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Abstract

In this thesis, various novel aspects of laser-driven ion acceleration with contrast-

enhanced laser pulses have been characterized.

The maximum ion energiesŠ dependence on the pulse energy and the foil thickness

was investigated in a campaign at the POLARIS laser using a plasma mirror for

contrast enhancement. The steepest increase of the ion energies depending on the

pulse energy was measured for a 5 nm thin foil and linear polarization. Above a

certain pulse energy, the onset of the foilŠs transparency correlated with a stop of

the ion energiesŠ increase. Consequently, additional enhancements of the temporal

intensity contrast (TIC) and higher laser pulse intensities are required to exploit ion

acceleration with such thin foils.

The ring-like beam proĄle formed by protons with low kinetic energy, which orig-

inated from submicron thick plastic foils, was characterized. Simulations support

the explanation that such structures are a consequence of the proton densityŠs spa-

tial distribution during the acceleration with the target normal sheath acceleration

mechanism (TNSA). These Ąndings deepen the understanding of ion acceleration

with thin foils and may help to distinguish features of other acceleration mecha-

nisms in the beam proĄle from those attributed to TNSA.

In an experiment with water microdroplets, the effects of the laserŠs TIC and the

incidence angle in the polarization plane were investigated. It was found that both

parameters have a signiĄcant inĆuence on the kinetic energy of the accelerated pro-

tons. An optical probe laser was used to observe the plasma expansion on a pi-

cosecond timescale. A correlation between the expansion and the maximum proton

energy was found. The proton beam proĄle exhibited a reproducible net-like pat-

tern depending on the irradiation geometry as well. The results show that the use of

microdroplets irradiated with frequency-doubled laser pulses and optically probed

gives new insights into laser-plasma interaction.



Zusammenfassung

In Rahmen dieser Dissertation wurden verschiedene neue Aspekte der lasergetriebe-

nen Ionenbeschleunigung mit kontrastverbesserten Laserpulsen charakterisiert.

Die Abhängigkeit der maximalen Ionenenergien von der Pulsenergie und der Folien-

dicke wurde in einem Experiment am POLARIS-Laser untersucht, dessen Kontrast

mit einem Plasmaspiegel verbessert wurde. Der stärkste Anstieg der Ionenen-

ergien mit der Pulsenergie wurde für eine 5 nm dünne Folie und lineare Polarisation

gemessen. Oberhalb einer bestimmten Pulsenergie stoppte dieser Anstieg, was mit

der einsetzenden Folientransparenz zusammenĄel. Dies macht weitere Verbesserun-

gen des zeitlichen Intensitätskontrastes (TIC) bei gleichzeitiger Erhöhung der Laser-

intensität notwendig, um effektiv Ionen mit solchen dünnen Folien zu beschleunigen.

Außerdem wurde das ringförmige StrahlproĄl untersucht, welches von Protonen mit

niedriger Energie gebildet wird, die von submikrometer dünnen Folien beschleunigt

werden. Wie Simulationen nahelegen, bilden sich solche Strukturen bei der Beschle-

unigung mit dem Target Normal Sheath Mechanismus (TNSA) als eine Folge der

Form der Protonendichteverteilung. Diese Erkenntnisse vertiefen das Verständnis

über die Ionenbeschleunigung mit dünnen Folien und können dabei helfen Merk-

male anderer Beschleunigungsmechanismen von denen des TNSA-Mechanismus zu

unterscheiden.

In einem Experiment mit Wasser-Mikrotropfen wurden die EinĆüsse des TIC und

der Einfallsgeometrie des Lasers in der Polarisationsebene untersucht. Es hat sich

gezeigt, dass beide Parameter einen großen Effekt auf die Energie der beschleunigten

Protonen haben. Mithilfe eines optischen Lasers wurde die Plasmaexpansion auf

einer Pikosekundenzeitskala beobachtet. Hier wurde eine Korrelation zwischen Ex-

pansion und maximaler Protonenenergie festgestellt. Das StrahlproĄl der Protonen

zeigte ein reproduzierbares, netzartiges Muster, welches ebenfalls von der Einfalls-

geometrie abhängt. Die Resultate zeigen, dass sich mit Mikrotropfen als Targets für

frequenzverdoppelte Laserpulse und optischer Beobachtung neue Erkenntnisse über

die Laser-Plasma Interaktion gewinnen lassen.
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1. Introduction

Different measurements of protons with kinetic energies in the tens of megaelectron-

volts range (MeV) around the turn of the millennium have raised scientiĄc interest in

laser-driven ion acceleration [1Ű4]. These proton beams were generated by focusing

high-power laser pulses onto micrometer-thick foils, reaching intensities well above

1019 W/cm2 in the focal spot. Achieving these high intensities became only possible

with the invention of the chirped pulse ampliĄcation (CPA) scheme for lasers [5]

(Nobel Prize in 2018). Matter irradiated by such laser pulses is rapidly ionized and

electrons exposed to the laser Ąeld reach velocities close to the speed of light. Due to

the much higher mass of ions, an intensity exceeding 1024 W/cm2 would be necessary

to accelerate them directly to relativistic speeds. Since the highest intensity achieved

so far is about 5.5 · 1022 W/cm2 [6, 7], laser-driven ion acceleration to MeV energies

must therefore be an indirect process. The fundamental physics underlying most

experimental and theoretical work is based on the target normal sheath acceleration

(TNSA) mechanism [8]. TNSA works in principle as follows. A laser is focused

usually onto a solid-state target, e.g., a foil, thus creating a plasma. Electrons from

this plasma are accelerated through the foil and form an electron sheath beyond

the foilŠs rear surface. As a result, an electric Ąeld with a strength in the order of

TV/m arises between the positively charged foil and the electrons. This Ąeld ionizes

atoms from the targetŠs rear side and subsequently accelerates the generated ions,

while protons are accelerated most efficiently due to their highest charge to mass

ratio. The energy spectrum of the protons is usually thermal exhibiting a distinct

cut-off. Depending on the experimental parameters, more than 1012Ű1013 protons

can be accelerated [2, 9]. Other properties of the proton beam are a duration close

to the source in the range of a few picoseconds [10], an energy-dependent source

size from a few tens to well over a hundred micrometers, and an energy-dependent

divergence [11, 12]. Motivated by these characteristics, numerous experimental and

theoretical investigations have been carried out in this Ąeld [13, 14].

One main goal of this research is the realization of laser-driven ion sources as a com-
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Chapter 1 Introduction

pact part of multi-purpose high-intensity laser facilities for various applications as a

complement to conventional accelerator facilities. In contrast to the Ąeld strengths

of TV/m that can be realized in a plasma, the electric Ąeld on the surface of highly

polished stainless steel electrodes is limited to a strength of about 10 MV/m since

electrons are emitted and accelerated from the surface for higher Ąeld strengths [15].

Thus, conventional particle accelerators are usually large structures whose size scales

with the energy of the accelerated ions.

Currently available laser-driven proton sources have been successfully tested for

stress testing of materials [16], the analysis of cultural heritage [17], as a source

of crystal synthesis [18], for bi-modal imaging (with x-rays) of small biological or

technical objects [19], or to probe electromagnetic Ąelds [20, 21]. It was also possible

to use laser-accelerated protons or deuterons to generate neutron pulses [22, 23] or

accelerated protons to create warm dense matter [24, 25].

Laser-accelerated protons, or heavier ions, are also under consideration for fast igni-

tion in fusion science [26, 27]. Another sophisticated and possible future application,

proposed shortly after the emergence of the research Ąeld, is cancer therapy with

laser-accelerated protons [28, 29]. In vitro irradiations of biological samples have

already been performed [30Ű32], and there are efforts to realize treatments with

laser-accelerated protons [33Ű35]. Special beam gantries are designed to optimize

the properties of laser-driven proton sources for such treatments and other appli-

cations [36, 37]. Parts of a proton beam have already been (re-)compressed and

focused using conventional accelerator technology [38Ű41]. However, protons with

kinetic energies between 70 MeV and 250 MeV are necessary for tumor treatment

(depending on the tumorŠs location), whereas the highest measured kinetic energy

of laser-accelerated protons is around 100 MeV [42]. Besides, laser-driven proton

beams lack the stability, and the control over the output parameters necessary for

such sophisticated applications has not yet been reached. Consequently, fundamen-

tal research is needed to increase the depth of understanding of the physics involved

in the acceleration process, with the long-term goal of improving control over laser-

driven proton sources. To this end, various aspects of laser-driven ion acceleration

have been investigated in the context of this thesis.

It was investigated whether higher maximum ion energies can be achieved with

nanometer-thin foils in the context of radiation pressure acceleration (RPA) [43, 44].

Promising experimental results have been obtained with Ti:sapphire laser systems

[45Ű48], which provided pulse durations of 30 fs or 45 fs. Such an investigation was
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Introduction

not yet performed with a laser system delivering pulses with a duration longer than

100 fs [49, 50] but much shorter than pulses from typical Ćashlamp-pumped laser

systems [51, 52] (see Fig. 9 in [53]). In an experimental campaign at the POLARIS

laser system employing a plasma mirror (PM) [54], the foil thickness could be de-

creased from 500 nm down to 5 nm for linearly and circularly polarized laser pulses

to investigate the transition from TNSA dominated acceleration to thicknesses, for

which RPA is expected to become relevant (see Secs. 3.2.1 and 3.3).

In addition to the measurement of the ion energies, the investigation of the proton

beamŠs spatial proĄle is essential since this allows to deepen the understanding of

the acceleration process and is also relevant for the subsequent transport of the

accelerated protons to applications. In the context of this thesis, submicron thin

foils were irradiated with frequency-doubled laser pulses, and the spatial distribution

of the protons accelerated with the TNSA mechanism was characterized [55] (see

Secs. 3.2.2 and 3.4).

Experimental statistics and many potential applications would beneĄt from increas-

ing the repetition rate of laser-driven proton sources. This repetition rate depends

on the minimum possible time between two consecutive laser pulses and the time

required to replace an irradiated and thus destroyed target. The realization of a

high replacement rate for thin foils is a sophisticated and expensive task, whereas

the fastest demonstrated rate is 0.5 Hz [56]. Besides, after the prepared number of

targets has been shot, the target holder needs to be restocked. This procedure takes

time and includes letting up and pumping down the target chamber. Additionally,

a foilŠs lateral extension allows electrons to leave the interaction region along the

foilŠs surface [57]. This may reduce the electric Ąeld responsible for proton accel-

eration. Therefore, targets with a limited spatial extent that can be delivered at

low cost, arbitrary numbers, and high repetition rate are highly desirable. A type

of target fulĄlling these conditions are liquid droplets with micrometer diameters.

In the course of this thesis, proton acceleration from such microdroplets has been

studied for different irradiation geometries, and the effect of an optional pre-pulse

was investigated [58]. A synchronized optical probe was used to observe the plasma

expansion [59Ű61], and complementary measurements of the proton beam proĄle

were performed. These results are presented in Chapter 4.

This thesis starts in Chapter 2 with the basics of laser-plasma interaction and ion

acceleration, while in Sec. 3.1 the used ion diagnostics are described. After the

results (Chapters 3 and 4) the thesis closes with a short summary (Chapter 5).
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2. Basics

This chapter describes the basics of the interaction of high-intensity laser pulses

with plasmas and introduces the principles of laser-driven ion acceleration. Plasma

is generally ionized matter whose components interact with and through electro-

magnetic Ąelds. Firstly, the processes leading to the generation of plasmas, namely

ionization processes, will be introduced. Then, the interaction of the laser Ąelds with

a single electron will be discussed, followed by the optical properties of a plasma as

well as the transfer of laser energy to plasma electrons. Subsequently, the physical

principles leading to the acceleration of ions will be described, and various accelera-

tion mechanisms and models are presented. Finally, this chapter ends with a short

explanation of the principles of particle-in-cell (PIC) simulations that were used to

interpret the experimental results presented within this thesis.

2.1. Ionization of matter

Before ions can be accelerated as a consequence of the interaction of a laser pulse

with matter, a plasma has to be generated via ionization of this matter. Atoms

can absorb photons from an incident light wave via different processes, which can

lead to the emission of an electron, which was initially bound to this atom. The

atomŠs absorption of a single photon leading to the emission of an electron is called

the photoelectric effect. When a photonŠs energy Eph = hνL = hc/λL is equal to or

higher than the material dependent ionization energy Eion, the electron can leave

the atom where the difference of photon and ionization energy is carried away by

the electron as kinetic energy. Here, h is PlanckŠs constant. νL and λL are the laserŠs

frequency and wavelength, respectively. c is the speed of light in vacuum.

In the experiments presented in this thesis, water droplets, plastic foils, and diamond-

like-carbon foils (DLC) were used as targets to study laser-driven ion accelera-

tion. The ionization energies of the most weakly bound electrons from atoms of
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2.1 Ionization of matter

these materials are Eion, H+ = 13.6 eV (hydrogen), Eion, O+ = 13.6 eV (oxygen), and

Eion, C+ = 11.3 eV (carbon). For the most strongly bound electrons the ionization

energies are Eion, O8+ = 871 eV and Eion, C6+ = 490 eV [62].

The lasers used in these experiments have wavelengths of λL = 0.4 µm and λL =

1.0 µm corresponding to photon energies of Eph = 3.1 eV and Eph = 1.2 eV. Conse-

quently, a single laser photon cannot ionize any of the above mentioned atoms.

However, if the laser intensity is increased, an electron may absorb n photons to over-

come the ionization energy. This multiphoton ionization (MPI) process is relevant

for intensities IL > 1010 W/cm2 [63].

At even higher intensities, the magnitude of the laserŠs electric Ąeld EL is strong

enough to signiĄcantly deform the atomic Coulomb potential. The potential (en-

ergy) of the system experienced by the electron is [63]

V (x) = − 1

4πε0

· Ze2

♣x♣ − exEL. (2.1)

ε0 is the vacuum permittivity, Z is the ion charge number, and e is the elementary

charge. x is parallel to the electric Ąeld. It is possible that an electron tunnels

through the generated Coulomb barrier and then gets accelerated in the laser Ąeld.

This mechanism is called tunnel ionization (TI).

The limit of TI is called over-the-barrier (OBT) or barrier-suppression (BS) ion-

ization. In this case, the laserŠs electric Ąeld lowers the potential barrier up to the

electronŠs energy level, then releasing this electron into the vacuum. The threshold

intensity for this process is [63]

IOBT =
cπ2ε3

0

2Z2e6
(Eion)4 ≈ 4.0 · 109 W

cm2

(

Eion

eV

)4

· 1

Z2
. (2.2)

For the most weakly bound electrons this gives IC+ ≈ 6.5 ·1013 W/cm2, IO+ = IH+ ≈
1.4 ·1014 W/cm2, and for the most strongly bound electrons IC6+ ≈ 6.4 ·1018 W/cm2,

IO8+ ≈ 3.6 ·1019 W/cm2. This means that laser pulses of the JETI 40 and POLARIS

laser systems (see Secs. A.1 and A.2) with peak intensities exceeding 1019 W/cm2

can fully ionize these target materials.

The intensity of a laser pulse does not increase instantaneously from zero to its

maximum value, with the result that the maximum ionization state of an atom is

not reached immediately. Instead, each laser pulse with a duration on the fem-

tosecond timescale is preceded by a picosecond long rising edge. The ratio of this
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Chapter 2 Basics

time-dependent laser intensity to the maximum is called temporal intensity contrast

(TIC). The TIC of the POLARIS laser system is shown in [54] (Figs. 45 and 48).

There, it can be seen that the intensity is ≈ 1014 W/cm2, between 8 ps and 4 ps be-

fore the laser pulseŠs peak arrives with IL ≈ 1020 W/cm2. Therefore, the ionization

of the target begins several picoseconds before the pulse peakŠs arrival, leading to

the formation of a plasma.

2.2. Interaction of the laser field with a single

electron

Although the laser interacts with a plasma, which has an electron number density

on the order of 1021/cm3 in a laser-driven ion acceleration experiment, it is useful to

Ąrst study the interaction of a single electron with an electromagnetic wave. This

interaction is determined by the Lorentz force

dp⃗

dt
= ˙⃗p = −e

(

E⃗ + v⃗ × B⃗
)

. (2.3)

p⃗ = mev⃗γ denotes the electronŠs relativistic momentum with the rest mass me, the

electronŠs velocity v⃗, and the gamma factor γ = (1 − v2/c2)
−1/2

=
(

1 + (p/mec)2
)1/2

.

E⃗ and B⃗ are the electric Ąeld and the magnetic Ąeld of the wave, respectively.

Different derivations of the resulting electron trajectories can be found, for example,

in [63Ű65]. This section mainly refers to the book of Gibbon [63].

An elliptically polarized plane wave traveling along the z-axis in vacuum can be

described by the vector potential

A⃗ =
(

δA0 cos (ϕ) ,
(

1 − δ2
)1/2

A0 sin (ϕ) , 0
)

, (2.4)

with the amplitude A0. ϕ = ωLt − kLz is the phase with frequency ωL = 2πc/λL

and the magnitude of the wave vector
∣

∣

∣⃗kL

∣

∣

∣ = kL = 2π/λL. δ = 0, ±1 is for a linearly

and δ = ±1/
√

2 for a circularly polarized wave. The electric and the magnetic Ąeld

components of the wave can be derived from A⃗ as

E⃗ = −∂A⃗/∂t =
(

δA0ωL sin (ϕ) , −
(

1 − δ2
)1/2

A0ωL cos (ϕ) , 0
)

, (2.5a)

B⃗ = ∇ × A⃗ = (−Ey/c, Ex/c, 0) . (2.5b)
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2.2 Interaction of the laser Ąeld with a single electron

The intensity of the plane wave corresponds to the cycle-averaged absolute value of

the Poynting vector,

IL = S = ε0c
2♣E⃗ × B⃗♣ =

1

2
ε0c (A0ωL)2 =

1

2
ε0cE2

0 . (2.6)

Here, the amplitude of the normalized vector potential a0 := eA0/ (mec) is intro-

duced. Using Eq. (2.6), one obtains a relation to the laser intensity,

a0 =
eA0

mec
=

√

√

√

√

ILλ2
L

1.37 · 1018

cm2

Wµm2
. (2.7)

Note that for circular polarization a0 is often deĄned as a0 = eA0/
(√

2mec
)

[13]

(see δ = ±1/
√

2 in Eq. (2.4)).

For linear polarization and v ≪ c, the inĆuence of the magnetic Ąeld in Eq. (2.3)

can be neglected, and the electron carries out a simple oscillatory motion caused

by the electric Ąeld (e.g., δ = 0, assuming that the electron is at rest for ϕ = 0).

In this classical case, the ratio of the maximum speed of the oscillating electron

v0,class = eA0/me to the speed of light c corresponds to a0 = v0,class/c. Hence, for

a0 ≪ 1, the electronŠs motion can be treated classically.

For a0 > 1, the motion must be treated relativistically since the effect of the magnetic

Ąeld becomes comparable to the one of the electric Ąeld. To obtain the electronŠs

trajectory in the relativistic case, the time derivatives of the transverse momentum

components ṗx,y in Eq. (2.3) can be rewritten with the total temporal derivative of

the vector potential components dAx,y/dt = (−Ex,y) ± By,x (dz/dt) as dpx,y/dt =

e (dAx,y/dt). Integration yields

p̂x,y − e

mec
Ax,y = p̂x,y (t = 0) − e

mec
Ax,y (t = 0) =: Cx,y (2.8)

In these two equations, the momentum components have been normalized p̂i =

pi/ (mec) (i = x, y, z). To derive a relation for the longitudinal momentum p̂z, one

starts from Eq. (2.3) and replaces the magnetic Ąeld with the electric Ąeld using

Eq. (2.5b) and the velocity with the momentum using vi = cp̂i/γ. By eliminating

the electric Ąeld components and using the temporal derivative of the gamma factor

γ̇γ = p̂x
˙̂px + p̂y

˙̂py + p̂z
˙̂pz, one obtains the simple equation ˙̂pz = γ̇. Integration yields

p̂z − γ = p̂z (t = 0) − γ (t = 0) =: Cz. (2.9)

9



Chapter 2 Basics

Cx, Cy, and Cz in Eqs. (2.8) and Eq. (2.9) are constants of motion deĄned

by the conditions at t = 0. p̂z can be connected with p̂x and p̂y by using γ =
√

1 + p̂2
x + p̂2

y + p̂2
z in Eq. (2.9) giving

p̂z =
1 + p̂2

x + p̂2
y − Cz

2

−2Cz

. (2.10)

Consider the special case of an electron starting at r⃗ (t = 0) = 0 at rest yielding

Cx = δa0, Cy = 0, and Cz = −1. The electronŠs momentum can now be obtained

by inserting these constants and Eqs. (2.4) and (2.7) in Eqs. (2.8) and (2.10) as

p̂x = δa0 (cos (ϕ) − 1) (2.11a)

p̂y =
(

1 − δ2
)1/2

a0 sin (ϕ) (2.11b)

p̂z =
a2

0

4

[(

2δ2 + 1
)

− 4δ2 cos (ϕ) +
((

2δ2 − 1
)

cos (2ϕ)
)]

. (2.11c)

The corresponding electron trajectory in the lab frame can be derived from these

three equations by using dϕ/dt = ∂ϕ/∂t+ (∂ϕ/∂z) · (dz/dt) = ωL/γ and integrating

the equations for vi = cp̂i/γ over the phase ϕ as

x =
c

ωL

δa0 (sin ϕ − ϕ) (2.12a)

y =
c

ωL

(

1 − δ2
)1/2

a0 (1 − cos ϕ) (2.12b)

z =
c

ωL

a2
0

4

[(

2δ2 + 1
)

ϕ − 4δ2 sin (ϕ) +
(

δ2 − 1/2
)

sin (2ϕ)
]

. (2.12c)

The motion along z includes a displacement that can be associated with a drift-

velocity vz = ca2
0 (2δ2 + 1) / (4 + a2

0 (2δ2 + 1)). Depending on the polarization and

initial conditions, the electron may also drift along the other two axes, as is here

the case for the x-axis with vx = −cδ4a0/ (4 + 3a2
0). For linear polarization, the

electronŠs motion in a system moving with the drift velocity has the shape of the

Ągure eight [64].

The second term in Eq. (2.12c) that describes an oscillation with ϕ is a consequence

of Cx ̸= 0 and vanishes if δ = 0, or if the electron has an initial momentum p̂x,0 =

eAx,0/ (mec). The last term which describes an oscillation with 2ϕ can be suppressed

by using circularly polarized laser pulses. This term plays a role for ion acceleration

with few nanometer thin foils (see Secs. 2.4.3 and 3.3).
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2.2 Interaction of the laser Ąeld with a single electron

A laser pulse can be described by multiplying a time-dependent amplitude, for

example, a Gaussian-shaped one, to the vector potential A⃗. This means at the end

of the laser pulse, the vector potential is zero again. Hence, from Eqs. (2.8) and Eq.

(2.10) follows that the electron is at rest again or moves with the (initial) momentum

determined by the constants of motion.

Consequently, it would not be possible to accelerate electrons or other charged par-

ticles with lasers. But to reach intensities with a0 > 1, the laser has to be focused

down to a cross section of a few square micrometers. Thus, the spatial intensity

proĄle of the laser leads to a lateral intensity gradient that results in a force. This

ponderomotive force (PF) can accelerate electrons, as shown in the next section.

2.2.1. The ponderomotive force

In this section, the derivation of the PF for the classical case by Chen will be

presented [66] because it arrives at a similar result as the various more sophisticated

relativistic derivations [67Ű69].

A linearly polarized light wave with an electric Ąeld with a spatially dependent

amplitude E⃗s (r⃗) can be written as E⃗ (r⃗, t) = E⃗s (r⃗) · cos (ωLt). For the Ąrst-order

solution of the Lorentz equation (Eq. (2.3)) around the point r⃗0, the v⃗ × B⃗-term

can be neglected. The resulting Ąrst-order solutions for the electronŠs velocity v⃗1

and displacement δr⃗1 are:

v⃗1 = − e

meωL

E⃗s (r⃗0) sin (ωLt) , (2.13a)

r⃗1 − r⃗0 = δr⃗1 =
e

meω2
L

E⃗s (r⃗0) cos (ωLt) . (2.13b)

To Ąnd the second-order solution of Eq. (2.3), the electric ĄeldŠs spatial variation is

expanded up to the Ąrst order: E⃗s (r⃗1) ≈ E⃗s (r⃗0)+((δr⃗1) · ∇) E⃗s (r⃗) ♣r⃗0
. The magnetic

Ąeld has now to be considered as well and can be obtained by integrating FaradayŠs

law ∇ × E⃗ = −∂B⃗/∂t. This gives B⃗1 = − 1
ωL

∇ × E⃗s (r⃗) ♣r⃗0
· sin (ωLt). Inserting the

Ąrst-order electric and the magnetic Ąeld together with Eqs. (2.13) in the equation

of motion yields for the second-order force

me
dv⃗2

dt
= − e2

meω2
L

[

cos2 (ωLt)
(

E⃗s (r⃗0) · ∇
)

E⃗s (r⃗) ♣r⃗0

+ sin2 (ωLt)
(

E⃗s (r⃗0)
)

×
(

∇ × E⃗s (r⃗) ♣r⃗0

)]

.

(2.14)
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Using the identities sin2 (ωLt) =(1 − cos (2ωLt)) /2, cos2 (ωLt) =(1 + cos (2ωLt)) /2,

and E⃗s ×
(

∇ × E⃗s

)

= 1
2
∇E⃗2

s −
(

E⃗s · ∇
)

E⃗s one obtains

me
dv⃗2

dt
= − e2

4meω2
L

[

∇
(

E⃗2
s

)

− cos (2ωLt) ∇
(

E⃗2
s

)]

. (2.15)

The quasi-static ponderomotive force is the Ąrst part of this equation since the

second term vanishes when averaging over one laser cycle, thus

F⃗pond := me

〈

dv⃗2

dt

〉

= − e2

4meω2
L

∇
(

E⃗2
s

)

. (2.16)

Since E⃗2
s is proportional to the laserŠs intensity proĄle, the ponderomotive force

accelerates electrons away from regions of high intensity. The relativistic derivation

yields a similar expression with an additional factor of γ̄−1 [67], where γ̄ is the

cycle-averaged relativistic gamma factor of the electron. With the relation F⃗pond =

−∇Φpond, the force can be connected to a potential, which is the quiver energy of

electrons in the laser Ąeld and given as [69]

Φpond = mec
2 (γ − 1) . (2.17)

Wilks et al. [70] found with the help of simulations that the thermal energy or tem-

perature kBTe (kB is BoltzmannŠs constant and Te is the electron temperature) of hot

electrons in a high-intensity laser-plasma interaction scales with this ponderomotive

potential as

kBTe = mec
2
(

√

1 + a2
0 − 1

)

= 0.511MeV ·




√

√

√

√1 +
ILλ2

L

1.37 · 1018

cm2

Wµm2
− 1



 . (2.18)

The scaling of kBTe with the ponderomotive potential was experimentally conĄrmed,

for example, in [71, 72]. Here, it is γ̄ =
√

1 + a2
0 [70, 71].1

1 There are slight differences in literature for γ̄ and the ponderomotive potential. E.g., γ̄ is
defined in [13, 68, 69] as γ̄ =

√

1 + ⟨⃗a2⟩ =
√

1 + a2

0
/2 for linear polarization and γ̄ =

√

1 + a2

0

for circular polarization with the respective definition for a0.
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2.3 Laser-plasma interaction

2.3. Laser-plasma interaction

In this section, the properties of a plasma and the transfer of a laser pulseŠs energy

to plasma electrons will be discussed.

2.3.1. Plasma properties

A plasma consists of electrons and different ion species, as well as neutral atoms. It

reacts collectively since the charged particlesŠ motion is determined by the Lorentz

force and not mainly by collisions as in a neutral gas.

2.3.1.1. Debye shielding

Although a plasma consists of positively and negatively charged particles, it ap-

pears (quasi-)neutral on long distances since the electrons (and ions) can arrange

themselves to shield electric Ąelds. Consider a positive charge, for example, a point

charge q with the corresponding electric potential ϕvac (r⃗) = q/ (4πε0♣r⃗ ♣) in vacuum.

This charge is now placed within a plasma that consists of electrons and ions with

particle densities ne and ni. As a consequence, the electrons start to move towards

the positive charge, modifying the potential to ϕ = ϕvac (r⃗) exp (−♣r⃗ ♣/λD) [73].

λD =

√

ε0kBTe

nee2
(2.19)

is the so-called Debye length which deĄnes the distance over which a potential is re-

duced additionally due to the plasma shielding by e−1(EulerŠs number) [66, 73]. The

shielding is usually caused by electrons only because they are more mobile than ions

due to their lower mass. In a typical laser-driven proton acceleration experiment,

λD is usually on the order of 1 µm [74]. Debye shielding only works if the number Ne

of electrons in a sphere with the radius λD is large enough: Ne = (4/3) πneλ
3
D ≫ 1.

If this condition is fulĄlled, the plasma appears neutral on distances L ≫ λD.

2.3.1.2. Light propagation in a plasma

If electrons are displaced in a plasma, a restoring charge separation Ąeld builds up

between the displaced electrons and the much heavier, stationary ions. This Ąeld

pulls the electrons back to their initial position. Due to their inertia, the electrons
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will overshoot and start to oscillate. The frequency of this oscillation is called the

plasma frequency [63, 66]

ωp =

√

nee2

ε0meγ
. (2.20)

Here, γ is averaged over the time and over the local electron population. ωp is part

of the dispersion relation for an electromagnetic wave propagating in a plasma with

no additional external magnetic Ąeld present,

ω2
L = ω2

p + k2
Lc2. (2.21)

Consider a plane wave described by E⃗ = E⃗0 exp (i (kLz − ωLt)). For ωL > ωp,

Eq. (2.21) gives kL = c−1
√

ω2
L − ω2

p, meaning that the wave can propagate within

the plasma. But for ωL < ωp, the wave number becomes imaginary since kL =

ic−1
√

ω2
p − ω2

L. One obtains exp (ikLz) =: exp (−z/δ), with the skin depth

δ =
c

√

ω2
p − ω2

L

, (2.22)

which is the distance over which the laserŠs electric Ąeld is attenuated by e−1.

The phase velocity and the group velocity in a plasma are given due to Eq. (2.21)

by vph = ωL/kL =: c/η and vgr = ∂ωL/∂kL =: ηc, respectively. η is the plasmaŠs

refractive index [13, 63],

η =

√

1 −
(

ωp

ωL

)2

=

√

1 − ne

γnc

. (2.23)

nc is the so-called critical density in the classical, low-intensity limit, for which ωL =

ωp with γ = 1. Therefore, nc divides a plasma in transparent, called underdense,

for ne < nc and in opaque, called overdense, for ne > nc. It is

nc =
ε0meω

2
L

e2
≈ 1.1 · 1021

λ2
L

µm2

cm3
. (2.24)

Since the plasma frequency and the refractive index depend on the electronŠs rel-

ativistic mass meγ, an initially opaque plasma can become transparent during the

interaction with a high-intensity laser because the electrons gain kinetic energy. This

effect is called relativistic transparency (RT) [75].
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2.3 Laser-plasma interaction

2.3.1.3. Plasma expansion

Consider a planar plasma in vacuum that consists of a single ion species with density

ni0 and electrons with density ne0 = Zni0 with a temperature kBTe at t = 0. Caused

by the thermal motion or kinetic pressure, the plasma starts to freely expand into

the vacuum. This expansion shall be considered as isothermal and one-dimensional,

whereby the ions are no longer treated as stationary but as a Ćuid. Then, the density

proĄle of the plasma can be described by an exponential function as [73]

ne ≈ Zni = ne0 exp
(

− z

L

)

. (2.25)

L is the plasmaŠs scale length and is deĄned as L = cst, with the ion sound speed,

cs =

√

ZkBTe

mi

≈ 3 · 105 m

s
·
√

kBTe

keV
· Z

A
. (2.26)

mi is the mass of one single ion, and A is the atomic mass number. For a laser

with a constant intensity of 1016 W/cm2 and λL = 0.4 µm, the electron temperature

may be estimated via the ponderomotive scaling as kBTe ≈ 0.3 keV. If the ions

are protons, the sound velocity takes a value of cs ≈ 0.16 µm/ps, and the plasmaŠs

scale length after an expansion time of t ≈ 5 ps is L ≈ 0.8 µm. This is only twice

the experimentally deduced scale length for the experiment with water droplets (see

Sec. 4.2). In that case, however, the laser-intensity proĄle was not constant and the

(spherical) geometry differed from the above-assumed 1D planar geometry.

If this (pre-)plasma is irradiated by a high-intensity laser pulse, the exponential

density proĄle will be deformed by the PF [70] already during the rising edge of the

laser pulse on a ps-timescale. That will eventually lead to shorter scale lengths when

the pulse peak arrives. Due to the spatially varying intensity in the laserŠs focus,

the plasmaŠs surface will be bent. This effect has consequences for the absorption

of energy by the plasma.

2.3.2. Laser absorption and electron heating

To accelerate a (classically described) proton with mass mp to the speed of light it

would be necessary to achieve a0 = mp/me ≈ 1836, which corresponds to a laser

intensity of about 5·1024 W/cm2 (λL = 1 µm). This intensity cannot be reached with

current laser systems [6, 7]. Therefore, ions cannot be accelerated to MeV energies
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directly by the laser Ąeld. The acceleration of ions is thus due to the energy transfer

from electrons that have previously absorbed laser energy.

2.3.2.1. Collisional absorption

Laser energy can be absorbed by plasma electrons if they interact (collide) with

the ionsŠ electric Ąeld. This process is called inverse bremsstrahlung or collisional

absorption and depends on the electron-ion collision frequency estimated as [73]

νei =
e4

3 (2π)3/2 ε2
0

Zne · ln Λ

m
1/2
e (kBTe)3/2

≈ 3 · 10−6 · ln Λ · Zne cm3

(kBTe)3/2 eV−3/2
s−1. (2.27)

ln Λ is the Coulomb logarithm, where Λ is the quotient of λD and the shortest

distance between an electron and an ion. The value of ln Λ for laser-plasmas lies

between 2 and 5 [69]. The frequency of collisions between electrons νee is compa-

rable to νei. In [76], it is given as νee ≈ 2νei. The time τ ≫ τee = 1/νee can be

considered as the time required by an electron plasma to reach thermal equilib-

rium by collisions [69]. To approximate νei as a function of the laserŠs intensity,

the electron temperature in Eq. (2.27) may be estimated via the ponderomotive

scaling Eq. (2.18). Using ne = nc (λ = 0.4 µm), ln Λ ≈ 5, and Z = 1, νei varies in

an intensity range between 1012 W/cm2 and 1018 W/cm2 from ν12 ≈ 2 · 107 ps−1 to

ν18 ≈ 2 · 10−2 ps−1. The inverse 1/ν18, i.e., the time between collisions at relativistic

intensities, is much longer than the FWHM-duration of the pulses of the JETI 40

and POLARIS laser systems. Consequently, collisions are negligible for the inter-

action of the laser pulseŠs peak with a target and thus for the generation of hot

electrons. The electrons perform collective motions, in this case, and collisionless

absorption mechanisms become dominant, which will be sketched in the following

sections. Nevertheless, during the rising edge of the laser pulse on the ps-timescale,

collisional absorption will contribute to the generation and heating of a pre-plasma.

2.3.2.2. Resonance absorption

Consider a p-polarized laser beam that is obliquely incident under an angle θ on a

foil, with a pre-plasma with scale length L on the front surface. This conĄguration

leads to a component of the laserŠs electric Ąeld pointing into the foil.

The laser is continuously refracted during its propagation inside the plasma, where

the density at the reĆection point (i.e., the point of closest approach) of the laser
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2.3 Laser-plasma interaction

is given by ner = nc cos2 θ [73]. This means that for θ > 0◦ the laser is always

reĆected before reaching the critical density. But since the electric Ąeld strength

within the plasma decreases exponentially (see Sec. 2.3.1.2 and Eq. (2.22)), the Ąeld

can still excite an electron plasma oscillation at the region of the critical density,

where ωL = ωp. Hence, this oscillation is driven resonantly and will eventually

break, accelerating hot electrons into the foil. For the case kLL ≫ 1, the fraction of

absorbed laser light can be estimated as [63]

f =
1

2

(

2.3ξ exp
(

−2ξ3/3
))2

, (2.28)

where ξ = (ωLL/c)1/3 sin θ. Thus, the absorption of energy only depends on the

scale length and the angle of incidence but not on the laserŠs intensity. Eq. (2.28)

can take values > 80 %, whereas in simulations values > 50 % were obtained for

laser intensities ≈ 1014Ű1016 W/cm2 [77, 78].

Since the estimated absorption coefficient does not directly depend on the intensity,

one may assume that resonance absorption will be a dominant process when the

laser pulseŠs peak arrives. But when the intensity increases, the pressure on the

pre-plasma due to the PF also increases, which will eventually steepen the plasma

before the pulse peakŠs arrival, leading to a different heating mechanism.

2.3.2.3. Brunel heating

Brunel-heating or vacuum-heating is a mechanism responsible for electron heating

in the case of steep density gradients with a0 > LkL [79]. The principle of this

mechanism can be explained with a one-dimensional capacitor model [63]. The

oscillating electric Ąeld component, which is parallel to the target normal direction,

pulls during one laser half-cycle electrons out of the very short pre-plasma into the

vacuum. As a result, a charge separation Ąeld between target and electron layer

arises. When the laser Ąeld changes its direction, it accelerates, together with the

charge separation Ąeld, the electron layer back into the target. Since the overdense

plasma screens the electrons from the laser Ąeld, they have remaining kinetic energy.

Simulations for irradiances ILλ2
L ≈ 1014Ű1018 Wµm2/cm2 and for scale lengths of

L/λL = 0.04 and L/λL = 0.1 exhibit a scaling of the hot electron energy with

(ILλ2
L)

1/3−1/2
[80]. For ILλ2

L ≈ 1018 Wµm2/cm2, the fraction of absorbed laser light

takes values about ≈ 10Ű15 % depending on L.
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2.3.2.4. j⃗ × B⃗-heating

In contrast to the two previous heating mechanisms, j⃗ × B⃗-heating is dominant

for normal laser incidence and gains importance for relativistic intensities since the

heating is a consequence of the v⃗ × B⃗-term in the Lorentz equation Eq. (2.3) [81].

This term drives oscillations with twice the laser frequency along the targetŠs normal

direction for a linearly polarized laser, as seen in Eq. (2.11c), Eq. (2.12c), and Eq.

(2.15). Consequently, electron bunches, separated by half a laser wavelength, are

accelerated into the target. For circularly polarized laser pulses, j⃗ × B⃗-heating will

be suppressed (see Eqs. (2.11c) and (2.12c) for δ = ±1/
√

2).

The heating process at a target with a steep plasma density gradient can be described

similarly to the Brunel heating mechanism [63]. The force due to the standing waveŠs

magnetic Ąeld (incident plus reĆected laser) pulls electrons away from the target,

twice per laser cycle. When the v⃗ × B⃗-term changes its direction in the following

quarter cycle, the magnetic and the charge separation Ąeld accelerate electrons into

the target. Inside the plasma, the electrons are shielded from the laser Ąeld and thus

are effectively accelerated. The absorption process is intensity-dependent and takes

values of ≈ 15 % for an irradiance of ≈ 1018 Wµm2/cm2 [81]. The temperature of

the accelerated electrons scales as the ponderomotive potential [70].

2.3.2.5. Remark on the generation of hot electrons

The heating of electrons is a complex process and depends on many parameters, like

the laserŠs intensity or the TIC. To model ion acceleration, it is often necessary to

estimate the temperature of the hot electrons and the fraction of absorbed energy.

Many authors use the ponderomotive potential (see Eq. (2.18)) to estimate the

temperature for their models or to compare their experimental Ąndings with theory

[82Ű86]. This scaling was Ąrst found with the help of simulations [70] and later

experimentally conĄrmed [71, 72].

However, it was also experimentally found by Beg et al. that the electron temper-

ature may scale with kBTe ∝ (ILλ2
L)

1/3
[87]. This scaling could later be reproduced

over an intensity range of 1018 W/cm2 up to 1021 W/cm2 for pulse durations be-

tween 400 fs and 5 ps, and different incidence angles between 0◦ and 40◦, while the

intensity was varied by changing the pulse energy [88, 89]. This difference to the

ponderomotive scaling was attributed to the pre-plasma modiĄcation at the laser-

plasma interaction region close to the critical density. Here, the high-intensity laser
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2.4 Laser-driven ion acceleration

pulse sweeps electrons out of the underdense region, thus reducing the electron den-

sity, while the PF steepens the near-critical interaction region [70, 90]. As stated

by Haines et al. [91], accelerated electrons would not gain the energy equivalent

to the ponderomotive potential because they would have propagated a distance

into the target that is larger than the skin depth (Eq. (2.22)) before they experi-

enced the maximum possible acceleration by the laser Ąeld. Their model is close to

kBTe ∝ (ILλ2
L)

1/3
and given by

kBTe = mec
2









1 +
2

mec

(

meIL

ncc

)1/2
]1/2

− 1







. (2.29)

A disadvantage of this model is that it does not converge to the ponderomotive

potential for non-relativistic intensities, as stated by Kluge et al. [92]. They de-

veloped a model that converges to the ponderomotive scaling for a0 ≪ 1 (with

γ̄ =
√

1 + a2
0/2), but shows a weaker scaling for large a0. It is given by

kBTe ≈ mec
2 · a2

0

4
, (a0 ≪ 1) , (2.30a)

kBTe ≈ mec
2 ·
(

πa0

2 ln 16 + 2 ln a0

− 1
)

, (a0 ≫ 1) . (2.30b)

The fraction f of absorbed energy by hot electrons was measured for intensities

up to 1020 W/cm2 [93, 94]. f increases with rising intensity from f ❃ 20 % at

1017Ű1018 W/cm2 to f ❄ 60 % at ≈ 1020 W/cm2 for normal or near-normal laser

incidence. For an incidence angle of 45◦ and intensities between ≈ 1017 W/cm2 and

≈ 5 ·1019 W/cm2, a roughly constant absorption fraction of 50 % was measured. For

IL ❄ 1020 W/cm2, f takes values ❄ 80 %. Additionally, simulations indicate that f

depends also on the amount of pre-plasma present [90, 93].

2.4. Laser-driven ion acceleration

Laser-driven ion acceleration is an indirect process. The laser pulse accelerates the

plasma electrons via different processes (see Sec. 2.3.2) that leads to a charge sepa-

ration between electrons and ions. This charge separation generates slowly varying

electric Ąelds (compared to the oscillation period of laser light), eventually leading

to an acceleration of ions. Different ion acceleration mechanisms exist, including

target normal sheath acceleration (TNSA), radiation pressure acceleration (RPA),
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and breakout afterburner (BOA) (see Macchi et al. [13] or Daido et al. [14] for

reviews). Of these mechanisms, TNSA is the dominant one in most experiments

performed, and several theoretical models have been developed to describe the pro-

cess and predict the experimental results.

2.4.1. Target normal sheath acceleration

Although laser-driven ion acceleration was already observed early in the second half

of the 20th century [95], it became a topic of renewed active research around the turn

of the millennium [1Ű4]. Due to the use of CPA-laser systems [5], laser pulses could

be focused to relativistic intensities (a0 > 1), eventually leading to the acceleration

of protons to kinetic energies of several megaelectronvolts from micrometer thick

foils. These protons had their origin in contaminants on the foilsŠ surfaces [96]. By

using a wedged target [1, 2] or removing the contaminants from either the target front

(laser-illuminated surface) or the target rear surface [97], it could be determined that

the protons originated from the latter. A theoretical framework was developed to

explain this proton acceleration process, which is called TNSA [8]. Ion acceleration

via TNSA works in principle as follows (see Fig 2.1).

Firstly, a laser pulse is focused onto, for example, a µm thin metal or plastic foil.

Since high-intensity lasers have a rising edge on the ps-timescale, ionization starts at

least several ps before the pulse peak arrives via different mechanisms (see Sec. 2.1).

During the ps-duration of the rising edge, the freed electrons are heated, ionization

continues, and a pre-plasma is formed (see Sec. 2.3.1.3 and Sec. 2.3.2). When the

main pulse arrives, it accelerates electrons through the foil. These electrons form a

sheath in the vacuum at the rear surface of the foil. Between the electron sheath

and the positively charged foil, an electric Ąeld builds up that has a strength in the

order of MV/µm. Electrons with high kinetic energy may escape the interaction

region, while most are held back by this electric Ąeld. However, for a foil with a

transverse extent much larger than the interaction region, electrons may also leave

the sheath-region along the foilŠs surface [57].

The electric Ąeld ionizes atoms on the rear side of the target and accelerates the

ions to MeV energies. Consequently, the ion and electron distributions expand as a

quasi-neutral plasma, preceded by an electron sheath, into the vacuum. This plasma

expansion, respectively ion acceleration, also starts from the foilŠs front surface to-

wards the direction of the incident laser [4, 98, 99].
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Figure 2.1.: The three images sketch the principle of the TNSA-mechanism using
a µm thick foil as the target (dark gray), with contaminants on both surfaces
(light gray). In (a), the laser is focused onto the foil. The rising edge ionizes the
foil, and thus a pre-plasma is formed. (b) shows how hot electrons are accelerated
through the foil by the pulse peak and form a sheath on the foilŠs rear surface.
Due to the charge separation, an electric Ąeld builds up, accelerating preferably
protons from the contaminant layer. Protons (and heavy ions) gain kinetic energy
due to the acceleration process. Their spatial distributions expand, together with
the electrons, as a quasi-neutral plasma into the vacuum, as seen in (c). See the
main text for more details. Note that hole-boring also takes place at the foilŠs
front surface (see Sec. 2.4.3.1), but was not included in these drawings for the
sake of clarity.

2.4.1.1. Electron transport

Before the electrons can set up the sheath, they have to travel through the target,

e.g., a foil or a droplet. The number of the generated hot electrons can be estimated

by an energy balance relation Ne ≈ fEL/ (kBTe), where EL is the laser pulse energy

[13]. Assuming that the electrons are accelerated during the laser pulse duration τL,

the induced hot electron current is I ≈ Nee/τL [63]. The hot electron temperature

can be approximated by the ponderomotive scaling (see Eq. (2.18)). For example,

for an intensity of IL ≈ 4 · 1019 W/cm2 (parameters from the experiment with water

droplets, see Sec. 4.1) and a wavelength of λL = 0.4 µm, it is kBTe ≈ 0.7 MeV. The

absorption fraction will be assumed as f ≈ 0.6 according to the results of Ping et al.

and Gray et al. [93, 94] (see Sec. 2.3.2.5). With EL ≈ 18 mJ contained in the full-

width-at-half-maximum (FWHM) focal spot, the number of hot electrons is Ne ≈
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1.0 · 1011. Using τL ≈ 42 fs, these electrons correspond to a current of approximately

I ≈ 0.4 MA. In vacuum, such a current could not propagate due to self-generated

magnetic Ąelds. In the target, it is additionally affected by electric Ąelds induced

by the charge separation. However, when the target becomes an ionized plasma

during the interaction (or is a metallic conductor), enough free electrons are present

that the generation of these magnetic Ąelds can induce a compensating, cold return

current [100, 101]. Hence, the hot electrons can propagate through the target and

set up a sheath on the targetŠs rear surface. To approximate the sheath density

directly at the target surface, it is assumed that the electrons propagate ballistically

within a cone with the half-opening angle θ. For a laser beam focused under normal

incidence into a focal spot with radius r ≈ 0.6 µm, the density of the electrons at

the targetŠs rear surface can be approximated as [84]

ne0 ≈ Ne

cτLπR2
, (2.31)

wherein R = (r + d tan θ) is the radius of the sheath, and d is the target thickness.

Here, it was assumed that the electron bunch has a length of cτL. The full diver-

gence angle 2θ was measured as a function of the laser intensity ([102] and refs.

therein), with Ovchinnikov et al. [103] stating, due to their simulated results, that

the intensity dependence is actually a scale length dependence. For an intensity

of IL ≈ 4 · 1019 W/cm2, 2θ was experimentally determined to be between 30◦ and

40◦ [102]. That is consistent with the simulations [103] for scale lengths L ≤ 1 µm.

Using θ ≈ 18◦ and a target thickness of d ≈ 20 µm (diameter of the droplets used as

targets in the droplet experiment, see Sec. 4.1), it is R ≈ 7 µm, and the estimated

electron density is ne0 ≈ 5 · 1019 cm−3. This value is about two orders of magnitude

below the critical density for λL = 0.4 µm (see Eq. (2.24)). These hot electrons set

up the sheath responsible for ion acceleration. However, one should keep in mind

that these derived numbers are estimates. Additional effects can inĆuence the hot

electron density like electron recirculation [104], electrons can leave the interaction

region along a foilŠs surface [57], or the generation of a conĄned surface current can

increase the electron density (see Sec. 4.4).

2.4.1.2. TNSA modelling

Usually, theoretical models use an electrostatic approximation (∂B⃗/∂t = 0 and

∇× E⃗ = 0) to describe the TNSA process, thus the electric Ąeld E⃗ can be expressed
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by a potential via E⃗ = −∇ϕ [13]. This potential then satisĄes the Poisson equation

∇2ϕ =
e

ε0

(

ne −
∑

i

Zini



. (2.32)

ϕ is, therefore, deĄned by the density distribution of electrons ne and different ion

species ni. Consider one spatial dimension (z-axis) and treat the problem quasi-

statically [13]. The latter means that the target consists of immobile heavy ions

(one species with charge number Z), and that protons on the targetŠs rear surface

are treated as test particles and do not inĆuence the electric potential. Also, the

electrons are treated as isothermal. The electron density is given by the sum of hot

and cold electrons ne = ne, h + ne, c. Assuming a Boltzmann distribution for the hot

electrons

ne, h = ne0 exp (eϕ (z) / (kBTe)) , (2.33)

and neglecting thermal effects for the cold electrons, the cold electrons and the ions

have a uniform density for z < 0, given as ne, c = ne0, c and Zni = Zni0 = ne0, c +ne0.

Then Eq. (2.32) yields ∂2ϕ/∂z2 = eε−1
0 ne0 (exp (eϕ (z) / (kBTe)) − Θ (−z)). Θ is the

Heaviside step function. The integration for z > 0 yields the potential that can be

used to calculate the electric Ąeld at the targetŠs rear surface [105]:

ϕ (z) =
kBTe

e



−2 ln

(

1 +
z√

2eNλD0



− 1

]

, (2.34a)

E (z = 0) =

√

2

eN

kBTe

eλD0

=

√

2

eN

√

ne0kBTe/ε0 =:

√

2

eN

E0. (2.34b)

A problem with this simple quasi-static approach is that protons would be acceler-

ated inĄnitely due to the divergence of ϕ (z). Nevertheless, one may estimate the

maximum electric Ąeld and the kinetic energy that a proton can gain during the

acceleration process if a certain acceleration length is assumed. Using the previous

estimates, the Debye length is (Eq. 2.19) λD0 ≈ 0.9 µm, leading to an electric Ąeld of

E (z = 0) ≈ 0.7 MV/µm. With λD0 as an acceleration length, the maximum proton

energy can be approximated as Emax ≈ −e (ϕ (λD0) − ϕ (0)) ≈ 0.5 MeV. This value

is slightly below the average maximum proton energy measured in the experiment

with water droplets and high TIC for normal laser incidence (see Fig. 4.4 in Sec.

4.3). If a plasma density gradient with L > λD0 at the targetŠs rear surface is
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present during the main pulse arrival, λD0 in Eq. (2.34b) has to be replaced by L

[106] leading to a reduced electric Ąeld and thus to a less effective proton acceleration

process.

With Eq. (2.18) as an estimation for kBTe and λD0 as the acceleration length, it is

Emax ∝ (ILλ2
L)

1/2
. Such a scaling was measured, e.g., by [4, 9, 107, 108].

2.4.1.3. Plasma expansion model

The ion acceleration process is often treated as a one-dimensional expansion of an

isothermal plasma into the vacuum. This theoretical problem was already inves-

tigated in the 20th century, before the acceleration of MeV ion beams with CPA

laser systems, for example, in [105, 109Ű111] and was further developed within the

context of ion acceleration with lasers by Mora [112]. Here, only one ion species is

considered, again occupying z < 0 and only hot electrons described by Eq. (2.33)

for all times t. A solution of Eq. (2.32) for t = 0 leads to Eqs. (2.34). Due to

the electron temperature and the associated pressure, the electrons start to expand.

They pull the ions along so that both begin to propagate into the vacuum for t > 0.

The ions are treated as an isothermal Ćuid and their expansion with the velocity vi

is described by the following equations:

∂vi

∂t
+ vi · ∂

∂z
vi = −Zie

mi

∂

∂z
ϕ, (2.35a)

∂ni

∂t
+

∂

∂z
(nivi) = 0. (2.35b)

If one assumes quasi-neutrality, a self-similar solution of these equations for z > −L

is

ne (z, t) = Zni (z, t) = ne0 exp (−z/L − 1) (2.36a)

vi = cs + z/t (2.36b)

E = kBTe/ (eL) = E0/ (ωpit) . (2.36c)

ωpi =
√

ne0Ze2/ (miε0) is the ion plasma frequency of the initial ion distribution.

The ion distribution in Eq. (2.36a) has no spatial limitation. Consequently, ions

with inĄnite velocity and kinetic energy are predicted by this self-similar solution.

In an experiment, however, an ion front is formed with a measurable maximum

velocity. Such an ion front was also found by numerically solving Eq. (2.32), Eq.
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(2.33), and Eqs. (2.35) [113]. The existence of this front is a consequence of the

charge separation due to the formation of the electron sheath, which corresponds

to the violation of quasi-neutrality at and around this position. That is why the

self-similar solution has no relevance as long as ωpit < 1 [112]. The location of the

moving ion front can be estimated from the position where the local debye length

λD = λD0

√

ne0/ne equals L. This ion front carries a surface charge of σ = ε0E.

An additional σ is carried by a rarefaction wave moving into the target at z = −L.

Together with the surface charge −2σ of the electron sheath, the charge separation

leads to an electric Ąeld that is given by an interpolation formula for t ≥ 0 as [112]

Efront ≈ 2E0/
√

2eN + ω2
pit

2. (2.37)

By integrating dvfront/dt = ZeEfront/mi one obtains the velocity and thus the max-

imum kinetic energy an ion can gain,

Emax = 2ZkBTe

[

ln
(

τ +
√

τ 2 + 1
)]2

. (2.38)

Here, τ = ωpit/
√

2eN . The ionsŠ energy spectrum up to Emax is given as

dN

dEi

=
Zne0t√
2Eimi

exp

(

−
√

2Ei

ZkBTe



. (2.39)

Ei is the kinetic energy of an ion. To estimate Emax, the electron temperature kBTe

and the plasma density ne0 are necessary. Because these quantities are usually not

directly accessible in an experiment, they have to be estimated as done before. The

time t can be interpreted as an acceleration time. Since the model is isothermal, the

protons would be accelerated inĄnitely if no time constraint would be included.

Different approximations for t can be found. Kaluza et al. [84] assumed that t ≈ τL,

while Fuchs et al. [85] found that their experimental results are best reproduced by

t ≈ 1.3 · τL. This was later reĄned to t = α (τL + 60 fs) [114], where α is intensity-

dependent and α = 1.3 for IL > 3 · 1019 W/cm2. For the experimental parameters

of the water droplet experiment, one obtains t ≈ 133 fs. One can approximate

ωpi ≈ 9.3 · 1012 rad/s and τ ≈ 0.53. Again using kBTe ≈ 0.7 MeV, the maximum

proton energy is Emax ≈ 0.36 MeV, which is roughly half of the average energy

obtained in the droplet experiment for normal laser incidence without a pre-plasma

present (see Fig. 4.4 in Sec. 4.3). This model has been used successfully to interpret

experimental results [84Ű86].
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2.4.1.4. Model by Schreiber

A model that has been used to explain a linear scaling of the maximum proton

energy as a function of the laserŠs pulse power, as measured in [99, 115], is the

quasi-static model by Schreiber et al. [116]. With this model, Zeil et al. [115]

could attribute the linear scaling to their short pulse duration of τL = 30 fs. They

compared their measurements to results obtained at other laser systems and could

show that the scaling of the maximum proton energy with pulse power changes from

linear, for short pulses, to rootlike, for longer pulses.

In this model, the target ions do not move, while ions from the surface are treated

as test particles. The hot electron sheath induces a positive surface charge density

at the targetŠs rear surface, causing an electric potential and Ąeld [116]:

ϕ (r = 0, ξ) = −RkBTe

eλD

(

1 + ξ −
√

1 + ξ2

)

, (2.40a)

E (r = 0, ξ) =
kBTe

eλD



1 − ξ√
1 + ξ2

]

. (2.40b)

ξ = z/R is the normalized distance, and R is the radius of the surface charge/electron

sheath (see Sec. 2.4.1.1). The ion energy is given as a function of the distance from

the surface as Ei (ξ) = −Zeϕ (r = 0, ξ) = Ei, ∞

(

1 + ξ −
√

1 + ξ2
)

, with Ei, ∞ =

Ei (ξ → ∞). This expression represents the energy that an ion could gain at an

acceleration on an inĄnite distance and can be expressed by the laser pulse power

PL = EL/τL as

Ei, ∞ = 2Zmec
2
√

fPL/ (8.71 GW). (2.41)

To get a better approximation for the experimentally measured maximum ion ener-

gies, it was assumed that the acceleration process stops after the electron pulse, with

a duration τL, has passed. This leads to an implicit expression for the maximum ion

energy [116] approximated as [115]

Emax = Ei, ∞ tanh2
(

τL

2τ0

)

, (2.42)

with the reference time τ0 = R/
√

2Ei, ∞/mi, which can be interpreted as the time

an ion stays in the region of the accelerating Ąelds. This model provides a possi-

ble explanation for the difference in scaling with intensity. For the case of short

26



2.4 Laser-driven ion acceleration

pulses τL ≪ 2τ0, the maximum ion energy is Emax ≈ Ei, ∞ (τL/ (2τ0))
2 ∝ fELτLR−2,

showing a linear dependence on the laser energy. For long pulses τL ≫ 2τ0, Emax ≈
Ei, ∞ ∝

√

fELτ−1
L , showing a scaling with the square root of the laser energy. Be-

cause of τ0 ∝
(√

fPL

)

−1
, the scaling will always converge to a square root scaling

for high laser powers. Hence, this model could also be used successfully to interpret

the results obtained at a high-energy laser system with a pulse duration of 500 fs [9].

An advantage of this model compared to the one-dimensional plasma expansion

is that the maximum ion energy can be directly related to the laser parameters.

However, assumptions need to be made for the conversion efficiency f and the radius

R of the surface charge (see Secs. 2.3.2.5 and 2.4.1.1). Using the laser energy

contained within the FWHM focal spot in the droplet experiment (see Sec. 4.1,

EL ≈ 18 mJ, τL ≈ 42 fs), one has PL ≈ 430 GW, which gives Ei, ∞ ≈ 5.6 MeV and

τ0 ≈ 214 fs (f ≈ 0.6 and R ≈ 7 µm as in Sec. 2.4.1.1). The maximum proton energy

is Emax ≈ 0.05 MeV, which is an order of magnitude below the measured values. A

possible explanation would be that the high intensity in the experiment was achieved

due to strong focusing and not by high pulse energy, which is not included in this

model. Also, R could be smaller than the estimated value due to a conĄnement of

electrons close to a dropletŠs surface (see Sec. 4.4), which would lead to a smaller

value of τ0 and thus to a higher Emax.

2.4.1.5. Plasma expansion model for spheres

Most of the theoretical models for TNSA consider planar geometries. However, Mu-

rakami and Basko have also investigated the one-dimensional, self-similar plasma

expansion in spherical geometry [117]. In contrast to the isothermal plasma expan-

sion model by Mora [112], the hydrodynamic equations for the electron Ćuid were

solved along with those for the ion Ćuid instead of assuming a Boltzmann distribu-

tion for the electrons. If the hot (relativistic) electrons are treated adiabatically, the

maximum ion energy in spherical geometry is given by [117]

Ei,max = 2ZkBTeξ
2
f . (2.43)

ξf is the normalized position of the ion front. It depends on the normalized ini-

tial plasma size Λ = R0/λD0, where R0 is the initial plasma radius. λD0 is the

initial Debye length evaluated in the center of the radially symmetric plasma. For

large plasmas with Λ ≫ 1, ξ2
f is given by ξ2

f ≈ W [Λ2/2], and for the case of

27



Chapter 2 Basics

very small plasmas Λ ≪ (Zme/mi)
3/4, which would undergo a Coulomb explosion,

ξ2
f ≈ 1

2
W
[

π1/3

2(Zme/mi)
Λ4/3

]

. W (x) is the Lambert W function and can be approxi-

mated as W (x) ≈ ln (x/ ln x) for x ≫ 1. The approximation for very small plasmas

is close to the numerical solution for 10−3 ❃ Λ ❃ 50, while the approximation for

Λ ≫ 1 is close to the numerical solution for 50 ❃ Λ ❃ 107 (see Fig. 1 in [117]).

In this model, the initial hot electron distribution is given as ne ≈ ne0 exp
(

− r2

R2
0

)

,

with r being the radial coordinate. Consequently, this would lead to an isotropic

expansion of ions. Such an expansion behavior could not be identiĄed in the simu-

lations for the droplet experiment (see Fig. 4.8 in Sec. 4.4). Since the high intensity

in this experiment was achieved by a very small focus (see Sec. 4.1), the droplets

were not uniformly heated, and thus the hot electron density would not follow such

a radially symmetric distribution.

However, the estimation of the maximum proton energy comes, nevertheless, close

to the measured values. Using the radius of a water droplet (see Sec. 4.1) as the

plasma radius (R0 ≈ 10 µm) and the previously estimated number of hot electrons

Ne ≈ 1.0 ·1011 (see Sec. 2.4.1.1), one can calculate a theoretical hot electron density

at r = 0 with Ne ≈ 4π
✁∞

0
ner

2dr. This gives ne0 ≈ 1.8 · 1019 cm−3 and thus

λD0 ≈ 1.5 µm. Although Λ = 7 > 1, the approximation for small plasmas comes

closer to the numerical solution, as mentioned before, hence this will be used to

estimate the maximum proton energy, which is then Ep,max ≈ 5.3 MeV. This value

is less than a factor of 2 higher than the highest proton energies in Fig. 4.4 and Fig.

4.6 in Sec. 4.3.

2.4.2. Ion acceleration with thin foils

For experiments with foils, it was found that the foil thickness is, in several cases, a

crucial parameter inĆuencing the measured ion energies [84, 98, 99, 104, 118, 119].

The investigated foil thicknesses are usually between tens of micrometers and a

few nanometers. It was found that the maximum ion energy usually increases for

decreasing foil thickness. This rise can be attributed to an enhanced electron density

at the target rear side due to the electronsŠ divergence within the target [84] or due

to electron recirculation between the two target surfaces during the duration of the

laser pulse [104]. However, if the foilsŠ rear surface is affected by the laserŠs pre-

pulse, the maximum ion energy decreases for foils thinner than a certain optimum

foil thickness [84].
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To investigate ion acceleration with very thin foils, down to a few nanometers, it

is, therefore, necessary to improve the TIC. Possible methods are a plasma-mirror

(PM) [120, 121], a double plasma-mirror (DPM) [122], or the use of second harmonic

generation (SHG) [123].

In experiments with a DPM, a strong increase in the maximum energy of C6+ ions

was observed for 10 nm thin carbon foils and circular polarization [48], whereas an

earlier experiment showed an increase in the kinetic energy of protons and C6+

for 5 nm thin carbon foils and linear polarization [45]. This signiĄcant rise in the

maximum ion energies for very thin foils cannot be explained with the previous

TNSA models. One possible explanation can be given within the framework of

radiation pressure acceleration (RPA) in the light-sail (LS) Regime [43, 44, 124].

2.4.3. Radiation pressure acceleration

Since the maximum proton energy within the TNSA framework scales, for most

cases, with the square root of the laser energy, as previously discussed, there is a

great interest in the investigation of other acceleration mechanisms. A different

concept is ion acceleration via the pressure of light, the so-called radiation pressure

acceleration. When light, described as a photon Ćux dN/dt, is reĆected by a per-

fectly reĆective surface, it exerts a force on the surface. This force is given by the

change in momentum as dp/dt = 2hν/c · dN/dt, wherein 2hν/c is the momentum

change of a single reĆected photon. If this force acts on a surface element dA, it

applies the pressure prad = 2IL/c.

2.4.3.1. Hole-boring

If a high-intensity laser interacts with an overdense plasma, the radiation pressure is

exerted by the quasistatic PF acting on the plasma electrons. A normally incident

laser can travel up to the position of the critical density, where it gets partially

reĆected or absorbed. Here, the PF pushes the plasma electrons towards regions

of higher density. This process creates a charge separation between the pushed

electrons and the ions left behind (see Fig. 2.2 (b) and (c)). The resulting electric

Ąeld holds the electrons back but at the same time pulls the ions along. This

plasma layer, which consists of ions and electrons, is continuously pushed by the

light pressure into the target. This process is called hole-boring (HB) and the

plasma layer is called HB-front in the following.
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Figure 2.2.: The four images sketch the principle of RPA with a nanometer-thin
foil (dark gray). Proton-containing natural contaminants are indicated in light
gray. In (a), the laser is focused onto the foil , ionization starts, and a pre-plasma
is formed. Then, the laserŠs PF pushes the electrons into the foil, creating a charge
separation between the electrons and the remaining ions, as shown in (b). Due
to the arising electric Ąeld, the electrons are held back while the ions follow the
electrons. This layer is pushed into the target by the laser. If the foil is thin
enough, the laser can drill a hole through the entire foil, which is shown in (c),
and separate a part of the layer from the foil, as sketched in (d). This separated
layer is accelerated like a light-sail or Ćying mirror. More details are in the text.
Note that TNSA takes also place (see Sec. 2.1) but was not included in these
drawings for the sake of clarity.

Consider a laser with a constant intensity IL that is irradiating a plasma with a

uniform density (one ion species). The velocity of the HB-front vB can be obtained

via the relativistic pressure balance in the frame of the HB-front [125, 126]:

prad =
2IL

c

1 − βB

1 + βB

= 2γ2
Bminiv

2
B. (2.44)

Here, it is βB = vB/c and γB = 1/
√

1 − β2
B. The term (1 − βB) / (1 + βB) is a

consequence of the relativistic Doppler shift. Solving this equation for vB yields

vB =

√
B

1 +
√

B
c, (2.45)

whereas B = IL · (minic
3)

−1
= αZa2

0ncme/ (mine) with ne = Zni. Here, it is α = 1
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for circular polarization and α = 1/2 for linear polarization (see Sec. 2.2 for the

polarization dependency of a0). The ions with the highest kinetic energy are the ones

that are initially at rest in the laboratory frame and ahead of the HB-front. These

ions get accelerated by the electric Ąeld of the HB-front (reĆected in the frame of

the HB-front) and thus have a velocity of vi/c = 2βB/ (1 + β2
B) (relativistic addition

of two times vB). Hence, the kinetic energy is

Ekin = 2mic
2



B

1 + 2
√

B

]

. (2.46)

For B ≪ 1, Eq. (2.46) can be approximated as Ekin ≈ 2mic
2B. The maximum

kinetic energy is then directly proportional to the laserŠs intensity. For increasing

B, the scaling converges to a square-root scaling as for TNSA. Another characteristic

of Ekin ≈ 2mic
2B is the inverse proportionality to the electron density. This could be

exploited by accelerating protons with a CO2 laser (λL = 10 µm) that was focused

into hydrogen gas [127]. Such a gas is underdense for a laser with a wavelength

of 1 µm and cannot be used for proton acceleration. However, due to the longer

wavelength of 10 µm, the critical density is reduced by a factor of 100 and the target

becomes overdense (see Eq. 2.24 and Sec. 2.3.1.2). Hence, such a gas becomes a

target with few times the critical density usable for proton acceleration.

A different derivation for HB that yields the same result is given by Macchi et al.

[128]. Their simulations show that the ions are accelerated with velocity 2vB due

to the breaking of the steepened ion density at the HB-front for the case of circular

polarization. For this explanation, the ions with the highest velocity originate from

within the HB-front, whereas for the derivation here presented, the ions with the

highest velocity are reĆected by the HB-front.

2.4.3.2. Light-sail

The HB-process is independent of the target thickness. But if an irradiated foil is

thin enough, the hole drilled into the foil by the laser may go all the way through

the foil during the interaction (Fig. 2.2 (c) and (d)). In this case, the laser may push

out a part of the foil and accelerate it further as long as this layerŠs density is higher

than the critical density. This plasma layer behaves like a light-sail or Ćying mirror,

whereby the reĆected light undergoes a redshift. Such an acceleration scheme was

shown in simulations [43].
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The simple model of a Ćying mirror can be applied to estimate the energy of ac-

celerated ions as a function of the laser parameters. The relativistic momentum of

the plasma layer is p = Mcβγ, with M = ρAd = miniAd as the entire mass of

the layer with the mass density ρ. A is the area of the pushed-out layer, which

can be interpreted as the laserŠs focal spot area. Under the assumption that the

foil is perfectly reĆective, the force accelerating it due to the light pressure is

dp/dt = 2AIL/c · (1 − β) / (1 + β). The equation of motion for the layer in the

laboratory frame is [44, 124]

d (βγ)

dt
= γ3 dβ

dt
=

2IL

minidc2

1 − β

1 + β
. (2.47)

IL is a function of the retarded time t − z/c, where z is the position of the layer.

The velocity of the foil as a function of the laserŠs Ćuence can be obtained from this

equation as

β =
(1 + D)2 − 1

(1 + D)2 + 1
. (2.48)

D = 2F/ (minidc2), with F being the Ćuence of the laser pulse. Assuming a Ćat-top

intensity proĄle and circular polarization (see difference in deĄnition of a0 in Sec.

2.2 and Eq. (2.7)), F can be approximated as F ≈ ILτL = mec
3nca

2
0τL. That yields

D ≈ 2π
Zme

mi

ca2
0τL

ζλL

. (2.49)

ζ is the normalized areal density and deĄned as [129]

ζ =
ω2

pd

2ωLc
= π

ned

ncλL

. (2.50)

ζ divides the foil in intrinsically fully transparent for ζ ≪ 1 and opaque for ζ ≫ 1.

It was found that a0 ≈ ζ corresponds to the threshold of transparency due to rela-

tivistic effects (for ζ ≫ 1) and yields an optimum foil thickness for ion acceleration

in the light-sail regime [44, 45, 124, 130] (Eq. (2.50) is given without the prefac-

tor π in [45, 130]). Esirkepov et al. [131] obtained a comparable relation from

PIC-simulations. For the POLARIS laser and a fully ionized diamond-like-carbon

(DLC) target with ρ ≈ 2.15 g/cm3 (Micromatter Technologies Inc. [132]) respec-
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tively ne ≈ 600 nc, the condition a0 ≈ ζ yields

d ≈ (0.55 · a0) nm. (2.51)

The maximum energy of an ion of the plasma layer can be calculated by Eq. (2.48)

as [124]

Eion = mic
2 (γ − 1) = Ampc2

(

D2

2 (D + 1)



. (2.52)

This equation gives the scaling of the maximum ion energy as a function of the

laserŠs Ćuence. For the case a0 ≈ 1, it is D ≪ 1 and Eion starts with a quadratic

dependence on the laserŠs Ćuence that changes to a linear scaling for D ≫ 1. An

important condition for LS acceleration is that the charge separation layer remains

stable. This requires that the laser only acts via the quasistatic PF (Eq. (2.16)) on

the electron layer and that the generation of hot electrons is signiĄcantly reduced. As

a consequence, normal laser incidence and circular laser polarization are beneĄcial.

Recent experiments and simulations show indeed that circular polarization yields

higher ion energies than linear polarization [48] and that there exists an optimal

target thickness, which is smaller for circular polarization.

The LS phase may stop as soon as the plasma layerŠs density gets underdense,

and the laser breaks through. However, the laser may now additionally heat the

electrons, thus yielding higher ion energies. This acceleration regime is called the

Şbreakout afterburnerŤ (BOA) [133Ű136].

2.5. Particle-in-cell simulations

Analytical models for describing laser-driven proton acceleration, such as those

brieĆy described in the previous sections, provide valuable insight into the accel-

eration process. With few known laser parameters like pulse energy, pulse duration,

and focus size, these models allow to estimate the maximum proton energy and

provide information on how the proton energy scales with the laser parameters for

the different acceleration mechanisms (TNSA, RPA). In an experiment, however,

there are further parameters that can inĆuence the outcome and are not included

in such models. Such parameters are the laserŠs polarization, the angle of incidence

on the target, the TIC of the laser pulse, and others. Moreover, with such models,
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it is not possible to interpret all experimental observations, like the spatial proĄle

of the proton beam.

Consequently, simulations are used as a tool for the interpretation of complex ex-

periments. Thereby, the fundamental physical laws describing the evolution of the

system under consideration are solved by a computer. Due to a large number of

particles in a plasma, this is not straightforward. For example, consider a plasma

with ne = 10nc (Eq. (2.24) for λL = 1 µm) in a volume of 103 µm3. Then one has

≈ 1013 electrons plus the corresponding ions. This number of particles is too large

to describe each particle individually.

Hence, for the simulation of plasmas with a feasible computational effort, the particle-

in-cell (PIC) method was developed [137, 138]. The simulations that were used

to interpret the experiments presented within this thesis were performed with the

PIC code EPOCH [139Ű141]. A signiĄcant reduction of the computational time is

achieved by combining a large number of particles (e.g., millions of electrons) to one

macroparticle, which represents the mass and the charge of all these particles. The

electric and magnetic Ąelds generated by these macroparticles are calculated via the

laws of Ampère and Faraday:

∇ × B⃗ = µ0ε0∂E⃗/∂t + µ0j⃗, (2.53a)

∇ × E⃗ = −∂B⃗/∂t. (2.53b)

The Ąelds are used to calculate the change in position and velocity caused by

the Lorentz force (Eq. 2.3). MaxwellŠs Equations are solved numerically using

a Ąnite-difference time-domain scheme (FDTD) in EPOCH, with the Ąelds be-

ing deĄned on a Yee grid [142]. The simulated space is divided into blocks (in

3D) with volume △x△y△z, whereas a cell (center) is speciĄed with the indices

(i, j, k) := (i△x, j△y, k△y) [139Ű141]. The electric and magnetic Ąeld variables

are deĄned on such a cellŠs surface as E⃗n =
(

En
xi+1/2,j,k

, En
yi,j+1/2,k

, En
zi,j,k+1/2

)

and

B⃗n =
(

Bn
xi,j+1/2,k+1/2

, Bn
yi+1/2,j,k+1/2

, Bn
zi+1/2,j+1/2,k

)

. The subscripts denote the spatial

coordinates of the Ąeld components, while the superscript n := n△t is the index of

the simulated time with the discrete time step △t. Unlike the Ąelds, the macropar-

ticles can take any position within the simulated space. Therefore, it is necessary

to transfer the Ąelds deĄned on the grid to the location of the particles. Likewise,

the particle properties required to calculate the current density on the grid must

be transferred to it. One possibility would be to treat a macroparticle as a point
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2.5 Particle-in-cell simulations

and use the nearest Ąeld values to calculate the force on the particle. However, this

would lead to discrete changes in force when a particle crosses the boundary of a cell.

Thus, macroparticles are deĄned to have a Ąnite shape corresponding to a particle

density distribution. Such macroparticles are treated as charge clouds, which means

that several of them can overlap. The Ąelds that accelerate a macroparticle are

derived by calculating the overlap of the particle with the different Ąelds, which are

described as rectangular functions centered around the corresponding grid point. To

obtain the particle properties, on the other hand, the macroparticlesŠ overlap with

the cell under consideration is calculated.

After the initialization of the simulation, the changes in the Ąelds and particle prop-

erties are calculated. Eqs. (2.53) are used to calculate the ĄeldsŠ change for a half

time step n → n + 1/2, hence [140, 141]

E⃗n+ 1

2 = E⃗n +
△t

2

(

c2∇ × B⃗n − j⃗n

ε0



, (2.54a)

B⃗n+ 1

2 = B⃗n − △t

2

(

∇ × E⃗n+1/2
)

. (2.54b)

With the Ąelds deĄned on the Yee grid, the Ąrst lines of these equations are explicitly

written out as

En+1/2
xi+1/2,j,k

= En
xi+1/2,j,k

+ (△t/2) · c2
(

Bn
zi+1/2,j+1/2,k

− Bn
zi+1/2,j−1/2,k

)

/△y

− (△t/2) · c2
(

Bn
yi+1/2,j,k+1/2

− Bn
yi+1/2,j,k−1/2

)

/△z − (△t/2) ·
(

jn
xi+1/2,j,k

/ε0

)

,

Bn+1/2
xi,j+1/2,k+1/2

= Bn
xi,j+1/2,k+1/2

− (△t/2)
(

En
zi,j+1,k+1/2

− En
zi,j,k+1/2

)

/△y

− (△t/2)
(

En
yi,j+1/2,k+1

− En
yi,j+1/2,k

)

/△z.

Thus, the spatial derivatives to determine the new Ąeld components were replaced

by the differences of the direct neighbors on the Yee grid. After these calculations

by EPOCHŠs Ąeld solver, EPOCHŠs particle pusher calculates the new position and

momentum for each macroparticle as

r⃗ n+1/2 = r⃗ n +
△t

2
v⃗ n, (2.56a)

p⃗ n+1 = p⃗ n + q△t



E⃗n+ 1

2

(

r⃗ n+1/2
)

+
p⃗ n+1/2 × B⃗n+1/2

(

r⃗ n+1/2
)

mγn+1/2



 , (2.56b)

r⃗ n+1 = r⃗ n+1/2 +
△t

2
v⃗ n+1. (2.56c)
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Here, it is p⃗ n+1/2 = (p⃗ n+1 + p⃗ n) /2. p⃗, v⃗, and γ are connected as in Sec. 2.2. Eq.

(2.56b) is split according to the effects of the electric and magnetic Ąelds [141] using

the Boris rotation algorithm [143].

Solving this equation requires, as already mentioned, that the Ąelds deĄned on the

grid have to be evaluated at each macroparticleŠs position r⃗ n+1/2. For the calculation

of the current density j⃗n+1 [144, 145], the particlesŠ position for the next half time

step n + 3/2 is calculated but then discarded [140]. With j⃗n+1, E⃗n+1/2, and B⃗n+1/2,

the Ąelds at n + 1 are calculated as

B⃗n = B⃗n+1/2 − △t

2

(

∇ × E⃗n+1/2
)

, (2.57a)

E⃗n+1 = E⃗n+ 1

2 +
△t

2

(

c2∇ × B⃗n+1 − j⃗t+1

ε0



. (2.57b)

Afterward, the entire process is repeated for the next time step. Simulations are

often limited to two (or one) spatial dimensions to reduce the computational effort.

The simulations used to interpret the experiments presented in this thesis were

performed in 2D, which means that the particles are restricted to one plane. For

the determination of all Ąeld components, however, the particles are still assigned a

momentum in the third dimension.

To further reduce the computational effort, the extension of the simulated interaction

area is usually limited to tens of micrometers in each considered dimension, and

the runtime of a simulation is in the order of hundreds of femtoseconds or few

picoseconds. Consequently, effects due to the tens of picoseconds long rising edge

of the TIC of the laser or due to additional pre-pulses must be included as initial

conditions in the simulation, if necessary. In the water droplet experiment, the pre-

plasma due to the pre-pulse was measured, and an idealized pre-plasma proĄle was

added in the simulation (see Sec. 4.2). Instead of measuring the pre-plasma, it can

also be simulated with a hydrodynamic simulation code like MULTI-fs [146]. This

Ćuid code can simulate the plasma expansion on longer timescales for intensities

below 1017 W/cm2.

36



3. Ion acceleration with thin foils

In this chapter, the results of two experiments performed at the POLARIS laser

system (see Sec. A.2 for a brief description of the laser system) with submicron thin

foils are presented. To prevent such thin foils from being destroyed or becoming

underdense before or when the main laser pulse peak arrives, the temporal intensity

contrast (TIC) of POLARIS had to be enhanced.

In an experiment with a plasma mirror (PM), the change in the kinetic energy of the

accelerated ions as a function of foil thickness, laser pulse energy, and polarization

was investigated.

To investigate the characteristics of the proton beam proĄle originating from plas-

tic foils with thickness d between 100 nm and 800 nm, the TIC improvement was

achieved by frequency-doubling the laser pulses. The experimental results could be

reproduced and explained with the help of 2D-PIC simulations.

This chapter starts with the devices that were used to detect the accelerated ions in

the experiments, followed by the setups in the target chamber of POLARIS. After

the presentation of the results, the chapter concludes with a detailled discussion of

the results.

3.1. Ion diagnostics

This section presents the diagnostics used to investigate laser-driven ion accelera-

tion. To measure the spectrum of accelerated ions and determine their maximum

kinetic energy, a Thomson parabola (TP) spectrometer was used. Measurements of

the proton beamŠs spatial proĄle were performed using either nuclear track detec-

tors (CR-39) or a time-of-Ćight spectrometer consisting of a plastic scintillator in

combination with a gateable CCD camera (G-CCD).
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3.1.1. The Thomson parabola spectrometer

In a typical laser-driven ion acceleration experiment, several different ion species

are accelerated. For example, if water droplets are the target, protons and oxygen

ions with different charge states and kinetic energies are emitted from the droplets.

For a certain ion species, like protons, particles with different kinetic energies are

temporally but not spatially separated. Additionally, these ions may overlap in time

and space with the other ion species. To measure the kinetic energy spectrum of a

certain ion species it is, therefore, necessary to separate the ions with respect to their

species and kinetic energies. A spectrometer widely used in laser-plasma physics for

this purpose is the TP [147Ű150].

In principle, a TP consists of the following four components (Fig. 3.1 (a)): an

entrance aperture to reduce the ion beamŠs diameter, an electric and a magnetic

Ąeld region, the Ąelds being aligned parallel (or antiparallel for the TP used here)

to each other and perpendicular to the incoming ion beam, and a particle detector.

The TP, used in the experiments presented in this thesis, was constructed at the

IOQ in Jena [151]. It is equipped with a micro-channel plate detector (MCP) by

ScientiĄc Instruments (MCP-Detector S3810-25-I-PS) with a phosphor screen, which

is imaged onto a charge-coupled device (CCD) camera. This detector allows data

acquisition only limited by the laserŠs repetition rate or the time to place a target

into the laserŠs focal region. A drawback of the MCP is that it does not provide

an absolute number of protons, but a bit-count per camera pixel depending on the

detector and camera settings.

To determine the kinetic energy of an ion, it is sufficient to measure the deĆection

by the magnetic Ąeld only, as long as the different ion species are well separated by

an electric Ąeld. When an ion enters a homogeneous magnetic Ąeld (B⃗∥x⃗) with a

velocity perpendicular to the Ąeld lines (v⃗∥z⃗ ), it is deĆected by the Lorentz force

(Eq. (2.3)) on a circular orbit with the Larmor radius

R =
miv

qB
=

√
2Ekinmi

qB
. (3.1)

Here, the classical relation for the ionŠs kinetic energy Ekin = miv
2/2 has been used.

Since R is larger than the length of the magnetic Ąeld region LB, the ionŠs deĆection

along the y-axis at the end of the magnetic Ąeld region is R −
√

R2 − L2
B. After the

ion leaves the magnetic Ąeld, it travels ballistically until it hits the detector, which
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3.1 Ion diagnostics

Figure 3.1.: (a) shows the sketch of the used TP (not to scale). (b) shows a false-
color image of the MCPŠs phosphor screen captured during the campaign with
the PM for a shot onto a 5 nm thin DLC foil with a circularly polarized laser
pulse (see Sec. 3.2.1 for the experimental setup). (c) is the calibration curve for
determining the TPŠs effective magnetic Ąeld.

is placed at a distance l to the end of the magnetic Ąeld. The total deĆection of the

ion is then given by

y = R −
√

R2 − L2
B +

LBl
√

R2 − L2
B

. (3.2)

Eq. (3.2) can be simpliĄed for the case of R ≫ LB. When an electric Ąeld with

strength E and length LE is applied, the different ion species can be separated.

Under the inĆuence of both Ąelds, the different ion species form parabolic traces

on the detectorŠs surface, as seen in Fig. 3.1 (b). The protons with the highest

kinetic energy have the shortest distance to the zero deĆection point, as marked
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in the image. The simpliĄed equations describing the positions of the ions on the

detectorŠs surface are [150, 152]:

y =
qBLB

mv

(

LB

2
+ l
)

, (3.3a)

x = −qELE

mv2

(

LE

2
+ l
)

, (3.3b)

x = −m

q

E

B2

LE

L2
B

(LE/2 + l)

(LB/2 + l)
· y2. (3.3c)

If the ion sourceŠs size is much smaller than the diameter of the entrance aperture,

the energy resolution of the TP is determined by the apertureŠs projection (diameter

s) on the detectorŠs surface. The resolution of the detector for a particular ion energy

Ekin (y) is △Ekin/Ekin (y) = (Ekin (y + s/2) − Ekin (y − s/2)) /Ekin ≈ 2s/y [149].

To assign a proton or ion energy to a measured value of y, it is necessary to determine

the magnetic Ąeld B. This can be done by measuring y for protons of known kinetic

energy. Since protons generated by a laser-driven source are not monoenergetic, it is

necessary to Ąlter out a particular energy. The Ąltering can be realized by blocking

protons below a certain energy with aluminum foils of different thickness. As the

detector, single CR-39 plastic plates (Tastrack) were used for this purpose inside the

TP in front of the MCP [153]. When irradiated by protons, the molecular binding

of this polymer is destroyed locally. After etching in hot sodium hydroxide (6.25

molar lye, 85◦ C), a crater is formed at each point of impact, which can then be

detected under an optical microscope.

The threshhold energy blocked by the aluminum foil of a certain thickness can be

calculated with SRIM [154]. After the irradiation and etching of such a CR-39, one

obtains a proton trace with a low-energy cutoff. The distance y between this cutoff

and the TPŠs zero deĆection point depends on B.

In Fig. 3.1 (c), y is shown as a function of Ekin for Ąve different proton energies

corresponding to Ąve illuminated CR-39 detectors. The red line is a Ąt to this data

points with Eq. (3.2) for the values l = 0.1295 m, LB = 0.1 m, and the protonŠs mass

and charge. This Ąt delivers an effective magnetic Ąeld strength of B ≈ 0.57 T.

To obtain an estimate of the number of protons contained in the spectra measured

with the MCP (as done for the experiment with droplets for the spectra in Figs. 4.4

and 4.6, see Sec. A.3), the MCPŠs pixel counts can be compared to the number of

proton craters on CR-39 detector plates with a grating structure as used in [155, 156].
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The CR-39s used for the water droplet experiment have slits with a width of 3 mm

and a grating constant of 6 mm and were placed in front of the MCP.

3.1.2. Measurement of the proton beam profile

Two methods for a qualitative investigation of the proton beam proĄle were used in

the experiments presented in this thesis. First, CR-39 detector plates were placed

several centimeters behind the irradiated target. By shielding the CR-39s with

aluminum foil of varying thickness, only protons above a certain kinetic energy can

damage the CR-39. Additionally, heavy ions are blocked by the aluminum foil. A

15 µm thick aluminum foil blocks carbon ions with Ekin ≤ 17 MeV, oygen ions with

Ekin ≤ 25 MeV, and protons with Ekin ≤ 1.0 MeV (calculated with SRIM [154]).

After etching the exposed CR-39, the proton beam proĄle becomes visible. In Fig.

4.13 in Sec. 4.5 is a photo of a CR-39 shown together with images of the proton

craters taken with an optical microscope. A disadvantage of using CR-39s is that

after each exposure, a detector plate has to be replaced by a new, non-exposed one.

The second diagnostic allows for an online measurement of the beam proĄle for each

laser shot and is based on a plastic scintillator [157]. These devices were already

successfully implemented in different diagnostics for laser-driven ion acceleration

[158, 159]. A scintillator emits light when it is hit by ionizing radiation, like x-ray

photons, electrons, protons, or heavy ions. Since in a typical laser-ion acceleration

experiment all of these particles are emitted, it is necessary to Ąlter them before

they can reach the scintillator or to distinguish between the different scintillator

signals. The latter can be done by using the fact that these particles travel with

different velocities and reach the scintillator at different times. For example, if a

scintillator is placed at a distance of 34.5 cm from the target, hot electrons, x-ray

photons, and laser light need 1.15 ns to reach the scintillator, while a proton with

a kinetic energy of 2.0 MeV would need 17.6 ns. Note that within this thesis, the

energy intervals given to the measured beam proĄles were always calculated for the

distance between the scintillatorŠs center and the target. For different positions on

the scintillatorŠs surface, this distance changes slightly, and so does the time-of-

Ćight for a proton with a given kinetic energy. The scintillator model used here is

a BC-422Q (Saint Gobain) with a thickness of 5 mm. The rise time and the decay

time of a signal emitted by the scintillator are 110 ps and 700 ps, while the FWHM

pulse width of the emitted signal is 360 ps, with a spectrum centered around 376 nm.
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Consequently, the signal caused by ions is separated in time from the signal produced

by particles traveling with the speed of light. To detect the ion signal, the scintillator

was imaged on one (or two) G-CDD camera (4 PICOS, Stanford Computer Optics)

with a minimal gate time, i.e., exposure time, of 1 ns. A schematic of this setup can

be found in Sec. 3.2.2 in Fig. 3.5. The basic setup is similar for each experiment

presented within this thesis. The scintillator is attached to a light-tight housing with

an opening aperture of 191 × 191 mm2, which is tilted about 20◦ (downwards for

the experiments at POLARIS and upwards for the experiment at JETI) and imaged

from behind onto the G-CCD. Due to the tilt, the full horizontal opening angle

covered by the scintillator changes slightly as a function of height. Additionally,

the vertical opening angle above the horizontal plane differs slightly from the one

below. To shield the scintillator from scattered light, low-energy electrons, and

heavy ions, itŠs front surface was covered with 15 µm thick aluminum foil. To use

the TP simultaneously with the proton beam proĄle measurement, the scintillator

has a hole in the center. This hole is connected by a black tube to the TPŠs vacuum

chamber to prevent the G-CCD from direct light exposure through the hole.

To detect protons within a certain energy interval, it is necessary to know the time of

the laser pulseŠs arrival at the target position relative to the electronic trigger signal

applied to the G-CCD. This can be done in two ways. If a target is irradiated by the

laser, one can search for a strong scintillator signal caused by electrons moving with

a velocity close to the speed of light. It is also possible to observe the laser itself

on the scintillator when a part of the scintillator is not covered by the aluminum

foil. The arrival time of protons with a certain kinetic energy at the scintillator with

respect to the electronic trigger signal can be calculated with this zero-point signal.

3.2. Experimental setups

3.2.1. Setup with plasma mirror

The setup in the target chamber for the experiment with a PM and thin foils can be

seen in Fig. 3.2. The laser pulses entering the target chamber were focused with a

6◦ off-axis parabola with a focal length of f = 90 cm (≈ f/6). For the experimental

results shown in this thesis, the PMŠs surface was positioned about 1.0 cm behind

the laser focus. As the PM, substrates with an antireĆective coating with residual

reĆectivity of R ≤ 0.1 % were used. A detailed characterization of the PM can be
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Figure 3.2.: The schematic shows the target chamber with the essential compo-
nents for the experiment with a PM and DLC foils (not to scale). The setup is
described in the main text.

found in [54] with contrast curves in Figs. 45 and 48. After reĆection by the PM,

the laser pulses were collimated by a parabola of the same type as the Ąrst one. To

generate circularly polarized laser pulses, a λ/4-waveplate could be placed in the

beam path, if necessary. Afterward, the laser pulses were focused by a 19◦ silver,

off-axis parabola (f = 30 cm, ≈ f/2) under normal incidence onto the target foils.

The full width at half maximum (FWHM) pulse duration in this experiment was

around τL ≈ 140 fs and the focal spot had an area of about A ≈ 8 µm2. Within this

spot, which contained an energy fraction of q ≈ 0.18, the laserŠs intensity was higher

than half of its maximum. During this campaign, the laserŠs intensity was varied by

changing the laser pulseŠs energy.

To detect protons and C6+ ions emitted from the DLC foils in laser-forward direction,

43



Chapter 3 Ion acceleration with thin foils

Figure 3.3.: Images captured with the transmission diagnostic are shown (see Fig.
3.2, screen is tilted with respect to the camera). (a) shows the nearĄeld of the
laser for a pulse with an energy of 5 J since no target was placed in the laserŠs focus
region. (b) shows the background signal for a shot with 8 J onto a 500 nm thin
DLC foil, which remains opaque during the interaction. In (c), the transmitted
laser light for a shot with 8 J onto a 5 nm thin DLC foil is shown. Note that for
(b) and (c), the brightness of the images was increased by a factor of 5 concerning
(a) to increase the visibility of the signal on the images.

the TP was used (see Sec. 3.1.1). The distance from the foils to the entrance

aperture of the TP in this experiment was about 135 cm, where the distance between

the aperture and the MCP was 43 cm. As the entrance aperture, a pinhole with a

diameter of d ≈ 0.3 mm was used. This gives an acceptance angle of the spectrometer

of about Ω ≈ 0.04 µsr and a relative energy resolution of △Ekin/Ekin ≈ 0.03 for

protons with Ekin = 8 MeV. The plastic scintillator (tilted downwards by 20◦, see

Fig. 3.5), together with one G-CCD, was installed in the setup (see Sec. 3.1.2).

The aluminum foil, which covered the scintillatorŠs front surface , was imaged onto

a Ąltered CCD camera to detect the directly transmitted laser light. Three images

captured with this diagnostic are presented in Fig. 3.3. In Fig. 3.3 (a), no target

was present in the focal region. In Fig. 3.3 (b) the ŞbackgroundŤ signal is shown.

Here, a 500 nm thin DLC foil was placed at the laserŠs focus position. This foil did

not become transparent during the time of interaction with the laser pulse. The

background signal is likely a consequence of weak laser reĆections on rear surfaces

of optics (back surface of PM, debris shieldings in front of the focusing parabolas,

...). For a 5 nm thin foil (Fig. 3.3 (c)), a fraction of roughly T ≈ 0.11 of the laser

pulse was transmitted.

The light that was reĆected from the target and collimated by the parabola was

partly transmitted through a dielectric mirror. Outside the target chamber, a screen

was placed in the path of the transmitted light. This screen was imaged onto two

different CCD cameras Ąltered to 1ω and 2ω. Images captured with these back
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Figure 3.4.: (a) shows images of a USAF 1951 test target (seventh group, third to
the sixth element) captured with the focus diagnostic. The test target was moved
in steps of 10 µm along the z-axis. (b) shows images of a 20 nm thin DLC foil.
The upper curved edge is the target holder. The orange arrows point to small
dust particles on the foil surface.

reĆection diagnostics are shown in Fig. 3.8.

To image the laserŠs focus onto a CCD camera outside the target chamber, an

objective with a focal length of f1 = 50 mm (≈ f/1.2) was used. This objective was

later replaced by an objective with f2 = 10 mm (≈ f/1.25) and an additional 3-inch

lens with fL = 50 cm, the latter being placed outside the target chamber.

The focus diagnostic could also be used to determine the position of a target foil

relative to the laser focus along the laser-forward direction (z-axis). That was re-

alized by coupling a CW-laser, with a wavelength of 1030 nm, with a beamsplitter

into the path between the focus objective and the camera. Consequently, the foilŠs

rear surface was illuminated and could be imaged through the focus objective prior

to the actual interaction. For uniform illumination of the foil, it is necessary to

separate the CW-laserŠs focus position from the position where a sharp image of the

foil is produced. Hence, the divergence of the CW-laser had to be adjusted with an

additional lens. Images taken with this diagnostic are shown in Fig. 3.4. To get

an impression of the image quality of this diagnostic, a test target was used (USAF

1951, Fig. 3.4 (a)). The elements of the targetŠs seventh group below the third

element were imaged. The target was moved in steps of 10 µm along the z-axis. For

z = 0 µm all the lines and the number of the third element are sharp. The linewidth

of the smallest lines is 2.2 µm. The structures became blurry when the target was

moved out of this position in steps of 10 µm in both directions. Fig. 3.4 (b) shows

images of a 20 nm thin DLC foil. Since such foils do not have regular structures,
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Figure 3.5.: In (a), a sketch of the ion diagnostic setup is shown (not to scale).
In (b), the beam proĄle of protons with Ekin ≥ 1.0 MeV, which were accelerated
from a 100 nm thin plastic foil, is presented. The left part of the beam proĄle was
measured with the scintillator and the G-CCD, while for the measurement of the
beamŠs right part, a piece of CR-39 was put directly in front of the scintillator.
High proton Ćux is displayed darker for both detectors.

the sharpness of small dust particles present on the foil surfaces was used to deter-

mine a foilŠs position with an accuracy of △z ≈ ±10 µm. This is comparable to the

Rayleigh length of the laser of zR ≈ 10 µm.

3.2.2. Setup with frequency-doubled laser pulses

To signiĄcantly improve the TIC of the laser pulses, they were frequency-doubled

with a KDP crystal to a spectrum centered around 515 nm. A detailed description

of the entire setup with a characterization of the 515 nm-pulses can be found in

[123, 160]. To Ąlter out the remaining fundamental from the main beam path, two

dichroic mirrors were positioned between the KDP crystal and the focusing parabola.

The linearly polarized laser pulses had an energy of EL ≈ 2.8 J and a pulse duration

of τL ≈ 135 fs. For focusing these pulses under normal incidence onto a foil, a

19◦ silver, off-axis parabola with f = 30 cm (≈ f/2) was used. q ≈ 40 % of the

laser pulse energy was contained within a spot of size A ≈ 9 µm2. This yields an

approximate intensity within the focal spot of I ≈ 9 · 1019 W/cm2 corresponding to

a0 ≈ 4.2 (Eq. 2.7).

For the investigation presented in this thesis, the beam proĄles of proton distribu-

tions emitted from plastic foils with thicknesses between 100 nm and 800 nm were

examined.1 A sketch of the setup is shown in Fig. 3.5 (a). To measure the pro-

ton beam proĄle, the combination of plastic scintillator and G-CCD, as described

1The foils were produced within the SFB-TR 18 by the group of J. Schreiber, LMU Munich.
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in Sec. 3.1.2, was used. Here, the scintillatorŠs rear surface was imaged onto two

G-CCD cameras. The distance between the scintillatorŠs center and the laserŠs focus

position was 34.5 cm. Hence, the scintillator covered a full horizontal opening angle

of ≈ 31◦. The settings of one G-CCD were adjusted to measure the beam proĄle

for protons with Ekin ≥ 1.0 MeV. An example of such a beam proĄle can be seen in

Fig. 3.5 (b). Here, one part of the beam proĄle was measured with the G-CCD, and

the right, smaller part was measured with a CR-39 detector, shielded with a 15 µm

thick aluminum foil, for a single shot to verify the scintillator signal. The second

G-CCD was used to measure the beam proĄle formed by protons of different energy

intervals (see Fig. 3.10).

The physical origin of this ring-like proton beam proĄle will be discussed in Sec.

3.4. As a supporting measurement, the maximum proton energy emitted in the

laserŠs forward direction was measured with the TP (see Sec. 3.1.1). To position

the target foils with respect to the laserŠs focus position, they were imaged on the

same CCD camera with the same objective as the laserŠs focus (see Sec. 3.2.1 for a

description). In contrast to the experiment with the plasma mirror, the plastic foils

were illuminated in transmission with a CW-laser at 532 nm, and an objective with

a focal length of f = 20 mm (≈ f/1.8) was used.

3.3. Ion acceleration with nanometer thin foils

Although laser-driven proton acceleration has seen a lot of research during the last

two decades, the maximum proton energy of about 60 MeV achieved in the Ąrst

experiments [1, 2] has only been increased to values between 85 MeV and 100 MeV

during that time period [9, 42, 47, 161].

A possible path to higher ion energies is described by the acceleration of ions via

RPA from few nanometer thin foils (see Sec. 2.4.3). Experiments with Ti:sapphire

laser systems with pulse durations of 30 fs and 45 fs reported a signiĄcant increase of

the ion energies for foil thicknesses between 5 nm and 20 nm compared to thicker foils

[45Ű48]. Kim et al. [47] and Scullion et al. [48] measured a signiĄcant enhancement

of the ion energies when using circular polarization (CP), while Henig et al. [45]

observed a signiĄcant increase only for linear polarization (LP). For LP, Scullion

et al. [48] measured only a weak thickness dependence, while Kim et al. [47]

measured a signiĄcant thickness dependence with a lower increase of the maximum

proton energy than for the case of CP. Kim et al. [46, 47] measured the maximum
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proton energies also as a function of the intensity for the thinnest foils. They found

either a linear [46] or a quadratic scaling of the proton energies [47]. In all of these

experiments, a DPM was used for the enhancement of the TIC.

In an experiment performed at the VULCAN laser with a pulse duration of 700 fs

and a single PM, 15 shots were performed on foils with thicknesses between 5 nm

and 500 nm [162]. In contrast to the previously mentioned experiments, no differ-

ence between CP and LP could be observed except for the 5 nm thin foil for which

CP yielded an enhancement and LP a reduction of the maximum proton energies.

For the foils between 10 nm and 100 nm, no thickness dependence of the maximum

proton energy was found, while 500 nm yielded a slightly lower proton energy. The

authors stated that the accelerated ions gained most of their energy during the phase

of relativistic transparency.

Due to limitations of the laser pulse energy and thus the intensity (see Sec. A.2),

POLARIS is not able to produce proton energies as high as mentioned in the Ąrst

paragraph. However, because of the higher repetition rate when compared to laser

systems like PHELIX or VULCAN [9, 51, 52, 162], it is possible to investigate the

behavior of the maximum ion energies for a comprehensive parameter scan with

laser pulses with a pulse duration of more than 100 fs. In this parameter scan, the

target thickness was varied between 5 nm and 500 nm, LP and CP were used, and

the laser energy was varied. Such a parameter scan may pave the road to higher ion

energies or reveal obstacles that have to be overcome to reach higher ion energies

and was not yet done for laser pulses with 100 fs < τL ≪ 500 fs (see Fig. 9 in [53]).

3.3.1. Results

In this section, the dependencies of the maximum proton and carbon ion energies on

the laserŠs pulse energy EL, the foil thickness d, and the polarization are presented.

Fig. 3.6 (a) shows the measurements for LP and d = 500 nm, 50 nm, 5 nm, while

(b) displays the maximum ion energies for CP and d = 100 nm, 10 nm, 5 nm as a

function of the laserŠs pulse energy. The energy axis represents the total energy

contained in a laser pulse impinging on a foil. However, the energy within the area

where the intensity is higher than half of the maximum was about one-Ąfth of these

values. The graphs are displayed on a double logarithmic scale. The trend lines are

thus power functions. If only the proton energy is displayed for a laser shot of a

certain energy, then no signiĄcant carbon signal could be detected for this shot.
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3.3 Ion acceleration with nanometer thin foils

Figure 3.6.: The Ągure shows the maximum ion energies as a function of the laser
energy for LP (a) and CP (b) for different foil thicknesses. The black dots are the
maximum proton energies, and the red triangles are the maximum C6+ energies
per nucleon. The average intensity, given in the top horizontal axis of the two
upper graphs, was calculated for a pulse duration of ≈ 140 fs and a focal spot
with size ≈ 8 µm2 that contains ≈ 18 % of the pulse energy. Note that for (biii),
the data was obtained on two different days and is thus distinguished by color.
For the circles and triangles in green and blue, additional information is provided
in Fig. 3.8 and in the main text.

For the 500 nm and the 50 nm thin foils (LP, (ai) and (aii)), the measured maxi-

mum proton energies as a function of the pulse energy are similar yielding identical

trendlines. The exponent of b ≈ 0.6 is close to the square root scaling for TNSA

when the ponderomotive scaling of the electronsŠ temperature is assumed (see Sec.
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Figure 3.7.: (a) displays the maximum proton (squares) and carbon ion energies
(circles) for LP (black) and CP (red) as a function of the foil thickness. The ion
energies correspond to the values given by the trendlines in Fig. 3.6 for EL = 5 J.
(b) shows the relative transmission of laser light for the 5 nm thin foil and LP as
a function of EL.

2.4.1.2). Steeper scalings than the square root scaling can also be explained within

the context of TNSA (see Sec. 2.4.1.4). The energies of the fastest carbon ions are

also similar for EL > 3 J . The steeper trendline for 50 nm (aii) compared to 500 nm

(ai) is thus a result of the measurements below 3 J. A possible explanation for the

steeper scaling of the carbon ions compared to the protons, as seen in all six graphs

in Fig. 3.6, could be that the carbon ions undergo a longer acceleration process

since they are slower than the protons and stay longer in the region of the acceler-

ating Ąeld. However, they are accelerated in a weaker electric Ąeld because they are

shielded by the proton population ahead. The Ąnal carbon energy per nucleon is

thus a factor of ≈ 4 lower than the maximum proton energy, for EL ≈ 6Ű8 J, instead

of the factor of 2 if both populations would see the same electric Ąeld over the same

acceleration distance. The protons, on the other hand, may leave the Ąeld region

before the electric Ąeld decays (see Sec. 2.4.1.4, reference time τ0 in Eq. (2.42)).

A signiĄcant difference to the thicker foils was measured when using a 5 nm foil (Fig.

3.6 (aiii)). Up to EL ≈ 5Ű6 J, both trend lines exhibit a steeper scaling for this foil

thickness. Additionally, in Fig. 3.7 (a) are the maximum proton energy (squares)

and the carbon energy (circles) plotted as a function of the foil thickness for EL = 5 J.

It can be seen that for LP (black), both are signiĄcantly higher for the 5 nm thin

foil compared to the otherwise similar values for all the other foil thicknesses. Such
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3.3 Ion acceleration with nanometer thin foils

thickness independence, except for the thinnest foil, was observed in [162], as written

in the introduction of this section. The thickness of 5 nm corresponds roughly to the

optimal foil thickness for LS-RPA (Eq. (2.51)) for an intensity of ≈ 1 · 1020 W/cm2.

As written in Sec. 2.4.3.2, this optimal foil thickness corresponds to the threshold

of relativistic transparency.

For increasing laser energy (EL ❄ 6 J), the ion energies stop to increase for the 5 nm

foil (Fig. 3.6 (aiii)) until they are similar or slightly below the energies obtained with

the other two thicknesses for EL ≈ 8 J as seen in Fig. 3.6 (a). Here, a correlation

to the onset of laser transmission around 5Ű6 J can be seen as displayed in Fig. 3.7

(b). The signiĄcant light transmission indicates that the plasma became underdense

during the interaction, which may have led to a less effective ion acceleration process

for the conditions in this experiment. That signiĄcant transmission of laser light

correlates with reduced maximum proton energies was also observed in [42].

A weak dependence of the maximum ion energies on the target thickness was also

observed by Poole et al. [53]. In that experiment, the angle of incidence of the

p-polarized laser pulses was 45◦. A single PM was used, and the laser pulses were fo-

cused onto a liquid crystal target with thicknesses between d > 1 µm and d ≈ 10 nm.

The accelerated ions were detected under the targetŠs normal direction. Between

d = 300 nm and thinner foils, the ion energies stayed relatively constant except for

d ≈ 10 nm that yielded higher energies, but also larger shot to shot Ćuctuations.

For d > 1 µm, the energies were about 50 % lower. Poole et al. interpreted the weak

thickness dependence in the context of TNSA. The target thickness inĆuences the

maximum proton energies due to a change in the electron density as a consequence

of the electron divergence (see Sec. 2.4.1.1). For a target thickness variation much

smaller than the focus size, this effect is small, as estimated below. For d < 40 nm,

they also measured an increase in the amount of transmitted light. However, they

state that the Ćuctuations of the transmitted light did not correlate strongly with

the Ćuctuations of the maximum proton energy or the spatial distribution of the

protons with low kinetic energy.

Since the generation of hot electrons should be reduced for the investigation of

RPA (see Sec. 2.4.3), the POLARIS laser pulses were converted to CP. In Fig.

3.6 (b), the dependence of the maximum ion energies as a function of EL for the

thicknesses d = 100 nm, 10 nm, 5 nm is presented, whereas in Fig. 3.7 (a) the

maximum ion energies for EL = 5 J as a function of the foil thickness are plotted

(red squares and circles for CP). The use of CP has led, in general, to a reduction

51



Chapter 3 Ion acceleration with thin foils

in the maximum ion energies compared to the case of LP, especially for the thicker

foils (d = 50 nm, 100 nm). That indicates that the generation of hot electrons,

essential for the effective acceleration via TNSA, was indeed reduced. When the

foil thickness is decreased for CP, the maximum ion energies increase continuously.

For the thinnest foils, the maximum ion energies exhibit a steeper scaling with EL,

as shown in Fig. 3.6 (bii) and (biii) compared to (bi). Within this thickness scan,

the shots with the highest ion energies for CP were obtained with the 5 nm thin

foil. Note that two shots below the trendline are marked green. For these points, a

signiĄcant amount of transmitted laser light was measured (T ≈ 0.04 and T ≈ 0.06).

Consequently, these points were not included in the determination of the trendlines.

A decrease of the maximum proton energy when changing the polarization from

LP to CP was measured, for example, by Dollar et al. [163]. When decreasing

the foil thickness from 1 µm to 30 nm, they observed that the values measured with

CP approached the ones obtained with LP, whereas the absolute achieved maximum

energies were similar for the thinnest foils. For LP, on the other hand, they measured

only a slight thickness dependence. In addition to the accelerated ions, they also

measured the accelerated electrons. For the 100 nm thick foil, they observed a

reduced hot electron generation for CP when compared to LP, while for d = 30 nm,

the hot electron spectra were similar. With the help of simulations, they stated that

the deformation of the thin targets led to an increased electron heating that resulted

in an enhancement of ion acceleration via TNSA for CP.

Besides the main measurements of the maximum ion energies and the supporting

measurements of the light transmission, additional measurements of the reĆected

light at 1ω and 2ω, as well as measurements of the proton beam proĄle, were per-

formed. For the six shots marked in blue in Fig. 3.6, images of these diagnostics

together with images of the ion traces are shown in Fig. 3.8. Concerning the po-

sition or shape of the back reĆections, no signiĄcant, general correlation could be

found to the (mostly small) Ćuctuations in the maximum ion energies. In other

words, a shot with a shifted or deformed reĆection pattern did not necessarily pro-

duce a maximum proton or carbon ion energy below the trend lines. Such a shifted

or distorted reĆection may indicate that the foil in the region where the focus was

incident was possibly rippled. Poole et al. [53] also mentioned that they did not

observe a strong correlation between the quality of the reĆections and the measured

maximum proton energies.
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3.3 Ion acceleration with nanometer thin foils

Figure 3.8.: The Ągure shows images of the different diagnostics for the shots
marked in blue in Fig. 3.6. The two images on the left are the back reĆections
from the targets at 1ω (Ąrst) and 2ω (second). In the center, the proton beam
proĄles are presented for the energy interval indicated underneath. The images
on the right are the ion traces obtained with the TP. The black lines mark the
position of speciĄc proton and carbon energies. The pixel counts of the back
reĆections of (e) were increased by a factor of 2 to increase visibility.
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Examples for shots with shifted/distorted back reĆections are given in Fig. 3.8

(a) and (d). (a) is the shot with the highest maximum proton energy for LP and

d = 5 nm (Fig. 3.6 (aiii)), although both reĆections are shifted compared to, for

example, (b). An example of a shot for which shifted/distorted back reĆections

coincide with reduced maximum ion energies is (d) for d = 5 nm and CP (Fig.

3.6 (biii)). For this shot, the maximum proton and the maximum carbon energy

are below the trendline. Both reĆections are distorted upwards compared to the

reĆections seen in Fig. 3.8 (c) and (d).

Also, between the position of the scintillator signalŠs maximum and the maximum

ion energies, there exists no signiĄcant, general correlation. In other words, if the

maximum proton signal does not overlap with the entrance of the TPŠs vacuum

chamber, this does not necessarily mean that the maximum proton energy is below

the trend line. An example is again the shot with the highest proton energy for LP,

shown in (a). The region of the strongest/saturated signal is shifted vertically and

does not enter the TP. Nevertheless, it cannot be excluded that the ŞglobalŤ maxi-

mum proton energy was higher for this shot than the maximum measured with the

TP. Likewise, a more homogeneous or central scintillator signal does not necessarily

mean that the measured proton energy is above the trend, as is the case for the

shots shown in (b) and (e). However, there are shots with a central, homogeneous

beam proĄle and a proton energy above the trend line, like (d). Similarly, an off-axis

beam proĄle, like in (f) (d = 500 nm, LP, scan in Fig. 3.6 (bi)) can coincide with a

lower maximum proton energy.

As the signal strength of the scintillator signal is proportional to the number of

protons, it correlates with the signal strength of the proton trace measured with the

TP. The stronger scintillator signal close to the TPŠs entrance in (a) correlates with

a stronger MCP signal on the corresponding part of the proton trace in comparison

to the weaker signals in (b). Note that the signal strength of the scintillator signal

shown in (a) and (b) cannot be compared to the other shots shown due to different

settings for the energy interval or/and ampliĄcation of the G-CCD.

A unique shot is shown in Fig. 3.8 (c). This shot shows a strong carbon ion signal

separated and ahead of the main ion trace (black arrow). As can be seen in Fig.

3.6 (biii), this separate trace yields a maximum carbon energy more than twice as

high as for any other shot in this campaign. Unfortunately, the G-CCD was set

to a low proton energy interval and too high gain for this shot. Consequently,

the measurement is fully saturated. In contrast to such an extended, separated
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3.3 Ion acceleration with nanometer thin foils

Figure 3.9.: The plasma proĄles simulated with MULTI-fs for the different foil
thicknesses are shown. Note that the targets are not fully ionized. Hence, the
maximum electron densities are below the value of a fully ionized target. The
data for the Ągure was provided by S. Keppler [165].

trace, the carbon traces of many shots exhibit fragmented signal near the maximum

energy, for example, the maximum carbon energies marked by the black arrows for

the shots shown in Fig. 3.8 (b) and (d). Such fragmented carbon traces are not

exclusive to the thinnest foils but were often observed over the entire campaign for

various experimental settings. Extended carbon features like the one shown in (c)

were, for example, observed in [45, 46, 48, 163] for very thin foils (d = 5Ű30 nm) and

interpreted in the context of RPA.

As a step towards the interpretation of the thickness dependence of the maximum

ion energies, hydrodynamic simulations with the code MULTI-fs were performed.2

The simulated one-dimensional density proĄles for the thicknesses 500 nm, 100 nm,

50 nm, 10 nm, and 5 nm are shown in Fig. 3.9 when the intensity of 1017 W/cm2

is reached since MULTI-fs is not suited to simulate interactions at relativistic in-

tensities [146]. The peak intensity of the linearly polarized, simulated pulse was

1 · 1020 W/cm2 with a pulse duration of 140 fs. More information about the simula-

tions can be found in [164].

For all thicknesses, the front side has expanded, with the critical density being

located at z ≈ −0.6 µm (z ≈ −0.4 µm for d = 5 nm). With decreasing foil thickness,

the plasma density gradient at the rear side increases, whereas a foilŠs maximum

plasma density decreases. The roughly constant maximum ion energies for LP (Fig.

3.7 (a), black) might be due to this target expansion. For TNSA, the electric Ąeld

is proportional to the square root of the hot electron density (Eq. (2.34)) that is

2The simulations were performed by Sebastian Keppler and Mathis Nolte. The input data for
carbon was provided by Rafael Ramis, and the input parameters for the simulations were chosen
according to his recommendations.
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inverse proportional to the square of the electron sheathŠs radius (Eq. (2.31)). With

the focusŠ radius r ≈ 1.6 µm and a full divergence angle of 2θ ≈ 40◦, the difference in

the electric Ąeld due to the electron divergence for the two foil thicknesses of 50 nm

and 500 nm can be estimated as ≈ 10 %. If one uses, instead of the unexpanded

foil thicknesses, the distance between the two positions where the critical density is

reached, then this enhancement is reduced to ≈ 5 %. Additionally, the plasma may

expand further from the targetŠs rear surface until the main pulse arrives, which is

not beneĄcial for TNSA.

As one can see in Fig. 3.6 and Fig. 3.7 (a), the highest maximum ion energies were

obtained with the 5 nm thin foil. Before the arrival of the main pulse, the simulated

5 nm foil has expanded into a 1 µm wide, near-critical plasma (Fig. 3.9, 5 nm (grey)).

That the target was no longer in its initial form in the experiment can be seen by

calculating the optical skin depth for the fully ionized carbon foils (Eq. (2.22)) that

is δ (ne = 600nc) ≈ 7 nm. Due to this skin depth, transmitted laser light should

have been detected for these foils even at low laser pulse energies (see Fig. 3.7 (b),

EL ❃ 4 J). However, the opacity of the foil can be explained by its expansion. For

a plasma density of, e.g., ne ≈ 2nc, the skin depth is δ (ne = 2nc) ≈ 170 nm, which

is much smaller than the simulated extension of the expanded plasma with a higher

density (Fig. 3.9, 5 nm (grey)). The increased light transmission with increasing

laser energy can be the result of a reduced plasma density on the propagation axis

of the laser since the PF of the laser can push electrons out of its path transversely

in an experiment. Another possibility is that the laserŠs PF compresses the plasma

along the propagation axis in a way that light can tunnel through the remaining

plasma. A third possibility is that the electrons in the laserŠs path may be heated,

and the plasma becomes relativistically transparent (see Sec. 2.3.1.2). In any case,

it seems that the onset of transparency correlates with experimental conditions that

are not beneĄcial for ion acceleration, as seen in Fig. 3.6 (aiii) and Fig. 3.7 (b).

However, up to this onset of transmission, the 5 nm foil (Fig. 3.6 (aiii)) shows a

steeper increase of the maximum ion energies than the thicker foils ((ai) and (aii)).

This steeper scaling was also measured for the thinner foils and CP (Fig. 3.6 (bii)

and (biii)). As a consequence of the thin foilsŠ expansion, there might be different

approaches for an explanation of the increase in ion energies. Firstly, the overall low

plasma density of the expanded thin foils enables the laser to penetrate deeply into

the plasma that might lead to volumetric heating of plasma electrons. On the other

hand, due to the reduced plasma density, HB-RPA might become important as an
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acceleration process for the ions (see Sec. 2.4.3.1). Also, a combination of HB and

further acceleration via TNSA may be possible. The effectiveness of the latter may

be increased by the compression of the plasma by the laser, which might counteract

the negative effect of an extended plasma density gradient.

3.4. Ring-like proton beam profile

In this section, the spatial proĄle of proton beams, generated during the interaction

of high-intensity laser pulses with thin plastic foils, was investigated to gain a deeper

understanding of the physics involved. This understanding is a prerequisite for

improving the control over laser-driven proton beams, which is necessary when one

wants to use them for applications, like hadron therapy or as an ultra-short pulse

front-end for conventional accelerators [33Ű41].

When using submicron foils as targets, various ion acceleration mechanisms may play

a role that have not yet been fully understood, especially those that are expected

to be dominant for thin foils, like BOA or RPA (see Sec. 2.4). Therefore, it is

necessary to clearly distinguish between different acceleration mechanisms when

investigating laser-driven proton acceleration. For this purpose, it is advantageous

to identify signiĄcant characteristics of the proton beams that can be assigned to

a particular mechanism and fully explained within its context. The proton beamŠs

spatial characteristics are of special interest since they are also relevant for the

transport of the accelerated protons to subsequent applications.

The proton beam feature investigated in this section is a stable ring-like structure

(RLS) formed by protons with ŞlowŤ kinetic energies. Since this is an often ob-

served feature in experiments, it is signiĄcant for laser-accelerated proton beams.

Important experiments in which such a RLS was observed for micrometer- and

nanometer-thin foils are listed below.

In an experiment performed at the VULCAN laser facility (EL ≈ 50Ű100 J, τL ≈
1 ps), a RLS was detected for different target materials and 25 µm ≤ d ≤ 1000 µm

[166]. The RLS, oriented around the targetŠs normal direction, was explained for

experiments with 125 µm thick aluminum foils as a consequence of magnetic Ąelds

forming within the target [3]. The protons forming the RLS were initially interpreted

as originating from the foilŠs front surface (laser-illuminated side). When traveling

through the aluminum foil, these protons would be deĆected in a RLS by the mag-
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netic Ąeld. The measurements were reproduced with a 100 µm thick foil [167]. In

both experiments, also protons with higher energies were deĆected in a RLS, with its

opening angle decreasing for increasing proton energy. Low-energy protons expand-

ing from the laser-illuminated side in backward direction also formed such structures,

which was attributed to magnetic Ąelds within the expanding plasma [4].

At the GEKKO MII laser (25 J, 0.45 ps), RLSs were emitted from plastic foils with

thicknesses of 5 µm, 25 µm, and 100 µm [168]. Murakami et al. suggested that the

protons were accelerated from the foilsŠ rear surface and deĆected by a toroidal

magnetic Ąeld located outside the target generated by hot electrons.

In an experiment at the LULI laser system (15 J, 0.35 ps) with 1Ű3 µm thick plastic

foils, the RLS was attributed to the PFŠs radial component acting close to the

region of the critical density [169]. In different experiments at LULI and at the

THOR laser system (0.4 J, 42 fs), the RLS was observed with 25 µm thin aluminum

foils and 10 µm thin gold foils coated with a 1 µm thin chrome layer [170]. The

authors interpreted the RLS as a consequence of a Şbell-shapedŤ electron sheath

that sets up the electric Ąeld, which accelerates protons.

Recent observations of the RLS were made with submicron thin foils when investi-

gating other acceleration mechanisms besides TNSA. At the TRIDENT laser (80 J,

550 fs), the RLS was especially pronounced for ≈ 190 nm thin DLC foils [171]. Here,

the main focus was put on the acceleration of carbon ions, and it was measured

that also ions with high kinetic energy are forming this RLS. The results were in-

terpreted in the context of relativistic transparency and the RLS as a signature of

the breakout-afterburner acceleration mechanism.

Several measurements with thin foils were done recently at the VULCAN laser (❃

200 J, ❃ 1 ps). In [172], the RLS was observed for 10 nm and 40 nm thin aluminum

foils, and the orientation of the RLS was determined to be centered around the target

normal direction, as in the experiments with micrometer thin foils. In measurements

performed with aluminum foils of thicknesses between 10 nm and 400 nm, the RLS

was detected for thicknesses of ≤ 200 nm [173]. The RLSŠs full opening angle as

a function of the foil thickness d was found to increase from d = 10 nm to d =

80 nm and to decrease slightly for thicker foils. In supporting simulations, they

found that the opening angle increased for d = 20 nm to d = 40 nm and then

continuously decreased for thicker foils. Padda et al. [173] interpreted the RLS

as a result of the interaction between the aluminum ions and the protons when the

target becomes relativistically transparent. Here, aluminum ions accelerated by RPA
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should exert a force on the protons, which causes the formation of a ring. In another

experiment with DLC foils, the RLS was measured to be present for all thicknesses

used (5Ű500 nm), whereas the opening angle of the RLS was thickness-independent

[162].

The multitude of observations for several laser and target parameters identify the

RLS as a central feature of laser-driven proton acceleration. Since there exist in-

dividual explanations for the different measurements, further investigations of this

feature are necessary to deepen the understanding of laser-driven proton accelera-

tion.

Consequently, a detailed investigation with submicron plastic foils with experiments

and simulations was performed. The second harmonic of the POLARIS system

was used to exclude the inĆuence of extended pre-plasmas or foil transparency by

a signiĄcant rising edge or pre-pulse. Finally, the RLS could be explained with a

simple model within the TNSA framework.

3.4.1. Experimental results

The experimental setup in the target chamber is presented in Sec. 3.2.2, with a

sketch of the setup displayed in Fig. 3.5 (a). The characteristic RLS is shown in

Fig. 3.5 (b). For the veriĄcation of the scintillator signal, a part of the RLS was mea-

sured with a CR-39 nuclear track detector. It can be seen that both measurements

complement each other.

To investigate if all protons are contributing to the ring or only protons with certain

energies, one G-CCD was used to observe protons within different energy intervals,

while the other G-CCD was used to detect all protons, which were not blocked

by the aluminum foil. In Fig. 3.10 (a), the beam proĄle is shown for two different

shots/energy intervals. The left image shows the beam proĄle for low-energy protons

(0.17 ❃ Ep/Emax ❃ 0.20), and the right one displays the beam proĄle for protons

with higher kinetic energies (0.53 ❃ Ep/Emax ❃ 0.72). The small images in the upper

left corners show the beam proĄle containing protons with 1.0 MeV ≤ Ep ≤ Emax.

For the low-energy protons, a clear RLS is visible, similar to the RLS for all protons

with energies above 1.0 MeV. In contrast to that, the protons with higher kinetic

energies do not form a RLS. This beam proĄle is more homogeneous, except for

a hotspot in the upper right part of the image. The spatial distribution of all

detectable protons shows a very sharp RLS for this shot, too. Hence, the beam proĄle
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Chapter 3 Ion acceleration with thin foils

Figure 3.10.: In (a), the proton beam proĄle is displayed for two different shots,
measured with a G-CCD that was set to observe protons within the energy inter-
vals of (i) 1.3 MeV ❃ Ep ❃ 1.5 MeV and (ii) 4.4 MeV ❃ Ep ❃ 6.0 MeV (large im-
ages). The target was a 200 nm thin foil, and the maximum proton energies, mea-
sured with the TP, for the two shots were Emax ≈ 7.6 MeV and Emax ≈ 8.3 MeV.
The small images in the upper left corners show the beam proĄles captured with
the second G-CCD for 1.0 MeV ≤ Ep ≤ Emax. The corresponding lineouts taken
along the rectangles are shown in (b). Both lineouts are normalized to their max-
imum. Note that the given energy intervals are for the center of the beamŠs pro-
Ąle. For the horizontal sides of the scintillator, the energy intervals shift slightly
to 1.4 MeV ❃ Ep ❃ 1.6 MeV and 4.7 MeV ❃ Ep ❃ 6.4 MeV due to an increased
distance to the target.

is dominated by protons with low kinetic energy. Since proton beams accelerated via

TNSA usually exhibit spectra that decrease exponentially for higher energies, this

is not surprising. Note that the signal strength of the scintillator signal increases

with increasing proton energy for the same number of protons. However, this is not

enough to smear out the RLS when the entire proton energy spectrum was observed

with the second G-CCD.

For a comparison of the measurements with 2D-PIC simulations, horizontal lineouts

were taken along the indicated rectangles. The normalized lineouts are shown in

Fig. 3.10 (b). Here, the distribution for the higher energies is slightly broader than

the peak-to-peak distance/opening angle for the case of lower proton energies.

For an investigation of the RLSŠs orientation, the targetŠs normal direction and the

laserŠs propagation direction were separated by tilting a foil around the vertical axis

(y-axis) going through the position of the laser focus. The laserŠs forward direction

relates to mechanisms like RPA, while the foilŠs normal direction correlates with the

TNSA mechanism. In Fig. 3.11 (a) three exemplary beam proĄles are displayed,

one for normal laser incidence and two with different rotation angles. The RLS
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3.4 Ring-like proton beam proĄle

Figure 3.11.: The Ągure shows the effect of the rotation of a 480 nm thin foil
around the vertical axis (y-axis) going through the laserŠs focus position. (a)
displays exemplary images of the beam proĄle for three different rotation angles
with corresponding lineouts. (i) represents 0◦, the standard normal laser incidence
case, while in (ii) and (iii), the beam proĄles for a tilt angle of about 5.25◦ and
15.75◦ are shown. (b) shows the deĆection angle of the RLS as a function of the
rotation angle. The total scan consists of 19 individual shots. The line is a guide
for the eye to emphasize the 1 : 1 relation between the angles. The deĆection angle
was measured by determining the position of both peaks, or one when only one
was visible on the scintillator, relative to the peak positions of the 0◦ case.

changes its position on the scintillator screen accordingly to the tilt angle of the foil.

From the systematic scan in (b), a one-to-one relation between the two angles can

be deduced. Thus, the RLS is clearly oriented around the normal direction of the

foil. That is a strong indication that the protons forming it are accelerated via the

TNSA mechanism.

Finally, the dependence of the opening angle on the foil thickness was investigated,

as presented in Fig. 3.12 (b) (black graph). Here, a small but continuous decrease

of the opening angle could be observed.

3.4.2. Simulations and interpretation

For a deeper understanding of the underlying physics, 2D-PIC simulations with

the code EPOCH were performed [140].3 The 10000 × 10000 cell simulation grid

covered a spatial extension of −5 µm ≤ z ≤ 45 µm and −25 µm ≤ x ≤ 25 µm, while

50 particles per cell were used. The target foils, with the four different thicknesses

3The simulations were performed by Stefan Tietze. The simulation data was analyzed by myself
with open-source software [174–177].
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Chapter 3 Ion acceleration with thin foils

Figure 3.12.: (a) shows the normalized proton distribution as a function of the
emission angle extracted from the simulations for a 200 nm thin foil at the time
T0+198 fs. The blue graph shows the beam proĄle for all protons between 1.0 MeV
and the maximum kinetic energy of 19.8 MeV. The black graph includes protons
with 3.3 MeV ≤ Ep ≤ 3.8 MeV, while the red graph shows the angular distribu-
tion for 11 MeV ≤ Ep ≤ 15 MeV. (b) displays the opening angle of the RLS in
dependency on the four different foil thicknesses. The black squares represent the
averaged measured values with standard deviation, and the red triangles are the
simulated opening angles. The averages consist of 11 shots for the 100 nm thin
foil, 4 for 200 nm, 6 for 400 nm, and 6 shots for the 800 nm thick foil. Here, the
lineouts from the measured beam proĄles, including all protons not blocked by
the aluminum foil, were used to determine the opening angle.

d = 100 nm, 200 nm, 400 nm, and 800 nm, had a lateral extension of −20 µm ≤ x ≤
20 µm, and their front surface was centered at (z = 0 µm, x = 0 µm). The foils had

a maximum plasma density of ne0 = 90 · nc (λ = 515 nm). As ions, protons and C6+

ions with a number ration 1 : 1 were included. The initial temperature of all plasma

components was set to 1 keV. The laser pulse with a central wavelength of 515 nm

was modeled to have a Gaussian shape both in space and time, with a focal spot

diameter of 3 µm and a pulse duration of 140 fs. The pulse was linearly polarized and

had a maximum amplitude of the normalized vector potential of a0 = 4.5. The peak

of the pulse entered the simulation box (z = −5 µm) at the time t = 322 fs =: T0

after the start of the simulation. The pulse peak arrived at the front surface of the

target 16.7 fs later, i.e., T0 + 16.7 fs.

The RLS in the 3D experiment corresponds to a two-peak structure in the 2D simula-

tions. For the simulated 200 nm thin foil, the normalized particle number is displayed

in Fig. 3.12 (a) as a function of the particlesŠ emission angle = arctan (px/pz) for the

time T0 + 198 fs. The blue graph includes all protons with 1.0 MeV ≤ Ep ≤ Emax,
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3.4 Ring-like proton beam proĄle

where Emax = 19.8 MeV is the maximum proton energy for this timestep. The

higher maximum proton energy, compared to the experiment, is likely due to the

2D geometry of the simulations. In [178], 3D simulations were compared with 2D

simulations. The latter produced cutoff energies of about a factor of 2.3 higher than

in 3D. For the 2D simulations, one should also note that the cutoff energy depends

on the simulation time, which may be a consequence of the plasma being only di-

luted in two dimensions and not in three. Higher particle densities and higher Ąeld

strengths over longer times, compared to experiments, are the consequences.

Because the maximum proton energy for this simulation is roughly two and a half

times as high as the energies measured for the two shots in Fig. 3.10, the boundaries

of the energy intervals in the simulation were multiplied by 2.5. The simulation

reproduces the RLS for protons with low kinetic energy (0.17 ❃ Ep/Emax ❃ 0.19).

For the protons with higher kinetic energy (0.56 ❃ Ep/Emax ❃ 0.76), the amount of

particles emitted around the forward direction signiĄcantly increases, but two peaks

at the sides remain. For these high energy protons, the experimental lineouts are

smoother except for the peak in the upper right of the beam proĄle in Fig. 3.10 (aii).

Thus, the simulation reproduces quite well the spatial structure of the accelerated

proton beams from the experiments.

The proton distribution with 1.0 MeV ≤ Ep ≤ Emax was used to compare the

simulated thickness dependence of the opening angle with the experiment. The

opening angle of the RLS is plotted as a function of the target thickness d for

the simulation (Fig. 3.12 (b), red) in addition to the experiment (black). The

simulation reproduces the decrease of the opening angle for increasing foil thickness

qualitatively. The higher values of the simulated opening angle and the steeper slope

are again likely due to the 2D simulation geometry. In general, the simulations could

qualitatively well reproduce the experimental characteristics of the RLS.

The proton acceleration process is displayed in Fig. 3.13 for the 200 nm thin foil

to investigate the origin of the RLS. (a) displays the longitudinal charge separation

Ąeld due to the electron sheath and the positively charged target. The electric Ąeld

is strongest around the center of the target x ≈ 0 µm (i)Ű(iii), which is opposite to

the position of the highest laser intensity on the front surface. Hence, the highest

electron density is located along x ≈ 0 µm where also the highest electric Ąeld is

generated. In (b), the corresponding expansion of the proton density is shown.

The protons around x = 0 µm gain higher momenta and travel longer distances

along the z-axis than the protons starting at positions with ♣x♣ ≫ 0 µm due to
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Chapter 3 Ion acceleration with thin foils

Figure 3.13.: This Ągure shows the process of the proton acceleration for the
simulated 200 nm thin foil for different timesteps. In (a), the longitudinal electric
Ąeld Ez (z, x) is shown, which is parallel to the targetŠs normal direction. The Ąve
different displayed time steps are (i) T0 − 82 fs, (ii) T0 − 2 fs, (iii) T0 + 38 fs, (iv)
T0 +118 fs, and (v) T0 +198 fs. (b) displays the proton density distribution for the
same time steps. (c) presents the lateral electric Ąeld Ex (z, x) for the three times
(i) T0 + 38 fs, (ii) T0 + 118 fs and (iii) T0 + 198 fs. (d) shows the lateral momentum
px (z, x) of the protons at these three time steps.

the variation of Ez along the x-axis. A charge separation is induced between the

maximum positive charge at x = 0 µm and the negative charge of electrons in the

vacuum region due to the path length difference ∆z, as indicated in Fig. 3.13 (bv).

The electric Ąeld component along the x-axis Ex (z, x) caused by this charge sepa-

ration is displayed in (c), with the Ąrst image showing the Ąeld at T0 + 38 fs. That

is the Ąrst recorded time step at which the RLS can be identiĄed in this simulation.

The momentum px (z, x) is shown in (d). Around x ≈ 0 µm there is no lateral Ąeld

and thus px ≈ 0. It can be seen that the maxima of px are formed at the front sides

of the proton distribution, where the maxima of Ex are located. For the last time

step T0 + 198 fs, these maxima are within the area described by 9 µm ≤ z ≤ 12 µm

and 3 µm ≤ ♣x♣ ≤ 6 µm. Here, the lateral charge separation is maximal. From these
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3.4 Ring-like proton beam proĄle

Figure 3.14.: (a) displays the kinetic energy of protons for the simulated 200 nm
thick foil and the time T0 + 198 fs. (b) presents the absolute value of the protonsŠ
emission angle as a function of the spatial coordinates for the same foil and time.
In (c) is the emission angle for the simulation without carbon ions shown. (d)
shows the particle number as a function of the emission angle for 1.0 MeV ≤ Ep ≤
Emax.

positions, ♣px (z, x) ♣ decreases towards the targetŠs initial surface and for larger

values of ♣x♣ where the boundary between the proton density distribution and the

vacuum becomes more parallel to the initial target surface.

In Fig. 3.14 (a) and (b) are the distribution of the protonsŠ kinetic energy and the

distribution of the absolute value of the deĆection angle arctan ♣px (z, x) /pz (z, x) ♣
plotted to investigate the spatial origin of the RLS. In (a), it can be seen that in

the areal described by 9 µm ≤ z ≤ 12 µm and 3 µm ≤ ♣x♣ ≤ 6 µm, protons with high

kinetic energies are located. These protons are emitted under large angles (≈ ±11◦),

as seen in (b), and are forming the peaks in Fig. 3.12 (a) (red graph).

However, the low-energy protons emitted into the two peaks (blue and black graph)

originate from the large yellow/green region (≈ ±9◦), which is located around

2 µm ❃ ♣x♣ ❃ 10 µm. This large region of constant emission angle is the conse-

quence of both momentum components behaving similarly. The maxima of both

distributions are located at the expansion front. From these positions, their abso-

lute values decrease towards the foil, and also in the outward direction.

The modulated region in these plots (z ❃ 6 µm for x ≈ 0 µm) is the intersection

between the proton density distribution and the carbon density distribution. Al-

though it includes mostly protons with very low kinetic energy, there might be an

inĆuence of the carbon ions on the angular distribution due to modulations in the

electric Ąeld. The carbon ions were removed for an additional simulation to exclude

this possibility.
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Chapter 3 Ion acceleration with thin foils

The removed charge was replaced by protons to maintain charge neutrality. The

results of this simulation are presented in Fig. 3.14 (c) and Fig. 3.14 (d). The two

peaks are still present in (d) at slightly larger emission angles ≈ ±11.3◦, and the

location of these protons in (c) (orange region) is the same areal as for the foil with

carbons (b). Consequently, the heavy ions are not essential for the formation of

the RLS. However, the carbon ion front causes a modulation of Ez (z, x) (Fig. 3.13

(a), steps (iv) and (v)) that modulates the protonsŠ energy spectrum as described

in [107, 179Ű181].

A region with large emission angles is also visible in Fig. 3.14 (c) close to the

targetŠs rear surface (z ❃ 3 µm, ♣x♣ ❃ 2 µm) that cannot be identiĄed in (b) due to

the modulations caused by the carbon ions. In this region, the protons have a low

momentum pz. Consequently, a low px is enough for large emission angles.

The smearing of the proton beam proĄle for high proton energies can be explained

as follows. Protons with high kinetic energies are only localized at the front of the

distribution (Fig. 3.14 (a)) and experience the strongest variation of Ex (Fig. 3.13

(c)), causing proton emission in a large solid angle, as seen in Fig. 3.14 (b).

The orientation of the RLS around the targetŠs normal is also a direct consequence

of the proton expansion since the lateral charge separation is always perpendicular

to the initial longitudinal TNSA Ąeld and parallel to the foilŠs surface.

The simulated electric Ąeld for the four different foil thicknesses is presented in Fig.

3.15 for T0+78 fs to identify the reason for the decreasing opening angle as a function

of the thickness. Ez is displayed in (a) and Ex is plotted in (b).

Since the decrease of the simulated opening angle is quite pronounced, it is necessary

to compare the absolute Ąeld values in more detail. Therefore, the absolute values

of both Ąeld components were averaged over the regions indicated by the black

rectangles. These averaged values are shown in (c). The relative decrease of Ex

is much steeper than the reduction of Ez, causing the strong decline of the RLSŠs

opening angle. If both components would decrease in the same way, the opening

angle would likely not decline. Instead, the presence of the RLS would probably

only shift to lower proton energies.

The proton density distribution is shown for the 100 nm (i) and the 800 nm (ii) thin

foil in (d) for T0 + 78 fs to illustrate the origin of this decrease of Ex. Both density

distributions have a different shape. The center (x ≈ 0 µm) of the distribution (i)

has expanded a greater distance ∆z into the vacuum, compared to the edges of the

66



3.4 Ring-like proton beam proĄle

Figure 3.15.: (a) and (b) are displaying Ez (z, x) and Ex (z, x) for the time T0 +
78 fs and the four different simulated foil thicknesses (i) 100 nm, (ii) 200 nm, (iii)
400 nm, and (iv) 800 nm. The electric Ąeld within the rectangles was averaged
and plotted against the foil thickness in (c). Note that Ez was divided by a factor
of 3. The values for Ex are the averaged absolute values of the two average values
in both rectangles. (d) displays the proton density distribution for the 100 nm (i)
and the 800 nm (ii) foil for T0 + 78 fs. Note that only in these two density plots,
the foilsŠ rear surface is located at z = 0 µm, in contrast to previous images.

distribution, than the center of (ii). Hence, the proton distribution is Ćatter for

thicker foils, leading to a reduced Ex. Thus it may be concluded, that strength

and extension of Ex depend strongly on the shape of the proton expansion into the

vacuum.

The reason for a Ćatter proton distribution in the case of thick foils is likely that

Ez has a smaller dependence on x as compared to thin foils during the acceleration

process because the electron sheathŠs distribution is sharper for thinner foils due

to the divergence of the hot electrons. The difference of the electron sheath in the

experiment is likely much less pronounced than in the simulation since the measured

opening angle decreases only slightly as compared to the simulation. This difference
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Chapter 3 Ion acceleration with thin foils

between experiment and simulation is probably a geometrical effect of the difference

between 2D and 3D.

Besides the dependence on the thickness, the generation of the hot electrons itself

will likely inĆuence the shape and opening angle of the RLS. The hot electron

generation is linked to the TIC and to the intensity distribution of the laser close to

the focus. The latter might explain why the measured RLS is not a perfectly shaped

ring and has more the shape of connected hot-spots. In [182], an experiment with

gold foils with thicknesses between 13 µm to 50 µm is described wherein a change in

focus led to a change in the proton beam proĄle.

A factor that may play a role for foils thinner than 100 nm is if the laser breaks

through the foil. In an experiment with thinner aluminum foils, it was measured that

the opening angle decreases when reducing the foil thickness [173]. An explanation

may be that the quasi-static electric Ąelds are reduced when the laser breaks through

the foil early during the interaction, or that the laser directly modiĄes the hot

electron sheath. Note that in Fig. 3.15 (ai) and (bi), the modulations close to

(z = 0 µm, x = 0 µm) are the electric Ąeld of the laser breaking through the 100 nm

thin foil. However, this does not prevent the occurrence of the RLS in the simulations

presented here. Additionally, no laser breakthrough was observed in the experiment.

3.5. Summary and discussion

In this chapter, laser-driven ion acceleration from thin foils using contrast-enhanced

laser pulses has been investigated. In an experimental campaign with a PM, the

dependencies of the maximum proton energy, as well as the carbon ion energy, on

the target thickness, the laserŠs polarization, and pulse energy were studied. For

LP, maximum ion energies were measured to be almost independent on the foil

thickness for 10 nm ≤ d ≤ 500 nm. These results are comparable with experiments

performed at other laser systems [53, 162, 163] and consistent with ion acceleration

via TNSA. For the 5 nm thin foil, a signiĄcant increase of the maximum ion energies

was measured due to a steeper scaling with the laser energy. However, with the onset

of transparency, this scaling stops and prevents the realization of higher ion energies

under these experimental conditions. Since hydrodynamic simulations indicate that

due to the laser pulseŠs rising edge, the 5 nm thin foil has expanded into a near-

critical plasma, it is likely that the TIC of POLARIS needs to be further improved

to exploit the strong increase of the ion energies as a function of the laserŠs pulse
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energy. Due to this strong (pre-)plasma expansion, a simple, deĄnitive interpretation

of the results is not trivial. Hence, extensive PIC simulations for the varied laser

and target parameters are necessary.

Besides ion acceleration with LP, the laser pulses were converted to CP to investi-

gate ion acceleration via RPA. As expected, the use of CP led to a decrease of the

maximum ion energies due to a reduced electron heating, especially for the thicker

foils. For decreasing foil thickness, the maximum ion energies slowly increased,

which might be due to an enhancement of electron heating due to foil deformation

[163]. As in the case of LP, the highest maximum ion energies with similar absolute

values were obtained for the 5 nm thin (CP) foil due to an increased scaling with

the laser energy, but at higher pulse energy.

Besides the dependencies of the maximum ion energies, the proton beamŠs proĄle

was investigated in an experimental campaign using the second harmonic of PO-

LARIS and plastic foils with 100 nm ≤ d ≤ 800 nm. It was found that protons

with low kinetic energies form a very reproducible RLS, while protons with higher

kinetic energies have a more homogeneous lateral distribution. By rotating a foil

around the vertical axis, it could be observed that the RLSŠs orientation is always

centered around the foilŠs normal direction. For increasing foil thickness, it could be

determined that the opening angle of the RLS decreases. Due to the combination of

high-contrast laser pulses and foils that are much thicker than necessary for LS-RPA

and above the onset of transparency (see Sec. 2.4.3.2), the inĆuence of acceleration

mechanisms that are expected to be dominant for very thin foils is very unlikely.

Hence, with the help of 2D-PIC simulations, an explanation for this RLS could be

found that Ąts within the concept of laser-driven ion acceleration with the TNSA

mechanism and explains the experimental observations. In this model, the RLS

thus arises due to a lateral charge separation that is a consequence of the proton

distributionŠs shape during the acceleration process via TNSA.

69



4. Ion acceleration with water

microdroplets

This chapter presents the results of an experiment performed at the JETI 40 laser

system with water microdroplets as targets and off-harmonic optical probing of the

laser-plasma interaction. A short description of the laser system and the optical

probe laser are given in Sec. A.1.

Water microdroplets as targets for laser-driven ion acceleration have one main ad-

vantage in contrast to foils when considering the TNSA mechanism (see Sec. 2.4.1).

Since a foil usually has a much larger lateral extension than the laserŠs focal region,

hot electrons generated by the laser can leave the interaction region along the foilŠs

surface [57]. As a result, the electron density at the targetŠs rear side is reduced,

which eventually lowers the electric Ąeld responsible for the ion acceleration pro-

cess (see Eq. (2.34b)). In contrast, water droplets have a limited extension in all

three spatial dimensions, which conĄnes the electrons to a smaller volume. Besides

droplets, small isolated plastic spheres levitating within a Paul trap also fulĄll this

condition and have been successfully used as targets [183Ű186]. However, after a

laser shot has interacted with and then destroyed a sphere, a new one has to be

moved into the interaction region, i.e., the Paul trap, which takes a lot of time and

experience for this kind of target. Water droplets generated by a nozzle can be

created with a repetition rate of ≈ 1 MHz in the interaction region, which makes

them interesting for laser-driven ion acceleration, especially when it comes to ex-

perimental statistics and applications. Such (heavy) water droplets were already

used in experiments at the Max Born Institut in Berlin. At these experiments, the

kinetic energy per nucleon of the accelerated deuterons or protons was ≈ 1 MeV

[187Ű190]. Since it was possible to accelerate protons to higher kinetic energies with

comparable laser parameters at the JETI 40 laser system [191], it seemed necessary

to investigate which experimental parameters are crucial for the generation of MeV

protons from microdroplets.
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In this chapter, the inĆuence of the dropletsŠ position relative to the laserŠs focus

position along the laserŠs polarization axis will be described. Furthermore, the effect

of an artiĄcial pre-plasma was investigated. Images of the plasma expansion were

captured with the probe laser and imaging system. The plasma expansion can be

correlated to the proton acceleration process. An explanation of the experimental

results of the proton acceleration, with the help of 2D PIC-simulations, will be

presented. Also, measurements of the proton beamŠs proĄle were performed. The

chapter starts with a description of the experimental setup.

4.1. Experimental setup

The experimental setup in the JETI target chamber is shown in Fig. 4.1 (a). The

main laser pulses at λL = 800 nm were frequency doubled by a KDP crystal at the

entrance of the target chamber to improve the TIC [193]. The half-wave plate and

the KDP crystal were oriented in such a way that the 2ω-pulses were horizontally

polarized behind the crystal. The FWHM pulse duration of these 400 nm-pulses was

simulated to be τL ≈ 42 fs [194].

Between the KDP crystal and the focusing parabola, two dichroic mirrors were

placed to reduce the remaining laser light at 1ω. The measured TIC of the funda-

mental and the calculated one for 2ω are shown in Fig. 4.1 (c).

The 400 nm-pulses were then focused with a 90◦ off-axis, aluminum parabola with

f = 101.6 mm, ≈ f/1.8. The spot where the laser intensity is higher than 50 % of

the peak value had a size of A ≈ 1.1 µm2 and contained a fraction of q ≈ 0.2 of the

total pulse energy of EL ≈ 90 mJ. A and q were extracted from focal spot images

of pulses with low laser energy. From these values, the intensity within the focal

area can be estimated as IL ≈ EL · q/ (AτL) ≈ 4 · 1019 W/cm2, which corresponds to

a0 ≈ 2.1 (see Eq. 2.7).

A motorized half-inch mirror could be placed in front of the second dichroic mirror

to introduce a pre-pulse with an approximate intensity of 1016 W/cm2 to generate

a pre-plasma in a controlled way. Due to the smaller beam diameter, the pre-pulse

had a much larger focal spot compared to the focused main laser pulse [194, 195].

For the measurement of the pre-plasma expansion triggered by the pre-pulse alone,

a circular aperture with a diameter of ≈ 8 mm could be used to block the main laser.

Nozzles (Micro Jet Components) equipped with a piezo element were used to gener-
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Chapter 4 Ion acceleration with water microdroplets

Figure 4.1.: (a) is a sketch of the experimental setup (not to scale). (b) displays
a photo of the interaction zone. (c) presents the measured TIC of the 1ω-pulses
(black curve) and the calculated TIC of the 2ω-pulses (red curve), including the
residual light at 1ω. Data for (c) was provided by A. Sävert [192]. (d) shows a
part of a droplet chain illuminated by the probe laser only.

ate a chain of water microdroplets. The piezo element was driven by a high-frequency

voltage that was synchronized with the laserŠs repetition frequency. Such an exci-

tation leads to a controlled breakup of the water jet into a chain of droplets. These

droplets had a diameter of ≈ 20 µm and were spatially and temporally stable relative

to the arrival of the main laser pulse and its focus position. Details of the synchro-

nization procedure can be found in [191]. Below the interaction region, the water

was extracted from the vacuum chamber by a heated, separately pumped droplet
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catcher, which had an entrance aperture with a diameter of 0.5 mm. Fig. 4.1 (b) is

an image of the water jet emerging from the nozzle in downward direction together

with the upper part of the droplet catcher.

The few-cycle probe laser was used to observe the laser-droplet interaction (see Sec.

A.1.1). The probe pulses illuminated the droplets perpendicular to the main laserŠs

propagation axis. After the objective of the imaging system, a bandpass-Ąlter with

a transmission of (710 ± 20) nm was implemented. This Ąltering to wavelength

regions clearly separated from 800 nm and 400 nm was used to minimize the signal

from plasma emission or scattered laser light in the images. Droplets illuminated

by the probe are exemplarily shown in Fig. 4.1 (d).

To measure the energy spectrum of protons accelerated in the main laserŠs forward

direction, the TP was used (see Sec. 3.1.1). In this experiment, the distance of

the entrance aperture, with a diameter of 1.0 mm, from the target was 97 cm. As

a consequence, the TP covered a solid angle of Ω ≈ 0.8 µsr. The distance between

the aperture and the MCP was 35.5 cm, while the MCP was placed 5 cm behind the

end of the TPŠs magnet. The size of the projected aperture on the MCPŠs surface

leads to an energy resolution of △Ekin/Ekin ≈ 0.1 for Ekin ≈ 2 MeV for protons.

The combination of the plastic scintillator and the G-CCD camera was used to

measure the proton beamŠs spatial proĄle (see Sec. 3.1.2). In this setup, the center

of the scintillator had a distance of 29 cm to the droplets (tilted upwards by 20◦).

In addition, for a few individual shots, CR-39 detector plates could be placed at a

distance of 7.3 cm to the droplets.

4.2. Plasma expansion

The interaction of the main laser pulse with the droplets was observed for different

delays between the main laser pulse and the probe pulse, as shown in Fig. 4.2 (a).

Here, T0 denotes the time at which the main laser pulse irradiates the central droplet.

Before the main laser pulse arrives (left picture, T0 − 0.2 ps), all water droplets act

as spherical lenses for the probe beam. Therefore, the probe beamŠs light is focused

and produces bright spots in the image (orange arrow). The bright light (green

arrow), visible close to the central droplet, is probably due to the scattering of laser

light by the plasma electrons. It is very localized and must contain light within

(710 ± 20) nm since it was detected by the camera equipped with a bandpass Ąlter.
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Figure 4.2.: Exemplary images of the laser-droplet interaction for different laser
shots and time delays of the probe pulse, concerning the main pulseŠs arrival at
T0, are shown in this Ągure. (a) shows the scan without and (b) with an applied
pre-pulse. Both the main pulse and the pre-pulse illuminate the central droplet
from the left, as indicated by the blue triangle in the second image of (a). In (b),
the pre-pulse arrival is at T0 − 5.2 ps. For the image at time T0, a small expansion
of the central droplet in the left direction, due to the pre-pulse, is emphasized
by the red rectangle and the red arrow. Note that the distance between different
pairs of droplets is slightly different but stable.

It is visible on every image since the cameraŠs minimal exposure time is several

microseconds, which is orders of magnitudes longer than the probeŠs pulse duration

and the entire time of the laser-droplet interaction.

The blackening of the central droplet and its neighbors at T0 is a consequence of

the main pulseŠs arrival. The pulse ionizes the droplets and generates a plasma with

74



4.2 Plasma expansion

an electron density higher than nc for the probe pulseŠs Ąltered spectrum centered

around 710 nm. As a result, the probeŠs light is no longer transmitted and focused

by the droplets. At the next shown time step of T0 + 0.1 ps, no visible change of the

central dropletŠs shape is visible. That means that on this timescale, within which

the ions are accelerated to MeV energies (t ❄ τL), no direct indication of this short

acceleration process can be seen in the shadowgraphy images.

About 150 ps after the main pulseŠs arrival (right image in (a), T0 + 150 ps), the

central illuminated droplet has expanded signiĄcantly, mostly towards the incident

laser (left), but also a bulge on the right is visible. Additionally, the two neighboring

droplets of the central droplet have expanded a bit towards the central droplet.

Since the neighboring droplets are transparent again to the probeŠs light, the plasma

density inside the droplets must have dropped below the critical density due to the

recombination of plasma electrons with ions. Although the expansion process of the

central droplet clearly does not occur on the same time scale as the acceleration

process of protons to megaelectronvolts of kinetic energy, the size and form of the

expanded plasma give information about the position of the droplet relative to the

laserŠs focus. Hence, these images of the plasma expansion allow to draw conclusions

about the proton acceleration process, as shown in Sec. 4.3.

A pre-pulse was introduced, arriving ≈ 5.2 ps before the main laser pulse, to inves-

tigate the inĆuence of a pre-plasma on the interaction. In Fig. 4.2 (b) images of

the expansion driven both by pre- and main pulse are shown. Before the arrival

of both laser pulses (T0 − 5.3 ps image), all droplets are transparent to the probeŠs

light. In contrast to Fig. 4.2 (a), the probeŠs light transmitted and focused by the

transparent droplets is not imaged to small spots but rather to extended spots since

the droplets had a different position along the x-axis and were irradiated on the

side facing away from the objective (orange arrow). Therefore, the scattered light is

also reduced in intensity because it was partly blocked by the droplet between the

incident laser and the imaging objective.

As soon as the pre-pulse arrives (Fig. 4.2 (b), T0 − 5.2 ps), only the central droplet

becomes opaque to the probe pulse, while the adjacent droplets still transmit the

probe light. At the time of the main pulseŠs arrival T0, the central droplet has slightly

expanded towards the incident pulse due to the heating induced by the pre-pulse.

As a consequence of the changed interaction, the shape of the expanded droplet at

T0 + 150 ps is different than for the case without a pre-pulse (compare Fig. 4.2 (a)

and (b), both T0 + 150 ps images).
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Chapter 4 Ion acceleration with water microdroplets

Figure 4.3.: In (a), exemplary images of the plasma expansion induced by the pre-
pulse alone are shown for several time steps relative to the time of the pre-pulse
arrival t0. The main pulse was blocked while taking these images. The red circles
denote the original position and size of the central droplet before expansion. (b)
shows the estimated position of nc for two angles φ with respect to the laserŠs
propagation axis, measured from the dropletŠs center as a function of time. The
red lines are power function Ąts. Note that in these plots, t0 = 0 ps. In (c) is the
scale length of the pre-plasma for t0 + 5.2 ps as a function of φ shown. The black
squares are values extracted from the power function Ąts for six different angles.
The red line is a Gaussian Ąt.

For an estimation of the plasma expansion triggered by the pre-pulse alone, the pre-

pulse was isolated from the main pulse via a beam block with a small aperture. In

Fig. 4.3 (a), the expansion of the pre-plasma is shown for different time steps relative

to the pre-pulseŠs arrival at t0. At t0 −0.3 ps, all droplets focus the light of the probe

laser. After the irradiation by the pre-pulse, only the central droplet becomes dark

(t0 + 0.7 ps) and starts to expand towards the left, i.e., the direction of the incident

laser (t0+4.7 ps). The plasma expansion into the left half-space continues up to 20 ps

after the pre-pulse has illuminated the droplet. The side facing the TP (i.e., the

right side) has not expanded and seems undisturbed at least until the time t0 +60 ps.

That justiĄes the assumption that when the main pulse was applied together with
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the pre-pulse, no plasma gradient was present in the experiment on the dropletŠs

side facing the TP at the time of the main pulseŠs arrival (T0 = t0 + 5.2 ps) that

would have modiĄed the protonsŠ acceleration process.

The images of the plasma expansion up to 20 ps after the pre-pulseŠs arrival were used

to estimate a pre-plasma proĄle as input for 2D-PIC simulations. For these input

parameters, the following assumptions were made. Firstly, the maximum electron

density was estimated as ne,0 ≈ 123 · nc (λ = 0.71 µm), which corresponds to eight

freed electrons per water molecule. Secondly, the position of the expansion front

as visible in the images was assumed to have a density of ≈ nc. For the distance

between these two positions, it was assumed that the plasma has an exponential

density proĄle (see Eq. 2.25). The expansion was measured for several shots and

timesteps along six different angles, from the center of the droplet with respect

to the incoming laser, as indicated in Fig. 4.3 (a) (t0 − 0.3 ps). In Fig. 4.3 (b)

is the pre-plasma expansion presented for the two angles (φ = 0° and φ = 45◦),

showing that the expansion is fastest in the direction of the incoming pre-pulse.

The ion sound velocity is (for φ = 0°) cs ≈ 80 nm
ps

at the beginning of the interaction

and decreases to cs ≈ 40 nm
ps

for t ≈ t0 + 20 ps. Although the measured values are

based on unavoidable uncertainties, they seem reasonable. Kahaly et al. [195] found

cs = 37 nm
ps

induced by a pre-pulse with a peak intensity of 1016 W/cm2 focused onto

a silicon target.

From the scale lengths measured under the different angles, a Gaussian dependency

of the scale length L (φ) = Lmax · exp
(

−2 · (φ/58.4◦)2
)

was determined (Fig. 4.3

(c)). The maximum scale length along the laser axis is Lmax ≈ 0.39 µm ≈ λL.

This pre-plasma proĄle has been used as input for PIC simulations (see Sec. 4.4).

However, to account for the uncertainties of these estimations, pre-plasmas with the

scale lengths Lmax → Lmax/4, Lmax/2, and 2Lmax have been used as an alternative

input, too.

4.3. Influence of target position and pre-plasma

formation on proton acceleration

The dropletsŠ position along the laserŠs polarization axis (x-axis) relative to the

laserŠs focus position was varied to investigate the inĆuence of the laserŠs angle

of incidence on the kinetic energy of the protons. At the same time, the energy
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Figure 4.4.: In (a), the maximum kinetic energy of protons as a function of the
relative distance to the laserŠs focus position along the polarization axis is shown.
The total scan includes 165 consecutive shots taken between x = −18.75 µm and
x = +18.75 µm. At each position, ten shots were taken except for x = −16.25 µm
(15 shots), x = +16.25 µm (11 shots) and x = +18.75 µm (9 shots). The mean
values and standard deviations of the maximum proton energies are represented
by the black squares with error bars. The red circles and blue triangles denote
the highest and lowest maximum proton energies measured at these positions,
respectively. Shots with no signal above the low-energy threshold of the TP
(0.4 MeV) were counted as 0 MeV. If at least one shot at a speciĄc position fulĄlls
this criterion, a blue triangle is set to 0 MeV at this position. Shots counted
as 0 MeV were also included in the calculation of the mean values and standard
deviations. Consequently, all shots performed during this scan are included in this
plot. The error bars for the x-position of the droplets consist of the estimated
positioning error of the motor stage, used to translate the nozzle, the pointing of
the low-intensity laser focus, and the stability of the droplet position. (b) displays
all shots which produced a signal on the TPŠs MCP for x = −1.25 µm (normal
laser incidence, 8 shots out of 10 produced a signal) and x = +11.25 µm (grazing
laser incidence, all 10 shots produced a signal).

spectra of the accelerated protons were measured in the laserŠs forward direction.

No pre-pulse was applied for this scan.
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In Fig. 4.4 (a), the maximum proton energy is plotted against the dropletsŠ position

along the x-axis. Since the dropletsŠ exact position relative to the laser focus could

not be measured, the zero-offset was set according to the plotŠs axis of symmetry.

For central irradiation of the droplets (x ≈ 0 µm), the averaged maximum proton

energy is below 1 MeV. For larger incidence angles, i.e., larger distances to the focus

position, the maximum proton energy rises signiĄcantly by a factor of 2Ű3.

This difference in proton cutoff energy between the cases of normal laser incidence

and grazing laser incidence is likely due to a difference in electron heating. When

a droplet is irradiated under grazing incidence, the laserŠs electric Ąeld has a com-

ponent pointing into the droplet and can directly interact with electrons below the

droplet surface, most likely via the Brunel heating mechanism (see Sec. 2.3.2.3).

Since before main pulseŠs arrival (Fig. 4.2, T0 − 0.2 ps) the irradiated droplet has

not yet been ionized, the condition for a steep plasma gradient is satisĄed. The hot

electrons produced in this way generate an electric Ąeld responsible for proton accel-

eration that is stronger than in the case of central irradiation. In the latter case, the

laser cannot penetrate into the droplet due to the steep density gradient yielding a

reduced coupling of laser energy into hot electrons via the oscillating j⃗ × B⃗-heating

mechanism (see Sec. 2.3.2.4). The differences between the irradiation geometries

will be investigated in more depth with simulations in Sec. 4.4.

The dependence of the maximum proton energy on the targetŠs position is compared

to the plasma expansion imaged with the optical probe for the delay of T0 + 150 ps.

In Fig. 4.5, images of the plasma expansion for three different droplet positions are

shown. The images were sorted by their maximum proton energy. For the case of

off-axis irradiation (images in (a) and (c)), the droplets have expanded signiĄcantly,

and a bulge on the right side is visible, which is particularly well-formed for the

images shown in (c). Note that for positive values of x, the droplet was moved away

from the imaging objective, i.e., the droplets were irradiated on the side facing the

objective. Consequently, more signal by scattered laser light was captured by the

imaging objective leading to a local saturation of the images.

In contrast, when the droplets were irradiated centrally, they expanded mostly in a

triangular shape and much less in the direction to the right (laserŠs forward direction)

(b). That is particularly true for the shots which produced maximum proton energies

below 1 MeV. For the shots taken at this position that produced higher proton

energies (shots 95 and 93), the size of the plasma is larger, and a small bulge is seen,

meaning that the interaction conditions were probably a bit different than for the
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Figure 4.5.: All plasma expansion images of the shots taken at the positions x =
−8.75 µm (a), x = +1.25 µm (b), and x = +11.25 µm (c) (see scan shown in Fig.
4.4) are displayed here for the delay T0 + 150 ps. The images were sorted by the
maximum proton energies (top right of each image, top left is the shot number
within the scan) of the respective shots.

other eight shots taken at this position. Overall, the plasma expansion is smaller for

shots with very low proton energies than for the shots that produced higher energies.

As a consequence, the size of the plasma expansion can be correlated to the proton

acceleration process. The reason for this is that the electric Ąeld responsible for

accelerating ions and protons to kinetic energies of several MeV also triggers the

plasmaŠs expansion. The process of ion acceleration is also often theoretically de-

scribed as plasma expansion into the vacuum (see Sec. 2.4.1.3). Since the electric

Ąeld is determined by the density of hot electrons, it is correlated to the transfer of

laser energy to the plasma, and thus to the size and form of the plasma expansion,

the latter being visible at later times. The presence of a pre-plasma changes this

expansion behavior as well as the achievable maximum proton energies, as seen in

the following.
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Figure 4.6.: (a) shows the maximum kinetic energy of the accelerated protons as
a function of the dropletsŠ position along the x-axis for the interaction of the pre-
and main laser pulse with the droplets. The total scan consists of 65 consecutive
shots taken between x = −15 µm and x = +15 µm. Here, Ąve shots at each
position were taken except for x = +12.5 µm (6 shots) and x = +15 µm (4 shots).
The black squares with error bars are the mean values with standard deviations
of all shots taken at the respective position, again including the shots with 0 MeV.
The highest and the lowest proton energy are represented by red circles and blue
triangles, respectively. In (b), the spectra of all 20 consecutive shots taken at the
positions x = −5 µm, x = −2.5 µm, x = 0 µm, and x = +2.5 µm are presented (5
shots per position).

In Fig. 4.6, the maximum proton energy for different droplet positions along the

x-axis is shown together with the spectra of 20 consecutive laser shots when the pre-

pulse arriving at T0 − 5.2 ps was applied, too (see Fig. 4.2 (b)). In Fig. 4.6 (a), it

can be seen that the maximum proton energy has signiĄcantly increased for normal

laser incidence (x ≈ 0 µm) due to an increased laser absorption of the main pulse

within the pre-plasma when compared to the case without the pre-pulse (Fig. 4.4

(a), x ≈ 0 µm). With the applied pre-pulse, the average proton energy is relatively

constant for droplet positions between x = −7.5 µm and x = +7.5 µm. Also, the
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Figure 4.7.: Images of the plasma expansion of the position scan along the x-axis
with the applied pre-pulse (see Fig. 4.6) for the delay T0 + 150 ps. The upper
left number corresponds to the shot number within the scan, while the upper
right number is the maximum proton energy. (a) displays the plasma expansion
for the Ąrst two shots taken in each case at the positions x = −5 µm (21, 22),
x = −2.5 µm (26, 27), x = 0 µm (31, 32), and x = +2.5 µm (36, 37). In (b) are the
expansion images for all Ąve shots taken at x = +5 µm shown, while (c) displays
Ąve of the six images captured at x = +12.5 µm. Shot 57 is not shown since the
camera saturation is stronger than for shot 58.

standard deviation for the maximum proton energies for positions between x =

−7.5 µm and x = +2.5 µm is mostly smaller for the pre-pulse case when compared

to the irradiation under large incidence angles without the pre-pulse (x ≈ ±10 µm in

Fig. 4.4). The comparison of the corresponding proton energy spectra also conĄrms

that the shot-to-shot stability is indeed higher for the case with the pre-plasma when

comparing the spectra of the 20 consecutive shots taken (Fig. 4.6 (b)) between the

positions x = −5 µm and x = +2.5 µm, with 10 consecutive shots that were taken

for the grazing incidence case without a pre-plasma (Fig. 4.4 (b), x = +11.25 µm).

However, higher proton energies on a single shot basis were measured for the case

of grazing incidence without a pre-plasma.

Additionally, the shape of the plasma expansion changed when the pre-pulse was

introduced, as can be seen in Fig. 4.7. In (a), the plasma expansion images of

the Ąrst two shots taken at each position between x = −5 µm and x = +2.5 µm

are shown. All droplets show an oval shape, and no signiĄcant bulge to the right

side is visible in contrast to the scan without the pre-pulse. The independence of

the plasma shape indicates that the acceleration process is similar for the different
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droplet positions.

In Fig. 4.7 (b), the plasma expansion images of all Ąve shots taken at x = +5 µm are

displayed. Four images show a similar expansion characteristic, like the expansion

seen in (a), except shot 44. Here, the plasma expansion is quite small, and the shot

produced no signal on the TPŠs MCP detector. This shot is responsible for the large

standard deviation at x = +5 µm in Fig. 4.6. To investigate what happened at this

particular laser-droplet interaction, it can be compared to the plasma expansion

images captured at x = +12.5 µm (see Fig. 4.7 (c)). Here, the droplets were

intentionally moved out of the laserŠs focus position and thus mostly missed. Shot

59, which produced a MCP signal just above the TPŠs low energy cutoff, and shot

60, which produced no MCP signal, are a bit larger and smaller, respectively, than

shot 44 shown in (b). Consequently, the plasma expansion is an indication that the

laser pulse likely missed the droplet for shot 44.

4.4. Simulations and interpretation

2D-PIC simulations with the code EPOCH were performed to get a better under-

standing of the differences in the proton acceleration process for the different cases of

irradiation [140].1 The simulation box extended from −15 µm to 15 µm in both axes

with 200 cells/µm. The main laser pulse was modeled as Gaussian in both time and

space with a central wavelength of λL = 400 nm and a normalized vector potential

of a0 = 2.5. The FWHM-pulse duration was τL = 42 fs. The laser pulse was focused

into a FWHM-spot with d = 0.6 µm located at the center of the simulation box

(z = 0 µm, x = 0 µm). The droplets were implemented in 2D as disks with a radius

of 2.5 µm and a maximum electron density of ne = 30nc. The diameter of the laser

focus and the simulated droplets/disks were reduced with respect to the experiment

by a factor of 2 and 4, respectively, due to computational reasons. For every six

electrons, two protons and one O4+ ion were implemented in the simulation. The

number of particles per cell was 20. The initial temperature of all plasma compo-

nents was set to 1 keV. Two different laser irradiance geometries were simulated. For

the off-axis/grazing incidence case, without the additional pre-plasma, the droplet

was centered around the point (z = 2.5 µm, x = −2.5 µm), while for normal laser

incidence, the dropletŠs center was positioned at (z = 2.5 µm, x = 0 µm). For each

1The simulations were performed by Stefan Tietze. The simulation data was analyzed by myself
with open-source software [174–177].
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of these two irradiation geometries, a simulation was Ąrst carried out without a

pre-plasma.

The pre-plasma was modeled as Gaussian-shaped in 2D with an exponential density

proĄle and was attached to the droplet (see Sec. 4.2) for the normal irradiation ge-

ometry. To account for unavoidable uncertainties in the estimation of the pre-plasma

proĄle L (φ), with the maximum scale length of Lmax = 390 nm ≈ λL on the laser

axis (see Sec. 4.2), additional simulations were performed with L (φ) →L (φ) /4,

L (φ) /2, 2 ·L (φ). The arrival time of the laser pulseŠs peak at (z = 0 µm/x = 0 µm)

was t = 171 fs =: T0 after the start of the simulation.

In Fig. 4.8 (a), the simulated maximum proton energy is plotted against the on-axis

scale length for the case of normal laser incidence together with the maximum proton

energy for the simulation without pre-plasma and grazing laser incidence for the last

recorded time step of T0 + 129 fs. Here, the maximum proton energy increases for

normal laser incidence the more extended the pre-plasma is, but an optimal scale

length might exist since the proton energy does not signiĄcantly change between

Lmax and 2 · Lmax.

Since the experimental increase of the proton energy due to the pre-plasma for the

case of normal laser incidence was about a factor of 2 to 2.5 (compare Fig. 4.4

with Fig. 4.6 both around x ≈ 0 µm), it can be assumed from the simulated results

in Fig. 4.8 that the maximum scale length in the experiment was between the

experimentally deduced scale length of Lmax and Lmax/2.

Furthermore, the simulation with off-axis irradiation (red dot in Fig. 4.8 (a)) pro-

duced protons with slightly higher energies than the simulations for normal laser

incidence. This is consistent with the experimental results (compare single best

shots/red dots in Fig. 4.4 with Fig. 4.6).

In the simulations, the protons emitted from the laserŠs point of impact exhibit

even higher energies (not for the case of normal laser incidence and Lmax ≈ λL),

as can be seen in Fig. 4.8 (b), where the normalized distribution of the protonsŠ

momenta is shown. For the case of normal laser incidence and no pre-plasma (bi),

there are protons with higher kinetic energies or momenta, compared to the forward

accelerated protons, emitted from the laserŠs point of impact in the direction of

±160◦ relative to the laserŠs forward axis (arrows). For the case of Lmax/2 ≈ λL/2

shown in (bii), the energy of protons emitted in all directions increases. In contrast

to that, there is only a further enhancement in the forward acceleration for (biii).

The difference for these cases may be explained as follows. At the laserŠs impact
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Figure 4.8.: In (a), the simulated maximum proton energy of protons emitted in
laser forward direction within an angle of ±1◦ is plotted against the on-axis pre-
plasma scale length for the delay T0 + 129 fs. The black squares are the central
irradiation cases, while the red circle is the off-axis case, as indicated with the small
sketches. The proton distribution in the phase space is shown in (b). ((i)Ű(iii))
correspond to the central irradiation of a droplet with (i) no pre-plasma, (ii) a
maximum scale length of Lmax/2 = 195 nm ≈ λL/2, and (iii) Lmax = 390 nm ≈ λL

on the laser axis. (iv) is the off-axis case without a pre-plasma present.

point, hot electrons are generated and extracted from the droplet. Thus, a charge

separation Ąeld in this region is induced. For the case with pre-plasma, this electric

Ąeld is reduced due to the plasma scale length (see Sec. 2.4.1.2) but increases due to

the higher electron temperature, which means both effects cancel each other out. On

the dropletsŠ right (the side which faces the TP in the experiment), there is no pre-

plasma present. Hence, the maximum proton energy increases with the rising scale

length on the dropletŠs front side. As a consequence, the measured proton energies

in the experimental scan (pre-pulse) shown in Fig. 4.6 are likely the ones with the

highest kinetic energy emitted from the droplets for these interaction conditions.

For the case of off-axis irradiation without a pre-plasma, this might not be the case.

The black arrow in Fig. 4.8 (biv) points to the protons that have been emitted from

the laserŠs incident point on the droplet. These protons have the highest momenta

or kinetic energies in the simulations and have been emitted in the direction of about

105◦ with respect to the laserŠs forward direction, the latter being the direction to the

TP. This occurs, as mentioned before because the hot electrons are generated at the

impact region of the laser. Since there is no pre-plasma present, the electric Ąeld is
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Figure 4.9.: (ai)Ű(ci) show the electron density in phase space for T0 + 9 fs for the
on-axis illumination of a simulated droplet without a pre-plasma (ai), with the pre-
plasma with maximum scale length Lmax ≈ λ (bi), and for the off-axis irradiation
without pre-plasma (ci). (aii)Ű(cii) and (aiii)Ű(ciii) show the radial electric Ąelds
Er (z, x) and the magnetic Ąelds along the y-axis By (z, x), respectively, for T0 +
29 fs.

strongest there. As a result, the global maximum proton energy in the experimental

off-axis case (x ≈ ±10 µm, Fig. 4.4, scan without pre-pulse) may be higher than the

one which was measured.

To investigate if the difference of the proton energies measured in the experiment in

the laser forward direction is only due to the difference in electron heating for the

different irradiance geometries and scale lengths, the normalized electron momentum

distributions are shown in Fig. 4.9 (ai)Ű(ci). For normal laser incidence and no

pre-plasma (ai), electrons are preferably accelerated in the laser forward direction,

which means through the droplet, probably due to the oscillating component of the

j⃗ × B⃗-force (see Sec. 2.3.2.4).

When the laser is incident on a pre-plasma ((bi), Lmax ≈ λ), the momenta and

the number of the hot electrons increase with increasing scale length, as expected,
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Figure 4.10.: In (a) the azimuthal, normalized electron current density is displayed
for the simulated off-axis irradiation case (see Fig. 4.9 (c)) for the time T0 + 29 fs.
Note that values higher or smaller than the maximum/minimum numbers on the
color bar are displayed as these values to emphasize the signiĄcant currents. The
red distribution displays the hot electron current moving clockwise (green arrow).
Blue is the return current that moves counter-clockwise (purple arrow). In (b)
the trajectory (left) and the evolution of the kinetic energy (right) of a single,
hot electron is displayed. In both plots, the blue dot denotes the start of the
simulation T0 − 171 fs. The orange dot denotes the position and kinetic energy at
T0 − 71 fs. Afterwards, for each dot 20 fs have been added.

especially in the forward direction. This explains why the energy of the accelerated

protons rises with increasing scale-length, as seen in Fig. 4.8 (a).

However, the enhancement in heating alone cannot explain the high proton energies

for grazing laser incidence since, in this case, the electrons are heated much less (Fig.

4.9 (ci)) than for the case with pre-plasma in (bi). Nevertheless, the electric Ąeld at

the dropletŠs rear surface (Fig. 4.9 (cii), grazing incidence without a pre-plasma) is

stronger than in the other cases. Since the TNSA Ąeld is due to charge separation,

this stronger electric Ąeld has to be the consequence of a higher electron density

rather than a higher electron temperature.

This localized hot electron density can be explained as follows [196, 197]. When the

laser pulse illuminates a droplet under grazing incidence, part of the laserŠs electric

Ąeld points into the droplet and heats electrons. A fraction of these hot electrons

gets accelerated into the droplet, but there are also electrons that get dragged out

of the droplet. The electrons that are dragged out of the droplet are likely the

reason for the high electric Ąeld that causes the acceleration of protons from the

laserŠs impact region. A part of the dragged out electrons is pushed in the forward

direction by the laser pulse close to the dropletŠs surface. Due to the magnetic
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Ąeld generated by this hot electron current, a cold return current is induced (see

Sec. 2.4.1.1) within the droplet but close to its surface. These two currents are

visualized in Fig. 4.10 (a). Together, they generate a magnetic Ąeld located close

to the dropletŠs surface, which points in the positive y-direction (Fig. 4.9 (ciii)). As

a consequence, the magnetic component of the Lorentz force (Eq. 2.3) pushes the

electrons away from the dropletŠs surface in the radial direction. The electric Ąeld

due to the charge separation between electrons and the droplet, on the other hand,

pulls the electrons back. Since the magnetic Ąeld is located closer to the droplet

surface than the charge separation Ąeld, the electrons get conĄned by these two

Ąelds. As a consequence, this enhances the electric Ąeld due to the more localized

electron charge density.

Such surface currents were also simulated and measured when using foil targets

[198Ű200]. This electron conĄnement is likely the reason why off-axis irradiation on

a steep plasma gradient generates protons with higher kinetic energies.

Fig. 4.10 (b) shows the trajectory of a single, hot electron (left) together with its

kinetic energy as a function of simulation time to look deeper into the dynamics of

this interaction. At the beginning of the simulation (T0 − 171 fs), the electron is

inside the droplet (blue dot). The trajectory of the electron can be interpreted as

follows. Due to the rising intensity of the laser pulse, electrons are dragged out of the

droplet at the laserŠs impact position, which causes a charge imbalance within the

droplet. Due to this, the electron moves slowly towards this position. Shortly after

the pulse peak, the electron is extracted into the vacuum by the laser (cyan dot). It

is then accelerated forward and has maximum kinetic energy when it is close to the

droplet. The magnetic Ąeld close to the dropletŠs surface prevents the electron from

entering the droplet again. When the distance to the droplet is maximal, the kinetic

energy takes a minimum until the electron is accelerated back to the droplet by the

electric Ąeld, which increases the kinetic energy. The electron oscillates in this way

around the droplet. At the end of the simulation, when the electron arrives at the

laserŠs impact region again, the amplitude of the trajectory grows larger, since the

electric Ąeld is now localized further away from the dropletŠs initial surface due to

the expanded plasma. Since this electron has a high kinetic energy and its position

at T0 + 29 fs is behind the droplet (z ≈ 5.4 µm, x ≈ −2.5 µm), electrons performing

similar motions likely contribute to the enhanced electric Ąeld in Fig. 4.9 (cii).

In summary, the increase of the maximum proton energy for normal laser incidence

and an additional pre-plasma could be explained as well as the high proton energies
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for grazing irradiation of a droplet without a pre-plasma.

However, when comparing the grazing irradiation (x ≈ ±10 µm) of a droplet without

the pre-plasma (Fig. 4.4) and with the pre-plasma (Fig. 4.6), it can be seen that the

lateral irradiation geometry did not increase the maximum ion energies for the case

of the pre-plasma. This may be a result of a vanished or reduced surface current.

Li et al. [198] observed that the more pre-plasma was present on the irradiated

surface, the lower was the amount of surface electrons. The reduction of the surface

current may be explained as follows. Without a pre-plasma, the hot surface current

is a consequence of the electric and magnetic Ąelds close to the droplet surface. If

a pre-plasma with a long scale-length is present at the laserŠs impact position, two

consequences arise. Firstly, the TNSA Ąeld at this position is reduced due to the

plasmaŠs scale length unless this reduction could be compensated by an increase

in electron temperature. Secondly, there are electrons outside the former droplet

surface in the pre-plasma present, which cause an extended cold return current

instead of a localized one. This delocalization of the cold return current eventually

leads to a weaker magnetic Ąeld. These reduced Ąelds would then produce a less

conĄned hot surface current and a reduction of the electron density at the dropletŠs

rear side, counteracting the effect of increased heating in the pre-plasma.

4.5. The proton beam profile

In Sec. 4.3, the inĆuence of the target position and an additional pre-plasma on the

protons, which were accelerated in the laser forward direction within a small solid

angle, was presented.

To transport and use a large fraction of the accelerated protons for applications, it is

also necessary to investigate the proton beamŠs characteristics within a larger solid

angle. Hence, additional measurements of the proton beamŠs spatial distribution

were performed (see Sec. 3.1.2 for a description of the diagnostics).

4.5.1. Experimental results

Due to the combination of the plastic scintillator and the G-CCD, the proton beam

proĄle could be measured together with the maximum proton energies and the

plasma expansion. In Fig. 4.11, exemplary images of these measurements are pre-

sented for shots, for which the maximum proton energies were around 3 MeV. These
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Figure 4.11.: The Ąrst Ąve images show measurements of the proton beam proĄle
captured within a scan of 167 consecutive shots in total. The lower number is
the shot number within this scan, while the upper number is the corresponding
maximum proton energy as detected by the TP. The small images in the lower
right show the corresponding plasma expansion for the delay T0 +150 ps. Shots 11
and 28 correspond to the Ąrst two shots within this scan with a maximum proton
energy of approximately 3 MeV. Shot 85 was taken in the middle of the scan, while
the last two beam proĄles correspond to the last two shots with Emax ≈ 3 MeV
within this scan. The sixth image is an average of the 50 best shots (3.3 MeV ≥
Emax ≥ 2.5 MeV) out of the total scan. The G-CCD was set to observe the signal
originating mainly from protons with kinetic energies of 1.1 MeV ≤ Ep ≤ Emax.
During this scan, the nozzle was not moved. The droplets were irradiated on the
side facing away from the probe objective. Not the entire scintillator was imaged
onto the camera chip. Also, a part of the image was blocked by the viewport
into the vacuum chamber. The maximum full horizontal opening angle that was
covered by the scintillator was ≈ 34◦, while in the vertical axis the maximum
acceptance angle was ≈ 23◦, as indicated in the lower right image.

images were captured within a scan consisting of 167 shots in total, in which the

droplets were irradiated on the side facing away from the probe objective. This

position corresponds to the left maximum of the proton energy as a function of x, as

shown in Fig. 4.4. Each of the Ąve exemplary beam proĄles shows spatial modula-

tions, especially on the left side of the scintillator. The shape of these modulations

seems quite similar for different shots, especially when comparing the shots 11, 28,
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134, and 157. Examplary structures that can be seen in each of the Ąve images

are indicated by red and orange arrows. The red arrows point to a horizontal line,

which corresponds to a region with a high particle density, while the orange arrows

point to a structure of two curved lines. These lines will be called Ąlaments in the

following, while the regions of reduced proton density will be named bubbles. These

two features indicated by the arrows can be seen even in the beam proĄle of shot 85,

which shows some differences to the other four beam proĄles, in particular, a very

pronounced, long Ąlament (yellow arrow). The reason for this different beam proĄle

might be that the laser irradiated the droplet at a slightly different position. This

difference can be deduced from the different shapes of the plasma expansion, which

is also shown Fig. 4.11. For shot 85, the irradiated droplet did expand a little more

upwards than in the other four shots, which indicates a slightly different position of

the laser with respect to the droplet along the vertical axis. Nevertheless, the spatial

distribution of the accelerated protons was, in general, quite stable during this scan.

The beam proĄle was averaged over the 50 best shots of this scan to illustrate this.

The averaged beam proĄle is shown as the sixth image in Fig. 4.11.

The dropletsŠ lateral position in relation to the laserŠs focus position has, indeed,

a strong inĆuence on the proton beamŠs proĄle. To emphasize this, beam proĄle

measurements that were taken at the position of the right maximum in Fig. 4.4

(x = +11.25 µm), and are displayed in Fig. 4.12 (a), are compared to those shown in

Fig. 4.11. The strong modulations on the left side of the scintillator have different

patterns for the two irradiation cases. Additionally, the proton distribution on

the scintillatorŠs right side has a higher density and is more homogeneous for the

irradiation geometry considered in Fig. 4.12 (a). The differences between shots 129,

132, and 134 might be attributed again to a slightly different irradiation geometry

since the plasma expansion behavior is also slightly different. Again, exemplary

structures that are similar for each of the three beam proĄles are indicated by the

arrows (red and yellow).

Fig. 4.12 (b) shows spatial distributions of accelerated protons that were captured

during the scan with the applied pre-pulse at x = +7.5 µm (see Fig. 4.6). As a

consequence, the droplets were irradiated on the side facing the objective, as the

shots in (a). Shots 46 and 49 have a quite similar pattern, while shot 50 is slightly

different, probably again due to a small difference in the irradiation geometry. In

general, the distributions in (a) and (b) are comparable. All images show a rela-

tively homogeneous signal on the right side and signiĄcant modulations on the left.
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Figure 4.12.: (a) shows the beam proĄles of the three shots with the highest proton
energies taken at the position x = +11.25 µm during the scan shown in Fig. 4.4.
Thus the shot numbers correspond to the respective shots within that scan. (b)
displays the beam proĄles from the three best shots taken at x = +7.5 µm during
the scan with the applied pre-pulse, which was shown in Fig. 4.6. Note that the
pixel counts for shots 46 and 49 were multiplied by a factor of 2 to account for
the reduced signal strength.

Features of the modulation patterns that are identical in both cases are indicated

by the yellow arrows.

However, it cannot be excluded that there may be conditions for proton acceleration

with droplets that cause the modulations to vanish or change their shape signiĄcantly

because the signal strength of the measurements depends on the kinetic energy and

number of particles hitting the scintillator (see Sec. 3.1.2). For the conditions in this

experiment, the signal strength of the scintillator started to be high enough to make a

statement about the beam proĄle as soon as the maximum proton energy was around

2 MeV. As a consequence, it was not possible to verify if the modulations vanish

or change signiĄcantly when the droplets were irradiated under central irradiation

and without a pre-pulse (x ≈ 0 µm in Fig. 4.4). In this scan, the maximum proton

energy was, on average, lower than the threshold energy, which is necessary for

protons to pass through the aluminum foil shielding the plastic scintillator. For the

scan with the applied pre-pulse and central irradiation (x ≈ 0 µm in Fig. 4.6), not

enough shots produced a signal strong enough to allow a statement to be made.
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With the scintillator measurements only, it was not possible either to investigate the

beam proĄle for small energy intervals close to the maximum proton energies. That

would provide information as to whether the cutoff of the proton energy spectrum

depends on the location within the proton beamŠs spatial distribution or not. Ad-

ditionally, the scintillator covered a relatively small angle in the forward direction.

Further measurements were necessary to investigate the size of the modulated re-

gion and if there are regions that exhibit a homogeneous spatial distribution of the

accelerated protons.

These measurements were performed by placing CR-39 detector plates, shielded with

aluminum foil, at a distance of 7.3 cm to the target. An exemplary piece of CR-39,

which has been etched in 6.25 mol NaOH for 90 min at 85 ◦C, is shown in Fig. 4.13

(a), which was divided into three regions, each shielded by a different aluminum foil

thickness. In the small central region in the center, no proton craters are visible

since the maximum proton energy measured with the TP was about 1.8 MeV which

was below the threshold energy for this region.

In the upper part of the CR-39, protons with kinetic energies below 1 MeV were

blocked. The modulations cover a limited area around the laserŠs forward axis,

while to the left and in the upward direction, the proton density is homogeneous.

However, since the CR-39 only covered the region that is oriented to the left of

the laserŠs forward axis (side of the probe objective), no clear statement about the

right half-space can be made. However, since the scintillator measurements for

comparable irradiation geometries (Fig. 4.11 (a)) also show modulations on the

right side, it can be concluded that these modulations appear, at least to some

extent, on this side of the laserŠs forward axis. Images taken from the modulated

region with an optical microscope and two different magniĄcations are shown in (b).

These images show an example of a transition between an area of low proton density

(bubble) to a region of higher proton density (Ąlament).

Due to the maximum proton energy of 1.8 MeV for this shot, the protons detected in

the lower part of the CR-39 (threshold energy of 1.6 MeV) have kinetic energies close

to this value. As in the upper region, the protonsŠ spatial distribution is strongly

modulated near the laserŠs forward axis. These modulations are encircled by a border

region of a more homogeneous crater density (orange arrow), which decreases to zero

in the outward direction. An example of a transition from a Ąlament to a bubble

is shown in the magniĄed images in (c). In the two enlarged image sections, the

number of protons within the Ąlament (≈ 230 protons) is about a factor of ≈ 4.6
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Figure 4.13.: (a) shows the front surface of a CR-39 nuclear track detector, which
was placed at a distance of 7.3 µm from the target, as indicated in Fig. 4.1
(a). The piece of CR-39 was placed to the left of the laserŠs forward axis and
covered a horizontal opening angle of 34◦ in the left half-space. The full angle
covered along the vertical axis was about 68◦. The CR-39 detector was divided
into three different regions, each shielded with aluminum to block protons below
a particular energy. These threshold energies are 1.0 MeV (upper region, 15 µm
thick aluminum foil), 1.6 MeV (lower region, 30 µm aluminum) and 2.1 MeV (small
central region, 45 µm aluminum). The maximum proton energy for this shot
measured with the TP was Emax ≈ 1.8 MeV. The droplet was irradiated on the
side facing away from the probe objective, as indicated by the plasma expansion,
which is displayed in the lower-left corner of the CR-39. For this shot, a pre-pulse
was applied, which arrived approximately 0.7 ps before the main laser. (b) and
(c) show images taken with an optical microscope of the two regions indicated
with red letters in (a).

higher than in the bubble region (≈ 50 protons).

The differences in particle numbers in the modulated area of the beam proĄle has

likely direct consequences for the measurement of the proton energy spectrum with

the TP in the laserŠs forward direction. The projected aperture of the TP at the

distance of 7.3 cm to the target is ≈ 70 µm in diameter. That is smaller than the
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microscope images with the highest magniĄcation in Fig. 4.13. Consequently, the

amount of particles detected by the TP depends on the relative position of the

aperture within the beam proĄle. However, due to the stability of the modulations,

if the dropletsŠ position is not changed, it is unlikely that signiĄcant variations of

the absolute number of protons are measured for consecutive laser shots due to the

beam proĄleŠs modulations. In contrast to the number of particles, the maximum

proton energy likely shows only small changes as a function of the detection direction

since protons are detectable in the bubbles and the Ąlaments of the lower part of

the CR-39 in Fig. 4.13 and not in the center.

Since the modulations of the proton beam were reproducibly generated, they can

be considered as characteristic for laser-driven proton acceleration with droplets, at

least for the laser parameters considered here. Furthermore, such modulations were

also observed in a different experiment with droplets, in which the fundamental of

the JETI40 laser was used instead of the 2ω-pulses, which led mainly to a reduced

TIC, higher laser pulse energy, and larger focal spot [191].

Comparable patterns in the protonsŠ spatial distribution were observed in several

experiments, in which various types of targets were used. In experiments performed

at the VULCAN laser facility, modulated beam proĄles were observed when foils

with a thickness of a few nanometers were irradiated [172, 201]. The occurrence

of the modulations was attributed to the Rayleigh-Taylor instability caused by the

pressure of the laser on the thin plasma in the light-sail regime (see Sec. 2.4.3.2)

[201]. However, for foils with thicknesses of 30 nm and 50 nm, no such beam patterns

could be observed. Since the dropletsŠ diameter is much larger than the thickness of

such foils, it is unlikely that the Rayleigh-Taylor instability causes the modulations

in the case of droplets.

Similar structures were also observed when micrometer thick metal foil targets or

cylindrical jets of frozen, solid hydrogen were used at experiments performed at the

DRACO and PHELIX laser systems [202Ű204]. For the experiments and simulations

described in [203, 204], their occurrence was attributed to the so-called Weibel In-

stability (WI) that causes the generation of transverse magnetic and electric Ąelds

that focus or defocus the protons [205]. The WI arises in a pre-plasma present at the

targetŠs rear side. In this pre-plasma, the return current necessary to compensate

the hot (relativistic) electron current (see Sec. 2.4.1.1) is unstable and ampliĄes

magnetic Ąeld Ćuctuations [203].

As a criterion for the minimum scale length necessary for the WI to grow at the
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targetŠs rear surface, Göde et al. [203] give L ≥ cΓ−1
Wi with ΓWi ≈ (vr/c) ωr/

√
γr =

(vr/c)
√

nr/ncωL/
√

γr as the growth rate of the WI. vr, ωr, γr , and nr are the

mean velocity, plasma frequency, gamma factor, and density of the return current

electrons, respectively. The growth rate of the WI is maximized when the return

current electrons in the corresponding region are relativistic, and nr is comparable

to the hot electron density ne. With the hot electron density estimated in Sec.

2.4.1.1 (ne ≈ nr ≈ 5 · 1019 cm−3), the gamma factor γr ≈
√

1 + a2
0 ≈ 2.3 (Sec. 2.2.1),

and the approximation of vr ≈ c, the minimum scale length necessary for the WI

to take place is roughly L ≈ 1.1 µm for λL = 0.4 µm. Such an extended pre-plasma

was not observed during the arrival of the main pulse at the targetŠs rear side (see

Sec. 4.2). However, the estimation of the minimum scale length depends on a rough

estimation of the hot electron density. It cannot be excluded that a signiĄcantly

higher electron density was generated in the experiment, for example, due to the

conĄnement of hot electrons close to the dropletsŠ surface, as described in Sec. 4.4.

As a result, the necessary scale length for the WI to occur would be smaller.

One argument against such instabilities as a possible explanation for the modulated

beam proĄle is its stability. This stability, however, is an argument for another

possible explanation that was given by Obst et al. [206]. In experiments at the

DRACO laser with solid hydrogen jets and tungsten wires, they detected structures

within the modulated beam proĄles that corresponded to objects placed in the beam

path of the collimated laser beam. In the case of a tungsten wire, the structures

and modulations were only present when the pressure in the vacuum chamber was

increased to ≈ 1.6 · 10−3 mbar. Thus, the background gas could be identiĄed as

being critical for the appearance of the beam proĄle. The target, which was in

their experiment smaller than the laser focus, blocked the central parts of the laser

pulse that contain the low spatial frequencies. The remaining transmitted laser light

ionized the background gas on a length scale of millimeters and imprinted its spatial

intensity proĄle into it. The accelerated protons then propagated through these

regions of low-density plasma and experienced transverse quasistatic electric Ąelds

that accelerated them according to the laserŠs intensity modulations.

Gas, locally even with a higher density, was also likely present in the droplet exper-

iment close to the target since liquid water evaporates when ejected into a vacuum.

However, since the properties of this gas corona were not investigated in the exper-

iment, no statements can be made for the molecular density at a certain distance

from the target.
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Although the laser focus in the experiment was much smaller than the droplets

(see Sec. 4.1), there was probably still enough laser light far outside the laserŠs

focal region to ionize the four droplets close to the central irradiated droplet, as

seen in Fig. 4.2. Consequently, it is possible that also gas behind the droplets

might have been ionized on a length scale of hundreds of micrometers. That could

especially be the case when the droplets were irradiated on their side so that more

intense laser parts could pass around the droplets. Thus, the measurement of the

transmitted laser light as a function of the dropletsŠ position and its comparison

with the measured beam proĄle would give more insight into the physics and more

control over the acceleration process itself.

4.6. Summary and discussion

Within this chapter, the interaction of high-intensity frequency-doubled laser pulses

with water microdroplets was investigated. The dropletsŠ position concerning the

laserŠs focus along the polarization axis was varied, and the energy spectra of protons

accelerated in the laser forward direction were measured. When the droplets were

irradiated centrally with these contrast-enhanced laser pulses, the maximum proton

energies were, on average, clearly below 1 MeV. With a pre-pulse applied, this maxi-

mum proton energy could be enhanced in this irradiation geometry to about 2 MeV.

With the help of PIC simulations, this improvement of the proton acceleration could

be attributed to the generation of more electrons with higher kinetic energies in the

generated pre-plasma.

However, slightly higher proton energies on a single shot basis were achieved without

the pre-pulse and when the droplets were irradiated under grazing incidence. Despite

the higher proton energies, the simulations showed a reduced generation of hot

electrons compared to the case with applied pre-pulse and normal incidence. But

in this irradiation geometry, a hot electron population is accelerated parallel to the

dropletsŠ surface. Consequently, a magnetic Ąeld is generated that Ű together with

the charge separation Ąeld between droplets and electrons Ű conĄnes the electron

current close to the surface [196Ű200]. This hot electron population close to the

surface, in turn, enhances the electric Ąeld, eventually leading to higher maximum

proton energies.

With the optical probe laser of the JETI 40 [59Ű61] Ąltered to a narrow wavelength

band between 1ω and 2ω, it was possible to monitor the interaction of the pre-
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pulse and the main pulse with the droplets. Hence, it was possible to estimate the

pre-plasma generated by the pre-pulse alone and use this information as input for

the PIC simulations. Furthermore, it was possible to observe the dropletsŠ plasma

expansion induced by the main pulse on a picosecond timescale. The size and shape

of this expansion correlate with the measured maximum proton energies since they

depend not only on the irradiation geometry but also if a pre-plasma is present or

not.

Besides the proton acceleration in the laserŠs forward direction and the plasma ex-

pansion, also the proton beam proĄle was measured in a larger solid angle areal

around the laserŠs forward axis. This proton beamŠs spatial distribution exhibits

signiĄcant spatial modulations. It could be shown that the beam proĄle, i.e., the

structure of these modulations depends on the irradiation geometry as well. When

the dropletsŠ position was not changed, the shape of the modulations remained rel-

atively stable. That indicates that these modulations are directly related to the

laserŠs electric Ąeld, as described by Obst et al. [206]. By ionization of the back-

ground gas in the vacuum chamber close to the target, high-frequency modulations

of the laserŠs electric Ąeld can be imprinted into the gas and thus be transfered

onto the accelerated proton beam. An alternative origin of the modulations may be

the occurrence of instabilities, like the Weibel instability, which manifests itself in

a pre-plasma at the targetŠs rear surface [203, 204]. This explanation is less likely

because of the beam proĄleŠs stability and the lack of a pre-plasma at the dropletsŠ

surface facing the detectors. Further experiments are necessary to clarify the ori-

gin of these modulations. For this purpose, measurements of the transmitted laser

light for a comparison with the protonsŠ beam proĄle are necessary. The amount

of transmitted light could be varied via changes in droplet and focus size. Also,

a further investigation of the inĆuence of the targetŠs geometry would be interest-

ing since a difference in the shape of the beam proĄle for cylindrical hydrogen and

droplets could be observed in [191]. For example, the beam proĄle of protons origi-

nating from water microdroplets could be compared to the one that originates from

a water curtain that is generated by two colliding liquid jets [207].
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In the context of this thesis, different aspects of laser-driven ion acceleration with

contrast-enhanced laser pulses were characterized to obtain a deeper understanding

of the acceleration process itself.

In an experiment with a plasma mirror at the POLARIS system, the thickness

of carbon foils was continuously decreased from 500 nm down to 5 nm to study

possible ways to increase the energy of the accelerated protons and carbon ions. For

linearly polarized laser pulses, a signiĄcant increase of the maximum ion energies

up to an intensity of ≈ 9 · 1019 W/cm2 was measured for the 5 nm thin foil due to

a steeper scaling with the laser pulse energy compared to thicker foils. However,

with increasing intensity, the particlesŠ kinetic energy did not rise further. This

stop correlates to the onset of transparency of the foil. Although the use of circular

polarization was expected to be beneĄcial for ion acceleration via RPA, it did only

lead in the case of the 5 nm thin foil, in general, to similar ion energies for higher

laser pulse energies. For thicker foils, circular polarization did lead to reduced ion

energies, which is likely a consequence of reduced electron heating. To exploit the

better scaling of the ion energies for the thinnest foils, further improvements of

the TIC and an increase of the available laser pulse energy are necessary. For this

purpose, the POLARIS laser system will be improved.

Besides the measurement of maximum ion energies, the protonsŠ spatial distribu-

tion is an observable that allows conclusions to be made about the acceleration

process. In an experiment with the second harmonic of the POLARIS laser and

foils with thicknesses between 800 nm and 100 nm, the occurrence of a ring-like-

structure formed by protons with low kinetic energy was investigated. This struc-

ture is centered around the foilŠs normal direction, and its opening angle decreases

with increasing foil thickness. With the help of simulations, the ringŠs occurrence

was interpreted as a consequence of the plasma expansion process within the TNSA

mechanism. It arises due to a lateral charge separation that is a consequence of the

proton distributionŠs shape during expansion into the vacuum. The explanation may
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potentially be used in other experiments to separate features of more sophisticated

acceleration mechanisms from those of TNSA-accelerated protons.

At the JETI 40 laser system, water microdroplets were irradiated with frequency-

doubled laser pulses, while the dropletsŠ expansion was observed with an optical

probe laser system Ąltered to off-harmonic wavelengths. The shape and size of

plasma expanding on a picosecond timescale could be correlated with the protons

accelerated in the laser forward direction.

The maximum proton energy was low, and the plasma expansion small when the

droplets were irradiated centrally. As the droplets were shifted by approximately

their radius along the laserŠs polarization direction, the expanded plasma was larger,

and the maximum proton energy was more than twice as high. With the help of 2D-

PIC simulations, a population of hot electrons could be identiĄed which was conĄned

close to the surface due to self-generated electric and magnetic Ąelds. These con-

Ąned electrons enhance the electric Ąeld responsible for proton acceleration, which

is only possible for targets with a limited volume, such as droplets since in this

case the conĄned current cannot escape the interaction region. The application of

a controlled pre-pulse led to higher proton energies for normal laser incidence due

to an increased generation of hot electrons. With the pre-pulse applied, the aver-

age maximum proton energy remained relatively similar for the different irradiation

geometries, together with the expanded plasmaŠs shape. This indicates that the sen-

sitivity of the acceleration process on the irradiation geometry is effectively reduced.

However, slightly higher maximum proton energies were achieved on a single shot

basis without the pre-pulse and under grazing laser incidence. Since most applica-

tions require stable proton sources, further investigations with various pre-plasmas

are necessary to Ąnd settings that may deliver high maximum proton energies and

reduced sensitivity.

Additionally, measurements of the proton beamŠs proĄle around the laserŠs forward

direction were performed, and a stable, net-like proton pattern was detected. Due

to the dependency of the pattern on the irradiation geometry, it is possible that

the laserŠs electric Ąeld modulations imprint on the water vapor and then on the

accelerated protons [206]. Further investigations, for example, with different target

geometries and controlled background pressure conditions are necessary to manip-

ulate these structures to implement such targets as a reliable proton source in the

future, bringing laser-based MeV ion sources and their potential applications closer

to reality.
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A. Appendix

A.1. The JETI 40 laser system

JETI 40 is a Ti:sapphire laser system whose laser pulses can be focused to relativis-

tic intensities. The system is designed according to the chirped pulse ampliĄcation

(CPA) scheme [5]. Within this scheme, laser pulses are temporally stretched before

ampliĄcation, which reduces the laserŠs intensity, to avoid self-focusing in trans-

missive optics and thus damaging the ampliĄers. After the laser pulses are fully

ampliĄed, they can be recompressed to femtosecond duration. A diagram with the

main components of the laser is shown in Fig. A.1

The Ąrst component of the front-end (Amplitude Technologies) is an oscillator (Fem-

tosource ScientiĄc by Femtolasers). It provides laser pulses at a repetition rate of

75 MHz. In the booster, the repetition rate is reduced to 10 Hz, while the laser pulses

are already ampliĄed to 2 µJ. Before further ampliĄcation, the pulses are stretched

to 800 ps. To pre-compensate high-order spectral phase distortions, which the laser

pulses can experience as they pass through the entire laser system, an acousto-optic

programmable dispersive Ąlter [209, 210] (Dazzler by Fastlite) is installed before the

next ampliĄer. This ensures that the stretched pulses are optimally compressible

after ampliĄcation. The last part of the front-end consists of a regenerative ampliĄer

and a 5-pass ampliĄer.

The pulses coming from this front-end are further ampliĄed Ąrst by a 3-pass am-

pliĄer and then by a 2-pass ampliĄer with a cryogenic cooled active medium. The

maximum pulse energy after this last ampliĄer is 1.3 J. In the grating compressor,

the stretched pulses are recompressed to a minimum pulse duration of 25 fs. Then,

the compressed pulses enter a chamber with an adaptive optic (AO) [211]. With the

AO, wavefront aberrations can be corrected to increase the focusability of the laser

pulses in the target chamber.

In the experiment with water microdroplets (see Chapter 4), the Ąnal ampliĄer was
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A.1 The JETI 40 laser system

Figure A.1.: Schematic of the JETI 40 laser system. Laser parameters were pro-
vided by F. Ronneberger [208].

delivering ≈ 1.2 J. Due to the compressor and beamline transmission efficiency, the

laser pulses entering the target chamber had a pulse energy of EL ≈ 750 mJ. The

pulse duration was τL ≈ 35 fs and thus longer than the minimum duration of 25 fs

mainly due to two reasons. Firstly, the width of the laser spectrum was reduced to

approximately 50 nm (FWHM) to increase the efficiency of the SHG process used in

the droplet experiment. However, a narrower spectrum leads also to a longer pulse

duration of the fundamental. Secondly, the duration of the probe laser (see next

section) was optimized using the Dazzler. Since the main laser and the probe laser

rely on the same Dazzler, this can also result in a longer duration of the main laser

pulses.

A.1.1. The optical probe laser

To monitor the interaction of the main laser pulses in an experiment with water

droplets (see Chapter 4), a few-cycle optical probe laser was used [59]. A sketch

of the probeŠs setup is shown in Fig. 1 in [59]. The probe works in principle as

follows. Using a beam splitter (BS) within the vacuum beamline, ≈ 1 % of the

main laser pulse energy is extracted after the main compressor. These pulses leave

the vacuum chamber and are further reduced in diameter to about 1 cm containing

❃ 1 mJ. Since these pulses have been chirped during their passage through the

beam splitter and a window, two chirped mirrors (CM) are installed in the beam

path to recompress the pulses. These pulses are then focused into a hollow-core Ąber

Ąlled with neon gas. Due to self-phase-modulation in the gas, the laser pulses are
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spectrally broadened to a bandwidth of ∆λ ≈ 400 nm. An example of a spectrum

can be seen in Fig. 1 in [60]. Eight CMs are placed in the beam path to compress

these laser pulses to a duration of a few femtoseconds. For Ąne compensation of

negative group delay dispersion induced by these CMs, fused silica wedges can be

inserted into the beam path. The mean duration of the compressed pulses was

measured to be < 4 fs, whereas the Fourier-transform-limit was ≈ 2.8 fs [60]. These

short pulses could be used to image laser-driven wakeĄelds in an electron acceleration

experiment [61]. For their use in an ion acceleration experiment, the probe pulseŠs

duration must not be that short since ion acceleration takes place on timescales of or

longer than the main laser pulseŠs duration. However, it is beneĄcial to use an optical

probe with a broadband spectrum containing spectral intensity away from the main

laserŠs spectrum. Laser light scattered by the plasma, laser harmonics generated by

the laser-plasma interaction, or plasma emission would typically produce a strong,

saturating signal on the imaging detector. By spectrally Ąltering the probe after

the interaction in a spectral region away from the scattered or generated light,

this unwanted signal can be signiĄcantly reduced, and images of the laser-plasma

interaction can be recorded as shown in Chapter 4.

A.2. The POLARIS laser system

POLARIS stands for Petawatt Optical Laser AmpliĄer for Radiation Intensive ex-

perimentS. It is a diode-pumped, solid-state laser system, based on the double CPA

principle [212] and is operated by the Helmholtz-Institute Jena and the Institute of

Optics and Quantum Electronics [50, 213]. A diagram showing the main components

of the laser is presented in Fig. A.2.

The seed pulses at λ = 1.03 µm for the laser system are delivered by a Ti:sapphire

oscillator (Mira 900 by Coherent). For further ampliĄcation, a Pockels cell pulse

picker lets one pulse per second pass to the Ąrst CPA. Details can be found in

[214, 215]. First, these pulses are stretched to a duration of 20 ps. This allows the

ampliĄcation up to a pulse energy of 2 mJ in the Ąrst regenerative ampliĄer A1. As

the active medium Yb3+:glass is used, as in the following ampliĄers A2, A3, and

A4. The pulses are recompressed to a pulse duration of ≈ 117 fs in the Ąrst of the

two compressors equipped with gold gratings. The TIC of these pulses is improved

by the generation of a cross-polarized wave (XPW) [214]. The ratio of the ampliĄed

spontaneous emission (ASE) to the laserŠs peak intensity of the generated pulses is
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A.2 The POLARIS laser system

Figure A.2.: Schematic of the POLARIS laser system.

improved by the XPW stage to ≈ 2 · 10−13. These pulses are sent to an ampliĄer

with an intracavity stretcher (StAmp) [216]. The pulses are stretched to ≈ 3.9 ns

and can be ampliĄed to hundreds of µJ. Like in the JETI laser system, a Dazzler

(Fastlite) is used to pre-compensate high-order phase aberrations [209, 210].

Afterwards, the laser pulses enter the next regenerative ampliĄer A2, where they

are ampliĄed up to a maximum of 50 mJ [215, 216]. For further ampliĄcation, these

pulses pass three multi-pass ampliĄers. A3 is a 20-pass relay-imaging ampliĄer,

whose design is described in [217]. Here, the pulse energy is increased to 750 mJ.

In the 9-pass ampliĄer A4, the pulses are further ampliĄed to a maximum energy

of 7 J. In the Ąnal ampliĄer A5 [50, 218], the laser pulses pass the active medium,

Yb:CaF2, 17 times. It has been demonstrated that this ampliĄer, which runs with

a repetition rate of 1/50 Hz, can deliver pulses with an energy of 54 J.

However, due to the damage-threshold of the gold gratings (≈ 0.2 J/cm2) installed

in the tiled-grating compressor [213, 219], it is currently not possible to compress

pulses with such a high energy. The highest energy sent through the compressor

during the time of the experiments presented in this thesis was ≈ 26.6 J, while the

shortest pulses leaving the compressor had a duration of ≈ 98 fs. Before they are

sent to the target chamber, the laser pulses are reĆected by an AO. The transmission

efficiency of the compressor and the beamline was measured in the target chamber

to be ❄ 60 %.
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A.3. Estimation of the proton number detected with

the TP in the water droplet experiment

As written in Sec. 3.1.1, a MCP with a phosphor screen imaged onto a CCD camera

was used in the TP to measure the spectra of the accelerated protons. However,

the camera does provide a bit-count per pixel that depends on the detector and

camera settings. To obtain an estimate of the actual detected number of protons

as a function of the proton energy Ekin, CR-39 nuclear track detectors can be used

that provide an absolute number of protons. For this purpose, CR-39 plates with a

grating structure can be placed in front of the MCP, as was done in [155, 156]. The

CR-39s used here have slits with a width of 3 mm and a grating constant of 6 mm.

Consequently, parts of a spectrum are detected by a CR-39 and the parts that are

not blocked are detected by the MCP. This allows a direct comparison of the cam-

era signal with the absolute proton number. Thus, a ŞconversionŤ factor/function

between the MCP/camera signal and the number of protons can be obtained.The

conversion factor as a function of Ekin obtained with two different CR-39 detec-

tors/shots in the experiment with water microdroplets is shown in Fig. A.3. The Ąt

is f = (2.4 · 10−2 · exp (−Ekin/0.184 MeV) + 3.25 · 10−4) protons/counts. The con-

version factor (protons/counts) decreases with increasing Ekin, or in other words,

the response of the MCP (counts/protons) increases with increasing proton energy.

A comparable behavior was measured by Prasad et al. [155] for proton energies

between 1 MeV and 3 MeV, where the measured detectorŠs response (counts/proton)

increased with increasing proton energy by a factor of 2. Jeong et al. [156] obtained

a roughly constant detector response for kinetic energies between 2 MeV and 8 MeV,

which decreases for higher energies.

However, a variation of the conversion factor (protons/counts) between 3 and 10

was measured in [220] when using protons from a conventional accelerator with

kinetic energies between 1 MeV and 4 MeV, where a higher conversion factor was

measured for higher energies (which corresponds to a reduced detector response).

For three comparison measurements with CR-39 detectors at the JETI 40 laser

system, different exponential conversion functions were obtained [220, 221]. There,

consecutive measurements performed either with CR-39 detectors or the MCP were

compared. A comparable behavior was measured by Harres et al. [148]. They

used radiochromic Ąlms for comparison with their MCP and measured a quadratic

increase of the conversion factor (protons/counts) as a function of the proton energy
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A.3 Estimation of the proton number detected with the TP

Figure A.3.: The squares are experimentally determined Şconversion factorsŤ be-
tween MCP/camera counts and protons detected with CR-39 for two different
shots (black and grey) taken in the droplet experiment. The red line is a Ąt.
More details are in the text.

for values between 2 MeV and 12 MeV.

To obtain the number of protons/(50 keV · 0.8 µsr) as a function of the proton en-

ergy, as shown Figs. 4.4 and 4.6, the spectra obtained with the MCP given in bit

counts/(50 keV·0.8 µsr) were multiplied by f . Besides the variation of the conversion

factor with Ekin, it cannot be excluded that other factors inĆuence the conversion

factor since there is apparently a difference between the two CR-39 measurements

shown in Fig. A.3.
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