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Abstract

Since the pioneering work that was carried out 10 years ago [1-4], the generation of
highly energetic ion beams from laser-plasma interactions has been investigated in
much detail in the regime of target normal sheath acceleration (TNSA). Creation of
ion beams with small longitudinal and transverse emittance and energies extending
up to tens of MeV fueled visions of compact, laser-driven ion sources for applications
such as ion beam therapy of tumors or fast ignition inertial confinement fusion.
However, new pathways are of crucial importance to push the current limits of laser-
generated ion beams further towards parameters necessary for those applications.
The presented PhD work was intended to develop and explore advanced ap-
proaches to high intensity laser-driven ion acceleration that reach beyond TNSA. In
this spirit, ion acceleration from two novel target systems was investigated, namely
mass-limited microspheres and nm-thin, free-standing diamond-like carbon (DLC)
foils. Using such ultrathin foils, a new regime of ion acceleration was found where
the laser transfers energy to all electrons located within the focal volume. While for
TNSA the accelerating electric field is stationary and ion acceleration is spatially
separated from laser absorption into electrons, now a localized longitudinal field en-
hancement is present that co-propagates with the ions as the accompanying laser
pulse pushes the electrons forward. Unprecedented maximum ion energies were ob-
tained, reaching beyond 0.5 GeV for carbon C®* and thus exceeding previous TNSA
results by about one order of magnitude. When changing the laser polarization to
circular, electron heating and expansion were shown to be efficiently suppressed, re-
sulting for the first time in a phase-stable acceleration that is dominated by the laser
radiation pressure which led to the observation of a peaked C®* spectrum. Com-
pared to quasi-monoenergetic ion beam generation within the TNSA regime [5], a
more than 40 times increase in conversion efficiency was achieved. The possibility
to manipulate the shape of the ion acceleration front was successfully demonstrated
by use of a spherically curved target surface. Finally, the last part of the presented

work is devoted to accomplishments in laser development.
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Zusammenfassung

Seit der vor zehn Jahren geleisteten Pionierarbeit [1-4] wurde die Beschleunigung
hochenergetischer lonenstrahlen in lasergetriebenen Plasmen intensiv im Target Nor-
mal Sheath Acceleration (TNSA) Regime untersucht. Die Erzeugung von Ionen-
strahlen kleiner longitudinaler und transversaler Emittanz und Energien von bis
zu einigen zehn MeV weckte die Vision einer kompakten, lasergetriebenen Ionen-
quelle fiir Anwendungen wie Ionenstahl-Krebstherapie oder die schnelle Ziindung
von Tragheitseinschluss-Fusion. Um lasergetriebene Ionenbeschleunigung fiir derar-
tige Anwendungen nutzbar machen zu koénnen sind allerdings neue Methoden von
essentieller Bedeutung.

Die vorliegende Doktorarbeit hatte das Ziel solch fortgeschrittene Beschleuni-
gungsprozesse zu entwickeln, welche iber TNSA hinausgehen. Aus dieser Motivati-
on heraus wurde Ionenbeschleunigung mittels neuartiger Targetsysteme untersucht.
Bei Verwendung nm- statt pm-diinner Folien wurde ein neuer Beschleunigungsme-
chanismus beobachtet, in dem der Laser Energie auf alle Elektronen innerhalb des
Fokusvolumens {ibertréagt. Wahrend im Fall von TNSA ein stationéres elektrisches
Beschleunigungsfeld vorherrscht und die Ionenbeschleunigung raumlich getrennt von
der Energieabgabe des Lasers an Elektronen stattfindet, bildet sich nun ein lokales
Feldmaximum aus das sich mit den Ionen mitbewegt. Bisher unerreichte Ionen-
energien von mehr als 0.5GeV C®" wurden so erzielt, was vorige TNSA Werte
um eine Groflenordung iibertrifft. Es wurde gezeigt, dass das Aufheizen und die
Expansion von Elektronen durch die Verwendung zirkularer statt linearer Laser-
polarisation unterdriickt wird. Dadurch konnte erstmals eine lichtdruckdominierte,
phasenstabile Beschleunigung experimentell nachgewiesen werden. Verglichen mit
der Erzeugung quasi-monoenergetischer Strahlen innerhalb des TNSA-Regimes [5]
wurde eine mehr als vierzigfach verbesserte Konversionseffizienz erreicht. Mittels
der gekriimmten Oberflache eines Mikrokugel-Targets wurde die Mdoglichkeit einer
Formverénderung der Ionenbeschleunigungsfront demonstriert. Im letzten Teil der

Arbeit werden schliefSlich in der Laserentwicklung erzielte Ergebnisse vorgestellt.
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Chapter 1

Introduction

1.1 History and Previous Achievements

Starting with the first realization of the laser in 1960 [6], investigation of light-
matter interactions has been a vivid field of research. Since then, major advances
in laser technology allowed for studies at ever increasing intensities [7, 8]. With
the technique of Q-switching [9], shortly followed by the development of mode-
locking [10, 11], continuous wave (cw) operation was superseded by the possibility
to store the laser energy in short pulses, ranging in duration from nanoseconds
down to tens of femtoseconds with present-day large bandwidth gain materials.
In terms of focussed laser intensity, an upper limit seemed to be reached in the
1970s at values around 10 W/cm?, imposed by the damage threshold of optics
and gain material in the amplification stages, leading to enormously large systems
with huge beam diameters of up to 50cm that were restricted to National Lab
facilities. This quandary was finally overcome in 1985 with the invention of chirped
pulse amplification (CPA) by Strickland and Mourou [12]. By stretching the pulse
temporally instead of spatially prior to amplification, the construction of compact
Terawatt to Petawatt class laser systems became possible, allowing for studies of
laser-matter interactions at extreme intensities of up to 10* W /cm? at present [13].

Among the prime interests in this field ranks the acceleration of particles from
plasmas driven by highly intense laser pulses. While the design of conventional
accelerators is limited by the breakdown voltage of the accelerating structure (~
100 MVm™'), plasmas do not suffer from this constraint. In 1979, Tajima and Daw-
son first proposed to use relativistic plasma waves formed in the wake of a laser to ac-
celerate electrons to high energies [14]. Based on this approach, quasi-monoenergetic

electron bunches of energy as high as ~ 1 GeV have been demonstrated experimen-
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tally [15], being accelerated over a distance as short as 3.3 cm.

Whereas electrons are directly driven to relativistic oscillations in the laser field
already at intensities beyond 10" W/cm? for common wavelengths of around 1 ym,
the corresponding intensity for directly driven relativistic proton dynamics amounts
to 5 x 1022 W /cm?, by far exceeding the achievable peak intensity of presently avail-
able laser facilities. Thus, electromagnetic field energy is not directly transfered to
ions but electrons act as a mediator instead, absorbing energy from the laser and

setting up charge separation fields which in turn accelerate ions.

Over the course of the past 10-15 years, the most intensively investigated ex-
perimental concept for high intensity laser-driven ion acceleration has been target
normal sheath acceleration (TNSA) [1-4, 16]. In the vast majority of such previous
studies, solid density foil targets ranging in thickness from a few to several tens of
microns have been irradiated by linearly polarized, intense (10'® —10?! W/cm?) laser
pulses. Here, the laser generates hot electrons in a blow-off plasma at the target
front. Those energetic electrons traverse the opaque foil to set up a quasi-static field
of order TV/m at the non-irradiated side of the target. Atoms located in the sub-
strate and in surface layers, which are formed by contaminations of hydrocarbons
and H,O, become ionized and subsequently accelerated. It is evident, that parti-
cles with high charge-to-mass (q/m) ratio, i.e. protons, will favorably gain energy
from the sheath field, which results in a considerable reduction in acceleration for
other ion species. An actual image of the laser-plasma interaction captured during

a typical ion acceleration experiment is depicted in figure 1.1.

By virtue of the TNSA mechanism, proton beams exhibiting a continuous, ex-
ponentially decaying spectrum of energies up to 58 MeV have been obtained em-
ploying a picosecond petawatt laser at intensities of ~ 3 x 102 W/ecm? [3]. To
demonstrate the high quality of the beam, the transverse and longitudinal emittance
of laser-accelerated protons above 10 MeV was characterized to < 0.004 mm mrad
and < 107*eV's respectively, hence being superior to conventional accelerators by
around two order of magnitude [17]. In order to efficiently accelerate heavier ions
by employing TNSA, hydrogen contaminants need to be removed from the target
[5, 18, 19]. It has been shown, that this is most effectively done by resistive heat-
ing, yielding medium-mass ion cut-off energies of ~ 3.5MeV /u for carbon C5* [5]
and 5MeV /u for fluorine F™* [18]. In addition, the transition from a continuous to
a quasi-monochromatic ion energy distribution has been demonstrated within the
TNSA-regime by restricting the ion source to a small volume where the sheath field

is homogenous [5, 20, 21].
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Fig. 1.1. Time-integrated CCD camera image of the laser-plasma interaction, captured during a
typical experiment aiming for laser-driven acceleration of ions. In this case, the TRIDENT laser
was focussed from the left onto a micrometer-thick copper foil. The forward accelerated proton
beam was detected by a stack of radiochromic film (RCF') layers wrapped in aluminum, that is
visible in the right half of the picture. Green background light originates from second harmonic
generation. The image gives an impression of the compactness of the ion acceleration setup.

1.2 Envisioned Applications

Laser-accelerated ion beams are considered for a wide range of applications. A
prominent implementation that is exploiting the unique properties of a laser-generated
source is proton radiography, where the beam is used as a diagnostic tool for electro-
magnetic fields. Owing to the small effective source size of only a few microns and
the short bunch duration which is comparable to the laser pulse width (< 1ps), a
very high spatial and temporal resolution can be achieved [22-24]. The process also
takes advantage of the ”chirped” nature of the broad spectral distribution of proton
energies as the fastest protons that move ahead of the bunch capture an image at an
earlier time than the lower energetic, trailing protons. Thus, a time-resolved series of
images can be obtained. Various ultrafast phenomena in laser plasma interactions
have been investigated, such as the sheath fields responsible for ion acceleration
within the TNSA regime [25] or the evolution of plasma channels in the wake of a

highly intense laser pulse [26].
Another application that is currently attracting high interest is related to health

care, namely ion beam therapy (IBT) of tumors. At the moment, radiation therapy
still almost exclusively relies on electron beams or X-rays which are unfavorable for
deeply situated tumors surrounded by healthy tissue due to the broad depth-dose
distribution. Owing to the fact that ions deposit the vast majority of their energy

shortly before being stopped in which is referred to as the Bragg peak, the necessary
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dose for killing cancer cells can be applied much more localized. Motivated by those
superior treatment prospects, conventional ion accelerators based on synchrotrons
have been implemented into hospitals recently. However, given the huge size of
those machines, only a handful of clinics can afford the enormous costs. To state
an example, the just completed Heidelberg Ton Therapy Facility (HIT) [27, 28] that
is capable of producing up to 221 MeV protons and 430 MeV/u carbon ions was
worth 119 Million Euro, featuring a three stories high, 600 tons, rotating gantry
for beam steering around the patient. Hence, in order to make ion beam therapy
available to the broad public, the size and costs of the accelerator including beam
transport has to be reduced significantly. A promising candidate to achieve this goal
are laser-driven ion sources [29], owing to the drastically increased accelerating fields
in plasmas and therefore much reduced acceleration distances of only micrometers.
Figure 1.1 gives an impression of the compactness of the setup. Nevertheless, param-
eters such as ion energy, spectral distribution, repetition rate and reliability need to
be significantly improved on to be able to compete with conventional accelerators
in the field of IBT.

Finally, a third application that should be mentioned here is the potential use of
a laser-generated ion bunch as fast ignitor in inertial confinement fusion (ICF). For
fusion reactions to occur, the fuel needs to be heated to high temperatures, in case
of a mixture of deuterium and tritium (DT) to values around 10keV. Furthermore,
the hot fuel has to be contained for a long enough time to attain a sizable number
of fusion reactions. To meet these conditions, two different approaches are being
followed. In magnetic confinement fusion (MCF) a comparably low density plasma
(ne ~ 10" cm™3) is confined by magnetic fields, e. g. in a tokamak such as ITER
[30], for a rather long time (¢ ~ 1s). In ICF, the necessary confinement time
is reduced to a few nanoseconds by compressing the fuel to high densities (n, ~
10% cm™3). Compression is achieved either by focussing a multitude of laser pulses
simultaneously onto the surface of a spherical DT pellet or indirectly via generation
of soft X-rays in a hohlraum to drive the implosion. Based on this approach, the
worlds largest and highest-energy laser, the National Ignition Facility (NIF) [31]
located at Lawrence Livermore Laboratory in the US incorporating 192 synchronized
beams of a total energy of 1.8 MJ in the ultraviolet, aims to start ICF experiments
this summer. The generated ablation pressure has to be highly symmetric to avoid
hydrodynamic instabilities and ensure a sufficient temperature and density in the
central hotspot for ignition of the compressed fuel.

To ease this demanding requirement, Tabak et al. [32] proposed to separate

the phases of compression and heating by compressing the fuel at low temperature



1.3 Thesis Outline 5

and employing a particle beam to heat and ignite the fuel at the moment of max-
imum compression. So far, electron beams were mostly considered to be used for
fast ignition, being guided to the plasma core by a cone added to the fuel capsule
[33]. However, owing to their favorable depth-dose distribution as discussed above,
ions are advantageous when compared to electrons in order to locally deposit large
amounts of energy. Thus, laser-accelerated, dense ion beams are attracting increas-
ing attention as a highly promising fast ignitor candidate [34-37]. For use in ICF,
one aspires a laser-acceleration scheme to produce a quasi-monoenergetic ion bunch
(AE/FE below ~ 10%) at moderate energies (E ~ 450 MeV for carbon ions) but
very high laser-to-ion conversion efficiencies (~ 10%) to achieve the required power
density (~ 10kJ/10ps in a 20 pm diameter spot) to ignite the compressed DT fuel.
Hence, previously employed schemes for the generation of quasi-monoenergetic ion
beams within the TNSA regime [5, 20] are clearly inadequate for this purpose due

to the naturally very limited conversion efficiency attainable.

1.3 Thesis Outline

The presented PhD work was intended to develop and explore advanced approaches
to high intensity laser-driven ion acceleration that reach beyond the previously stud-
ied regime of TNSA. Clearly, such new pathways are of crucial importance to push
the current limits of laser-generated ion beams further towards parameters nec-
essary for potential applications. In this spirit, ion acceleration from two novel
target systems was investigated, namely mass-limited microspheres and nm-thin,
free-standing diamond-like carbon (DLC) foils. The described studies were carried
out during a series of experimental campaigns at a variety of different high inten-
sity laser systems worldwide, from ATLAS (MPQ) over MBI Berlin and VULCAN
(RAL, UK) to TRIDENT (LANL, USA), allowing to scan a broad range of laser
parameters. In addition to advancing the process of ion acceleration itself, evolution
of high intensity laser technology is essential to eventually enable the construction
of a laser-driven accelerator facility. Thus, a part of the presented work is devoted
to accomplishments in laser development.

The thesis is structured as follows:

Chapter 2 introduces the theoretical foundations of high intensity laser inter-
action with matter, from ionization over relativistic single electron dynamics and
laser propagation and absorption in plasmas to the main concepts of laser-driven

ion acceleration.
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Chapter 3 describes the fundamentals of ultrashort high intensity pulse genera-
tion in general and gives details on the different laser systems utilized to investigate
the acceleration of ions.

Chapter 4 presents targets and ion beam diagnostics. In particular, the meth-
ods utilized to fabricate and characterize the indispensable novel microsphere and
DLC targets employed for ion acceleration studies are illustrated. Additionally, ion
detectors and measuring instruments that were used to characterize the accelerated
ion beams are specified.

Chapter 5 reports on the first-time experimental observation of strongly di-
rected proton beams emitted from spherical mass-limited targets of diameter 15 pum.
The experiments were carried out at the ATLAS 20-TW Ti:Sapphire laser system lo-
cated at MPQ. When irradiated with an 45 fs short, highly intense (1 x 10*° W /cm?)
laser pulse, a converging shock front forms at the front side of the target. Protons
accelerated in this shock reach energies well in excess of the values observed in the
TNSA regime under identical laser conditions, showing a plateau-shaped spectrum
as predicted by Silva et al. [38]. Three-dimensional particle-in-cell (PIC) simula-
tions with over-dense proton plasmas were conducted, supporting the experimental
observations. The hole-boring radiation pressure model for ion acceleration [39] was
extended to a radially dependent intensity profile and successfully implemented to
reproduce the shape of the shock front obtained from PIC simulations. Obtained
results are published in [Henig et al., Phys. Rev. Lett 102, 095002 (2009)] [40].

Chapter 6 reports on the first and second experimental campaign investigating
ion acceleration from ultra-thin DLC foils. In the leadoff study, targets of thickness
50, 30 and 10 nm were irradiated by 700 fs long, ultra-high contrast laser pulses at
intensities of ~ 7x 10 W /cm? employing the TRIDENT laser facility located at Los
Alamos National Laboratory, USA. An unprecedented maximum energy of 185 MeV
(15MeV /u) for fully ionized carbon atoms was observed at the optimum thickness
of 30 nm. In contrast to TNSA where the target remains opaque throughout the in-
teraction, the enhanced acceleration is attributed to self-induced transparency when
the instantaneous laser intensity is at maximum. At that moment strong volumetric
energy transfer to the classically overdense electron population in the bulk of the
target takes place, giving rise to a large longitudinal field that is localized and co-
propagates with the ions. It is demonstrated for the first time experimentally that
a distinct optimum foil thickness exists even for a high-contrast laser pulse, where
the lower limit is imposed by premature burn-through of the target already on the
rising edge of the pulse. The experimental results are supported by PIC simula-

tions. In addition, a simple analytical model was developed to predict the optimum
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thickness for given laser parameters, demonstrating the direct connection between
the instantaneous laser intensity at the time when the target becomes relativisti-
cally transparent and the resulting maximum ion energies. Obtained findings are
published in [Henig et al., Phys. Rev. Lett 103, 045002 (2009)] [41]. In a follow-up
campaign, the TRIDENT peak intensity was increased to 2 x 102° W /cm?, result-
ing in a shift of the optimum foil thickness to larger values as expected by the
model. For a target thickness of 58 nm, carbon C®" ions of energy beyond 0.5 GeV
were observed, representing the current world record obtained from a laser-driven
accelerator.

Chapter 7 reports on experimental studies on ion acceleration from ultra-thin
DLC foils irradiated by much shorter ultra-high contrast laser pulses of only 45 fs
FWHM duration at lower energies of only 0.7J that were focussed to comparable
peak intensities of 5 x 10! W/cm?. The experiments were carried out at the 30-
TW Ti:Sapphire laser system located at MBI, Berlin. Owing to the decreased pulse
duration, target expansion and heating on the rising edge of the pulse is strongly
reduced, yielding an optimum foil thickness as low as 5.3nm. When changing the
laser polarization from linear to circular a strong decrease in the number of hot elec-
trons is observed, resulting in a pronounced peak centered at 30 MeV in the carbon
C%* jon spectrum at the optimum foil thickness. Compared to quasi-monoenergetic
ion beam generation within the TNSA regime [5], a more than 40 times increase in
conversion efficiency is demonstrated when considering an identical energy spread
around the apex. 2D PIC simulations have been carried out, giving clear evidence
that those ions are for the first time dominantly accelerated in a phase-stable way by
the laser radiation pressure at values up to ~ 10*! m/s*. While linear polarization
gives rise to the generation of a large number of highly energetic electrons, causing
the target plasma to expand rapidly, in case of circular polarization electrons and
ions co-propagate as a dense, quasi-neutral plasma bunch over the whole duration of
the laser pulse. The acceleration of ions is thus no longer dominated by the sheath
field of an expanding electron cloud. An illustration of the laser field pushing the
ultra-thin plasma layer like a light sail in forward direction is depicted in figure 1.2.
Being recently widely studied in theory, these comparative measurements provide
the first experimental proof of the feasibility of radiation pressure acceleration to
become the dominant mechanism for ion acceleration when circular polarization is
used. Obtained results are published in [Henig et al., Phys. Rev. Lett 103, 245003
(2009)] [42].

Chapter 8 presents advances on short pulse pumped ultrabroadband non-collinear

optical parametric chirped-pulse amplification (SPP-OPCPA) that have been ac-
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Fig. 1.2. Illustration of radiation pressure acceleration. Shown is the transverse electric field
component E,; of a circularly polarized laser pulse incident onto an initially 5nm thin, solid density
plasma layer marked in grey color. Like a light sail, the overdense plasma layer is pushed in forward
direction by the radiation pressure of the intense laser pulse. The image is based on data extracted
from 2D PIC simulations that were carried out by X. Q. Yan, refer to chapter 7 for further details.

complished as part of my PhD work [43]. Those findings represent an important
step towards future next generation laser systems like the Petawatt Field Synthesizer
(PFS) project that is currently being pursued by our group at MPQ [44], aiming for
an energy of 5J stored in pulses as short as 5fs.

Chapter 9 summarizes the obtained findings and draws conclusions. An outlook
towards future experimental prospects is given, building onto the results of this

thesis.



Chapter 2
Theoretical Background

This chapter is intended to give a brief introduction to some of the fundamentals of
high intensity short pulse laser interactions with matter and present basic concepts
of laser-driven ion acceleration. More details on these topics can be found in the
existing literature, e.g. in the books written by W. L. Kruer [45] and P. Gibbon [46].

2.1 Ionization

The physics behind laser-driven ion acceleration primarily deals with the behavior
of ionized material, i.e., plasma, under intense irradiation, whereas the question
regarding how the target material transforms into this state is typically of minor
concern. Nevertheless, in order to give a feel for the dominant ionization processes
taking place in the early stages of the interaction, a short description of this subject-
matter will be given in the following.

First insight can be gained by comparison with quantities related to the hydrogen

atom. From the Bohr model, the electron’s Bohr radius amounts to

dmeoh?
= T 53 %107 m, (2.1)

ap 5 =

mee

with reduced Planck’s constant A, permittivity of free space €y, and m, and e being
the electron mass and charge, respectively. Accordingly, the electric field strength

in the coulombic potential is given by

€ ~51x10°Vm, (2.2)

E, = 5
drepay

The corresponding intensity at which the laser field equals the binding strength of
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the electron to the nucleus is referred to as the atomic intensity and is calculated to

2
eockE
I,=——2

~ 3.51 x 10" Wem ™2 (2.3)
Clearly, the laser field at intensities of I, = 10 W/cm? and above as used in
the particle acceleration experiments described within the framework of this thesis
exceeds the interatomic fields by many orders of magnitude, thus easily guaranteeing
ionization of any target material. However, even intensities well below this threshold

are sufficient for ionization to occur e.g. via multiphoton effects.

Multiphoton Ionization

In case the energy of a single photon is smaller than the ionization potential of the
bound state, an electron can still gain enough energy to overcome the potential bar-
rier of the nucleus by absorbing several lower frequency photons on a short timescale
in a process named multiphoton ionization. The probability of this mechanism can
be found by expanding the theory of one photon dipole transitions to higher orders

according to perturbation theory, with the n-photon ionization rate given by
W, =o,1}. (2.4)

The cross-section o, decreases with n and the process strongly depends on the
photon density of the laser field, setting in at intensities around > 10 W /cm?.
Above-threshold ionization is an extension of multiphoton-ionization, where an
electron is excited by more photons than strictly necessary to free it from the atom.
Owing to the excess energy absorbed, the released electron will have higher kinetic
energy, manifesting in distinct peaks separated by the photon energy hAw in the

electron spectrum.

Tunneling Ionization

When the intensity is further increased, the laser field is strong enough to signif-
icantly distort the atomic potential. A perturbation treatment as in the case of
multiphoton ionization is therefore not valid anymore. Figure 2.1(b) illustrates how
the large external field of a laser polarized in x-direction manipulates the former
purely coulombic potential of figure 2.1(a).

At a certain distance on the right hand side of the atom, the Coulomb barrier

is lowered beneath the binding energy of the electron. Thus, quantum mechani-
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Coulomb potential ~ - a/|x|

o

potential energy (arb. units)

0
X (arb. units)
(a) Bound electron state (marked blue) in absence
of an external field

laser potential ~ -bx

o

/

effective potential
~a/[x| - bx

potential energy (arb. units)

0
X (arb. units)

(b) Distortion of the atomic potential by a strong
laser field (highlighted red), enabling tunnel ion-
ization

laser potential ~ -bx

\

~a/[x| - bx

potential energy (arb. units)

X (arb. units)

(c) Complete barrier suppression in an even
higher field is greatly increasing the ionization rate

Fig. 2.1. Shown is the distortion of the atomic potential of hydrogen subject to a strong laser field
polarized in x-direction (a and b represent constants). Without the presence of an external field
the potential is purely coulombic and the electron, allegorized by its ground state eigenfunction
100 with Bohr radius apg, is bound. A strong field is lowering the potential barrier on one side so
that the electron is enabled to tunnel through. At even higher fields the barrier gets suppressed
below the ionization potential, allowing the electron to easily escape from the nucleus.
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cally the previously bound state is enabled to tunnel through this barrier with some
finite probability, a scenario which is referred to as tunneling ionization. The corre-
sponding ionization rate for hydrogen-like ions was derived by Keldysh [47], while
Ammosov, Delone and Krainov deduced the so-called ADK-rate for tunneling ion-
ization in complex many-electron atoms or ions [48]. Recently, tunneling ionization

was also observed experimentally in real time [49].

The Keldysh Parameter

In order to determine the dominant ionization mechanism prevailing for certain
experimental conditions, the Keldysh parameter v was introduced, separating the

multiphoton and tunneling regimes

‘/iOTL
20,

VK = (2.5)
with Vj,, being the ionization potential of the electronic state and U, the pondero-
motive potential of the laser, i.e., the cycle-averaged kinetic energy of a free electron

oscillating in a linearly polarized electromagnetic field, given by

The ponderomotive potential is proportional to the product of the laser intensity I,
and the square of its wavelength Ay. For more details on the motion of a single free
electron subject to an intense laser field, refer to section 2.2.

From above equations it follows as a rule of thumb that tunneling becomes
significant for high intensities and long wavelength, i.e., for yx < 1, while for yx > 1
multiphoton ionization is the relevant scenario. In case of hydrogen with Vi, g =
13.6eV and a laser wavelength Ay of one micron, the corresponding laser intensity

at the transition point vy = 1 calculates to I, ., —1 ~ 7.3 x 10 W /cm?.

Barrier Suppression Ionization

At even higher intensities, the potential barrier is eventually suppressed below the
ionization potential of the electronic state. The electron can hence easily escape
from the nucleus, naturally resulting in a sizable increase in the ionization rate.
This situation is known as over-the-barrier or barrier suppression ionization and is

schematically depicted in figure 2.1(c).



2.1 Tonization 13

For a more quantitative understanding, the appearance intensity of barrier sup-
pression ionization can be obtained starting from the effective potential of an atom
with atomic number Z situated in a linearly (in x-direction) polarized external field
Eezt

Ze?
dreg ||

V(z) = —eBoux (2.7)
By solving dV(x)/dx = 0 a local maximum of V(z) is found, corresponding to a

position Z,,., of

Ze
47T60 Eemt

(2.8)

Tmax =

Equating the effective potential at © = x,,4, Wwith the ionization potential V;,, yields

the electric field Egg required to enable barrier suppression ionization

V2 Teo
Eps = 22— 2.9
5s = Vil 2.9
The associated laser intensity amounts to
ce
Ips = EO‘EBSP
— 67268‘/%“ (2 10)
2726 '

Note that Vj,, refers to the ionization potential of the atom or ion with charge
(Z —1).

To again give a numerical example, for hydrogen the minimum laser intensity
necessary for barrier suppression ionization calculates to Ipg g ~ 1.4 x 10" W /cm?.
Clearly, strong ionization sets in even at electric field values well below the previously
deduced binding strength of the electron to the nucleus and the corresponding atomic
intensity of I, ~ 3.51 x 10’6 W/cm?. In consequence, in the presented experimental
studies the irradiated target material is transformed into plasma already on the
very early rising edge of the pulse, long before the peak intensity of > 10 W/cm?

is reached.

Collisional Ionization

While in above scenarios ionization of a single atom subject to a strong laser field

is examined, additional mechanisms come into play when considering ionization of
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solid density targets as employed for ion acceleration experiments. Once a sufficient
number of free electrons is produced via field ionization, collisional ionization pro-
cesses gain significance. In case of a local thermal equilibrium where the radiative
and absorptive events are balanced, the ionization state can be determined by sta-
tistical means and the relative ion populations are related by the Saha-Boltzmann
equation (see e.g. [50]). However, for short pulse laser-generated plasmas a more
realistic view involves large density and temperature gradients as well as radiation
that can escape the plasma completely. Here, the assumption of local thermal equi-
librium is not valid anymore and time-dependent atomic rate equations typically

need to be solved in order to determine the charge distribution [51].

2.2 Relativistic Single Electron Dynamics

Subsequent to ionization, an electron will undergo relativistic dynamics in the in-
tense laser field. In the simplest case, a single electron subject to a plane electro-

magnetic wave is considered, that can be described in terms of its vector potential
A(r,t) = Re {A¢e"}, (2.11)

where r and ¢ represent space and time coordinate, ¢ = kg, - r — wyt denotes the
phase, ky, stands for the wavenumber k;, = 27 /), and wy, for the laser frequency.
With z being the propagation direction, the laser amplitude Ay is given by Ag =
Agé, for linear polarization (LP) and Ao = Ag(é, £ ié,) for circular polarization
(CP).

The electric and magnetic field is then obtained from

0A
B=VxA (2.13)

It is often convenient to use the dimensionless laser vector potential, which is

defined as follows

eA

MeC

a= (2.14)

With the intensity of the laser being given by the magnitude of the Pointing vector
I = |S| = uy'|E x B|, the peak intensity Iy can be written in terms of the peak
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dimensionless laser amplitude ag
1 )\2 = 1.3 1018— 2 2 2.15
0 ¢ [1.37 x 2 pm- | ag, ( . )

where ¢ = 1 for linear and ( = 2 for circular polarization.

The equation of motion for a single electron can now be derived starting from

the Lorentz force

dp _

o = ¢ (E+v x B) (2.16)

with v and p = ym.v being the electron velocity and momentum, respectively,
and relativistic Lorentz factor v = 1/y/1 —v2/c? = /1 + p?/m2c2, leading to the

momentum relations [52]

P vdx
p v dy
myc Tcat Y (2.18)
p. _ydz a?

_ = _ 2.19
mec  cdt 2 ( )

with v = 1 + a?/2. Integration of above equations for a given laser pulse a(t — z/c)

is straightforward when rewritten in the variable 7 =t — z(t) /¢, for which

d dr d 1dz\ d a’>  a®\ d d
d_ drd __( ldz\d (o a\d _ d 2.20
Ya T Twar 7( cdt) ar (+2 2>d7' ar (220)

resulting in

d

% = ca, (2.21)
d

d—i = cay (2.22)
dz  ca?

2 (2:23)

2.2.1 Relativistic Electron Trajectory in a Linearly Polar-

ized Plane Wave

Considering a linearly polarized plane wave of infinite duration with a = ag cos(wy 7)€,

acting on an electron initially at rest and located at x =y = 2z = 0, its trajectory is
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Fig. 2.2. Trajectory of a single relativistic electron in a linearly polarized plane electromagnetic
wave propagating in z-direction. Given that the laser amplitude ag is time-independent, the motion
is shown in the laboratory frame (a) and in the average drift frame (b), while (c) illustrates the
trajectory for a non-constant envelope in time (ao(7) = ag exp(—(7/79)?) with wy g = 25). Clearly,
no net energy is transfered to the electron as it comes back to rest as soon as ag falls back to zero
and is hence only shifted along the z-axis.

described by

z(T) = cao/cos(wL%)di' _ o sin(wp7) (2.24)
w
/ L
2 7 P 1
z(1) = % /COSZ(wL%)d% = % (7- + Yor sin(2wL7')) (2.25)
0

The corresponding self-similar electron trajectory is illustrated in figure 2.2a. Apparently,
the particle is oscillating transversely at the laser frequency w with amplitude pro-
portional to the laser amplitude ag, while the longitudinal oscillation occurs at twice
the fundamental frequency and scales with a2. In the highly relativistic case of
ag > 1 the electron motion will therefore be predominantly along the longitudinal
direction, owing to the strong magnetic v x B force turning the electron orbit.

Besides the oscillatory components, the electron undergoes an overall drift in

forward direction with average drift velocity

de\ _ faleN [ ate \ Zagc (2.26)
dt 2y a’+2 ag + 4

In the average rest frame, the electron trajectory shows the well known figure-8

shape as depicted in figure 2.2b.

Figure 2.2c again displays the case of a linearly polarized plane wave, but with
Gaussian pulse envelope in time instead of infinite duration as before. Clearly, the
electron comes back to rest after the laser pulse is over as it cannot gain net energy

in a plane light wave. In order to transfer net energy, breaking of planar symmetry



2.2 Relativistic Single Electron Dynamics 17

a) b)
1 1
0.5 0.5
o o
© ©
~ ~
> 0 N 0
X X
0.5 -0.5
14l -1
1 1
0.5 15 0.5 s
0 6
0 10
kx/a kx/a 5 4
o 05 5 o 1 >
10 kz/a; 15 0 kz/a;

Fig. 2.3. Trajectory of a single relativistic electron in a circularly polarized plane electromagnetic
wave propagating in z-direction. Given that the laser amplitude ag is time-independent, the result-
ing helical orbit is shown in (a). As opposed to the case of linearly polarized irradiation, for circular
polarization the longitudinal motion does not exhibit an oscillatory component. The trajectory
for a non-constant but time-varying pulse envelope (ao(T) = ag exp(—(7/10)?) with wmo = 25) is
illustrated in (b), the electron comes back to rest again after the finite pulse has passed.

is needed, e.g. due to a finite beam radius such as in a tight laser focus.

2.2.2 Relativistic Electron Trajectory in a Circularly Polar-

ized Plane Wave

For a circularly polarized plane wave of infinite duration, the trajectory is derived

2 2

particularly easy as a? = a2 + ai =a? and v = 1+ a3 /2 are not time-dependent and

one immediately obtains

z(T) = % sin(wrT) (2.27)
y(r) = $% cos(wrT) (2.28)
2(1) = ?7’ (2.29)

with 7 = t/. Most significantly for the discussion in the following chapters is the
fact that the longitudinal motion z(7) does not exhibit an oscillatory component in
case of circular polarization. The trajectory as it appears in the laboratory frame is
of helical shape (see figure 2.3a).

Given a circularly polarized plane wave of finite, Gaussian pulse duration, the
electron will be back at rest as soon as the laser amplitude a drops to zero and will
again (as in the case of linear polarization) only be shifted in forward direction, with

the corresponding trajectory shown in figure 2.3b.



18 2. Theoretical Background

2.2.3 Electron Ejection from a Focussed Laser Beam

In case not a plane wave is considered, but the laser amplitude is spatially varying
as in a focussed laser beam, the electron is enabled to gain net energy from the
electromagnetic field. While the electron motion for a general laser intensity profile
can only be solved numerically, an analytical expression relating its final longitudinal
p. and transverse p, momentum after being ejected from the laser focus can be found

[52], which also holds approximately for finite beam diameters

2

Py
, = 2.30
P =5 (2.30)

with p, = mec(y — 1). Thus, the electron ejection angle 6 is determined to be only

dependent on its final relativistic Lorentz factor ~

2 b1 ? 2
tan’f = (— | = — (2.31)
Pz Y — 1

Above equation has been verified experimentally [53].

2.3 Laser Propagation in a Plasma

So far, only the interaction of the laser field with a single electron was considered.
Switching now to the situation of a laser beam propagating in a cold, collisionless

plasma, the following dispersion relation for electromagnetic waves can be found [45]
wi = w’ + 7k (2.32)
with the electron plasma frequency or Langmuir frequency w, being defined as

2
Wy = | < (2.33)
€0YMe

Here, n. denotes the plasma electron density and the cycle-averaged relativistic

y m (2.34)

From equation 2.32 it is immediately clear that the electromagnetic wave is

Lorentz factor v is given by [39]

unable to propagate in case the plasma frequency w, exceeds the laser frequency wy..
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The electron density at which this transition from transparent to opaque occurs,

i.e., where w, = wr, is referred to as the critical density n.,

2 —2
e = DML 11 % 1071 (ﬁ) cm™® (2.35)

e2 pm

A plasma of density n. < n. is accordingly identified as underdense plasma, while

when of density above the critical density, n., > n., as overdense plasma.

Given the scenario of an intense laser beam propagating in an underdense plasma,

the corresponding refractive index is obtained from the dispersion relation 2.32:

_ CRL w2 nee? Nee?
L wr, €Y MWy, €0MeWr, 1+ CLO/2

At intensities above ~ 101¥ W/cm?, i.e. ag > 1, relativistic effects will become sig-

nificant. In a real experiment, the laser amplitude will typically be radially varying
with ag(r) having its maximum on axis. Thus, v and therefore also the refractive
index 7 will be highest in the center as well. The plasma acts as a positive lens,

hence focussing the beam. This phenomenon is known as relativistic self-focussing.

A similar effect which is referred to as ponderomotive self-focussing originates
from electrons being expelled out of the peak intensity regions, leading to an electron
density gradient where n. exhibits a local minimum on axis. According to equation
2.36, the refractive index will again be maximized in the center, giving rise to beam

focussing.

Self-focussing can result in the formation of relativistic channels in underdense
plasmas, guiding the laser beam over many times its Rayleigh range. Such channels

were first observed experimentally by Borghesi et al. [54].

In case of the laser pulse being incident on an overdense plasma, the electromag-
netic wave will be unable to propagate through the plasma. However, an evanescent
component will penetrate into the overdense region up to a characteristic length
where the laser electric field has dropped by a factor of 1/e. For a step-like plasma

boundary and when neglecting collisions, this collisionless skin depth l, is given by
lg = — (2.37)

It shall be noted here, that the situation can change when the interaction of a highly
intense pulse with an ultrathin overdense foil instead of a semi-infinte plasma is

considered. Novel features might become significant when both the laser wavelength
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and the collisionless skin depth are comparable to or exceed the foil target thickness
[55].

2.4 Laser Absorption in Overdense Plasmas

In laser-driven ion acceleration regimes accessible this far, the electromagnetic field
energy is not directly transfered to the ions. Instead, electrons absorb energy from
the laser pulse, setting up charge separation fields which in turn accelerate ions.
This can be understood intuitively when replacing the electron mass in equation

2.14 by the proton mass, making equation 2.15 transform to

W
IoA? = ( [4.62 x 1024m pm?| a2, (2.38)
Hence, currently available laser intensities (Iy ~ 10'® — 102 W /cm?) are still around
three orders of magnitude below the threshold intensity for relativistic proton dy-
namics driven directly by the laser field. For a detailed understanding of mechanisms
of ion acceleration from overdense targets, it is therefore instructive to start off by

looking into processes of laser absorption into the electron population of such targets.

2.4.1 Collisional Absorption

At moderate laser intensities (IA2 < 10> Wem™2um?), collisional absorption or
wmverse bremsstrahlung heating is the dominant absorption mechanism. Here, the
electron motion is damped by collisions with ions and thus energy is transfered from

the laser to the plasma. The electron-ion collision frequency v, is given by [45]

Zn,

Vei X —75
3/2
T

(2.39)
where Z stands for the number of free electrons per atom and 7, denotes the electron
temperature. It can be seen that collisional heating is maximized for the highest
density at which the laser is still able to propagate and therefore primarily takes

place around the critical density n. on a plasma density gradient.

As the electron temperature increases, the collision rate drops off and other

absorption mechanisms gain significance.
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row isolated quasi-monoenergetic peak in the carbon spectrum as it is present right
after the end of laser-target interaction does not preserve its shape upon further
propagation of the ion beam (figure 7.2b,d). Even though the apex energy stays
constant, the spectral distribution broadens and partially merges with the low ener-
getic ion population which at this point still gains energy, resulting in the carbon ion
spectrum as observed experimentally. Simultaneously, the characteristic ion phase
space loops disappear, indicating that phase-stable acceleration breaks down at late
times (figure 7.3d).

This behavior can be attributed to the considerable deformation of the foil plasma
by the tightly focussed gaussian laser spot (figure 7.4b,d). Owing to the thus no
longer normal but rather oblique incidence on the bent plasma surface, particularly
at the end of the laser-target interaction, perpendicular electric field components
are present. Those efficiently heat electrons located in the warped spatial regions,
which then quickly spread around the target, causing the mono-energetic peak in
the carbon spectrum to broaden as well as ions in the low energetic part of the dis-
tribution to gain further energy and close the gap to the RPA-generated population.
Moreover, as the electron energy rises the thin, compressed layer of cold electrons
co-moving with ions, which is a crucial requirement for phase-stable acceleration,
can no longer be maintained and the RPA process terminates.

One should note that this temporal evolution of the foil plasma shape was already
discussed theoretically in [94], where in order to prevent the distortion of the ion

spectrum an upper limit for the laser pulse duration is given by

tmaz == \/ 2wocpd /Iy = 176 fs. (7.3)

Even though the laser pulse duration used in the presented experimental study is
significantly shorter than t,,,., a spectral deformation is still observed, taking place

after the end of the laser-target interaction.

7.4 Summary/Conclusion/Outlook

In summary, experimental investigations on ion acceleration from nm-thin DLC foil
targets irradiated by linearly and circularly polarized, highly intense, short laser
pulses are presented. A strong decrease in the number of hot electrons was observed
for use of circular polarization, resulting in a pronounced peak centered at 30 MeV
in the carbon C°* ion spectrum at the optimum foil thickness of 5.3 nm, which is

in excellent agreement with the condition ay ~ o [98]. Compared to [5], a more
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Fig. 7.5. Microscopic image of a prototype for future shaped DLC targets. The pre-curved 10 nm
thin foil is freestanding, with a radius of curvature of 34 um of each hemisphere. (by courtesy of
P. Hilz, LMU)

than 40 times increase in conversion efficiency is demonstrated when considering an
identical energy spread around the apex. 2D PIC-simulations have been carried out,
giving clear evidence that those ions are for the first time dominantly accelerated in
a phase-stable way by the laser radiation pressure. While linear polarization gives
rise to the generation of a large number of highly energetic electrons, causing the
target plasma to expand rapidly, in case of circular polarization electrons and ions
co-propagate as a dense, quasi-neutral plasma bunch over the whole duration of the

laser pulse.

Being recently widely studied in theory, the comparative measurements of this
PhD work provide the first experimental proof of the feasibility of radiation pressure
acceleration to become the dominant mechanism for ion acceleration when circular
polarization is used. These results are a major step towards highly energetic, mono-
chromatic ion beams generated at high conversion efficiencies as demanded by many
potential applications. Those include fast ignition inertial confinement fusion (ICF)

[36, 37] as well as oncology and radiation therapy [29].

In follow-up experiments planned for the near future, the observed spectral de-
formation might be successfully compensated for by properly shaping the laser focal
spot distribution [105] and/or the nm-thin foil target [106]. Here, the latter publica-
tion discusses a planar foil target of radially varying density to balance the spatially
varying laser electric field amplitude in the focus. However, in practice it turns out
that fabrication of such foils is highly challenging and currently not within reach
using the methods of DLC foil fabrication as described in section 4.1.2. A promis-

ing alternative approach might be to employ a pre-curved target. This idea builds
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a bridge to the experiments on ion acceleration from the front surface of spheri-
cal targets presented in chapter 5, where a convex surface was applied to generate
a closer-to-planar acceleration front of ions. In a first try, self-suporting, 10 nm
thin DLC foils of hemispherical shape were successfully produced by cathodic arc
deposition. A microscopic image of these prototypes is depicted in figure 7.5.

Additionally, increasing the intensity to 7 x 10%* W/cm?

is expected to result
in a stabilization of the mono-energetic feature due to plasma instabilities [109],
while beyond 10?* W/cm? RPA is predicted to become dominant even for linear
polarization with a laser-to-ion conversion efficiency approaching unity in the highly

relativistic limit [89].
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Chapter 8

ATLAS-Driven Short Pulse
Pumped OPCPA

In order to build upon the accomplished novel results on laser-driven ion acceleration
presented in the last three chapters and eventually be able to compete with con-
ventional particle accelerators, further advances in high-intensity laser technology
are a key requirement. In particular, compact systems operating at high repetition
rates are needed, capable of producing ultra-high contrast short pulses with a steep
rising edge that are focusable to ultra-high peak intensities. A promising technique
to achieve those demanding prerequisites is optical parametric amplification (OPA,
see section 3.1.4 for an introduction to the basic concepts).

This chapter will present advances on short pulse pumped ultrabroadband non-
collinear optical parametric chirped-pulse amplification (SPP-OPCPA) that have
been accomplished as part of my PhD work [43]. Those findings represent an im-
portant step towards the Petawatt Field Synthesizer (PFS) project that is currently
being pursued by our group at MPQ [44], aiming for an energy of 5 J stored in pulses

as short as 51s.

8.1 Motivation for SPP-OPCPA

In typical ultra-broadband high-intensity OPCPA setups the duration of pump
pulses obtained from a Nd:YAG laser are mostly on the order of 100ps [120—
122, 209]. Using shorter pump pulses of ~ 100fs, sub-10fs pulse durations were
successfully generated, but prior to the work presented here the resulting energies
were limited to the microjoule range [117-119, 127, 210, 211]. Output pulse energies
of 300 uJ have been reported from an OPCPA system pumped by pulses of 150 fs



116 8. ATLAS-Driven Short Pulse Pumped OPCPA

[212], the signal pulse duration however was about 20 fs.

Despite being put into practice only on rather small-scale systems before this
study, OPCPA pumped by short pulses offers great potential for boosting the out-
put pulse energy up to the Joule level while keeping the shortest pulse durations. As
compared to conventional laser amplifiers or long-pulse-pumped OPCPA, the condi-
tions for the generation of ultra-short high-power pulses are improved in a number of
different aspects. Firstly, the short pump duration reduces the stretching factor for
the seed pulse, thereby increasing stretching and compression fidelity and allowing
for the use of simple, high throughput stretcher-compressor pairs, e.g. a block of
glass and a set of chirped multilayer mirrors. Secondly, the significantly increased
pump power provides sufficient gain even in very thin OPA crystals, implying an
increase of amplification bandwidth as compared to OPA driven by longer pulses.
Finally, unwanted signal background arising from parametric superfluorescence is
effectively narrowed down to the short amplification time window of the pump pulse
duration. Hence, a dramatically enhanced pulse contrast is achieved outside this
window. Such ultra-high intensity pulses at ultra-high contrast are a crucial prereq-
uisite for a multitude of laser-plasma interaction studies, especially in experiments
focussing on particle acceleration from ultra-thin foils as presented in chapters 6 and
7.

In this chapter, first experimental results verifying the scalability of the SPP-
OPCPA concept to higher power levels are presented. The proof-of-principle study
drew on the ATLAS TW-scale Ti:sapphire CPA laser (refer to section 3.2.1 for
details on ATLAS) for both seeding and pumping an OPCPA stage. This optical
synchronization was essential as on the pulse duration timescale of < 100fs no
electronic method could have provided sufficient accuracy. The strict requirements
on femtosecond-scale synchronization of the OPA process were still met even after
propagating the two beams along path lengths of about 20m before overlapping
them in the OPA crystal.

8.2 Experimental Setup

Figure 8.1 illustrates the layout of the system. The seed beam was provided by in-
serting a glass plate into the uncompressed ATLAS beam just before the compressor
chamber to split off a small fraction of the pulse energy. Those pulses were subse-
quently compressed from ~ 350 ps down to ~ 43 fs in a separate grating compressor

set up in air. To supply the required ultrabroad seed bandwidth, the compressed
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Fig. 8.1. Schematic setup of the ATLAS-based OPCPA stage (ND: neutral density filter, CM:
chirped mirror, SHG: second harmonic generation).

pulses were then focussed by a spherical mirror of focal length 1.75m into a gas cell
filled with 1.4bar of argon gas for spectral broadening. Using 1mJ of input pulse
energy in a 1cm diameter beam, a stable filament was generated with an energy
transmission of ~ 80 %, i.e., 800 uJ. A typical broadened spectrum as measured at
the filament output is displayed in figure 8.2. The input spectrum is broadened
by a factor of about four, giving a transform-limited pulse duration of about 10 fs,
which is in good agreement with the results of Hauri et al. [213] obtained for similar
parameters. Following the gas cell, the seed beam was recollimated by a second

spherical mirror of focal length 1.5 m.

Apart from the intense section between ~ 750 nm and ~ 850 nm, the broadened
spectrum also exhibited a weak tail of exponentially decreasing intensity extending
down to 400 nm as shown in the left inset of figure 8.2, which was of crucial impor-
tance for the presented amplification studies. The filament not only expanded the
spectrum but additionally acted as a spatial filter resulting in an excellent output
beam quality, pictured in the right inset of figure 8.2. Characterization of the seed
pulses prior to amplification was done by means of spectral phase interferometry for
direct electric field reconstruction (SPIDER) [214], giving a duration of about 100 fs

which was comparable to the duration of the pump pulse. In order to avoid spectral
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Fig. 8.2. Seed spectrum before (black dashed line) and after (red solid line) spectral broadening in
an argon filament. The left inset reveals the long short-wavelength tail of the broadened spectrum
in a semi-logarithmic plot, while the inset on the right hand side demonstrates the excellent quality
of the output beam spatial profile.

narrowing in the OPA process, the seed pulses were in some cases pre-compressed

by a set of chirped mirrors.

A fraction of the ATLAS laser output was frequency doubled to be used as
pump beam in the OPCPA stage (see figure 8.1). Owing to the fact that in OPA
the resulting gain sensitively depends upon the local pump intensity [126, 215, 216],
providing a pump beam of sufficiently smooth beam profile was of fundamental
importance. This issue is especially critical in case of large gain factors as typically
present in the first amplifier stage. Thus, efforts were made to supply a pump beam
profile as uniform as possible while simultaneously keeping the pulse energy at a

sufficient level.

As known from experience based on previous experiments [217], frequency-doubling
the output of ATLAS directly would be inadequate to meet the stringent require-
ments on pump beam uniformity. In order to address this problem and to signifi-
cantly improve the pump beam profile prior to frequency doubling, a soft aperture
(diameter ~ 1/3 of the full beam diameter) and a vacuum spatial filter were in-
serted into the beam path. A cone-shaped capillary pinhole [218] made of fused
silica was employed as the filtering aperture (see figure 8.6a), allowing for stable
operation over an extended period of time owing to the high damage threshold of
the material. With this setup, pulse energies of up to 6 mJ in the fundamental were
obtained at an acceptable beam profile. Subsequent frequency doubling in a 2mm

thick potassium dihydrogen phosphate (KDP) crystal at a conversion efficiency of
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Fig. 8.3. Short pulse pumped NOPA gives rise to poor spatial overlap of pump and seed pulse
fronts in the horizontal dimension (a), resulting in severe distortion of the amplified signal beam
profile (¢). By angularly dispersing the beam using a pair of fused silica transmission gratings
followed by an imaging telescope (b), the pump pulse front was tilted with respect to its propagation
direction to match the seed pulse front within the nonlinear crystal. In this setup, the pulse front
tilt angle v was tunable by varying the grating tilt angle § and amplification over the full extension
of the seed beam could be achieved (d).

~ 40 % resulted in 395 nm wavelength pulses at energies of 2.5mJ and a smooth
beam profile as demonstrated in figure 8.6b. The bandwidth of the second har-
monic pulses was limited to ~ 3nm by the relatively thick KDP crystal, yielding
an estimated pulse duration of 85fs.

In order to obtain broadband phase matching, the OPA stage was set up in
non-collinear geometry (refer to the previous section 3.1.4 for details on NOPA)
with a pump-seed angle o = 3.7° inside the nonlinear crystal. This configuration
along with the short pump and seed pulse durations and the relatively large beam
diameters of a few millimeters naturally results in a poor overlap of the pump and
seed pulse fronts in the horizontal direction as illustrated in figure 8.3a. Without
taking any additional measures, amplification will thus only occur on a vertical
stripe, leading to a serious deterioration of the signal beam. An example of such a
distorted amplified beam profile is pictured in figure 8.3c.

To overcome this quandary, a setup capable of tilting the pulse front of the pump
beam with respect to its propagation direction was required [118, 127]. A tilted pulse
front can be generated by angularly dispersing the beam, with the tilt angle v given
by

de

t =—-A— 1
an -y 5 (8.1)
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Here, € stands for the exit angle of the beam after the dispersive element which is
dependent on the respective wavelength \. Within the framework of the presented
NOPA studies, a 45° apex angle fused silica prism was first used for beam dispersion.
However, this approach was lacking y-tunability and added a significant amount of
material to the beam path, giving rise to the accumulation of nonlinear phase.
Therefore the prism was replaced by a pair of fused-silica transmission gratings with
2500 lines/mm groove density, optimized for high diffraction efficiency (> 90 %) into
the —1st order. The gratings were fabricated in a collaboration with the group
of Prof. Tiinnermann at the Institute of Applied Physics in Jena by employing
electron beam lithography and reactive ion beam etching [219]. With the new setup
illustrated in detail in figure 8.3b, tuning of the pulse front tilt angle v was facilitated
by varying the small angle § between the gratings, thus controlling the amount of
residual angular dispersion. In order to suppress temporal pulse distortion effects
due to dispersion and spatial chirp, the grating separation was kept at a minimum.

The grating tandem was followed by a reflective Keplerian telescope serving two
purposes. Firstly, the beam diameter needed to be demagnified to guarantee a low
intensity value at the gratings but at the same time ensure a sufficient pump intensity
level in the OPA crystal. Hence, the B-integral in the grating substrates as well as
the risk of damage is reduced on one hand, while on the other hand high gain
and efficient amplification is allowed for. Secondly, spectral-lateral walk-off [127]
leading to an unwanted spatial chirp in the pump beam is eliminated by imaging
the grating surface onto the OPA crystal. An exemplary image of the amplified
beam obtained after matching the pump and seed pulse fronts within the nonlinear
crystal is shown in figure 8.3d, demonstrating parametric amplification over the full

seed beam profile.

8.3 Results and Discussion

In the OPCPA experiments, BBO crystals of thicknesses 0.5, 1 and 2mm were
utilized. Ultra-broadband amplification was observed from all three crystal types
with the amplified signal energy varying between 100 and 250 uJ, depending on the
amplification range and bandwidth which was tuned by changing the orientation of
the crystal and thereby the phase matching condition.

The crystal was set up for type I phase matching in the visible and near-infrared
spectral range with a non-collinear angle a = 3.7° to ensure the broadest possible

amplification bandwidth. In order to prevent damage of the last telescope mirror
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Fig. 8.4. (a) Seed spectrum (black) and a typical signal spectrum obtained after optical parametric
amplification in a 1 mm thick BBO crystal (red). The experimental results show good agreement
with calculations using the measured seed spectrum as an input (blue/dashed). In (b), the Fourier
transformation of the measured amplified spectrum of (a) is presented, yielding a transform-limited
pulse duration as low as 4.5 fs.

and the BBO crystal, the pump energy was attenuated to ~ 1mJ. Given the beam
diameter of about 3mm and a pulse duration of ~ 85fs, the corresponding peak

pump intensity amounts to ~ 150 GW /cm?

. Owing to the limited pump energy
used in this proof-of-principle study, the seed energy was also reduced to ~ 30 uJ
prior to amplification.

A resulting typical amplified signal spectrum obtained from three-wave inter-
action in the 1 mm thick BBO is depicted in figure 8.4a, demonstrating a large
amplification bandwidth ranging from below 550 nm to above 800 nm. In this case,
a pump energy of 560 pJ and a seed energy of 20 uJ was used, which gave an am-
plified pulse energy of about 150 uJ with each value being subject to shot-to-shot
fluctuations of ~ 7% root mean square (rms). Figure 8.4b shows the corresponding
Fourier-transformation of the experimentally gained spectrum, yielding a Fourier-
limited pulse duration of less than 5 fs.

A comparison of seed and amplified signal spectra in figure 8.4a clearly indicates
enormous variations in gain for different spectral ranges. A gain factor of only 3-
4 is observed between 750 and 850 nm where the spectral intensity of the seed is
strong, whereas in the weak exponential tail below 700 nm (see figure 8.2) the gain
was witnessed to be several orders of magnitude larger. This experimental finding
can be attributed to different amplification regimes along the spectrum. While
the signal is strongly saturated around the 800 nm peak, the short-wavelength low-
intensity wing of the spectrum is unsaturated and experiences a much larger (small-
signal) gain. Consequently, the resulting bandwidth is considerably enhanced and

the corresponding transform-limited pulse duration is significantly reduced, from
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Fig. 8.5. (a) Measured amplified signal spectrum (red) and corresponding spectral phase (black)
after compression, as characterized via the SPIDER technique. In (b), the reconstructed temporal
phase and intensity are presented. The experimentally obtained pulse shape (red curve) closely
resembles the transform-limited (TL) distribution (black curve).

about 10fs for the seed to below 5fs for the amplified signal as demonstrated in
figure 8.4b.

To support the measurements, numerical calculations of the OPA gain were
performed, building on a simplified 1D model [126] that uses the experimentally
obtained seed spectral intensity as an input. The model assumes a monochromatic
pump, a restriction which was circumvented by superimposing several calculations
in order to account for the bandwidth and the angular chirp of the pump pulse.
In figure 8.4a, the resulting spectrum for a set of non-collinear and phase matching
angles (a and @) close to the experimental values is shown as a dashed line. The
calculation evidences good agreement with the measured amplified spectrum, repro-
ducing both the characteristic dip in the spectrum at around 680 nm as well as the

saturated (around 800nm) and unsaturated (below 700nm) gain regimes.

Compressibility of the amplified spectrum was tested by reflecting the beam off
a set of chirped dielectric multilayer mirrors and employing a home-made SPIDER
apparatus for characterization. To maximize the amplified output energy, the BBO
crystal was chosen to be of thickness 2mm in these measurements. Owing to the
limited bandwidth of the chirped mirrors in the short-wavelength range, the OPA
crystal was tuned to generate a narrower amplification bandwidth centered around
770nm. In this case, the amplified spectrum as presented in figure 8.5a (red) sup-
ported a transform-limited pulse duration of 6.7 fs, with pump, seed and resulting
amplified energies of 370, 60 and 150 uJ, respectively. The obtained spectral phase

is nearly flat across the signal spectrum, thus indicating good compression. Fig-
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Fig. 8.6. Cone-shaped fused silica pinhole (a) as employed to spatially filter the pump beam
profile in order to meet the stringent requirements imposed by the OPA process, with the resulting
near-field distribution at an energy of ~ 1 mdJ shown in (b). The seed beam focal spot behind the
filament (c) maintained its excellent quality after amplification (d). Note that images (c) and (d)
are shown on the same spatial but different color scale, as the latter has been adjusted to the same
maximum value.

ure 8.5b reveals the corresponding reconstructed pulse shape, exhibiting a nearly
transform-limited compressed amplified pulse duration of 8.0 fs.

It shall be noted here, that pulses generated by above described proof-of-principle
OPCPA stage based on ATLAS do not yet represent a new regime in terms of pulse
duration and achieved peak powers. Alternative approaches, such as the compression
of a spectrally broadened hollow-fibre output [220], have been shown to deliver pulses
in the few-cycle regime with pulse durations down to 5.6 fs and pulse energies up to
1.2mJ [221]. However, scalability is a known limitation, hence disqualifying those
methods for systems aiming at multi-TW to PW peak power levels.

Finally, the focusability of the signal pulse was examined for potential distortions
arising from the matched pulse front SPP-OPCPA amplification process. This par-
ticular beam characteristic is of prime importance for experiments that require near
diffraction-limited peak intensities in the focus, such as high-intensity laser-driven
ion acceleration studies. Figure 8.6 illustrates the seed far-field beam profile before
(c) and after (d) amplification. It can be clearly seen, that the excellent focusability
of the beam delivered by the plasma filament is not noticeably disturbed in the OPA

process employing a pulse front matched pump.

8.4 Conclusion and Outlook

In summary, a proof-of-principle ultra-broadband OPCPA stage pumped by short
(~ 100fs) pulses was demonstrated, yielding an output energy on the 100 uJ level
stored in signal pulses that were compressed down to sub-10fs. The experiments

being carried out within the framework of this PhD thesis constitute the first step
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towards a multi-TW, few-cycle SPP-OPCPA system. Owing to the short pump
pulse duration, such a system will be capable of delivering high-intensity ultra-short
pulses at a much improved nanosecond and picosecond contrast when compared to
existing facilities, which is a key prerequisite for a multitude of future high-intensity
laser-matter interaction studies.

Scaling up SPP-OPCPA to larger output energies calls for high power pump
lasers being capable of delivering beams of high spatial uniformity in order to meet
the stringent requirements of OPCPA pumping. As the system size increases, pro-
viding a suitable pump beam becomes more and more challenging. The Petawatt
Field Synthesizer (PFS) project [44] that is pursued at MPQ aims to boost the out-
put power to the petawatt level (5J in 5fs at a repetition rate of 10 Hz), based on
the short pulse OPCPA concept and the presented first proof-of-principle results.
This large-scale system is planned to be pumped by few-ps pulses, an intermediate
regime where the advantages of the SPP-OPCPA concept will be combined with
less critical requirements, e.g. in terms of pulse front matching, making the system

design and operation more robust.



Chapter 9

Summary, Conclusions and Future

Perspectives

9.1 Summary and Conclusions

In summary, advanced approaches to high intensity laser-driven ion acceleration
were investigated that go beyond the previously widely studied regime of target
normal sheath acceleration (TNSA). In case of TNSA, a micrometer-thick foil target
is irradiated by a linearly polarized laser pulse. Highly energetic, thermal electrons
are generated in a blow-off plasma at the target front which traverse the foil to set
up a quasi-static electric field at the rear surface accelerating ions. It is important to
note that in case of TNSA the target remains opaque to the laser light throughout
the interaction. Thus, energy transfer of the laser to the target electrons is spatially
decoupled from ion acceleration by the resulting longitudinal charge separation field.
Only a small fraction of electrons within the laser focal volume actually participate
in the ion acceleration process. Once electrons loose their energy to ions, feel the
restoring force and turn around in the sheath field at the target back, they quickly
spread over diameters exceeding the focal spot size by about two order of magnitude
[80] which naturally reduces the longitudinal accelerating field in the center where
the highest energetic ions are produced. Moreover, the sheath field is stationary,
bound to the target rear surface, instead of co-propagating with the ions as they get
accelerated.

Since the pioneering work that was carried out 10 years ago [1-4], it turned out
that the record proton energy of 58 MeV in a continuous, exponentially decaying
spectrum already achieved back in 2000 [3] could not be surpassed since then. Owing

to the fact that protons preferentially gain energy in the sheath field due to their
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high charge-to-mass (q/m) ratio, acceleration of heavier ions is unfavorable within
the regime of TNSA, yielding medium-mass ion cut-off energies of ~ 3.5MeV/u
for carbon C** [5] and 5MeV /u for fluorine F’* [18]. Furthermore, even though
quasi-monochromatic ion beams have been demonstrated within the TNSA-regime
by restricting the ion source to a small volume where the sheath field is homogenous
[5, 20, 21], attaining a conversion efficiency from the laser to the mono-energetic ion
bunch that is sufficient for potential applications does not seem feasible using these
techniques.

To overcome those severe limitations and advance laser-driven ion acceleration
to a higher level, acceleration from two novel target systems was explored, namely
microspheres and nanometer-thin, self-supporting diamond-like carbon (DLC) foils.
As opposed to typical TNSA targets, such ultra-thin foils are no longer permanently
opaque to the laser but can turn into transparent instead. In multiparametric PIC
simulations, a distinct optimum foil thickness at values of a few nanometers only
was seen by Esirkepov et al. [197] upon irradiation at high laser intensities and
linear polarization. Reaching these parameters experimentally is challenging, as a
very high laser contrast is required to ensure an ideally unperturbed target prior to
the interaction with the main pulse while simultaneously maintaining a sufficiently
high intensity in the focus. In addition, preparation of the free-standing foils itself
is delicate as the thickness corresponds to just a few atomic layers. Paying tribute
to those hurdles, this range of laser/target parameters studied in simulations had so
far been experimentally unexplored.

Employing DLC as a target compound, ultrathin foils of thickness 2.5 — 58 nm,
freestanding over diameters of 1 mm were successfully fabricated. As a part of this
PhD work, acceleration from such DLC foils was investigated at a number of different
laser facilities worldwide, allowing to experimentally access a broad range of varying
laser parameters. In the leadoff campaign at the TRIDENT laser facility located
at Los Alamos National Laboratory (LANL) in the US, DLC foils of 10, 30 and
50nm were irradiated by pulses of energy ~ 45J stored in a FWHM duration of
700fs, focussed to a peak intensity of 7 x 1012 W /ecm?. High contrast was achieved
by placing a double plasma mirror setup acting as an ultrafast switch into the
converging beam after the focussing parabolic mirror. A distinct optimum in ion
acceleration was observed for an initial foil thickness of 30 nm, yielding continuous
spectra of carbon C®* with unprecedented cut-off values of 185 MeV. For the first
time it was shown experimentally that such an optimum exists even for a clean laser
pulse without accompanying ASE-pedestal /prepulses.

In order to gain further insight into the enhanced ion acceleration process and
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the measured drastic drop in ion energies when the foil thickness is reduced to 10 nm,
2D PIC simulations were carried out in collaboration with L. Yin and B. Albright
of the LANL plasma physics theory group. It was found that ions receive the ma-
jority of their energy in a very short period of time that is related to a transparency
condition. While all targets are initially opaque to the laser and TNSA-like ion
acceleration takes place in the beginning of the interaction, as the electron energy
increases and the population expands more and more, eventually each foil becomes
relativistically transparent, i.e., n, = yn.. At that moment ¢, the laser light is en-
abled to fully penetrate the target and transfer energy to all electrons located within
the focal volume. Moreover, the still classically overdense population of electrons is
collectively pushed into the forward direction by the longitudinal component of the
Lorentz force. Consequently, a strong longitudinal charge separation field enhance-
ment is generated that is localized and co-propagates with the accelerated ions. In
contrast to TNSA, energy transfer to electrons is no longer decoupled from ion ac-
celeration but the electron energy is constantly replenished by the presence of the
laser field during the acceleration process.

Nevertheless, this stage of strong ion acceleration is terminated approximately
at a time t9, when the electron density has dropped to values around the classical
critical density n, ~ n.. By that time the target density is already too low to main-
tain a high level of absorption, three-dimensional electron expansion sets in and
the localized co-moving longitudinal field enhancement breaks down. The duration
of the phase of enhanced ion acceleration between times ¢; and t, is much shorter
than the pulse duration, for given parameters only around 100 — 200 fs. In order to
maximize the resulting ion energies, the instantaneous laser intensity therefore has
to be maximized during this time interval. Or, in other words, the laser intensity
envelope should reach its peak at the moment when the target becomes relativisti-
cally transparent. In case of the 10 nm target, burn-through occurs much too early
on the rising edge of the 700 fs FWHM pulse and most of the laser energy reaches
the target past t9, thus negligibly contributing to the acceleration of ions.

This major finding was transfered into the development of a simple analytical
model of plasma expansion and heating to guide future experimental design. The
model is capable of predicting the optimal target thickness for a given set of laser
parameters, relying on the bottom-line conclusion reached here that I(¢;) should be
maximized to obtain the highest ion energies. The described experimental findings
and theoretical understanding are published in [Henig et al., Phys. Rev. Lett 103,
045002 (2009)] [41]. Building onto these results and thoughts, Yan et al. developed

a more rigorous self-similar model to additionally calculate the corresponding ion
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energies, which shows good agreement with experimental data of this PhD work
[203].

In the follow-up campaign again conducted at TRIDENT, higher laser intensities
of ~ 2 x 102 W /em? could be achieved by being able to abandon the energy loss
arising from plasma mirrors with the use of an upgraded, OPA-based, high contrast
laser frontend. As expected by the developed analytical model, the optimum target
thickness was observed to be shifted to larger values to account for the increase in
intensity. At a foil thickness of 58 nm, carbon C°* ions of energy exceeding 0.5 GeV
were obtained, which by far outreaches previous values and constitutes the current
world record gained from a laser-driven source.

For use of a rather long pulse laser like TRIDENT, the initial target thickness
has to be chosen thick enough such that the moment t;, when relativistic target
transparency sets in, is sufficiently delayed until the peak of the intensity envelope
is reached. To access this stage of enhanced ion acceleration more directly, a shorter
pulse is beneficial owing to its steeper rising edge. Motivated by these conclusions, a
series of experiments on ion acceleration from ultrathin DLC targets was carried out
in collaboration with the group of Prof. Sandner at Max Born Institute (MBI) in
Berlin. Behind a recollimating double plasma mirror setup, linearly polarized pulses
of energy 0.7 J contained in 45 fs FWHM duration were focussed to intensities of 5 x
10' W /cm?. Despite the intensity being comparable to the first LANL experiment,
optimal ion acceleration was observed at a much lower foil thickness of only 5nm. As
indicated above, this result complies with the developed theoretical understanding
of reduced target heating and expansion on the rising edge when a shorter Gaussian
pulse is used. Maximum proton and carbon C* energies of 13 MeV and 71 MeV are
obtained, which are unprecedented values for such a small scale laser system. For
comparison, a typical TNSA target (1 um thick Titanium) was shot without plasma
mirrors, i.e. at two times higher laser intensity. Still, only 8 MeV protons are seen
and, most notably, the conversion efficiency into protons drops by about one order of
magnitude from ~ 1.5% to ~ 0.1 %. For carbon ions, the effect becomes even much
more drastic as carbon ion acceleration from the (unheated) Ti target is negligible.

Despite the obvious benefits over conventional TNSA, the discussed enhanced
ion acceleration in the regime of target transparency is still limited by the time %5, as
the linearly polarized laser pulses gives rise to highly energetic electrons causing the
target to expand rapidly. However, this constraint can be overcome by changing the
laser polarization to circular. Employing circular polarization at normal incidence,
electron heating is strongly reduced as the longitudinal component of the Lorentz

force lacks an oscillating component. Instead, electrons are piled up and compressed



9.1 Summary and Conclusions 129

at the front of the penetrating laser pulse. Within this compression layer, ions are
accelerated in a phase-stable way which manifests itself in characteristic loops in the
ion phase space. As long as the the electrons are being held to low energies and the
compressed electron layer can be maintained, radiation pressure acceleration (RPA)
of ions dominates. Thus, ions are ideally not only accelerated by a co-propagating
longitudinal electric field over extended times, but the energy spread AE/E of the
ion bunch is simultaneously compressed as the slowest, trailing ions experience the
highest field within the compression layer.

This scenario of radiation pressure dominated acceleration from ultrathin foils
irradiated by circularly polarized pulses has created a flurry of theoretical publi-
cations very recently, calling for experimental verification. For the first time, such
measurements were successfully carried out as part of this PhD work during an
experiment again at MBI Berlin with identical parameters as specified above but
circular polarization. Compared to linear polarized irradiation, a significant drop
in electron energies was observed as expected. Optimal ion acceleration was again
obtained at a foil thickness of 5nm, which is in accordance with the theoretically
predicted RPA optimum for the normalized areal density o ~ ay [98]. Whereas the
carbon C%" ion spectrum decays monotonically up to its cut-off value in the case of
linear polarization, now the distribution shows two components: A monotonically
decaying fraction that extends up to ~ 20 MeV and a distinct peak at the highest
energies, centered around 30 MeV. The spectral spike was repeatedly and exclusively
seen in the carbon CO" ion spectrum for circularly polarized irradiation of a 5nm
target. Compared to quasi-monoenergetic ion beam generation within the TNSA
regime [5], a more than 40 times increase in conversion efficiency is demonstrated
when considering an identical energy spread around the apex.

Two-dimensional PIC simulations carried out in collaboration with X. Q. Yan
confirm the interpretation that those C® ions are indeed for the first time domi-
nantly accelerated in a phase stable way by the laser radiation pressure. While an
isolated carbon ion peak is still present at the end of the interaction, it later merges
with the lower energetic, continuous distribution of ions dominantly accelerated by
sheath fields, which at this point still gains energy, resulting in the spectrum as ob-
served experimentally. This distortion of the carbon ion spectrum can be attributed
to foil bending due to the non-flattop spatial intensity distribution in the focus. To-
wards the end of the interaction, highly energetic electrons are generated efficiently
in the warped outer regions of the focal spot where the laser is no longer incident
normally. Those electrons quickly spread around the target, causing the narrow,

isolated, RPA-produced peak in the spectrum to broaden and merge with the lower
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energetic component which originates from sheath acceleration in the edges of the
focus. Described results and interpretations are published in [Henig et al., Phys.
Rev. Lett 103, 245003 (2009)] [42].

In order to prevent a spectral deformation and maintain an isolated peak at
the highest energies, the discussed late-time electron heating has to be suppressed.
Since synthesizing a top-hat focal spot is far from trivial experimentally, a near-term
solution might involve proper target design to account for the spatially varying
intensity. This builds a bridge to earlier experiments of this PhD work on ion
acceleration from microspheres. Here, the ATLAS laser located at MPQ was tightly
focussed to intensities of ~ 1 x 10 W /cm? onto the front surface of plastic spheres
of diameter ~ 15 um. A highly directed proton beam was observed that exhibited
a plateau-shaped spectrum extending up to 8 MeV. Closer analysis based on three-
dimensional PIC simulations revealed that this strongly pointed beam originates
from the target front. Owing to the spherically curved instead of flat target surface,
non-planar hole boring of the laser is compensated for. Consequently, a closer-to-
flat or even convex ion acceleration front can be obtained. To predict the temporal
evolution of this acceleration front an analytical model was developed where the
radiation pressure acceleration model of Wilks et al. [39] was extended to 2D,
including the effects of a spatially varying intensity distribution and a curved target
surface. Those experimental and theoretical outcomes are published in [Henig et al.,

Phys. Rev. Lett 102, 095002 (2009)] [40).

9.2 Future Plans and Perspectives

9.2.1 Improving the Ion Beam Quality

The explored possibility to manipulate the temporal evolution of the ion acceleration
front can be transfered to the scenario of RPA from ultrathin foils. By using a
convex instead of planar foil in analogy to the described experiment employing
microspheres, strong foil bending by a tightly focussed Gaussian spot is expected to
be compensated for. With the current technology of cathodic arc deposition used
for DLC foil fabrication, first prototypes of self-suporting hemispherical foils have
already been produced successfully (see figure 7.5). In the very near future, such
shaped DLC targets will be first applied in an experiment.

Another approach to account for the spatially varying intensity distribution
would be the use of a planar target with radially varying density [106]. Although

the fabrication process of such foils seems challenging and not within reach using
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DLC as target compound, alternative materials and techniques are currently being
tested. A promising candidate are meshes of carbon nanotubes. Prior to producing
a foil of radially varying density, in a first step those carbon nanotube foams could
be employed to form targets of homogenous but lower density than DLC. From RPA
theory, the condition for optimum ion acceleration depends only on the normalized
areal density o ~ ag ([98], see equation 2.51). To verify this equation experimen-
tally, thicker targets of lower density which exhibit a similar value of o as a DLC

foil would be highly useful.

The final energy achievable for non-relativistic ions when setting the whole focal
volume in motion by RPA (i.e., in the light sail regime) is proportional to the square
of the laser energy fluence and inverse proportional to the square of the initial ion

areal density (see equation 2.52)

(Ip7)?

—(niod)Q (9.1)

gz',LS X
Taking into account the lower limit for o given by equation 2.51 to prevent electrons

from escaping the foil ions, one obtains
51"L5' X ILT[% (92)

Thus, assuming a proper choice of target parameters so that the optimum condition
2.51 is always fulfilled, for constant laser energy fluence I;7; higher ion energies
can be achieved in the light sail regime by stretching the pulse to longer durations.
This comes at the expense of a lower number of ions in the accelerated bunch
according to equation 2.51. In other words, following 1D analytical theory the energy
and number of accelerated ions can be tailored for a given laser system by simply
simultaneously varying the pulse duration and target thickness or density. However,
the experimental studies of this thesis show that the foil plasma is significantly
distorted on the extended rising edge of a long pulse with Gaussian envelope in time
and multi-dimensional effects such as foil bending due to a radially varying intensity
distribution in the focus deteriorate the interaction at late times. Here, an ideally
rectangularly shaped pulse in both space and time would be highly desirable. The
generation of a steep rising edge of the pulse could potentially be achieved by placing
a second ultra-thin foil into the converging laser beam in close vicinity to the focus,

acting as a reflector/absorber until becoming transparent [55, 222].

Besides driving the whole foil like a light sail, radiation pressure dominated ion

acceleration can also be studied in the hole boring regime, where the energy of the
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generated ion piston is given by (refer to equation 2.45)

Einp X I (9.3)
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Hole boring RPA is easier to access experimentally since no nm-thin foil targets are
required [90]. By irradiating a target of reduced density such as provided by a foam
of carbon nanotubes, the predicted energy increase of radiation pressure accelerated
ions in the hole-boring regime could be investigated.

In addition to future advances in target design, next generation laser systems
are another important prospect for advancing the characteristics of laser-driven ion
beams further. Higher laser pulse energies and intensities are expected to be bene-
ficial to not only increase the resulting ion energy but also make the final spectrum
more mono-energetic. In PIC simulations at intensities of 7 x 102 W/cm?, Yan
et al. [109] found Rayleigh-Taylor-like plasma instabilities to transversely stabilize
the monochromatic ion bunch originating from the focal spot center. While the
foil plasma in the wings of the laser focus is dispersed, a stable central clump is
formed that maintains high density. The occurrence of such Rayleigh-Taylor-like
instabilities in high intensity laser interactions with nm-thin foils was already ob-
served within the frame of my PhD work during an experiment at the VULCAN
Petawatt laser facility [153]. Analysis of that data is however partly ongoing and
not included in this thesis.

To achieve large ion velocities already in the initial hole-boring phase when the
laser pushes the acceleration front through the target picking up ions, high intensity
irradiation of a low density target is favorable (equation 9.3). As the energy of ions
accelerated by hole-boring RPA is predicted to scale linearly with laser intensity
while in sheath acceleration the energy is just proportional to the square root of
the intensity (refer to section 2.5.1), predominance of RPA will be more pronounced
at higher laser intensities. For very high laser intensities, the ions eventually gain
relativistic velocities and the non-relativistic treatment as presented in this thesis
in accordance with the non-relativistic ion energies seen in the experiments is no
longer adequate [104]. Recent PIC simulations at I, ~ 10?2 W /cm? suggest that
the acceleration of ions progresses more stable when ions reach relativistic velocities
already in the initial hole-boring phase, i.e., prior to the transition to the light sail
stage where the whole target propagates ballistically [107]. Finally, for ultra-high
intensities (17, 2 10?3 W /cm?) protons become relativistic within a single laser cycle.
This is referred to as the laser-piston regime, where RPA strongly dominates even

for linear polarization [89]. Assuming that the laser pulse is perfectly reflected from
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the flying foil which can be viewed as a relativistic plasma mirror co-propagating
with the laser pulse, the resulting total energy transfered into ions is simply given
by

1

gi ot — 1

)L, (9.4)
where v denotes the Lorentz factor of the mirror and £, stands for the laser energy.
Thus, as v increases towards the ultra-relativistic limit, the laser-to-ion conversion

approaches unity.

9.2.2 Paving the Way Towards Applications

In terms of potential applications for laser-accelerated ion beams, three promising
candidates have been discussed in the introductory chapter. Revisiting the stated
necessary specifications of the ion beam for use as a fast ignitor in ICF, one aspires
a quasi-monoenergetic ion bunch (AE/FE below ~ 10%) at moderate energies (E ~
450 MeV for carbon ions) but very high laser-to-ion conversion efficiencies (~ 10%)
to achieve the required power density (~ 10kJ/10ps in a 20 ym diameter spot) to
ignite the compressed DT fuel [36]. While these parameters are clearly out of reach
when employing TNSA, the novel experimental results of this thesis provide a major
advance, significantly reducing the gap towards ion-beam sparked ignition. Carbon
ion energies beyond 0.5 GeV have been demonstrated at TRIDENT, LANL, while
in the experiments at MBI Berlin a quasi-monoenergetic carbon ion spectrum was
observed with a conversion efficiency of ~ 2.5% into the peak. Building onto these
results, advanced target technology combined with increased laser pulse energies and
intensities as described above provides excellent prospects for meeting fast ignitor
requirements in the near future.

Over the course of this year, experimental efforts at MPQ will be aimed at ac-
celeration of ion beams from nm-thin DLC foils using the upgraded ATLAS laser
equipped with a re-collimating plasma mirror setup that can be operated at high
repetition rates. Compared to MBI Berlin, higher peak intensities in excess of
10 W/cm? will be reached in the focus, leading to increased ion energies. A
biomedical beamline is currently being set up to facilitate controlled irradiation
of biomedical samples by the laser-driven ion beam for radiation biology and dosi-
metric measurements. Those experiments will be carried out in collaboration with
biologists and medical scientists as part of the cluster of excellence of the German
Research Foundation ”Munich-Centre for Advanced Photonics” (MAP) [223]. A
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interset®n
o

Fig. 9.1. Drawing of the biomedical beamline currently under construction at MPQ. After pulse
cleaning via a re-collimating plasma mirror setup, the ATLAS laser beam (purple color) is guided
to the experimental area. Here, it is split into a strong driver beam (green color) and a probe
(blue color). In the interaction chamber, the driver is focussed by an off-axis parabolic mirror
onto an ultrathin foil target. The probe beam is properly timed with respect to main beam in the
delay chamber and sent to the interaction region, e.g. in a counter-propagating geometry for X-ray
generation via Thomson backscattering. The accelerated ion beam exits the interaction chamber
to the right and is spectrally filtered in a magnetic chicane before entering the biomedical setup
for cell irradiation located further downstream. (by courtesy of J. Wulz, LMU)

drawing of the setup for ion beam generation is depicted in figure 9.1. To ensure
sufficient monochromaticity of the beam, a magnetic chicane will be used as an
interim energy filter [224]. Simultaneously, efforts will be aimed at producing ion
beams with intrinsically well-defined energy as discussed earlier. First experiments
are planned on irradiation of single cells, providing a comparative study of the rel-
ative biological effectiveness (RBE) of laser-driven ion beams versus beams from
conventional ion sources such as the Munich tandem accelerator that have been in-
vestigated earlier by MAP collaborators [225]. In particular, potential variations of
the RBE due to the extremely high dose rates within each particle bunch generated
by one laser shot are investigated. Later, biomedical studies will be advanced to

more complex samples such as hypodermic tumors in living mice.

Finally, it shall be noted that in addition to above discussed applications laser-
acceleration of highly dense ion bunches provides exciting prospects for nuclear
physics that could otherwise not be accessed via conventional accelerators. One
prominent field of research here is the generation of neutron-rich nuclei in the range

of the astrophysical r-process (the rapid neutron-capture process), far away from
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the valley of stability [226-228]. Of particular interest are nuclei around the magic
neutron number N = 126 which is a waiting point where the r-process is slowed
down due to low neutron capture cross sections, representing the "bottle-neck” for
the nucleosynthesis of actinides. While lower waiting point nuclei at N = 50 and
N = 82 are rather well studied, nothing is known experimentally about the nuclear
properties of nuclei at N = 126 and available models exhibit large uncertainties in
this unexplored region. A possibility to produce these nuclei in an experiment is
given by the fission-fusion reaction mechanism. The process relies on the fact that
ion bunches of solid density can be produced with high efficiency by laser-driven
radiation pressure acceleration as demonstrated for the first time in the presented
thesis ([42], chapter 7), exceeding the density of ion bunches from conventional ac-
celerators by a factor of ~ 10'°. These groundbreaking results fueled proposals for
photonuclear experiments at future high-intensity laser facilities such as the Extreme
Light Infrastructure (ELI) [229]. Here, it is planned to generate ***Th ion bunches
of energy ~ 10 MeV/u and solid density via laser-driven RPA from a primary, ul-
trathin Th foil target, which then hit a thicker secondary Th foil located in close
vicinity [230]. Fission of the heavy Th nuclei is initiated by deeply inelastic transfer
of neutrons. The fission process proceeds asymmetrically, resulting in light fission
fragments of nucleon number A;, = 91 and proton number Z; ~ 37.5. Owing to
the high density of the incident Th ion bunch, a high density of such light fission
fragments is produced which in a second step fuse to nuclei close to the N = 126
waiting point in the r-process. Hence, the novel ion acceleration scheme of RPA
firstly demonstrated within the framework of this PhD thesis might eventually al-
low to study the "terra incognita” region of neutron-rich nuclei, which is of great

importance to nuclear physics and astrophysics.
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