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Abstract

Laser-ion acceleration has been of particular interest avéhe last decade for
fundamental as well as applied sciences. Remarkable pragdas been made in
realizing laser-driven accelerators that are cheap and yezompact compared with
conventional rf-accelerators. Proton and ion beams havedreproduced with par-
ticle energies of up to 50 MeV and several MeV/u, respectivelyith outstanding
properties in terms of transverse emittance and current. Tgse beams typically
exhibit an exponentially decaying energy distribution, btialmost all advanced
applications, such as oncology, proton imaging or fast igimn, require quasi-
monoenergetic beams with a low energy spread. The majoritythe experiments
investigated ion acceleration in the target normal sheathcaeleration (TNSA)
regime with comparably thick targets in the m range.

In this thesis ion acceleration is investigated from nm-st=&d targets, which are
partially produced at the University of Munich with thickness as low as 3nm. Ex-
periments have been carried out at LANL's Trident high-powerad high-contrast
laser (80,J, 500fs, =1054 nm), where ion acceleration with these nano-targets
occurs during the relativistic transparency of the targetjn the so-called Break-
out afterburner (BOA) regime. With a novel high resolution aml high dispersion
Thomson parabola and ion wide angle spectrometer, thickreeglependencies of
the ions angular distribution, particle number, average ah maximum energy
have been measured. Carbon®Cenergies reached 650 MeV and 1GeV for un-
heated and heated targets, respectively, and proton enesgipeaked at 75 MeV
and 120 MeV for diamond and CH targets. Experimental data is presented,
where the conversion e ciency into carbon € (protons) is investigated and
found to have an up to 10fold (5fold) increase over the TNSA réege.

With circularly polarized laser light, quasi-monoenergat carbon ions have been
generated from the same nm-scaled foil targets at Trident thian energy spread
of as low as 15% at a central energy of 35MeV. High resolution kinetic simu-
lations show that the acceleration is based on the generatiof ion solitons due
to the circularly polarized laser. The conversion e ciencyinto monoenergetic
ions is increased by an order of magnitude compared with pieus results in the
TNSA regime. The advances in ion energies and the control ovidre spectra
mark an important basis for future research of laser-driveion acceleration and
might enable laser-based implementation of these applicans in the future.






Zusammenfassung

Seit nunmehr wber 10 Jahren wird intensive Grundlagenfockung im Bereich
der Laserionenbeschleunigung betrieben. Im Vordergruntebkt dabei die Real-
isierung laserbasierter Beschleuniger als kostengargiund kompakte Alternative
zu konventionellen Beschleunigeranlagen. Die meisten Expnente wurden mit
Folien im m-Bereich durchgefahrt und dementsprechend im Bereich ddarget
Normal Sheath Acceleration(TNSA). Dabei wurden Protonen (lonen) mit bis
zu 50 MeV (einigen MeV/u) erzeugt mit sehr guter Emmitance undehr hohen
Stremen. Die vergleichsweise niedrigen Energien und dasder Regel exponen-
tiell abfallende Spektrum machen die Teilchenstrahlen fiadie meisten Anwen-
dungen, wie z. B. der Onkologie oder der Fusion, die ein momeegetisches
Spektrum benetigen, unbrauchbar.

In dieser Arbeit werden nun Ergebnisse zur lonenbeschleunry vorgestellt,
welche zur Lesung dieses Problems beitragen kennten. Dawurden an der LMU
Mdnchen Diamantfolien mit Dicken von nur 3nm hergestellt md an LANL's
Hochenergie und Hochkontrast Laser (80,J, 500 fsz1054 nm) zur lonenbeschle-
uningung verwendet, welche wahrend der relativistischemransparenz des Tar-
gets statt ndet, dem sogenanntenBreak-Out Afterburner (BOA) Mechanismus.
Mit einer hochau®esenden Thomson Parabel und einem eigemtwickelten lo-
nenweitwinkelspektrometer wurden die Winkelverteilung,Teilchenzahl und die
mittlere und maximale Energie in Abhangikeit der Targetdike gemessen. Far
C® wurden Energien von 650MeV (1GeV) mit ungeheizten (geheine Tar-
gets gemessen und fur Protonen 75MeV (120 MeV mit GH-olien). Des Weit-
eren zeigen die experimentellen Daten Anstieg in der Konvarsse zienz far
C®* (Protonen) um einen Faktor 10 (5) gegendber dem TNSA Mechasmus.
Mit zirkularpolarisiertem Licht konnten au erdem monoenegetische CG* Strahlen
erzeugt werden, wobei die Energiebandbreite15% betragt bei einer mittleren
Energie von 35 MeV. Hochauesende Simulationen haben gezeidass diese mo-
noenergetischen Spektren durch lonensolitonen, welchecludas zirkulare Laser-
licht ermeglicht werden, entstehen. Die Konversionse zenz ist dabei uber eine
Gre enordung heher als bei bisherigen Ergebnissen zu TNSAie Verbesserung
der lonenenergien und der Energiespektra stellt eine wiahe Basis fur zuknftige
Forschung im Bereich der lonenbeschleunigung dar und ketenbald Anwendun-
gen mit kompakten, laserbasierten lonenquellen ermedtien.
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Chapter 1

Introduction

1.1 A decade of laser-driven ion acceleration

The history of the laser started in 1917 with Albert Einstein stting the basic
theory for stimulated emission I]. The rst realization of an optical laser took
place more than 40 years later by Theodore Maimar][in 1960. With the im-
plementation of Q-switching B], mode-lockingfl, 5] and nally the chirped pulse
ampli cation by D. Strickland and G. Mourou in 1985, it was pasible to build
a \table-top" laser system. These systems are capable of geating laser pulses
exceeding 10th of TW up to several PW and focused laser intetiss exceed-
ing the relativistic limit of 10*¥W/cm? by orders of magnitude. In the last 10
to 15 years experimental ion acceleration with high-inteitg lasers has been an
active research topic ¢{ 14] driven by the goal to develop a compact and cheap
alternative to conventional radio-frequency accelerater In the linear accelerator
(Linac), patented by R. Wider e in 1928, electrons, protonsand ions are accel-
erated by a series of oscillating electric potentials over &celeration length of
several meters to hundreds of meters; the accelerating sl@f the Linac are lim-
ited by the breakdown voltage to about 100 MV/m. At LANL's Linac, the Los
Alamos Neutron Science Center (LANSCE, see Fiy1), protons are accelerated
over a distance of 1km to energies of up to 800 MeV with a very maw energy
spread. In the laser-driven ion acceleration, the acceléiray elds present in the
plasma are not limited by the breakdown voltage and have akey exceeded sev-
eral TV/m [ 15 allowing acceleration of particles to MeV energies withia few
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Trident Laser facility
-

Figure 1.1: Left frame: Los Alamos Neutron Science Center (LANEJ with

its 1 km long linear accelerator to generate protons of up to08 MeV. Middle
and right frame: LANL's Trident Laser facility building and table-top front-end,
where protons with 120 Mev and carbon € ions with 1 GeV can be generated.

micrometers. In the past the target normal sheath acceleian (TNSA) [6, 7, 15{
17] has been investigated intensively. In these TNSA experimsn hot thermal
electrons are generated at the critical density in the preptma at the front of
the target. They propagate through the target and set up a slah eld at the
rear surface, where protons and ions are accelerated norrtathe target surface
over a very short distance to energies of up to 67 Me\6,[18] with conversion
e ciencies on the order of 1-2% (e.g. Ref.1[6, 17]). These beams have been
produced with outstanding properties in terms of transveeslongitudinal emit-
tance (< 0:004 mmmrad /< 10 “eVs), outperforming conventional accelerators
by two orders of magnitude 19. Acceleration of heavier ions (21) in the TNSA
regime has been less e cient with energies of 5MeV/u [7, 20, 21] and typically
requires removal of the hydro-carbon contamination surfacof the targets, which
strongly limits the usability for advanced applications. Hwever, the accelerated
ions usually exhibit broad exponential energy spectra. Alnsb all prospective
applications for these ion beams, including oncolog®7], proton imaging [23] or
ion fast ignition [24, 25 require quasi-monoenergetic beams with a low energy
spread as provided by a rf-accelerator. By using in-situ eimgered targets, quasi-
monoenergetic spectra have been generated in the TNSA regjroat with a very
low ion ux [ 26, 27] not competitive with conventional Linacs.

To improve the maximum particle energies, the energy speain and the con-
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version e ciency, other laser-ion acceleration mechanissnhave been studied in
numerical experiments using PIC-codes on massively pagdlisupercomputers.
The most studied ones are the radiation pressure accelemati(RPA) [10{14] and
the Break-Out Afterburner (BOA) [28{31]. Typically, these mechanisms e -
ciently transfer the laser's energy to all target ions in cdrast to the TNSA. In
the RPA regime, the light pressure of a linearly polarized fmser pulse exceeding
10?3 W/cm 2 drives an overcritical nm-scaled target in the laser pistoregime [L4];
at lower intensities RPA is predicted to occur with circulaly polarized laser light.
Simulations have shown that for a single species target, thaser can drive the
plasma as a single block to a monoenergetic ion spectrum withra-high energies.
In the BOA regime, the laser penetrates a classically ovemge, yet relativisti-
cally underdense target. Strong volumetric heating3[)] of virtually all plasma
electrons enables acceleration of protons and ions to enesgin the 100 MeV and
1 GeV range (see Chap4) with the Trident laser. These new mechanisms how-
ever, have much more demanding requirements for the laserpmeters, such as
an ultrahigh laser contrast (RPA, BOA), at top focusing (RPA) and ultra-high
laser intensities & 5 10Y° for BOA, > 1 10 for light sail RPA). Those strin-
gent requirements have only allowed rst tentative steps twards RPA [32, 33, so
far not realizing its full potential. For acceleration of paticles in the BOA regime,
LANL's Trident laser facility is one of the very few systems cuently available,
that meets these requirements. In the framework of this thes substantial in-
crease in maximum carbon & energies has been demonstrated and progress has
been made in manipulating the energy spectr@], 34, 35 marking an important
step towards a competitive alternative to conventional raccelerators. The low
costs (compared with rf-accelerators) and compact size diet lasers could lead to
a widespread implementation of laser-ion acceleration lebapplications, such as
the ion beam therapy of cancer, which today is only available very few people
at only a handful places around the globe.

1.1.1 lon beam therapy of cancer

The ion beam therapy (IBT) of cancer o ers optimum dose depdsn in the
tumor tissue superior to conventional treatment with X-rays Protons and heavier
ions (Z> 1) that penetrate a material (other than vacuum) deposit masof their
kinetic energy right before they are stopped at the so-catleBragg peak. Fig.1.2
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Figure 1.2: a) Schematic depiction of a laser-driven hadraancer therapy. Com-
parison of photon and ion energy deposition in water b), wherthe ions deposit
most of their energy end the end of their path around the Bragpeak.

b) shows the energy deposition of protons and carbon ions inrgparison with
photons in water (which makes most of the human body), wheren¢ photons
loose most of their energy at the beginning. The depth of therBgg peak on the
other hand, can easily be controlled by changing the initiddinetic energy of the
particles, so that healthy tissue in the path of the particldoeam receives a much
lower dose than the tumor itself. To treat a tumor at virtually any position in
a human body, mono-energetic protons of up to 250 MeV or mono-energetic
carbon C*ions of up to 300MeV/u are necessary. The recently completed
Heidelberg lon-Beam Therapy Center (HIT) 36, 37] o ers protons and a variety
of heavier ions of up to 221 MeV and 430 MeV/u, respectively. HIhas a gantry
system that weighs 660 metric tons of which 600 are movable totate the ion
beam by 360. The gantry alone is three stories high and 25 m long. The pactes
are accelerated in a synchrotron that is seeded by a 5m longhac. The costs for
the facility are about 119 Million Euro. A laser-driven soltion of the IBT could
not only signi cantly reduce the costs but also the size of h facility. Fig. 1.2
a) depicts such a solution, where the gantry only guides thader beam and the
ions are generated as close as possible to their destination

For a successful treatment of a tumor, a dose between 2 Gy andQy (1 Gy=
1J/Kg) is necessary depending on its type (where particlegpically deposit 1/3
to 2/3 of their energy on the way to the tumor). This correlats to 2 10%
protons at 250 MeV stopped in 1 Kg. Depending on the number ofgicles that
are available per pulse and the volume of the tumor, a full tegment can require
several 10.000 pulses.
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Right now, laser-driven implementation of an IBT is still ata level of basic
research, where major problems are that

proton and especially carbon ion energies from laser-ioncateration are up
to an order of magnitude too low.

the energy spectra are exponentially decaying and usuallgrffrom being
monoenergetic ( E=E 10%).

high power lasers have repetition rates of typically 1 shotgw hour.

A path to solve some of these problems will be discussed in @h4 of this thesis.

1.1.2 lon fast ignition

Fusion is another potential application for laser-drivenan sources and aims for
producing energy in a much cleaner way than coal or nucleasgsion power plants
do. Today there are two major schemes that are being reseaechin order to
achieve fusion, which are the magnetic con nement fusion (@F) and the in-
ertial con nement fusion (ICF). In both schemes the fuel haso be heated to
10keV (deuterium and tritium fuel) for a certain time so thatfusion occurs at
a feasible high rate.
In the MCF, a low density plasma (16°cm 2) is con ned for a few seconds and
heated in a large toroidal magnetic eld, a so-called tokanka The international
thermonuclear experimental reactor (ITER) B8], currently being build in France,
will have the largest and most advanced tokamak3p, 40]. Its completion is
scheduled for 2019, where the costs for this facility rangetwveen 5 and 16 bil-
lion Euro.
In ICF [41, 42] a fuel pellet is compressed to ultra-high densities (Acm 3) and
heated within nanoseconds. In the direct ICF approacht§ the pellet is com-
pressed by multiple laser beams focused onto the surface loé spherical pellet,
which requires precise temporal tailoring of the beams andn&arly perfect spher-
ical symmetric irradiation geometry. In indirect ICF [44] the pellet is positioned
within a hohlraum. The interior walls of this radiation con nement cavity are
heated by these lasers instead, which convert the laser lighto soft x-ray radia-
tion, that evenly compresses and heats the pellet. The Natiahlgnition Facility
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(NIF) [45] at the Lawrence Livermore National Laboratory (LLNL) works m the
indirect ICF scheme and irradiates hohlraum targets with 1® laser with a total
of 1.8 MJ in laser energy.

In a modi ed scheme of the ICF the pellet is pre-compressed lirect/indirect
laser irradiation and ignited with a beam of electrons or ptons/ions, mainly in
order to relax the symmetry requirements, but also to increse the gain and to
reduce the energy requirements for the driver, which here lgrhas to compress
and not to heat the pellet. B6]. This method is called fast ignition (FI), where the
use of protons or ions brings the advantage that energy dejtam is much more
localized at the Bragg peak compared to electron fast ignitn. In the scheme
of ion fast ignition a monoenergetic beam of protons or carbdons is needed
with an energy spread E=E of less than 10% (for €") at an central energy
of 7 20MeV A7) and 450MeV R4 (for typical pellet dimensions), respec-
tively. The use of a laser-driven ion accelerator would agesigni cantly reduce
the size of the setup and remove the requirement for a compleeam guiding
system. In such a scenario, the conversion e ciency from las energy into ions
dictates the necessary laser energy. In the case of the carl¥l, where an ion
beam power density of 10kJ/10ps is suggested, a conversion e ciency of 10%
relates to a 1kJ drive laser for the ion acceleration. The prsusly mentioned
TNSA mechanism is unlikely to be able to deliver these paranmes. While the
energies might be reached, a high conversion e ciency intthvése energies seems
to be impossible at the moment. However, the BOA regime that isvestigated
in great detail in Chap.4 seems to be a promising mechanism for a carbon driven
fast ignition concept in the future.

1.1.3 Active interrogation

Next to medicine and energy production, laser-driven accedgion has also been
envisioned for applications in the threat reduction for nabnal/homeland security.
Here, the objective is to determine the presence or absence ssile materials
such as weapons-grade Pu or highly enriched uranium (HEU) in abject of
unknown content, such as a truck or a container ship (see Fi§j.3). The passive
detection of ssile materials su ers from the fact that -ray and neutron emission
from spontaneous ssion can easily be shielded with layerslead and (borated)
polyethylene. In the active interrogation the radiation synatures of the ssile
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Chamber
Table-top Laser_/_\ |
.>| GeV Protons Time resolvec
: detector for
fission product
Target foil

Figure 1.3: Schematic depiction of a laser-driven activetarrogation, where the
high energy proton beam is used to probe an container for $simaterial.

material can be increased enormously provided the probe Ibeacan penetrate
the shielding. The increased signal of the delayed neutrond@ -signatures o ers
improved detection of ssile and ssionable material. Prob beams consisting of
neutrons (14 MeV) or -rays ( 15MeV) are currently being explored48, 49,
but can also be blocked by the same shielding. The use of pnesoas a probe
beam o ers p0] a much better attenuation length at a similar ssion crossection
of about 1 barn, where a 1 GeV proton can penetrate 0.5 m of leatielding. It is
also possible to guide the proton probe beam with magnetic tigs, to achieve a
higher exibility of such a setup. At the moment, proton beans of these energies
can only be generated at conventional rf-accelerators, $uas LANSCE. With a
laser-driven source, the proton active interrogation codlnot only be made much
cheaper, but also highly mobile when installed on a ship orrige truck. Proton
maximum energies have stagnated at about 50 MeV for the padd years in the
TNSA regime. In the framework of this these, proton energiegeeeding 100 MeV
have been generated in the BOA regime with a comparably lowser power of
only 100 TW. With a favorable energy scaling, proton energsecould reach the
necessary energies for active interrogation in the near tut and allow a compact
and very e ective tool for detecting ssile materials.

1.2 Thesis overview

The main topic of the thesis is carbon € ion and proton acceleration from nm-
scaled foil targets in the relativistic transparent regimgthe Break-Out after-
burner (BOA). For the research 6 experimental campaigns haueeen elded at
LANL's Trident laser facility investigating the physics of the BOA regime. The
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thesis is divided into 5 chapters, where the rst one is thisntroduction followed
by

the second chapter, which gives an introduction into relew plasma physics
and laser-plasma interactions followed by an overview oféfmost important
ion acceleration mechanisms that are currently being resehed.

the third chapter that gives an overview of LANL's Trident lase with an

in-detail description of the laser contrast and its importace to the experi-
ments. It follows a description of the targets and the targeproduction and
the alignment procedures. The chapter ends with an overvieof the used
particle spectrometers and detectors.

the fourth chapter that presents and explains the results ahe 6 experi-
mental campaigns elded at Trident. It covers the principalacceleration of
protons and carbon €' ions in the BOA regime and investigates the energy,
conversion e ciency and divergence scaling with thicknesand the laser po-
larization impact on the accelerated particle beams, espalty in terms of
their spectral shape.

the fth and last chapter, where the results are summarizedrad future
perspectives and plans concluding this research are preasen



Chapter 2

Relativistic laser-matter
Interaction

This chapter is intended to give a brief introduction into réativistic laser-matter
interactions, i.e., physical phenomena that arise when adaer pulse with rela-
tivistic laser intensities interacts with a (solid) target In such an interaction the
target is rapidly ionized under the laser light and turns inb a highly transient
plasma of particular interest to this thesis. With relativistic laser intensities the
plasma electrons are accelerated to relativistic quiver ergies, opening a eld
of plasma physics which has only recently started to be inv&gated experimen-
tally in greater detail. Relativistic laser-plasma interations are the source of not
only laser-driven ion acceleration, but also many other ietesting research elds
covering for example the high order harmonic generatio®]] (HHG) and the
electron wake eld accelerationj2). These interactions exhibit a huge number of
di erent physics, as the laser intensities steadily increse and enable hotter and
denser plasmas and higher elds. This introductory chaptewill only highlight
the most important aspects - which are of particular interdsto laser-driven ion
acceleration - starting with the laser eld itself.

2.1 Relativistic laser intensities

The laser eld, or in more general, the eld of a plane wave ppagating along
&, can be described by the vector potentiaik which is given (in Gaussian units)



2.1. RELATIVISTIC LASER INTENSITIES

as b3 n o
A(¥t)=Re Ay€ (2.1)

where = K + It is the phase of the light wave with! and the frequency
and wavelength of the laserk =2 = the wavenumber andr and t the common
variables for space and time&,, can for instance beAq&, for a linearly polarized
(LP) wave or Aq(®&, &) for a circularly polarized (CP) wave. According to
Maxwell's equation it follows that

1@x il i
E = E@t: Re ?Apme (22)
and n 0
B=r A=Re ik A€ ; (2.3)

whereE and B are the electric and magnetic eld of the laser/light wave.

2.1.1 Motion of a single electron in the laser eld

In order to quantify the regime of relativistic laser-matte interactions, it is useful
to analyze the motion of a single electron in such a eld. Thegaation of motion
can be derived from the Lorentz force, which in mks units is

dp _

P
at - E+me

B (2.4)

wherep= mew and = 1:p 1 v2=2 are the relativistic momentum and the
Lorentz factor of the electron;v,, meandq= eare the velocity, mass and charge
of the electron. The timet is measured in the laboratory frame. Neglecting the
magnetic eld of the light wave with mdv=dt qE, the maximum velocCity Vnyax
of the electron (initially at rest, after a quarter wave cyat in the LP case) in the
non-relativistic limit is

eAo

MeC

JVmax] (2.5)

This relation can be used to introduce the normalized vectoamplitude ay =
Vmax=C = €Ap=mec2. The maximum kinetic energy of the electron can than be

written as

I-:Akin = %%mecz; (2.6)

10



2. RELATIVISTIC LASER-MATTER INTERACTION

so that the electron approaches the speed of lightfor a;, 1, where its kinetic
energy exceeds its rest mass of 511keV fyy= 2. Accordingly a focused laser
with a normalized amplitude ofag > 1 is commonly referred to aselativistic. In
order to express that in a more useful quantity, the intensjt of the light wave
needs to be derived. The averaged (and normalized) intensits given by the
absolute value of the pointing vectolS of the wave

c
. E B ?= IooIEcAg (2.7)
where , accounts for the polarization dependency df, with o = 1 for LP
and ,o = 2 for CP. In units of the normalized eld amplitude, this relates to an
average laser intensity of

W
lo 2= po 137 1018ﬁ m? aj: (2.8)

In a real laser-plasma interaction the laser interacts witlmany electrons, which
in general cannot be solved analytically. The motion of a gjte electron without
a plasma background in vacuum, however, can still by analyden order to get
a better insight into these complex interactions. For the g of a single electron
and a plane wave (with arbitrary envelope), Lorentz equatio can be solved an-
alytically; a more detailed derivation can be found in Refd3. Introducing the

normalized vector potential
en,
MeC?

(2.9)

where A, = A, for a plane wave propagating along® The equations of motion
result in the simple form of b3

dx a2

q - CE (2.10a)
g_y = ca, (2.10b)
% = Cca, (2.10c)

forat x=cand =1t x(t)=cand-a=(ay;ay;a;) withjg = a(t) = a. In the
simple scenario of an in nite LP plane wave witha= aycos( )&, the electron

11
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motion in x and z yields [B3]

x( )= ? + %sin(Z! ) (2.11a)

()=

with the boundary condition, that the electron is initially at rest with + =
0) = 0. From these equations two important e ects of relativstic laser electron
interactions can be derived immediately:

“Vsing ) (2.11b)

1. The transverse motion inz, caused by the electric eld of the laser, is solely
oscillatory with its amplitude depending linearly onay.

2. The longitudinal motion in x (the laser propagation direction), caused by
the v B term of the Lorentz equation, has a linear term in in addition
to the oscillatory term, which also depends quadraticallyroay.

In other words, for large laser amplitudesdy, 1), the electron motion is dom-
inated by the magnetic eld of the laser and the linear term in results in a
net displacement of the electron in the laser propagation rdiction with a drift
velocity of vq4 = c&=(a3 + 4). In Fig. 2.1 a) the motion of a single electron
in an in nite plane wave (with LP) is depicted for ag = 15 (red) and ag = 1
(blue) with a= agcosl )& and! = 2 c=1:054 m; comparing both, one can
see that the electron motion is signi cantly bent towards tle x-direction for the
larger laser amplitude in the relativistic regime. Fig.2.1 b) shows the motion
of a more realistic case with a nite plane wave with Gaussiaanvelope, where
a= apexp[ (( 15=! )=(30=!))?]cos( ) with ay=15. Both plots show a net
displacement of several tens of micrometers, where the latimmediately shows,
that there is also no net energy transfer from the laser to thelectron, once the
laser has passed the electron.

In a real laser matter interaction, the electron is subjectd

a nite laser pulse in space and time

a plasma background consisting of electrons and atoms/ions

This will eventually result in the ejection of the electron fom the laser eld by
collisional or collisionless absorption/scattering or byhe tight laser focus itself,

12
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Figure 2.1: a) Electron motion in an in nite plane wave with LP and anag =1

(blue) and ag = 15 (red), where the highly relativistic laser amplitude of15
strongly bents the electron motion into the laser propagatn direction; b) Elec-
tron motion in a nite plane wave with a Gaussian envelope anén a; = 15,

showing that there is no net energy transfer to the electronin( the case of a
single electron in vacuum).

resulting in a net energy transfer (heating) of the electranFor the latter process,
one can calculate the scattering angle of the electron within the framework of
the previous derivations. A real laser pulse, that is nitem space and time, has
a fast varying intensity envelope and hence a strong radiahtensity gradient;

for this case it is useful to introduce the so-callegonderomotive forceof the

laser. The ponderomotive force is de ned as the gradient ohé¢ time-averaged
vector potential [54], where the nal kinetic energy E,ong Of an electron due to
the ponderomotive force is

Epond = ( s 1)me02 (2.12)

where ¢ = 1+ a?=2 is the Lorentz factor for a single electron in units of the
normalized laser light amplitude. The angle between the tresverse momentum
£ = Epona=cand the longitudinal momentum, = 1 =(2meC) gives b3

an?()= P = _2 . (2.13)

correlating the ejection angle with the nal energy of the @ctron (see Fig2.2).
In Sect. 2.2.3 a selection of electron heating mechanisms based on thesphea
background will be discussed in more detail.

13
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Laser / \
Beam waist

Figure 2.2: Electron ejection from a tightly focused LP lasedue the relativistic
intensities (adaption of Ref. $4]).

2.2 Laser-induced relativistic plasmas

Now, that the basic motion of a single electron in a laser eldds been described,
it is time to analyze the laser interaction with matter and tre thus created plasma.
The analysis starts with the various ionization processethat will turn the target
into a plasma and continue with the description of laser tragport and absorption
in the plasma. The last part of the section is devoted to plasane ects, that
are important in the framework of this thesis, such as lasénduced relativistic
transparency.

2.2.1 Laser-induced ionization

At the beginning of each high power laser-matter interactiowith solid/gas/liquid
targets stands the ionization process, that turns the targanto a plasma. The
dominant mechanism responsible for the ionization strongldepends on the ac-
tual laser intensity and hence the electric eld that acts orthe target electrons.
Typically, the ionization process itself is of minor interst in laser-ion acceleration
experiments; however, it is still important to know, at whi laser intensities a
target will start to ionize, especially with respect to the ontrast of a real laser
pulse, that can have a signi cant impact on the ion accelerain, as will be ex-
plained in more detail in Chap.3.1.5

In order to obtain a rough estimate of the necessary laser @ntsities, it is useful
to calculate the electric eld strength that binds an electon to its atom. For the

14



2. RELATIVISTIC LASER-MATTER INTERACTION

hydrogen atom, the binding electric eld is given (in Sl unis) by [54]

\
Ep= —— 51 10— (2.14)
4 oag cm
with ag =5:3 10 °cm the Bohr radius,e the electron charge andg the dielectric
constant. Equating the binding eld E, with the laser intensity yields

L oCE} ) s W
I, = > 351 10 el (2.15)

which is the intensity at which any target material will be imized solely by the
laser electric eld.

Multi-photon ionization

However, laser-induced ionization typically occurs at intesities orders of magni-
tude below this value ( 10'°° W/cm 2), which is caused by multi-photon ioniza-
tion. Here, the bound electron absorbsn photons, so that it is ejected from the
potential of the atom its bound to. Its nal energy is given by

Ee = (n + S)~! Ebound (2-16)

wheren + s = m is the sum of the photonsn - necessary for the ejection of the
electron - and the numbers of additionally absorbed photonsE.ung denotes the
binding energy of that speci c electron. For exampleEpong = 13:6eV for the
hydrogen atom and a photon of a laser with =1 m has an energy of 24 eV,
which givesn  11. Fors = 0 the process can be described by a perturbation
theory of the atomic potential, which gives the ionization ate ,, of the n-th
multi-photon ionization process asg4]

n= all; (2.17)

where , is the cross-section of this process that decreases withriggsingn. With
laser intensities exceeding 10°°W/cm 2, the photon density is high enough so
that the I term enables the multi-photon ionization process.

Tunneling & barrier suppression ionization
When the laser intensity approaches; (see Eq.2.15, the atomic binding po-

15



2.2. LASER-INDUCED RELATIVISTIC PLASMAS

tential itself starts to deform under the in uence of the lagr electric eld. For
cases where the potential barrier of the thus deformed atompotential is still
above the binding energy of the electron of interest, ionigan can occur quantum
mechanically by tunneling. Whether the ionization of a mateal is dominated
by tunneling or multi-photon ionization can be approximate with the Keldysh

parameter p5 s

E
K / bound (2_18)
pond

where pong describes theponderomotive potentialof the laser. The ponderomo-
tive potential describes, in close relation to the ponderontive force in Sect2.1.],
the quiver energyor the cycle-averaged energy an oscillating electron acrgs in
the laser eld and can be estimated by
r !
a
pond = MeC( D) =me® 1+ 3 1 (2.19)

q

where = 1+ % is the cycle-averaged relativistic Lorentz factor in unitsof

the normalized laser amplitude. For ¢ < 1, where the binding energyEoung iS
larger than pong Multi-photon ionization dominates, while for ¢ > 1 tunneling

is the dominant ionization process.

For cases where the potential barrier of the deformed atompmotential is lower
than the electron binding energy, the electron will eventlly escape sponta-
neously. This ionization process is called the barrier-spgession (BS) ioniza-
tion. The threshold intensity I g5 for this process can be estimated by assuming
a stationary homogeneous electric eld that is deforming t# atomic potential

as p4]

Ebound 4 W
lgs =4 10 — 2.20
BS eV @ cm?’ ( )

where g is the nal charge of the ion. For the single ionization of cdron to C*

- the targets used in the experiments are diamond or diamoniké carbon (see
Chap. 3.2 and Chap.4) - the threshold intensity is  6:4 10" W/cm?2.

In a real laser-matter experiment, where the laser not onlyieracts with a single
bound electron,collisional ionization also plays an important role. Once, enough
electrons are set free through eld ionization by any of thelzove processes, these
electron will subsequently ionize other atoms by collisi@h ionization.

16
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Average plasma ionization

In many cases, including the laser-driven acceleration dfése ions or the theoret-
ical treatment of plasmas, it is important to know the averag ionization state of
the laser-induced plasma; see for example Ch&p4.3 where the development of
an ion detector is based on the assumption that the plasma islly ionized. For
a plasma that is in the state of local thermal equilibrium (LTE), the ionization
rate can be calculated with the Saha-equation, also known &aha-Boltzmann
equation [56] (which is based on the assumption that the atoms follow a Biat
mann distribution).

However, in the experiments conducted in the framework of thithesis, the ultra-
intense laser leads to a highly transient plasma, so that isiin a state of strong
non-LTE . Here, time-dependent rate equations need to be catsred, also in-
cluding recombination (the inverse of the ionization) andecombination radia-
tion, which is eventually escaping the plasma. More detailegarding the rate
equations and the ionization of matter under these conditits can be found for
example in Ref. 4, 57]

2.2.2 Laser transport in plasmas

Now, that the target ionization and the single electron motin have been de-
scribed, the laser propagation in the plasma - or the interdon with the plasma
electrons - should be introduced. The description will be stricted to the fun-
damental aspects, that are necessary in the framework of shthesis; detailed
information can be found in many textbooks, such a$4, 58, 59.

In a \cold" plasma, where the ions are at rest (immobile) and he electron
temperature T, =0, the plasma frequency !, is given (in Gaussian units) as

S

I p(ne) =

r

2
4eMe o5 gt Mo .
Me [cm 2]

(2.21)

wheren, is the electron density of the plasma. Note, that for relativistic laser
intensities ! ;2 = S: . The plasma frequency can be understood as the reaction
of the plasma to a perturbation, for instance by the laser ed&ric eld [ 58].

The collisionlessdispersion relation for a transverse plane wave in the (cold)

17
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plasma is S
|1 2 12
K ?L 1 ,_g (2.22)
L

which immediately shows, that a laser cannot propagate thugh a plasma with
'y > ! |, in other words, the plasma isopaqueto the laser light. The density,
where! , = !'|, is called thecritical density n. and follows from! ,(n) as

2

Me! T 09 9t L em s (2.23)
4e? [ m]

ne( ) =

The plasma is consequently called underdense fiy < n . and overdense (opaque)
for ng > n.. At the critical surface (ne = n.) a part of the laser light is re ected
(or absorbed, see SecR.2.3; an evanescent component of the wave, however,
penetrates the plasma beyond the critical surface into theverdense region of the
plasma. The distancds from the critical surface to where the evanescence wave
has dropped to ¥eis called theskin depthswhich follows

RS (2.24)

p

When a plasma is heated (by a laser), it will start to expand. Wile the ablation
pressure of the plasma will launch a shock wave into the ovemke target, the
plasma will also expand into the vacuum. The expansion veltg the ion sound
speed G, is

s . S
ZKoTe 31 10 Te

E cm
m; [kev] A

< : (2.25)

where kg is the Boltzman constant andZ and A are the charge and the mass
number of the (dominant) plasma ions.

The ion sound speed of the plasma plays an important role in ¢hlaser-plasma
interaction, as it is a dominant e ect for the decrease of thelasma density.

Moreover, a real laser pulse is usually preceded by a pedéstauch longer

than the main pulse, with intensities rapidly exceeding theonization thresh-

old (  10'“W/cm?, see Sect2.2.1). This premature expansion might alter the

laser interaction or even destroy the target prior to the aiwal of the peak (see
Chap. 3.1.5for more detalils).

18
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It is furthermore useful to introduce the plasmascale lengthL as

S r

zZ
A g A (2.26)

Te
[keV]

L=06 L

where is the laser pulse duration. The scale length is commonly wsas a
measure of the plasma steepness and is often used as a boundandition for
e ects such as the high harmonic generation. The steepnessdathe electron
density of the plasma de ne the dominant process of laser abyption, as will be
described in the next section.

Especially for relativistic intensities @, > 1 or I, > 10®¥W/cm?), the electron
temperature of the plasma has at least one \coldT) and one \hot" Boltzmann

component (T,), where obviouslyTe  Ty,. The hot electron temperature mainly
depends on which absorption process (see Se2i2.5 is dominant during the
interaction. Assuming that the hot electron production is dminated by ] B

heating, one gets as an approximatior6()

S !

ks Thn me®( 1) 0511  1+0:73, 1018% 2[ml 1 MeV

(2.27)
in close relation to the single electron motion in the lasereld, described in
Sect.2.1.1

2.2.3 Relativistic transparency

As has been derived in the previous section, a plasma is opadoi¢he laser light,
when! , >1 . With relativistic laser intensities, however, electron eergies ex-
ceed their rest mass, resulting in an e ective electron magscrease by (due to
the Minkovsky metric of space time§1]). As already pointed out, Eq.2.21needs
to be corrected for relativistri)c intensities, so that! g =1 ;2: with the cycle-
averaged Lorentz factor = = 1+ a3=2. Using the normalized electron density
n® = ne=n. one obtains in the non-relativistic case that the plasma ispaque
whenn®> 1 and transparent to the laser light whem®< 1.

In the relativistic case this translates to an opaque plasmahenn®* > 1 and
a relativistically transparent plasma whenn® < 1< n® The relativistic trans-
parency of the plasma is of great importance in the framewor this thesis. With
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intensities on the order of 1& W/cm ? targets of the right thickness and initial
electron density can turn relativistically transparent duing the laser-plasma in-
teraction. This can be bene cial for certain laser-plasmanteractions - here the
laser ion acceleration - as will be shown in the last sectiomé@in Chap. 4.

A caveat is, that the direct measurement of the relativisticransparency is rather
di cult. While a PIC simulation (see Sect. 2.3.3 can supply all the necessary
information (instantaneous Lorentz factor (t; ¥) and electron densityng(t; ¥)) to
identify the state of transparency, this information is notaccessible in the ex-
periment. The required time resolved measurements of theglasma parameters
in short-pulse laser (. 1ps) experiments with a good resolution in time and
space are very challenging. For example, in the experimemsnducted here, the
target thicknesses are on the order of 100nm and the pulse dtion is 0.5ps,
which would require a UV or XUV probe for the direct measurementfdhe elec-
tron density. In addition, the probe would measure the dengi as ne= and not
separately as it would be necessary.

A solution to this could be indirect measurements or the measement of signa-
tures of the relativistic transparency. One can for instaree measure the re ected
and transmitted light during the interaction and compare the data with PIC
simulation results in order to identify whether the target tas been relativistically
transparent during the laser-plasma interaction or not. Tese measurements have
already been done at Trident $2, 63]. Trident has a normalized laser intensity
ao of 16 which gives a maximum = 1+ a3=2 = 11:4. The measurements
have shown that the target turns transparent at the peak of ta laser pulse for
thicknesses of 100 to 200 nm. Hence, one can conclude that theget is indeed
relativistically transparent with n%= < 1 <n®as is larger one and steadily
increasing towards the peak pulse up to = 11:4, while n, is steadily decreasing.

2.2.4 Self focusing

Another important plasma e ect that sets in at relativistic laser intensities is the
self-focusingof the laser in the plasma. Two mechanisms can turn the plasma
into a \positive" lens, causing further focusing of the lagebeyond the geometrical
limits of the actual experimental setup

the v B term of the Lorentz force expels electrons from the focus ése
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Sect.2.1.1and Eq.2.13 leading to an electron depletion in the focus center
(ponderomotive self-focusing)

the strong transverse gradient of the laser amplitude in théocus causes
in the same way a transversely varying relativistic mass inease of the
electrons (relativistic self-focusing)

Both mechanism cause self-focusing by generating a transe gradient in the
refractive index. In particular, the relativistic refractive index for the laser in the

plasma is p4] s

cke I3

N(r) = o 1 IE—pr)
with (r) = P 1+ a2(r)=2 for a laser with beam pro lea(r) peaking on the laser
axis forr = 0 (which is typically a Gaussian or super-Gaussian beam pte). In
both cases a local decrease of the plasma frequency (seeZ22fl) at r = 0 results
in an increased refractive index; while thee B term causes the electron density
to locally decrease, the transverse beam pro le causego locally increase. The
phase velocityvp(r) = c=N(r) is hence larger o -axis than on-axis, resulting in the
self-focusing (see Fig2.3). For the relativistic self-focusing, the threshold value
is a3(! pwo)=C 8 [54], where the self-focusing overcomes the laser divergence
(with wp the beam waist, see Chaf.1.4.
Self-focusing can have a signi cant and also unpredictabkeect on the overall
laser-matter interaction due to the fact that it results in higher intensities in the
axis of the laser-propagation direction. In addition, relavistic channels might
form in the (relativistic) transparent plasma [p4] that can guide the laser pulse
tightly focused over many times the Rayleigh lengtlz, (see Chap3.1.4 along
the plasma.

(2.28)

2.2.5 Laser absorption and energy transfer in plasmas

The laser absorption is probably the most important procesduring the laser-
plasma interaction, as it transfers energy from the laser tine plasma. With the
laser intensities available today, the laser electric eklare still to low to directly
act on the plasma ions; hence, laser energy transfer is meddaby the plasma
electrons, i.e, electrons gain energyl() in the laser eld, which is \distributed"
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a(r) Phase fronts in plasma

P AL
A

Figure 2.3: Self-focusing in a relativistic plasma due to agnsverse gradient in the
refractive index causing slower group velocity, on-axis than o -axis (Adaption
of Ref. B9))

to the plasma ions and atoms through subsequent thermalizah (collisions) of
the electrons {T,) or other processes like instabilities. The laser absorpt by
electrons in a plasma can be separated into collisional andlisionless processes.
In order to identify the dominant process it is useful to intoduce the ion-electron
collision frequency ¢, which is given by p9, 66]

NeZ
ei 5 -
T

(2.29)

For high density plasmas (and highZ) at low electron temperatures collisional
absorption is the dominant mechanism. The collisional absgaion, which is also
called \inverse Bremsstrahlung", is the collision of an etg¢ron with an ion under
the presence of an electric eld, i.e., the electron absorlas photon during the
collision process. Moreover, as shown in the last sectiomet highest densities
accessible by the laser are found at the critical surface dfe plasma, so that the
collisional absorption is most e ective here.

With increasing laser intensities the electron temperater rises and collisional
absorption becomes more and more ine ective. Typically, imteractions where
the laser intensity exceeds 10 W/cm?, collisionless absorption is the domi-
nant process once the electron temperature is 10°Z2eV[61]. The collisionless
absorption cannot be treated analytically in general, but &s been studied with
computer simulations for many years now. As a result, a largaumber of mech-
anisms has been identi ed in this regime, where the most pranent are the
resonance absorption [67], the] B heating [68] and the vacuum/Brunel
heating [69], which will be explained in the following; examples of otliamech-
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anism are stochastic heating7[], Landau damping [/1] and the anomalous skin
layer absorption [/Z]. These mechanisms typically result in the generation of ie
\hot" electrons in contrast to the collisional absorption.

Resonance absorption

The resonance absorption is a process that in general reqsroblique laser inci-
dence of a p-polarized light wave and a long density scale d¢gin. The laser, that

is incident on the plasma at an angle is re ected near the critical surface of the
plasma (wheren, = n.cog( )). Due to the p-polarization of the light wave, the

(tangential) electric eld of the laser can reach/tunnel irio the plasma and excite
electron oscillations at the critical surface. These oskitions can grow resonantly
over several laser oscillations and drive an electron plagmave into the plasma.
Energy can be transfered to the plasma through dampening dfis wave by wave
breaking or collisions $9.

Vacuum/Brunel heating

For steep or step-like plasmas, where the amplitude of theeetron oscillations
exceed the plasma scale length4], resonantly driven plasma waves are no longer
supported. Here, the vacuum heating plays an important rolaithe laser absorp-
tion, which has been introduced by Brunel in 19876p] as the \not-so-resonant,
resonant absorption”. In particular, an electron at this shrp plasma-vacuum
interface is rst accelerated by the laser electric eld inb the vacuum. When the
eld of the laser reverses, the electron is pushed back intbé plasma. However,
the laser electric eld can only penetrate the steep and hidgjh overdense plasma
to its skin depth |s (see Sect2.2.2and Eq. 2.24). Now that the electric eld is
screened by the plasma, the electron can penetrate deepépithe plasma with-
out being dragged out by the laser again and eventually themize by subsequent
collisions.

Relativistic ] B heating

Inthe T B heating the electron is directly accelerated in the laser ld, where
for relativistic intensities, i.e., forag > 1, the electron motion is dominated by the
¥ B term of the Lorentz force (see Se@.1). For a LP light wave propagating
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along x, the (ponderomotive) force is given as]

Me @¥(X)
4 @x

Here, the rst term describes the motion of the electron in théaser propagation
direction and the second one the motion under the fast oseaiting vector potential
of the LP wave. For an electron in a plasma, the latter term isasponsible for
the heating of the plasma similar to the vacuum heating. Howeyv, the] B
heating works best with normal incidence and is mostly indemdent of the laser
polarization; only for CP, where the vector potential has noscillating component,
T B heating ceases to work. This is an important e ect, that is soetimes
used to reduce plasma heating due the laser light and alter éhoverall laser-
plasma interaction; an example is given in Sec2.3.2and in Chap. 4.4, where
the reduced plasma heating results in a strongly modi ed engy spectrum of the
laser-accelerated ions.

fy = (1 cos(2t)) : (2.30)

2.2.6 Plasma instabilities

The plasma generated from high intensity laser pulses is irmeral subject to a
variety of instabilities, that can be bene cial or disadvatageous depending on the
desired outcome of the laser-plasma interaction. Some oéth are theRayleigh-
Tailor (RT), the Richtmyer-Meshkov (RM), the Kelvin-Helmholtz (KH) and in
more general the Raman, Brillouin,streaming , two-plasmon, ion-acoustic and
parametric instabilities. A full theoretical descriptionof these plasma instabilities
is far beyond the scope of this work, but can be found in many x#ooks [54,
59, 69. In general an instability is a wave mode that grows expongally driven
by the free energy of a system not in perfect thermodynamic @tjbrium. The
instability reduces the free energy of the system growing an rate of ; (provided
it exceeds a certain threshold value to compensate for dampi e.g. collisional
or Landau damping). It is useful to classify the instabilityby the type of the
driving free energy.

Rayleigh-Tailor instability
The RT instability is probably the most prominent one, wherea low density
material (uid, gas or plasma) pushes or accelerates a higledsity material or vice
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versa. The free energy comes from an external, non-electegnetic force 73,
such as the gravitational eld. The interface between both mterials is subject to
the RT instability, where perturbations can start to grow; the low density material
eventually penetrates into the high density material throgh bubbles and the high
density material through spikes vice versabp. The mushroom cloud, typically
seen from above-ground nuclear explosions, is the resulad®T instability; during
the explosion massive amounts of low density gas are accaled and pushed
against higher density gas regions above the explosion camt
In the laser-plasma interaction, this can, for example, beeslated to the plasma
created on the target surface (which is of lower density thathe target itself)
that is pushed and accelerated into the still overdense tagg This will result in
a strongly perturbed plasma, which might result in a non-uiorm beam pattern
of accelerated particles from this plasm&fl] or even destroy an ultra-thin nm to
m scale target provided that the growth rate of the instabily is fast enough.
The RT instability is of great interest for the inertial con nement fusion, where
the instability can result in heavy perturbation or destrudion of the capsule and
capsule shell§5.

Streaming instabilities and the Buneman instability

In the case of a streaming instability a beam of particles or aurrent drives
through the plasma in a way that di erent species experiencdi erent drifts
relative to one another f5]. The drift energy enables the streaming instability,
such as the Buneman instability, by exciting wave modes andansferring energy
into oscillations. The (Farley-)Buneman instability [76] is a two stream uid
instability, that can also be observed in the lower E and uppeD layers of earth
ionosphere (heights of 80 km to 120 km) or in klystrons used microwaves. This
instability has been identi ed as a possible energy transfenechanisms (electrons
to ions) in the Break-Out Afterburner ion-acceleration mecanism P9 (see next
section). Here, a stream of (magnetized) electrons driven bye laser through the
relativistically transparent target has a signi cantly larger (relativistic) velocity
relative to the (unmagnetized) plasma ions77. Such a system is susceptible
to the Buneman instability. In the non-relativistic case (ge Ref. 9 for the
relativistic case) the dispersion relation can be deriveddm the linearized motions
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of equation and Poisson's equation a3

e 1
—_ M .
1=12 AR GErvAtEE (2.31)

el
0]

where! ¢ is the plasma frequencyy, the electron drift and me and M; the electron
and ion mass. For complex wave modéswith a positive imaginary part Im(! )

the instability grows exponentially. The growth rate follvs as ;|  (me=M;)*™=.

In this case, the drift energy of the electrons can be transfed to the plasma ions
by exciting wave modes with a phase velocity comparable toéhvelocity of the
bulk ions, hence resonantly accelerating them (which can amway be understood
as \inverse" Landau damping).

2.3 Laser-driven ion acceleration

This section of the introductory chapter is intended to givea more detailed in-
sight into laser driven ion-acceleration, which is in genakbased on the basic laser
plasma physics described in the previous sections. Over thast ten to twenty
years a large number of di erent mechanisms has been introcked theoretically;
some of them have been demonstrated experimentally. Reoadl the pondero-
motive potential accelerating an electron (see E2.6) and considering the mass
of a proton as the lightest of all ions, one can derive an appimate threshold
intensity for direct laser ion acceleration to relativistc energies. In Eq2.8 the
threshold for electrons is 10" W/cm 2 (ag = 1), which turns into 6  10?* W/cm ?
(ap = 2000) with the proton massm, 2000Mm.. Maximum laser intensities
nowadays are on the order of 2dW/cm? (Trident delivers 5 10?°°W/cm?), i.e.,
direct acceleration of ions in the laser eld can be negleateIn fact, most accel-
eration mechanisms proposed so far are based on charge s#par; electrons are
exerted from the ions by the laser ponderomotive force, whigesults in strong
electric elds accelerating the plasma ions to MeV energi¢6{ 14, 28 31].

In other words, electrons mediate the laser energy by the waus laser absorption
mechanisms (see Sec2.2.5 to the ions; the overall e ectiveness of the accelera-
tion is hence coupled to the laser absorption e ciency intolectrons and the sub-
sequent energy transfer to the ions. The accelerating eldsn reach several tens
of TV/m, which is six orders of magnitude above conventionalfraccelerators.
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Beam currents of kA and more have been measured in these laggven ion
beams with transverse emittance below 18 mmmrad [7§].

An exemption to the acceleration by charge separation is theceeleration by
Coulomb explosion 22, 79, 80], where all electrons are \removed" from the ions
by the laser light, so that the ions explode under the resutig Coulomb force.

In most laser-ion acceleration experiments one can usuadypect to nd a mix-
ture of di erent acceleration types. Which one is dominantdepends not only
on the basic laser and plasma parameters, that have been dedearlier in this
chapter, but also on dynamic parameters that are much more @plicated to
determine. Some of these are described in the next chapteuck as the laser
contrast (see3.1.9 that can alter the overall interaction signi cantly. Moreover,
even the alignment and quality of the laser focus (s€1.4) and the target (see
3.3) can ultimately change or even stop the ion-acceleration.

In order to identify the dominant acceleration mechanismtiis useful to measure
the properties of the ion beam, such as the maximum ion enerdlye energy spec-
trum, the conversion e ciency and the beam shape, i.e., itsrayular dependency
(see Chap.3.4 and Chap.4). This data can then be compared with theoretical
predictions - which are usually based on PIC simulations - tdraw conclusions
about the acceleration.

However, one should note the caveat, that these measuremeats typically time
integrated, spatially limited and that information about the plasma itself are
usually not accessible experimentally with the necessaryme and spatial res-
olution, especially in experiments involving ultra-thin m-scale targets. Such
measurements ideally require probe pulses much shorter théhe drive pulse, a
capability none of the current ultra-high intensity laser &cilities can provide.

2.3.1 Target normal sheath acceleration

More than 10 years ago the Target normal sheath acceleratighNSA) has rst
been observed by Hatchettet al. [15] and Snavely,et al. [6] and later been de-
scribed by Wilks, et al. [81]. In the TNSA mechanism, a laser withay 1 is inci-
dent on a several micron thick solid target, which will stay paque to the laser dur-
ing the whole interaction time. The irradiated front side ofthis target is rapidly
ionized (see Sec?.2.]) in the laser pulse pedestal, forming an plasma expanding
into the vacuum (see SecR.2.2. The main pulse will be partially absorbed in
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b CH &H>0
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Figure 2.4: Schematic depiction of the Target Normal Sheath Aeleration
(TNSA). The obliquely incident laser heats electrons on the dint side of the tar-
get. The electrons penetrate the target, that is several nmen thick and opaque
to the laser light. A charge separation eld is created by thee hot electrons on
the back side of the target due to subsequent eld ionizatioaf the target surface.
Protons (and ions) are accelerated in this virtual cathodearget normal to the
back surface (see text for details).

this plasma (at the critical surface) and create \hot" eleatons (with temperature
Ko Th and density nery) via for instancej” B heating and resonance absorption
in the case of obliquely incident p-polarized laser light.rbm the] B heating,
hot electrons gain a temperature on the order dg Ty, = mec®( 1+ a3=2 1).
These electrons penetrate the target and form a hot electrazioud at its back
side (see Fig2.4 a). Subsequent eld ionization of the backside surface by ¢h
hot electron cloud leads to a strong charge separation els. The extent of this
eld is given by the Debye length pen Of the hot electrons (in Sl units)

S

okg Th
ezne(h)

(2.32)

Deh —
which describes the reduction in the Coulomb interaction raye due to cancella-
tion of the elds by the surrounding plasma. The charge sepation eld hence
scales ats kgTh=e pen [7] and has typically a length of a few microns, giving
rise to a strong ambipolar eld on the order of several TV/m $486]. The eld
can be considered quasi-static, as electrons are continatyupulled back into the
target by the elds and replaced by recirculating hot electons from the front (see
Fig. 2.4 b).

lons are accelerated normal to the back surface in this quasatic charge sep-
aration eld, which is also called avirtual cathode with dp=dt ¢Es, whereg
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is the charge of the ion. The acceleration time is on the ordef the pulse du-
ration, i.e., as long as the hot electrons can sustain the tual cathode. Several
attempts have been made, to estimate the nal ion energy8l, 82, 85, which
typically scales asEnax / Tn/ ag / pﬁ. However, these scalings are rather
doubtful; measurements from Ti:Sapphire laser§T, 88] (with lower laser energy,
but shorter pulse duration) can have intensities comparablto Nd:Glass laser
systems, and do typically not follow these scalings. In RdfL6, 17, 89 additional
conditions for the scalings are suggested, such as that theeal density ned =
hastobe=n., | 3+0:4a.

Acceleration of ions also occurs on the front side countergpagating the laser,
but the strongly expanded plasma, i.e., the larger scale lgih, results in sig-
ni cantly lower charge separation elds. Thisfront side acceleration(FSA) [90]
typically results in lower ion energies due to the lower eldn combination with
a limited acceleration time. As the plasma on the front side ismore likely to
be bent (due to the ponderomotive force and the longer expaos), these ions
typically exhibit a larger angular spread. A part of the ionsis also subject to
the shock acceleration91] that drives the ions into and through the bulk of the
target.

In a real experiment, targets typically have a nm thick water vapor ( from imper-
fect vacuum) and hydro carbon surface contamination layefrobm vacuum pump
oil). Protons (ionized hydrogen) have the lowest inertia deito their low mass and
the highest charge to mass ratio among the ions and are henazelerated rst
in the charge separation elds. As they are accelerated, theglectro-statically
shield the sheath eld to heavier ions, preventing furtheranization of substrate
ions and their subsequent acceleration to higher energiess a result, the domi-
nant ion species accelerated in TNSA is protons; in other waadmost of the laser
energy transferred to the ions ends up with the protons fromhe target surface.
The energy spectra are in general exponentially decayingtiva sharp high energy
cuto ; maximum proton energies experimentally observed rge between 58 MeV
measured in 200015 and 67 MeV [L§ measured in 2010. The exponentially
decaying spectrum is a result of the transversely inhomogssus charge separa-
tion eld, that extends over several times the laser focus othe back side. The
most energetic electrons are located closer to the laser sxand lower energetic
electrons from scattering or recirculation result in a ra@illy decaying eld in the
transverse direction.
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Two proof-of-principle experiments have been publishedhat resulted in quasi-
monoenergetic ion spectra, instead of the typically expongally decaying spec-
tra. By using in-situ engineered targets, i.e., by arti cidly restricting the source
of ions to a smaller volume, the e ective accelerating eldsimore homogeneous.
Quasi-monoenergetic protons with 1 MeVZ2[7] and carbon C* with 2:5MeV/u
to 3:5MeV/u [26] have been observed. However, the conversion e ciency turthe
out to be very low due to the small source volume. In order to aelerate heavier
ions more e ectively in the TNSA regime, the hydro and hydro cdon contami-
nation layer has to be removed.

This has been done experimentally with cw-laser heating, gistive heating and
ion gun etching. lon energies of up to 7 MeV/u for carbon, uorine, aluminum
and lead [/, 20, 21] and 10MeV/u iron F* [92] have been generated this way.
In summary, the TNSA mechanism has the following distinct sitatures

the acceleration dominantly happens in a virtual cathode athe back side
of the target with reported energies of up to 67 MeV (protons)

the dominant species is protons due to their high charge to s ratio
protons originate from nm-thin surface contamination laye

the energy spectrum is typically exponentially decaying wh a sharp high
energy cuto (at up to 67 MeV for protons)

acceleration of heavier ions requires removal of the contaration layer with
target heating

the target is opaque to the laser during the whole laser intaction

2.3.2 Radiation pressure acceleration (RPA)

The ion acceleration by the laser light pressure has drawn atlof attention re-
cently and resulted in many theory publications 0, 13, 14, 93, 94] due to its
inherent ability of accelerating all plasma ions with a mone@nergetic spectrum.
This is in general done by accelerating the whole target as iagle block of plasma
by the laser light pressure i =0, i.e., the laser transfers momentum to the target
while it is re ected at its critical surface. For laser intersities on the order of
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1022 W/cm 2 Esirkepovet al. [14] has published simulations showing that protons
gain relativistic energies within the rst half cycle of thelaser irradiating the tar-
get. In this Laser pistonregime, the ponderomotive force of the LP laser pushes
and compresses the electrons into the target, which set up attra-high charge
separation eld accelerating the ions rapidly. The accelated plasma slab can be
considered a relativistically moving mirror co-propagatig with the laser pulse;
energy is transfered to the electrons by momentum transfef the re ected and
down-shifted laser. As a result, the ion beam will be very morenergetic.

A caveat is the condition of a \quasi-one-dimensional geomng’ [ 14]. This re-
quires even more laser energy to reach these intensities tlas laser focus needs
to be considerably larger than the target thickness. In adtion, radiation back
reactions P 9§ are not considered in this study, which might signi cantlyalter
the laser-matter interaction and probably render this mednism less e cient at
these intensities.

For lower intensities of> 10°°W/cm 2, simulations suggest that the use of a CP
laser enables a similar regime of ion acceleration. A modet this radiation pres-
sure acceleration(RPA) with CP laser light has rst been proposed by Macchi
et al. [93] and extended with a ballistic evolution of the ion beam by Kino et
al. [10. Due to the CP laser light, the ponderomotive force has nogtaoscillating
component that would lead to electrons being strongly headeand leaving the
interaction area after a few laser cycles as in the TNSA. Instéathe ponderomo-
tive force is slowly varying and electrons are adiabaticglicompressed.

The following analytical description of the RPA mechanismsi, for the sake of
simplicity, based on these non-relativistic studies; an afytical theory with rela-
tivistic corrections can be found in 13, 94]. At rst, the laser rapidly ionizes the
front surface of the target and compresses and pushes elens deeper into the
overdense target until the radiation pressure is balanced Ithe increasing charge
separation eld. This results in an electron depletion are@f length |4 at the
plasma surface, which is followed by the electron compressiarea (see Fig2.5).
The electrostatic charge separation eldEs peaks at the interface of both areas
and can be described (in S.I. units) byl[0]

c2_ 20+R),

; 2.33
S OC Lo ( )
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Figure 2.5: Schematic picture of the RPA. Due to the CP laserdht, electron
heating mechanisms are suppressed and electrons are pushtxthe target until
the charge separation eld balances the radiation pressurdhis forms an elec-
tron depletion area and an electron compression area. lonsrh the latter are
accelerated into a mono-energetic spectrum by successivegagation through
the target and cycling in the charge separation elcEs. (Adaption of [14])

whereR denotes the re ectivity of the target. The lengthly of the depletion area
sets the lower limit for the target thicknessd and can be derived by calculating
Es with the Poisson equation a£s = englg= o and combining it with the above
equation to S
2(L+R)IL o

lg= ——— 2.34

d cnge? (2.34)
with ng = ng(t = 0) the initial electron density of the target. Using Eq.2.8 and
Eq. (2.23 this can be related to the normalized laser amplitudey

r

No lg (1+ R) poi
4 - = Y P9 2.
—— 12 % @ (2.35)
and
d la= gao; (2.36)
0

where ,q = 2 for the CP laser light and nd = ne=n.. In cases wherd < |y,
the radiation pressure cannot be canceled by the electrostapressure and the
electrons are permanently expelled from the target. This Wicease the RPA
mechanism, but the expelled electrons might be used as a talstically \ y-

ing" mirror for massively up- or down-shifting of a second ker via Thomson
backscattering P 101]. For the Trident parameters, where | =1 m, a, 15
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andnd 800 (see Chap3.1.3, this would relate to a threshold target thickness
ofd 187nm.

In the next step, ions are accelerated in the charge sepaati eld. In this simple
model, all ions that \start" in the compression area will reah the end of the com-
pression layer at the same time due to the linearly decreagitharge separation
eld (see Fig. 2.5. The maximum velocity v; these ions can reach isL{)]

S

oEZ2
; 2.37
p (2.37)

<
I

wherem; and n; are the ion mass and initial ion density, respectively. lonthat
\start" in the depletion area will not catch up with those ions, since the charge
separation eld is increasing towards the boundary of the géetion and compres-
sion area.

In the nal step, this boundary will propagate through the target, as the ions
from the compression area exit into the unperturbed plasmaehind it. Electrons
quickly follow to restore the balance between the laser pmage and charge sep-
aration eld; this step will repeat until the compression Iger reaches the end of
the target (or the laser pulse is turned o, i.e., the radiaton pressure ceases). In
this repeating process, thénole boring phase, all ions are subsequently acceler-
ated by the radiation pressure to approximately the same navelocity; slower
ions will fall back and experience a higher charge separaticeld than the faster
ions that run ahead of the eld. This has also been described @hase stable
acceleration (PSA) in Ref. [12. When the compression layer reaches the end
of the target, the whole focal volume is accelerated as siagilab of plasma by
the radiation pressure provided the electron distributiorstays su ciently cold
preventing the plasma from expansion. Thisight sail phase is the last stage of
the RPA acceleration. The nal velocity can be estimated aarding to [10] by
equating the radiation pressure during the whole laser p@sluration | with the
the momentum of the whole target

_(@+R) 1L

e (2.38)

Vi
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which gives a nal kinetic energy of
1 2
Ewin = Enimidvf : (2.39)

The nal ion energies scale here to zeroth order a&Bma. / ( L1.)? in stark
contrast to the TNSA mechanism.

According to this model, all plasma ion species should gaindlsame nal velocity;
however, recent follow-up studies have shown indicationgdt di erent inertia
of di erent species will e ect the RPA mechanism. In particdar, in Ref. [10]
protons with the highest charge to mass ratio run ahead of thether species,
gaining higher velocities.

Another regime of RPA has been described for targets of subksklepth thickness
(d Ig), where the laser light leaks through the target and accelgtes electrons
on the back side of the target into the vacuum. The afore memned basic
equilibrium conditions do not apply anymore in thideaky light sailregime of RPA,
resulting in a less e cient acceleration of ions and a broadnergy spectrum [L03.
Realizing RPA experimentally is di cult; a one-dimensiond interaction geometry
IS necessary in order to suppress heating due to target dergiunder the laser
pressure. A curved target will \see" the CP laser light partlly as LP giving rise
to electron heating, eventually destroying the RPA mechasm. So far, only one
experimental publication BZ] claims observation of RPA signatures; the observed
spectra were not mono-energetic, but strongly modulated thi a feature at the
high energy tale.

2.3.3 Break-out afterburner (BOA)

All laser-driven ion acceleration described so far, namelyné TNSA and RPA
mechanism, is the result of a laser interacting with a opagleerdense target
during the complete interaction time, i.e.,n%= is is always larger than unity. In
that matter, the Break-out afterburner (BOA) is fundamentally di erent: the
dominant part of the acceleration takes place when®> 1> n% | i.e., during
the time the target is classically overdense, yet relativisally transparent to the
laser light (see Sect2.2.3. The BOA has been identi ed as a novel mechanism
by Yin et al [28, 104 and Albright et al.[29, 86 in high resolution PIC simula-
tions. The used code is VPICJ09, which is a \fully explicit, massively parallel,
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a) b)

Figure 2.6: VPIC simulation results for Trident laser paramers and a 58 nm
diamond like carbon target. In a) the maximum carbon € vs time (solid line
with triangles) and the laser intensity envelope in arbitray units (dashed line);
between the timest; and t, 90% of the energy gains occurs. In b) the related
normalized electron densities (diamonds) and the electrdrorentz factor (pluses)
are plotted and show that the target is relativistically transparent between the
timest; and t,. (Figure adapted from Ref. 104)

relativistic, electromagnetic particle-in-cell (PIC) cale that employs exact charge
and magnetic eld divergence-conserving algorithms, erggr-conserving eld in-
terpolations (E and B solve), a sixth order magnetic eld advance, and an expo-
nentially di erenced explicit eld solver on a Cartesian Yee-mesh" [LO].

The physical picture of BOA

The BOA mechanism can be divided into 2 distinct phases, a pba of volumet-
ric heating and an acceleration phase. The rst phase staras usual with the

rapid ionization of the target with LP laser light normally incident on the highly

overdense target (oblique incidence is also possible). Atig point the interac-

tion is not that di erent from TNSA; copious hot electrons are gnerated by the
ponderomotive force of the laser light, i.e., througlf B heating. These hot
electrons travel through the target and eventually set up aheath eld on the

rear side of the target. The opaque bulk of the target providecold electrons for
the return current into the laser conversion region, wherehey are subsequently
converted to hot electrons.
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At this stage the skin depthls is increasing as the the electron density starts
to decrease, sincé / c=!, / c:IO Ne, SO that the laser evanescent eld reaches
further into the still opaque target, further enhancing hotelectron generation.
For a su ciently thin target, the laser eventually converts all electrons into hot
electrons with highly relativistic energies through this pocess of volumetric heat-
ing. As a result, the classically overdense target turns reidaistically underdense
with n°> 1> n% | introducing a strong longitudinal electric eld in the target
by means of plasma wave. In particular, the highly relativisc beam of electrons
in the target and the comparatively slow (non-relativisti¢ plasma ions support a
rapid growth of the two-stream Buneman instability (see Séc2.2.6. The phase
velocity of the instability is resonant with the ions, so tha it e ciently mediates
the electron energy to the ions.104. This point in time will later on be referred
to ast; (see Fig.2.6 and Fig. 2.7).

A 1D analysis of the relativistic kinetic Buneman instabiliy with respect to the
BOA mechanism is presented in Ref2p] and closely matches the VPIC results.
However, the experimental evidence for the instability as # dominant factor
in the acceleration process is still open, as a clear signeguof the stability is
not obvious and direct time and spatially resolved measureants of the electron
densities are quite challenging.

It should be noted here, that the VPIC simulations also showelf-cleaningof the
target. This means, that in the case of a multi species targehe protons (from
the contamination layer and bulk) are rapidly evacuated<elf-cleaned from the
volumetrically heated target due to their low inertia and hgh charge to mass
ratio; as a result, the following phase of extreme accelei@ mainly e ects the
remaining heavier plasma ions. For CP laser light, the inil conditions are closer
to RPA and the electrons are rather compressed and pushedorthe target; this
scenario will be discussed in greater detail in Chag.4.1

The second phase starts with = t;. The longitudinal eld, that has been set up
in the rst phase, co-moves with the plasma ions acceleratythem into a high en-
ergetic and initially mono-energetic beam; acceleratiorelfioret; is only moderate
and accounts for less than 10% of the nal ion energie$(q (see Fig.2.6). This
is a fundamental di erence to the RPA regime, where e cient &celeration occurs
only for an opaque plasma (allowing momentum transfer by laslight re ection).
Since the target is transparent to the laser light, the eleobns constantly regain
their lost energy sustaining the instability and hence theon acceleration.
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Figure 2.7: Sketch of the Break-out Afterburner: In the time btweent = 0
andt = t, the target is volumetrically heated and all electrons are fisequently
promoted to hot electrons. Att = t; the plasma density has dropped tn° >
1> n% and the target turns relativistically transparent to the laser light. It
follows a period of rapid and extreme ion acceleration, wieethe electrons energy
is continuously replenished by the laser light. The accelion ceases when the
target turns classically underdense at = t, due to the strong expansion of the
plasma with N < 1.

During this main acceleration phase, the initially mono-egrgetic beam gradually
turns into a exponentially decaying energy spectrum. The aeleration continuous
until the plasma has expanded so far, that it has turned clagslly underdense
with n% n® 1 (see Fig.2.6 and Fig. 2.7). This point in time is referred to
ast = t,.

The ion acceleration quickly stops after the timé,, as can be seen in the sim-
ulation results shown in Fig.2.6 and Fig. 2.7; this is most likely a result of the
signi cantly reduced electron density in the now strongly ¥panded plasma. The
acceleration in the BOA regime is most e ective when the timef relativistic
transparency of the target overlaps with a large fraction athe laser pulse peak.
While a too thin target will turn classically underdense pror to the peak of the
pulse, a too thick target will turn relativistically transparent after the peak of
the pulse or not at all, not even starting the BOA mechanism. Me latter case
can be seen as a gradual transition into the TNSA regime, wheageceleration is
purely done by the sheath eld on the back side of the target.

Analytical model
In Ref. [107 a simple model for the target expansion dynamics has beerepented.
A more complete self-similar analytical model that calcutas the maximum ion
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energies based on the times and t, has been derived by Yaret al. [10g and is
summarized in the following. Based on the assumption that thtarget expands
only 1D along the laser axis during the initial rst phase, oe can derive the
time t; as follows: in the beginning the ponderomotive force of thader light is
balanced by the charge separation force so that

— =geEs= qe (2.40)

For a sir?-pulse, the ponderomotive potentiat can be approximated as
Ov 1
u

t

o agsin® ;-
r = meCZ% :|_+f2

1§ meC?ag sin’ ZL ; (2.41)

where is the FWHM of the laser pulse andx the target front and assuming
a, 1. With dp, = m;dx, integrating twice overdt gives

@ @ M4 T (2.42)

m; 3 2

with the boundary condition that the foil is initially at rest with a target thickness
of x(t = 0) = d. Relativistic transparency is reached, whem®% = 1; with the
target only expanding 1D inx, this relates to a lengthx(t = t;) = X; = nod=n. =
ndd= and gives fort;

12m; N2 2 ¢ 12 7 No d 2
= S = == (2.43)
cme Gag Ay G
with ag+1 and the maximum ion sound speeds~ gmeC?ag=m; (see

Eq. 2.25.

For calculation of the timet, a 3D isospheric expansion of the target is assumed.
This approach is justi ed by the relativistic transparency of the target between
t, and t,, where all electrons have been promoted to hot electrons biyet laser
light causing strong 3D expansion of the plasmat, is reached, when the target
turns classically underdense witm® 1. This relates to a volume change of
and a length expansion by a factor of 12 in each direction. Here, one can make
the ansatz that the expansion in each direction is only due titnve ion sound speed
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&(t = t1) by

emsc® . t . t
9€Me apsi? —* dt = esin 2—1

dx = €(t)dt = - 5

dt; (2.44)

with a sin? temporal envelope. This gives after integration ovet

Nod . t
dX=X; 5 X;= —>= 5 1 =-gsin 2—1 (t, t1) (2.45)
and can nally be rearranged fort, so that
Nod 5 1 4
t, = +t,= t+ 1t (246)

53 in ta
SII']2

The timest; and t, can now be used to estimate the maximum energy ions may
gain in the BOA phase. The calculation follows the ansatz thiahe nal ion
energy only depends on the characteristic electron energy, which is given as
the time averaged electron energy due to the ponderomotiverée of the laser

Z
mec® — 2

a2(t)+1 1 dt; (2.47)
tp oy

Eo

where typically a(t) = apsin’(t=2 ). Based on theelectron re exing model by

Mako and Tajma [L09, the response of the (non-relativistic) ions to the eleabr

static eld, i.e., to the characteristic electron energyE,, can be derived from the
non-relativistic uid equations (see Ref. 10§ for a full derivation). This gives the
following expression for the maximum energy ions may gain duog the relativistic

transparent laser interaction as

Emac =(2 +1)GEo (L+!,(t; t)7T  1); (2.48)

where is the so-calledcoherence parameteiin the re exing model, that de-
scribes how e ciently the ions couple the electrons. The pameter has been
extrapolated from PIC simulations in Ref. 10§ and is 3 for a large parameter
range where @i nid=a 10. In Fig 2.8the maximum carbon C* ion energy
and the timest; and t, are plotted vs. the target thickness using the analytical
model; Eq2.47is solved numerically for typical Trident parameters ( = 600fs,
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Figure 2.8: Model prediction a) of the maximum carbon &€ energy vs. Thickness
for Trident parameters with = 600fs, E, = 80J, ny = 660, ¢ = 6 for carbon
C8 anda(t) = apsin?(t=2 ), with ag = 16:8; b) BOA acceleration timest; and
t, for the same parameters

E. =80J, nd = 660, g = 6 for carbon C* and a(t) = agsin’(t=2 ), with
ap = 16:8). The model shows, that for the Trident parameters target®n the
order of 100nm are needed. It further predicts peak carbon®Cion energy of
500 MeV (42 MeV/amu) at an optimum target thickness around 156m. As
will be shown later in Chap.4, the analytical model agrees remarkably well with
actual experimental results obtained from several campaig at Trident. More-
over, the model is also in good agreement with PIC simulatisn10q as well as
other experimental results, where the target turned relafistically transparent
using a di erent laser system (Ti:Sapphire) §g (with less energy E. = 0:7J)
and much shorter pulse duration ( = 45fs) operating at a very di erent point
parameter space.
In summary the BOA mechanism has the following distinct sigatures

the acceleration happens during the time the target is relatistic transpar-
ent wheren®> 1>n%

the acceleration promises to be more e cient than TNSA (with igher con-
version e ciency and higher maximum energies), since theestron energies
are continuously replenished by the laser as a result of thelativistic trans-
parency and plasma ions along the whole focal volume can beealerated

self-cleaning of the volumetrically heated target, i.e.,emoval of protons
from the main interaction volume, enables e cient accelerton of heavier
ions
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It should be noted here, that the BOA mechanism has speci ¢ prconditions in
order to work. As shown above, for Trident laser parameters tud-thin targets
on the order of 100nm are necessary to enter the relativistic transparenof
the target and to enable the BOA acceleration. Keeping thedargets overdense
within the peak of the laser pulse demands ultra-high contst at these relativistic
laser intensities. A low contrast eventually results in pmaature ionization and
target expansion up to the destruction of the nm-thin targetprior to the arrival
of the main pulse (see Chap3.1.5for details). The Trident laser o ers an excep-
tionally high laser contrast at relativistic laser intensiies (see Chap3.1.5 , which
enabled in-detail study of the BOA mechanism in the framew&rof this thesis. A
comprehensive experimental study of the BOA mechanism isgeented in Chap4,
that investigates thickness and laser intensity scalingangular beam dependency,
conversion e ciency and the control of the energy spectra foboth proton and
carbon C6+ ions using diamond and diamond like carbon (see @t 3.2) targets.
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Chapter 3

Methods: Laser, targets and
diagnostics

3.1 A short introduction into Lasers and laser
beams

In this section a short introduction into lasers and laser ks, i.e., laser focus-
ing and laser contrast will be given. Some important paramets will be de ned
that are necessary in order to qualify the Trident laser anda set a basis for the
laser-plasma interactions that will be discussed in Chap4.

The history of the laser (ight ampli cation by stimulated emisson ofradiation)
started in 1917 with Albert Einstein setting the basic theoryfor stimulated emis-
sion [1]. The rst optical laser, based on a ruby crystal, was built nere than 40
years later by Theodore Maimand] in 1960. It is interesting to note that within
less then 1 year the rst scheme for laser-driven ICF was proped by John Nuck-
olls in an internal report at LANL, which was published later inNature [110. In
the following 20 years laser intensities reached a level d*aW/cm? [111, 117.
In order to further increase laser intensities, it was neceary to further increase
the beam diameter. While this kept the uence on the laser opts (such as the
ampli er rods/discs and mirrors) below their damage thresbld, it also made
intensities above 1&W/cm? unfeasible by requiring huge and hence expensive
optics. A solution to this problem was not found until D. Strckland and G.
Mourou invented the chirped pulse ampli cation (CPA) in 1985 The invention
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Input pulse Output pulse

Figure 3.1: Schematic depiction of a CPA stage, where the gelif rst stretched
in time, than ampli ed and nally recompressed.

of CPA nally lead to the possibility of building \table-top " laser system capable
of generating beams exceeding 10th of TW and focused lasdemsities exceeding
10°°W/cm 2.

3.1.1 Chirped pulse ampli cation (CPA)

Instead of further increasing the beam diameter in order tceduce the uence on
the optics, the pulse is stretched in time, than ampli ed andnally recompressed.
In a typical CPA system, rst a positive group-velocity dispersion is introduced
into the laser path by a grating or prism, spatially and tempaally separating
di erent wavelengths of the laser pulse. The stretching iniine is on the order
of 1C%, typically generating a pulse duration of 100ps out of a fs seed pulse.
In the next step, the pulse can now be ampli ed conventionall as the uence
on the optics is below their damage threshold. In the last gpe the pulse is
recompressed by another grating or prism set up to introduce negative group-
velocity dispersion. The nal pulse duration is slightly alove the original one, as
the pulse is usually e ected by nonlinear dispersion e ectand gain-narrowing
in the ampli ers [54, 113 (gain-narrowing refers to the e ect that the laser is
preferentially ampli ed around the central wavelength, reulting in reduction of
the bandwidth).

3.1.2 Time-bandwidth product

At this point it is useful to introduce the time-bandwidth product as a mea-
sure of the pulse compressioild. Here, and correspond to the FWHM
of the laser pulse in the frequency and time domain, respeetly. Considering a
typical laser pulse with a Gaussian shaped envelope, the msponding electric
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eld is given by [114
E(t) = Eoexp 2In(2)l2 (3.1)

and hence the instantaneous intensity by

| (t) = E(t)?>= EZexp 4|n(2)l2 (3.2)
resulting in = . The power spectrum I() of the Gaussian laser pulse can
be derived by the Fourier transformation of E(t)

E()=E ogexp Q (3.3)
2In(2)

and calculating

()
In(2)
The frequency FWHM is thus 2In2= and the time bandwidth product
consequently gives

()= E()*=E%exp (3.4)

=2In(2)= 04413 (3.5

De ning and  asthe rms (root mean square) of the laser pulse yields =
0:5 in close relation to the well known uncertainty principlewhere ,= , ~=2.

A laser pulse with a time-bandwidth product close to this lint is usually referred

to as transform-limited. Adding a phase to the laser pulse, such as a chirp due
to imperfect compression in the CPA, will consequently reduin larger FWHM
values and a larger time-bandwidth product.

3.1.3 The Trident laser facility

The Trident laser facility at the Los Alamos National Laboratay is a Nd:glass
system with 150TW maximum power. It should be noted that Trigent does
not have highest laser intensities available today, sevéracilities already o er
systems exceeding 1PW. However, it o ers the best combinaticof ultra-high
contrast and ultra-high on-target intensity and consequétly still holds the world
records for maximum energies of laser accelerated protondacarbon C* ions
with  120MeV and 1 GeV (see Chapt4), respectively, which have both been
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Figure 3.2: Trident laser schematics with \OSC" the seed oslator, \STR" and
\GC" the stretcher and compressor, respectively; with \OPA" and "OPAPE"
the optical parametric ampli er and cleaner stage, \DM" the deformable mirror,
\FR" a Faraday rotator and \TC" the target chamber. The numbered boxes are
ampli er rods/discs of the same size.

produced in the framework of this thesis. Experiments can belded in two
target chambers with a huge list of available diagnostics rfdocusing, re ected
and transmitted beam analysis, target positioning, partie detection, X-ray gen-
eration etc. Trident o ers 3 di erent beams, one short pulseand two long pulse
beams, which can be used at the same time. The long pulse beawperate at
527 nm (frequency doubled) with 250J and duration of 5ns dowio 100 ps and
at 1053 nm with 1kJ in 100 ps to 10s. The short pulse beam, which has been
used for all experiments described in Chap#, generates pulses with typically
80J on-target (100J after last ampli er) in  550fs (FWHM) at its fundamental
wavelength of =1053nm. Fig. 3.2 shows a schematic depiction of the Trident
short pulse beam. Here, the laser is seeded by a GLX-200 diodenped glass
oscillator which produces 250fs pulses with 2nJ energy. Tlscillator output
is rst stretched and then ampli ed by 3 OPA (optical parametric ampli cation
in a non-linear optical medium) stages which are pumped by aefjuency dou-
bled Nd:YAG laser. The pulse is then recompressed by a gratimpmpressor
and cleaned by an OPAPE 115 stage (see Sect3.1.5for details). After the
OPAPE stage the now 4-5mJ cleaned pulse is again stretched athen injected
into the ampli er chain for further ampli cation with a seri es of 16 mm, 25 mm,
45mm and 64 mm glass rod ampli ers. A deformable mirror redes distortions
induced by thermal heating/lensing of the ampli ers beforethe pulse is nally
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Figure 3.3: Raw image taken with the focus diagnostic camer) with linear
z-scale and b) with log z-scale. Axes are in original pixel was, where one pixel
is  0:086 m. Note, that the waved haze above and under the focus visible i
image b) is an artifact, most likely resulting from working ear saturation of the
camera.

ampli ed to the 100 J level by a series of 100 mm disc ampli ergl16 117. An
overall shot cycle of 45 min to 60 min is necessary to suppresgsequent heating
of the ampli ers over the course of a single day, limiting theaumber of shots to

7 a day. The output pulse has a typical FWHM duration of 550fs ah 80J
(minimum measured on-shot was 460fs with 111 J giving a powef 241 TW);
its envelope spans 157 laser cycles of eacB.51fs. The wavelength bandwidth
is typically 3 nm, where withd d = 0:4456 (with = c=) the pulse is nearly
transform-limited. It should be noted that a modern Ti:Sapjire laser system,
such as the ATLAS Ti:Sa-system at the MPQ, generates laser gals with<10J
on the order of 30 fs with only a few laser cycles. Compared toese, the Trident
short pulse beam is still quite long and while the maximum oput powers and
average intensities for both systems are of the same ordehetphysics of the
laser-plasma interaction can be considerably di erent.

3.1.4 Trident laser focus

In most of the experiments a F/3.375 o -axis parabolic (OAP) nirror (f=27 inch,
68.58 cm) is used to focus the typically linearly polarizeddam (diameter D=8 inch,
20.32cm) after the nal turning mirror onto the target, with F=f/D the f-number
or relative aperture of the OAP. A typical focus image is showm Fig 3.4 with a
linear (left frame) and a logarithmic intensity scale (righframe). The image was

47



3.1. A SHORT INTRODUCTION INTO LASERS AND LASER
BEAMS

Nomts
N\

=
\

r</
i

|
(|-
¥ 7
e | s
|
|
|
|
]
]
]

il

NiE
VAN

H =

Figure 3.4: Analysis of the focus image shown in F&3. Frame a) shows a lineout
normalized to the peak pixel intensity. The radius is 3:9 m with respect to a
1/e? criterion, with an corresponding encircled energy for thisadius of ~ 73%,

as shown in frame b). Values for the rst Airy minimum are 5:6 m with an

encircled energy of 76%

taken with a newly developed focusing diagnostic (see Chapt3.3 for details),
where the focus is magni ed by an 20x plan-apochromatic miescope objective
and subsequently imaged onto the camera's 12bit sensor. Tiwaved haze visible
above and under the focus in the right frame is an artifact modikely resulting
from the camera’s sensor not being cooled and operated neatusation. X- and
Y-axis of the images are in original pixels, where one pixel fédeen measured to
correspond to 0.086 m. From this image, the peak intensity has been estimated
to 45 10°°W/cm?2 assuming 80J and 550fs in the fully ampli ed pulse.

In order to further quantify the focus of Trident's short pulse beam, it is useful to
give the radius of the focus and its encircled energy. Any relalser system usually
contains circular apertures that cause Fraunhofer di radbn (in the far eld), and
will give the well-known \Airy pattern” in the focus. For the following analysis,
a laser pulse that is spatially Gaussian shaped will be codsred, were the beam
waist Wy is de ned as the radius of the focal spot at which the intensyt I(w)
has decreased to 14% (17 of its peak value. The beam is calledli raction-
limited, if the focal spot has an encircled energy of 86% withingW11§. The
waist is furthermore connected to the f-number byw, = F , which gives a
W = 3:375 1:.054 3:56 m (in the diraction limit). Note, that for a pla-
nar wave, incident on the same circular aperture, the waiss iusually given as the
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rst Airy minimum of the di raction pattern with  wp = 1:22F (where the focal
spot has an encircled energy of 84%)14. A more complete derivation can be
found in many textbooks such aslf14 11§ 120.
In Fig. 3.4a) a lineout of the focus shown in Fig3.3is shown. The beam waist
of Tridents short pulse beam measures 3.9 m (and 56 m for the rst Airy
minimum). The encircled energy is depicted in Fig3.4a) and is measured to be
73%; that gives a Strehl-ratio of 73%/86%=0.85.
Another important parameter in terms of laser focusing is th®ayleigh length z
of the focus, with z = w 3= . The Rayleigh length gives the length along the
propagation direction of the beam after which the area of fat spot has doubled
(or the waist wy has increased by a factor 019 2). Amongst other things, this
parameter gives an upper limit of the accuracy needed for faeand target align-
ment. If the alignment of the target is o by more than the Raykigh length, the
resulting intensity on target is consequently reduced by agtor of 2; for Tridents
focal spotz 50 m.

3.1.5 Trident laser contrast

In order to get a more complete picture of the possible lasptasma interactions
with Tridents short pulse beam, it is also necessary to ideifi its contrast. A
typical laser pulse is usually preceded by a pedestal that adten caused by am-
pli ed spontaneous emission (ASE) in the ampli ers 11§. In addition it might
also contain one or more pre- and post-pulses originatingpfn unwanted double
re ections somewhere in the laser chain. The laser pedestaid pre-pulses can
change the initial properties of the target (such as the el#on density and the
electron temperature) prior to the main pulse arriving the arget and hence dra-
matically change the main laser-plasma interaction. In thexperiments explained
in Chap. 4, an ultra-high contrast was necessary; here, the laser wagident on
targets as thin as 3nm and an insu cient low contrast would hae destroyed the
target before the arrival of the main pulse (see also Fi§.7). Typically, intensi-
ties on the order of 10 to 10> W/cm 2 will ionize the target surface and create
a pre-plasma. Considering a maximum ion sound speegdaf this pre-plasma on
the order of 16m/s (shortly before the main interaction), the plasma will &-
pand at a rate of 1 m per ps (1D expansion) and accordingly reduce the initial
electron density the main pulse will interact with or even dgtroy the target. It
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Figure 3.5: Sketch of the OPAPE cleaning technique used at @ent to improve
the contrast; b) temporal contrast measurement of the sighdblack solid line),
the cubed signal (gray dashed line) and the idler (red dasheaie). The inset
shows a larger time window with some artifacts \a", a referese pulse \e" and an
unknown peak \u" (see text for details, adaption of Ref.119).

would thus make sense, to de ne the contrast of a laser pulss the time t. at
which its intensity crosses 10*°W/cm 2. However, the peak intensity of the Tri-
dent short pulse beam is 4.510°° W/cm 2, which is about 10 orders of magnitude
above the ionization threshold; i.e, in order to measurg &« dynamic range of at
least 10 orders is necessary. The contrast of Tridents shqlse beam has been
improved recently by an optical parametric ampli er based pe-pulse eliminator
(OPAPE [119). This technique is based on second order non-linear palation.
The polarization density of a transparent dielectric medion (such as a crystal)
as the result of an applied electric eldE can be written as 1§

P= @) oE+ (2 oE*+ (3 oE*+ ] (3.6)

where ; is i-th order component of the electric susceptibility. In prticular, the
2 term is responsible for second order non-linear processashsas the second
harmonic generation or the optical parametric ampli cation (OPA). The latter is
the dominant e ect of the OPAPE cleaning technique.
Fig 3.5a) shows a schematic depiction of the OPAPE stage in the Tridetaser
chain. Here, the incoming fundamental is rst split by a 90/10beam splitter
(BS). The smaller fraction of the beam is later used as the sigl wave (s); the
larger fraction of the beam is frequency doubled in a beta-bam-borate (BBO)
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Figure 3.6: Typical contrast of the Trident laser as measudeby a scanning-
autocorrelator at the front-end (red solid line) and at the &rget chamber without
charging the ampli ers (blue solid line). The decreased ctrast at the target side
results most likely from imperfect recompression in the nagrating compressor.

crystal and serves as the pump wave (p). The pump and signal veaare tempo-
rally overlapped in a second BBO crystal, which will generata third beam, the
idler wave (i) in this second order non-linear process. With linearized gain, the
intensity of the idler wave follows | / Iyls. Since the pump wave is the frequency
doubled signal wave, it follows that } / |s (see Eq.3.6). The temporal intensity
of the idler wave consequently has a cubic dependency on thgnsl wave result-
ing in a signi cantly improved contrast over the original sgnal wave. The idler
wave is than injected back into the laser chain for further apli cation.

Fig 3.5b) shows the temporal intensity pro le of the signal (black slid line) and
the idler (red dashed line) measured with a commercial thirdrder autocorrelator
(Del Mar Photonics). The gray dashed line shows the cube ofédlsignal wave and
closely resembles the idler wave, which should follow/I I2 as explained above.
The contrast has here improved by orders of magnitude from 19to better than
10 10 at -5ps. The inset of Fig3.5b) shows the temporal contrast measurement
over the whole time window, wherea marks artifacts, e a second pulse generated
with an etalon as reference and an unknown peak (see Refl[L for more de-
tails). In summery, the OPAPE stage enhances the contrast ofié laser pulse by
temporally \cubing" its intensity pro le in a second order non-linear process.
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Figure 3.7: E ect of laser contrast on laser-plasma interéion; for a shot with
\good" contrast the 3! backscatter shows a) a full re ection of the laser focus,
strong harmonic generation measured ins transmission b) camigh carbon C*
and H" energies c). In a \bad" contrast shot, premature target expasion lead to
a hole in the backscatter d), intense line radiation withouharmonic generation
e) and no particles above the detector threshold (11 MeV for*Hand 220 MeV
for C%*) f).

The contrast, as measured in Fig3.5 b), will, however, deteriorate during its
propagation and subsequent ampli cation in the remainingdser chain. Most of
the contrast degradation is expected to come form ASE in the doand disc am-
pli ers and imperfect recompression in the nal grating compressor (see Fi.2).
The contrast of a typical Trident laser pulse, as measured thi a 3rd order
scanning-autocorrelator, is shown in Fig3.6 for the front-end (red solid line) and
after passing the full ampli er chain (blue solid line) without actually charging
the ampli ers (the dynamic range of this measurement is 8 orders of magni-
tude). The contrast degrades by several orders of magnitudem better than
10 Pto 10 © at -5ps; the best contrast has been measured to be 1t -4 ps
(data not shown). This is the contrast as it will be seen by théarget. Single-
shot contrast measurements of the fully ampli ed beam ( 80J) have not shown
a dramatic change in the contrast (data not shown). However,ug to the nature
of the single-shot measurement, the dynamic range was onlgaut 4 orders of
magnitude; concluding measurements with an advanced setapd improved dy-
namic range are planned.

The e ects of the laser contrast are immediately visible whreultra-thin nm-scaled
targets are used, as in most of the experiments describeddatn Chap.4. A low
contrast laser pulse will prematurely ionize the target, asse signi cant expan-
sion and possibly destroy it before the peak of the pulse camtéract with it. As
a result, ion acceleration and other processes that requisesmall scale-length
plasma with high density, such as high order harmonic genei@n, will work very

52



3. METHODS: LASER, TARGETS AND DIAGNOSTICS

ine cient or not at all. In Fig 3.7 results from a shots on targets with \good"
(a through c) and \bad" contrast (d through f) are shown. The fames a) and
d) show the 3 backscatter measurement of the target; harmonics are geatxd
by either the formation of a relativistically oscillating mrror (ROM [51, 121]) or
coherent wake emission (CWE1R22 123) at the critical density surface of the
plasma. While frame a) shows a complete spot, i.el, eneration and re ection
over the whole laser focal spot, frame d) show an incomplet ection, where the
target was most likely underdense to the peak of the laser el in the dark areas
of the image. Consequently frame b), which shows XUV measuremt®in trans-
mission, has harmonics exceeding the 20th order and framestows only line
radiation originating from di erent recombination proceses in the underdense
plasma. Frames c) and f) show the raw data from a Thomson parala (see
Sect. 3.4.2 that was set up to measure proton and carbon ions. For the \ga"
contrast shot, high energy protons and carbon € ions were measured, while
the \bad" contrast shot does not show any particles at all. Wth the up to date
unprecedented high contrast for Nd:Glass laser systems, dent holds the world
records for ion acceleration of protons (120 MeV) and carbor®Cions (1 GeV)
as shown in Chap4, illustrating the importance of contrast in relativistic laser
matter interactions.

3.2 Targets and target fabrication

In this section a short overview of the targets used for the periments conducted
at the Trident laser will be given. The requirements for thes targets are very
stringent:

they have to be ultra-thin, down to only a few nanometers; theptimal
thickness for the BOA regime has been predicted to be about@om for
the Trident laser.

they have to be free-standing over a hole with radius of at Ilsha 0.5 mm;
with smaller radii, ionization of the target holder could inuence the laser-
plasma interaction or even damage/destroy surrounding ojes by debris or
re ected laser light.
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a‘) Trigger
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Figure 3.8: a) Sketch of the cathodic arc deposition proceasd b) picture of the
actual setup used to fabricate diamond like carbon targets ghe University of
Munich.

Blas

they have to have a good surface quality (less than 10% thickss variation
over the focal diameter).

Diamond-like carbon (DLC) has most favorable characterigts; it can be manu-
factured with thicknesses of only a few atomic layers, whers tensile strength
enables free-standing assembly (see F&j9)at a ordable costs. DLC is an amor-
phous mixture of sp2 and sp3 hybridized carbon atoms, wheree sp3 bondings
give the DLC its diamond like properties such as high tensilgrength, hardness,
optical transparency, chemical inertness, thermal condtieity and high resistance
to radiation damage, as well as extreme heat resistance (§uoiation tempera-
ture 3653 C). Many commercial applications are using DLC coatings noways,
mostly to improve wear resistance of materials, such as hadisk drives used in
computers. There are many di erent ways of fabricating DLCsuch as cathodic
arc deposition (CAD [L24), pulsed laser deposition (PDL125 127]) or chemical
vapor deposition (CVD [L2g 13(). The CAD method has the advantage of being
a relatively inexpensive and well understood method of proding DLC; it also
enables growth of DLC Ims with very low hydrogen content, asts source - a
graphite rod - is essentially pure carbon.

In the framework of this thesis, a laboratory for CAD has beene$ up at the
Ludwig-Maximilians-University Munich with the support of V. Lichtenstein (from
the russian Kurchatov institute), where now free-standindLC Ims with thick-
nesses from 3nm to 60 nm can be madE3[l]. In Fig. 3.8a) a sketch of the basic
CAD procedure is given, while b) shows a photograph of the aetulaboratory.
In particular, CAD is a low-voltage, high current plasma diskcarge and as the
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name implies, the ion source is a cathode. In order to coat DLEGns a graphite
rod is used as cathode material, which is commercially awaile from \POCO
Graphite SARL". The arc itself is triggered electronically vith 25 kV potential at
a rate of 5 to 10 Hz and supported by a nitrogen background gas atpressure of
10 “mbar. The thus generated plasma on the cathode surface plusn@ normal
to the surface towards the anode; blow-o velocities of 1-3r= s or 10-200 eV
of ion drift energy have been reportedl33. The measured current of the arc is
usually kept between 2 and 5A at 30 to 50V for best results of ¢hDLC coating.
A part of this ion beam passes through the cylindrical anodermarked asA in
Fig. 3.8 a)) and is guided through a cleaning stage consisting of a tming (F)
and stabilizing element §) and a 90 duct. In this stage, molten particles (typi-
cally on the order of 0.1 to 10 m [124]) from the cathode are removed from the
beam. These molten macro particles are generated when thagha is triggered
at the cathode and will, if not removed, signi cantly deterbrate the quality of the
DLC Im. The main element of this cleaning stage is the 90duct that guides the
ionized beam through a bent solenoidal magnetic eld and krs out the macro
particles [L33. In front and behind the duct are a focusing and stabilizingcol-
limating) magnetic eld, respectively. The magnetic eldsare generated by coils
wrapped around all three of these elements. The throughput the cleaning stage
has not been measured, but has been reported to be approximigt25% [L24.
The beam is nally incident on the substrate (marked a3V for wafer), where it
nally forms an amorphous carbon Im. The substrate is typi@lly biased with
-10V [134. The deposition rate achieved with this setup is approxintaly 0.3-
0.5nm/min, depending on the average arc current and voltageDepending on
the nal ion drift energy, the Im will have a certain sp2 to sp3 ratio; in Ref. [124
the optimal ion drift energy for DLC coating is recommendedsa 100 eV, which
gives a sp3 content of up to 85%.

For the fabrication of free-standing DLC targets, a silicorsubstrate is used with
a thin layer of NaCl. This dissolvent is necessary in order temove the coated
DLC Im from the substrate after its deposition and to mount a oat it onto
the desired target holder. Note, that while silicon has a smtosurface on the
nm-scale, NaCl is less at and will eventually in uence the meroscopic surface
structure of the foils. Fig3.9a) shows such a silicon-NaCl substrate with a DLC
coating and b) a typical target holder as used for many of thexperiments con-
ducted at the Trident laser, the ATLAS laser or the laser systa of the Max-Born
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Figure 3.9: a) Picture of a silicon strip with deposited DLC}) Typical target
holder with DLC targets used in many experiments and ¢) 20 nmhin DLC foil
free standing over a diameter of 10 mm

institute in Berlin. In Fig 3.9c¢) a 20nm thin DLC foil has been oated onto a
holder with a hole of 10 mm diameter, demonstrating the extree tensile strength
of these foils.

The characterization of these foils is probably even more akenging than their
production itself and only a short summary of the results wilbe given here. A
lot of e ort has been put into measuring the main properties these foils, which
are the thickness, the density and the sp3 content. Measugrthe thickness of
a free-standing foil is di cult, due to its nm-thickness and high transparency;
instead reference substrates - small stripes of silicon -eansed to measure the
thickness of the coated Im with a high resolution atomic fote microscope that
has been purchased solely for this task (see F8gl0c). The reference stripes
are are put on top of the silicon substrates and form a coarseeshed grid; this
allows to not only measure the thickness, but also to measutiee thickness in-
homogeneities that are typical for CAD. In particular, an ordhary text marker
is used to draw a line on these stripes before the depositiamhich is afterwards
removed; this creates a sharp edge in the coating, necesseryrder to get ac-
curate thickness measurements. The \shadow" of the referangrid can also be
seen in Fig3.9a); a typical topographic measurement of a DLC coating on orod
these reference stripes is shown in Fj10a) and a lineout through this map in
b). Thicknesses for these coatings have been measured togafrom 3 nm up to
60 nm, depending on the duration of the CAD. While the AFM can hay sub-nm
accuracy, the error of these measurements is most likely hay - approximately
1-3nm - mainly coming from the hygroscopic nature of the Imswhich results
in accumulation of water on the surface.

Knowing the thickness and the area of the coating, the dengibf the Ims has
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Figure 3.10: a) Topographic scan of a DLC foil at the edge of ¢hcoating and
b) a lineout showing the thickness of the foil measured with) @an commercial
atomic force microscope (AFM)

been measured to (Z 0:3) g/cm3; graphite has a density of 2:15gcm 2 and di-
amond 3.5gcm?. ERDA-measurements Elastic R ecoil D etection A nalyis [135
134) that have been done by A. Bergmaier and W. Assmann at the Tande
linear accelerator Meier-Leibnitz Laboratory, a LMU and TUMinstitute, show
indications of this hygroscopic e ect. These (preliminary measurements of a
DLC Im on a silicon substrate revealed a huge proton contamation on the
front surface, as shown in Fig3.11;, with a free-standing foil, this contamination
can be expected to appear on both sides of the target. The meesments also
revealed a 5% bulk proton contamination of target; the origin of this catami-
nation has not been identi ed yet.

This information is important, when the sp3 content of the fds is approximated,;
direct measurements of the sp3 content with for instance aegelectron spec-
troscopy [L37, 139, where the binding energy of the carbon sl electron is mea-
sured, are time consuming and the resources have not beenilaide. In Ref. [L39
the sp3 content has been measured dependent on the densityhed DLC mate-
rial (see Fig.3.11a); here, it has to be distinguished between hydrogenated OL
(also ta-C:H, tetrahedral amorphous carbon) and hydogenefe DLC (ta-C). The
ERDA measurements have shown that the DLC is to some degreednggenated
(in the bulk) and according to the scaling, the foils have anp8 content of ap-
proximately 75%. Direct measurements of the sp3 content havo be done in the
future, to verify this estimate.

Typically, targets up to a thickness of 30nm can be oated omt target hold-
ers; with increasing thickness, internal stress starts toudd up in the foil [14Q
that prevents oating and subsequent mounting on target halers. Targets with
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Figure 3.11: a) Preliminary ERDA measurement done at the Tatem accel-
erator of the Technical University of Munich (TUM) by A. Bergmaier and W.
Assmann; b) graph taken from Ref.139 showing density dependency of the sp3
content for various DLC foils, where ta-C is hydrogen free ana-C:H is hydrogen
contaminated DLC.

thickness from 30 nm up to several microns are bought from \Apied Diamond,
Inc." [141]. This supplier produces synthetic diamond by chemical vap depo-
sition. The foils are grown on a silicon substrate and laternodown-etched to
thicknesses of as low as 30 nm. In order to make the foils frg@nding, a whole is
etched into the backside of the silicon with a conventionaithographic technique.

3.3 Target alignment

As outlined in Sect.3.1.4accuracy of the target alignment needs to be signi cantly
better (1/2 z/) than the Rayleigh length of the focus which is for the F/3 setp
50 m. Also, the better the alignment accuracy, the less the intesity variations
during each target shot. In the framework of this thesis, thalignment procedure
has been iteratively improved over the course of the di erércampaigns from
an initial accuracy of 20 mto 1 m. This means, the front or back surface
the target can now be positioned at the focal plane of the laswith an error of
1 m. This is especially important, when the OAP is changed to an/F 1 optic
and the Rayleigh length reduces to much less than 1.
Fig. 3.12a) shows a sketch of the setup, which is used for both, de nirtge focal
plane of the laser and positioning the target into that plane In particular, a
20x plan-apochromatic objective, corrected for in nity, § placed behind the focal
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a) Camera

b)

Objective

Laser/Diode Lens

Figure 3.12: a) Schematic depiction of the target and focuignment setup. The
focus of the laser or the target are imaged through an 20x obj&e relayed out
of the chamber with an 2f setup. b) Image of an double target ae through this
setup (see text for details).

spot. A second lens and the camera sensor are placed behine tbjective in a
2f con guration; i.e., the lens is positioned at a distancef@f to the image plane
of the objective and the camera at a distance of 2f to the imagdane of the lens.
This gives a 1:1 relay of the objectives image plane.

In this setup the objective is put on a linear stage that allowto move the objective
in and out of the laser/particle beam, while the lens and theammera stay xed,
with the camera being outside the target chamber. Both, therlear stage and the
camera are controlled by a software that has been written in 8Lab speci cally
for this purpose. The linear stage runs in a closed-loop with LVDT (linear
variable di erential transformer); the LVDT is very EMP resistant and supports
> 1 m accuracy feedback of the stage position. The camera softeajives a
real-time readout of the focal spot radius, peak intensityellipticity and encircled
energy. Once the focal plane of the laser has been found byiopzing the above
mentioned values, an IR-diode (central wavelength 1054 nipandwidth 50 nm)
is placed in front of the objective. The diode illuminates th target that can now
be positioned at the focal plane of the objective and thus thaser.

Fig. 3.12b) shows an image of a double target (2 DLC foils separated by10 m)
aligned this way; the light gray area is the target in the fodgplane that is visible
through a broken second target (dark gray). The improved fasing and target
alignment procedure has greatly improved the reproduciltty of the experimental
results. With the old setup and the accuracy of 20 m, 2 out of 10 shots on the
optimum target thickness resulted in carbon € cut-o energies of>500 MeV;
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with the procedure presented here 8 out of 10 shots gave thesergies.

3.4 Particle detectors

In this section a short introduction into the detection of potons, higher Z ions and
electrons will be given. Here, the \detection" of particles mans, identifying the
particle species, its charge and kinetic energy. There angd di erent approaches
mostly used to do this, which are often mixed together in detéor systems:

1. by using the stopping range of the particles, which depesan the particle
mass and energy and the detector material

2. by using a combination of (usually parallel) magnetic andlectric elds, i.e.,
reconstruct the particle species, charge and energy via keotz equation (see
Eq. 3.9

The energy lossS(E) per unit path length of an particle can be approximated
via

S(E) = %I)E( S, (E) + Se(E) (3.7)
where the termSg(E) stands for electronic scattering, i.e., inelastic collisn with
bound electrons andS,(E) for nuclear scattering, i.e., elastic collisions with the
target material atoms. The calculation of the stopping rang is typically done
with SRIM ( Stopping and Range oflons in M atter). SRIM uses a Monte Carlo
simulation method, based on the binary collision approxinen [142 to calculate
the stopping range of any ion in many materials. The energyde peaks at the
end of the particles path, the so called Bragg peak43; this property is very
advantageous, when measuring the energy of particles viaeth stopping range
and is also utilized in many other applications, such as theadron cancer therapy
(see Chap.2.1).
The reconstruction of the particle properties via the Loretz force takes a quite
di erent approach. Here, a set of magnetic and electric eldss used to change
the ion ight path. The de ection of the particle can be used b calculate the
particles charge to mass ratio and its energy via the well-kivn Lorentz equation
(see also Chap2.1.])
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wherep and are the relativistic momentum and the Lorentz factor of the pr-
ticle; m and g the mass and charge of the particle an& and B the electric and
magnetic elds. The time is measured in the laboratory frameWhen constant
parallel magnetic and electric elds are used (or approxinted), the equation can
be solved analytically in the non-relativistic case.

3.4.1 Detector materials

For both of these techniques, a detector material is needetlat measures the
de ection of the particle and/or its stopping range. Three @tector materials -
commonly used in laser-ion acceleration - are introducedriee the radiochromic
Im, the nuclear track detector CR39 and the image plate (whee only the latter

two have been used in the experiments described in this thesi

Radiochromic Im

Radiochromic Im (RCF) is a Im widely used in medicine for desimetry, com-

mercially available from GafChromic. It is mainly sensitie to ionizing radiation,

such as electrons, protons and other ions. On impact, it irettly turns blue due

to a chemical process, where the color density depends on thesorbed dose.
Stacks of RCF layers can be used to measure the energy digition of laser-

accelerated proton beams. Each proton deposits most of iteeggy - according
to its stopping range/Bragg peak - in the corresponding layeof the RCF-stack.

From the color density in each layer, an energy spectrum of éhproton beam
can be reconstructed. The full proton beam can be analyzed ahce, but with

poor energy resolution (depending on the numbers of layersthe stack). Other

species, such as carbon, have a very short stopping range panad to the protons
and are, if present, usually stopped within the rst few layes of such a stack.
Hence, in experiments, where other species are of interesidaional detectors

or a completely di erent detection system is necessary, duas for this thesis.

Nuclear track detector, CR39

The nuclear track detector CR39 144 (Columbia Resin #39) is widely used
for eyeglass lenses and in astrophysics for detection of thignergy particles in
space [45. CR39, a allyl diglycol carbonate polymer, is commercigllavail-
able, for instance from TasTrack that supplies plates of CRBwith a density of
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a) b)

Figure 3.13: Image of an scanned CR39, showing parabolic fide tracks ob-
tained from a Thomson parabola (see Sec3.4.2for details), where in a) eccen-
tricity is color coded in the z-axis and in b) the enclosed aseof the pits (in
arbitrary units).

1.3g/cm®. The plate dimensions used in the experiments are 100 mm byr&th
by 1mm. CR39 is not sensitive to electrons and photons, it isolvever an ex-
cellent detector material for protons and higher Z ions. Ommpact, the particle
creates damage tracks in the polymer structure along its g path; the track
diameter directly depends on the energy loss of the particend hence grows
larger towards the Bragg peak and vanishes afterwards. Indar to make these
tracks visible the CR39 is etched in a solution of sodium hydxide at 80 C; the
track diameter grows linearly with the etching time. Once tle track diameter has
passed the threshold for \visible” detection, a microscopean be used to count
the particle tracks.
The scanning microscope is controlled by the pattern recogjon software SAMAICA ;
this software recognizes the track entrances, the so-cdllpits, on the CR39 sur-
face, by identifying a number of di erent parameters, such @the pit diameter,
its eccentricity, its enclosed area and its relative posdn on the CR39 with re-
spect to the scanning area. These parameters strongly dedemn the deposited
energy per unit length and thus the particle species and caatér be used to
distinguish pits of di erent species and for background ehination. For example,
the eccentricity of pits created by \real" particles is typcally close to 1 for normal
incidence, while pits of other origin have a much lower ellilgity value.

In the framework of this thesis, a graphical user interfacésUl) has been written
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in MatLab that allows to clean the scanned images from backgund and also to
isolate single particle species for accurate analysis. Bd 3shows the image of an
scanned CR39, with parabolic particle tracks obtained frora common Thomson
parabola (see Sect3.4.2for details). In frame a) the eccentricity is color coded
in the z-axis and in frame b) the enclosed area (x and y are spatdimensions of
the scan area); both parameters change for the di erent pabala traces, which
correspond to di erent charge to mass ratios of the partickeand are clearly dis-
tinguishable from the background. The parameters changesal along the single
parabolic traces, which corresponds to a change in incideparticle energy. The
CR39 nuclear track detector has been used in most of the exjmeents described
in this thesis.

Image plate

Image plates (IP) are commonly used in medicine (dental X-ray, material re-
search and in biology and have almost completely replacedgibgraphic X-ray
Ims. The active layer of an typical IP consists of crystals bbarium uorohalide
phosphor (BaFBr:Ew?*) and is supported by a magnetic support layer. This ac-
tive layer has a linear response to X-rays over a large wavejgin range starting at
a few nm [L44, but is also sensitive to electrons and ions. When such a fale or
photon hits the active layer of the IP, electron hole pairs & created and trapped
in lattice defects. In order to retrieve the data from the IP,it is processed by a
special IP scanner (a FLA-7000 has been used in the framewofrktlus thesis).
The scanner illuminates the IP with laser light of wavelendt = 632:8 nm, which
causes recombination of the trapped electron hole pairs wdemission of a pho-
ton. This process is called photo stimulated luminescencB$L) and is detected
by the scanner to generate an the digital image of the irradiead IP within only
a few minutes. The IP can also be erased with bright white ligland be reused
many times.

The data is stored in a logarithmic gray scale, usually at a gpial resolution of
25 m. The data can be transformed into the linear PSL scale via

psize ° 4000, | =6 o3)

PSL= T00 s

(3.9)

with psize the pixel size, i.e., the resolution of the scanneL, the latitude (typ-
ically 5), S the sensitivity of the scanner (with values from 10to 10%), x the
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logarithmic gray scale value of the scanned pixel an@ the gradation or the
dynamic range of 2°. It should be noted here that the trapped electrons decay
naturally[ 147, for which it is necessary to scan the IP at a xed time after lteir
exposure to obtain meaningful and comparable data.

A general problem of IP is to obtain an absolute calibration foPSL to particle
or photon number, which is in addition complicated by the hug number of dif-
ferent IP and IP scanners. In Ref.]49 and Ref. [L49 calibrations for IP and
protons are published each for a speci c type of IP and scarméoth di erent
from the ones used for this thesis). The calibrations di er yp about one order of
magnitude with 0.01 and 0.08 PSL/proton in the more or less ostant tail of the
calibrations far behind the Bragg-peak.

One can speculate that the calibrations for other IP and scaer combinations
should be somewhere in this region (they are after all a staadl tool for many
physicians). They should, however, only be used (if at all)saa rough guide for
the data shown here, especially since the IP used in the frawark of this the-
sis are BAS-TR2020, which have no protective layer on top of ¢hactive layer
(of 50 m thickness, making them much more sensitive) as compared tioe
calibrations presented in the afore mentioned references.

3.4.2 The Thomson parabola ?!

One of the two particle spectrometer types used for the experents at the Tri-
dent laser is the Thomson parabola (TP). The rst appearancef the TP dates
back to 1911]51]. Today, it is probably the most commonly used diagnostic fo
detection of laser-accelerated ions. Its advantage is itshierent simplicity in both
engineering and physics. However, designing a TP with su ci¢ energy resolu-
tion and charge separation at extreme ion energies requit@msiderable e ort. In
a small scale TP, premature merging of di erent ion speciesiloccur at very low
energies and eventually render the diagnostic and the acoed data useless. In
the framework of this thesis, a TP has been designed and butltht has superior
energy resolution and charge separation at ion energies exding 100 MeV/amu
(see Fig.3.15and Tab. 3.1 for details).

A TP spectrometer is based on an parallel electric and magnet eld; both

1This section is in part a summary of Jung, et al. [150, which has been written by the
author of this thesis.
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Figure 3.14: Sketch of a standard Thomson parabola, whereetparallel magnetic
and electric elds are perpendicular to the ion propagatiordirection. lons are
detected at the detector plane on parabolically shaped lise (Figure and caption
adapted from Jung,et al. [150)

elds are orientated parallel to each other and perpendicat to the ion ight
path (see Fig.3.14. The magnetic eld is generated by a yoked pair of perma-
nent magnets on the order of a few hundred mT (a setup with eleo magnets is
also possible52); the electric eld is generated by two opposing electrode- in
this case two plane copper plates - with a potential of a fewnekV. In between
the plates/magnets the elds are nearly parallel; at the edgs, the elds are inho-
mogeneous. However, the elds decrease rapidly outside thekg/electrodes and
one can usually neglect the in uence of these fringe elds.

The equations of motion for a charged particle passing the sgirometer, i.e,
the electric and magnetic elds, can be calculated throughdrentz equation (see
Eq. 3.8), which allows reconstruction of the particle charge, spes and kinetic
energy. Taking into account the ion's ight (drift) after exiting th e elds one can
calculate the ion traces on the detector plane perpendicuta the ion's propaga-
tion direction as a function of their initial kinetic energy and their charge to mass
ratio [150. In the non-relativistic case one obtains for the x- and y-dection of
the particle after a rst order Taylor expansion

QElE(DE + OSIE)

X(Ek) = 2,

(3.10)

and
quB(‘DB + OSIB) .

= 3.11
PomE, (3.11)

Y(Ex) =
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which yield the well-known parabola equation

, qBZ|,§(DB+o:5|B)2X_
"~ mElg (Dg +0:5lg)

(3.12)

wherex and y describe the ion de ection in the plane perpendicular to then
propagation direction resulting from an E- and B- eld of legth Iz and Iz and af-
ter a drift length Dg and Dg measured from the end of the magnetic and electric
eld, respectively [L50. See Fig3.13and Fig. 3.20for examples of the parabolic
traces that are measured on the detector.

This equation can in general be used for ions with a kinetic ergy of less than
10% of their rest mass, before relativistic e ects exceed ghresolution of the
spectrometer. It is worth noting that the maximum proton enegies of 120 MeV
measured here are approximately 13% of its rest mass in kiieeénergy. For the
analysis done in the framework of this thesis a comprehensiGUI has been writ-
ten in MatLab, where tracing calculations can be done with #ier the relativistic
Lorentz equation solved by a standard 4th order Runge-Kuttalgorithm [153 or
the analytical solution in Eq. 3.12 for non-relativistic particles; all calculations
assume constant E and B elds with no fringe elds.

TP energy resolution

The main factors contributing to the intrinsic resolution ¢ a TP for a specic
charge to mass ratio are the drift length and the pinhole sizsed to limit and
collimate the incoming ion beam and the properties of the nmagic eld, i. e.,
its strength and length along the ion propagation directionwWhile a longer and
stronger magnetic eld increases energy resolution by higihdispersion, a larger
pinhole decreases resolution due to an increased ion beamtsze on the detector.
Although decreasing the pinhole diameter and increasingethrift will improve
contrast of a TP, both methods will decrease the ion ux on théetector. Hence,
an increase in magnetic eld parameters is favorable. The tininsic instrument
resolution Eyn=Ey, can be approximated in the non-relativistic case via the
parabola equation (Eq.3.12) by calculating the energy range covered by the beam
spot on the detector divided by its center energy
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Figure 3.15: Comparison of Thomson parabola resolution fearbon C* ions:
new high resolution TP (red diamonds, [green squares]) with91 T over 20cm
and 50cm [100cm] drift, TP-H used in Refd1] (blue circles) with 0.57 T over
10cm and 47.8 cm drift, TP-C described in Reflp4 (orange triangles) with 0.6 T
over 5cm and 19.5cm drift. All calculations are done with a 20Gn pinhole 1 m
behind the ion source. (Figure and caption adapted from Junegt al. [150)

Ekin 2s 2s
= S 3.13
Exin 2 2 ( )

wherey is (qBlg (Dg + 0:5lg) =(2mE;,)%° and s the ion beam spot size on the
detector given by the pinhole size and the distances betw#enion source, the
pinhole and the detector planelpd.
In particular, the pinhole of the spectrometer introduces ginhole-camera-like
magni cation of the particle source on the detector. The mag cation and the
resulting spot sizes are given by the ratio ofa to b, which are the distance
pinhole-to-detector @) and pinhole-to-source If) and the pinhole diameterd and
the source size by

s=d+ b=gd+ x): (3.14)

In most TP, whered X, the equation reduces ts d(1 + b=3, with b=athe
magni cation.

TP charge to mass separation
On the other side, separation of di erent charge to mass ratsoodepends on the
electric eld parameters and the drift together with the bea spot size on the
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TP-C | TP-H | new TP-0.5| new TP-1
C*>" into C®* 3.3 13 25 59
C®" into C** 4.8 19 36 84
C®" into H* 11.6| 44 78 165
H* into C® 46 | 164 282 553

Table 3.1: Comparison of calculated merging energies of*Cinto C>* and C%*
into H* and vise versa in MeV/nucleon using a 200m pinhole placed 1 m behind
the ion source; values are shown for the new TP (TP-0.5 with®m and TP-1
with 1 m drift, two pairs of electrodes (40kV/2cm) and TP-HB1] and TP-C[154
(see text for details). (Table and caption adapted from Junget al. [150)

detector. The \merging" energy of two neighboring traces is calculateby the in-
tersection point of the upper and lower boundary of the resfige parabola traces,
where the boundaries are given by the beam spot size on theatiet. From the
classic parabola equation (Eg.3.12), i.e. in the non-relativistic limit, one can

approximate the merging energf,, for a pair of two di erent ion species as

_ QE|E(DE+O:5|E) .

E ; 3.15
" R (3.15)

whereRg = (Q1 + Q2)=(Q1 Q) with Q1 = op=my > Q, and E,, denotes the
merging energy of the ion species having the chagd150Q.

The new high resolution and charge separation TP

The new TP with exceptional high energy resolution and chaegto mass sep-
aration that has been designed and build in the framework ohis thesis, uses
optimized electric and magnetic elds and o ers a long driftarea, as derived in
Eq. 3.13and Eq. 3.15 The body of the TP consists of two high vacuum areas,
which are separated by a vacuum valve (see Fig.16); a pressure of 10 " mbar
can be set up within less than 5 minutes of pumping by the cryaumps attached
to each of the two spectrometer vacuum parts. The rst vacuunpart of the spec-
trometer is the core of the TP with two 20 cm long yoked NdFeB penanent mag-
nets separated by 4cm. The magnetic eld between the magnetsaches 0.91T,
expanding very uniformly over the whole length. A pair of coper electrodes,
separated by 2 cm (parallel), placed within the yoke can gerage extremely high
potentials of up 40kV ( 20kV each side). The high vacuum reduces the possi-
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Figure 3.16: a) Schematics of the new Thomson parabola wit the core part
containing the magnets and electrodes anB the drift and detector part and
space for an additional pair of electrodes. Both parts are&rated by a vacuum
valve D and pumped by their own cryo pumpC; b) photograph of the new TP,
including its 6axis support. (Figure and caption adapted fsm Jung, et al. [15Q)

bility of vacuum breakdown (sparking) between the electragbs [L55. The second
part of the TP serves as drift region and detector area and cdrost a second pair
of electrodes of 30 cm length to further increase charge to ssaseparation of the
the spectrometer.

A detector (for instance IP or CR39) can be placed at di erenpositions, result-
ing in an e ective drift length of 0.3 m up to 1 m. The spectromeer design allows
use of a wide range of detectors; fused silica windows enatidine readout with

a scintillator [15 or a MCP as reported in Ref. I57. In the experiments de-
scribed in the next chapter, a stacked detector consisting GR39 and IP has been
used mainly. With the 6-axis micro scale support carrying th entire spectrom-
eter (see Fig3.16b)) alignment of this 750 kg heavy diagnostic can be done dgsi

Data analysis

In order to retrieve the energy spectra of the particles, thparabolic traces mea-
sured on the CR39 and IP are read in with a constant spatial bimng. The center
of each bin gives the energy and the number of particles withthis bin gives the
ux; the energy and charge to mass ratio is reconstructed byhe bins distance to
the zeroth order on the detector. The zeroth oder is a spot ohé detector that is
generated by uncharged particles (recombined laser-aeraked ions) or X-rays.
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The acceptance angle or solid angle of the spectrometer cam ¢alculated from
the pinhole diameterd and the distancesa and b and is used to normalize the
nal energy spectra. The acceptance angle for most of the TR bn the order of
10 4 to 10 °msr, i.e., the TP records only a small fraction of the lasereaelerated
particle beam, but with high energy resolution and charge paration.

In Fig. 3.15the energy resolution for carbon € is plotted for this TP using

a drift length of 0.5 and 1 m and a pinhole of 200n diameter. The resolution
is furthermore compared to its predecessor, which has alsedm used in many
of the experiments conducted at Trident. The old TP (herea#r referenced as
"TP-H") is equipped with an magnetic eld of 0.57 T over a lengh of 100 mm

and a drift of 478 mm. In order to emphasize the unprecedentg@doperties of the

new TP, both TP are also compared to a TP described in Ret$4 (hereafter

referenced as "TP-C") that works with a magnetic eld of 0.6 Tover 50 mm and
a drift of 195 mm. Aiming for an energy resolution of better tharl0%the TP-C

only gives a feasible resolution at very low energies belo®MeV/nucleon and

the TP-H has reached its useability at 100 MeV/nucleon, whilthe new TP still

gives a superior resolution below 5% at these energi@s(.

In Table 3.1 the merging energies of all three TP are compared. Values are
given for the new TP using a drift of 0.5 and 1 m, a 200n pinhole and both
pairs of electrodes at 40kV each. The TP-C has a 6 kV potentialong the 20 cm
long electrodes in a wedged con guration; TP-H has one pairf parallel elec-
trodes with 15kV/2cm over 40cm. Here, the newly developed TP the only
one, where the merging energies are far above 50 MeV/nucledfor the other
two, the too low dispersion of the di erent species could ref un-evaluable data,
meaning that the distinction of di erent ion species and hece determination of
their high energy cut-o is rendered impossible.

An example of this problem is shown in Fig3.17, where two ion spectra are
shown that have been measured with the new TP; one using tooMand one
using su cient charge separation by changing drift length ad the potential be-
tween the electrodes. Both spectra have the same high eneogy-o for C ** and
C®", which are 80 MeV and 280 MeV, respectively. The spectrum ingri3.17 a)
was measured with a potential of 25kV/2cm over 20cm and a drifd.5 m drift
and shows excellent charge to mass separation (see F3gl7c)). The spectrum
in Fig. 3.17b) was measured with only 15 kV/2cm and a drift of 30 cm and shows
severe merging of di erent particle traces (see Fig3.17)). Following the latter
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3. METHODS: LASER, TARGETS AND DIAGNOSTICS

Figure 3.17: Comparison of ion spectra with identical highrergy cut-o for
C%* (280MeV) and C* (120MeV) obtained using the novel high resolution and
high separation TP with di erent drift and electric eld to d emonstrate in u-
ence on merging of traces: a) spectrum obtained using appriagpe parameters
(25 kV/2cm over 20 cm and 50 cm drift) to resolve di erent trace as shown in c);
b) spectrum obtained with too low dispersion (15kV/2cm over @cm and 30 cm
drift) resulting in premature merging of traces as shown in)llow to high energy
from right to left side of each image, black lines in c¢) and d)ra predicted traces
with upper and lower boundaries. (Figure and caption adaptefrom Jung, et
al. [15Q)

spectrum, Fig. 3.18shows the analyzed carbon € spectrum, where severe cor-
ruption of the energy spectrum is visible due to the mergingf €°>* into C°* at
an energyEcs+  50MeV andEcs-  80MeV.

3.4.3 The high resolution ion wide angle spectrometer 2

The TP, as described in the previous section, has excellemeggy resolution and
charge to mass separation, but lacks acceptance angle. Thelgzed fraction of
the whole particle beam is too small to estimate for instandde conversion e -
ciency of laser light into particles. The ion beams acceldeal at Trident typically
cover a solid angle of 500 msr, while the TP \sees" only 10* to 10 > msr. Other
methods, such as stacks of RCF that are frequently used to nseme angularly

2This section is in part a summary of Jung, et al. [157, which has been written by the
author of this thesis.
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3.4. PARTICLE DETECTORS

Figure 3.18: Carbon &" spectrum (red solid line) extracted from Fig. 3.17

including detector background (gray with circles) showingorruption of the spec-
trum after the merging of C* into C®" at 80 MeV. (Figure and caption adapted
from Jung, et al. [15Q)

resolved energy spectra of laser-accelerated protons catnne applied here as the
ion beam consists of di erent species. Heavier ions, such a& Gons, are stopped
within the rst few layers of the stack by virtue of their larger cross section; they
will not only be indistinguishable from the protons in any othe layers, but also
su er from extremely poor energy resolution.

In the framework of this thesis a novelon W ide A ngle Spectrometer, the iIWASP,
has been designed and build that enables simultaneous meaasoents of angu-
larly resolved proton and carbon € energy spectra (under certain conditions).
This spectrometer covers a solid angle of 10 *msr, which is 4 to 5 orders of
magnitude higher than the acceptance angle of the TP desceith earlier. With the
IWASP, a rectangular section covering up to 30of the particle beam can be mea-
sured with high angular and energy resolution (E=E  10% at 50 MeV/nucleon
carbon C").

The concept of the IWASP is quite similar to the TP setup. A schmatic depic-
tion of the IWASP is shown in Fig.3.19 Here, a magnetic eld that is orientated
perpendicular to the ion propagation direction, introduce an energy (andg=m)
dependent dispersion. Instead of a pinhole, the IWASP consiof a long slit that
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Figure 3.19: a) Top view of the ion wide angle spectrometeMfASP), with from
left to right, the source, the slit, the yoke and the detectarb) Side view showing
a simulated trace of carbon € ions calculated with CST[L5§. (Figure and
caption adapted from Jung,et al. [157)

is positioned in front of the magnetic eld. To maximize energy resolution and ac-
ceptance angle simultaneously, a strong magnetic eld witHarge gap between the
magnets is required. To overcome these con icting requireants, a wedged yoke
design has been implemented, trading eld homogeneity foeld strength [57].
The wedge half-angle is 15with the a gap of 10 mm at the front of the yoke and
62mm at the far end. In order to use the whole magnetic eld antb achieve
an acceptance angle of 30the yoke has to be placed at a distance of 20mm
to the particle source. For larger distances, the separaticof the magnets in the
wedged yoke has to be increased, which will also result in acdeased average
magnetic eld and hence in reduced energy resolution.

The resulting particle traces on the detector can again be lcallated with Lorentz
equation, where, in contrast to the TP, the iIWASP has a zero al&ric eld (see
Eq. 3.9).

IWASP angular and energy resolution

As with the TP, the energy resolution for a specic charge to mass ratio de-
pends on the drift length, the magnetic eld and the source i cation. An
approximate formula for the energy resolution Eyi,=E, of the iWASP can be
obtained by solving the reduced Lorentz equation in the noelativistic case and
calculating the resulting source magni catiors on the detector plangsee Eq.3.13
and Eqg. 3.14 . To maintain a su ciently high energy resolution for the setyp
presented here, the width of the slit must not be bigger tharfeav tens of microm-
eters.
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Figure 3.20: a) IWASP data recorded on the IP from a Im target (normal
incidence) showing the image of the slit on the top, a faintrie of carbon ions
above the break-through energy (see text) and the proton sigl starting at the
bottom of the IP at their low energy cuto of about 11 MeV; colorshows particle
density in arbitrary units. Note, that vertical features in the data are a result of
non-uniformities in the 20 m slit aperture. The thick vertical line in the middle
Is a result of two pieces of CR39 intersecting in front of thePl; slightly di erent
thicknesses in the CR39 also result in an asymmetry of the lesnergy cuto line
visible here. b) Data recorded on a Thomson Parabola from ah solid diamond
target showing a proton and a dominant carbon & signal among a very faint
carbon C* line. (Figure and caption adapted from Junget al. [157)

The angular accuracy of the spectrometer can be derived frarcareful trigono-
metric consideration, assuming an angularly incoherent pacle emission. The
lower limit of the angular error  , i.e., the positive and negative deviation of a
given angle is

—tan ! tan( ) Z(Zidb) : (3.16)

where Xs 4 IS the greater of either the source size or the detector pixare. It
should be noted, that for some detectors, such as the IP, thegalar error might
be increased by ions passing through two or more pixels of de¢ector due to their
oblique incidence. This e ect can be reduced by a curved détecplane. While
this gives the angular error for a single ion, the binning ohe data (to extract a
complete energy spectrum) will dominate the nal angular wartanty (setxsq as
the binning size), resulting in uncertainties below 100mrad for the parameters
presented here. 157

In the experiments conducted for this thesis, a slit made ofrém thick solid
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tungsten with a slit width of approximately 14 m has been placed directly in
front of the yoke. The slit's distance to the target was 20 mm resulting in an
acceptance angle of about 25 A drift of 320 mm to the detector measured from
the end of the yoke yields an angular uncertainty of 100 rad (along iWASP
center) and a resolution of 56 for protons and &b for carbon C°* at energies
of 50 MeV and 40 MeV/nucleon, respectively; the source imagaes = (300
50) m has been extracted from the IP data and the average magnet&d has
been measured to be about 440 mT (see B0 and Eq.3.13). The solid angle
captured by the iIWASP is.0.25 msr [L57).

Charge separation in the iIWASP

Although the iIWASP lacks the charge to mass separation of a,TiEis still suitable
for many laser ion acceleration experiments, where two (orare) species with
signi cantly di erent mass are accelerated; e.g. from proto-carbon targets (or
similar proton-ion targets) such as diamond, diamond-likearbon (DLC) or CHy
foils [157. Here, one can use a stacked detector to distinguish betweereth
di erent species by their di erent stopping powers providethat all species are
fully ionized. In the experiments conducted at Trident, a hgh-intensity laser
pulse is incident on a nm-scale diamond target. When the taggturns relativistic
transparent, the high electric eld of the laser acts on allarget atoms; hence, it
can be expected that the target is fully ionized in the area diie focal spot (where
the ion acceleration takes place); this has been veri ed witTP measurements
over many target shots at Trident. In Fig.3.20b) a typical TP spectrum obtained
at Trident from a DLC target is shown, where the dominant chage state of carbon
IS 6.

The detector stacks used during the experiments on Tridentasist of a CR39
plate and a IP. The carbon signal is recorded on the CR39; the that is placed
behind the CR39, detects the protons; the whole stack is coed in a layer of Al
of 26 m thickness to protect the IP from direct and scattered lasdrght. With
a CR39 thickness of 1 mm, carbon ions with 230 MeV (break-through energy)
can pass the CR39 and additionally be detected on the IP; hoves, these high
energy carbon ions will still leave measurable tracks on tH@R39. At the same
time protons of 11 MeV can pass the CR39 and be detected on the IP. They
will also create tracks in the CR39, which can easily be sumgssed with a short
etching time; with the correct etching time only pits of heaier ions - the carbon
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Figure 3.21: Calibration curves for the iIWASP for di erent iIWASP setups; the
calibration lines have been obtained from the low energy autlines of either the
protons or the carbon C*ions (see Fig.3.20.

ions - will become visible, while the size of pits created byrgtons stays below
the detection limit [159 of the scanning microscope. It should be noted that
the low energy deposition of high energy protons might not benough to create
tracks at all, relaxing the above issue. Provided protons ti the highest energy
are de ected less than the most energetic carbon ions, botlsttibutions can be
measured simultaneously without overlap. A typical specim measured on the
IP with the IWASP is shwon in Fig. 3.20a). Here, the image of the slit aperture
can be seen on the top, followed by a faint signal of carbonsamith energies above
200 MeV, i.e., beyond their break-through energy for the CR38elow follows the
proton signal starting at the bottom of the IP at about 11 Me\Energy increases
from the bottom of the gure towards the slit. In an advanced setup of the
IWASP, charge to mass separation capability could be addent elected angles;
vertical slits in the detector can be used to transport the nobeam behind the
detector through pairs of electrodes to introduce charge moass separation within
the electric elds [157].

Data analysis

The analysis of the data measured by the iIWASP closely folloviise analysis of
the TP data. The raw data is binned in constant spatial stepslang the energy
axis and also binned along the angular dimension. Energy spra are extracted

for each of the angular increments, which results in a set ahgle energy spec-
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Figure 3.22: a) Angularly resolved proton spectrum measuredith the iIWASP.
The 3 black rectangles represent typical angles of TP measunents. b) averaged
spectra obtained from these 3 rectangles as they would haveem seen by TP-
spectrometers at these angles, showing signi cant di erees in the spectral shape
and cuto energy.

tra similar to the TP traces. A modied version of the TP software afterwards
joins the single traces into an angularly resolved energy esirum. It should be
noted that each single spectrum has to be calculated with aigtly di erent
travel time/length in the magnet and a slightly di erent dri ft to the detector,
depending on the speci ¢ angle of the trace and the currenttsg of the iIWASP.
In addition, for each angle, the magnetic eld itself is sligtly di erent due to the
wedged design of the yoke that results in a rather non-unifior magnetic eld dis-
tribution. However, instead of calculating the parameter cange for each angular
increment, one can use the low-energy cuto lines on the deter to extract a sin-
gle angular dependent correction factokg ( ) for the B- eld. Following Eqg. 3.11
the correction is done by

QB|B“DB + 05'3)
v 2mE

Y(Ex) = ke () (3.17)
Fig. 3.21 shows this correction factor for carbon ions and protons (wdh will
pass the magnetic eld at di erent heights) for two di erent iIWASP setups, one,
where the spectrometer is positioned vertical and one, wigeit is positioned
perpendicular to the laser polarization axis. This, howeveis still only a rather
coarse correction, akg also indirectly depends ormg=mand the particle energy
Ex, which will change the path the particle takes through the irnomogeneous
magnetic eld of the yoke. In future, a more accurate corregin will be done by
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mapping the full 3D magnetic eld of the yoke.

Prospects of the iIWASP

As a nal remark on the advantages of the iIWASP, Fig3.22(left frame) shows a
typical proton spectrum measured with this spectrometer;he three black rectan-
gles mark positions, where in earlier experiments ion spexthave been detected
with TPs. In the right frame the corresponding energy specdr are plotted, as
they would have been measured by these TP. While this demoretes that the
IWASP can be treated as a continuous set of TP traces along theeasured an-
gle, it also shows the great advantage of this spectrometdtach spectrum at the
three di erent angles shows a di erent high-energy cuto anl a di erent spectral
shape. Estimates of the conversion e ciency deduced from #éise spectra, as it
is often done, are a crude approximation at best, especiailyith a strongly non-
uniform ion beam.

Although the iIWASP cannot measure a full beam pro le, it can stl signi cantly
improve conversion e ciency estimates. For most laser-aeterated ion beams,
one can expect a non-uniform, yet radial symmetric beam due the radial laser
focus symmetry. This has been shown for the Trident laser - sjgte its linear po-
larization - for many shots (with exception of the high-engy tail, see Chap4.4).
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Chapter 4

lon acceleration during
relativistic transparency

Laser-driven ion acceleration has been investigated expeentally for over a
decade now, yet generated ion beams are still far from beingitable for many
applications. This is partially due to the too low ion energés and the typi-
cally exponentially decaying energy spectra and partiallglue to the too low
conversion e ciencies of laser energy into ion energy. Thas, proton energies of

60 MeV [6, 15 were measured ten years ago, but have not been increasedsin
then; for ions with Z > 1 the situation is even worse, they have only been accel-
erated to a few MeV in the TNSA regime (see Chap.3.1). However, advanced
applications, such as hadron cancer therapg?] or ion fast ignition [24, 25, 47],
have a demand for much higher ion energies. For instance, lsan-ion fast ignition
requires a mono-energetic beam offCions with E, 450 MeV with a maximum
bandwidth of 10%, and for the hadron cancer therapy protonsf @50 MeV or
C®"ions of 4-5GeV are necessary, ideally at a repetition rate H0 HZ.

Objectives and goals

The experimental results gathered in the framework of thishiesis and presented
in this chapter are devoted to the investigation of these pldems, i.e., bring-
ing laser-driven ion acceleration one step closer to a broaange of advanced
applications. The Break-out afterburner mechanism has thgotential to acceler-
ate protons as well as ions wittZz > 1 to extreme energies far beyond energies
achievable with TNSA. In particular, with BOA, ion acceleraticn occurs during
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the relativistic transparency of the target induced by an ufra-high intensity laser.
According to VPIC simulations and the analytical model (see Gip. 2.3.3, BOA
acceleration shows a number of key signatures and di erersc® other accelera-
tion mechanisms:

1. maximum ion energies are much higher compared to TNSA (seec+t.2)

2. there is an optimum foil thickness for a given set of laseapameters as a
result of relativistic transparency (see Sedal.2.])

3. protons do not impede acceleration of heavier ionZ & 1) as in TNSA due
to their low inertia and high charge to mass ratio (see Sed.2.3

4. an angular symmetry break of the particle beam for the fassét ions (from
high resolution 3D VPIC simulation) as compared to TNSA, wherehe
beam is Gaussian like with maximum energies and particle nirars on the
laser axis (see Set.2.4)

Hence, the rst major objective of this thesis is to experimaally demonstrate
BOA and to measure these key signatures, i.e., show that theeasured spectra
of the laser-accelerated proton and ion beams are indeed asui¢ of BOA and
not (a variation of) TNSA or even RPA. It is worth noting that according to
the VPIC simulations and the analytical model, BOA accelerabn with Trident
parameters requires nm-scaled targets; the optimum thickss is predicted to be
between 100 nm to 200 nm, where temporal overlap of the lasarge peak with
the relativistic transparency of the target is predicted tobest. Hence, exploring
the BOA regime experimentally has only become possible byeahcombination
of two key technologies, the production of nm-scaled freeading foil targets
(see Chap.3.2) and ultra-high contrast at relativistic laser intensities. The latter
has been achieved by the OPAPE cleaning technique (see Ch&l.5. The
signi cantly improved on-target contrast of the Trident laser to about 107 at
-4 ps ensures that a nm-scaled target is not destroyed in thaskr pedestal and
the laser can interact with an initially highly overdense taget.

The second major objective of this thesis is to improve the derstanding of BOA,
including aspects that a rather di cult to investigate with PIC simulations due to
their high time consumption (for parametric scans) or the dculty to correctly
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model pre-plasma and laser contrast or just particle diagstics. Some of these
aspects are:

1. the conversion e ciency of laser light into particles, with can in general
be investigated with PIC simulations, but is rather compliated to measure
precisely in an experiment due to spectrometer limitationgsee See.2.5

2. the energy scaling with laser parameters, which has beesrided in the
model and investigated with VPIC with a coarse thickness scartut has
yet to be veri ed or falsi ed by experimental data (see Sec4.2.9

3. the control over the spectral shape of the accelerated ®m order to make
the particle beams useful for advanced applications such #® ion beam
therapy of tumors or ion fast ignition (see Sed.4)

The following sections will discuss all of these questions detail. For this, a
total of 6 campaigns & 6 weeks) has been elded at the Trident laser facility (see
Chap. 3.1.3 over the course of 3 years. This means, a total of 506 lasarget
shots has been red with the Trident \single-shot" laser, wiich corresponds to
380 hours of continuous laser operation at an average of 4%nound time per
laser shot.

As a result, a comprehensive, novel and unprecedented set @ftad has been
collected investigating thickness and intensity scalingangular beam dependency,
conversion e ciency and the control of the energy spectra faboth proton and
carbon C* ions in the BOA ion acceleration regime.

The experimental research and investigations conducted ihe framework of this
thesis resulted in new record energies for laser-driven o and carbon C*ions
(with  120MeV and 1GeV, respectively, see Sed.3) and led to the discovery
of a new acceleration scheme, the BOA-soliton mechanism (seec.4.4.1). In
addition, the unprecedented data for the angular energy depdency of the carbon
ions and protons signi cantly extended the understandingfdhe BOA mechanism
by enabling accurate measurements of conversion e ciencyid the investigation
of more complex BOA key signatures, such as the generationadéctron and ion
lobes.
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4.1 Experimental Setup

The general experimental setup has been quite similar thrgbout all 6 cam-
paigns. The 8inch (20 cm) laser beam that is exiting the comgssor, is re ected
from the nal turning mirror and focused with an o -axis parabolic (OAP) mir-
ror onto diamond (-like) targets. In most experiments an F/30AP has been
used to focus the 500 700fs and 80J laser pulse; in some campaigns an F/8
OAP has also been used. The laser irradiates targets betweenn3 and 25 m
with peak intensities of up to 5 10?°W/cm? - depending on the actual OAP,
laser energy, pulse duration and target alignment - with nonal incidence. (The
laser focus and target alignment has been described in déiai Chap. 3.1.4and
Chap. 3.3) A 3! -backscatter diagnostic 16( is installed behind the compressor,
where the backscattered 13 light from the target (generated via CWE [L22 123
and/or ROM [51, 121]) is analyzed; its main purpose is, to identify whether the
target was still intact during the main laser-plasma interation or the target has
already been destroyed by a decreased contrast or a pre-guis the laser beam
(see Chap.3.1.5.

Behind the target are the ion beam diagnostics positioned ifd in some cases
also in front of the target). There are two di erent diagnostc con gurations, the
TP-setup and the iIWASP-setup. The rst uses a number of TP spémmeters
(up to 5 per shot) at di erent angles to measure (a rather smafraction of) the
ion beam with high charge to mass separation; the latter usesly the IWASP to
measure angularly resolved ion energy spectra at the experaf blocking almost
all other diagnostic being positioned closely behind the tget. In Chap. 3.4.2
the TP and the iIWASP have been described in detail.

The advantage of the TP-setup is the possibility to add a numdr of secondary
diagnostics, such as electron spectrometers, UV- and X-ray spemeters and
laser beam diagnostics. The electron spectrometer workstire same way as the
IWASP, with the exception that electrons are de ected in the pposite direction of
the positively charged ions; results from the electron spieometer measurements
are published in Ref. J01]. The laser beam diagnostics include (visible) opti-
cal spectrometers and a FROG (frequency-resolved opticating) [161]. Their
purpose is to measure the temporal shape of either the incidethe re ected or
transmitted laser pulse §3] (data not shown).

Both setups are depicted in Fig4.1, where the left frame shows the TP-setup
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Figure 4.1: Experimental setup with a) the TP-setup, where aumber of dif-

ferent TPs analyzes the particle beam at di erent positionsaround the target.

A variety of secondary diagnostics can employed, such asadten spectrometers
and laser pulse diagnostics; b) the iIWASP-setup, where the ABP measures the
ion spectra angularly resolved; due setup constraints, noher diagnostic can be
used in this con guration. In both setups is the laser (CP and.P) focused by an
F/3 (F/8) o -axis parabolic mirror on a nanometer-scaled damond like target.

and the right frame the iIWASP-setup. Independent of the usedetup are protons
always recorded on BAS-TR image plates (IP) and carbon ions gically with
CR39 nuclear track detectors (see Cha@.4). The CR39 is a single hit detector
and gives absolute numbers. Since there is no absolute cadiibn published for
the combination of IPs and IP-scanner (FLA-7000) used hereagicle numbers
for protons are only relative and always given in arbitrary nits.

4.2 Proton and carbon ion acceleration

In order to investigate, analyze and compare laser-drivean acceleration it is nec-
essary to nd and measure meaningful parameters of the ion dms. The most
used and best accessible parameter is the high energy cuta the maximum
energy of the ion spectra. Full beam pro le measurements armmther parame-
ters, such as the conversion e ciency are in general much meicomplicated to
obtain. This is partially due to the harsh environment of thelaser-matter inter-
actions - EMP, (hard) X-rays, electrons, and a mixture of prains and ions make
measurements challenging - and partially due to spectrongtconstraints. The
temperature of an ion spectrum, for instance, typically sters from the limited
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N A

Figure 4.2: Particle spectra measured by TPs at di erent args for shots that
yielded peak energies a) for carbon®Cions and b) for protons.

bandwidth of a spectrometer; the low energy tail of the speet, where in general
most of the particles are, is often truncated due to the low engy cuto of the
spectrometer, which can be several MeV to tens of MeV dependion the setup.
The following discussion will start with the analysis of maxnum ion energies
measured in the framework of this thesis. A selection of tygal ion energy spectra
for carbon C®* and protons is shown in Fig4.2, the maximum energy is usually
visible as a sharp cuto at the high energy tail (but can also b smeared out by
high levels of background, depending on the used detectoFor the C®* ions the
highest energy cuto s are exceeding 500 MeV, which is more than order of
magnitude above (heavy) ion Z > 1) energies measured with TNSA. For pro-
tons, cuto energies are well in excess of 50 MeV for diamondrgets, which is
comparable to results from TNSA. Energies exceeding 100 MeVhdae achieved
with CH, targets as will be shown later in Sect.3.
From the rst campaign on, large uctuations in the maximum ion energies have
been observed; one objective of the following campaigns wasmprove the re-
peatability and accuracy of the measured cuto energies. T&included upgrad-
ing the ion spectrometers (see Chag8.4.2, developing a novel ion wide angle
spectrometer (IWASP) (see Chap3.4.3 and continuously improving positioning
accuracy of the targets and the laser focus (see Chapl.4. In Fig. 4.3 high
energy cuto data from 5 of the 6 campaigns is shown for thiclasses from 3nm
up to 700 nm; the left frame shows the carbon €energies and the right frame
the corresponding proton energies.
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Figure 4.3: Experimental data of 5 of the 6 campaigns showirthe e orts in

improving repeatability and accuracy of the measured maxiam carbon C*ion
a) and proton b) energies. The campaigns from Apr.08 through &1.10 were
done in the TP-setup, the last one in the IWASP-setup that cowvs a much larger
solid angle of the ion beam. Campaigns from Mar.10 on also dste improved
target and focusing system as described in Chap.3.

For the rst campaign (Sep08, black squares) only DLC targst(produced
at the LMU) from 3nm to 58 nm were available 131]. The highest energy
for C%"is 550 MeV, which was measured only once during the roguhly 100
shots of this run. It is worth noting that this run had the highest aver-
age laser energy of almost 100J per shot as compared to 80J lintlae
following campaigns (explaining the slightly higher energs at lower target
thicknesses (see Chaj2.3.3).

The next campaign (Apr09, red circles) was primarily dedicad to investi-
gate electron spectra for ultra-thin targets with< 10 nm [LO]]. In addition,
commercially available diamond targets141] between 300nm and 1m
were tested for ion acceleration.

In the following run (Sep09, green triangles) commerciallgvailable dia-
mond targets [L41] between 100 nm and 300 nm were added to the thick-
ness range. This run, however, showed an overall decreaséoim energies
for carbon C°* ions as well as protons. The exact cause for this is unknown,
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but a decreased contrast and/or target misalignment seem toe the most
plausible reasons.

This triggered the development of a new target and focusinystem (see
Chap.3.3 to improve repeatability in the on-target intensity and ako the
installation of on-shot beam diagnostics to identify conaxst uctuations.

The improvements resulted in a much more consistent data sé¥arl0,

orange diamonds). Diamond targets down to 30 nm were incomated in

this run for a ner thickness scan.

All prior campaigns were done in the TP-setup, i.e., ion enegps are ob-
tained from TP-spectrometers, analyzing only a very smalfdction of the
ion beam on the order of 10°msr. In this campaign (Aprll, blue stars)
the IWASP-setup was used. The iIWASP measured the spectra ovdmast
30 with a solid angle of 0.1 msr. Hence, chances to measure therteat"
maximum energy of the ion beam were much higher. 10 shots out2b in
the optimum thickness range showed € of more than 500 Mev, 11 other
shots energies between 400 MeV and 500 MeV and only 4 consatiéy less.

In summary, the improved target and focus system and the dde@pment and
elding of the iIWASP nally resulted in much more consistent and also higher
ion energies. It is worth noting that there is still consideable scatter in the data,
I. e., energies uctuate by approximately a factor of two, gsecially for the carbon
C®*ions. The reason for this is most likely uctuations in the laer contrast and
intensity, which will be addressed in detail in the next seain.

4.2.1 Thickness scaling

lon acceleration in the Break-Out afterburner regime (seeh@p. 2.3.3 occurs,
when the target turns relativistically transparent during the laser irradiation.
The relativistic transparency sets in at a timet; < 2 , whenn®> 1>n?% (with

n%= ne(t)=n., see Chap2.2.3; at the time t, the target turns classically under-
dense so than®< 1. In between, ions gain most of their kinetic energy accordj
to the BOA model and VPIC simulations P8, 35, 86, 104. Optimum acceleration
occurs, when the target is relativistically transparent dting the interaction of the

86



4. ION ACCELERATION DURING RELATIVISTIC
TRANSPARENCY

o+

Figure 4.4: Thickness scan for carbon ®Cions (red stars) measured with the
IWASP covering an angle of 22in the direction parallel (orange, marked as
\vertical”) and perpendicular (dark red, marked as \horizatal") to the laser
polarization axis with a solid angle of 0:1msr. The solid lines are predictions
by the analytical model for di erent combinations of the lagr energy and focus
to account for variations in the laser and the target alignm@. The initial target
density has been adjusted to keep the optimum thickness at@6m (see text for
details). For the three data points marked with a gray dashedircle the on-shot
laser contrast is shown in Fig4.5b).

peak pulse with the plasma. If the target is too thin, the relavistic transparency
sets in too early and the target turns classically underdeasprior to the arrival
of the main pulse, preventing e cient acceleration. If the arget is too thick, the
relativistic transparency might not be reached at all so thiathe acceleration is
more likely dominated by TNSA or FSA mechanisms.

The thickness scan of the last campaign is nhow compared withe predictions
by the BOA analytical model and the VPIC simulations. In this @ampaign, the
IWASP was used to more accurately measure maximum carbof*Gn and pro-
ton energies, simultaneously, with its orders of magnitudrger solid angle. In
Fig. 4.4 the measured maximum energies are plotted for carbon®Gons and
protons (left and right frame, respectively). For both spees a distinct peak in
the maximum energy is visible around a thickness of 200 nm;ni@nergies drop
rapidly left of the peak towards the electron blow out regimand decrease more
moderately towards thicker targets. The electron blow outegime is reached,
when the electrostatic pressure is smaller than the radiain pressure so that
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Figure 4.5: Typical single-shot measurement of the on-tagglaser contrast (red
solid line, without ring ampli ers) in comparison with a sin? laser envelope as
used by the analytical model and the VPIC simulations. The dded orange line
indicates the ionization threshold. b) acutal on-shot comast (full laser ampli -
cation) for the three shots marked with a gray dashed circlaiFig. 4.4. The shot
with a high energy cuto of 602 MeV (orange solid line) showshe best contrast
(at a level of 10 4) before the peak pulse. The shots with much lower cuto en-
ergies show a deteriorated contrast; one with a prepulse omet 10 ? level (green
solid line) and one with a much higher pedestal intensity (bkck solid line).

electrons are eventually expelled from the target permaniiyn (at d < ao | =n,
see Chap2.3.2, preventing acceleration by charge separation elds. Fdhicker
targets, the acceleration turns into the TNSA regime once the&arget does not
turn relativistically transparent. This case will be discissed in more detail in the
following sections.
In order to address the scatter in the experimental data, a ses of predictions by
the BOA analytical model is plotted for di erent combinations of the laser energy
and focus; the pulse duration is kept constant at an averagé 550fs. The black
solid line represents the average Trident parameters with laser energy of 80J
focused in a 3.5 m radius. The light and dark yellow solid lines denote the cer
responding predictions for a smaller focus and a higher lasnergy, respectively.
The rst simulates an increased intensity by a smaller focudue to relativistic
self-focusing (see Chaj2.2.4), the latter by a higher laser energy, which naturally
uctuates by 10J. The green solid line accounts for a reduced intensity €uo
target and/or laser misalignment, resulting in an increaskfocal spot size.
Changing the initial target density does not e ect the peak eergy, but the op-
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timum thickness and could be linked to the actual on-shot l&s contrast. In this
plot the target density is slightly adjusted for each case tkeep the optimum tar-
get thickness at 200 nm. The experimental data for the maxinm carbon C**ion
energies falls within the highest and lowest model prediotis in Fig.4.4. Assum-
ing that the measured maximum energies are accurate, the #ea of a factor of
2 in the carbon maxim energies seems to be mostly caused bytwations in the
laser energy and pulse duration and by the focal radius (sétfcusing/alignment).
It should further be noted that although the laser contrast @des not in uence the
overall maximum possible peak energy in the model, it stillan have an e ect
on the maximum energies measured for a certain thickness. tWa worth con-
trast (though still good enough too allow BOA, i.e. interactbn with a overdense
target) the optimum thickness shifts towards thicker targes as will be explained
in more detail in the next paragraph. As a result, with di erert on-shot laser
contrast, the same thickness can result in di erent maximumon energies. This
theory is supported by on-shot laser contrast measuremerglown in Fig.4.5b)
for the shots that are marked with a gray dashed circle in Figd.4 The shot
with a high energy cuto of 602 MeV (orange solid line in Fig.4.5 b)) shows
the best contrast (at a level of 10%) before the peak pulse for all three shots.
The two shots with much lower cuto energies (220 MeV and 280 &V) show a
deteriorated contrast; one of them has a prepulse on the F0level (green solid
line) and one has a signi cantly higher pedestal intensityllack solid line). (It
should however be noted here that these on-shot measurensehtave a dynamic
range of only 4 order of magnitude, while ionization and headarget expansion
happen at much lower intensities.)

To which degree any of the laser parameters contributes to aduced maximum
ion energy is not obvious and remains to be investigated in meodetail.

The problem with the optimum target thickness

The optimum target thickness, as observed in the experimgntainges between ap-
proximately 100 nm to 300 nm with the same maximum carbon €ion energies
of 650MeV. As mentioned before, the initial target density doesat e ect the
overall maximum energy in the analytical model, but does sigcantly e ect the
optimum thickness at which the maximum energy occurs. A lowénitial density
leads to earlier relativistic transparency of the target ath hence requires a thicker
target to compensate and to have the time frame frorty, to t, overlap with the
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Figure 4.6: a) Maximum carbon €*ion energies measured with the iWASP (red
stars) and predictions by the analytical model with optimumTrident parameters
and varying initial target density to account for variations in the laser contrast and
hence the pre-mature expansion of the target. b) Thicknessan as obtained from
the VPIC simulations for Trident parameters and an initial density of ny = 660
(left frame adapted from Ref. 109).

main pulse. A larger initial density will accordingly do vie versa. Although the
\cold" target density has, of course, always been the same fall the experiments,
the initial target density the main laser pulse interacts wh largely depends on
the laser contrast in each target shot.

The pedestal of a relativistic laser pulse typically ionizea target up to several
ps before the main pulse, which leads to pre-mature expansiand hence a den-
sity decrease. Neither the model nor the VPIC simulations expltly account for
the laser contrast; in fact, both typically use a perfect sihtemporal laser pulse
envelope. In Fig.4.5a) a typical on-target contrast measurement is shown (laser
propgating through the full laser chain without ampli cation, see Chap3.1.5for
details) together with such a sik temporal intensity envelope; the dashed purple
line roughly indicates the ionization threshold. (Fig4.5b) shows three on-shot
laser contrast measurements with full ampli cation in the &ser chain.) It is im-
mediately obvious that the simulation and the model only a@unt for the main
high intensity part of the whole interaction and that densiy related e ects might
not be modeled correctly.

In the analytical model one can change the initial target desity to account for
this pre-expansion in the laser pedestal; for the VPIC simui@ns this is much
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T

Figure 4.7: a) Results of a parametric scan of the analyticahodel for the BOA
acceleration with di erent initial densities n3; maximum C®*ion energies for dif-
ferent thicknesses are displayed as red stars, as shown ig.H.6; b) Allometric

t of the slopes from a) (see text for details).

more time consuming and has not been done yet. Fig.6a) shows the maximum
energy vs. the target thickness for the optimum Trident pamaeters yielding the
highest intensity (see Fig4.4) for di erent values of the initial target density nJ.
With densities from n§ = 820 (\cold" target) to nY = 320 (strongly expanded
target) the model shows an optimum thickness ranging from @®m to approx-
imately 350 nm, which is in remarkably good agreement with #experimental
data. Fig. 4.6 b) shows the maximum energies obtained from the VPIC simu-
lations for an initial target density of 660 with an optimum thickness between
60 nm and 120 nm.

One can still use the analytical model as a guide for the optummn target thickness
(always keeping in mind that the laser contrast reduces thaitial target density
to a typically unknown value below the density of the cold taget). A parametric
scan has been used to optimize the analytical model for a manized acceleration
window t and to obtain a scaling for the optimum thickness in the BOA rgime.
Fig. 4.7 a) shows the result of the optimization, where the optimum tickness is
plotted vs. the 63:24 for di erent initial densities n3. For each density a linear
t has been done withy = mx; the slopes have been plotted over the density in
Fig. 4.7b) and tted with an allometric functionto m =9:84 1¢° 1=nJ. From
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the ts of the optimization follows that the optimum thickne ssd,: scales as

doulnm] 984 10 =15 W g %
0

no W n_8 . (41)

With an initial ng of 820 (420), which is (half) the originaln§ for DLC targets
with a density of 2.7 g/cm?, the formula gives ad,, of approximately 95nm
(186 nm) for average Trident parameters, which is in good aggment with the
experimental results. The red stars in Fig4.7 a) represent the maximum energies
measured for di erent target thicknesses at Trident as shawin Fig. 4.6 a).
The\optimum" condition for the BOA acceleration, as a consguence of this anal-
ysis of the optimum target thickness, is as follows:

1. Isochoric heating of the target in the laser pedestal witthe target turning
relativistically transparent right at the beginning of the main pulse

2. Subsequent expansion of the target aftér has to be slow enough so that
t, occurs close to the end of the main pulse, leadingtoa! 2

This could be achieved with an ultra-high intensity square gilse and a largely
reduced pedestal (below the ionization threshold), wheréhe target is heated
to the relativistic transparency within the rst cycle of the main laser pulse.
The subsequent expansion of the target could be \slowed" byradially rapidly
increasing density pro le.

4.2.2 The problem with the protons

Although the only atomic component of a pure diamond is carborthere are
typically a lot of protons accelerated during the accelerain from diamond tar-
gets (unless the target is heated). The protons mostly origate from surface
hydro-carbon contaminations, but can also come from the a@iof the target due
to contamination during the CVD or CAD process. In the followirg the accel-
eration of protons is investigated in more detail in order tdoetter understand
BOA acceleration from multi-species targets. Two importanquestion are how
the di erent species in uence each other during the laserlasma interaction and
whether there is a way to optimize BOA acceleration for a spec species. The
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Figure 4.8: Thickness scan for protons (blue stars) measdraith the IWASP
covering an angle of 22in the direction parallel (light blue, marked as \vertical")
and perpendicular (blue, marked as \horizontal") to the lasr polarization axis
with a solid angle of 0:1msr. The solid lines are predictions by the analytical
model for di erent combinations of the laser energy and fosuto account for
variations in the laser and the target alignment. The initid target density has
been adjusted to keep the optimum thickness at 200 nm (see tdgr details).

rst one will now be investigated by comparing the proton maimum energies
with the predictions of the analytical model and with the cabon maximum en-
ergies.

Fig. 4.8 shows the proton maximum energies for the same shots showrig. 4.4.

The overall energies of up to 70 MeV are not as high as predidtby the model
using the same laser uctuations. It is furthermore intereing to note that the

scatter for the protons is much less than for the carbon ionsThe discrepancy
between the maximum proton energies predicted by the modeh@ measured
in the experiment can be explained by the so-calleskelf-cleaning of the target
(see Chap2.3 and Ref. R§g)). In the time before the target turns relativistically
transparent, it undergoes a phase of strong volumetric heag. All electrons are
subsequently heated by the laser ponderomotive force and 8p a sheath eld on

the front and the back side of the target (similar to the TNSA mehanism). The
sheath elds are strong enough to accelerate the low inertj@@otons throughout
the whole target, resulting in an evacuation of the protonsud of the target before
the main BOA acceleration takes place.
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a) b) Initial Target

co+
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Figure 4.9: a) Snapshot of a 2D VPIC simulation showing the alron (black

solid line), carbon C* (red solid line) and proton (blue solid line) density during
the BOA acceleration. The depletion of protons in the targets caused by self-
cleaning of the target due to the high charge to mass ratio andw inertia of

protons. The self cleaning is sketched in b) and results in drent acceleration

dynamics for the protons (see tect for details).

Fig. 4.9 a) is a snapshot of a VPIC simulation for Trident parameters am a
30nm thick diamond target; the snapshot shows the electromarbon C*and
proton density at a time of 114.6fs, which is right after the drget turned rela-
tivistically transparent in the simulation (with a FWHM puls e duration of 550 fs).
At this time frame all target protons are located at the very font and end of the
target, while the majority of the electrons is located at thecore of the target
where the much heavier carbon ions are; this is schematigatlepicted in Fig. 4.9
b). The self-cleaning e ect is further enhanced by the iniél low proton bulk
concentration in DLC (< 10%) and diamond targets. Hence, the acceleration of
protons does most likely not follow the same dynamics as tharbon ions do.

In order to more accurately calculate proton accelerationithh a PIC simulation,
the initial target conditions - given by the laser contrast need to be known more
precisely. Preliminary PIC studies by H. Wu have shown, thattie initial proton
distribution in the target can signi cantly e ect the nal p roton energies as well
as the spectral shape of the proton beam. For instance, if poms are populated
dominantly in the bulk, they eventually gain more energy ashtey are more likely
e ected by the main BOA acceleration. In order to increase t energy of the
protons in a real experiment, one could hence think about

signi cantly increasing the laser contrast to reduce the $ecleaning.

signi cantly increasing the proton bulk concentration or se a pure hydro-
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gen target.

In Sect. 4.2.3the latter case is discussed in more detail; there, a GHarget has
been used to successfully increase proton energies by adacf 2.

4.2.3 E cient acceleration of ions with Z > 1

Laser-driven ion acceleration in the TNSA regime dominantlgiccelerates protons;
they are accelerated most e cient in the quasi sheath eld de to their high charge
to mass ratio and their low inertia, and consequently screg¢he accelerating eld
to heavier ions. Prior target cleaning with cw-laser heatiy resistive heating or
ion gun etching has successfully been used to acceleratesiovith Z> 1 more
e ciently (this procedure is similar to the self-cleaning n the BOA). However,
energies for carbon ions still only reach 5MeV per nucleon 7, 20, 21]. The
highest carbon energies shown in Fig.4and Fig. 4.2are about 600 MeV (50 MeV
per nucleon), i.e., one order of magnitude higher than preadsly reported from
ion acceleration in the TNSA regime. In order to quantify thisthe per nucleon
energy ratio of the carbon €"ions to the protons is plotted against the thickness
in Fig. 4.1Q_This also corresponds to a direct comparison of the parteclelocities
Vi, asv; = 2E,=Zm, and m; = Zm,, whereZ is the mass number andn; the
mass of the ion. The gure shows, that the carbon velocitiespproach and also
exceed the proton velocities towards the optimum thicknes®r increasing target
thickness the ratio falls down to 0.1.

If one considers that acceleration of ions in the TNSA regims due to a virtual
cathode, one can calculate the maximum possible velocityti@a The velocity of
the particle is given by Lorentz equation in the non-relatiistic case as

dv
mia = gEs (4.2)

where Eq is the sheath eld set up by the hot electronsEs kg Th=€ pen [7]),
which is assumed to be slowly varying in space and time on thease of the laser
frequency. The velocity ratio for carbon € ions to protons is hencev.=v, =
mp=mcq, = 0:5, provided that both species are accelerated over the same
in this eld and neglecting screening of the eld by the protms. All data points
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Figure 4.10: Ratios of the per nucleon energy for carbon andopon maximum
energies. The ratio goes up to 1.1 at the optimum thickness here carbon ions
have a slightly higher velocity than the protons. The theortcal limit in a TNSA
dominated acceleration by a virtual cathode is 0.5 and the ginest experimentally
measured value for TNSA is 0.2.

between 30 nm and 1 m are above this theoretical upper limit of 0.5. For thick-
ness from 1 mto 5 m the ratio stays at 0.5 and then drops below. The highest
so far reported ratio from TNSA acceleration is 0.27]. In other words, in the
BOA regime, acceleration of heavier ions is strongly enhastt over the TNSA
regime.

This is explained by the fact that in the BOA regime accelerabn of ions occurs
along the whole ionized target and the accelerating eld meg with the maxi-
mum of the charge distribution, usually provided by the highst charged species.
In TNSA, on the other hand, acceleration only occurs at the taeg surface. In
combination with the previously introduced self-cleaning eld screening by pro-
tons is less likely to hinder acceleration of heavier ions.h€ consequences of this
volumetric acceleration are discussed in more detail in $ed.2.5

The answer to the question why the highest ratio is close to erat the optimum
thickness is not obvious, since protons and carbons shoulastly experience dif-
ferent acceleration dynamics due to the self-cleaning, doat there should be no
correlation between their nal velocities. A very simple wg to look at this could
be that the protons are still accelerated rst and consequély always run ahead
of heavier ions. In case the carbon distribution with its coroving electric eld
is catching up with them, they would be further acceleratedrad end up with at
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Figure 4.11: a) Snapshot of BOA acceleration in a 3D VPIC simation, where the
white line indicates the laser polarization axis and the wte circles positions of
TP-spectrometers in the TP-setup. The IWASP analyzed the pércle beam along
and perpendicular to the polarization axis. b) Typical TP-pectra measured on-
and o -axis exhibiting signi cantly di erent high energy c uto s.

least the same velocity as the carbons. However, some shotgsehalready shown
carbon to proton velocity ratios exceeding 1 (although onlglightly); further
research will be necessary to answer this question.

4.2.4 Angular energy dependency

This section is devoted to the complex angular structure ohe particle beams
obtained from the BOA acceleration due to 2D and 3D e ects. Qwsidering an
application like the hadron cancer therapy, it can be necemy to guide the beam
away from the target by, for instance, collimating and/or fausing the particle
beam. This requires detailed knowledge about the beam in taes of its divergence
and the angular ion energy dependency. As an example, in Ref6f] a set of
quadrupole lenses is used to focus a laser-driven ion beatre tnitial divergence
of the beam sets the parameters for the quadrupole lenses aaldo limits the
throughput of particles and the needed particle ux.

A snapshot of a carbon € beam from a 3D VPIC simulation for Trident similar
parameters (with a shorter = 312fs to reduce computing time) is shown in the
left frame of Fig 4.11 The snapshot shows iso-energy surfaces of carboti iGns
with energies between 400 MeV and 700 MeV (see color bar of tlgeire) and
the laser electric eld in the center; the time of the snapshas t = t, for this
simulation, i.e., at the end of the main acceleration phasd 8OA. The parti-
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cles are gathered almost symmetrically around the laser inrang-like structure,
but the azimuthal symmetry is broken for these highest eneigs along the solid
white line that indicates the polarization direction of theLP laser pulse of the
simulation. The azimuthal symmetry is not broken for the lowenergy particles
with < 400 MeV (compare Fig.4.14). The laser spot itself shows a depletion of
high-energy particles above 400 MeV in the center.

This depletion of high energy particles on the laser axis hdmeen con rmed by
the measurements conducted in the framework of this thesisst with TP mea-
surements and later with the iWASP. Fig4.11b) shows carbon €' energy spectra
measured by TP-spectrometers positioned on-axis and o -&x8 parallel to the
polarization axis (as marked in Fig4.11 a)); the white circles indicate all posi-
tions, where in earlier campaigns TP-spectrometers measdrthe particle beam
(typically at 0 and at 8 and 21 in the horizontal and vertical plane with re-
spect to the laser polarization axis). The spectra typicallshow signi cantly lower
maximum energies measured on-axis (red solid line) than axis (blue solid line),
which agrees qualitatively with the 3D simulation.

Analyzing such a complex beam structure with common TPs is hawer di cult
and can also be very inaccurate due to the small acceptanceg@nof these spec-
trometers. The following more accurate investigation of # angular beam struc-
ture has become possible by the novel ion wide angle spectetar (IWASP) [157]
that has been designed and build in the framework of this thiss The solid white
line that indicates the laser polarization axis marks the ine of the particle beam,
that has been analyzed by this wide angle spectrometer. Indar to investigate
the azimuthal symmetry of the beam, the plane perpendiculdo the polarization
direction has also been analyzed with the iIWASP.

In Fig 4.12 maximum energies have been extracted from the angularly obged
energy spectra for thicknesses from 30 nm up to 2B; the plots show the max-
imum energy measured on-axis (blue circles) and the overatlaximum energy
measured in the whole angularly resolved spectra betweendhd 22.5 (red tri-
angles) for carbon ions (left frame) as well as protons (rigframe). The mea-
surements revealed that carbon € maximum ion energies are emitted o -axis
in the optimum BOA thickness range around 200 nm. In this thikness range,
the energies measured on-axis are typically much lower. Fargets exceeding
1 m, where the acceleration starts to be dominated by the TNSA rokanism,
maximum energies are emitted on the laser axis at 0 This general angular
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Figure 4.12: Overall maximum energies (red triangles) andito energies seen
on-axis at 0 (blue circles) for carbon ¢*ions a) and protons b). For protons
maximum energies are emitted on-axis regardless of the tatghickness, whereas
maximum carbon ion energies are emitted o -axis in the BOA gime ( 1 m)
and on-axis in the TNSA regime ¥ 1 m).

dependency of the maximum energies is in good agreement witle previous TP
measurements and the 3D VPIC simulation.

At the same time maximum proton energies are always found @&t normal at
0 regardless of the target thickness, as depicted in the rigitame of Fig 4.12
This is most likely caused by the previously discussed seléaning of the target
in the BOA acceleration, which causes the protons to expeniee di erent acceler-
ation dynamics as they leave the target prior to the arrival bthe peak pulse (see
Sect.4.2.1and Fig4.9). This angular dependency also shows that measurements
of maximum ion energies with conventional TPs can give mislding results by
not picking the \optimum" angle and that the maximum ion enegy measured
might not be the overall maximum ion energy achieved in the faraction.

In order to further understand this dependency, the partid emission over the
whole angle of the planes in the polarization direction andgopendicular to it are
analyzed in more detail. Figd.13shows the measured integrated particle numbers
n; for di erent target thicknesses in the polarization plane bthe laser; Fig4.13
a) shows the results for carbon € ions and Fig4.13b) for protons. It should be
noted that results for the measurements perpendicular to élaser polarization
axis are very similar (data not shown); the symmetry break ga in the simu-
lations, only occurs at the highest energies and is, if pregen the experiment,
washed out by the integration in this gure. The plots are shan for angles from
-22.5 to +22.5 , where the negative angles are the mirrored image of the posi
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Figure 4.13: Integrated particle numbers against the angli®r di erent target

thicknesses for carbon ions a) and protons b) (particle nurebs are in PSL for
protons). Typical angular distributions are shown for sulsptimal BOA targets
at 45nm (yellow squares) and 100nm (green circles), a optimuBOA target
at 190nm (blue stars) and a target for pure TNSA interaction at25 m (red
triangles.)

tive angle region, which corresponds to the actual measurents of the IWASP.
The thicknesses of 55nm, 190nm correspond to interactionfbee and at the
optimum target thickness for BOA, the 600 nm are right at the tunover from the
BOA to TNSA regime and the thickness of 25m corresponds to a purely TNSA
dominated interaction. The area under the curves of the dieent thicknesses
indicates the conversion e ciency of laser light into ionsthis will be discussed
in more detail in the next section.

For the 25 m case (red line with triangles), the typical TNSA distribution can
be seen, which is Gaussian-like and peaking at the target noal at 0 [163.
Here, the opening angle is twice as large for protons as for tb@&bon ions, which
supports that ion acceleration Z > 1) is suppressed and very ine cient in the
TNSA regime. For the 600 nm case, the opening angles are almegqual for the
carbon and the proton beam; in particular, at about 10 wings start to develop,
with most particles still being emitted target normal at 0 . The wings are even
more pronounced at the optimum BOA thickness in the 190 nm caswhere now
the particle ux of the carbons exceeds the ux on-axis; for ptons, the particle
ux is still maximal at 0 , which is in agreement with the prior discussed angular
dependency of the maximum energies. For the 55nm case, agxion is again
less e cient, as the target turns classically underdense li@re the laser peak hits
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Pol. Axis

Figure 4.14: a) - d) 3D VPIC simulation results of the BOA at timet = 180:9fs
during the relativistic transparency. Panel a) show& and depicts regions over
which the data are averaged in panels bx(=6 7 m), c) (8 9 m), and d)
(9 11 m); bl) to d1) show averages ofi. and in b2) to d2) is E; displayed.
e) and f ) showsn, from 2D hydromodeling without and with electrostatic force
from the ions on the expelled electrons, respectively (shovafter 3fs) (Figure
and caption from Ref. [L64).

the target; 2D-PIC simulations (data not shown) and the anaftical model give a
t, (n'=1) of 500fs and 530fs, respectively, for Trident paranters with a FWHM
pulse duration of 550fs and an initial densityn§ of 820.

In order to explain the wings visible at 10 in the optimal BOA target thickness
range, the motion of a single electron in a tightly focused ladivistic laser needs
to be recalled (see Cha.1.1). The electron is expelled from the laser focus due
to the ponderomotive force of the LP laser pulse, where the gle with respect
to the laser axis is given as

_ B _ 2
tan?( ) = o o1 (4.3)

with § = Epong=cand the longitudinal momentums, = £ =(2mcc); =1+ a®=2

denotes the Lorentz factor for a single electron in units ohe normalized laser
amplitude. This gives a maximum angle of 7 for a single electron at an
ay 16 for Trident.

In a real laser-plasma interaction, the collective expulsn of electrons from the
laser focus eventually results in an enhanced transverseceleration of the ions,
which could cause the generation of wings in the particle b@a This theory is

justi ed by the 3D simulation shown in Fig 4.11 In particular, Fig. 4.14 shows
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electron densities (upper panelbl to d1) and carbon ion kinetic energies (lower
panelsbl to d1) in the plane perpendicular to the laser propagation dir¢ion x
at 3 di erent distances to the original target position. Theleft most frame shows
a cut in the x-y plane of the 3D simulation shown above; the 3 dirent positions
for the electron densities and ion energies are correspargly marked asb, ¢ and
d. The band c panels show a ring structure with a clear azimuthal symmetrpf
the beam with an opening angle of about 15 the electron density plots have an
area of strong depletion in the center, which cause the ionengies to peak at the
edge of the ring structure. In other words, ion acceleratiois enhanced along the
electron ejection trajectories in the simulation, which isn good agreement with
experimental results.

Moreover, for the paneld2, which represents the most energetic carbon ions, the
azimuthal symmetry is broken and ions are piled up perpenditar to the laser po-
larization axis. This is caused by a symmetry brake in the raal ponderomotive
force that leads to a pile up of electrons perpendicular to éhpolarization axis. A
complete analytical derivation with the full 3D dynamics ofthe BOA acceleration
is beyond the scope of this section. Yingt al. [164 published a 2D analytical
theory for this generation ofion lobes where the perpendicular momentunyg,
of the electrons by the secular (non-oscillatory) part of th ponderomotive force
shows am = 2 variation with cos(2 ). This variation leads to the symmetry
break perpendicular to the laser polarization axis, as obsed in the simulation
(panelsdl andd2). For the panelsb and c, which show slower ions, the symmetry
break is canceled by the electrostatic force of the ion backgind overcoming the
electron ponderomotive motion.

The e ect of the electrostatic force by the ion background i8lustrated in the pan-
else and f , which show the electron densities from a 2D hydromodelingitvout
and with the electrostatic forces, respectively. Paned shows a clear symmetry
break for the modeling without electrostatic forces, whilé shows an almost az-
imuthally symmetric electron distribution.

The formation of electron and ion lobes and the azimuthal symetry of the par-
ticle beam with the depletion on the laser axis is a key signate of the BOA
acceleration. As shown in the experimental data, the ion disbutions are sig-
ni cantly di erent for TNSA dominated acceleration, which show the typical
Gaussian like distribution peaked on the laser axis. It shdéai further be noted
that experimental evidence for the azimuthal symmetry brdafor the higher en-
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ergies is complicated and challenging and not possible withe iIWASP, since it

can only be used to analyze either of both planes at the sameng. However,
rst analysis of the measurements perpendicular and pareall to the laser polar-
ization indicate such a symmetry break (data not shown); merdata is needed
to improve the statistics for a more conclusive result.

4.2.5 Conversion e ciency

The conversion e ciency (CE) of laser light into ions - mediged by the plasma
electrons - is an important parameter for the acceleration echanism. Every
application using these laser-driven ion beams, has a specequirement in terms
of how many particles are needed at a speci c energy. The hadrcancer therapy,
for instance, requires about 10particles [L69 at the respective energy in a small
bandwidth. With a known CE for a specic acceleration mechasm, one can
derive the necessary laser parameters for each of the apgtions (provided the
acceleration mechanism delivers the necessary ion enespie

In order to derive a correct and absolute CE, a full spectraldam pro le (with
all energies and full solid angle) would be necessary. Thiggwever, is typically
not possible as

ion spectrometers typically have a low and high energy detan limit,
mostly due to the detector material.

ion spectrometers typically have a limited acceptance arglso that a full
beam pro le cannot be measured in a single shot.

multi species targets complicate these measurements eventher, by de-
manding charge to mass separation in the ion spectrometer.

Most CE measurements, that have been publishe@Z, 87] for multi species tar-
gets, have used TP data as basis for the CE-estimates; thesirmates have
inherently large uncertainties with regards to the ion beanpro le, due to the
very low acceptance angle of TP spectrometers.

Here, the CE is estimated using the iIWASP with its order of maghide larger
solid angle, utilizing the previously discussed azimuthalymmetry of the particle
beam. The afore mentioned symmetry break at high energiesnisgligible for the
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Laser lon beam IWASP
i E acceptance window

Target lon beam front view

Figure 4.15: Estimating the conversion e ciency from the masurements: the
conversion e ciency is calculated for the solid angle capted by the iWASP,
where measurements have been done parallel and perpendicub the polariza-
tion axis. The conversion e ciency is then \rotated" by 360 assuming azimuthal
symmetry of the beam (see text for details).

CE calculation, due the low number of particles at these ergies (see Fig4.2
and Fig. 4.11b). The low-energy cuto of the IWASP is 33MeV and 11 MeV for
carbon C*ions and protons, respectively, due to a 32m Al lter in front of a
1 mm CR39 and the IP (see Chag.4 for details). Its acceptance angle goes from
-2.5 to 225 , where O is the laser axis and target normal; measurements were
done perpendicular and parallel to the laser polarizationxés (see Fig4.11a).
A caveat of the iIWASP is, that it cannot resolve di erent carba charge states in
an evaluable way, unlike a TP-spectrometer. This will leadotan an overestimate
of the CE for carbon ions, when the lower charge states are mated as G* and
erroneously attributed with higher particle energies. Mesaurements in the earlier
campaigns at Trident - where TPs have been used to measure theam with full
charge to mass separation - have shown that the target is tygally fully ionized
for thicknesses in the BOA regime, when the target is relatistically transparent
during the interaction. Here, G* and H' are the only species present, which are
well resolved by the IWASP. For thicker targets withd > 700 nm (for Trident
parameters), where the target does not turn relativisticdy transparent anymore
and TNSA is predominant, population of lower carbon charge ates is increased,
leading to the previously mentioned overestimate of the CEoff carbon ions.

In order to estimate the CE, the experimental data between tangle from O
to 22.5 are taken into account (neglecting the angles from & to 0 ). The
CE is rst calculated for the measured solid angle of the iWASRnd than \ro-
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Figure 4.16: Conversion e ciencies for a) carbon € (absolute) and b) protons
(in arb. u.) for thickness from 30 nm to 25 m. The conversion e ciency peaks
for both species at the optimum BOA thicknessl,,: = 200 nm, with almost 7%
for C®* and a 5-fold increase for protons as compared with thicknesslarger than
Imum.

tated" by 360 , assuming azimuthal symmetry of the ion beam (see Fig.15.
The estimates of the CE are hence given for carborfCions above 33 MeV and
protons above 11 MeV into a cone with a half angle of 22.5Since carbon ions
are measured on nuclear track detectors, the CEs are givenahsolute numbers;
for protons that are measured with IPs, the numbers are in aitpary units, as an
absolute IP calibration for this setup is missing. In Fig4.16the CE is plotted for
target thicknesses from 30 nm up to 25m for carbon C°*ions in the left frame
and for protons in the right frame. The plot has a linear thickess scale from
50nm to 700 nm, where acceleration happens in the BOA regimadalog-scale
for thickness> 700 nm, where the acceleration turns into the TNSA regime. For
both species the CE peaks at a thickness of 200 nm, which iscatee optimum
target thickness for maximum ion energies; for thinner andhicker targets the
CE rapidly decreases. The peak carbon CE reaches up to 7% aethptimum
thickness. At a thickness of 25m the acceleration is purely TNSA and e cient
acceleration of carbon ions has nearly ceased. The proton Gibwever, stays
almost constant for thicknesses exceeding 1 micron (at a gtex of its peak CE),
which agrees well with the fact that TNSA predominantly accerates protons.
In summary, the CE increases by factor of about 11 and 5 for d#on ions and
protons, respectively, comparing the 200 nm optimum BOA tlckness with the
25 m, where acceleration is purely TNSA for the Trident paramets.
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Figure 4.17: Thickness dependency of the average particleesgy for carbon
C®*a) and protons b) for thicknesses ranging from 30 nm up to 2. The low
energy detection limit for the carbons is 33MeV and 11 MeV fathe protons.
The peak at 200 nm corresponds to the optimum BOA target thigkess for Tri-
dent parameters. The error for the mean ion energy is expedtéo be close to
the instrument's energy resolution (6% for protons and 10%ef carbon ions at
50 MeV/amu).

In order to further investigate the CE and to determine the case for the increase
in e ciency at the optimum BOA target thickness, the number of accelerated
particles and the average particle energies are analyzed. Hig. 4.17the average
energies of the measured iIWASP spectra for carbo'Gons a) and protons b) are
shown for the same thickness range. Note, that the average ggies are calculated
for energies above the detection threshold for each of theegpes (33MeV and
11 MeV for C°* and H"). The average C" particle energies range from 50 MeV in
the TNSA (1-25 m)to 67MeV ( 1 m)inthe BOA regime, which corresponds
to only small increase by a factor of 1:3. The same factor of B can be seen
for the proton average energies, which go from 13 MeV to 17 M&t the same
thicknesses. Moreover, the average particle energies areljoth species more ore
less independent of the target thickness witd > 1 m .

It is worth noting that at the same time the maximum energiesricrease from
60 Mev to 650 MeV (factor of 11) and from 40 Mev to 75 MeV (factoof 1.9) for
C®*and protons, respectively. The in uence of the maximum engies on the
average energy and hence the CE is marginal since the pasiclumbers at the
high energy tail (i.e., at the maximum energy) of the spectrare typically 2 to
4 orders of magnitude lower, but energies are only up to oneder of magnitude
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Figure 4.18: Thickness dependency of particle numbers faarbon C°*a) and

protons b) for thicknesses ranging from 30 nm up to 25n. The peak at 200 nm
corresponds to the optimum BOA target thickness for Tridenfparameters. For
thicknesses> 1$ m acceleration turns over to TNSA. Note that particle numbers
for protons are given in PSL due to missing absolute calibrian of the IP.

higher.
Fig. 4.18shows the measured particle numbers for carborfGons a) and protons
b), where particle numbers for protons are given in photo-shulated luminescence
(PSL) and absolute for carbon. The plots show the same quadtive thickness
dependency as the CE in Fig4.16 with a peak at 200 nm. At the peak 5 104
carbon particles above 33 MeV have been accelerated; thisregponds to 70%
of the carbon ions contained within a 3.5m focal volume of a 200 nm target
irradiated by the laser, but drops rapidly below 1% for targes exceeding 1 m
as depicted in Fig.4.18 c). As with the CE, carbon particle numbers rapidly
decrease for the micron-thick targets, while the proton nubrers are almost con-
stant for these thicknesses. Comparing the values for 200 (BOA regime) and
25 m (purely TNSA regime) the carbon CG*and proton particle numbers in-
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C® 200nm | H* 200nm | C® 25 m H* 25 m C® Ratio | H* Ratio
Particles 5ell 5e10 (PSL) 4e10 1lel0 (PSL) 12.5 5
Avg. E 65MeV 17MeV 50MeV 13MeV 13 1.3
Max. E 650MeV 75MeV 60MeV 40MeV 10.8 1.9
CE 7% 0.25 (arb. u.) 0.6% 0.05 (arb. u.) 10.6 5

Table 4.1: Comparison of particle numbers, average and mexim energies and
conversion e ciency. Values have been picked at 200nm (BOA)na 25 m
(TNSA) for carbon C® and protons; the ratios in the two columns to the right
of the table are calculated by value-BOA/value-TNSA.

creases by factor of about 12 and 5, respectively.

This indicates, that the observed 12-fold and 5-fold incrsa in CE between the
200nm and the 25 m targets is dominated by an increase in accelerated par-
ticles in the relativistic transparency. In the BOA regime he whole volume of
the irradiated target interacts with the laser due to the redtivistic transparency,
while for TNSA mainly surface hydro-contaminants are a ectd by the accelera-
tion (see Fig.4.18c)). Hence, proton particle numbers and average ion energies
are almost constant beyond 1m and independent of the target thickness. The
diverging behavior of protons and carbons in the micron-tget range (where the
proton acceleration is enhanced) is in agreement with the ¢lory; TNSA prefer-
ably accelerates protons, while BOA e ciently couples lageenergy into all target
ions. Moreover, considering that the CE is increased by adeeating more par-
ticles, the reduced proton bulk concentration and the setfleaning in the BOA
explain the factor of 2 lower increase in CE for the protons ithe BOA regime.
In order to approximate absolute CE for protons, one can uséé proton-IP cal-
ibrations published in Ref. L48 and Ref. 149 (both for a di erent set of IP and
scanner type). The calibrations give an IP sensitivity of @1 and 0.08 PSL/proton
in the more or less constant tail curve far behind the Bragggak, which gives a
peak CE for protons at 200nm of 1.5 to 12% (and 0.5 to 3% for teets in the
micron thickness range). This approximation is in agreemenvith the typical
CE of about 1% for protons in TNSA [L6, 17] and the here measured relative in-
crease of a factor of 5. In total, this gives a CE exceeding 1q%s 8J of the laser
energy) into carbon ions and protons above the low energy éetion threshold
at the optimum target thickness.

All values presented beforehand are summarized in Tad.1
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An analytical model for the conversion e ciency
In order to develop a qualitative model for the CE scaling, VRT simulation re-
sults are analyzed and combined with the BOA analytical modleThe CE model
is restricted to ion acceleration in the BOA regime, when théarget turns rel-
ativistically transparent during the interaction. The model is furthermore only
valid for the dominant ion species, which is e ected by the BA process; in the
case of DLC and Diamond, the protons experience di erent agleration dynam-
ics due to the self-cleaning.
As derived in Chap.2.3.3acceleration in the BOA regime occurs during the rel-
ativistic transparency of the target between the time ¢ (when n% 1) and the
time t,, when the target turns classically underdense with® 1 andn% 1.
t, is calculated via a 1D expansion of the target (see EZ.43 and t, (see Eq.2.46
is derived from a 3D isospheric expansion in the relativistlly transparent phase.
For the calculation of the CE in the BOA phase, one can make thghenomeno-
logical ansatz that
140 t
CE=ke = sin® — dt= ke E;; (4.4)
ty

wherek, is the fraction of the delivered laser energi: betweent; and t, that
is mediated to the ions. Energy transfer beforé; and after t, is neglected.
The fraction ke of the laser energy that is transfered to the ions, is caluladl
heuristically based on two characteristic features of the @A acceleration

1. the optimum acceleration occurs when thet = t, t; is maximal and
overlaps with the peak of the pulse

2. the energy transfer rate peaks at; and then drops steadily towardg,, as
seen in the VPIC simulations (see Figd.19

The rst feature has been illustrated in the previous sectios and discussed in
detail in Chap. 2.3.3 In order to illustrate the second feature, the energy trarier
rate is analyzed from 2D-PIC simulations with parameters oke to the Trident
laser as depicted in Fig4.19 The plot shows the energy gain (black circles) and
its derivative, the energy transfer rate (orange trianglgs for a 120 nm target.
Most of the energy transfer occurs during the relativistic ransparency, which
is between 550fs and 990fs (grayed area; the analytical mbdeses 450fs and
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Figure 4.19: Time dependent CE as obtained from 2D-VPIC simation for a
120 nm target, with the conversion e ciency overt (black circles) anddCE=dt
over t (orange triangles). The grayed area (550fs to 990fs) indtea the time
of relativistic transparency during the simulation. The snulation domain is
20 m 25 m in the (x;z) plane, the laser pulse has a time-varying intensity
I (t) = lpsind(t= ) with I, =2:0 10°°W/cm? and =2 is the FWHM (500fs,

=1054 nm) and propagates along. The laser pulse is Gaussian-shaped with
best focus at the target surface withEy, E,  exp( z?=w?) with w = 6:8 m.
The targets (C** with 5% protons in number density) are of solid densitil = 821
(2.8 g/cm?) with a step-function density pro le at the beginning of thesimulation.
The cell sizeis x=0:3 ¢ (0.3 nm)and z=1:7 3; 500 electrons per cell are
used (Te = 18keV and T; = 10 eV for carbon ions and protons, initially). (Figure
and caption adapted from Junget. al. [169)

990fs, respectively, for these parameters). The energy nisfer rate peaks at {
(n%= 1) and then decreases towards {(n%= 1) so that the energy transfer
seems to be connected to the 3D isospheric expansion of thaspha, transferring
more energy the higher the electron density, i.e, couplingergy to more particles.
The coe cient ke is hence given as
1 21,
Kett = ——— ky k, dt; 4.5
eff (t2 tl) " VAN ( )
whereky =[(t,  t)=(t, t1)]**® connects the energy transfer rate with the 3D
plasma expansion of the target betweenn and t, with ky (t;) =1 and ky (t;) = 0.
The factork, = sin’(t = ) accounts for the in uence of the laser pulse intensity
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Figure 4.20: Thickness scaling of the CE as obtained from tke&periment with ion
energies greater than 33MeV (red stars) in comparison wittD2PIC simulation
(green triangles withE 33 MeV) and the model using an initial normalized critical
density of 820 (gray solid line) and 580 (gray dashed line) scount for expansion
of the target under the laser pedestal. Note, that the model $es its applicability
in the TNSA dominated regime @ > 700nm for Trident parameters). (Figure
and caption adapted from Junget. al. [164)

on the CE, i.e., optimum energy transfer occurs whent overlaps with the peak
of the laser pulse; = 0:5 is the estimated absorption coe cient of laser energy
into target electrons [LO7 that mediate the energy to the ions.

The CE has additionally been extracted from 2D-VPIC simulatins for targets of
5nm, 27 nm, 58 nm, 120 nm, 240 nm and 500 nm thickness (see acapbdf Fig.4.19
for simulation parameters). Fig.4.16shows the CE (gray solid line) calculated by
the model for the average Trident parameters with an initiaensity of n; = 820.
The model shows a CE scaling peaking at®x6 at a thickness of 120 nm, which
is in good agreement with the PIC results (green solid line thi triangles for
carbon C* with energies of>33 MeV). With a reduced initial target density of
nY = 580 - to account for the pre-expansion beforg { as discussed in the previous
sections (see Fig4.6) - the peak shifts up to 200 nm, in good agreement with the
experimental data. Accordingly, the optimum target thicknes is slightly lower
in the VPIC results, as the simulations do not accurately acemt for the pre-
expansion of the target due to the slower than sfrrise of the real laser pulse. In
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addition, the size of the simulation box was chosen to yieldoptmum resolution

in the BOA regime, but was too small to accurately model acaslation in the

TNSA-regime for thicker targets.

It should be noted that this simple heuristic model also clety reproduces the
experimental data presented by Steinkegt al. [88], where a di erent set of laser
and target parameters was used. The model furthermore ime$ that the CE
can be optimized by reducing the rate of plasma expansion dog its phase of
relativistic transparency. This is in close relation to theresults of Sect.4.2.1;

a reduced rate of density decrease will result in a latdp and increase t -

the overall duration of the acceleration - which eventuallyesults in higher ion
energies and CE.

4.2.6 Energy scaling

In the previous sections, thickness scalings and optimizah methods for a given
set of laser parameters, the Trident laser, have been dissad in detail. To
complete this discussion and to give a full overview of the gabilities of the
BOA acceleration mechanism, the energy scaling is now intigated, i.e., the
dependency on the pulse duration and the laser energy. A preiive scaling is
necessary in order to design optimized laser systems for dpations and future
research that have speci ¢ requirements in terms of ion ergges (and e ciency).
For TNSA, scalings have been proposed purely depending on tledr intensity
(see Chap.2.3.1), whereEnax /| Th/ ag/ pﬁ [81, 82 85. However, these
scalings are rather doubtful and do not agree very well withxperimental data
from di erent laser systems (Ti:Sapphire and Nd:Glass). Fathe RPA mechanism
the scaling can be derived aB. / ( L1.)? from the non-relativistic analytical
theory (see Chap.2.3.2, however no experiments in the valid regime (1D, >
10°2W/cm ?) are possible with current lasers.

In the BOA analytical model, the maximum energy depends on thresponse
of the (non-relativistic) ions to the electrostatic eld, i.e., to the characteristic
electron energyE, and the duration t of the relativistic transparency of the
target as

Emax = (2 +1)GEo (1+1p(t; t)Z7  1); (4.6)

which has been explained in detail in Chap2.3.3and Ref. [L0§. In Fig. 4.21
the maximum energy is plotted against the laser Energi, for typical pulse
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Figure 4.21: a) Pulse duration dependency of the BOA mecham. Green, blue
and light blue solid lines represent typical Ti:Sa pulse dations with 15fs to
45fs; the remaining lines correspond to Glass laser systewigh pulse durations
> 100fs. The yellow stars are experimental results from Tridg the green star
marked with \Yin11" is the result of a 2D VPIC simulation with Tr ident param-
eters [L0OG. The red star is obtained at Trident with a pulse duration of1.5 ps.
The blue star represents experimental results obtained abé¢ MBI in Berlin [87).
b) zoomed in view of the brown rectangle in a) showing laser engies accessible
with Trident

durations of Ti:Sapphire lasers ( =15fs to 45fs) and (mixed-)Glass laser systems
( =200fs to 2ps). The yellow line with =500fs corresponds to the Trident
laser. Overlaid are data points from experiments at Tridenwith di erent laser
energies (yellow stars) and longer pulse duration (red stactorresponding to the
red solid line) and from the Max Born Institute (MBI) using a Ti:Sapphire laser
at 45fs (blue star, corresponding to the blue solid line). Tégndata point marked
as Yinll in Fig.4.21b) (green star) is from a 2D VPIC simulation with Trident
parameters as published in Refl1pg.

In order to derive the energy scaling for the BOA mechanism,@arametric study
of the BOA analytical model is used, since t and E, in Eqg. 4.6 have a rather
complex dependency on the laser energy, spot size and pulseation. Fig. 4.22
a) shows the result of this study. It has been found thaE,x Scales in good
approximation as

s___
EL[J]

_— 4.7)
ro[em?] P[fs]
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Figure 4.22: a) Parametric scanqof the analytical BOA modebay circles) plot-

ted as maximum ion energy vs. E_=(r_ /). The black solid line is a linear
t of the parametric study with a slope of 0.2762. The red and le stars are ex-
perimental results for carbon €" and proton maximum energies. The data point
marked as \MBI" was obtained from measurements at the MBI in Brlin [87],
\Henig09" at Trident with double plasma mirrors [30], the remaining points rep-
resent data from the six campaigns elded at Trident (with opimal parameters
or an F/8 OAP or a longer pulse duration of 1.5ps). The points \Yinlla" and
\Yin11b" represent simulation results with Trident laser paameters using a F/3
and a F/1 OAP, respectively. The latter represents a plannedoflow-up exper-
iment at Trident to test the predictive capabilities of the nmodel and the sim-
ulations. b) zoomed in view of the brown rectangle in a) shomg parameters
accessible with Trident

wherer_ is the laser focus radius. The gray circles are maximum ion exgies
calculated for laser energies ranging from 0.2mJ up to 1 kJ dupulse durations
from 5fs up to 2 ps with a constant focal radius of 3.5m; the data points are
plotted vs. IL% 3. The black solid line indicatea a linear t of the data, which

gives for the maximum energies nax 0:2762 E_=(r. L1:3). Note, that the
simulation points deviating from the t have ana, 1 and are thus not fully in
the BOA regime.

The scaling shows a much larger dependency on the laser egditan on the
pulse duration, i.e., it is preferable to increase the las@nergy rather than re-
ducing the pulse duration. In this matter, the preferable Ilser system would
be a mixed-Glass laser like the \Texas Petawatt"167; the mixed glass allows
pulse durations of 150fs (magenta line in Figd.21), where the possibility of
making large ampli ers enables hundreds of Joules in the bmaas compared to
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Ti:Sapphire lasers. However, to optimze spectral shape aslivand obtain truly
monoenergetic ion beams, simulations indicate that short@ulses in combina-
tion with a short rise time are required, advocating laser sgems with both high
energy and high bandwidth/short pulses.

For validation of the derived scaling, experimental data i@dded to the para-
metric study shown in Fig.4.22 a); a zoomed-in view of the area of interest is
shown in Fig.4.22b) with a description for each data point. The red stars mark
carbon data and the blue stars proton data, where the rathergor agreement
of the proton data with the model can be explained by the BOA-a®ciated self-
cleaning of the target (see Chap4.2.3. The data point marked as \MBI" has
been measured at the Max Born Institute in Berlin, the remaimg data points
correspond to the Trident laser with varying laser paramets by using an F/8
OAP, double plasma mirrors or a longer pulse duration. Data pats from the
two di erent laser systems agree well with the analytical mdel in this parameter
space.

The data point marked as \Yinllb" is a prediction of a VPIC simuation also
presented in Ref. 10§. The data point represents a planned follow-up experi-
ment on Trident to test the scaling and the predictive capaltities of the VPIC
simulation with an F/1.5 and F1 OAP; the simulation is for Trident parameters
using a F/1 OAP with r_ 1.5 instead of a F/3 OAP with r. = 3:5 for the
point marked as \Yinlla". The VPIC simulation predicts a facta of two higher
maximum ion energies than the model. More experimental datancluding re-
sults from experiments of other laser systems working in thBOA regime, will
be necessary to verify or falsify the predictions of the andical model and the
VPIC simulation.

4.3 Optimizing BOA for maximum carbon and
proton energies

In the previous section a comprehensive set of experimentita has been used in
combination with VPIC simulations and the BOA analytical mockl, to investigate
and optimize acceleration in the BOA regime. It has been fodrin Sect.4.2.3that
self-cleaning of the target due to imperfect contrast is akiely cause for protons
not being e ciently accelerated; they leave the target befee the BOA acceleration
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Figure 4.23: a) Angularly resolved carbon € ions measured at Trident from a
heated target measured with the iIWASP. b) averaged spectrumetween 1 and
1.5 with a cuto energy exceeding 1 GeV.

starts, so that acceleration of carbon ions is enhanced. Bhunderstanding can
be applied to optimize both carbon acceleration as well asqgion acceleration.
For the case of boosting carbon acceleration, target heagirhas been employed
to remove proton contamination from the target. This ensure that the laser
interacts with an almost pure carbon target and that protongrom surface hydro-
carbon contaminations cannot interfere with the acceleratl carbon beam. In
the experiment, a green Coherent Verdi cw-laset§§ has been used to heat the
target; the laser has a wavelength of 532 nm and has been feiso a 100 m
spot overlapping the Trident laser focus. The carbon ion ergges from the heated
target exceeded 1 GeV, where the maximum ion energies withdwgating peak at
650 MeV (see Fig4.4). The carbon ions have been recorded with the iWASP; the
angularly resolved spectrum as obtained from the CR39 is st in Fig. 4.23a);
an averaged spectrum between &and 1.5 is shown in Fig.4.23b). Note, that a
similar technique has been employed by Hegelickt al. in the TNSA regime to
successfully boost acceleration of ions with > 1 [7].
In order to boost acceleration of protons, the bulk concerdtion of protons in
the target needs to be increased to ensure that protons actlyaexperience BOA
acceleration as opposed to self-cleaned protons from thefage contamination
layer. The highest proton content can be achieved with a pur@ozen) hydrogen
target; however, such a target requires cryogenic setupsdaprecise thickness
control and currently does not exist in any lab in a deployaklform. Instead, TPX
foil targets produced by C. Hamilton have been used. TPX is theade name for
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Figure 4.24: a) Angularly resolved proton spectrum measured Trident from a
CH? target measured with the iIWASP (see text for details). b) avexged spectrum
between 10.5and 11.5 with a cuto energy exceeding 100 MeV.

poly(4-methyl-1-pentene) and is also known as PMPL§9. This polymer mostly
consists of CH compounds and has hence a signi cantly increased naturalgion
bulk concentration; for diamond and DLC targets the bulk cocentration is very
low ( 10% number density) and protons mostly originate from surée hydro-
carbon contaminations. The TPX foil targets have a density f00:8 g/cm® and
thicknesses between 200 nm and 500 nm and 66% proton number density or
1=7 mass density.

Fig. 4.24a) shows the angularly resolved energy spectrum for a 300 nr X foil
target as measured on the IP in the iIWASP. The right frame showthe averaged
spectrum between 10.5and 11.5 with a maximum energy of 120 MeV. This is
almost a factor of two higher than maximum energies from DLCral diamond
targets that peak at 75MeV (see Fig4.8). The proton data that has been recored
on IPs, has additionally been veri ed with a stack of CR39; s are sensitive to
a variety of ionizing radiation, including electrons and X-ays, so that the source
of a measured signal on the IP always should be identi ed undmguously.) The
three black rectangles (1, 2 and 3) mark the energy ranges théhe stack of
three CR39s covered; the stack has 2.5 mm of copper on the frdiollowed by
three layers each consisting of a 0.5 mm CR39 and a 3.3 mm tduota plate. The
front surface of the last CR39 layer (marked with a 3) thus meared protons
with energies of about 100 MeV in a narrow window of 0:1 MeV; the narrow
bandwidth of the last layer is a result of the strongly non-hiear stopping power.
A preliminary microscopic scan of this CR39 showed proton mbers on the order
of 1¢ in this energy window.
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Figure 4.25: a) exponentially decaying (see Seet.2 to Sect. 4.3 for details) and
b) mono-energetic ion spectra obtained at Trident (see Sect.4.1 for details),
where the latter is preferred for most applications using pton/ion beams.

It should be noted that the results for these maximum carbonral proton energies
are preliminary and more experimental data is needed in ondé verify them.
Additional VPIC simulations will be necessary to support the heory that the
increase in the maximum particle energy is a result of the moed self-cleaning
in the BOA regime.

4.4 Mono-energetic ion beams from BOA

All experiments presented in the previous sections were dowéh linearly polar-
ized (LP) Trident laser pulses, and all of the measured ion sptra are exponen-
tially decaying. The same in general applies for ions acoelted in the TNSA
regime. Almost all applications, however, utilizing protorand ion beams, includ-
ing oncology 165 170, proton imaging R3] and inertial con nement fusion g7,
demand mono-energetic particle beams with a low energy sade(illustrated in
Fig. 4.295. While conventional rf-accelerators can generate monowrgetic ion
beams with a very sharp energy bandwidth, laser-driven ionceeleration has so
far failed in generating mono-energetic spectra with suitde high e ciencies. In
the past, quasi-monoenergetic spectra have been observegdusing longitudi-
nally [26] or transversally limited double layer targets 27], but with a very low
ion ux due to the largely reduced source size. In a di erent pproach, the ex-
ponentially decaying spectrum is sent through anon chicane which blocks the
unwanted energies and arti cially generates a mono-enetgespectrum. Such a
chicane has been designed and build in the framework of thisesis, and is cur-

118



4. ION ACCELERATION DURING RELATIVISTIC
TRANSPARENCY

rently tested at the Max-Planck institute for Quantum Optics in Munich. The
chicane, however, has a very low e ciency in selecting eneeg due to the used
guadrupole lenses, which have a very limited acceptance #&gso that this ap-
proach is not useful for energies at the high energy tail of panentially decaying
spectra.

Simulations predict that ion acceleration in the radiationpressure acceleration
(RPA) [10{13 regime promises to generate mono-energetic ion beams wébkr
treme energies and high e ciency (see Cha®.3.2. In particular, in the laser
piston regime the light pressure of a linearly polarized (LPfs-laser pulse (| >
1022 W/cm 2) accelerates an overcritical targetf= > 1) [14]; however, these
laser intensities are not available at the moment and the regqement of a 1D
interaction, i.e., a large laser focus, make an experimehtanplementation in
the near future doubtful. At lower intensities RPA can be acleved with cir-
cularly polarized (CP) laser light (with pulse durations ofa few 10fs), where
simulations predict that for a single species target, the laser can drive the plasma
as a single block to a mono-energetic ion spectrum; in a medfecies target,
lighter ions with higher charge to mass ratio \snowplow" ahd of the heavier
species 28, 103. Experimental evidence of RPA has proven to be di cult; rg
experimental data indicating signatures of RPA has been mped by Henig et
al. [32], however mono-energetic ion spectra have not been genenlaiexcerpt
from D. Jung et al.).

In the following, experimental results obtained at Tridentare presented using CP
laser light (which is generated with a KDP quarter wave platg114]). Due to
the long pulse duration of > 500fs (FWHM), the interaction is quite di erent
from the one described in the RPA mechanism. Although the ula-high con-
trast of Trident (enabled by the OPAPE technique [L19) reduces the premature
ionization, expansion of the target in the pedestal of the &&r pulse ( 10 ° @
5ps, i.e. > 10"®W/cm 2) still occurs. The target deforms under the long irradi-
ation of the tightly focused laser leading to partially oblijue laser incidence and
increased]” B heating of the plasma electrons. Given that the target is thi
enough, it will still turn relativistically transparent in spite of the reduced heat-
ing associated with CP. In particular, the onset of the relavistic transparency
has been observed in measurements at Trident for nm-thin gets of less than
100 nm regardless of the laser polarizatio®], 63]. The measurements indicate
that the transparency sets in during the early rise phase ohé laser pulse (data
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Figure 4.26: a) Mono-energetic spectrum measured at Tridewith CP from a

42nm DLC foil. The red solid line shows the raw signal (dark gy solid line)
subtracted from the background (light gray solid line). Theraw data measured
with a TP is shown in b) with increasing energy from left to rigt.

not shown).

Mono-energetic protons with CP

The discussion of the data obtained with CP laser light will tart with the pro-
tons. (It should be noted, that all data and hence spectra fascceleration with
CP have been acquired by TP-spectrometers.) Isolated moeoergetic proton
spectra have been measured with CP laser pulses for targetchnesses of 5nm
to 42nm. Fig 4.26a) shows a typical mono-energetic spectrum obtained from a
42nm DLC foil target. Fig 4.26b) shows the corresponding raw data measured
with a TP; the energy increases from left to right.

VPIC simulations for these thicknesses with CP and LP laserght for Trident
parameters have shown mono-energetic features regardletshe laser polariza-
tion. In the experiment however, the same thicknesses retad in exponentially
decaying spectra with LP (some of the spectra have shown stigp modulations
with random monoenergtic features). The discrepancy of théPIC code to the
measured proton spectra from diamond or DLC targets can betabuted to the
self-cleaning that typically occurs in the BOA and the inality to correctly model
the laser contrast, as discussed in detail in the previouscs®ns: protons experi-
ence di erent acceleration dynamics than the carbon ionsifa&P and most likely
also in the CP case.

Although the target still turns relativistically transparent during the interaction
with the CP laser, it is likely that the interaction includes a brief RPA-like phase
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Figure 4.27: Mono-energetic spectra measured at TridenttWwiCP (red solid line)
and LP (gray solid line) from a) 5nm, b) 42nm and c) 50 nm DLC foitargets.

before the onset of the relativistic transparency. Accordmto the description
in Chap. 2.3.2 for RPA the normalized areal density = n%= , of the target
has to be on the order of the normalized laser amplituday. If this balance
condition between the light pressure and the restoring eleostatic force of the
ion background induced by the charge displacement is satexl, a compressed
layer of electrons may be formed and steadily be pushed by thadiation pres-
sure. Protons within the electron layer might be synchronaly accelerated and
bunched, yielding a mono-energetic and quasi-neutral beanm particular, the
areal densities of the targets with thicknesses of 5nm to 4&incorrespond to a

ranging from 4 to 34Q°= 820, |, = 1054 nm), which is on the order of the
normalized laser amplitudeay, 12 for Trident with CP (due to the factor of P 2
reduced laser electric eld). Note, that expansion of the pkma will reduce the
areal density accordingly.

Fig 4.27shows proton spectra measured for 5nm E 4(2) with ng = 820(410)],
42nm [ =34 (17)]and 50nm [ =41 (21)]. The red solid lines show the spectra
obtained with CP and the gray solid lines with LP. The 5nm targt, which is in
the electron blow-out regime, i.e., electrons are eventlbalcompletely detached
from the target, shows low proton energies with a monoenetgespectrum. The
42 nm target, that has an areal density closest to the normakd laser amplitude,
exhibits a strong mono-energetic feature peaking at 27 MeMtlv a bandwidth of

15%. The 50 nm target still has a modulated spectrum, but is nstly exponen-
tially decaying as its counterpart with LP.
Whether the appearance of the mono-energetic proton beam#twCP can be
attributed to an RPA-like phase before the relativistic trarsparency of the target
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or not is not conclusive at this point. Follow-up experimerg are necessary in or-
der to identify the interaction dynamics in more detail, so that PIC simulations
can be run with the correct initial conditions of the target. It should further
be noted that the particle numbers within the mono-energeti features are not
exceeding the particle numbers obtained for LP in the same engy bandwidth;
I.e., although the spectra are mono-energetic, no e ciencgain occurs compared
to the LP case.

4.4.1 BOA soliton acceleration 1

While an unambiguous identi cation of the prevailing accedration mechanism is
not possible for the protons given the available data and sirtations, a novel ac-
celeration mechanism has been identi ed for the carbon ioms the BOA regime
with CP laser light. In particular, high-resolution 2D VPIC simulations have
been performed analyzing the carbon ion acceleration witader and target pa-
rameters matching the experiment conditions closely. Theesults show that the
acceleration is dominated by the generation of an carbon i@oliton before and
its propagation within the target during its relativistic t ransparency, where the
soliton like acceleration yields quasi-monoenergetic tam spectra with a narrow
energy spread.

In the experiments conducted at Trident, isolated monoengetic C®* spectra
were observed for very thin targets of 5nm to 10 nm thicknessi@ CP laser light.
Thicker targets (> 10 nm) resulted in exponentially decaying spectra regardie
of the laser polarization, which is in contrast to the protos, where monoenergetic
spectra could be obtained for thickness up to 40 nm. LP light always resulted
in exponentially decaying energy spectra.

Fig. 4.28a) shows the €* spectra obtained from 5nm thin DLC foil targets with
CP (red triangles) and LP (green squares). In the LP case, trenergy spectrum
is exponentially decaying. In the CP case, a monoenergetigestrum peaking
at 35 5MeV (2.9 0.4 MeV/nucleon) with a narrow energy spread of 15% has
been measured. In both cases the high energy cuto is at abob0 MeV, where
the particle numbers in the CP case are up to a factor of 2 higha the monoen-
ergetic feature as compared to the LP spectrum. (This has ndieen the case

IThis section is in part a summary of Jung, et al. [34], which has been written by the author
of this thesis.
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Figure 4.28: a) Carbon €' spectra measured with CP (spectrum with red trian-
gles, signal noise with gray solid line) and LP (green squa)efrom a 5nm DLC
foil target and the carbon spectrum obtained from a 10m Ti target as published
in Hegelich et al. p6]; b) Carbon C** spectra measured with CP from two dif-
ferent shots on 10 nm DLC showing deterioration of the monoergetic structure
at increased target thickness as BOA-soliton conditions amngot met anymore.
(Figure and caption from Jung,et al. [34])

for the proton monoenergetic features.) Moreover, the coassion e ciency and
the particle numbers within the mono-energetic feature armore than an order
of magnitude higher than those obtained in the TNSA regime bysing longitu-
dinally limited double layer targets in Hegelich et al. 6] (black solid line with
circles in Fig.4.29. Fig. 4.28b) shows C* spectra from shots on 10 nm foil tar-
gets and CP laser light, which still exhibit monoenergetitike features; however,
the bandwidth is increased so that the monoenergetic peakhsoadened and less
distinct (which will be explained in more detail in the next @ragraph).

BOA-soliton acceleration in the VPIC simulations

High-resolution 2D VPIC simulations have been performed anging the car-
bon ion acceleration with laser and target parameters matcig the experiment
conditions closely. The 2D simulation domain is20 25 m in the (x;z) plane,
where the laser pulse propagates alorgand has time-varying intensityl (t) =
losind(t= ) withlg=2:0 10°°W/cm? and =2is the FWHM (500fs, =1054nm).
A Gaussian-shaped pulse iz is used with best focus at the target surface, where
Ey, E; exp( z?=w?) with w = 6:8 m. The targets (C*with 5% protons in
number density) are of solid densityng = 821 (2.8 g/cm?) with thickness of 5nm
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and a step-function pro le at the beginning of the simulatim The cell size is

x=0:32 (03nmyand z=1:73 (=1, Te=m is the initial electron
Debye length); 500 electrons per cell are use@l.(= 18 keV and T; = 10eV for
carbon ions and protons)excerpt from D. Junget al. [34]). Fig. 4.29a) shows the
carbon energy spectra for CP (solid curves) and LP (dashedreas) laser pulses
obtained from the simulation along a 1 m average overz centered atz = 0. In
the LP case the simulation results in a broad (exponentialpgctrum. In the CP
case the spectrum has a quasi-monoenergetic peak at 50 MeVjalhs a slightly
higher energy than observed in the experiment (see HMg28. The energy spread
of 10% is in good agreement with the bandwidth of 15% measured in the
experiment for the same target thickness and laser paramege In particular, in
the experiment, the spectrum is measurexl = 120 cm behind the target; the car-
bon C%* beam can hence expand from self-Coulomb forces. This is nobaeled
in the VPIC simulation, which is stopped shortly aftert, and gives energies at
x=2 10 3cm.

A detailed analysis of the 2D-VPIC simulation for the CP caseeaveals ion-
acceleration based on the generation of a carbon ion solitbefore and its stable
propagation and enegy gain during the relativistic transp&ncy of the target.
The time before the relativistic transparency of the targeis a highly transient
RPA phase. In the simulation, the ponderomotive force of th€P laser pushes a
fraction of the electrons forward which in turn creates a chige separation eld
that pushes the carbon ions from the surface of the target foard. This leads
to a compression of the target, i.e., to a density spike in thearbon distribution
at the front of the target, as shown in Fig.4.29b) at 204fs. This compression
is similar to the processes described by the RPA mechanisir®[171]), where all
electrons are pushed forward by the ponderomotive force diet laser accelerating
all ions as a single plasma bunch. During the compression bgttarget front, the
nm-thin target is also deformed leading to oblique laser irdence and heating
of the electrons at the front surface of the target via relatistic I B-heating.
In the time before the target turns relativistically transparent (t = 204 fs with
n% 1), the ion energies reach 6 MeV. This is only a small fraction of their
nal energy and most of the acceleration happens during theelativistic trans-
parency as it does in the BOA acceleration with LP laser light
It should be noted, that the thickness of the 5nm target is coparable to the
initial (classical) skin depth = c=!, 5:6nm (with !, the plasma frequency
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Figure 4.29: Results from a 2D simulation: (a) carbo@®" spectra at 305 fs (end
of the acceleration phase) for CP (solid) and LP (dashed) las obtained along
a 1-micrometer average over centered atz = 0 (black) and from the whole
simulation domain (red); (b) time evolution of carbon ion (ed curves) and elec-
tron density (black), both normalized ton,,, during the transparency phase (the
blue trace is the proton density); (c) bipolar electric eldstructure in E4 (green)
co-moving with the solitary carbon density spike (red); (d)monoenergetic ion
energy (black squares) obtained from ion spectrum vs. timaudng the accelera-
tion phase as compared with the soliton \energy%mivg (red triangles) estimated
from the soliton speedy, (the laser intensity pro le is indicated in arbitrary units
as gray dashed line). (Figure and caption from Junggt al. [34])

as in Eqg.2.21). However, taking the relativistic skin depth = P 0 and the
1D-like expansion prior tot; into account, one gets

S __
L LoF L F
_:_,Q_F -0 . (4.8)
e e0 e0

where simulations have shown that the expansion of the irdi target thickness
Lo, by the factor F o sets the increase in [35. Hence, the target is optically
thick to the laser in the RPA-like phase beford;.
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When the target has turned relativistically transparent, a epoch of dramatic ion
acceleration occurs, where the ions gain approximately 9086their nal energy,
as shown by the black squares in Figt.29d), which indicate the ion energy at
the di erent time steps. Associated with stark increase in o energy during the
phase of transparency is a sharp and persistent ion densigyile that propagates
and accelerates through the target irx as shown in Fig.4.29b). This carbon
density spike, as displayed in Fig4.29b) and c) (red solid line), co-moves with
the electric eld in E4 (green curve). The electrons are insu ciently mobile inx
due to the intense laser eld that is penetrating the relativstically transparent
target, and cannot short out the electric eld. Their charge(black curve) and
current densities vary smoothly across the ion density spki.e., the soliton-like
structure. The dominant epoch of ion energy gain goes fromdhonset of the
relativistic transparency att,; = 204fs, but unlike in the LP case, where the ac-
celeration lasts untilt,, it only continues until t = 305fs, when the ion soliton
reaches the back of the expanding target.

It should be noted that simultaneous, non-optimized RPA-lik dynamics may also
be present, but not as the dominant acceleration mechanismas it is most likely
for the protons prior tot;. This is justi ed by the fact, that 90% of the ion energy
gain in simulations occurs aftet;, not before, which contradicts RPA dynamics,
where the e ciency would decrease signi cantly with the onst of the relativistic
transparency of the target. In addition, as pointed out bef@, protons are not
a ected by this acceleration mechanism, due to the self-@ring of the target in
the intense laser eld.

Although protons show monoenergetic spectra, too, the measd proton energies
are about an order of magnitude higher (20 MeV to 40 MeV, see Fig.27) than
the carbon energies per nucleon. This is also in stark constao ion acceleration
in a RPA-dominated regime, where all ions should gain appraonately the same
velocities, including the theory for RPA of double speciesatgets proposed by
Qiao et al. [L03, where the carbon ions su er from rapid Coulomb explosiom+
duced by the protons that are \snowplowed" ahead (i.e., theaktest carbon ions
still have the same velocity as the slowest protons in the moanergetic feature).
In order to analytically describe the nonlinear structurebserved in the simu-
lation, a generalization of the Akhiezer-Polovin (AK) problen [172 173 can be
used, which describes the nonlinear propagation of an intsn electromagnetic
wave in cold plasma. Here, the AK theory has been extended by B.bAight in
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Jung, et al. [34] and Yin, et al. [35] to include ion as well as electron dynam-
ics. Considering a soliton that propagates (self-similaf] at a speedvs in x, one

can use a two- uid relativistic description of the ions and kectrons (i.e., the ion

Eulerian momentum equations, neglecting pressure) and Magll's equations to

obtain the longitudinal momentum equation in terms of the leal charge density
as

d 1 Vix dpi

d Ve d
where =1t x=V, is the similarity variable and Z; the ion core chargen; and ne
indicate the ion and electron densities andy, and py the velocity and momentum
of the ions alongx. Here, the local charge densityZ;n; follows

= 47, (Zini  ne); (4.9)

Zini Ng= Ne X (4.10)

wherevey is the electron speed ix. The denominator in the last equation shows
that a stable, localized ion density spike requires the iorpsedvi to be slightly
less than the soliton speeds. This is displayed in Fig.4.29d), where the mo-
noenergetic ion energy (black squares) obtained from thenispectrum in the
simulation is slightly less than the soliton \energy" £2m;v? (red triangles).

It should further be noted, that the propagation of the ion stton during the
relativistic transparency of the target, as depicted in Fig4.29 b), requires an
intense laser eld across the soliton. Without an intense &er eld, the electrons
short out the bipolar eld E4 preventing the propagation of the soliton; in the
simulations the density spike forms beforg but does not propagate. In this re-
gard, the BOA-soliton mechanism is fundamentally di erentifom the laser-driven
ion-acoustic solitons by Zhidkovet al. [174.

In order to increase the energies of the ion soliton, it is nessary to understand
where the free energy accelerating particles in the solitariginates. The soli-
ton ion density spike gives rise to a longitudinal electriceld, which changes the
electron parallel momentump, across the soliton. The relatively slowly varying
change inp, leads to a corresponding change in laser index of refractiam the
vicinity of the soliton. This variation re ects some of the &ser light from the
soliton, leading to an enhancement of the electrostatic @lfurther accelerating
the ions and sharpening the ion density spike. The rate of egg coupling within
the soliton can be increased by having a larger initial ion dgity spike (i.e., larger
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a) b)

Figure 4.30: a) Results from 2D simulations for the BOA-solin acceleration
at higher laser intensities: using a 5nm and 10 nm-thick caol target at ny =

821 and a sif square CP laser with peak intensity 2 107°W/cm?2 (triangles
and crosses), in comparison with a 5nm thick carbon target gieak intensity
2 10°W/cm ? representing Trident parameters (squares). The soliton kergies”
(1=2m;v2) are red and the ion energies black. b) Temporal evolution dfie ion
density spike for the 10nm case with:2 10°°W/cm? with the carbon density
(red) and electron density (black). (Figure from Ref.35])

variation in electron across the soliton and thus larger change in index of re-
fraction) or by having a larger laser amplitude, so that theate of laser light
momentum transfer into the soliton is larger(excerpt from D. Junget al. [34]).
The e ect of the laser intensity has been investigated in mer detail in [35]
(see Fig.4.30. The study has shown that the Trident laser intensity ofly =
2 10°°W/cm? (squares) is barely intense enough to generate the necegsien-
sity spike in the ion distribution. This results in a less shgp monoenergetic ion
beam, which can be seen in the experimental data for the 10 nrarget cases in
Fig. 4.28 (b), which show largely deteriorated monoenergetic ion feaes. On
the other side, the study revealed monoenergetic carbon sopeaking at 170 MeV
for a 10 nm target and an intensity ofl, = 5:2  10?°°W/cm 2 indicating a very
favorable energy scaling. This is displayed in Figt.30 (crosses), where the ion
density spike is much more pronounced as shown in Fi§.30b).

The BOA-soliton acceleration with CP laser light is a promisig regime for the
e cient generation of mono-energetic ion beams. This mech&m, that is exper-
imentally accessible with current lasers, shows that lasdriven ion beams are on
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the verge of being competitive with conventional rf-accelators, i.e., ion energies
are su ciently high for ion injectors and medical applications such as hadron
therapy of skin or eye tumors. In future experiments increasl laser intensity

and optimized temporal and spatial pulse pro le could be useto even further

increase the ion energies.
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Chapter 5

Summary and perspectives

Laser-ion acceleration has been of particular interest avéhe last decade and
drawn a lot of attention in fundamental as well as applied sences §{8]. In the
past, remarkable progress has been made in researching angetitive, cheap and
compact alternative to conventional rf-accelerators withaser-driven particle ac-
celeration [/8, 175 176. Proton and heavy ion (Z 1) beams have been produced
with particle energies of up to 67 MeV§, 18 and < 10 MeV/amu [7, 20, 21, 92].
The majority of the research and experiments have been done the Target
Normal Sheath Acceleration (TNSA) L5{17] regime using comparatively thick
targets in the (tenth of) m range.

In the framework of this thesis nm-scaled diamond targets i@ been employed
to demonstrate and research ion acceleration in the BOA rege. In the experi-
ments conducted and presented in this thesis, proton eneggihave been doubled
to approximately 120 MeV and carbon energies have been inased by one order
of magnitude to more than 1GeV (85MeV/amu). The conversion eciency of
laser light into the carbon ions has been found to exceed 5%hieh is in stark
contrast to TNSA, where acceleration of heavier ions is supm®ed as the low
inertia protons with their high charge to mass ratio are acderated rst and sub-
sequently shield the accelerating eld.

Most of the prospective applications for laser-driven ion dams, such as on-
cology RZ], proton imaging [23] and ion fast ignition [24, 25] require quasi-
monoenergetic beams with a low energy spread. In the TNSA rew, quasi-
monoenergetic spectra have been generated by using in-siogineered targets,
but with a very low ion ux [ 26, 27]. The dicult control over the spectral
shape of the accelerated particles and the low energies arahwersion e cien-
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cies, especially for heavier ions, make the TNSA mechanismatinactive to most
applications. In the framework of this thesis, a new acceltion mechanism has
been found that generates monoenergetic ion spectra with almost two orders of
magnitude higher ux and hence conversion e ciency. This B@-soliton mecha-
nism is a promising candidate for generating monoenergeparticle beams that
can be used in advanced applications and making laser-driv@n sources a cheap,
compact and competitive alternative to conventional rf-acelerators.

5.1 Summary and conclusions

The Break-Out afterburner acceleration that has been idened in simulations
by B. Albright and L. Yin [ 28, 29, 104 shows promising features in terms of ion
energies, conversion e ciency and scaling. In contrast tdie TNSA, ions are here
accelerated during the relativistic transparency of the tget (n°> 1 >n%).
In the simulations, the laser starts to ionize the surface dhe initially opaque
target and successively heats more and more electrons toatelistic energies.
Provided, the target is thin enough and has not blown apart wther the irradia-
tion of the laser pedestal, the laser will eventually promet all electrons within
the focal volume to hot electrons and turn the target relatiistically transparent.
At this time, which is referred to ast;, strong acceleration of the plasma ions over
the whole volume occurs, where the accelerating electricldeco-moves with the
ions and the laser continuously replenishes the energy, tekectrons transferred to
the ions. The acceleration ceases, when the plasma turnsssliaally underdense
(n® 1). Due to the volumetric acceleration of the particles, tisi scheme has
the potential for much higher conversion e ciencies and thdact that not only
protons but virtually any ion species is accelerated, o era great advantage for
many of the envisioned applications.

However, in order to enter the BOA regime with the laser systesnavailable to
today (100 TW to a PW) targets from 5-500 nm are necessary; \itthicker tar-
gets the relativistic transparency will not be reached andceleration will be
dominated by the TNSA mechanism. The use of ultra-thin nm-séed targets
also demands ultra-high laser contrast, so that prematurexpansion does not
destroy the target prior to arrival of the peak pulse. LANL's Tident laser, which
has a power slightly above 100 TW (80J in 550 ps FWHM) and a foced peak
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Conventional frontend

100nm

Figure 5.1: 3 backscatter from a 30 nm target with the OPAPE cleaned frontesh
(left frame) and from a 100 nm target with the old low contrastfrontend. With
the OPAPE cleaning the contrast is good enough, so that the nraipulse still
interacts with a overcritical target generating third harmonic radiation over the
whole focal spot, which is measured in the backscatter diaastic

intensity of 5 10°°W/cm? (a,  17), has recently been upgraded with the
OPAPE cleaning technique and has a feasible laser contrastagfproximately 10
at 5ps [L15. In the framework of this thesis, a lab for the production ad
characterization of nm-scaled (3nm up to 60 nm) and free-stding diamond-like
carbon foils has been setup at the Meier-Leibnitz Laboratgrat the LMU Mu-
nich. First experiments conducted at Trident in 2008 have gwn that the laser
contrast is high enough to ensure interaction of the main psg¢ with an overcrit-
ical target for thicknesses as thin as 3nm (see Fif.1).

In 5 consecutive experiments elded at Trident in the framewark of this the-
sis, a comprehensive set of data for the BOA dominated las@riven particle
acceleration has been collected, studied and also been caned with the TNSA
regime. In the experiments targets with thicknesses from 3mup to 25 m have
been used, where targets thicker than 30 nm have later beenpplemented by
commercially available CVD diamond foils 141. A high resolution and high
dispersion Thomson parabola (TP) spectrometed [ and a high resolution ion
wide angle spectrometer (IWASP) 157 have been designed and build in the
framework of this thesis to measure the particle beam paramees with high ac-
curacy in terms of their maximum energy, charge distributio and their angular
structure. The optimum target thickness for accelerationn the BOA regime at
Trident parameters has been experimentally measured to between 100 nm and
250 nm depending on the the actual pulse contrast and on-tagintensity. In the
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high resolution V-PIC simulations [L0 that use a perfect sid temporal envelope,

I.e., neglecting any contrast e ects, the optimum thicknes has been found to be
between 60 nm and 100 nm. The results agree well with parametstudies of the

analytical model for BOA based on the {/t , dynamics, where

1 8 W
doplnm] - 984 16 10— [fs] / % (5.1)
0

cn? g
For targets thinner than the optimum thickness, the plasmaurns relativistically
transparent well before the peak of the laser pulse and cogsently turns classi-
cally underdense early in the interaction, stopping the aeteration. For targets
around the optimum thickness, the acceleration window betent, and t, opti-
mally overlaps with the peak intensity of the laser pulse.
Here, maximum carbon €' energies of 650 MeV and 1 GeV have been measured
for unheated and heated targets, respectively, where in tHatter case the re-
moval of the hydro-carbon contaminants boosts the accelé¢i@n of the carbon
ions. These energies are 1-2 orders of magnitude above ioergies measured
for TNSA dominated acceleration from micron thick targets. &r the optimum
target thickness, protons have been measured with maximumexgies of 75 MeV,
slightly above the top energies achieved with TNSA. It has bediound in sim-
ulations that the acceleration of protons in the BOA regime wsers from their
low inertia and their high to charge mass ratio: the protonsra subject to self
cleaning before the main acceleration occurs. Protons arerb evacuated from
the target during the interaction of the pedestal and risingedge of the laser with
the plasma so that they typically do not experience the same@A dynamics
as the much heavier carbon ions do. The e ect is furthermorenbanced by the
fact that the natural proton bulk concentration of DLC and diamond is very low
(> 10%) and most protons are contained in the surface contamiian layer. For
this reason, CH targets have been employed that have a much higher proton
bulk concentration. With these targets proton energies egeding 100 MeV have
been measured, which is an increase of a factor of two over TN®&sults and
marks a big step towards use of these beams in advanced agmilmns.
The use of the iIWASP enabled unprecedented and novel measuesits of an-
gularly resolved energy spectra for carbon®Cions and protons, simultaneously.
The much higher solid angle captured by this spectrometer (0:1 msr) in com-
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parison with conventional TPs (104 msr to 10 ®msr) also allowed to investigate
the thickness dependency of particle numbers, average emerand the conver-
sion e ciency (CE) with signi cantly improved accuracy. Measurements of the
particle beam perpendicular and parallel to the laser polemation indicate an az-
imuthal symmetry of the beam and simplify calculations of th absolute number
of accelerated particles and hence the CE. In particular, éhbeam consists of
an outer more intense ring and a slightly less intense centen the laser axis.
This beam structure is most distinct for the optimum target tickness and turns
into a Gaussian distribution for thicker targets, where theTNSA mechanism is
dominant, with peak energies and particle numbers on the lasaxis. The ring
structure of the beam is a result of the ponderomotive forcénat volumetrically
pushes the electrons of the relativistically transparentlpsma out of the focus.
In simulations, the symmetry is broken for the highest ion eergies, where the
low number of particles is insu cient to generate a strong eoaugh electrostatic
background to break down the actual azimuthal asymmetry ohte ponderomotive
force [L64].

The measured thickness dependency of the number of acceledaparticles and
the CE follows the thickness dependency of the maximum engrgAt the opti-
mum thickness of 200 nm within the Break-Out Afterburner, theaverage particle
energy is 65MeV with roughly 5 10 carbon C°* particles in a cone with 22.5
opening angle. The CE of the € ions reaches up to 7% and steadily decrease far
below 1% for targets of several micrometer thickness. Thember of accelerated
particles increases by up to a factor of 10 at the optimum, wiai the average par-
ticle energy only increases a factor of 1.3. In contrast to TNS where particles
are accelerated from a thin (several nm) surface of the tatgdOA accelerates
particles from the whole focal volume, where the plasma haarhed relativisti-
cally transparent, causing the tremendous increase in theEC The increase in
maximum particle energies of 1-2 orders of magnitude for thearbon ions only
marginally contributes to the overall CE, since their numbes are several orders
of magnitude lower. The measurements for the protons are gnielative, due to
the missing absolute calibration for image plates (IP). Thelependencies for the
protons are very similar to the carbon ions, with the exceptin that the increase
in accelerated particles and hence the CE is lessg) due to the intrinsic low bulk
concentration and the still comparably e cient acceleraton at thicker targets in
the TNSA regime.
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All these experiments have been done with linearly polarizddser light and re-
sulted mostly in exponentially decaying energy spectra. Fdhe production of
monoenergetic ions the e ect of circular polarization (CPpn the acceleration has
been studied in more detail in the framework of this thesis.oh acceleration with
CP by the radiation pressure acceleration (RPA)10{ 13| has recently drawn a lot
of attention, as it promises to generate narrow monoenergetion beams. Here,
the light pressure of the laser drives an overcriticah®= ¢ > 1) nm-scaled target,
where the CP laser reduces the electron heating due to the sirgg oscillating
secular term in the ponderomotive force. Thus, the target @ansion is greatly
reduced; the electrons that are pushed into and compressedhin the target by
the laser light, ideally accelerate it as a single block ofggma to a monoenergetic
ion spectrum, where all ions gain the same nal velocity. Inhte case of a multi-
species target, it is however more likely that lighter ions ith higher charge to
mass ratio \snowplow" ahead of the heavier specie®q 103. The experimental
realization of RPA has proven to be di cult due to the requirement of a 1D inter-
action geometry (i.e., no strong target expansion or dentinthat would give rise
to increased electron heating). First experimental data oficating signatures of
RPA has been reported by Henig et al.3P], however monoenergetic ion spectra
have not been generated.

For long pulse durations (> 100fs) it is unlikely to realize RPA with CP laser
light. The imperfect laser contrast and the long pulse duran will result in
strong electron heating during the interaction and cease aHR dominated accel-
eration. Especially at Trident, although it o ers an unpreedented laser contrast
due to the OPAPE cleaning technique, the long pulse durationf 00 fs (FWHM)
and its shoulders of 10 ¢ @ 5ps (i.e.> 10®*W/cm ?) lead to pre-expansion and
denting of the target (resulting in oblique laser incidengeand a qualitative di er-
ence in the interaction compared with a pure RPA dominated teraction. Even
with the use of CP laser light, the onset of relativistic trasparency has been
observed experimentally for the Trident Laser and nm-thickargets (<100 nm)
regardless §3], where the relativistic transparency sets in early in theising edge
of the pulse. Still, experiments conducted at Trident in theframework of this
thesis with CP light have shown monoenergetic carbon®Cand proton spectra
with energy spreads as low as 15%. The central energy of the monoenergetic
feature ranges between 20MeV and 35MeV for both carbon ionsdaprotons,
i.e. their velocities dier by a factor of 3.5 as opposed to the prediction for
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RPA. For the carbon ions the CE of laser light into particles othe monoener-
getic feature is 1-2 order magnitude higher than obtained eviously in the TNSA
regime R6], but is with approximately 0:1% still very low. From high resolution
2D-VPIC simulations (done by L. Yin and B. Albright) it has been bund that
the acceleration of the carbon ions is based on the produgti@f a carbon ion
soliton before and its stable propagation during the relatistic transparency of
the target [35]. Here, the ponderomotive force of the CP laser compresse® th
target in a transient RPA phase, similar to that described inprevious studies of
the RPA mechanism [2, 171 and a pronounced carbon ion density spike forms.
In this stage, the target is subject to distortion and strongelectron heating at
the front surface of the target, where  increases due to the transverse variation
of the laser intensity. While the ion energy gain is modest jor to transparency,
dramatic ion acceleration occurs during the relativisticransparency of the target.
The simulations show a persistent, sharp ion density strugte that propagates
and accelerates forward into the target accompanied by a lafar electric eld
structure that co-moves with this spike. The electrons arensu ciently mobile

to short out the bipolar eld by virtue of their orbits in the i ntense laser eld.
The nonlinear structures observed indeed appear to be ionlisms. In fact, the
properties of this nonlinear structure can be obtained frona generalization of
the Akhiezer-Polovin (AK) problem [172 173 including ion as well as electron
dynamics B5].

5.2 Outlook and perspectives

The results presented in this thesis are an important basisif future research of
laser-driven ion-acceleration and will potentially enalel laser-based implementa-
tion of advanced applications such as IFI or cancer therapyn order to use these
laser-accelerated ion beams for any of the envisioned apptions there are still
many problems that have to be investigated and solved. For rabof the appli-
cations the CE and patrticle energies are still too low and alost all prospective
applications, including cancer therapy 42], proton imaging [23], proton active
interrogation [50] or ion fast ignition [24, 25 require quasi-monoenergetic beams
with a low energy spread. For the carbon ion fast ignition a mmwenergetic beam
of carbon ions is needed with an energy spreadE=E of less than 10% at a
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central energy of 450 MeV R4 (for typical pellet dimensions), where for an ion
beam power density of 10kJ/10ps a conversion e ciency of 10% relates to a
1kJ drive laser for the ion acceleration. For the cancer tréaent monoenergetic
protons of upto 250 MeV or mono-energetic carbonCions of upto 300 MeV
are necessary, depending on the depth of the tumor. For thetae interrogation
with protons, which o er a much better attenuation length, energies of 1 GeV are
advantageous (they would penetrate 0.5m of lead shielding)

To solve these problems, the scaling of the ion energies wittspect to the laser
parameters should be investigated rst. A scaling model wit predictive capabil-
ities will enable the design of the right laser (in terms of ker energy and pulse
duration) for an optimized acceleration scheme. From paragtric studies of the
analytical model for the BOA acceleration a scaling law haselen derived, where
the maximum energy scales as

Eme ! 12 7/ a0 21 (5.2)

The scaling shows a linear dependency @&, but a dependency in the pulse du-
ration to the power of 1=3. Thus, higher laser energies are favorable over shorter
laser pulses, which agrees well with experimental resultom Trident and the
Max Born Institute in Berlin, where a similar on-target intensity (with 0.7 J in
45fs) resulted in much lower ion energies. In order to furtheerify or falsify the
model and to ensure its predictive capabilities, more exparental data points
are needed. This can either be done using di erent laser sgsts or by changing
essential parameters for the experiments with Trident. Wi the rst could suf-
fer from strongly varying and probably unknown contrasts b®veen the di erent
laser systems, the latter only o ers very few possibilitietd change the on-target
intensity. In experimental campaigns planned for the futw, di erent o -axis
parabolic (OAP) mirrors will be used at Trident to change the &ser focal spot an
hence the on-target intensity. With an F/1.5, F/3 and F/8 OAP peak intensities
of > 10°°%W/cm?, 5 10F°W/cm? and 2 10?*W/cm? can be achieved, respec-
tively. The current model predicts proton and carbon ion errgies of 200 MeV and
1.3GeV, respectively, for intensities of 2 10°*'W/cm 2, which could be achieved
at Trident with a F/1.5 OAP.

The LMU Munich is currently building the new Center for advarced laser ap-
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plications (CALA). The main laser source of this system will bex Ti:Sapphire
system that delivers pulses of 60J and 20fs duration. For tbe parameters the
BOA analytical model predicts C*ion energies of about 1 GeV and proton en-
ergies exceeding 150 MeV. Although these energies are loweartlthe ones that
can be reached at Trident with a F/1.5 OAP, the CALA system has tle great
advantage that it can run at a repetition rate of 1 Hz as opposetb the 1hour
shot cycle of Trident.

For improvement of the production of monoenergetic ion beamin the BOA-
soliton regime, additional simulations 35] have shown that Tridents current laser
eld of 1o=2 10°°W/cm?2 is not su ciently intense to generate the necessary
density spike in the ion distribution and hence cannot genate a sharp monoen-
ergetic ion beam. For an average intensity dfy =5:2 10°°W/cm 2, which can
easily be achieved with an F/1.5 OAP, these simulations precti monoenergetic
carbon ions peaking at 170 MeV, which would be very suitablerfa wide range
of applications.

For the conception and design of future laser systems withev higher power and
on-target intensities, the laser contrast will become an ew greater challenge.
With each order of magnitude in intensity, the contrast alschas to increase by
one order; otherwise premature target expansion might read ion-acceleration
ine ective or even impossible. PIC simulations typically se a perfect sin, sifi
Gaussian or even a trapezoidal temporal pulse envelope anegtect contrast ef-
fects on the laser-plasma interaction, such as pre-maturgpansion and target
deformation, which potentially results in wrong proton enggies seen in these
simulations. The current incapability of the PIC simulations to correctly model
pre-plasma conditions by imperfect laser contrast needslb@ investigated in order
to achieve better predictability of these simulations on a och wider parameter
range than the analytical model o ers.

Matching the experimental conditions as closely as possbWith simulations is
very challenging due to the high densities found in these @ianas. Optical probing
of the plasma to evaluate its density necessitates high-egg x-rays of 10th of keV
in a narrow bandwidth. The x-ray generation from K emission in high-intensity
laser-matter interactions via electron impact ionizatiorhas been studied in the
past [L77] and energies from 8keV up to 98keV can be achieved for matdsi
from Cu to U, suitable for probing of a wide range of plasmas. Hewer, this
technique su ers from low conversion e ciencies on the ordeof 10 4. Recently,
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a modi cation of this technique has been proposed by Sefkost al. [17]).

Here a beam of high energy electrons and ions is generated ie BBOA regime
with a nm-thick foil. This beam is than used to generate K emission in a sec-
ond micron-thick target positioned closely behind the rstone. The volumetric
heating of the rst target results in high populations of K -relevant hot electrons
and ions for the second target; a more than tenfold increase the conversion
e ciency has been seen in simulations, yielding X-ray powersf 70 mJ ps ! with
Trident relevant laser parameters.

Such a BOA-driven wide-range x-ray source would mark a bredkbugh in exper-
imental high energy density physics (HEDP), as these measurents potentially
allow a better validation/falsi cation of simulations and theories. It could also
0 er a su ciently bright and narrow bandwidth source for phase-contrast imag-
ing of large objects at 50-70keV.

For the experimental results presented in this thesis, PlCiraulations show dis-
crepancies especially in terms of the proton acceleratiomhe protons are much
more susceptible to contrast changes due to their low ineatiand high charge
to mass ratio. The proton self-cleaning e ect occurring inhe pedestal requires
precise knowledge about the initial plasma conditions to lalv reliable studies
with PIC simulations.

With this question answered, research should be carried ottt maximize the ac-
celeration time in the BOA regime for a given laser pulse dutian. This means,t;
should be reached shortly before the peak of the pulse atydshould be reached
as late as possible, preferably after the full pulse has padsthe target. With
precise PIC simulations probably in combination with hydrocodes, accounting
for pre-plasma conditions due to the real temporal laser paé envelope, the tar-
get design could easily be optimized for such a scheme boagtproton and ion
energies and conversion e ciencies into regions that coultiake laser-driven ion
sources a competitive alternative to conventional rf-acterators.
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