...13%n.. A plasma was created and pre-heated by a short prepulse, collinear to the
interaction beams and counterpropagating to the pump. The energy was fixed at 450 mJ,
the highest energy available for this beam, and the pulse duration at 260 fs, the longest
duration achievable by detuning the compressor. A shorter pulse duration would have
lead to an intensity beyond 10'® W/cm?, at which heating by inverse bremsstrahlung
is less efficient. High intensities are also undesirable because the ponderomotive force,
which can change the density profile, is stronger at high intensity. By choosing an ap-
propriate focus size of 440 ym (larger than that of the 60 um pump and 90 um seed),
the intensity was adjusted to maximize the pump transmission experimentally. The
optimum ionization beam intensity turned out to be 4 x 10 W /cm?.

5.1.3. Diagnostics

In both experiments, the transmitted pump beam was sent onto a camera and a high-
resolution spectrometer, and the seed was sent into an autocorrelator, a camera, and a
high-resolution spectrometer. A part of the beam was sent into a low-resolution spec-
trometer in order to record the Raman backscattering of the pump pulse (see Sec. 3.4).

In experiment II, two diagnostics were different: Sideward Raman scattering was ob-
served using another low-resolution spectrometer. Also, the autocorrelator was config-
ured to have a higher temporal resolution at the expense of the maximum temporal
range.
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5.1. Amplification experiments

Outgoing pump

The transmitted pump was extracted with an uncoated glass wedge beam splitter. Af-
terwards, the TCC was imaged onto a camera and the entrance slit of a spectrometer
using an f = 2200 mm lens.

Pump OAP Wedge beam
(f125) splitter, uncoated

Wedge beam

Spherical mirror splitter, uncoated

M=2.9, 720nm ... 880nm

M=2.9

Wedge beam Lens

splitter, uncoated

FIG. 5.5.: Pump diagnostics.

In experiment I, the solid angle collected by these diagnostics was limited to f/21,
giving an Abbe diffraction limit of 8.4 um. In experiment II, the central part of the
pump was not extracted because of the hole in the ionization beam OAP. This, however,
did not prevent a spectral analysis.

Both imaging and spectrometer were using 14-bit or 16-bit CCD cameras. The spectral
response was limited in both cases by an RG715 filter in front of the camera and by the
camera chip response curve to 715...1050 nm.

The spectrometer was a high-resolution grating spectrometer, looking onto a spectral
range > 60 nm adjusted around a center wavelength of 800 nm. The slit width of typically
100 pm limited the resolution to approx. 0.5nm. The spectrometer allowed to see the
spectral transmission, which provided an encoding in time because the pump pulse was
chirped.

Outgoing seed

The seed and the backscatter of the pump were extracted with an uncoated beam splitter.
The beam was then split again using an uncoated pellicle beam splitter. The transmitted
part, containing &~ 90% of the energy, was collimated by a mirror telescope and sent
into a single-shot autocorrelator. To avoid pulse stretching in transmissive optics, the
beam left the vacuum chamber through a 4 mm thickness, 30 mm diameter fused silica
window. A detrimental effect on the pulse duration was excluded in an offline test:
After the campaign, the duration of one of the facility’s beams was optimized to 30 fs, as
measured using a commercial SPIDER. When introducing the window into the beam, the
pulse duration was not changed although the fluence was as high as in the experiment.
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5. Experimental investigation of SBS amplification of ultrashort pulses

The pellicle beam splitter and the window were the only transmissive optics used for the
beam sent into the autocorrelator.

Imaging and spectrometer The beam reflected by the pellicle beam splitter was used
to image the TCC onto three other diagnostics: a camera (seed imaging) and a high-
resolution spectrometer to capture the amplified seed, and a low-resolution spectrom-
eter to measure the Raman backscattering of the pump beam. The magnification for
the imaging and the spectrometer was M = 4 in experiment I and M = 2 in experi-
ment II. The magnification of the beam on the Raman diagnostics was M = 2 in both
experiments.

The characteristics of the imaging and high-resolution spectrometer were similar to
those of the pump. The major difference was that in experiment I, the small 30 mm
diameter window was used for all the seed diagnostics, therefore reducing the opening
angle to f/73, i. e. the Abbe diffraction limit was 18 um. An improvement was done
in experiment II by extracting the seed out of the target chamber by a larger window,
limiting the opening of the diagnostics to f/55. This allowed to monitor the form and

Seed beam focusing
mirror (f/50) Pellicle, uncoated

Spherical mirror
Spherical mirror, convex

Pellicle, uncoated

Pellicle, 50:50

M=2
900nm ... 1550nm

Lens

M=2...4
770nm ... 880nm

FIG. 5.6.: Seed diagnostics.

size of the focal spot and to calculate the energy (as described in Sec. 6.1.3): After
calibrating the camera in each series doing a shot in vacuum, the transmission of the
target was determined using the camera signal and a calibrated calorimeter positioned
in the beamline. (Sec. 5.1.1).
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5.2. Single beam absorption in the target

Autocorrelator In order to measure the duration of the outgoing seed pulse, the beam
was collimated by a convex spherical mirror to a diameter of 10 mm and sent into a single-
shot autocorrelator (Sec. 3.4.2). There was no intermediate focus, so optical breakdown
in air was avoided. The autocorrelator was the same in both experiments and equipped
with a DV-420 camera (Andor, Belfast, UK). The calibration was different:

o In experiment I, the calibration was 30fs/px, so as to give a resolution of 30fs
and total range of 15ps. This allowed to distinguish the amplified seed from a
backscattering of the pump.

o In experiment II, the calibration was changed to 7fs/px, so as to give a resolution
of 7fs and total range of 3.5 ps. This allowed to measure the seed pulse duration
precisely.

Pump Raman scattering

In order to diagnose the target density and to compare the backward Raman intensity
to the seed intensity, a low-resolution spectrometer was used. It detected light in the
pump backward direction (outgoing seed direction) in the range of 900 nm to 1400 nm.
This corresponds to the wavelength emitted by spontaneous Raman scattering of the
pump for a plasma density between 1.2 % n. and 13 % n. [Eq. (2.44)].

In experiment II, a second spectrometer with the same spectral range was added to
measure Raman scattering in the sideward direction. Light in the 90° direction with
respect to the pump and seed propagation axis was collected with an f/4 optics and
imaged onto the entrance slit of the spectrometer. The image was turned so that the
interaction axis was along the entrance slit of the spectrometer. This imaging configu-
ration allowed to measure the Raman backscatter generated at different positions in the
plasma along the interaction axis.

5.2. Single beam absorption in the target

In order to determine the energy and intensity available for backscattering, the absorp-
tion of pump and seed in the plasma are investigated.

5.2.1. lonization

The pump beam (in both experiments) and the ionization beam (in experiment II) had
similar intensities, ranging from 4 x 10'* W /cm? to 8 x 10> W/cm?. That means that
the laser is strong enough to trigger some initial ionization by a multiphoton ionization
process. Then, laser absorption by electron-neutral collision leads to full ionization.
For a Hydrogen target, the Keldysh parameter for these intensities is between v = 0.1
and v = 0.02. One would expect that the laser intensity is strong enough to deform
the atomic potential, so that electrons leave the atom by tunneling or barrier suppres-
sion. However, it has been observed, with tens-of-femtosecond pulses, that at least at

113



5. Experimental investigation of SBS amplification of ultrashort pulses

108 W/em? to 10 W/em? [290, 291] one can still see the distinctive peaks of pertur-
bative above-threshold ionization (ATT). This has been ascribed to higher energy levels
being involved in the ionization process, where perturbative theory applies even at higher
intensities [201]. Either way, the laser energy is far above the total ionization energy
needed, which for 2.4 x 106 particles in the focal volume is about 53mJ, less than a
tenth the 630 mJ pump energy. One can conclude that the gas is ionized at the pump
pulse’s leading edge.

Since the plasma is cold then, it takes some time for the temperature to rise. The laser
in further attenuated by collisional absorption, which converts laser energy into heat.
This happens as long as the pulse is present, but calculations predict that hundreds of
electronvolts are reached when the intensity reaches its peak value (see Sec. 5.2.2 below).

5.2.2. Pump transmission through the neutral gas
Transmitted energy

Table 5.1 shows the peak electron density n. and propagation length L (full 1/e width
from off-line gas jet characterization, assuming full ionization), as well as the experimen-
tal transmission 7.

TABLE 5.1.: Gas parameters (peak density n. and interaction length
L) for different target types, and corresponding experimental pump
transmitted energy T, and experimental (7°*7) and theoretical (T*")
plasma electron temperatures (see text for calculations).
Target Ne L T Te*P  Th
Nozzle I, 90 bar, 600 um 21 %n,. 1mm 9+2% 134eV  670eV
Nozzle I, 60 bar, 600 um  15%n. 1mm 124+2% 85eV  580eV
Nozzle 11, 90 bar, 600 um 11 % n. 0.8mm 19+2% 51eV ~ 500eV
Nozzle 11, 90 bar, 300 um 17%n. 0.5mm 21+8% 76eV  610eV

Using this experimental transmission and assuming only inverse bremsstrahlung ab-
sorption, the collision frequency and thus the plasma temperature can be determined by
inverting the expressions

— L
T = exp (Vn/n) (5.1)
nc
and A
1 Zw
Vei = ————— P In A, (5.2)

3(2m)3/2 nev?

from Sec. 2.2.1, giving values between ~ 50eV and ~ 130eV (Table 5.1, column T<*P).
This is the temperature the plasma would have to have in order to fully explain the
experimentally observed attenuation.
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5.2. Single beam absorption in the target
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FIG. 5.7.: 1D heating calculation for case I (n. = 21 % n.). No high-intensity correc-

tions included.

To assess if these values are realistic, the temperature was also calculated using the
laser and gas parameters: A fully ionized but cold plasma was assumed, which is realistic
as the laser pulse ionizes the target at the leading edge. Only the temperature and
density in the center of the target (i. e. one point in space) were considered, and the
laser was considered Gaussian in time with the experimental duration and peak intensity.
Calculating iteratively the time integral over the heating rate [Eq. (2.57)] yields a much
higher plasma temperature (column 7). The calculated temperature for the 21 % n,
case is shown in Fig. 5.7. These theoretically expected temperatures correspond to
transmissions around 70 % . .. 90 %. Therefore, the low transmission is only in part due to
collisional absorption. As shown below, the Brillouin backscattered energy is quite low,
as should be the case for the Raman backscattering. One can suspect that small-scale
density gradients refract a part of the beam out of the f/21 solid angle covered by
the diagnostics. As this reduces the laser energy deposed into the target, the actual
temperature is expected to be lower than the calculated one. For both calculations,
high-intensity corrections [79, &1] have not been taken into account as the intensity is
< 10" W /cm?. These corrections would increase the discrepancy between theory and
experiment.

Spectral transmission

The transmission of the red part of the spectrum is always higher than that of the blue
part. Since the pulse has an up-chirp (“red first”), this is plausible because the (red)
leading flank does not ionize the target fast enough, is transmitted, and once the density
is high enough, the pump is more strongly attenuated and refracted (so that the total
transmission is on the order of some percent). There is also a certain spectral broadening.
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5. Experimental investigation of SBS amplification of ultrashort pulses
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FIG. 5.8.: Pump spectra: Incoming FIG. 5.9.: Same as Fig. 5.8 with trans-
(blue) and transmitted by the 21 %n., mitted pulse spectrum multiplied by a
1 mm long gas target (green). factor 10.

Absorption processes

Figures 5.10 and 5.11 show the image of the pump focal spot when shooting into vacuum
or gas, respectively. As can be seen, the pump undergoes some refraction in the gas,
which leads to a slightly bigger focal spot. The pulse is, however, not filamented. This is
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FIG. 5.10.: Pump focal spot in vac- )
FIG. 5.11.: Pump focal spot in gas.

uum.
expected because with its 1.7 ps duration, it is too short for this instability to develop: In
the case most prone to filamentation (at an intensity of 4 x 10! W /cm? and a density of
21 %n.) the filamentation timescale [Eq. (2.52)] is 9 ps, five times higher than the pump
duration. As the density was usually lower than that, the relevant timescales were longer
on most shots during most of the interaction. The change in profile can, however, be
due to refraction on small-scale inhomogeneities in the plasma.

It should be noted that also a part of the energy was reflected by the plasma via
Raman and Brillouin backscattering. Due to the lack of an appropriate diagnostic for
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5.2. Single beam absorption in the target

the Raman backscattering, however, there is no indication to which amount the low
transmission is caused by this effect (Sec. 5.3).

One can conclude that the transmission of the beam through the plasma was quite
well behaved: The form of the beam did not change too much, there is no indication
that the beam modifies the plasma profile in a highly detrimental way, and the intensity
is still higher than the threshold for strong coupling, which is at 10® W /cm? for these
parameters. The high absorption, however, did not leave much of the energy ready for
transfer to the seed. Therefore, a pre-ionized target was studied (Sec. 5.2.3).

5.2.3. Pump transmission through the preformed plasma

Two changes were made in experiment II in order to increase the transmission of the
beams: First, smaller nozzles were used, which reduced the propagation length on the
axis to 415 yum FWHM (or 500 pm FW1/eM). Second, a plasma was created by a prepulse
arriving 1ns before the main pulses. As expected, the pump was better transmitted
through the preformed plasma.

Transmitted energy

Table 5.2 shows the peak electron density n. (from off-line gas jet characterization,
assuming full ionization) and the experimental transmissions Tgqs and Tpigsma-

TABLE 5.2.: Gas peak densities n, for different target types, and cor-
responding experimental pump transmitted energies Tyqs and Tpgsma-

Ne Tgas Tplasma
9% ne 15+£6% 214+4%
11%n. 15+1% 28+1%
13%n. 12+5% 35+6%

The transmission of this beam was more difficult to relate to the laser and plasma
parameters because the target was ionized and heated by the ionization pulse (whose
transmission was not measured), and then expanding and cooling down, before being
heated again by the pump beam.

Therefore, a simulation with the hydrodynamic code FCI2 was done. The simulation
starts with a perfectly ionized cold (7T, = 300K) plasma, which is reasonable for the
prepulse intensity > 1 x 10'* W/cm?. The simulation calculates the laser beam propaga-
tion with an envelope code. Heating and absorption of the laser is calculated for inverse
bremsstrahlung. Ponderomotive effects are not included. The simulation includes heat-
ing by both the ionization prepulse (700 fs duration, 4 x 10'* W/cm? intensity) and by
the pump pulse (1ns later, 780 fs duration, 3 x 106 W /cm?).

As in the case without pre-ionization, the electron temperature predicted for these
laser and plasma parameters is much higher than what to expect for this absorption,
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FIG. 5.13.: Incident and absorbed
pump beam power in hydrodynamic
simulation.

FIG. 5.12.: Plasma temperature from
hydrodynamic simulation.

indicating that a part of the absorption is not explained by inverse bremsstrahlung.
Noticeably, and on the contrary to the case without ionization, the shape of the spectrum
does not change significantly by transmission through the plasma. This is expected for
propagation in a preformed plasma (Fig. 5.14).
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FIG. 5.14.: Incoming (Vacuum shot) and transmitted (Plasma) pump spectrum.
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5.2. Single beam absorption in the target

5.2.4. Seed transmission in gas

When the seed interacts with the neutral gas, the most intense part is attenuated whereas
the outer parts of the beam are transmitted (with minor changes in the focal spot form).
This leads to a much higher FWHM of the focal spot (Figs. 5.15 to 5.17). On some shot
series, the focal spot size increases even more strongly (Figs. 5.18 to 5.20).
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FIG. 5.15.: Focal spot of FIG. 5.16.: Fig. 5.15 with FIG. 5.17.: Focal spot of
the incoming seed. color scale of Fig. 5.17. the transmitted seed.

The differences in the patterns cannot be explained by a long-term drift in the laser,
as both shots were done right one after another. No systematic dependence on the gas

parameters was observed.
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FIG. 5.18.: Focal spot of FIG. 5.19.: Fig. 5.18 with FIG. 5.20.: Focal spot of
the incoming seed. color scale of Fig. 5.20. the transmitted seed.

In any case, refraction in neutral gas cannot be the reason: The diffraction limit of the
imaging system is 18 ym, and a point-source with 1 mm defocus would be 2 pm in size
only. The ionization energy being 13.6 eV, then for a 1 mm long and 120 pum radius focal
volume, one obtains an ionization energy of 34 mJ, more than the < 12mJ in the seed.
Also, the seed intensity (6 x 1013 W /cm? to 4 x 10'* W /cm? at the peak) is at the limit
for ionization by a subpicosecond pulse [290, 291]. Therefore, the attenuation can be
ascribed to full or partial ionization. There are no signatures of filamentation, which is
expected since the filamentation timescale [Eq. (2.52)] is even higher than for the pump
(3ns). The seed spectrum does not change much when the seed is transmitted through
the plasma. On some shots, a broadening can be observed.

119



5. Experimental investigation of SBS amplification of ultrashort pulses

Figures 5.21 and 5.22 show autocorrelation traces for the incoming seed (Vacuum shot)
and the amplified seed. As can be seen, the change in the form of the focal spot also lead
to a change in the near field (the vertical axis of the image), but the duration remained
essentially the same. This allows to conclude that the pulses were not stretched by 100 fs
even when interacting with the pump. Since the measurement error on the duration of
the autocorrelator trace was around 30 fs, a slight pulse broadening could not be detected,
let alone compression. However, it was seen consistently throughout the experiment that
no intense signal was emitted into the direction of the seed diagnostics on the order of
the pump pulse duration 1.7 ps. We can conclude that the energy measured on the seed

imaging was that of the seed after interaction, rather than a stimulated backscattering
of the pump.
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FIG. 5.21.: Autocorrelation trace of FIG. 5.22.: Autocorrelation trace of
the incoming seed. the amplified seed.

5.2.5. Seed transmission in plasma

In experiment II, the seed data analysis was complicated by the presence of the collinear
ionization beam. Since both beams were collinear, they were both extracted and sent
onto the seed diagnostics after interaction. Since the energy of the seed had to be deter-
mined to find out the gain, it was necessary to remove the ionization beam contribution
to the diagnostic. In the experiment, this was done in two ways:

Near field Since the near field profiles of the incoming seed and ionization beams were
well-separated (the seed was sent through a hole in the ionization beam OAP),
this was also the case for the outgoing seed: The signal from the ionization beam
was in a ring around the seed beam. Therefore, an iris was introduced into the
collimated beam to remove the ionization beam. On the vacuum shots, this was
sufficient to remove the ionization beam fully. On the shots involving propagation
through the plasma, both beams were refracted in the plasma, so there was a
residual ionization beam contribution on the camera. In order to avoid blocking a
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5.2. Single beam absorption in the target

part of the seed, the iris diameter was chosen so large that none of the seed was
blocked, therefore accepting to have a part of the ionization beam on the camera.

Polarization The polarization of the ionization beam was chosen perpendicular to that
of the seed beam on all shots. The ionization beam was then strongly attenuated
by inserting a polarizer at the seed diagnostics entrance table. However, since
the ionization beam was in part depolarized in the plasma, there was a residual
component with the polarization as the seed on the seed diagnostics.

Although the iris and the polarizer reduced the ionization beam energy arriving on the
seed imaging camera by a factor 100, even this signal was still on the order of the seed.
Therefore, the ionization signal had to be taken into account when analyzing the data.
This was possible because on the camera, both beams were visibly separated: The seed
was on the same position when shots were done in a row. The ionization beam, however,
formed a half-circle-like (or quarter-circle-like) structure whose position fluctuated from
shot to shot. This is hardly surprising as this is the part of the beam that was affected
by refraction in the plasma. To treat the camera images, two options were considered:

e If one can identify the seed on the image, then it is possible to apply a mask to
the image so that the image is set to zero at the ionization beam’s position.

e Similarly, in that case one can also apply a mask that sets the whole image to zero
except for the seed signal.

Comparing the two different masking options gave only slightly different results. Both
methods agree on which shot is strongest. Figures 5.23 to 5.25 show the seed beam in
plasma with and without a mask.
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FIG. 5.23.: Seed and ion- FIG. 5.24.: Same image FIG. 5.25.: A shot with
ization pulse in plasma. as Fig. 5.23. Ionization only the ionization beam
Both foci visible. pulse removed. in plasma.

Masking allowed to reduce the influence of the ionization signal on the amplification
result, but there was always a residual difference. Therefore, the relative gain was
computed as

Sinteraction - <Sionization>
Gre = . 5.3
" <Sseed—plasma> ( )
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5. Experimental investigation of SBS amplification of ultrashort pulses

The absolute gain was computed as

Gabs Sinteraction - <Siom'zation> ) (54)

<Sseed—vacuum>

Here, all quantities S refer to the camera signal obtained after removing the ionization
beam and calculating the sum over the image. Sinteraction is the signal measured on
the interaction shot for which to calculate the gain. (Sjonization) is the average of the
signals from the shots where the ionization beam was sent into the plasma, that quantify
the ionization beam’s contribution. (Sseed—piasma) is the average of the signals from the
shots where the seed was propagating in the plasma. (Sseed—vacuum) 1S the average of
the signals from the shots where the seed was propagating in vacuum alone.

The seed transmission in the plasma is, depending on the target density, 20%...30 %.

5.3. Pump spontaneous backscattering

5.3.1. Raman backscattering

Figure 5.26 shows the spectrum measured using the low-resolution spectrometer (Sec. 3.4.1).
Since the radiation at these wavelengths is spontaneous Raman backscattering of the
pump, the plasma electron density corresponding to the wavelength, as calculated with
Eq. (2.44), is given in the second horizontal scale on top of the image. There is a broad-
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FIG. 5.26.: Pump Raman backscattering. Typical shot (Nozzle I, 90bar). The dips at
1080 nm and 1350 nm are measurement artifacts. The signal probably extends beyond
the upper detection limit at ~ 1500 nm. There is no signal detected below 1150 nm.

band pump Raman signal corresponding to densities from 4...14 %n,, i. e. up to the

end of the instrumental range. Since the gas jet peak density is 21 %n., a signal can be
expected beyond 14 %n..
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5.3. Pump spontaneous backscattering

There is no Raman backscatter at lower density (except for some shots). The Raman
diagnostic was also used to exclude the effect of a low-density Raman signal on the seed
imaging.

The large modulation of the Raman signal (dips at 1080 nm and 1350 nm) is a mea-
surement artifact from interference on multiple pellicle beamsplitters. The signal varies
much from shot to shot. Not all spectral components are there at all times. Since the
low-resolution spectrometer is not absolutely calibrated, it is not possible to account for
the backscattered energy.

5.3.2. Brillouin backscattering
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FIG. 5.27.: Pump spectrum and spec-
trum transmitted by the gas both from
the pump spectrometer.

FIG. 5.28.: Pump backscatter (from
the seed spectrometer) for the same
shot as in Fig. 5.27.

Spontaneous Brillouin backscattering of the pump could only be detected when shoot-
ing into gas, i. e. on experiment I. In experiment II, the counterpropagating ionization
beam signal on the CCD was too strong to allow detecting the pump backscattering. In
experiment I, 53 shots were done with the pump beam only into gas. 26 of them showed a
backscattering signal on the seed imaging CCD. Since the camera detects only radiation
between 200 nm and 1150 nm, the signal can be spontaneous Brillouin backscatter or Ra-
man backscatter at very low density. For these shots, no backscattering between 850 nm
and 1150 nm was seen on any spectrometer. In contrast, there was also a spontaneous
backscatter signal on the SBS spectrometer, extending not much above 800 nm (see be-
low). Therefore, Raman backscattering is unlikely to be the reason for this: If there is
no detectable Raman backscatter at higher density, then there should be none at lower
density either. This backscattering, probably Brillouin backscattering, was observed for
all target configurations, but for some of them more often than for others (Table 5.3).
Since the objective was to see the amplified seed, the detectors were not configured for
highest sensitivity and therefore it is possible that there was sizable backscattering on
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5. Experimental investigation of SBS amplification of ultrashort pulses

TABLE 5.3.: Gas parameters (peak density n. and interaction length
L) for different target types (same as Table 5.1), and corresponding oc-
currence of spontaneous Brillouin backscattering when only the pump
was shot into gas.

Target Ne L Brillouin backscatter
Nozzle 1, 90 bar 21%n, 1lmm 1 out of 7 shots (15%)
Nozzle I, 60 bar 15%n. 1mm 19 out of 40 shots (50%)
Nozzle II, 600 pum 11 %n, 0.8mm all 3 shots (100%)
Nozzle I1, 300 um 17 %n. 0.5mm all 3 shots (100%)

the other shots too that remained undetected.

Spectrally, the backscattering is always between 770 nm and 810 nm, (mostly between
780nm and 800nm). The width varies between 15nm and 30nm. This shows that it
is generated mostly by the trailing flank of the pump. This is not surprising for two
reasons: The jet is not fully ionized at the leading flank of the pulse, as evidenced by the
spectral transmission. Also, the plasma is cold in the beginning of the interaction, so that
the backscattered light at this time is absorbed by collisions. During the interaction,
the temperature rises. The bandwidth of > 15nm is sufficient to have a minimum
(bandwidth-limited) pulse duration of 64 fs. The energy (measured by seed imaging) is
< 0.35mJ. The sensitivity and the temporal resolution of the autocorrelator were not

sufficient to determine the duration of the signal.
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FIG. 5.29.: Pump vacuum shot (same FIG. 5.30.: Spontanecous Brillouin
as blue line in Fig. 5.27). (same as Fig. 5.28)

The backscatter is more or less flat-top with respect to the wavelength on some shots
(e. g. Fig. 5.30). On most shots, there is a periodic modulation with periodicity 2nm
or more (e. g. Fig. 5.32). The backscattering seems to preserve the spectral modulation
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5.4. Interaction of pump and seed in the target
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already seen on the incoming pulses at least on some shots.

The modulation in the spectra should not be confused with the rippled spectra seen
in Vlasov simulations (SCHLUCK et al. [741]). Those are due to pump depletion, whereas
in our case, the spontaneous backscattering is unlikely to have a sufficiently strong effect
on the pump intensity.

5.4. Interaction of pump and seed in the target

5.4.1. Shots into neutral gas

For each time scan, the temporal “zero delay” (pump and seed meet in the center of the
target) was identified by the shape of the seed spot (the lowest delay t, — t5 for which
the seed spot looks like it was going through the gas with no pump present). For several
delays around this position, the seed energy, spectrum, and Raman backscattering were
compared. In this experiment, we refer to the name “series” for sequential shots where
the pump-seed delay was varied under the same conditions otherwise. The Raman
backscattering diagnostic was also used to exclude the (few) shots with a sizable signal
between 1000 nm and 1050 nm which would be observed on both Raman and Si detectors,
and which can only be Raman at low density. Below, general observations made under
all conditions will be discussed. Then, spectra for two special cases (narrow band pulses
and standard [broad] band pulses) will be shown in detail.

General remarks

We compare only shots that show (at or around the zero delay) either some increase
in energy or a consistent change of focal spot and spectrum, indicating that pump-seed
interaction took place. These shots differ systematically in energy and spectrum from
shots where no significant interaction takes place.
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5. Experimental investigation of SBS amplification of ultrashort pulses

Energy The seed energy is slightly increased at the delay when the form of the focal
spot image changes.

Reproducibility Consistent results of different diagnostics occur only if shots were done
around the best timing in a row, i. e. one after another, in a couple of minutes. Appar-
ently, the timing information changes (due to misalignment over the very long path that
separates the laser room from the experiment’s target chamber) during the experiment.
This explains the low reproducibility, i. e. it was possible to see different results when
comparing shots taken with precisely the same (supposed) parameters yet not done in
close sequence. Therefore, the gain seen on individual shots was in general not repro-
ducible, when the conditions were tested again after a long time. As the “zero” delay
(pump and seed synchronized in the target center) drifts during the experiment, it is not
surprising that the best shot occurs at a position that would have been identified as a
delay of some picoseconds. However, the relative delay is realized much more precisely
(20 fs error, see above).

Seed spectrum Shots with high delays (pump later than seed) are similar to shots
into gas, because the seed traverses neutral gas before the pump arrives. Shots with
low delays (seed later than pump) can have stronger blue components (770...800nm),
due to stronger attenuation in the red. Shots at zero delay (pump and seed interact in
the plasma) have a narrower spectrum. On some series, especially with low seed energy,
there is a blue shifted narrower spectrum. This can be spontaneous Brillouin. On some
series, especially with high energy, there is a red shift. This could be an indicator that
the very leading edge of the pump ionizes, and (for a correctly timed seed) the leading
part of the pump can amplify. It is pretty much excluded that these red-shifted spectra
are from spontaneous Brillouin because that was observed only in the blue part of the
spectrum. There is no systematic correlation between pump Raman backscattering and
seed energy.

Narrowband case

On one shot series, the spectra of pump and seed were unusually narrow (25 nm FWHM),
which has to be ascribed to laser issues. The seed had an energy of 11.9mJ, a dura-
tion of 163fs, and an intensity of 7 x 10" W/cm?. The peak gas density was 21 %n..
The pulse duration was the highest on that experiment and chosen by moving the com-
pressor gratings. The seed energy increases (compared to vacuum) only by 20 % (2mJ
transferred energy) on the shot at zero delay. On this shot, the spectrum narrows and
red-shifts with the peak at 820 nm (Fig. 5.34), and the Raman backscattering is weaker.
The red-shift cannot stem from sc-SBS alone because it is too strong. It can be due to
a stronger absorption in the blue.
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On this shot series, the spectrum was at its nominal width. The seed had an energy of
2.3mJ, a duration of 45 fs, and an intensity of 5x 10® W/cm?. The peak gas density was
15 %n.. The strongest shot at zero delay shows a relative gain of 1.2. The spectrum is
narrower and a bit blue shifted. Raman and Brillouin scattering are not anticorrelated.
The shape of the pump spectra is not modified by the presence of the seed. This is

expected since the seed is much weaker.
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5. Experimental investigation of SBS amplification of ultrashort pulses

5.4.2. Preformed plasma target

As in experiment II, with the preformed plasma target, the transmission was higher, the
interaction was easier to see. However, the results were highly dispersed, i. e. within
the series, shots at the same delay could give quite different results. As mentioned
above, it is justified to compare only those pump-seed interaction shots that show the
highest energies on the seed imaging diagnostic, as for the other shots the overlap was
insufficient. Choosing the shots around the temporal “zero” according to this criterion,
one obtains comparable pulse durations and gains. For a shot series at low density
(ne = 7.5 %n,.) and with 4mJ in the seed, these values are shown in Fig. 5.37. It should
be noted that the seed transmission in the plasma (red dash-dotted) was quite high,
due to the low density. The seed pulse duration increased from 51 fs to 138 fs when the
beam was transmitted through the plasma. Upon interaction, gain was only observed
around the 2ps delay. The transferred energy is on the order of the millijoule. This
is more than the spontaneous backscattering observed in the neutral gas (hundreds of
microjoules). The reasons for the effect of the interaction on the pulse duration are not
obvious. As the energy transfer is not efficient enough to deplete the pump, this is not
pulse compression from self-similar seed growth. One can suspect that the leading flank
and the trailing flank of the seed encounter already different conditions, and therefore,
only a part of the pulse is amplified. However, simulations taking into account the real
pump intensity in the plasma would be needed for a conclusive result. Unfortunately,
there is no clear trend in the spectrum.
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FIG. 5.37.: Shot series with preformed plasma: Absolute amplification for interaction
shots (red) and transmission level in the plasma (red dash-dotted). Seed duration from
the autocorrelator (blue), duration for a vacuum shot (blue dashed) and duration of the
seed as transmitted by the plasma.
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5.5. Conclusions

It is, however, instructive to compare the most energetic shots of different shot series.
Figure 5.38 shows the shots at highest energy at or near zero delay, where the higher
energy can be due to pump-seed interaction. There is a visible correlation between
the relative gain (relative to the pulse after transmission through the plasma), and the
duration. Here, the incoming seed pulses had various durations; therefore, quite different
amplification attempts are compared here. After interaction, the shorter seed pulses are
less energetic.

Relative amplification
[N w W~ ot D
]
]

—

0 50 100 150 200 250 300 350 _ 400
Measured pulse duration [fs]

FIG. 5.38.: Durations and relative gain of the most energetic shots of five different
series.

5.5. Conclusions

In these experiments, in principle the conditions for amplification by sc-SBS were met.
For the experimental parameters, i. e. for Hydrogen with n, = 0.1...0.2n. and Iy = 4 X
10% W /cm? at 800 nm, the linear theory yields a characteristic time scale of 110. . .90 fs
and a shift of 1.8...2.2nm in the spectrum.

However, only a low gain was observed on few shots where the conditions were most
prone to amplification. Comparing these shots, a shorter seed duration after interaction
was correlated with a higher relative increase in energy. This suggests that a small
gain still occurred. The self-similar regime was not reached, indicating that not all the
conditions were met as needed.

As stated in Sec. 2.3.3, the conditions for successful amplification are

e spatiotemporal overlap of pump and seed,

¢ well-behaved pump transmission to yield a sufficiently high intensity to reach the
strong coupling regime within the plasma,
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5. Experimental investigation of SBS amplification of ultrashort pulses

e conditions under which an ion acoustic wave can exist,
e a correct phase relation between pump and seed.

Concerning the seed, both its propagation and its spatiotemporal overlap with the
pump could be reached. For the other parameters, this was less clear.

Pump transmission The low transmission is due to collisional absorption, Raman
backscattering, and refraction. For the shots without preformed plasma (experiment
I), the transmission of the pump was in the percent range. One can consider as an
extreme case that at the end of the plasma only 1% of the pump intensity is present.
This intensity (4 x 1013 W/cm?) is then at the lower limit of strong coupling, with a time
scale of around 400 fs and a shift of around 1 nm. Therefore, the interaction was strongly
coupled and the seed pulse duration was below the time scale in the linear regime, as
intended. In the case of the preformed plasma (experiment II), with 20...40 % trans-
mission the intensity was at least 4 x 104 W /cm? in the plasma, which, for 5...10 %n..,
yields strong coupling and a time scale of 290. .. 230 fs, as intended. Both pump and seed
beam are too short to filament, which is predicted and evidenced by the transmission
camera images.

Presence of an ion acoustic wave The buildup of an ion acoustic wave can be ham-
pered by Landau damping and wave breaking. This is expected only for parameters
far from those of this experiment (Sec. 2.3.2). In experiment I, spontaneous Brillouin
backscattering was observed, which demonstrates the existence of an TAW. Although the
bandwidth of the backscattered radiation was narrow, this does not forcibly mean that
amplification of a seed had to be as limited to that bandwidth: The presence of a seed
can change the interaction sufficiently to allow for a broader bandwidth. Therefore, it
has to be concluded that the phase relation between pump and seed pulse in the plasma
was not in a regime that allows to transfer energy from the pump to the seed throughout
the interaction.

Pump-seed phase relation As can be seen in Egs. (2.23) to (2.28), the pump chirp is
a crucial parameter for the phase relation between pump and seed, and therefore for the
directionality of the energy flow. As already pointed out by CHIARAMELLO et al. [63], a
too high chirp factor can quench amplification. A moderate chirp, with a chip parameter
a = —2 x 1077 (the red part of the spectrum coming first), improves SBS, whereas a
high chirp factor, || > 1 x 1076, is detrimental for amplification regardless of the sign.

In the ARCTURUS experiments, the 800 nm, 30fs bandwidth-limited pulse, stretched
to 0.78 ps...1.7ps, has a chirp factor of |a| =2 x 107%...5 x 1076, This is high enough
to quench amplification.

This is in contrast to the results obtained with the ELFIE Nd:glass system, with a ten
times narrower spectrum, where self-similar amplification, and SBS-SRS anticorrelation
were visible (Chap. 6). In that experiment, the chirp factor (for a bandwidth-limited
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450 fs pulse, stretched to 4 ps, with the red part of the spectrum coming first) is & = —2x
10~7. This happens to be just the optimal value found in the theoretical calculations.
The chirp factor is lower here because the central frequency only has to traverse a ten
times narrower spectrum in the same time (pulse duration).

In order to investigate the chirp influence in more detail, a 1D envelope code simulation
was done [292]. The plasma was assumed fully ionized, with a Gaussian profile, a
propagation length (FWHM) of 600 ym, and a peak density of n, = 10 %n.. A 1.7ps,
4 x 10'® W /ecm? pump was crossing a 160fs, 1.7 x 10'* W /cm? seed. Both lasers were at
800 nm wavelength. The density perturbation in the code was limited to 15 %, which is
the value observed in PIC simulations for these parameters.

Figures 5.39 to 5.43 show the simulation results. The upper graphs show, along the
propagation axis, from top to bottom: The electric fields of the laser pulses (blue:
pump, green: seed) together with the plasma density (black), the density perturbation,
the velocity of the plasma wave oscillation, and the intensities of the laser pulses after
interaction (blue: pump, green: seed). Below, the fluences of pump and seed are shown
depending on the time, which shows if energy is transferred from pump to seed or vice
versa.

Figure 5.39 shows the result for an idealized case where the 1.7 ps pump is bandwidth-
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FIG. 5.41.: Envelope simulation with 30 nm spectrum, negative chirp (“red first”).

limited (0.6 nm bandwidth). Here, as predicted by the analytical theory, energy is trans-
ferred from the pump to the seed. This is still the case if the pump has the same duration,
but 5 nm spectral width, and the chirp is negative with a factor & = —7.8 x 10~ 7. In both
cases, both the temporal shape of the seed (strong first peak with post-peaks) and the
depletion of the pump by sc-SBS amplification indicate amplification in the self-similar
regime.

The picture changes, however, when the chirp is increased (Figs. 5.41 and 5.42). Al-
ready with a bandwidth of 30 nm, which is half the bandwidth in the experiment, the
seed does not gain energy in the end because energy is transferred in both directions
(pump-seed and back). The order of that depends on the sign of the chirp. In both
cases and in contrast to the cases with the lower chirp, much less energy is transferred
forth and back. Net gain for the seed is neither observed at zero delay (pump and seed
meet at the center of the gas jet) nor at a small delay +2ps, where the pulses meet
on a slope, which in principle can be beneficial as spontaneous Raman backscattering
is reduced there. In this case, however, Raman backscattering is strongly suppressed
anyway, which is also due to the strong chirp [293]. Therefore, it is not surprising that
Raman-Brillouin backscattering was not demonstrated in this experiment.

The reduced amplification is due to the higher chirp factor. This can be seen from a
simulation where the pump has, again, a bandwidth of 30 nm, but it is stretched to 5 ps
duration (Fig. 5.43). Then, there is some gain again, albeit weak.
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FIG. 5.42.: Envelope simulation with 30 nm spectrum, positive chirp (“blue first”).
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6. Experimental demonstration of SBS
amplification in the self-similar regime

In order to study amplification by sc-SBS under optimized conditions, an experiment
has been done at the ELFIE laser facility at LuLl. This facility was chosen because it
provides both a subpicosecond seed pulse and two energetic laser pulses for preionization
and pump pulse (Sec. 3.1.3). The results were published in the article by LANCIA et
al. [0].

This experiment is a follow-up to a previous campaign, indeed the first campaign on
sc-SBS amplification in 2007 [51] (for a detailed description see Sec. 2.3.5). Then, pump
and seed were under an angle of 160°. This limited the spatial extent of the overlap zone
and thus the energy transfer.

In contrast to this, in this experiment, a fully counterpropagating configuration was
realized for the first time. This maximizes the interaction length and the gain that can
be expected. The pump energy was increased as well to have a bigger energy reservoir for
amplification. Instead of Argon, in this case the gas target was chosen to be Hydrogen.
This improvement allows for full ionization and, therefore, a more homogeneous plasma.

6.1. Amplification experiment

A schematic of the setup is shown in Fig. 6.1. In order to maximize the amplifier length
and avoid beam deflection due to refraction, pump and seed beams were focused into
a preformed plasma in a fully counterpropagating (180°) geometry. The plasma was
generated by ionizing a supersonic Hydrogen gas jet using a long energetic laser pulse,
the “ionization prepulse” in Fig. 6.1.

The transmitted pump beam left the counterpropagating setup by a flat mirror with
a hole (the incoming seed passed through the hole). The transmitted and amplified seed
left the setup via an uncoated 4” pellicle beam splitter. Spontaneous Raman backscat-
tering was coupled out of the setup using a thin glass plate.

6.1.1. Beam parameters
Seed

The seed laser pulse was generated from the probe pulse of the facility. It was compressed
to 700 fs, spatially filtered to obtain a good far field profile, and focused using an f/40
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6. Experimental demonstration of SBS amplification in the self-similar regime
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FIG. 6.1.: Schematic setup of the experiment.
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lens to a 130 um FWHM focal spot. On target, it had an energy of 4mJ and a peak
intensity of 1.4 x 103 W /ecm? in the focal spot. The intensity and form of the spot
could not be measured directly using the imaging camera of the seed because the seed
passed over a pellicle beam splitter. This beam splitter changed the phase front in a
way that made a correct imaging impossible, resulting in an artificially elongated shape
(Fig. 6.6a). Therefore, before the shot series, the focal spot was recorded on a camera at
low energy (10 Hz alignment mode) using a high quality imaging system that intercepted
the beam after passing through focus. Figure 6.2 shows this focal spot, with the intensity
scaled to full energy. In general, the focal spot is slightly smaller when shooting in full
energy. In this case, however, the differences are quite low: To have a comparison, both
a shot at 10 Hz (low energy) and a shot at full energy (with an ND filter as attenuator at
the chamber entrance) were done on the same imaging system. The focusing conditions
were the same for these two shots. Comparison yields a slightly smaller spot and a
slightly higher intensity (factor 1.1). Therefore, this representation of the focus it fairly
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6.1. Amplification experiment

correct.

Pump

In order to have a high-energy pump pulse, one of the main beamlines of the facilities
was used. The duration of the pump was chosen slightly longer than the duration it
takes the seed to pass the plasma. With a gas jet interaction length of L = 1 mm, this
yields a time L/c = 3.3 ps. In the experiment, the pump pulse duration was chosen to
be 4 ps. Since the bandwidth-limited beam has a duration of 700 fs, this corresponds to
an up-chirp (“red first”) of 1.5nm/ps. Using an f/17 OAP, it was focused to a 150 pm
focal spot to match the size of the seed. As in the case of the seed, there was no correct
imaging for the pump focal spot at full energy. Here, the passage through the holed
mirror lead to an uncorrect imaging (Fig. 6.4). Therefore, as for the seed, the profile
at 10 Hz was recorded using a high quality imaging that intercepted the beam between
the focus and the holed mirror. This measurement (Fig. 6.3) yielded a peak intensity of
2.8 x 10 W/cm? in the focal spot.

Pump pulse on shot Similarly to the seed, the transmitted pump was imaged onto an
iKon DU 934P-BU2 16 bit CCD camera. Since the imaging system included a mirror
with a hole, these camera images did not allow to fully characterize the form of the
focal spot, but it was possible to make sure the overall form and position was conserved.
Figure 6.4 shows a typical image of the pump camera. As can be seen, the form of the
beam is not similar at all to that of Fig. 6.3.
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FIG. 6.4.: Transmitted pump pulse for the shot corresponding to Figs. 6.6c and 6.8c.

Delay

The delay between pump and seed was modified using a mechanical delay line, operated
with a micrometer screw with a precision of 10 um. Therefore, the uncertainty on the
relative delay is 30fs. The absolute delay, however, depends on the determination of
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6. Experimental demonstration of SBS amplification in the self-similar regime

the zero delay (pump and seed meet in the center of the gas jet). This was done,
independently from the amplification: After replacing the gas target by a piece of tracing
paper, unamplified pump and seed pulses (10 Hz of the facility) were made to interfere,
and the speckles were imaged onto a CCD camera. When pump and seed overlap,
their interference causes a change in the speckle pattern. This allowed to determine the
absolute delay with a typical error of 1.5 ps.

6.1.2. Target

The target was a preformed plasma (Sec. 3.3.4) To determine the plasma density on the
shot, a part of the ELFIE probe pulse was used to probe the plasma transversally. This
part of the beam was compressed to 700 fs, like the seed pulse, and frequency doubled,
i. e. it was at a wavelength of 527nm. The plasma was probed transversally at 90°, as
shown in Fig. 6.1. The transmitted beam was sent into a Nomarski [294] interferometer.
Figure 6.5 shows a typical interferogram. As can be seen, the probe undergoes strong

Wiy

I

FIG. 6.5.: Typical interferogram of the plasma from the Nomarski interferometer,
recorded when pump and seed laser pulses are traversing the plasma.

refraction in the plasma. This leads to both discontinuities in the plasma and reduced
fringe visibility. Therefore, it is not possible to measure the plasma electron density on
the whole axis. It was used to monitor the overall radial symmetry of the plasma profile.

6.1.3. Diagnostics

In order to observe the signatures of the linear and the self-similar regime of SBS, the
outgoing seed was characterized in energy (imaging / calorimetry), in time (single-shot
autocorrelator), and spectrally (high-resolution spectrometer).
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6.1. Amplification experiment

Additionally, the transmission of the pump was measured (imaging). Concurrent Ra-
man backward scattering was characterized with low-resolution spectrometers.
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FIG. 6.6.: Images from the seed transmission diagnostic. The values given on the color
scales are normalized to the maximum of the incoming seed (Fig. 6.6a).

In order to determine the transmitted energy and the shape of the focal spot, the
transmitted seed beam was sent onto a camera by imaging the target chamber center
(TCC) with a lens having an aperture of f/69, resulting in a magnification of M =
0.78. An iKon DU934P-BU2 (Andor, Belfast, UK) 16 bits charge-coupled device (CCD)
camera was used since it is sensitive in the visible and in the near infrared and has a
high dynamic range.

The transmitted pulse relative energy was determined by integrating the grayscale
values of the denoised CCD camera image as shown in Fig. 6.6. The gain g.ps [Eq. (2.69)]
was determined by dividing the value from the seed after interaction (Fig. 6.6¢) by the
value from a shot where only the seed was fired and the gas jet was not triggered (the seed
propagates in vacuum, Fig. 6.6a). Since this is not a single-shot technique, shot-to-shot
fluctuations in facility’s probe beam line had to be accounted for. Do this end, the
relative energy of the incoming seed was determined by focusing the leakage behind a
mirror upstream to the focusing lens onto a photodiode.

Images obtained using this diagnostic are shown in Fig. 6.6. Since the beam was
extracted using a pellicle, the actual focus profile (shown in Fig. 6.2) was not well
depicted on the camera. Therefore, the change in the beam shape is a qualitative
indication of refraction of the beam in the plasma. It does not, however, give an account
on the real size of the focal spot. The intensities are scaled the same way on all three
images (Fig. 6.6). They are normalized to the maximum intensity of the incoming seed,
but they have their individual colorscales. Figure 6.6a shows the seed impinging on the
plasma, recorded by firing the seed only but not the other beams nor the gas jet. As
can be seen in Fig. 6.6b (with the gas jet being pulsed and preionized, and where the
seed was fired but not the pump), the transmission level in the plasma is around 10 %.
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6. Experimental demonstration of SBS amplification in the self-similar regime

Figure 6.6¢ (where the gas jet was pulsed, and all pulses were fired and synchronized)
shows a case of absolute amplification.

To measure the pulse duration, the out-
going seed was collimated using a lens and
sent into a single-shot second-order au-
tocorrelator (Sec. 3.4.2), again equipped
with a DV420 16-bit CCD camera. The
autocorrelator trace of the incoming seed
(the same shot as for Figs. 6.6a and 6.8a)
is shown in Fig. 6.7. The time scale given :
here results from the temporal scaling for T T e
the autocorrelation trace and has to be di-
vided by /2. The trace cannot be fully
seen because the beam has shifted due to
propagation in the plasma. This, however,
does not prevent an extraction of the seed duration.

To characterize the spectrum, the amplified seed was sent onto a high-resolution spec-
trometer (TCC imaged with f/69, M = 0.34). The spectrometer was a Fastie-Ebert
monochromator with a spherical mirror with a focal length of f = 1m. The camera was
a DV420 (Andor, Belfast, UK) 16 bit CCD. The spectrometer also served to determine
the gain, the same way as using the imaging of the focal spot shown in Fig. 6.6. Since
the image of the focal spot was centered on the spectrometer slit, this measurement (1D
calorimetry) yields a gain that depends more strongly on the amplification in the center
of the beam. Figure 6.8 shows the spectra recorded for the same three shots as Fig. 6.6.
Again, the intensity scales are identical. It shows the low transmission in the plasma
(Fig. 6.8b) as well as narrowing and a shift of the spectrum in case of amplification
(Fig. 6.8c).

1 2 3

FIG. 6.7.: Autocorrelator trace of the in-
coming seed.
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6.1. Amplification experiment
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FIG. 6.8.: Raw images from the seed high-resolution spectrometer for the same shots
as Fig. 6.6. The images are normalized to the maximum intensity of the incoming seed
(Fig. 6.8a), but they have their individual colorscales.
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6. Experimental demonstration of SBS amplification in the self-similar regime
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FIG. 6.9.: Raman backscattering of the pump.

To measure the Raman backscattering from the pump (Sec. 3.4.1), the TCC was
imaged onto the entrance slit of a low-resolution spectrometer. To avoid ambiguities
in the spectrum due to chromatic aberrations, which would otherwise be sizable over a
spectral range of 550 nm, imaging was done using reflective optics only. The spectra were
recorded with a commercial InGaAs 12 bit camera (Xeva 152, Xenics, Leuven, Belgium)
with a 320 px x 255 px chip with 30 um pixel size.

The spectrometer was calibrated using diode lasers at 1064nm and 1057 nm wave-
length. The spectral range (from 1150 nm to 1700 nm) was limited by the Silicon filter
(used to block wavelengths below 1150 nm) and the response of the camera (see Fig. 3.18).
According to Eq. (2.44), this corresponds to an electron plasma density between 0.7 %
and 14.3 %.

Figure 6.9 shows the backward Raman scattering of the pump observed on a shot where
no amplification took place due to an incorrect pump-seed delay. On this shot, strong
Raman backscattering took place. The signal is sizable between 1200 nm wavelength
(corresponding to an electron density of 1.3 %n.) and 1400 nm wavelength (corresponding
to an electron density of 7 %n.). This means that the pump laser pulse encountered zones
in the plasma of these densities. The higher density zones in the center of the plasma
are not visible on this diagnostic because the signal is too much attenuated on its way
through the plasma.

6.2. Results

For the pulse parameters detailed above, a scan in pump-seed delay around the temporal
zero was done. The pump had an intensity of Iy = 2.8 x 101> W/em? (i. e. an ag =
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6.2. Results

3.6 x 1072) and a duration of 4ps. The seed had an intensity of I; = 1.4 x 10'3 W /cm?
(i. e. an agp = 2.6 x 1073) and a duration of 700fs. Both beams had a wavelength
of 800nm and were linearly polarized. The plasma density was 7 %n. and its electron
temperature below 280 eV.

6.2.1. Gain
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FIG. 6.10.: Integrated signals of seed imaging, seed spectrum, and Pump Raman

backscatter. Diamonds represent values for the shot at At = 1ps with crossed po-

larization. Dashed-dotted red and blue lines show transmission in plasma without am-
plification.

Figure 6.10 shows the gain (absolute amplification) obtained from the camera (2D
calorimetry, red), the gain obtained from the spectrometer (1D calorimetry, blue), and
the integrated backward Raman scattered signal. The slightly higher maximum for
the 1D calorimetry shows that amplification is stronger in the center of the focal spot,
because this part of the focal spot passes through the spectrometer entrance slit.

The increase of the calorimetry signals when approaching zero delay is to be attributed
to amplification of the seed: The general agreement between 1D and 2D calorimetry is
a clear indication that the energy transfer occurs in the spectral bandwidth of the seed,
therefore proving that it is Brillouin backscattering. This quantitatively confirms that
the gain occurs in a small spectral bandwidth, as is already visible in Fig. 6.8c and

143



6. Experimental demonstration of SBS amplification in the self-similar regime

will be detailed in Fig. 6.12. When the seed propagates through the preformed plasma
without the pump, it is attenuated to 10 % of the vacuum level.

The gain is not symmetric with respect to the zero delay. Highest energy is observed at
the optimal delay (At = —2ps). This is because at positive delays, the seed propagates
through the plasma and is attenuated before interacting with the maximum of the pump.
Amplification starts thus with a weaker seed, the self-similar regime is reached later, and
amplification ends when the seed leaves the high-intensity part of the pump. At negative
delays, on the other hand, the seeds interacts with the most intense part of the pump
before interaction, leading to higher gain.

6.2.2. Seed pulse spectrum
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FIG. 6.11.: Seed spectra depending on the delay.

Figures 6.11 and 6.12 show lineouts of the spectra of the seed pulses for the shot
series corresponding to Fig. 6.8: The incoming seed spectrum (“vacuum” case) is from
Fig. 6.8a. The transmitted seed spectrum (“seed in plasma” case) is from Fig. 6.8b. The
“At = 1.0ps” case corresponds to Fig. 6.8c. In Figure 6.12, they were normalized to
their individual maxima to show only differences in the form of the spectra. The delay
indicated here is defined as At = t, —t;. This means that for At > 1, the seed passes
through the unperturbed plasma before the pump arrives, which is comparable to the
seed in plasma case. For At < 0, the seed arrives much later than the pump, traversing
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FIG. 6.12.: Normalized seed spectra depending on the delay.

a plasma that is already perturbed by the pump.

The “Seed in plasma” case shows that the spectrum narrows when transmitted by the
plasma. It is also strongly attenuated.
For the interaction shots at all delays shown here, sizable amplification takes place
since the signal is much stronger than in the “Seed in plasma” case. This difference is
not visible in Fig. 6.12 because the plots are normalized. However, it is clearly visible
that not the whole transmitted spectrum is amplified. When comparing the spectra of
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6. Experimental demonstration of SBS amplification in the self-similar regime

the series for the different delays, one can clearly see that they have a similar overall
form but a different redshift. For the spectrum At = 1ps, the highest gain has been
observed on the spectrometer (1D calorimetry in Fig. 6.10). Here, the spectrum is most
red-shifted. It is also broadened when comparing to the cases with At = 4ps and
At = —2ps.
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FIG. 6.13.: Integrated signal of seed spectrum (same as in Fig. 6.10; red lines, left
scale), red shift of the center of mass (red line) and width (green line) of seed spectra
(both right scale). Same dataset as in Fig. 6.12. Diamonds represent the values for the
shot at At = 1ps with crossed polarization. Dash-dotted lines indicate the values for
the seed after transmission in plasma without amplification.

This can be seen more clearly if the red shift and the spectral width are quantified
using the center of mass and the width as defined in Sec. 3.4.1. Figure 6.13 shows both
statistical values. To quantify the red shift of the spectrum’s center of mass (calculated
with Eq. (3.18)), the difference to the value for the incoming seed (vacuum shot) is
shown (red line). The dash-dotted line indicates the value for the seed transmitted by
the plasma. The spectral width is indicated by the green line. It has been calculated
using Eq. (3.19). Again, the dash-dotted line indicates the value for the seed transmitted
in the plasma.

These statistical data confirm the trend already visible on the spectra. The downshift
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6.2. Results

of the spectrum for the shot at At = —8ps is due to the fact that only the lower wave-
length (blue) part of the spectrum is amplified. Starting from this value, the strongest
redshift corresponds to the shot with the highest gain. The change in the spectral width
is also characteristic for the transition from the linear to the self-similar regime (see
Sec. 2.3.3. Linear amplification leads to spectral narrowing (delays At = —5ps and
At = 1ps. For self-similar amplification (At = —2ps), the spectral width is in part
recovered. Normally, one would expect this to happen at the delay At = 1 ps because
the self-similar regime is reached when the gain is highest. The fact that this happens
for At = —2ps can only be attributed to shot-to shot fluctuations. This shot is also the
shot for which the gain measured by 2D calorimetry was highest. This can be due to
different plasma densities and thus different gains along the jet.

6.2.3. Seed pulse duration
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FIG. 6.14.: Autocorrelation trace width depending on the delay for the same series as
Fig. 6.10.

For this shot series, the autocorrelator trace was much stronger when both pump and
seed were fired and the delay was so close to the zero that interaction within the target
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6. Experimental demonstration of SBS amplification in the self-similar regime

can be inferred. This further confirms that this signal corresponds to the duration of
the seed, and not spontaneous backscattering growing from noise.

The pulse durations were retrieved by fitting Gaussian curves to the autocorrelation
traces (Sec. 3.4.2), assuming the temporal profile of the seed pulse also to be Gaussian.
Figure 6.14 shows the pulse durations for the same shot series as Fig. 6.10. The red line
represents the duration of the incoming seed (the vacuum shot shown above, in Fig. 6.12).
The blue line shows the duration of the transmitted seed from the shot where the pump
was not fired (the transmission shot in Fig. 6.12). As can be seen, the pulse is only
slightly stretched after transmission through the plasma. However, the amplified pulses
are significantly longer. This can be explained by the fact that the seed pulses grow
first in the linear regime. Here, only a part of the pulse spectrum (around 1057 nm,
cf. Fig. 6.12) is amplified. Therefore, the pulses are temporally stretched at these
delays, whereas they are recompressed in the self-similar regime. This is concomitant
with the spectral broadening (Fig. 6.13). At optimal delay, for which the amplification is
strongest, we observe that the outgoing seed is not significantly longer than the seed pulse
in vacuum. This means that the seed is effectively recompressed by the amplification
process.

6.3. Conclusions

Absorption Comparing the energy (determined by integrating the intensity values on
the camera) of the incoming seed (Fig. 6.6a) and the transmitted seed without the
pump (Fig. 6.6b), one obtains a transmission level of only 12%. As in the ARCTURUS
experiments, this is in part due to collisional absorption, in part due to refraction over
small-scale inhomogeneities. The transmission is lower than in the ARCTURUS beamtimes
because the plasma is longer, and because the prepulse comes under an angle, much less
prone to create on-axis inhomogeneities. The form of the spectrum is preserved upon
transmission, as was the case in the ARCTURUS experiment II in the preformed plasma.

Amplification In this experiment, the transition of amplification by sc-SBS from the
linear to the self-similar regime could be demonstrated. This is visible from spectral
broadening and shift, recompression, and SBS-SRS anticorrelation. This allows to con-
clude that all the conditions for efficient amplification were met, including an appropriate
chirp of the pump.

Compared to the previous experiment with the same laser [51], the pump and seed
intensities were lower (3 x 10® W/cm? rather than 6 x 10'® W/cm? for the pump, and
10" W /cm? rather than 5 x 10 W /cm? for the seed). However, still 12mJ of energy
were transferred from the pump to the seed, leading to a conversion efficiency of 0.2 %.
This shows that high intensities are not particularly the optimum for amplification by
sc-SBS. This experiment also confirms the role of the pump bandwidth and chirp. For
this, rather weak chirp, self-similar amplification is predicted. Also, the highest gain is
observed at a pump-seed delay of —2ps, i. e. pump and seed meet on a density slope,
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6.3. Conclusions

rather than at highest density. This is expected because a density slope drives Raman
backscattering out of the resonance, so that more energy is transferred by SBS.
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7. Conclusions and future prospects

In this thesis, the feasibility of two applications of laser-plasma interaction using gas
targets has been demonstrated: Collisionless shock acceleration using a high-density gas
jet, and laser amplification by stimulated Brillouin backscattering.

7.1. Proton acceleration by CSA

Forward ion acceleration was observed (Chap. 4) upon interaction of single Nd:glass
laser pulses (210J, 5ps, a9 ~ 1) with a high-density gas jet (2.5n.). The ion spectra
showed a quasi-monoenergetic peak in the range of 200...800keV and particle fluxes of
4 x 10'2 particles/MeV /sr. The particles were accelerated in forward direction (into an
angle of 150 mrad) only. The only known mechanisms for these beam properties are HBA
and CSA. The acceleration was ascribed to the latter because PIC simulations show it
for the experiment’s parameter set, and because the energies measured in the experiment
are close to predictions both from the analytic theory and the PIC simulation.

Before this experiment, CSA acceleration had been demonstrated using CO4 lasers at
a wavelength of 10 um lasers only. At slightly higher density than in our experiment,
(ne/ne = 6) [24], similar ion beam parameters had been reached. At a similar density
(ne/ne = 2), higher energies up to 18 MeV density had been reached [!], albeit with a
particle flux five orders of magnitude lower.

As reaching both higher energies and higher flux arguably necessitates a higher laser
intensity, laser systems in the near infrared (Ti:sapphire or Nd:glass), which will reach
ao = 200 in the foreseeable future, are likely to be the system of choice, combined with
high-density gas jet targets. The increase in proton energy then can take advantage of
the favorable CSA scaling as the peak ion energy is proportional to the laser intensity.
Furthermore, established gas jet design techniques can be used to obtain a target with
a shorter interaction length.

7.2. Laser-plasma interaction and laser amplification by sc-SBS

In three experiments, propagation, spontaneous, and stimulated backscattering of broad-
band laser pulses in underdense plasmas were studied in the context of short pulse ampli-
fication by sc-SBS, using a Ti:sapphire laser (ARCTURUS) and an Nd:glass laser (ELFIE).
Pump pulses in the near-infrared range at (vacuum) intensities of 2...4 x 10 W /cm?
and durations of 0.78...4 ps were interacting with gas jets at 5%...21 %n, density.
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7. Conclusions and future prospects

Beam transmission In all experiments, the pump pulse’s intensity in the plasma (1%
to 40 % of the vacuum value) was sufficiently high for SBS to be strongly coupled. The
generation of an ion acoustic wave was evidenced by the observation of stimulated or
spontaneous backscattering.

A seed beam of a duration of 30...700fs and an intensity of 10*® W /cm? was added
and overlapped with the pump in space and time. This allowed to study its interaction
with and its amplification by the pump beam.

Creating a preformed plasma allowed to reduce the absorption in the target. Further-
more, it allowed to preserve the form of the spectrum after transmission, indicating that
the pump absorption did not change with time during the interaction.

Amplification by sc-SBS The influence of bandwidth and duration was investigated
by comparing the results from the Nd:glass system to those from the Ti:sapphire system,
thus comparing a bandwidth of 6 nm to a 60 nm, and durations of 30...160fs to 700 fs.
Therefore, durations below and above the sc-SBS growth rate [Eq. (2.36)], which is the
characteristic time scale of the process and typically 1/v5¢ = 173 fs, were tested.

One would have expected amplification in both cases for the following reasons: In the
linear regime the gain (Eq. (2.35)) depends on plasma species, density, and laser field
strength, but not on the duration. The amplified seed duration is, however, limited
as the sc-SBS does not amplify arbitrarily broad spectra. The analytical self-similar
theory [11] suggested a seed growth oc 3/% in case the initial seed duration is short
compared to 1/45¢, but a reduced growth (lower exponent than 3/4) for a longer pulse.
Vlasov simulations [(7] have confirmed this scenario: The initially longer seed is amplified
in both linear and self-similar stage, whereas a shorter seed is stretched in time (by
developing a tail), and then is more strongly amplified in the self-similar regime. This
is consistent with PIC simulations [19]. These theoretical predictions did not take into
account the chirp.

In an experiment, however, the pump pulse has to be chirped. This is necessary
because pump and seed spectra are supposed to be equally wide, and the pump duration
has to be adjusted to the desired amplifier length (which should also be the propagation
length in the gas target). Therefore, in these different experiments, the chirp parameters
are different and influence the phase [Eq. (2.31)], which is crucial for the amplitude and
phase development of pump and seed [Egs. (2.23) to (2.26)].

At the ELFIE Nd:glass system, pump and seed had a bandwidth of 6 nm. The pump was
stretched to 4 ps, leading to a chirp factor of |a| = 2x 1077, Here, the transition from the
linear to the self-similar regime was demonstrated, confirming predictions from analytical
theory and simulations [41, 73, 74]. Amplification of a factor of 5 was reached and tens
of millijoules of energy were transferred from the pump to the seed. The transition to
self-similar regime could be confirmed by the correlation of pulse compression, frequency
broadening, and down-shifting with increasing gain. The Raman-Brillouin competition,
predicted by the theory [102], has been proven by the observation of a decrease in the
backward Raman signal when amplification was efficient.

In the ARCTURUS experiments, the 800 nm, 30 fs bandwidth-limited pulse, stretched
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7.2. Laser-plasma interaction and laser amplification by sc-SBS

to 0.78 ps...1.7ps, has a chirp factor of |a| =2 x 107%...5 x 1076, This is higher than
at ELFIE due to the higher spectral bandwidth. The amplification was quenched here.

Both results are confirmed by calculations done by CHIARAMELLO et al. [(3], using an
envelope code that solves the full set of wave equations [Egs. (2.23) to (2.31)] but does not
include kinetic effects: The chirp factor of |a| = 2 x 1077 used in the ELFIE experiments
is also the optimum value for amplification, whereas a chirp factor || =5 x 107%, which
was the case for the ARCTURUS experiments, effectively quenched amplification.

Prospects In order to reach the optimum chirp for these broadband pulses, one would
have to stretch them to 20ps. For pump and seed to interact within a plasma during
this time, the interaction length in the target would have to be 20 ps¢/2 = 3mm. Given
that the present ionization pulse was barely sufficient to make a 0.5 mm target trans-
parent for pump and seed, amplifying the whole spectrum would necessitate an entirely
different pre-ionization and pre-heating scheme, e. g. by a more energetic prepulse com-
ing perpendicularly to the main propagation axis and focused to a line focus. Another
difficulty might arise from pump filamentation, since the time scale [Eq. (2.52)] for that
instability is on the order of some picoseconds for our densities and intensities. Also, a
higher pump energy would be useful to maintain an intensity of 10> W /cm? even for a
much longer pulse. An upcoming upgrade of the ARCTURUS laser is expected to increase
the available energy on target by a factor of 2. Therefore after the upgrade, the intensity
on the target could be maintained by reducing the focal spot size by a factor of three,
which is feasible.

Two more points merit further investigation: First, the phase matching could be
optimized by using a ramp-like target [19, ]. Second, the beam geometry used in
these experiments (fully counterpropagating) is useful to investigate the process, as it is
essentially 1-dimensional. As long as one-direction devices are at hand to prevent damage
to the laser from the transmitted pulses, this is feasible as the transmitted pulses can
be extracted using beam splitters. In a practical amplifier scenario, however, this would
mean throwing away a large part of the energy. In comparison, a geometry where pump
and seed are under an angle reduces the overlap zone and makes the beam propagation
through an inhomogeneous plasma hard to control. Therefore, pre-ionization and beam
propagation control are important challenges to come on the way towards an efficient
plasma amplifier.
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B. Symbols

TABLE B.1.: Fundamental constants.

Symbol Description

e Elementary charge
¢ Speed of light in vacuum

me  Electron rest mass
m, Proton rest mass

€p Vacuum permittivity

el Euler’s number

kg Boltzmann constant

TABLE B.2.: Neutral gas parameters.

Symbol

Description

Cp
Cy

s 2
S

Sss w8~

vPM

mm

3 R

Heat capacity at constant pressure
Heat capacity at constant volume
Mean free path

Van der Waals radius

Mach angle

Temperature

Area

Pressure

Density

Mach number

Prandtl-Meyer function

Specific heat ratio

Molecular mass

Polarizability

Refractive index
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B. Symbols

TABLE B.3.: Laser parameters.

Symbol Description
I Laser intensity
A Laser wavelength
w Laser angular frequency
A Vector potential
ap Amplitude of the normalized vector potential
v9  Group velocity
~v  Relativistic gamma factor of the laser
Epona  Ponderomotive potential
Fpona Ponderomotive force
P,..q Radiation pressure
R Reflection coefficient
T Transmission coefficient
v, Classic electron quiver velocity
&€ Electric field
v Collisional absorption damping rate
R Collisional absorption energy conversion rate
ClLangdon Langdon correction factor
CFaen1 Faehl correction factor
Lg Plasma gradient scale length
Fyx Jj x B force
® Electrostatic potential
w Angular frequency
¢ Phase
A Wavelength
k Wave vector
k Wave number
7 Pulse duration
0 (as index to w, A, k, I) Pump
1 (as index to w, A\, k, I) Seed
At Pump-seed delay
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TABLE B.4.: Plasma parameters.

Symbol  Description
2 (as index to w, A, k) Plasma wave
~v5¢  Plasma wave growth rate (wc-SBS)
v5¢, vse  Plasma wave growth rate (sc-SBS)
n. Critical density
ne Plasma electron density
n  Refractive index
T. Plasma electron temperature
T; Plasma ion temperature
¢s lon sound velocity
m; lon mass
A Mass number
Z  Charge number
vei  Electron-ion collision frequency
wpe Plasma electron frequency
wpi Plasma ion frequency
ve Electron thermal velocity
InA  Coulomb logarithm for electron-ion collisions
7 Plasma refractive index
Ap Electron Debye length
TBrumel - Hot electron temperature (Brunel scaling)
TWiks  Hot electron temperature (Wilks scaling)
T}]L‘D’ “®  Hot electron temperature (Beg scaling)
T}Haines  Hot electron temperature (Haines scaling)
vfa  Filamentation growth rate
Try  Filamentation time scale
Ywy lon acoustic wave breaking growth rate
Jabs Absolute gain
gret  Relative gain
g..; Relative gain without spontaneous backscattering
Namp Energy transfer efficiency
vgp Hole boring critical surface velocity
v Hole boring critical surface gamma factor

TABLE B.5.: Ion parameters.

Symbol Description

p  Momentum
FE  Energy
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