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Introduction

Fast ions have a decisive impact on basic science, technological development and
application in bio-medical areas. The term fast in this context covers several per
cent of the speed of light up to the ultra-relativistic range. For instance, fast ions
are used as an experimental tool to explore the nuclear synthesis of heavy elements,
which is often ranked among the top ten questions of fundamental physics [1]. De-
vices and facilities for fast ion production have been progressing since the 1930s [2]
and have reached a high level of development. Ions are accelerated in electri-
cal fields to high velocities, whereby the maximum field gradient determines the
length of the acceleration unit. In ionized matter, or plasma, these gradients can be
substancially higher than those of vacuum-solid interfaces in acceleration cavities.
Therefore, the use of plasma is predestined for the development of more compact
devices. However, efficient and controlled acceleration in plasma involves complex
physics and is a continually advancing area of scientific research, which this thesis
will attempt to explore further.
Lasers can create plasmas with high particle densities that constitute a state of
high energy density. In order to use this effect for the efficient acceleration of ions
a certain structure of the plasma is required. In simple terms, a kind of charge sep-
aration and field rectification within plasma dynamics is necessary for a directed
acceleration. This was discovered at the turn of the millennium through exper-
iments with powerful short-pulse lasers. This finding, along with the enormous
progress made in ultra-short pulse and high power laser technology, has boosted
research in particle acceleration with laser-driven plasmas. Today, ion beams with
maximum particle energies of 83MeV/amu (1 GeV carbon ions) can be generated
through the application of improved ion acceleration mechanisms [3].
Compared to conventional radio frequency (RF) wave based ion accelerators (hun-
dreds of GeV) these particle energies are still low. However, laser-induced ion
beams exhibit special properties.
The acceleration time of a laser-driven ion beam is ultra-short, typically of the
order of picoseconds. At the same time, the acceleration gradients are of the order
of MV/µm and are therefore extremely high when compared to conventional accel-
erators (tens of MV/m). The effective source size of the laser-induced ion emission
is extremely small with a typical extension of several micrometres. In addition
laser-driven ion beams are divergent, exhibit a very low transversal and longitudi-
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2 Introduction

nal emittance [4] and can provide a wide spectral bandwidth. Due to these specific
and unique attributes, laser-driven ion beams offer a potential for use in future ap-
plications. Several applications are discussed intensively and various experiments
have already been started. Among them are such topics as, proton imaging and
deflectometry [5–8], the production of warm dense matter (WDM) [9, 10], ion fast
ignition in laser-driven nuclear fusion [11, 12], injectors for the conventional accel-
erators [13–15], sources for ion cancer therapy [16–21], production of short-lived
radioisotopes [22, 23] for positron emission tomography (PET) [24], implantation
of ions into materials [25–27].
Regarding these unique applications, laser-driven ion sources inherently have sig-
nificant benefits. However, the ion beam parameters that are available today are
far from sufficient for some of the previously mentioned applications. In fact, there
are a variety of issues that have to be addressed. These include the conversion
efficiency from laser energy into the ion beam, the still low particle energies, the
angular and spectral control of the ion beam, and the stability of the accelera-
tion process itself. In principle, a laser-driven ion accelerator will be competitive
in applications if the vision of ion steering with light can be realized, and thus
beam transport and beam manipulation of ions can be small and economical in
size. The actual laser-induced ion acceleration is an extremely complex process. It
highly depends on the applied laser and target parameters and involves a series of
physical phenomena, which occur at different stages of the interaction. For typical
laser-matter interactions, these stages can be classified into the ionization of the
target, the formation of an initial pre-plasma, the absorption of the laser energy
followed by the acceleration of electrons, the plasma evolution determined by the
laser and collective plasma fields, and finally the propagation of the ions during and
after the acceleration process. Due to the complexity of these linked and rapidly
evolving processes, a direct and precise determination of all plasma parameters is
simply not possible. Therefore, the identification and description of the dominant
acceleration mechanism may prove difficult.
In order to create ion-beams with the desired properties, better understanding and
control of the laser-induced ion acceleration process is necessary. Therefore, it is
crucial to obtain further insight into the complex laser-plasma interactions, the as-
sociated strong fields, and the evolving plasma kinematics. Efforts are being made
to develop diagnostic tools that can measure particular features of the accelerated
ion beam and properties of the induced plasma. At the same time, theoretical
models are needed that describe the acceleration process and allow the calculation
of specific ion beam properties. Generally, such models start from laser param-
eters and include phenomenological assumptions with limited applicability range.
The comparison between the calculated quantities and the experimentally observed
properties allows for an indirect identification and characterization of the acceler-
ation mechanism. Particularly in light of the upcoming new laser facilities [1] with
petawatt pulse-power scaling, investigation and methodological approaches with
measurement, simulation and analytical modeling are important.
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This work primarily focuses on the investigation of strong accelerating fields which
are initiated on thin and ultra-thin foils with ultra-high (∼ 1018 − 1020 W/cm2)
intensity and ultra-high contrast (109− 1011) laser pulses. For this purpose several
common diagnostic methods were developed further and adapted to the exper-
imental conditions. These methods allowed the direct probing of the transient
electromagnetic field structure and the determination of properties of the laser-
driven proton beam. In addition, several theoretical models were tested regarding
their ability to explain the experimental observations.

• Chapter 1 provides the general mathematical description of a laser pulse, and
describes its propagation in vacuum and interaction with a dielectric medium.
In addition, it gives an overview of the physical concepts and their technical
implementations, that allow for the generation of intense and ultra-short laser
pulses with high temporal contrast.

• Chapter 2 introduces the relevant parameters of the two high power laser sys-
tems of the Max-Born-Institute (MBI) which were used for the experiments.
In addition the laser pulse synchronization and focus alignment is explained.

• Chapter 3 describes the interaction of a laser pulse with a single electron and
introduces the basics of laser-plasma physics.

• Chapter 4 introduces several absorption mechanisms which are relevant for
laser-plasma interactions at relativistic intensities. In addition the ion ac-
celeration by electric charge-separation fields and several mechanisms for the
generation of magnetic fields are presented.

• Chapter 5 introduces a modified version of the Thomson spectrometer, the
so called Thomson slit spectrometer, which enables the determination of the
angle and energy dependent proton distribution. In order to visualize the dis-
tribution in an orthogonal coordinate system a numerical coordinate trans-
formation method was developed and described in detail.

• Chapter 6 describes a newly observed property of a laser-driven ion source,
which has been observed for the first time [28]. Modulations in the proton
energy spectrum become detectable if intense femtosecond laser pulses with
very high temporal contrast (∼ 1010−1011) are used for target normal sheath
acceleration of ions.

• Chapter 7 explains the principle of proton imaging and introduces two imag-
ing geometries, the so called transverse and longitudinal configuration. These
configurations can be used to probe different components of the laser-induced
fields. In addition, several definitions and new terms are introduced in order
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to facilitate the explanations of the following chapters. Finally, several energy
sensitive detection methods for ions are discussed, providing time resolution
in imaging experiments.

• Chapter 8 introduces the proton streak deflectometry method which allows
for the continuous recording of transient fields on a picosecond time scale.
First an explanation of the basic principle is presented. Then, a further
development of the method is proposed, which can be used to investigate
different parts of an extended field distribution in consecutive shots.

• Chapter 9 deals with energy redistribution effects in proton beams while
transversing the strong electric fields created at plasma vacuum interfaces on
laser irradiated thin foils. The consistency of different models and simulation
is investigated and conclusions on field dynamics are drawn.

• Chapter 10 investigates the field dynamics initiated on ultra-thin foils (30 −
50 nm) if femtosecond and picosecond laser pulses with high temporal contrast
are used. As a diagnostic tool, the method of proton streak deflectometry
is applied in two different probing configurations. The combination of two
configurations provides additional and complementary information about the
investigated field distribution. Different theoretical models are presented,
which can describe particular aspects of the laser-induced electromagnetic
fields. Based on the respective model, the calculation of these fields is ex-
plained with respect to the applied laser and target parameters. In addition,
the temporal evolution and spatial distribution of particular field compo-
nents are visualized. The proposed analytical field descriptions are used to
reproduce particular features of the experimental results by means of three-
dimensional particle simulations. The field effects resulting from ultra-short
laser pulses can be emulated in both probing configurations with the help of
different analytical models. These models can explain different features of the
observed streak deflections and can describe different properties of the field
and thus allow for a more comprehensive and complementary explanation of
the experimental observations.
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1 Intense and Ultra-short Laser
Pulses with High Temporal Con-
trast

This chapter gives an overview of the physical concepts and their technical imple-
mentations, that allow for the generation of intense and ultra-short laser pulses
with high temporal contrast. Within this thesis the SI system will be the primary
unit system used to describe physical quantities if not stated otherwise.

1.1 Mathematical Description

In this section the general mathematical description of a laser pulse is introduced.
First, the pulse propagation in vacuum is presented, then the propagation within
a dielectric medium and nonlinear effects are discussed.

1.1.1 Propagation of a Laser Pulse in Vacuum

As electromagnetic waves, laser pulses have to fulfill the Maxwell Equations. The
wave equation for the electric field takes in vacuum the form

∆E(x, t)− ϵ0µ0
∂E(x, t)

∂t
= 0 with c =


1

ϵ0µ0

. (1.1)

Using the ansatz

E(x, t) =


d3k


dω (E(k, ω) exp[i(k · x− ωt)]) , (1.2)

whereby E(k, ω) is the fourier transform in space and time, k the wave vector and
ω the angular frequency, the general solution is given by

E(x, t) =


d3k (E0(k) exp[i(k · x− ωt)] +E0(k) exp[−i(k · x− ωt)]) . (1.3)

7
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Intense and Ultra-short Laser Pulses with High Temporal

Contrast

In the case of linear polarization a scalar representation of the field is sufficient.
Neglecting the spatial dependence of the electric field, a short laser pulse can be
described in the time and frequency domain using the expressions

E(t) = F−1[Ẽ(ω)] =
1

2π

 ∞

−∞
Ẽ(ω)eiωt dω, (1.4)

Ẽ(ω) = F [E(t)] =
 ∞

−∞
E(t)e−iωt dt. (1.5)

Since the electric field is an observable and can be measured its value is real and
the relation

Ẽ(ω) = Ẽ∗(−ω) (1.6)

applies in the frequency domain. Here (∗) indicates the complex conjugate function.
The last equation signifies that already the positive part of the function Ẽ(ω)
contains the complete information of the pulse. The complex electric field Ẽ(ω) in
the frequency domain can be expressed by means of the real amplitude Ẽ(ω) and
the so called spectral phase ϕ̃(ω)

Ẽ(ω) = Ẽ(ω)eiϕ̃(ω). (1.7)

The definition of the reduced field functions Ẽ+(ω) and Ẽ−(ω), whereby

Ẽ+(ω) =


Ẽ(ω), if ω > 0,

Ẽ(ω)/2, if ω = 0,

0, if ω < 0,

Ẽ−(ω) =


0, if ω > 0,

Ẽ(ω)/2, if ω = 0,

Ẽ(ω), if ω < 0

(1.8)

allows the electric field in the frequency domain to be written as Ẽ(ω) = Ẽ+(ω) +
Ẽ−(ω). With respect to the fourier transformation, it is advantageous to describe
the reduced field function Ẽ+(ω) by means of the real amplitude Ẽ+(ω) and the
phase ϕ̃+(ω), whereby

Ẽ+(ω) = Ẽ+(ω)eiϕ̃+(ω). (1.9)

A comparison between Equation 1.6 and Equation 1.7 yields ϕ̃(ω) = ϕ̃+(ω) and

Ẽ+(ω) =


Ẽ(ω), if ω > 0,

Ẽ(ω)/2, if ω = 0,

0, if ω < 0.

(1.10)

The Fourier transform of Ẽ+(ω) in the time domain describes the electric field
E+(t) as a complex quantity which can be represented by the real amplitude E+(t)
and the phase ϕ+(t) by means of the equation

E+(t) = E+(t)eiϕ+(t). (1.11)
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Using Equation 1.6 and 1.8 the electric field E(t) can be described as twice the
real part of the reduced field function

E(t) = 2Re

E+(t)


=

E+(t) + E+∗(t)


= 2E+(t) cos(ϕ+(t)). (1.12)

In addition the electric field E(t) can be expressed by the real amplitude E(t) and
the instantanious phase ϕ(t) by means of the equation

E(t) =
1

2
E(t)eiϕ(t) + 1

2
E(t)e−iϕ(t) = E(t) cos(ϕ(t)). (1.13)

A comparison of the last two equations yields E(t) = 2E+(t) and ϕ(t) = ϕ+(t). On
condition that the amplitude of the envelope function changes slowly in time in
relation to the carrier wave, the so called slowly varying envelope approximation
(SVEA) is applicable, as proposed in the appendix (A.1). In this case the electric
field E(t) can be expressed by means of the complex field amplitude Ê(t) using the
equation

E(t) =
1

2


Ê(t)eiψ(t) + Ê(t)∗e−iψ(t)


, (1.14)

whereby ψ(t) = ω0t and Ê(t) = E(t)eiφ(t). The instantaneous phase ϕ(t) can be
written as the sum of the fast varying phase ψ(t) and the slowly varying temporal
phase φ(t) using the formula

ϕ(t) = ψ(t) + φ(t) = ω0t+ φ(t). (1.15)

Therefore, the electric field function can be expressed as E(t) = E(t) cos(ω0t+φ(t)).
The instantaneous angular frequency is defined as

ω(t) =
dϕ(t)

dt
= ω0 +

dφ(t)

dt
. (1.16)

If the instantaneous angular frequency changes in time, the frequency modulated
pulse is called chirped. If the frequency increases with the pulse duration the
pulse is called up-/positve-chirped. In the opposite case the pulse is named down-
/negative-chirped. By expressing the temporal phase φ(t) or the spectral phase
ϕ̃(ω) in a Taylor expansion the modulation state of a pulse can be described by
means of several dispersion parameters as proposed in Section A.2 of the appendix.
The intensity of a light pulse in vacuum is defined by

I(t) = ϵ0nc
1

T

 t+T/2

t−T/2
E2(t′) dt′. (1.17)

If the SVEA is valid Expression 1.17 can be simplified

I(t) =
1

2
ϵ0ncE2(t) = 2ϵ0ncE

+(t)E−(t) =
1

2
ϵ0ncÊ(t)Ê∗(t). (1.18)
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In experiments usually the peak intensity I0(t) is used to characterize the laser
pulse

I0(t) =
1

2
ϵ0ncE20 . (1.19)

Conventionally, the unit is given in W/cm2. However, Equations 1.18 and 1.19
apply only for linear polarization. In the circular case the formulas are to be
multiplied by the factor of two, whereby the field amplitude (E0, E(t)) does not
change.
The pulse duration τp is defined as the full width at half maximum (FWHM) of the
intensity profile and the spectral width is denoted by ∆ωp. Since the spectral and
temporal properties of the electric field are coupled via the Fourier transformation,
τp and ∆ωp are not independent. Both quantities are connected by the time-
bandwidth product (uncertainty principle) which has a lower bound

∆ωpτp ≥ 2πcB, (1.20)

whereby cB depends on the pulse shape and is 0.441 for a Gaussian pulse.

1.1.2 Interaction of Light with Matter

If an electromagnetic wave propagates through a medium the bound and free
charges will react on the fields. This reaction of atoms and molecules is described
by the polarization density P which is related to the electric displacement field

D = ϵ0E + P . (1.21)

In connection with the Maxwell Equations [29] this leads to the wave equation in
matter 

∇2 − 1

c2
∂2

∂t2


E(x, t) = µ0

∂2

∂t2
P (x, t), (1.22)

where c is the speed of light in vacuum and µ0 the permeability of free space. This
fundamental equation in optics describes the influence of matter on the electric
field as well as the response of matter on the field. External charges, currents and
magnetic effects are not included in the equation since their influence is negligible
in optical media.

Linear Pulse Propagation in a Dispersive Medium

The propagation of an ultra-short laser pulse within an optical medium is char-
acterized by dispersion. The specific material constants of the medium and the
central frequency of the laser pulse determine the dispersion of the system. If the
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dispersion is known, the widening of the pulse duration while propagating through
the medium can be calculated. Due to the Fourier transformation a laser pulse
is composed of several spectral components. Since the refractive index n = n(λ)
is a function of the wavelength in a dispersive medium each spectral component
propagates with a different velocity. This leads to a change of the temporal pulse
shape.
In linear optics the interaction between light and matter is described by a lin-
ear dependency between the electric field E and the induced polarization P .
If the medium is homogeneous and isotrop, the polarization can be written as
P = ϵ0χ

(1)E. Substituting this into Equation 1.22 in combination with a Fourier
transformation leads to the Helmholtz equation

∇2 − ω2

c2
ϵ̃(ω)


Ẽ(x, ω) = 0. (1.23)

If the pulse propagates in positive z-direction and has only one polarization com-
ponent the solution of the Helmholtz equation is given by

Ẽ(z, ω) = Ẽ(0, ω) exp(−ik(ω)z), (1.24)

with the dispersion relation

k2(ω) =
ω2

c2
ϵ̃(ω) =

ω2

c2

1 + χ(1)(ω)


=
ω2

c2
n2(ω). (1.25)

The equation contains both absorption and dispersion which are connected via
the Kramers-Kronig-relation. In the following the absorption is neglected. The
electric field is given by E(t, z) = F−1[Ẽ(z, ω)]. While propagating through the
dispersive medium the pulse gains the additional phase ϕ̃z(ω) = k(ω)z. Using a
Taylor expansion the additional phase can be expressed as

ϕ̃z =
∞
n=0

ϕ̃
(n)
z

n!
(ω − ω0)

n, ϕ̃(n)
z =

dn

dωn
ϕ̃z(ω)


ω=ω0

, (1.26)

ϕ̃z = ϕ̃(0)
z + ϕ̃(1)

z (ω − ω0) +
ϕ̃
(2)
z

2
(ω − ω0)

2 +
ϕ̃
(3)
z

6
(ω − ω0)

3 + ... , (1.27)

whereby a comparison with ϕ̃z(ω) = k(ω)z yields

k(ω)z = k(0)z + k(1)z · (ω − ω0) +
k(2)z

2
· (ω − ω0)

2 + ... , (1.28)

with k(n) = dnk(ω)/dωn|ω0
. This signifies that the phase of the pulse is shifted by

tϕ = k(0)z/ω0 = z/vϕ(ω0), whereby vϕ(ω0) denotes the phase velocity in the medium.

In contrast the envelope of the pulse is retarded by tg = k(1)z = ϕ̃
(1)
z = z/vg with

the group velocity vg. The coefficient k(2) is called group velocity dispersion (GVD).
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The dispersion relation (1.25) connects the refractive index n(ω) with the additional
phase ϕ̃z(ω) and the following equations are valid:

ϕ̃z(ω) =
z

c
ωn(ω),

dϕ̃z
dω

=
z

c


n(ω) + ω

dn

dω


,

d2ϕ̃z
dω2

=
z

c


2
dn

dω
+ ω

d2n

dω2


,

d3ϕ̃z
dω3

=
z

c


3
d2n

dω2
+ ω

d3n

dω3


. (1.29)

The dispersion of a medium can either be described by the frequency dependency of
the refractive index n(ω) or by its dependence on wavelength n(λ). The dependence

of the dispersion coefficients ϕ̃
(n)
z and k(n) on wavelength is described in Section A.5

of the appendix.
A considerable effect in linear optics which appears in nonisotropic media is called
birefringence and is presented in Section A.6 of the appendix.

Nonlinear Optics

The linear description is only valid if the intensity of the incident light pulse is low.
For high intensity laser pulses the electric field amplitude E cannot be neglected in
relation to the local fields of the atoms or molecules, respectively. The properties
of the medium change in a nonlinear way and higher orders of the electric field have
to be considered in the equation of the induced polarization P . As a consequence,
a variety of nonlinear optical processes can take place.
The following part is based partly on the description of reference [30]. For the sake
of simplicity and in order to focus on the essential features of nonlinear optical
behavior, material dispersion, inhomogeneity, and anisotropy are neglected. In
this case the induced polarization P can be expressed in a Taylor expansion

P = ϵ0

χ(1)E + χ(2)E2 + χ(3)E3 + ...


. (1.30)

In a more general treatment the vector form of E and P has to be taken into
account. In this case the local susceptibilities χ(i) are tensors of the order (i + 1).
In addition, the nonlocal response of the medium has to be considered.
For convenience the polarization density is expressed as the sum of a linear PL =
ϵ0χ

(1)E and a nonlinear part PNL = ϵ0

χ(2)E2 + χ(3)E3 + ...


. Using the relations

cn0 = c/n0, n
2
0 = 1+ χ(1) and c = 1/(µ0ϵ0)

1/2 the fundamental wave Equation 1.22
can be rewritten as

∇2E − 1

c2n0

∂2E

∂t2
= −S, (1.31)

S = −µ0
∂2PNL

∂t2
. (1.32)

Because PNL and therefore S are nonlinear functions of E, Equation 1.32 is a non-
linear partial differential equation in E.
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Two approximate approaches exist to solve the nonlinear wave equation. The first
approach is a coupled-wave theory. In this connection the nonlinear wave equation
is the basis for the derivation of linear coupled differential equations that govern
the interacting waves. The second is an iterative approach and is known as the
Born approximation. Here, S(E) is a function of the electric field E and is re-
garded as a source that radiates itself in a linear medium of refractive index n. Let
us suppose that the field E0 is incident on a nonlinear medium which is confined to
some volume. This field creates the radiation source S = S(E0) that radiates the
field E1. Due to E1 the corresponding radiation source S(E1) is created, radiating
the field E2, and so on. The first step of this iterative solution is known as the first
Born approximation. The second step leads to the second Born approximation and
so on.
If the light intensity is sufficiently weak the nonlinearity is relatively small and
the first Born approximation is valid. In this case the light propagation through
the nonlinear medium can be regarded as a process in which the incident light is
scattered by the medium [30]. In a first step the nonlinear polarization density
PNL and the radiation source S(E0) can be determined depending on E0. Using
the theory of diffraction, the scattered field E1 can be determined by means of the
radiation source in a second step. In this connection, spherical waves are associated
with different source points in the medium.
A variety of effects used in femtosecond optics can be explained on the basis of the
first Born approximation. A selection of nonlinear optical processes which are of
interest for the generation of ultra-short and intense laser pulses with high tem-
poral contrast is proposed in the appendix (A.7). These are the second-harmonic
generation (SHG), the AC Kerr effect and the self-phase modulation (SPMD).

1.2 Generation of Ultra-short Pulses

Femtosecond laser pulses can be generated by different kinds of lasers, like solid-
state lasers, fiber-lasers or dye-lasers, respectively. Of these, solid-state lasers are
most suitable for the generation of high intensity laser pulses. The presented exper-
iments were conducted by means of titanium-sapphire (Ti:sapphire) laser systems
which will be presented in more detail in Chapter 2. In this section the principle of
mode-locking which is the key mechanism for the generation of ultrashort pulses will
be discussed in theory. Afterwords, its practical implementation in a Ti:sapphire
oscillator in the form of Kerr-lens mode-locking (KLM) will be explained.

Principle of Mode-locking

A laser can oscillate with many different frequencies that are equally separated and
called longitudinal modes. Normally, these modes oscillate independently and are
called free-running modes. In this case the intensity of the emitted laser radiation is



14
Intense and Ultra-short Laser Pulses with High Temporal

Contrast

constant in time and the mode of operation is described as continuous wave (CW).
If the bandwidth of the laser transition is big enough multiple modes of the laser
cavity resonator can be excited at once. The use of external means allows the
modes to be coupled and locked together. This way the generation of ultrashort
laser pulses is possible.
Considering the laser cavity as an ideal cavity resonator, the Maxwell-equations
require that the boundary conditions of the electromagnetic field are satisfied at
the boundary surface. This leads to standing waves with an electric field amplitude
vanishing on the surface of the reflecting mirrors. In this connection each standing
wave represents a possible mode of the cavity resonator. In the case of a Fabry-
Perot-cavity the condition for a standing wave is satisfied if the optical path n · L
of the laser cavity resonator equals to a multiple of half the wavelength λm and can
be written in the form

m · λm
2

= n · L. (1.33)

Here m indicates a single mode and n denotes the effective refraction index of the
transversal mode in the resonator. The corresponding angular frequency is given
by m(cπ/nL). In first order, the angular frequency separation ωs between two
modes is given by

ωs =
cnπ

L
, (1.34)

whereby cn = c/n. In the following it is assumed that the q = 0 mode coincides
with the central frequency of the atomic lineshape. In this case the frequency of
mode q is given by

ωq = ω0 + qωs, q = 0,±1,±2, ... . (1.35)

Within the resonator the electric field of the longitudinal mode q is a standing
wave which can be expressed as the difference of two counter-propagating waves
with equal amplitudes

Eq(z, t) = El
q(z, t)− Er

q (z, t)

= Eq cos(ωqt+ φq − kqz)− Eq cos(ωqt+ φq + kqz)

= 2Eq · sin(kqz) · sin(ωqt+ φq), (1.36)

where Eq denotes the real amplitude, kq = ωq/cn the wavevektor and φq phase
constant of the q’th mode.
If the amplification bandwidth exceeds the frequency separation multiple modes can
oscillate at the same time in the laser cavity resonator, providing that the lasing
threshold is reached. The total electric laser field is given by the superposition of
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M single modes within the amplification bandwidth and can be expressed as the
sum of all left (El(z, t)) and right (Er(z, t)) propagating waves

E(z, t) =

q

Eq(z, t) =

q

El
q(z, t) +


q

Er
q (z, t) = El(z, t) + Er(z, t), (1.37)

whereby the sum goes from q = −(M − 1)/2 to q = (M − 1)/2.
In CW operation the longitudinal modes of the oscillator vary in amplitude Eq and
the phase constants φq are statistically independent. Therefore, the mean total
intensity can be written as the sum of the single mode intensities

Icw =

q

Iq =

q

Eq(t)
2 =


q

|Eq|2. (1.38)

If the phase relation between single modes is fixed (mode coupling), the situation
is totally different and Equation 1.38 is not valid any more.
In order to describe the process of mode locking in a qualitative way the amplitudes
Eq = E0 and the phase constants φq = φ0 are assumed to be constant in time
and identical for all modes. In addition the case without dispersion is discussed,
implying that the longitudinal mode difference ∆ωq = ωq − ωq−1 = ωs is constant
as well. The reduced field function of the left propagating part of mode q can be
described by

El,+
q (t) =

Eq
2
exp [i (ωqt− kqz + φq)] =

Êq
2
exp [i (ωqt− kqz)] , (1.39)

whereby the complex amplitudes Êq contain the phase of the mode. The sum of all
contributing modes is given by

El,+(z, t) =

q

Êq
2
exp [i (ωqt− kqz)]. (1.40)

Using Equation 1.35 the complex field can be expressed as

El,+(z, t) =
1

2
Ê

t− z

cn


exp [i (ω0t− k0z)] , (1.41)

with the complex field amplitude

Ê (t) =

q

Êqexp [iqωst]. (1.42)

Assuming a total number of M modes with q = 0,±1,±2, ...,±S and M = 2S + 1
and considering that the complex coefficients are all equal Êq = Eqexp (iφq) =

E0exp (iφ0) = Ê0, the complex amplitude Ê (t) can be expressed as

Ê (t) = Ê0
S

q=−S
exp [iqωst] = Ê0

S
q=−S

xq = Ê0
xS+1 − x−S

x− 1
= Ê0

xS+
1
2 − x−S− 1

2

x
1
2 − x− 1

2

,

(1.43)
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whereby x = exp [iωst]. Using Euler’s formula, Ê (t) can be cast in the form

Ê (t) = Ê0
sin

1
2
Mωst


sin

1
2
ωst
 . (1.44)

Substituting this expression in Equation 1.41 and using ks = ωs/cn yields the
reduced electric field function for the left propagating part of the modes

El,+(z, t) =
1

2
Ê0

sin

1
2
M (ωst− ksz)


sin

1
2
(ωst− ksz)

 exp [i (ω0t− k0z)] . (1.45)

The right propagating part can be evaluated in the same manner and the total
electric field is obtained by means of Equations 1.12 and 1.37

E(z, t) = E0 ·


sin

1
2
M (ωst− ksz)


sin

1
2
(ωst− ksz)

 · cos (φ0 + ω0t− k0z)

−
sin

1
2
M (ωst+ ksz)


sin

1
2
(ωst+ ksz)

 · cos (φ0 + ω0t+ k0z)


. (1.46)

Thus the electric field of M coupled modes consists of two plane waves with the
center frequency ω0 propagating in opposite directions with envelope functions
having a periodicity equal to the roundtrip time TR in the laser cavity resonator

TR =
2π

ωs
=

2Ln

c
. (1.47)

Figure 1.1 shows the spatial dependence of a series of M = 7 mode-locked stand-
ing waves at different points in time. Here, the central angular frequency is
ω0 = 20 · (cπ/nL), n = 1, L = 1m and q ∈ [−3, 3]. In the lower parts of the
charts the electric field amplitude of the single contributing modes are shown in
different colors. Above, the resulting total electric field (Formula 1.46) is depicted.
Because of the constant phase relation between the single modes, they can interfere
constructively at some points in space and due to the fact that each mode oscil-
lates with a slightly different angular frequency ωq the maximum of the interference
moves in space.
Since the time difference TR of two pulses is equal to the round trip time within the
laser cavity (Equation 1.47) the oscillation characteristics of a mode-locked laser
can be described as a circulating pulse within the laser cavity moving with the
velocity cn = c/n. If one of the cavity mirrors is partially transmitting, the laser
radiation is emitted in form of short pulses. In this case one of the wave packets
El(z, t) or Er(z, t) is transmitted at z = 0 or z = L. At z = 0 the intensity of the
emitted pulse I(t) (neglecting the dispersion of the mirror) is given by

I(t) =
(El(z = 0, t)

2 = TME02 ·
sin2


1
2
M (ωst)


sin2


1
2
(ωst)

 · cos2 (φ0 + ω0t) (1.48)
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Figure 1.1: Electric field amplitude of an idealized mode-locked laser pulse within
the laser cavity resonator at different moments in time. The lower curves show the
contributing single modes, the upper curves represent their superpositions

where TM stands for the transmittance of the mirror. The intensity of a CW-laser is
lower in comparison to a mode-locked laser. In CW-operation, the mean intensity
is given by Equation 1.38 with the proportionality

Icw ∝M |E0|2 . (1.49)

The maximum intensity of a mode locked laser Iml, max is given by

Iml, max ∝M2 |E0|2 . (1.50)

The Titanium Sapphire Oscillator

The active medium of a Ti:sapphire oscillator [31] is a crystal consisting of Al2O3

doped with Ti2O3 molecules. A small part of the Al3+ ions is replaced by Ti3+

ions which are responsible for the laser transition. The absorption and emission
spectrum of a Ti:sapphire crystal is shown in Figure 1.2.A.
The active medium absorbs in the wavelength range of 400 to 660 nm and the
emission bandwidth ranges from 600 to 1070 nm with a maximum intensity at
about 800nm. Since the absorption and emission spectra overlap in a small region,
laser emission is only possible over 660 nm.
The pulse repetition frequency of a Ti:sapphire oscillator is usually around 70 to



18
Intense and Ultra-short Laser Pulses with High Temporal

Contrast

400 500 600 700 800 900 1000
Wavelength [nm]

0.0
0.2

0.4

0.6

0.8
1.0

In
te

ns
ity

 [1
]

Absorption Emission A

40 20 0 20 40
Time [fs]

0.0
0.2

0.4

0.6

0.8
1.0

In
te
ns
ity
 [1
]

B

Figure 1.2: A - Absorption and emission spectrum of a Ti:sapphire crystal. B -
Intensity of an idealized mode-coupled Ti:sapphire laser pulse.

90 MHz. Figure 1.2 shows the idealized intensity of an mode-coupled laser pulse
using Equation 1.48 with a repetition frequency of 80 MHz and a bandwidth of
700 to 900 nm. In this case more than one million modes are coupled resulting in
a femtosecond laser pulse with a FWHM lower than 10 fs.
In reality not every simplification used in the derivation of Equation 1.46 and
1.48 is valid. The functional dependence of a real mode-coupled pulse is more
complex and additional parameters have to be taken into account. Nevertheless
Equation 1.48 can explain the principal connection between the pulse length an the
amount of coupled modes. The more modes are involved the smaller is the width
of the envelope function. This dependence can be expressed in a more general way
by

∆ν∆τ ≥ K, (1.51)

where ∆τ denotes the FWHM of the pulse in time and K is a constant which
depends on the pulse shape. In the case of a Gaussian pulse K accounts to 4 ln(2).
If the longitudinal modes are coupled, their phase difference ∆φm(t) = ∆φ and
thus the instantaneous angular frequency (Equations 1.16 and A.12) is constant in
time. In this case the pulse is called unchirped and the ”≥” - sign in Relation 1.51
can be replaced by an ”=” - sign. This means that the pulse is bandwidth-limited
(Fourier transform-limited). This is the shortest pulse which can be generated with
a given spectral width.
The pulse duration ∆τ as a function of the wavelength is then given by the equation

∆τ = K
λ20
∆λc

, (1.52)

whereby λ0 is the central wavelength, ∆λ the FWHM of the wavelength and c is
the speed of light in vacuum.
The transmission of the laser light through the optical components in the Ti:sapphire
oscillator leads to a group velocity dispersion. In order to avoid a chirp of the pulse
and thus an increase of the temporal pulse width an integrated prism compressor
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is used for compensation.
In principle there are active and passive ways to couple the phases within the laser
cavity and to achieve a mode-locked operation of the oscillator.
Active mode-coupling can be realized by the use of an acousto-optic Modula-
tor (AOM). In this case a control loop monitors the current repetition rate of
the laser and continuously tunes the frequency of the AOM. This way the coupling
of the resonator modes is initiated and maintained.

Kerr-lens Mode-locking

The most convenient way of passive mode-coupling is the so called Kerr-lens mode-
locking (KLM) [32, 33]. In this connection an absorber medium in combination
with a small aperture is implemented in the cavity. Within the absorber medium
the Kerr-lens effect takes place which reduces the beam waist for intensive light
pulses. Since the aperture is positioned in the focus of the Kerr-lens, the CW light
is blocked and mode-coupling is achieved by the interplay of both components.
The Kerr-lens effect is basically the focussing of an intense laser field. If the electric
field amplitude E is big enough, the refractive index n gets intensity dependent
within the Kerr medium.
Within the oscillator the pump beam is focused on the Ti:sapphire crystal. Since
the intensity of the pump beam is higher in the center than at the edges of the
crystal, also the intensity of the emitted light is higher in the center. This inten-
sity gradient leads to a distortion of the wave front and thus to self-focussing of
the laser beam. Because the focussing effect is higher for higher intensities, the
configuration of the resonator causes the formation of stable pulses from random
intensity fluctuations.

1.3 Chirped Pulse Amplification

In order to amplify laser pulses to intensities many times higher than those of
the laser oscillator, the so called chirped pulse amplification (CPA) technique is
used [34]. The active laser medium of the amplifier chain consists of nonlinear
crystals which are excited by external pump laser until a population inversion is
reached. The pulse of the laser oscillator is linearly chirped by means of different
propagation distances of its spectral components. This temporally stretched oscil-
lator pulse is then used as a seed pulse in the amplification chain. This allows for
the amplification of the pulse to saturation while a low peak power is maintained
at the same time. After amplification a compressor restores the original short pulse
width. This way a damage of the optical components is circumvented.
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1.4 Contrast Enhancement

The contrast C(t) of a laser pulse is defined by the ratio between the peak intensity
I(t0) of the main pulse and the intensity I(t) at a given time t [35]:

C(t) =
I(t0)

I(t)
. (1.53)

Figure 1.3 shows a schematic of the temporal intensity distribution of a typical
multi-terawatt laser pulse. Its temporal evolution is governed by several processes
during the amplification of the pulse.
The local intensity peaks that occur later than the main pulse are called post-pulses.
These are normally generated by inner reflections on mirrors. If the coating of a
mirror is somehow damaged and its reflection coefficient diminished, the main pulse
is partially transmitted and reflected on the rear surface of the substrate. Due to
the additional optical length l · d the pulse is retarded by t = (l · d)/c.
The temporal intensity pedestal before the main pulse consists of different contri-
butions. One part is caused by the so called amplified spontaneous emission (ASE).
Its temporal occurrence is limited by the fluorescence lifetime τ12 = 1/A12 of the
amplification medium, which has a value of 5µs for titanium sapphire [35]. The
ASE has a typical contrast of 106 − 1011 and a duration of few nanoseconds.
The occurrence of pre-pulses on the nanosecond-scale can be explained by the dif-
ference of the repetition rate of the oscillator and the amplification chain. The
repetition frequency of the oscillator is determined by the length of the laser cavity

10 ps-10 ps-100 ps 100 ps

pre-pulses 
on ps-scale

ampli�ed spontaneous
emisson, C = 106 - 1011

uncompensated spectral
phase

main-pulse

post-pulses,
C = 104 - 108
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pre-pulses,
C = 105 - 108

C = 103 - 106

Figure 1.3: Typical temporal intensity distribution of a multi-terawatt laser pulse.
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(Equation1.47). A typical Ti:sapphire-oscillator operates at around 80 MHz which
corresponds to temporal pulse distance of 12.5 ns. In order to reduce the frequency
to 10 Hz which is typically the operating frequency of the amplifier system, optical
switches (Pockels-cells) are used. These cells make use of an electro-optical effect
which rotates the polarization plane of the incident light. A subsequent polariza-
tion filter then blocks or transmits the laser pulse depending on the applied voltage.
Since the transmittance of the filter is ≥ 0.1% in reverse-biasing, pre-pulses of this
kind are not entirely suppressed before the amplification chain.
Similarly a pre-pulse can be generated by the leakage of a regenerative amplifier if
it is employed in the laser system. In this connection the laser pulse is amplified in
several round trips before it gets transmitted to the subsequent amplifiers by means
of a Pockels-cell and a polarization dependent mirror. Typically, the pre-pulse is
situated ∼ 10 ns before the main pulse and has a typical contrast of ∼ 105.
In addition pre-pulses on the picosecond-scale can be generated due to unwanted
reflections in the regenerative amplifier. Since the surface of the Pockels-cell is
not antireflection coated and perpendicular to the optical path the main pulse is
subjected to unwanted reflections.
Besides, pre-pulses on the picosecond-scale with a broad range of contrasts and
durations can be transformed from post-pulses at similar absolute delay values due
to the nonlinearity of CPA-systems [36].
A slow decrease of the picosecond contrast to the ASE level indicates the existence
of higher orders of the spectral phase, which are not entirely compensated in the
compressor.
In principle the temporal contrast of high intensity laser pulses can be classified
into to regimes. On the nanosecond-scale the contrast is defined by the ratio be-
tween the peak intensity of the main pulse and the intensity of the preceding ASE.
The contrast ratio on the picosecond-scale is normally reduced due to one or sev-
eral pre-pulses with intensities higher than the ASE-level or by the existence of
uncompensated higher orders of the spectrat phase Φ(ω).
If the intensity of the pedestal reaches values of 1010 − 1013 W/cm2 a pre-plasma
can be generated depending on the temporal length and the kind of the illuminated
material (c.f. Section 3.3).
In order to circumvent a significant influence of ionization by ASE or pre-pulses the
contrast has to be better than 106 when intensities of approximately 1019 W/cm2

are reached. Because of the hydrodynamic expansion of the pre-plasma the main
pulse cannot interact with a steep electron density gradient and the underlying
physics of the laser-plasma interaction is fundamentally changed.
For this reason a high temporal contrast is indispensable for several mechanisms.
These are for example the generation of high harmonics on solids [37] or the radi-
ation pressure acceleration (RPA) of ultra-thin foils [38].
One way to enhance the contrast is to minimize the creation of ASE or the gener-
ation of pre-pulses in the first place. This is normally achieved by a sophisticated
setup of the amplification chain, but also the temporal shaping of the pulse can
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influence the contrast ratio. An other way of contrast enhancement consists in the
suppression of all light preceding the main pulse. Therefore, a temporal switch
with a small response time is needed. Conventionally ultra-fast Pockels-cells are
used in this context, but their efficiency is limited by their rise time which is in the
range of hundreds of picosecends.
Essentially, every realization of a temporal switch which operates on a femtosecond
time scale is governed by an nonlinear optical process. If the process of contrast
enhancement depends on the intensity I(t), it can be described by means of a filter
function f(I(t)). The filtered intensity If (t) = f(I(t)) can be expressed by a Taylor
expansion

f(I(t)) =

n

cn · In(t) (1.54)

whereby nonlinear filter processes are indicated by the appearance of coefficients
cn ̸= 0 (n > 1). The contrast enhancement ∆C can be defined as the ratio of the
contrast of the filtered laser pulse Cf and the contrast C of the initial laser pulse

∆C =
Cf
C

=
If (t0)/If (t)

I(t0)/I(t)
=

I(t)

f(I(t))
· f(I(t0))

I(t0)
. (1.55)

Obviously, a contrast enhancement is not possible if the filter function is linear
f(I(t)) = c1 · I(t) and gets more and more efficient the higher the order of the
nonlinear optical process.
In order for the change to happen very fast a high order nonlinearity is desirable. It
means that a small change in intensity can make the desired effect go from negligible
to dominant. A usual setup for contrast enhancement consists of a focussing and
a collimating element. The nonlinear optical component is usually placed in the
convergent beam on a linear stage. By moving the component closer or further
towards the focus the intensity trigger can be set to the up-flank of the pulse.
In the following the plasma mirror and the cross-polarized wave (XPW) generation
process are presented, as two examples for contrast enhancement that are applied
at the MBI.

Plasma Mirror

The functional principle of a plasma mirror consists in the abrupt rise of the reflec-
tivity of a material as soon as an intensity threshold of the incident light is reached.
For that purpose the laser pulse is slightly focused on a dielectric surface. If the
illumination parameters of the incident pulse and the target material are chosen
in a way that the reflectivity is small, most part of the ASE and the pre-pulses
are transmitted. If the focussing of the pulse is adjusted correctly the intensity
threshold for plasma creation is reached in the moment the rising edge of the main
pulse arrives at the surface. Instantly an overcritical plasma is generated on the
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time scale of femtoseconds. Since the laser pulse cannot penetrate into the plasma
further than the skin depth, the light gets reflected on the plasma surface.
By means of a plasma mirror the contrast can be increased by more than two or-
ders of magnitude [39]. The use of two dielectric substrates and the staged plasma
creation on both surfaces can increase the contrast even further. This setup is
called double plasma mirror and leads to a contrast enhancement of four orders of
magnitude [40, 41].

Cross-polarized wave generation

The so called cross-polarized wave (XPW) generation process can be described
as a self-induced nonlinear intensity dependent rotation of the polarization state.
Figure 1.4 illustrates the basic idea of how this process can be used for contrast
enhancement.
A linearly polarized laser pulse impinges on a polarizer (∥). The transmitted wave is
called fundamental wave (FW) and is polarized in (∥)-direction. It has the initial
amplitude A0 and the angular frequency ω∥. The focussing of the FW into an
nonlinear medium initiates the XPW process which can be classified in the group
of frequency degenerate (four wave mixing [42])

ω⊥
out = ω∥ + ω∥ − ω∥. (1.56)

As a result of this process a linearly polarized wave (XPW) with the amplitude B
and the angular frequency ω⊥

out is generated. It has the same frequency as the FW,
but a perpendicularly oriented polarization (⊥). A second polarizer (⊥) is used
for the separation of the XPW and the FW. The process occurs in media with

polarizer (  )   cubic crystal
χ(3) − anisotropy 

A0

B
A

B

polarizer (   )

Figure 1.4: Basic concept of using the XPW generation process for contrast enhance-
ment.
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anisotropy of third order nonlinearity that is an anisotropy of the χ(3) tensor

σ =
χ
(3)
xxxx −


χ
(3)
xxyy + 2χ

(3)
xyyx


χ
(3)
xxxx

̸= 0. (1.57)

A cubic crystal provides this prerequisite and is isotropic in respect to linear prop-
erties at the same time. Therefore, birefringence cannot occur and phase and group
velocities of both waves, the XPW and the FW, are identical. This leads to ideal
phase and group velocity matching within the crystal and thus results in a very
hight efficiency η of the XPW generation process.
The self-phase modulation of the component A polarized in the direction of the
FW and the generation of the XPW with amplitude B can be described [43] on
condition |B| ≪ |A| by the equations

dA

dz
= iγ∥ |A|2A,

dB

dz
= iγ⊥ |A|2A, (1.58)

whereby γ∥ = γ0[1 − (σ/2)sin(2β)], γ⊥ = −(σ/4)sin(4β), γ0 = (6π/λm)χ
(3)
xxxx and

β = mπ/4 (m an odd number) [43, 44]. With the initial conditions B(0) = 0 and
A(0) = A0 (A0 real), the solution to the systems of Equations 1.58 is given by

A = A0 exp

iγ∥A

2
0L

, (1.59)

B = A0


γ⊥/γ∥

 
exp


iγ∥A

2
0L

− 1

. (1.60)

where L is the length of the nonlinear media. The efficiency of the XPW process
is defined as the ratio between the intensity of the XPW Iout at the output of the
nonlinear medium and the input intensity Iin of the FW

η =
Iout
Iin

=
|B(L)|2

|A0|2
= 4(

γ⊥
γ||

)2 sin2(γ|||A|2L/2). (1.61)

If self-phase modulation is small γ∥|A|2L ≤ 1 the expression for η can be simlified

η = (γ⊥)
2|A|4L2 ∝ γ2⊥I

2
inL

2. (1.62)

The integration of the XPW generation process within the amplification chains of
the high intensity laser systems at MBI leads to a contrast enhancement ∆C = 104

and is described in detail in reference [45].
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1.5 Gaussian Optics and the Focussing of a Laser

Pulse

After amplification and compression of the laser pulse, the intensity can be in-
creased further by focussing the beam with parabolic mirrors. In this case the
minimum laser focus and the maximum intensity is only limited by diffraction.
The fundamental transversal mode within a laser cavity constitutes a Gaussian
beam. Therefore, the Gaussian optics is predestined to model the propagation of
a laser beam [30].
For a time-harmonic wave of frequency, the Maxwell’s equations (wave equation)
take the form of the Helmholtz equation (Formula 1.23). In free space it can be
expressed by 

∆+ k2

E(x, y, z) = 0, (1.63)

where E(x, y, z) is the complex field amplitude for any polarization component of
the electric field vector and k = nω/c. Under the assumption, that the “principal“
propagation direction is along the z-axis, the complex field amplitude can be written
as product of a fast and slowly varying part in z-direction

E(x, y, z) = ψ(x, y, z)e−ikz, (1.64)

where ψ(x, y, z) describes the transverse profile and its slow variation in propaga-
tion direction. Substituting this expression into the Helmholtz equation yields

∇2ψ − 2ik
∂ψ

∂z
= 0. (1.65)

In order to find a solution for paraxial waves, the so called “Paraxial approxima-
tion“ in wave analysis can be applied∂2ψ∂z2

≪ 2k

∂ψ∂z
 , ∂2ψ∂z2

≪ ∂2ψ∂x2
 , ∂2ψ∂y2

 . (1.66)

This means that the variation of the field amplitude in propagation direction is
both, slow on the scale of λ and slow on the scale of transverse extent of the wave.
Therefore, the longitudinal component ∂2ψ/∂z2 can be neglected and the Helmholtz
equation can be written in the form of the so called paraxial wave equation

∇2
⊥ − 2ik

∂

∂z


ψ(x, y, z) = 0, (1.67)

where ∇2
⊥ = ∂2/∂x2 + ∂2/∂y2. Under the assumption that the solution has cylin-

drical symmetry, the paraxial wave equation can be written in the form

1

r

∂

∂r


r
∂ψ

∂r


∇2ψ − 2ik

∂ψ

∂z
= 0, (1.68)
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with r2 = x2 + y2. In this case the solution given by the fundamental (lowest-
order TEM00) Gaussian mode ψ0 and the complete expression for the fundamental
Gaussian beam can be expressed by

E(x, y, z) = E0 ψ0(x, y, z) exp (−ikz)

= E0
w0

w(z)
exp


− r2

w2(z)


exp


−i kr2

2R(z)


exp [−i(kz − ϕ(z))] . (1.69)

The beam waist w0 (or minimum spot size radius) is connected to the Rayleigh
range z0 by the equation

z0 =
π

λ
w2

0. (1.70)

Therefore, it determines the spot size radius w(z), the radius of curvature R(z)
and the Guoy phase shift ϕ(z) of the Gaussian beam

w(z) = w0


1 +


z

z0

2

, (1.71)

R(z) = z


1 +

z0
z

2
, (1.72)

ϕ(z) = arctan


z

z0


, (1.73)

depending on the position z (cf. Figure 1.5.A). Due to Equation 1.70 also the
intensity

I(r, z) = |E(r, z)|2 = I0


w0

w(z)

2

e
− 2r2

w(z)2 (1.74)

is connected to the Rayleigh range z0 [29, 30]. The power of the laser beam

P =

 ∞

0

I(r̃, z) 2πr̃ dr̃ =
1

2
I0

πw2

0


(1.75)

is connected with the integral of the intensity over a transversal plane at position
z. Similarly, the power P (r) passing through a circle of radius r in the transverse
plane at position z is can be defined by

Pr(r) =

 r

0

I(r̃, z) 2πr̃ dr̃ (1.76)

and the ratio q between the encircled power and the total power can be expressed
by

q =
Pr
P

=

 r

0

I(r̃, z) 2πr̃ dr̃ = 1− e
− 2r2

w(z)2 . (1.77)
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For a Gaussian distribution, the intensity drops down to 1/e2 of its maximum
value for r = w(z). In this case the ratio q is approximately 86%. At the position
r = rHM,I(z), with

rHM,I(z) =


0.5ln(2) · w(z), (1.78)

the intensity (Equation 1.74) is at half of its maximum value in the transverse
plane at position z. Therefore, the FWHM of the intensity is defined by

dHM,I(z) = 2 · rHM,I(z) = 2 ·

0.5ln(2) · w(z). (1.79)

For a circle with radius r = rHM,I(z) the fraction of the power q which is transmitted
through this circle is 50%. Naturally, this value can be reduced further due to
aberrations and deviations from the Gaussian profile.
The focussing of an aberration free Gaussian beam using an ideal parabolic mirror
is limited by the laws of Gaussian optics, i.e. the diffraction of the beam. Using a
parabolic mirror with the focal length f , a beam with waist size w0 can be focused
on an area with the new beam waist

w′
0 =

w0
1 +


z0
f

2 . (1.80)

If the beam is collimated, i.e. if the Rayleigh length of the incident beam is much
longer than the focal length of the parabolic mirror, the equation can be approxi-
mated by

w′
0 ≈

λ

πw0

f = θ0f, (1.81)

where θ0 is the half opening angle of the focussed beam. In this case w′
0 is the

smallest possible waist size. Since the beam diameter D ≈ 2w0 determines the

z
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Figure 1.5: A - Dependence of the spot size radius w(z) of a Gaussian beam on the
position z. B - Parameters of an off-axis parabolic mirror.
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aperture of the parabolic mirror, the characterization of the mirror by the f-number

kf =
f

D
≈ f

2w0

(1.82)

is reasonable. This allows for an simple estimation of the smallest possible waist
size

w′
0 =

2λ

π
FA =

2λ

π

f

D
. (1.83)

In order to separate the focus position from the incident beam, a segment of a
paraboloid can be applied, as illustrated in Figure 1.5.B. If the optical axis of the
incident beam does not coincide with the parallel axis of paraboloid the focus point
has the distance lOAP to optical axis. This distance is referred to as off-axis-distance
and determines the off-axis-angle θOAP by the equation

lOAP = 2f tan


θOAP

2


. (1.84)

The effective focal length feff is connected to the off-axis-angle θOAP by the equation

feff =
2f

1 + cos (θOAP)
. (1.85)



2 Laser System

All presented experiments of this thesis were conducted with the high field laser
(HFL) system at the Max-Born-Institute (MBI). The system allows for pump-
probe experiments at intensities ≥ 5 · 1019 W/cm2. This chapter gives a short
overview of the laser system and explicates the synchronization and focus alignment
of two laser beams in the experiment.

2.1 Specifications
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Figure 2.1: Schematic setup of the multi TW laser system at the MBI. Laser arm A is
illustrated by the upper amplification chain and laser arm B by the lower one.

Figure 2.1 is schematic of the multi TW laser system at the MBI. It consists of two
separate Ti:sapphire amplifier chains which are optically synchronized and seeded
with a XPW-frontend. Due to the different architecture of these chains, laser pulses
with different pulse duration and temporal contrast are generated.
The upper amplification chain is called laser arm A and provides a pulse power of
100TW within a pulse duration τL of 25 fs (FWHM of intensity). It is a commer-
cial system from Amplitude TechnologyVR and is based on a regenerative amplifier
inclusive spectral steering. Its laser contrast, i.e. the ASE background level, has
a value between 109 and 1010. Laser arm B is illustrated by the lower amplifica-
tion chain. It is designed and constructed at MBI and consists only of multi-pass
amplifier sections. It delivers pulses with 30 fs duration and a power of 70TW. Its
ASE background level is between 1010 and 1011.
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High Temporal Contrast Front End

As described in Section 1.4 the temporal contrast of a high power laser system is
highly important for experiments on laser ion acceleration. The main source of
ASE in high power Ti:sapphire laser systems is usually the front-end. Since the
main amplification is achieved with the first amplifier, this stage is most important
for the final contrast ratio. The low energy level of the oscillator, losses in the
stretcher and implementations for the correction of the spectral phase can lead to
a low signal-to-noise ratio and the high amplification factor (∼ 106 − 107) limits
the bandwidth.
Conventionally, fast Pockels-cells were installed after the first amplifier to re-
duce the nanosecond ASE pedestal. Depending on the pump conditions of the
Ti:sapphire crystal and the timing of the Pockels-cells a laser contrast in the range
of 107 − 108 could be realized with laser arm B in this case [8].
For the presented experiments a novel high temporal contrast front end was de-
veloped [45] and implemented in the hight-power laser system at the MBI. The
system is based on negatively and positively chirped pulse amplification (NPCPA)
and the XPW generation process (cf. Section1.4). The XPW generation takes
place in a single CaF2 [011] crystal arrangement and has an efficiency η of 7%.
The generated pulses have a bandwidth of 80 nm, a stability of 6% and are applied
to seed both laser arms. Figure 2.2.A shows several measurement with a third order
cross correlator. The different colors illustrate the final contrast of laser arm A and
laser arm B with and without the application of the novel high temporal contrast
frontend.
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Figure 2.2: A - Contrast of laser arm A and laser arm B with and without the im-
plementation of the novel high temporal contrast frontend. B - Typical focal spot in
experiments due to the focussing of the laser beam with an off-axis parabolic mirror
(f/1.5).
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Laser Focussing and Intensity Calculations

To circumvented a damaging of optical components the high energy laser pulse is
extended to a beam diameter of approximately 70 mm before compression. The
resulting ultra-short pulse is guided in a vacuum beam-line to the experimental
chamber. Here, an off-axis parabolic mirror (f/1.5) with a focal length of 15 mm
is applied to focus the beam to a focal spot of a few micrometer (cf. Section 1.5).
Figure 2.2.B shows the typical intensity distribution of the focused laser pulse. The
diffraction rings are partially caused by imaging the focus with an additional lens.
However, without flattening the beam front which is distorted after propagating
through the amplification chain [46], an ideal focussing of the laser pulse is impossi-
ble. Since the application of a deformable mirror was not possible for the presented
experiments some of the side maxima may be due to this effect.
The intensity values were calculated with respect to the available pulse power after
compression and transmission through the beam-line. For the calculation of aver-
aged intensity values the following procedure was applied. First a two-dimensional
Gaussian distribution was fitted to the measured intensity distribution. As a re-
sult the following parameters were obtained. The off-set value, the position of the
calculated maximum, the rotation-angle of the distribution and two beam waists
w0,a and w0,b along the rotated axes.
The black curve in Figure 2.2.B borders the area where the intensity of the fit-
ted distribution is above 1/e of the calculated maximum (cf. Section 1.5). The
half-axes of this rotated ellipse correspond to the values w0,a/

√
2 and w0,b/

√
2,

respectively, whereby w0,a and w0,b denote the beam waists of the rotated one-
dimensional Gaussian distributions. This area could be used to calculate the mean
intensity of the measured distribution.
Similarly, an ellipse with the half-axes


0.5 ln(2) · w0,a and


0.5 ln(2) · w0,b (cf.

Equation 1.78) could be applied. In this case the ellipse borders the area where the
intensity of the fitted distribution is greater than half of the calculated maximum
value. If not stated otherwise, this definition is used for all calculated intensity
values in this thesis. In the presented case the measured distribution has a FWHM
of about 2.5µm− 3.0µm.

2.2 Synchronization and Focus Alignment

Due to the common front-end both laser arms are intrinsically synchronized to each
other. However, to allow for an equal pulse propagation length from the oscillator
to the experimental chamber, a delay line of approximately 25m was implemented
in laser arm B. For the fine tuning of both laser pulses an additional optical delay
stage was placed in the experimental chamber. Using a second-order autocorrela-
tor, a jitter of several femtoseconds between both pulses could be measured at this
position.
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Figure 2.3: Setup for the synchronization of the laser pulses and the alignment of the
laser foci applying the plasma shadowgraphy method.

To calibrate the delay stage in the experimental chamber in 10 Hz operation mode,
the plasma shadowgraphy method was applied. Both laser arms were focused in-
side the experimental chamber as illustrated by Figure 2.3.
One laser was used as a probe. Its focus point was placed at a defined and fixed
position in space. This position was used in following proton imaging experiments
as the source point of the probing proton beam. Behind the source focus (in z-
direction), the laser light of the probe beam is divergent. It was used to illuminate
the surface of a removable screen, which was placed before the entrance slit of an
energy sensitive proton detector. The direction to the center of this detector was
marked by a target point on the screen, as shown in Figure 2.4.A. Thus, the posi-
tion of the source focus and the target point on the screen defined the central axis
in z-direction for all experiments.
The focus of the pump laser was positioned at a defined distance in z-direction to
the source focus and its intensity was increased until the laser radiation generated a
plasma in air. Due to the local increase of the electron density, the created plasma
acted like a concave lens. The probe beam was influenced by this lens and a shadow
of the plasma spot became visible at the removable screen.
Figure 2.4.B shows a photograph of this shadow, whereby a charge-coupled de-
vice (CCD) camera was used, which is sensitive to infra red (IR) radiation. By
means of the optical delay stage the creation of the plasma at the pump focus
can be varied in time with respect for the arrival time of the probing laser light
at the point z=a. The position of the stage at which the probe beam is barely
distorted corresponds to the time when both pulses are overlapping in the plasma
at z=a. The plasma lifetime is of the order of nanoseconds and thus relatively long
compared to the laser pulse duration. Therefore, the position where the plasma is
generated can be found easily, which is an advantage over conventional correlation
devices.
For comparison, the temporal observation window of Cross-correlators or streak
cameras is much smaller, of the order of a few picoseconds. The accuracy of the
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A B
Target Point Shadow of the Plasma Spot

Figure 2.4: Photograph of the removable screen for the pulse synchronization and the
alignment of the laser foci. A - Illuminated screen with marked target point. B - Shadow
of the plasma spot on the illuminated screen.

presented method is approximately 1 ps which was more than sufficient for the con-
ducted experiments.
As explicated, an overlap between the two laser foci is not necessary for the syn-
chronization. This situation was used to align the pump focus with respect to the
defined central axis. The distance between the foci was usually set to 5 − 10mm
and the distance between the source focus and the removable screen was 450mm.
The alignment of the plasma shadow to the target point could be realized with an
accuracy of approximately 2mm. Thus, the pump focus could be positioned on
the central axis with a radial accuracy of approximately 25 µm.





3 Laser Plasma Interactions

This chapter describes the interaction of a laser pulse with a single electron and
introduces the basic physics of laser-plasma interactions, which is relevant for this
thesis.

3.1 Interaction of a Laser Pulse with a Single

Electron

The motion of a charged particle within an electromagnetic field in vacuum is given
by the Lorentz equation [47]

dp

dt
=
d (γmv)

dt
=− q (E + v ×B) , (3.1)

d (γmc)

dt
=− q (v ·E) . (3.2)

The Normalized Vector Potential

In the non-relativistic regime (γ ≈ 1) the v × B-term is negligible. Assuming a
linearly polarized plane wave with the amplitude E0 and the angular frequency ωL,
a single electron oscillates in the field with a maximum displacement (ymax) and a
maximum velocity (vmax) of

ymax =
eE0

meω2
L

, vmax =
eE0

meωL
. (3.3)

Using the maximum velocity of Formula 3.3 the dimensionless normalized vector
potential a0 is defined by

a0 =
vmax

c
=

eE0

meωLc
. (3.4)

The relation with the intensity can be derived using Equations 1.19 and 3.4

I0 =
a20
λ2
· ϵ0m

2
ec

5

2e2
(2π)2 ≈ a20

λ2
· 1.37 · 1018 W/cm2 · µm2. (3.5)
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In the relativistic regime (γ ≫ 1), Equation 3.3 is not valid anymore and the equa-
tion of motion 3.1 has to be treated fully relativisticly. In this case, the normalized
vector potential a0 shows values greater than one, corresponding to an intensity of
> 1018 W/cm2 · µm2.

Relativistic Electron Motion in the Laser Field

This section describes the motion of a single electron in the presence of a focused
laser pulse. It partly follows the description given in reference [47]. First, the
discussion is simplified and the laser field is described as a plane electromagnetic
wave. Subsequently, the influence of a temporal and spatial dependent field ampli-
tude will be taken into account.
An elliptical polarized wave propagating in x-direction can be expressed by the
vector potential

A =

0, δA0 cos (Φ), (1− δ2)

1
2A0 sin (Φ),


(3.6)

where Φ = ωt − kx is the phase of the wave and A0 the amplitude of the vector
potential. The polarization parameter δ has a value of {±1, 0} for linear polariza-
tion and


±1/
√
2

for circular polarization. The relation between the momentum

p of the electron and the gamma factor γ is given by

γ =


1 +

p2

m2c2

 1
2

(3.7)

and the functional dependency between the momentum p and the velocity v of the
electron can be expressed as

p = γmv. (3.8)

The fields E and B are connected with the vector potential by the following rela-
tions

E = −∂A
∂t

=


0, −∂Ay

∂t
, −∂Az

∂t


, (3.9)

B = ∇×A =


0, −∂Az

∂x
, +

∂Ay
∂x


. (3.10)

Substitution of Equation 3.6 yields a relation between the field amplitudes E and
B with the amplitude of the vector potential A0.

E0 = ωA0, B0 = kA0. (3.11)
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Using Equations 3.4 and 3.11 the normalized vector potential takes the form

A0 =
mec

e
a0. (3.12)

In the following, vector quantities which are directed parallel to the propagation
axis (x-axis) of the electromagnetic wave are denoted with ⊥ and those perpendic-
ular to this axis with ∥. Based on Formula 3.10 the vector product v ×B can be
expressed as

v ×B =


vy
∂Ay
∂x

+ vz
∂Az
∂x

, −vx
∂Ay
∂x

, −vx
∂Az
∂x


. (3.13)

Substituting this into the Lorentz Equation 3.1 results in a relation of the perpen-
dicular component of the momentum

dp⊥
dt

= e


∂A

∂t
+ vx

∂A

∂x


. (3.14)

Integration of Equation 3.14 yields

p⊥ = eA+ p⊥0, (3.15)

whereby the constant of motion p⊥0 denotes the initial component of the momen-
tum perpendicular to the x-axis. The difference between the derivative of the
parallel component of the momentum (Equation 3.1) and the energy Equation 3.2
leads to the equation

dpx
dt
− d (γmec)

dt
= −evy


∂Ay
∂t

+
∂Ay
∂x


− evx


∂Az
∂t

+
∂Az
∂x


. (3.16)

Since the electromagnetic wave is a function of ωx − kt, the right side of Equa-
tion 3.16 is zero and an integration leads to

γ − px
mec

= α, (3.17)

where the constant of motion α is not determined yet. A conversion of Equation 3.7
yields γ2−p2x/(mec)

2−p2⊥/(mec)
2 = 1. With that, Equation 3.17 leads to a relation

between the parallel and perpendicular components of the momentum

px
mec

=
1− α2 + (p⊥/mec)

2

2α
. (3.18)

This is the Lorentz covariant equation of motion of a single electron in a plane
electromagnetic wave [48]. The solution of this equation is obtained by integration
and allows for the determination of the constants of motion p⊥0 and α. The
following simplifications are introduced with the use of Equation 3.17

dΦ

dt
=
∂Φ

∂t
+

px
γme

∂Φ

∂x
=
ωα

γ
, (3.19)

p =γme
dr

dt
= γme

dΦ

dt

dr

dΦ
= ωmeα

dr

dΦ
. (3.20)
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Laboratory Frame

If the electron is at rest before the interaction it follows that p⊥0 = 0, px0 = 0
and γ = 1. With Equation 3.18 this leads to α = 1 and on the basis of Equa-
tions 3.12, 3.15 and 3.18 the following relations for the momentum of the electron
can be deduced

px = mec
a20
4


1 +


2δ2 − 1


cos (2Φ)


, (3.21)

py = mec a0 δ cos (Φ), (3.22)

pz = mec a0

1− δ2

 1
2 sin (Φ). (3.23)

By means of Equation 3.20 the trajectory of the electron in the Laboratory Frame
can be derived

x =
c

ω

a20
4


Φ +

(2δ2 − 1)

2
sin (2Φ)


, (3.24)

y =
c

ω
a0 δ sin (Φ), (3.25)

z = − c
ω
a0

1− δ2

 1
2 cos (Φ). (3.26)

Equation 3.23 shows that the electron momentum in x-direction exhibits a constant
component which is superposed by a component oscillating with twice the laser
frequency. The meaning of this component becomes clear by changing of the frame
of reference. Averaging over the fast varying phase Φ, results in a mean momentum
or a mean drift velocity, respectively

px = mec
a20
4
, vx = c · px

γ
= c · a20

4 + a20
. (3.27)

Average Rest Frame

The frame which moves with the velocity vx in x-direction with respect to the
laboratory frame is called average rest frame. In this frame the mean momentum
of the electron in x-direction px is zero. Averaging Equation 3.18 over a laser cycle
with px = 0 gives

α =


1 +

a20
2

 1
2

≡ γ0. (3.28)

Substituting this back in Equation 3.18 leads to the following set of Equations:

px = mec
a20
4γ0


2δ2 − 1


cos (2Φ), x =

c

ω

a20
4γ0

1

2


2δ2 − 1


sin (2Φ), (3.29)

py = mec a0 δ cos (Φ), y =
c

ω

a0
γ0

δ sin (Φ), (3.30)

pz = mec a0

1− δ2

 1
2 sin (Φ), z = − c

ω

a0
γ0


1− δ2

 1
2 cos (Φ). (3.31)
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Figure 3.1 illustrates the electron trajectory in the average rest frame for different
polarizations, with a normalized vector potential of a0 = 2 and an angular frequency
of ω = 2.35 · 1015 1/s. For a plane wave with linear polarization in z-direction
(δ = 1), the electron motion takes place in the x-z-plane and resembles a figure of
eight. For circular (δ = 1/

√
2) polarization, the component which oscillates with

2Φ disappears. Therefore, the electron movement is restricted to the y-z-plane and
the motion is circular with a radius of a0/(

√
2γ0).

A B

Figure 3.1: Trajectory of an electron in the field of a plane electromagnetic wave in the
average rest frame. The normalized vector potential is a0 = 2 and the angular frequency
ω = 2.35·1015 1/s. A - Linear polarization (δ = 1). B - Circular polarization (δ = 1/

√
2).

Finite Pulse Duration

So far, the finite pulse duration of a laser pulse has not been considered in the
derivation of the electron movement. Mathematically, the temporal distribution
of a laser pulse can be described by the product of the amplitude of the vector
potential A0 with a time dependent envelope function f(x, t): A0 → A0f(x, t).
Therefore, the vector potential has the form

A =

0, δA0f(x, t) cos (Φ), (1− δ2)

1
2A0f(x, t) sin (Φ)


. (3.32)

For instance the envelope f(x, t) can be represented by a Gaussian function

f(x, t) = exp


−(ωt− kx)2

2ω2σ2
t


= exp


− Φ2

2ω2σ2
t


, (3.33)

with the temporal width σt. In principle, the equation of motion cannot be solved
analytically any more. If the SVEA is applicable, the factor a0 in Equations 3.21
to 3.23 can directly be substituted by a0f(x, t) and the trajectory of the electron can
be evaluated numerically. Figure 3.2 shows the electron motion in the laboratory
frame under the influence of a Gaussian pulse with a temporal width of σt = 5 fs
and different polarizations. The normalized vector potential a0 is 2 and the angular
frequency ω has a value of 2.35 · 1015 1/s. Since the transverse momentum is a
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constant of motion, the net energy gain of the electron is zero for both polarizations.
The electron comes back to rest as soon as the laser pulse is gone. In addition, it
is only displaced in propagation direction of the pulse.

A B

Figure 3.2: Trajectory of an electron in the laboratory frame under the influence of a
Gaussian pulse with a temporal width of σt = 5 fs. The normalized vector potential is
a0 = 2 and the angular frequency ω = 2.35 · 1015 1/s. A - Linear polarization (δ = 1).
B - Circular polarization (δ = 1/

√
2)

3.2 Ponderomotive Force

Taking into account the spatial dependency of the electromagnetic field distribu-
tion within a real laser pulse, the situation differs. Let’s consider an electron being
at rest and located in the center of a laser focus. Furthermore, the electric field
vector is assumed to be zero at the beginning. In the first half of the laser cycle, the
electron is accelerated predominantly in the direction of the electric field vector and
leaves the center of the focal region. Outside the center, the laser field is weaker.
Therefore, the electron does not completely come back to rest when the field re-
verses in the second half cycle of the laser period. The electron is subjected to the
so called ponderomotive force. In the non relativistic regime this net force points
in opposite direction of the gradient of the electric field amplitude and pushes the
electrons out of regions of high intensity.
For the derivation of the ponderomotive force, two timescales must be separated [49].
The fast motion of the particle is on the time scale of the laser period 2π/ω and
the slow motion is described by the ponderomotive force. The latter one depends
on the spatial distribution of the electromagnetic field amplitude and the slow time
dependence of the laser field envelope. The real electric field of a laser pulse can
be written as

E(r, t) =
1

2


Ê(r, t)eiωt + Ê

∗
(r, t)e−iωt


. (3.34)

It can be assumed that the field amplitude Ê contains the factor e−ik·r and describes
the laser field envelope, having a slow time dependence in comparison to the laser
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frequency. For this reason and because of Equation ∇×E = −∂B/∂t the comlex
magnetic field can be expressed as

B̂(r, t) =
i

ω
∇× Ê(r, t). (3.35)

Expressed in a Taylor expansion the field amplitude Ê has the form

Ê(r, t) = ϵÊ(r0, t) + ϵ2 ((r − r0) ·∇) Ê(r, t)

r=r0

+ ... (3.36)

whereby the smallness parameter ϵ = 1 is used. Using perturbation theory the
Lorentz equation

mr̈ = · e [E(r, t) + v ×B(r, t)] (3.37)

can be written in terms of the power of ϵ by means of r = ϵr1 + ϵ2r2 + ... and
Equations 3.35 and 3.36

m

ϵr̈1 + ϵ2r̈2


=e


ϵ · 1

2


Ê(r0, t)e

iωt + c.c.

+ ϵ2 (∆r1 ·∇)

1

2


Ê(r0, t)e

iωt + c.c.


(3.38)

+ (ϵṙ1)×
1

2


(i/ω)∇× ϵ


Ê(r0, t)e

iωt − c.c.


. (3.39)

In the last equation and for the rest of this section the ∇-operator is supposed to
act on r0 for notational convenience. In first order the motion of the particle is
determined by the fast oscillating component of the electric field at the position r0

mr̈1 =
1

2


Ê(r0, t)e

iωt + Ê
∗
(r0, t)e

−iωt

. (3.40)

Neglecting the slow time dependence of Ê(r0, t), the corresponding velocity and
position are given by

ṙ1 = −
ie

2mω


Ê(r0, t)e

iωt − Ê
∗
(r0, t)e

−iωt

, (3.41)

∆r1 = −
e

2mω2


Ê(r0, t)e

iωt + Ê
∗
(r0, t)e

−iωt

. (3.42)

In the next higher order the Lorentz equation has the form

mr̈2 =
e

2


(∆r1 ·∇)


Ê(r0, t)e

iωt + c.c.

+ ṙ1 ×


(i/ω)∇×


Ê(r0, t)e

iωt − c.c.


.

(3.43)

Substituting of Equation 3.41 and 3.42 leads to

mr̈2 =
e

2


− e

2mω2


Êeiωt + Ê

∗
e−iωt


· ∇

Êeiωt + Ê

∗
e−iωt


(3.44)

+
e

2mω2


−iÊeiωt + iÊ

∗
e−iωt


×∇×


iÊeiωt − iÊ∗

e−iωt


(3.45)

=
e2

4mω2


Ê · ∇Ê∗

+ Ê ×∇× Ê
∗
+ c.c. + Ω2ω


, (3.46)
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whereby Ω2ω collects all terms ∼ e±i2ωt. Upon averaging over a laser cycle, all
terms of Ω2ω disappear and by means of the identity

A×∇×B +B ×∇×A+A · ∇B +B · ∇A = ∇A ·B (3.47)

the expression for the nonrelativistic ponderomotive force is obtained

F p,nr = mr̈2 = −
e2

4mω2
∇
Ê(r0, t)

2 . (3.48)

In this connection, the position r0 in Ê(r0, t) refers to the so called oscillation
center. The fully relativistic derivation of the force delivers an additional factor
1/γ [50]

F p = − e2

4mγω2
∇
Ê(r0, t)

2 , (3.49)

whereby γ can be regarded as the cycle averaged mass increase of an electron

γ =


1 +

a20
2
. (3.50)

By means of Equation 3.4 the ponderomotive force can be derived from the pon-
deromtive potential, which is defined by

Φp := mc2 ·


1 + a20 − 1


. (3.51)

3.3 Laser Generated Solid Density Plasmas

If a laser pulse impinges on matter, atoms are ionized and cleared away as soon as
the damage threshold of the material is reached. A plasma is only generated if the
intensity of the pulse is high enough. The damage thresholds of media can vary
over several orders of magnitude and depend on the band gap Eg of the respective
material. Since the energy of a single near infrared photon Ep = ℏω ≈ 1.3eV is
much lower than binding energy of electrons in atoms, linear absorption of the laser
light is not the dominant process of plasma generation.
Nevertheless, high intensity laser pulses can efficiently generate solid density plas-
mas by means of nonlinear excitation mechanisms, like nonlinear photo ionization
or collisional ionization [51].
Concerning the nonlinear photo ionization, a distinction must be drawn between
multiphoton ionization, tunnelling ionization and barrier suppression ionization.
At moderate intensities an electron can absorb multiple photons at once. In this
case multiphoton ionization is the dominant process. At higher intensities, when
the electric potential of the laser pulse is of the order of the coulomb potential,
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 multiphoton ionization
γK < 1.5

tunneling ionization
γK > 1.5

multiphoton and 
tunneling ionization

γK = 1.5

free carrier absorpiton impact ionization barrier suppression
ionization

Figure 3.3: Nonlinear ionization processes during the interaction of high intensity laser
pulses with solids

electrons can tunnel through the barrier and tunnel ionization becomes relevant.
By means of the so called Keldysh parameter γK [52] the ionization regime of a
laser can be determined quantitatively

γK =
ω

e


mecnϵ0Eg

I
, (3.52)

whereby me is the mass and e the charge of an electron. The refractive index of
the medium is denoted by n. Here, ω and I are the frequency and intensity of the
laser pulse. When the Keldysh parameter γK is smaller (larger) than 1.5, photo
ionization is a tunnelling (multiphoton) process. Around a Keldysh parameter γK
of 1.5 a combination of both processes takes place. At 800 nm the refractive index
of aluminum is n = 2.8 and the first ionization energy accounts to Eg = 5.98 eV.
The intensity at which the Keldysh parameter γK is 1.5 is given by

IAl = 6 · 1013 W/cm2. (3.53)

At very high intensities the electron can even be freed by suppression of the barrier
below the binding potential. This process is known as barrier suppression ionization
(BSI) and is dominant for typical laser intensities of the order of 1 ·1019 W/cm2[47].
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The real ionization dynamics of solid targets is naturally more complicated, because
the barrier suppression is influenced by free ions and electrons. In addition, impact
ionization can take place in the presence of free electrons. Because free electrons
can gain kinetic energy in the laser field (free carrier absorption), they can ionize
bound electrons by collisions (impact ionization). If the mean free time between
two collisions is less than the pulse duration, the excited electrons can also gain
enough energy to contribute to this avalanche ionization process [47, 53]. Figure 3.3
illustrates the proposed ionization mechanisms of this section.

3.4 Debye Length

In order to quantitatively investigate the shielding of electric fields within a plasma,
a test charge is assumed to be in the origin of a coordinate system. Assuming
spherical symmetry, the Poisson equation of a hydrogen plasma [54] is given by

∇2Φ =
1

r2
d

dr


r2
dΦ

dr


= −ρ/ϵ0 = −

qδ(r)

ϵ0  
1

+ e
ne − ni
ϵ0  
2

, (3.54)

whereby δ(r) is the dirac-delta function, e the elementary charge and ni and ne
are the ion and electron density, respectively. The charge density ρ is composed
of two terms. The first term (1) describes the charge density of a test charge in
vacuum and the second term (2) accounts for the charge density distribution in the
plasma. In the classical case, the electron distribution is given by the Boltzmann
distribution and depends on the potential energy qΦ

dN ∼ exp


−me/2v

2 − eΦ(r)
kBTe


dx3dv3. (3.55)

Integration over the velocity dependent part of the distribution function yields an
expression of the electron density in the space domain

ne =
dN

dx3
= ne,0 · exp


eΦ

kBTe


, (3.56)

whereby kB denotes the Boltzmann constant and ne,0 the mean concentration of
electrons. Assuming that the plasma is ideal (eΦ/kBTe ≪ 1) and that the plasma
approximation is valid (ne,0 = ni,0), the exponential function can be expressed in a
first order Taylor polynomial and the effective charge density of the right term (2)
in Equation 3.54 can be written as

e (ne − ni) = ene,0 · exp


eΦ

kBTe


− ene,0 (3.57)

≈ ene,0


1 +

eΦ

kBTe
− 1


= ne,0

e2Φ

kBTe
. (3.58)
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Substituting this ansatz in the Poisson Equation 3.54 a solution is can be found

Φ(r) = − e

4πϵ0r
exp


− r

λD


. (3.59)

Here, λD denotes the Debye length which is defined by

λD =


ϵ0kBTe
ne,0e2

. (3.60)

Figure 3.4 compares the trend of the Coulomb potential in vacuum and in a plasma
with a Debye length λD = 1µm. For r ≪ λD the exponential function in Equa-

0.0 0.5 1.0 1.5 2.0 2.5 3.0
r/ D [1]

0

1

2

3

4

5

(r)
 [m

V]

Coulomb Potential

in vacuum
with Debye shielding

Figure 3.4: Coulombpotential of a single point charge in vacuum or in plasma (with
Debye shielding, λD = 1µm).

tion 3.59 is in good approximation around 1 and the potential is close to the
Coulomb potential in vacuum. At the characteristic length r = λD the electro-
static potential drops down by a value of around 1/e. Since the potential decays
exponentially, which is much faster than the 1/r-decay in vacuum, the potential of
a test charge is shielded by the surrounding plasma for distances greater than the
Debye length (r ≫ λD).
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3.5 The Plasma Frequency

A periodical oscillation of the charge density within a plasma is called plasma
oscillation. In order to describe the oscillations of electrons within a cold plasma,
the thermal motion of the particles and the pressure gradient force are not taken
into account. Furthermore, the ions are regarded as immobile in relation to the
electrons and serve as a stationary charge neutralizing background. Thus the ion
density ni = n0 is constant. The electron density ne(r, t) is expressed by means of
a small perturbation n′

e(r, t) [55]

ne(r, t) = n0 + n′
e(r, t), (3.61)

whereby |n′
e| ≪ n0. For simplicity, a hydrogen plasma is assumed. Therefore, the

charge density is given by

ρ(r, t) = −e [n0 + n′
e(r, t)] + en0 (3.62)

and the Poisson equation can be written as

∆Φ(r, t) = ∇ ·E(r, t) =
ρ(r, t)

ϵ0
= − e

ϵ0
n′
e(r, t). (3.63)

Similarly, the induced electric field E(r, t) and the average electron velocity ve(r, t)
are assumed to be first order perturbations. Using Equations 3.61 and 3.62 the
continuity equation can be linearized

∂ρ(r, t)

∂t
+∇ · j(r, t) = 0 ⇒ ∂n′

e(r, t)

∂t
+ n0∇ · ve(r, t) = 0. (3.64)

Newtons second law describes the kinetic response of the particles to the force of
the induced electric field E(r, t) and takes the form

∂ve(r, t)

∂t
= − e

me

E(r, t). (3.65)

Combining Equations 3.63, 3.64 and 3.65 leads to the differential equation of a
harmonic oscillator

∂n′
e(r, t)

∂t2
+ ω2

pn
′
e(r, t) = 0, (3.66)

whereby the natural frequency

ωp =


n0 e2

me ϵ0
(3.67)

is called (nonrelativistic) electron plasma frequency. The fully relativistic deriva-
tion [56] of the plasma frequency delivers the additional factor


1/γ (Equa-

tion 3.50)

ωp,rel =


n0 e2

me γ ϵ0
. (3.68)
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3.6 The Dielectric Plasma Medium

A plasma can be described as a dielectric medium with a scalar permittivity ϵ.
For simplicity it is assumed that the ions are stationary and serve as a charge
neutralizing background. If the charge density ρe and the electron current density
je are defined by

ρe = −ene + qn0, je = −eneve, (3.69)

the plasma can be described by the equations in vacuum. Here, ne denotes the
electron density and n0 is the constant ion density. In the unmagnetized case, the
equations that include the sources are given by

∇ ·E =
ρe
ϵ0
, ∇×B − 1

c2
∂

∂t
E = µ0je. (3.70)

For an dielectric medium without external sources these equations correspond to

∇ · (ϵE) = 0, ∇×B − 1

c2
∂

∂t
(ϵE) = 0. (3.71)

The other equations are identical in a dielectric medium and in vacuum.
As described in the previous section, electrons at distances beyond λD can be
regarded as free. If an electromagnetic wave impinges on the plasma, the motion
of these electrons is governed by the electric field amplitude of the incident light.
Their deflection se can be described by the differential equation of a driven and
damped oscillator [54, 57]

∂2se(r, t)

∂t2
+ νe

∂se(r, t)

∂t
=− e

me

E(r, t), (3.72)

where νe is the electron collision frequency and me is the electron mass. Substitut-
ing the electron current density of Equation 3.69 in Equation 3.72 yields

∂je(r, t)

∂t
+ νeje(r, t) =ϵ0ω

2
pE(r, t). (3.73)

The Fourier transform of this differential equation with the substitution ∂
∂t
→ −iω

results in the algebraic equation

−iωje(r, ω) + νeje(r, ω) =ϵ0ω
2
pE(r, ω) (3.74)

which can be solved for the electron current density in the frequency domain

je(r, ω) =
ϵ0ω

2
p

νe − iω
E(r, ω) = σE(ω)E(r, ω), (3.75)
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whereby σE(ω) denotes the electrical conductivity. Subtituting je(r, ω) into Equa-
tion 3.70 and comparing the Fourier transforms of Equations 3.70 and 3.71 yields
the dielectric function of the plasma medium

ϵ = 1 +
iϵ0
ω
σE = 1−

ω2
p

ω2 + iνeω
. (3.76)

Using this expression of the permittivity ϵ, the validity of the left side of Equa-
tion 3.71 can be shown [54], which proves that a plasma can be treated as a dielec-
tric medium. Assuming high frequencies and a collisionless plasma the dielectric
function ϵ(ω) is real. In this case the refractive index n =

√
ϵ of a plasma

n =


1−

ω2
p

ω2
(3.77)

depends only on the plasma frequency ωp or on the electron density ne, respectively.
If the angular frequency of the incident light is smaller than the plasma frequency
(ω < ωp), the refractive index becomes imaginary. In this case the electromag-
netic wave is partially reflected or absorbed and the plasma is called over-critical
(over-dense). In the opposite case (ω > ωp) the refractive index is real and the
electromagnetic wave can propagate within a so called under-critical (under-dense)
plasma.
The critical electron density nc indicates the transition between an under- and
over-dense plasma and is defined by the condition ω = ωp. For a laser wave length
of λ = 800 nm the corresponding critical electron density is given by

nc =
ϵ0meω

2

e2
= 1.7 · 1021cm−3. (3.78)



4 Laser-driven Ion Acceleration

Compared to vacuum, the motion of a particle in plasma is not exclusively deter-
mined by the direct action of the laser pulse (cf. Section 3.1). On the contrary,
the particle motion is governed by collective fields, which are created due to the
ionization of the target by the laser pulse. In addition, the laser pulse itself is
modified by nonlinearities in the generated plasma medium.
Due to their higher charge-to-mass ratio electrons are accelerated first by the laser
pulse, while the heavier ions respond slower. The displacement of the electrons
leads to the formation of quasi-static charge-separation fields, which vary on a rel-
atively slow time scale compared to the electron dynamics.
In addition, quasi-static magnetic fields are created by the laser-induced electron
currents. The proton and ion acceleration takes place on a longer time scale due
to the action of these collective plasma fields [47].
The ion acceleration mechanism which is both used and investigated in this thesis
is based on the generation of electric charge-separation fields. Its basic principle
will be presented in this chapter. Besides this, a number of alternative accelera-
tion mechanisms exist, which are not described in detail here. A good summary
can be found in review articles [58, 59]. Moreover, this chapter introduces several
absorption mechanisms which are relevant for laser-plasma interactions at relativis-
tic intensities and, in addition, several mechanisms for the generation of magnetic
fields are presented.

4.1 Absorption Mechanisms

Since the laser pulse interacts primarily with electrons, the absorption of laser light
in plasmas has an important impact on the generation of the collective plasma
fields that govern the ion acceleration. The laser energy absorption to plasma
electrons and waves is a highly complex process and depends on a variety of laser
and plasma parameters. For this reason, only the absorption mechanisms relevant
for laser-driven ion acceleration are briefly introduced. A detailed description can
be found in several reviews [60–62].
In case of initially solid targets, the laser light absorption is most efficient at the
critical surface, i.e. where the electron density ne equals the critical density nc ≈
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1.7 · 1021 1/cm3 (Equation 3.78). The laser pulse can be absorbed due to several
mechanisms:

• In the initial stage, i.e. for lower intensities (ILλ
2
L ∼ 1012− 1017 Wµm2cm−2)

and steep plasma gradients (L = ne/(dne/dx) < 1µm), the absorption is
dominated by resonant absorption and inverse bremsstrahlung [60].
The resonant absorption can still be important for higher intensities, i.e. for
the absorption of the main pulse, if the plasma scale length Lcr at the critical
density is of the order of the laser-wavelength or larger and the obliquely
incident laser light is polarized parallel to the plane of incidence.

• Vacuum heating or Brunel absorption [63, 64] is gaining increasing im-
portance for the main pulse absorption if the plasma gradient is sharp and
the laser p-polarized.

• J × B heating [65] is connected with the oscillating component of the pon-
deromotive force (Sections 3.1 and 3.2). This absorption mechanism becomes
important for lower plasma gradients and relativistic intensities. In the case
of high-density plasmas with sharp gradients, its effectivity decreases [60].

Finally, it should be mentioned that the laser absorption can be considerably in-
creased due to multi-dimensional effects, such as the bending or rippling of the
plasma surface [66]. In addition, certain absorption mechanisms which are ab-
sent in the one-dimensional case will gain importance. For instance the resonant
absorption in the case of s-polarization or normal incidence.

4.2 Acceleration by Electric Charge Separation

Fields

Many experiments on laser-driven ion-acceleration have shown a characteristic
quasi-thermal distribution of the ion energy with a cut-off at some energy ϵi,max.
Based on the plasma expansion into vacuum [67–72] a variety of theoretical mod-
els [73–77] were developed, which can describe the generation of these features.
The principle process is similar for all models and is illustrated in Figure 4.1. A
laser pulse irradiates the surface of a foil. Typically a pre-plasma is generated
due to ASE or the existence of a pre-pulse (cf. Section 1.4). Depending on the
dominant absorption mechanism the energy of the main pulse is absorbed in the
laser-plasma interaction and transferred into hot electrons (A). Some of the accel-
erated electrons penetrate through the target and leave the foil on its rear side (B).
The resulting positive charge of the foil forces some electrons to turn around and
reenter the target. This leads to the formation of a strong charge-separation field
between the electrons and the foil surface. The atoms in the vicinity of the target
surface are ionized and accelerated within the strong electric field (C). The ions
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Figure 4.1: Acceleration by electric charge-separation fields at the rear side of a thin
foil. A - Ionization and pre-plasma creation by the weak precursor of the main laser pulse
(ASE or pre-pulse). B - Interaction of the main pulse with pre-plasma. Absorption of
laser energy and acceleration of hot electrons. C - Formation of a charge-separation field.
Ionization and acceleration of ions. D - Ion expansion into vacuum

expand into vacuum, following the electrons and the field declines (D).
In most of the models the ions are assumed to be initially cold, forming a sharp
boundary with vacuum. In contrast the electrons have a Boltzmann-like density
distribution

ne = ne,0exp


eΦ

kBTe


(4.1)

depending on the electrostatic potential Φ, whereby e is the elementary charge and
kB the Boltzmann constant. The hot electron density and temperature are denoted
by ne and Te, respectively. In one-dimensional models the electric field is obtained
by integrating the Poisson equation

ϵ0∆Φ = e (ne − Zni) , (4.2)
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whereby Zi denotes the charge number and ni is the ion density. Conventionally,
the maximum ion energy ϵi,max is proportional to the temperature of hot electrons
Te, however the proportionality factor depends on the details of the respective
model.

Target Normal Sheath Acceleration

In the case of the target normal sheath acceleration (TNSA) model, the plasma is
assumed to be neutral, with exception of a small region close to the expanding front.
A violation of the charge neutrality is only allowed in an area with an extension of
the order of the Debye length λD (Equation 3.60). In this case the initial electric
sheath field is given by

Esheath,0 =


2

eN

Te
eλD

=


8π

em
neTe

1/2

, (4.3)

whereby em is Euler’s number.

Ion Expansion into Vacuum

The model suggested by Patrick Mora [73] is presented in more detail, since it will
be used in Chapter 9 and 10 to describe the experimental observations. It describes
the isothermal plasma expansion into vacuum and explains the ion acceleration as
the result of charge separation.In between a positively and a preceding negatively
charged region an electric field is created which peaks at a definite position. Since
the accelerated ions accumulate at this position, an ion front is generated which
propagates with increasing velocity. In this isothermal description the plasma is
described with one electron temperature Te and does not cool down while expand-
ing. For this reason, the model intrinsically overestimates the velocity of the ion
front, which has been shown experimentally [78, 79]. An adiabatic model is pro-
posed in [74, 80].
In the isothermal model, the initial situation is a quasi-neutral plasma (ne = Zini)
which occupies the half-space z < 0 and begins to expand into vacuum. Here, Zi
denotes the charge number and ni is the ion density. The ions are initially cold and
the electrons have a Boltzmann-like density distribution depending on the electro-
static potential Φ, as described by Equation 4.1. In this one-dimensional model
the electric field is obtained by integrating the Poisson equation (Equation 4.2).
In addition, the equations of continuity and motion are necessary to describe the
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temporal and spatial evolution of the expansion
∂

∂t
+ vi

∂

∂z


ni = −ni

∂vi
∂z

, (4.4)
∂

∂t
+ vi

∂

∂z


vi = −

Ze

mi

∂Φ

∂z
. (4.5)

Using a Lagrangian code, Equations 4.1 to 4.5 can be solved and the time de-
pendent electric field at the ion front can be calculated numerically. As a good
approximation the analytic expression

Ef ≃
2Ec

2em + ω2
pit

2
, Ec =


ne,0kBTe

ϵ0
(4.6)

is provided [73], where em is the base of the natural logarithm and ωpi the ion
plasma frequency

ωpi =


ne,0Ze2

miϵ0
. (4.7)

Using Formula 4.6 the velocity of the ion front vfront and its positions zfront can be
obtained by integration of Equation 4.5

vfront ≃ 2csln

τ +
√
τ 2 + 1


, (4.8)

zfront ≃ 2
√
2emλD0


τ ln

τ +
√
τ 2 + 1


+
√
τ 2 + 1


+ 1

, (4.9)

where the normalized time τ is defined by

τ =
ωpit

2em
. (4.10)

The ion acoustic velocity cs is defined by

cs =
ZikBTe
mi

(4.11)

and the initial Debye length λD,0 is given by the relation

λD,0 :=


ϵ0kBTe
ne,0e2

. (4.12)

The local Debye length depends on the evolution of the electron density and is
defined by

λD = λD,0


ne,0
ne

. (4.13)
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According to reference [73] the following equation is valid at the position of the ion
front

(∂lnne/∂z)front = −
eEfront

kBTe
≃ 2/(cst). (4.14)

Using Equation 4.1 and 4.13, the temporal dependence of the Debye length at the
ion front can be approximated by

λD,front(t) ≃
cst√
2
=
λD,0 ωpi t√

2
. (4.15)

4.3 Magnetic Field Generation Mechanisms

In laser-plasma interactions quasi-stationary magnetic fields can arise from elec-
tron transport in the vicinity of the focal spot. In the absence of one-dimensional
symmetry, the accelerated electrons can return along a different path and create a
current loop which leads to the generation of a magnetic field. In short-pulse in-
teractions, a distinction is made between different mechanisms [47], such as radial
thermal transport, DC currents in steep density gradients, or fast electron currents.
The last two mechanisms will act primarily at early times (t < τL) in the overdense
(solid) region. In contrast, the thermoelectric magnetic field generation occurs on
a hydrodynamic timescale and persists much longer than the laser-plasma interac-
tion.

Thermoelectric Magnetic Field Generation

In the case of the thermoelectric magnetic field generation, the electron temperature
and the density gradients are not parallel, as illustrated in Figure 4.2.A. This leads
to the electromagnetic source term [81]

∂B

∂t
=
∇Te ×∇ne

e ne

. (4.16)

Under the assumption that the density gradient points predominately in the direc-
tion of the target normal, the magnitude of the field can be estimated [82] by

B ∼ 2 ·

τL
ps


kBTe
keV


L⊥
µm

−1 L∥
µm

−1

[MGauss], (4.17)

whereby τL is the laser pulse duration, Te the electron temperature and L∥ and
L⊥ the temperature and density scale length, respectively. This mechanism is well
known and has been observed in various experiments [82–84].



Magnetic Field Generation Mechanisms 55

Magnetic Fields due to DC Ponderomotive Currents

Another possibility for the generation of a magnetic field are DC currents in steep
density gradients, which are driven by temporal variations in the ponderomotive
force [85–87]. As discussed in Section 3.2 electrons are pushed away from the laser
focus due the gradient of the time-averaged laser intensity, i.e. the ponderomotive
force. In the adiabatic limit, i.e. for a constant laser intensity, the electron current
is eventually stopped by the electric field of the induced charge separation [47].
This leads to a local electron density depletion for a time period of approximately
the laser pulse duration. If the ponderomotive force F p (Equation 3.49) increases
in time, the electron push is never entirely balanced and some electrons will gain
the velocity

vp ∝ m−1
e F p ∼ ∇E2

L. (4.18)

In this case a net DC ponderomotive current Jp = enevp ∼ ne∇IL is induced,
whereby IL is the intensity of the laser pulse. The application of Ampère’s law
provides an estimation of the distribution of the field

∇B ∼ ∇× Jp ∼ ∇ne ×∇IL. (4.19)

Therefore, a magnetic field distribution in the sense of Figure 4.2.A is generated if
a radial laser intensity profile is incident on a steep density gradient.

Magnetic Fields due to Fast Electron Currents

Independent of ponderomotive effects, fast electron currents can be generated as a
consequence of the laser energy absorption (Section 4.1) to plasma electrons. De-
pending on the relevant absorption mechanism, fast electron currents can either be
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Figure 4.2: Geometry of magnetic field generation mechanisms. A - Thermoelectric
magnetic field (∇T ×∇ne). B - Ponderomotively generated magnetic field (∇ne×∇IL)
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directed into the target [88, 89] or along the target surface [90–92]. For intensities
above 1018 W/cm2 the electron flux nehvh can be significant, but will eventually be
compensated by a cold return current [47].
In addition magnetic fields may arise by the recirculation of electrons at the plasma
boundary [93, 94], Weibel-like instabilities [95] and the filamentation of the expand-
ing current sheet [96].
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5 The Thomson Slit Spectrome-
ter

In this chapter a modified version of the Thomson spectrometer, the so called
Thomson slit spectrometer is introduced [97]. This spectrometer type allows for
the determination of the angle dependent proton energy distribution ρ̃(β, ϵ). For
the retrieval of ρ̃(β, ϵ) a numerical processing of the recorded proton density distri-
bution on the detector plane ρ(x, y) is required. For this purpose a new numerical
method for the coordinate transformation from ρ(x, y) to ρ̃(β, ϵ) is developed and
described in detail. In addition, the energy resolution of the spectrometer is deter-
mined and compared to the resolution of a conventional Thomson spectrometer.

5.1 Setup

The setup (Figure 5.1) is comparable to a conventional Thomson spectrometer [8],
however the use of a thin slit instead of a pinhole allows additional information
to be gathered about the anisotropy of the proton beam in one dimension. The
small width of the slit in y-direction (sy ≈ 100 − 200µm) restricts the divergent
proton beam to the x-z-plane. Its length in x-direction sx ≈ 10mm determines
the maximum opening angle α = 2 · atan(sx/(2 · L1)) and thus the detectable
angle interval. Behind the slit the ions propagate mainly in z-direction and have
only a comparable small velocity component vx in x-direction. After the distance
L2 the particles reach the center of a combination of electric and magnetic field
plates. The combined field is static and mainly directed in x-direction. Due to
the field component Bx the ions are deflected in y-direction. After the additional
propagation length L3 a particle detector is located with a spatial resolution in the
x-y-plane. In first approximation the ions reach the position

y ≈ QBxlL3

mivz
(5.1)

on the detector, whereby Q is the charge of the ion, mi its mass and vz its velocity
component in z-direction [98]. The effective extension of the electric and magnetic
field is denoted by l. The distances L1, L2 and L3 are defined in Figure 5.1. The
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Figure 5.1: Implementation of a Thomson slit spectrometer in an experimental setup
for laser-driven ion acceleration

electric field Ex causes an additional deflection x of the ions in x-direction. In first
approximation this deflection can be described by neglecting the initial velocity
component vx and the slope propagation path through the magnet

x ≈ QExlL3

miv2z
=
C

2ϵ
, (5.2)

where C is a constant and ϵi the kinetic energy of the ion. Substituting Equation 5.1
into 5.2 yields the parabolic function

x =
miEx
QB2

xlL3

· y2 = D y2 (5.3)

which describes the parabolic deflection curve on the detector in first approxima-
tion.
The point of impact of a single ion on the detector in x-direction depends on its
initial ejection angle β = atan(vx/vz) ≤ α/2 with |β| ≤ α/2 and the electric field
deflection x and is given by

x̃ =


L1 + L2 −

l

2


tan(β) + x. (5.4)
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5.2 Multi-Channel Plate

As a detector a multi-channel plate (MCP) coupled with a phosphor screen camera
was used. The MCP consists of a two-dimensional array of ultra-small diameter
glass capillaries. These channels are fused together and sliced in the shape of a
thin disc. Figure 5.2.A shows the section along the surface normal of the disc and
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Figure 5.2: A - Operating principle of a MCP. B - Time of arrival of protons and
carbon ions on the MCP depending on their energy. Here, a distance of 1220mm between
the ion source and the detector is assumed.

illustrates the operating principle. The inside walls of the channels are processed
to have a specified resistance. Thus each channel forms an independent secondary
electron multiplier. All channels are orientated in the so called bias angle (∼ 8◦)
which is formed by the channel axis and the axis perpendicular to the plate surface.
For this reason, all entering particles or x-rays impinge on the channel wall and
lead to the emission of secondary electrons. These electrons are accelerated by an
electric field due to the voltage UMCP = −1 kV, which is applied across the end
faces of the MCP. Travelling along parabolic trajectories they strike the opposite
wall. In this way further secondary electrons are produced. This process is repeated
several times along the channel. Finally a large number of electrons is released from
the output side and accelerated towards the phosphor screen due to the applied
voltage UPhosphor = 5kV. The light emitting phosphor screen is then photographed
by a cooled CCD camera with a resolution of 512 × 768 pixel. The used imaging
MCP (Hamamatsu, Type F1942-04) has an active area of 77mm in diameter. The
channel diameter is 25µm and the open area ratio is 60%. The imaging quality of
an MCP was verified with laser accelerated proton beams and projection imaging
of test objects and the energy dependent ion sensitivity was calibrated [99].
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5.3 Ion Traces

Figure 5.3 is a photograph of the phosphor screen emission and shows a typical
example of parabolic-shaped ion traces on the MCP. The traces are caused by
the record of a laser-driven ion beam with a Thomson slit spectrometer. The
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Figure 5.3: Recording of a laser-driven ion beam with a Thomson slit spectrometer.
Photograph of the phosphor screen emission coupled with the MCP (camera view).

traces represent different ion species, protons and positively charged carbon ions.
Due to the slit extension sx, the traces partly overlay each other, but are clearly
distinguishable. The width of the deflected traces cx in x-direction is given in first
approximation by the magnified projection of the slit on the detector screen

cx = (L1 + L2 + L3) · 2 · tan
α
2


. (5.5)

The ions were accelerated by irradiating a 5 µm thick titanium foil with a Ti:sapphire
laser pulse at an intensity of IL ≈ 1 · 1019 W/cm2. Protons and carbon ions origi-
nate from a contamination layer consisting of hydrocarbon and water [100, 101].
For some of the presented experiments in this work the detection of a pure proton
signal without the contribution of other ion species was crucial. Figure 5.2.B shows
the time of arrival of protons and carbon ions on the MCP as a function of their
energy. The green dashed line represents the applied voltage UPhosphor between the
MCP and the phosphor screen in connection with the arrival time of the particles.
By switching off the voltage 130 ns after the laser-plasma interaction an exclusive
proton signal with energies above 0.5MeV could be detected.
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5.4 Data Analysis

A precise study of Image 5.3 reveals that the parabolic shape of the proton trace is
not identical at its lower and higher edge and that the width cx of the trace changes
in y-direction. These characteristics can be explained by the specific magnetic field
distribution of the permanent magnet. To investigate a proton beam with the
opening angle α, a U-shaped magnet with a gap width of 4 cm was used. This
relatively high distance of the field plates leads to a considerable inhomogeneity of
the magnetic field components. In order to account for their influence on the ion
deflection, the components Bx, By and Bz were measured with a spatial step width
of 2.5mm in x- and y-direction and 1mm in z-direction. In addition 3D-field maps
were computed for each field component by the interpolation of the measured data
to a [1× 1× 1]mm grid. Figure 5.4 shows these field components in the x-z-plane
of the magnet at the position y = 0, which corresponds to the position of the slit
center in y-direction (cf. Figure 5.1).
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Figure 5.4: Magnetic field components in the x-z-plane of the permanent magnet at
the position y = 0. The positions x = 0 and y = 0 correspond to the center of the slit,
whereas z = 0 is the middle of the magnet in z-direction. A - Bx, B - By, C - Bz.
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The magnetic field distribution in the y-z-plane at the position x = 0 (slit center
in x-direction) is depicted in Figure B.7 in the appendix.
As illustrated the amplitude of each magnetic field component strongly varies in
x-direction. Therefore, the influence of the magnetic field on the particle trajectory
differs for ions which have the same energy but a different initial ejection angle β.
The trajectory of each particle is governed by the Lorentz force. Therefore, the
By and Bz components of the magnetic field become relevant if their amplitudes
are sufficiently strong and if the particle exhibits a velocity component which is
perpendicular to one or both of these field components.
Depending on β the ejected particle has a velocity component in x-direction and
due to the main field component Bx the particle gains a velocity component in y-
direction during its propagation through the field. As visible in Figure 5.4 and B.7
the field component Bz show values of the order of Bx. In addition the effective field
extension in z-direction is relatively large (l ≈ 10 cm). Therefore, their influence
of the secondary field components By and Bz on the particle deflection should be
taken into account.
The electric field caused by one of the two electric field plates can be described by
the equation

E = −∇ ·

 σ

4πϵ0

 a/2

−a/2

 b/2

−b/2

1
(x− x0)2 + (y − y0 − y′)2 + (z − z0 − z′)2

dy′ dz′

 ,

(5.6)

where the integral and gradient can be calculated analytically. The extensions of
the field plates in y- and z-direction are given by a = 5 cm and b = 5 cm and the
values x0, y0 and z0 determine the position of the field plates in space. The surface
charge σ can be calculated by means of the applied voltage (U ≈ 7 kV) and the gap
width dg = 4 cm between the two field plates. Due to Formula 5.6 the electric field
vector has a spatial dependence and is not only directed in x-direction. Because the
gap width dg is comparable to the extensions of the field plates a, b the anisotropy
of the field even appears for two parallel field plates. Therefore, the influence of
the electric boundary fields on the particle deflection should be considered.
Since equations 5.1 to 5.4 account only for the x-components of the electric and
magnetic fields, they provide a relatively inaccurate coordinate transformation be-
tween (β, ϵ), i.e. the initial ejection angle β and energy ϵ of a proton, and the point
of impact on the detector (x, y). Thus, these formulas are not suited to transform
the measured proton density distribution ρ(x, y) into a distribution ρ̃(β, ϵ) that
depends on the initial ejection angle β and energy ϵ of a proton.
For a quantitative analysis of the coordinate transformation between (β, ϵ) and
(x, y) a commercial 3D-particle tracing software has been applied [102]. Using the
particle tracer the ion trajectory within the electric and magnetic field configura-
tion in the spectrometer can be simulated in three dimensions. Thus the point of
impact on the MCP (x(β, ϵ), y(β, ϵ)) of a single proton can be calculated depending
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on its initial ejection angle β and energy ϵ. Figure 5.5 illustrates the flight path
and impact points of two protons with different initial energies (ϵ1, ϵ2) and ejection
angles (β1, β2) in the x-z-plane. Their corresponding initial momenta are denoted
by p⃗1 and p⃗2, the impact points on the MCP by (x1, y1) and (x2, y2).
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Figure 5.5: Flight path and impact points of two protons with different initial energies
(ϵ1, ϵ2) and ejection angles (β1, β2) in the x-z-plane.

Mathematically this dependence can be described by means of a coordinate trans-
formation

Φ(β, ϵ) = (Φx(β, ϵ),Φy(β, ϵ)) (5.7)

x = Φx(β, ϵ), y = Φy(β, ϵ), (5.8)

whereby the function Φ(β, ϵ) describes the simulated deflection in the x-y-plane of
the detector. Its reverse function is denoted by Φ−1(x, y) and formally given by

Φ−1(x, y) = (Φ−1
β (x, y),Φ−1

ϵ (x, y)) (5.9)

β = Φ−1
β (x, y), ϵ = Φ−1

ϵ (x, y). (5.10)
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The existence of the reverse function is only justified if Φ(β, ϵ) is a bijective function.
This has been confirmed in the particle simulation by the fact that the family of
curves Φϵc(β) = Φ(β, ϵ = ϵc) does not intercross on the detector plane for different
values of ϵc. The assumption that this behavior is realistic for a laser-accelerated
proton beam is reasonable since the transversal emittance of such a beam is low
and its source size is small compared to the distance between source and detector.
The transformation theorem

F
ρ(x, y) dx dy =


Φ−1(F)

ρ(Φ(β, ϵ)) · |det(DΦ(β, ϵ))| dβ dϵ (5.11)

allows the proton density distribution ρ̃(β, ϵ) to be defined depending on the proton
energy ϵ and the initial ejection angle β

ρ̃(β, ϵ) = ρ(Φ(β, ϵ)) · |det(DΦ(β, ϵ))| . (5.12)

Here the Jacobian determinant |det(DΦ(β, ϵ))| is defined by the equation

|det(DΦ(β, ϵ))| =
∂Φx

∂β

∂Φy

∂ϵ
− ∂Φx

∂ϵ

∂Φy

∂β

 . (5.13)

Using the particle tracer the trajectories of N = 5 · 106 particles with individual
starting conditions were calculated. For this purpose the initial proton ejection an-
gles β were distributed over an interval which is slightly bigger than β ∈ [−α/2, α/2]
and the proton energies were distributed over the interval ϵ ∈ [0.1, 5]MeV. This
allowed for the determination of x = Φx(β, ϵ) and y = Φy(β, ϵ) for an area on the
x-y-plane which corresponds to the region of the experimentally recorded proton
density distribution ρ(x, y) on the MCP.
An upper limit for the spatial resolution of the spectrometer is given by the pho-
tographed area of the phosphor screen (diameter ≈ 80mm) and the resolution of
the CCD camera with Nγ ×Nδ pixel, whereby Nγ = 512 and Nδ = 768.
The projection of each pixel (γ, δ) on the MCP corresponds to a position rγδ with
the constant effective area Aγδ = ∆r2M . Here ∆rM denotes the projected distance
of two neighbored pixels on the MCP. In the presented experiments ∆rM has a
value of approximately 100µm. Since the applied MCP (Section 5.2) has an open
area ratio of 60% with a channel diameter of 25 µm the spatial resolution of the
detection unit (MCP, phosphor screen, objective and CCD camera) is given by
∆rD = ∆rM ≈ 100µm.
The number of protons in the particle simulation that impinge on the area Aγδ
around the position rγδ is denoted by Nγδ. In order to guarantee that the energy
and angle resolution of the transformed density distribution ρ̃(β, ϵ) is not limited
by the particle simulation, the shape of the simulated energy distribution func-
tion was chosen in a way that the number Nγδ > 1 for γ = 1, 2, 3, ... , Nγ and
δ = 1, 2, 3, ... , Nδ.
By means of a triangulation algorithm the N simulated data points (xs, ys, ϵs, βs)
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Figure 5.6: A - Simulated distribution of the proton ejection angle β(x, y) (absolute
values) on the MCP. B - Simulated distribution of the proton energy ϵ(x, y) on the
MCP. C - Measured density distribution ρ(x, y) on the MCP. D - Calculated proton
density distribution ρ̃(β, ϵ) (Equation 5.12) depending on the initial ejection angle β and
proton energy ϵ.

with s = 1, 2, 3, ... , N are interpolated on a two-dimensional equidistant grid of
Ni × Nj data points (Ni = 600, Nj = 700) with an resolution of 100 µm. This
procedure results in the creation of the two-dimensional arrays βij and ϵij with
i = 1, 2, 3, ... , Ni and j = 1, 2, 3, ... , Nj. These arrays are connected via (i,j) to (x,y)-
coordinates and thus to the functions β(x, y) = Φ−1

β (x, y) and ϵ(x, y) = Φ−1
ϵ (x, y).

Figure 5.6.A illustrates the distribution of β(x, y) (absolute values) on the MCP and
Figure 5.6.B the spatial dependence of ϵ(x, y). In the shown case the main field
component Bx of the permanent magnet was orientated in negative x-direction,
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which led to a deflection of the protons in negative y-direction. Therefore, the
center of the MCP was placed below the slit height in experiment. At the same
time the electric field component Ex was directed in positive x-direction.
The emission of neutral ions and gamma-radiation leads to the projection of the slit
on the MCP. The position and rotation angle of the slit-projection is clearly visible
in all pictures of the phosphor screen. In combination with the knowledge of the
dimensions and distances of the spectrometer setup this can be used to identify the
relation between the coordinate system of the recorded images and the coordinate
system in the particle simulation. By means of rotation and interpolation of the
recorded images the relevant region of the photographed phosphor screen can be
transformed to a two-dimensional array (Ni × Nj pixel) with the same coordinate
system as in the particle simulation. This array is denoted by ρij (i = 1, 2, 3, ... , Ni

and j = 1, 2, 3, ... , Nj) and provides the ion density distribution ρ(x, y) on the
MCP.
Figure 5.6.C shows the measured 2D-distribution ρ(x, y) in the same coordinate
system as the calculated quantities β(x, y) and ϵ(x, y). The red lines in y-direction
correspond to the family of curves Φβc(ϵ) = Φ(βc, ϵ) with βc ∈ {−α/2, 0, α/2} and
illustrates that the calculated proton projections of the slit edges correspond well
to the measured proton density distribution ρ(x, y) on the detector screen. The
line in x-direction corresponds to the curve Φϵc(β) = Φ(β, ϵc) with ϵc = 2.2MeV
and its bending reflects the inhomogeneity of the permanent magnet.
In principle the knowledge of x = Φx(β, ϵ) and y = Φy(β, ϵ) and ρ(x, y) can be
used to determine proton density distribution ρ̃(β, ϵ) via Equations 5.12 and 5.13.
However, for the visualization of ρ̃(β, ϵ) with equidistant grid points (βl, ϵm) the
values of xlm = Φx(βl, ϵm) and ylm = Φy(βl, ϵm) are needed for these exact grid
points (l = 1, 2, 3, ... , Nl and m = 1, 2, 3, ... , Nm). In this case the required values
ρlm = ρ(Φ(βl, ϵm)) have to be interpolated on the basis of the measured array ρij.
For practical reasons another way is chosen. As described the functions β(x, y) and
ϵ(x, y) are calculated in the same coordinate system and at the same grid points as
ρ(x, y). This way the alignment of the fields in the particle simulation can be exam-
ined with respect to the measured distribution ρ(x, y). The reverse-transformation
of Equation 5.11 yields

ρ(x, y) = ρ̃(Φ−1(x, y)) ·
det(DΦ−1(x, y))

 . (5.14)

By means of the numerical derivatives of β(x, y) and ϵ(x, y) with respect to x and
y the Jacobian determinant |det(DΦ−1(x, y))| can be calculateddet(DΦ−1(x, y))

 = ∂β∂x ∂ϵ∂y − ∂ϵ

∂x

∂β

∂y

 . (5.15)

The division of the distribution ρij with the corresponding 2D-array |det(DΦ−1)|i,j
leads to the 2D-array ρ̃′ij = ρij/ |det(DΦ−1)|i,j which is already density corrected,
but still given in the x-y-coordinate system. Since the arrays βij, ϵij and ρ̃′ij are
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defined in the same coordinate system (i = 1, 2, 3, ... , Ni and j = 1, 2, 3, ... , Nj),
they provide a set of Np = Ni × Nj data points (βp, ϵp, ρ̃

′
p). The triangulation

and interpolation of these points to an equidistant grid of angle (βl) and energy
(ϵm) values (l = 1, 2, 3, ... , Nl and m = 1, 2, 3, ... , Nm) leads to the 2D-array ρ̃lm,
which describes the proton density distribution ρ̃(β, ϵ) (Equation 5.12) depending
on the initial ejection angle β and proton energy ϵ. Figure 5.6.D illustrates the
distribution for a selected energy and ejection angle interval
As visible in Figure 5.6.D no other ion species than protons are detected within
the interval β ∈ [−9,−7]mrad. Therefore, the integration over this interval yields
a pure one-dimensional proton energy spectrum, as illustrated in Figure 5.10.D.

5.5 Angle and Energy Resolution

As described in the previous section the spatial resolution ∆rD of the detection unit
(MCP, phosphor screen, objective and CCD camera) is approximately 100 µm. Ne-
glecting the influence of the inhomogeneous electric and magnet fields within the
Thomson slit spectrometer its angle resolution ∆β can be defined in first approxi-
mation by

∆β ≈ ∆rD
L

, (5.16)

where L denotes the distance between the ion source and the detector. In the
presented experiments the distance L was approximately 1m. In combination with
∆rD = 100µm this leads to the value ∆β ≈ 0.1mrad.
Before investigating the energy resolution of the Thomson slit spectrometer it is
instructive to review the energy resolution of a conventional Thomson spectrome-
ter. A general description of the energy resolution ∆ϵT(ϵ) which arises solely from
the pinhole geometry and is independent of the location of the field region was
proposed by Schneider et al. [103].
Figure 5.7.A illustrates the principal setup of a conventional Thomson spectrom-
eter. In first approximation the ion traces on the detector can be descriebed by
Equations 5.1, 5.2 and 5.3 and the distribution of each ion species has a parabolic
shape. However, these parabolas are not infinitely thin lines, but have a certain
width d. Due to the finite diameter dP of the used pinhole the ion beam is restricted
to a divergent beam with he opening angle δ ≈ dP/L1. In first approximation, ions
with the same energy are projected to a circular area on the detector with the di-
ameter d ≈ L δ. For a continuous energy spectrum the spectrogram can be thought
of as a superposition of these spots which are infinitely close together along the
parabola as shown in Figure 5.7.B.
The blue circle marks the region where ions with the energy ϵ impinge on the
detector, whereby the coordinates (x, y) = (x(ϵ), y(ϵ)) correspond to the posi-
tion of its center. The intersection points of the edge of this circle with the cen-
tral axis of the parabola have the coordinates (xmin, ymin) = (x(ϵmin), y(ϵmin)) and
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Figure 5.7: A - Principal setup of a conventional Thomson spectrometer. B - Parabolic
spectrogram on the detector with the width d ≈ Lδ.

(xmax, ymax) = (x(ϵmax), y(ϵmax)) and correspond to the energies ϵmin and ϵmax, re-
spectively. These points can be regarded as the centers of two additional circles
(green and red) which constitute regions on the detector that are reached by ions
with the respective energies. The point of contact of these two circles is close to the
position (x, y) = (x(ϵ), y(ϵ)). For this reason, this point is not only reached by ions
with the energy ϵ but also by ions with the energies ϵmin and ϵmax, respectively. The
full width of the interval [ϵmin, ϵmax] allows for a definition of the energy resolution
∆ϵT at this position

∆ϵT = ϵmax − ϵmin. (5.17)

The distances ∆x and ∆y in Figure 5.7.B. are defined by

∆x = xmax − xmin, (5.18)

∆y = ymax − ymin (5.19)
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and are connected with the width of the parabola d by the equation

d2 = ∆x2 +∆y2. (5.20)

The slope of the parabola dy/dx = y/2x can be calculated by means of Equation 5.3
and is used to rewrite the last equation

d2 =


1 +

 y
2x

2
∆x2. (5.21)

Using the approximation ϵmax · ϵmin ≈ ϵ2 as well as Equations 5.2, 5.17, 5.18 and
5.21 the energy resolution ∆ϵT can be expressed as

∆ϵT(ϵ) ≈ −
∆x

x
ϵ = − 2d · ϵ

4 x(ϵ)2 + y(ϵ)2
. (5.22)

This equation can be simplified further, if the relation x ≪ y is valid for the
ion trace on the detector. Substitution of Equation 5.1 into Equation 5.22 and
neglecting the term with x leads to the following dependence of the ion energy
resolution

∆ϵ̃T(ϵ) ≈
d

A
· ϵ

3
2 , A =


C

2D
=
QBxlL3√

2m
(5.23)

In order to calculate the energy resolution of the Thomson slit spectrometer and
to compare it with the energy resolution ∆ϵ̃T(ϵ) of a conventional Thomson spec-
trometer (Equation 5.23) a similar definition of the energy resolution is required.
Figure 5.8 illustrates the trajectories of ions with different starting conditions in
the Thomson slit spectrometer. For simplicity their propagation path and depen-
dencies are restricted to the y-z-plane.
The divergence angle γ = 2 ·atan(sy/(2 ·L1)) confines the detectable initial ejection
angle θ of an ion by θ ∈ [−γ/2, γ/2] and thus limits its possible velocity component
in y-direction.
The blue line corresponds to an ion with the initial energy ϵ and initial ejection
angle θ = 0. Its point of impact on the detector has the coordinate y(ϵ).
The green color marks the trajectory of an ion with the energy ϵmin and the initial
ejection angle θmin = −γ/2. In comparison to the blue ion its ejection angle and
energy are smaller, i.e. θmin < θ and ϵmin < ϵ. For this reason, the green ion can
reach the same position on the detector as the blue ion. In contrast, ions with
either higher ejection angles or higher energies are deflected to higher positions on
the detector y > y(ϵ). Therefore, the green ion has the minimal possible energy
ϵmin which still reaches the position y(ϵ).
Similarly, the red color indicates an ion with the maximum possible energy ϵmax > ϵ
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Figure 5.8: Limited energy resolution due to the geometrical design of the spectrometer.

that is not deflected to a positition y < y(ϵ) on the detector. As in the case of the
conventional Thomson spectrometer the full width of the interval [ϵmin, ϵmax] allows
for a definition of the energy resolution of the Thomson slit spectrometer

∆ϵS(ϵ) = ϵmax(ϵ)− ϵmin(ϵ), (5.24)

which can easily extended to two dimensions

∆ϵS(β, ϵ) = ϵmax(β, ϵ)− ϵmin(β, ϵ). (5.25)

Due to the considerable inhomogeneity of the electric and magnetic field compo-
nents within the spectrometer (Section 5.4) Equation 5.25 cannot be evaluated
analytically. Instead a 3D-particle tracer [102] was employed to calculate the en-
ergy resolution ∆ϵS(β, ϵ) of the Thomson slit spectrometer depending on the initial
ejection angle β and energy ϵ of a proton.
As Figure 5.9 shows, the dependence on the ejection angle β is negligible in the
presented case. Integration over the shown interval of β yields the average energy
resolution ∆ϵS(ϵ) which is illustrated by the blue curve in Figure 5.10.C.
Equations 5.22 and 5.23 describe the energy resolution ∆ϵT(ϵ) of a conventional
Thomson spectrometer and are illustrated in Figure 5.10.A by the yellow and red
dashed curve, respectively.
As shown in Figure 5.10.C these formulas can be applied to estimate the energy
resolution of the Thomson slit spectrometer if the projected slit width cy is used
instead of the projected pinhole diameter d. The red dashed curve illustrates this
estimation on the basis of Equation 5.23. The comparison with the blue curve
shows, that Formula 5.23 is a good approximation to describe the energy resolu-
tion of the presented Thomson slit spectrometer.
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Figure 5.9: Calculated energy resolution ∆ϵS(β, ϵ) depending on the initial ejection
angle β and energy ϵ of a proton. Here, the following parameters apply: L1 = 475mm,
L2 = 205mm, L3 = 231mm, sy = 266µm.

So far the derived equations of the energy resolution (Equations 5.22 to 5.25) do
neither account for the spatial resolution of the detection unit ∆rD nor for the
spatial extension of the ion source dS.
First we consider the finite spatial resolution of the detection unit ∆rD. Fig-
ure 5.10.B illustrates the derivatives of the coordinates x and y with respect to
energy. In the depicted energy interval dy/dϵ is higher than dx/dϵ. Since the
energy dispersion is higher in y-direction this direction is used to determine the
energy resolution ∆ϵP(ϵ) of the spectrometer which is caused by the the spatial
resolution of the detection unit ∆rD.
Substitution of Equation 5.2 into 5.3 yields a direct relation between the y-coordinate
y(ϵ) on the detector plane and the ion energy ϵ which is given by

y(ϵ) =
A√
ϵ
, (5.26)

where A is defined in Equation 5.23. Due to the spatial resolution of the detection
unit ∆rD the energy ϵ can also be detected at the positions

ŷmax(ϵ) = y(ϵ)−∆rD/2, ŷmin(ϵ) = y(ϵ) + ∆rD/2, (5.27)

where ŷmax(ϵ) < ŷmin(ϵ). On the other hand the coordinates ŷmin(ϵ) and ŷmax(ϵ)
refer to the energies

ϵ̂min(ϵ) = (A/ŷmin(ϵ))
2, ϵ̂max(ϵ) = (A/ŷmax(ϵ))

2, (5.28)

with ϵ̂min(ϵ) < ϵ̂max(ϵ). The full width of the interval [ϵ̂min, ϵ̂max] allows for a defini-
tion of the energy resolution of the Thomson slit spectrometer which is caused by
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the spatial resolution ∆rD of the detection unit

∆ϵP(ϵ) = |ϵ̂max(ϵ)− ϵ̂min(ϵ)| , (5.29)

which is illustrated by the blue curve in Figure 5.10.A. Derivation of Equation 5.26
with respect to ϵ yields the equation

dy/dϵ = (A/2) · ϵ−
3
2 (5.30)

and allows for a similar definition of the of the energy resolution in connection with
the limited spatial resolution ∆rD of the detection unit

∆ϵ̃P(ϵ) =
∆rD (dy/dϵ)−1

 , (5.31)

which is shown by the orange dashed line in Figure 5.10.A.
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Figure 5.10: A - Energy resolution of a conventional Thomson spectrometer. Yellow
curve - ∆ϵT(ϵ) (Equation 5.22). Red dashed curve - ∆ϵ̃T(ϵ) (Equation 5.23). Blue curve
- ∆ϵP(ϵ) (Equation 5.29). Orange dashed curve - ∆ϵ̃P(ϵ) (Equation 5.31). Black curve
- ∆ϵ(ϵ) (Equation 5.32). Green dashed curve - ∆ϵ̃T(ϵ) + ∆ϵ̃P(ϵ). B - Derivatives of the
coordinates x and y with respect to the proton energy ϵ. C - Spectrometer resolution
as a function of the proton energy. Blue curve - Simulated energy resolution ∆ϵS(ϵ)
using a 3D-particle tracer. Red dashed curve - Estimated energy resolution ∆ϵ̃T(ϵ) using
Formula 5.23. D - Proton energy spectrum for the angle interval β ∈ [−9,−7] mrad
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cy = 459µm, d = 459µm, α = 18.8mrad, l = 50mm, Bx = 343mT, Ex = 175 kV/m.
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In first approximation the energy resolution ∆ϵ(ϵ) which is caused by the combined
effect of the finite pinhole diameter dP and the finite spatial resolution of the
detection unit ∆rD can be written as the sum of the two corresponding parts

∆ϵ(ϵ) = ∆ϵS(ϵ) + ∆ϵP(ϵ). (5.32)

This dependency is illustrated by the black line in Figure 5.10.A.
In addition to the spatial resolution of the detection unit ∆rD the spatial extension
of the ion source dS can contribute to the total energy resolution of the Thomson
spectrometer. In first approximation dS can be regarded as the diameter of the
ion source. Under the assumption that each point of the source emits protons
isotropically in all directions, the projection of the source on the detector plane is
given by

d̃ =
L− L1

L1

(dS + dP) + dP. (5.33)

Therefore, the influence of a spatially extended ion source on the energy resolution
can be considered by replacing d with d̃ in Equations 5.22 and 5.23. However, in the
case of the TNSA mechanism the ion source is characterized by an extremely low
transversal emittance and an effective source size of ion emission with an extension
of several micrometers (c.f. Section 7.1). Using the model of the virtual source [104]
Equation 5.33 can be adapted

d̃ =
L− (L1 + |zv|)

L1 + |zv|
(dVS + dP) + dP. (5.34)

where |zv| denotes the distance of the virtual source to the real source (c.f. Sec-
tion B.1). In a previous experiment at the Max-Born-Institute [8] the extension
of the virtual source dVS and its distance zv to the real source was investigated,
whereby similar laser (laser arm B, c.f. Section 2) and target parameters were used.
As a result, a virtual source diameter dVS of approximately 8µm was found. In
addition a virtual source distance zv with values between −7mm and −23mm was
determined for the proton energy interval [0.4, 2.5]MeV. In the case of laser arm A
a virtual source distances zv in the range between −0.8mm and −1.7mm could
be determined as described in Section B.1. Considering these values, the relative
change of the projected source diameter (d → d̃) is less than 3%. Therefore, the
effect of the ion source extension on the energy resolution can be neglected for the
presented experiments in this theses.





6 The Beat in Ion Acceleration

This chapter describes a characteristic property of a laser-driven ion source, which
has been observed for the first time [28]. In preparation for proton streak deflectom-
etry measurements, a Thomson slit spectrometer was assembled and implemented
into a setup for laser-induced ion acceleration. For the enhancement of the temporal
contrast (∼ 1010− 1011) a new XPW front-end was designed [45] and implemented
in the chain of the MBI High-Field laser system. In order to analyze the influence
of the modified laser on the ion-acceleration process a thin foil was irradiated by
high intensity femtosecond laser pulses.
The application of the Thomson slit spectrometer allowed for the detection of
weak but regular modulations in the proton energy spectrum, which was not pos-
sible with a conventional Thomson spectrometer. The use of a thin and relatively
long entrance slit of the spectrometer provided a reasonable energy resolution in
combination with a spatial resolution that allowed the observed oscillations to be
discriminated against noise.
In order to explain the experimental findings several particle in cell simulations
were conducted and an analytical model was developed [28], which reflect the situ-
ation when intense femtosecond laser pulses with very high temporal contrast are
used for target normal sheath acceleration of ions.
Based on the simulation results and the outcome of the analytical model, the mod-
ulations can be attributed to the pulsing of the acceleration field itself. From this
standpoint the effect is a direct consequence of the periodical release of electron
bunches and is therefore linked to the frequency of the laser pulse. These results
are in good agreement with the experimental observations and strongly indicate,
that the observed modulations are a fundamental property of the ion source and
prove the extremely low longitudinal emittance of the accelerated ion beam.
The presented results are already published [28], however this chapter will provide
further insight into this topic and present additional findings.

6.1 Experimental Setup

For the generation of the proton beam, a 5 micron thick titanium foil (with its
adherent CH-contamination) was irradiated with a p-polarized laser pulse at a 10◦

77
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angle of incidence. The used Ti:sapphire laser (Chapter 2) provided a peak power
of 70 TW at a pulse length of 35 fs and a nanosecond contrast ratio to the ASE
background of 1010− 1011 [45]. The resulting intensity of IL ≈ 3 · 1019 W/cm2 was
calculated as described in Section 2.1.
For the ion detection the Thomson slit spectrometer (Chapter 5) was used. Its
entrance slit had a variable width sy in the range of 50µm to 100µm and a length
sx of approximately 8mm. The geometry of the setup is depicted in Figure 5.1.
The distance between the proton source and the entrance slit L1 was 475mm and
the length between the slit and the middle of the magnetic field plates L2 was
230mm. The center of the magnet had a separation distance L3 of 230mm to the
detector.
Considering these distances, the magnetic field strength Bx = 280mT within the
spectrometer and a slit width sy between 100µm and 230µm the proton energy
resolution is about (2-4) % of the calculated kinetic energy values.

6.2 Experimental Results

Figure 6.1 shows a recorded picture of the light emitting phosphor screen. The
density distribution reflects the dispersed ion energies on the MCP. Since the
electric field for separating the ion species in the spectrometer was switched off,
the density profile consists of protons and other accelerated ions overlaying in one
trace. A faint but clearly visible modulation of short period is detectable along the
trace. Here a slit width sy of 100µm was used.
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Figure 6.1: Photo of a recorded proton (ion) spectrum obtained with a MCP-detector

Additional experiments under similar conditions, but with the electric field switched
on, clearly show that this density modulation can be attributed to the proton sig-
nal as shown in Figure 6.2.A. In this picture the proton trace was recorded with
a energy resolution (sy ≈ 230µm) approximately two times lower compared to
Picture 6.1. Therefore, the modulation is blurred, but the features with stronger
modulation depth are still visible in the low energy part of the proton spectrum.
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Figure 6.2: Ion traces of two selected measurements (camera view). A - Without beam
filter and with modulations. B - With beam filter and without modulations.

In order to exclude that the observation is due to an artifact of the detection or the
spectrometer, a 0.8 micrometer thick aluminum foil has been placed in the prop-
agation path of the ion beam at a distance of 2 cm from the source. The second
foil acted as a beam filter, because the small scale scattering within the foil was
already sufficient to wash out the modulation, as depicted in Figure 6.2.B. Both
spectrograms of Figure 6.2 were recorded with the same laser and setup parameters
and correspond to the parameters proposed in Chapter 5.
The visible bending of the modulation lines in the spectrum is due to the variation
of the magnetic field in the U-type magnet (Chapter 5.4). The appearance of such
a characteristic curvature provides additional proof that the observed modulation
is an inherent energy dependent beam property.
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Former experiments [7] using a similar detection setup, but using a laser with a
peak to ASE-intensity level of about 107 have not led to similar observations. A
measurement of the temporal pulse shape [45] of laser arm 2, which was used in
these experiments, shows intensity wings starting to decrease the 1010 peak to ASE
contrast ratio at about 30 ps in front of the pulse peak.
The data set shown in Figure 6.1 has been chosen for further analysis because of its
comparable higher energy resolution. In this case the density modulation is visible
in the form of over one hundred bended lines. The numerical methods as described
in Chapter 5.4 were applied to the two-dimensional ion density distribution of Im-
age 6.1.
As a result, an averaged (β ∈ [−8, 8] mrad) proton density spectrum as a function
of energy is obtained, as illustrated by the blue curve in Figure 6.3. A contribution
of other ion species to the density distribution cannot be excluded in this case.
However, Measurement 6.2.A shows that the ion background has a slowly varying
energy dependence in comparison to the observed energy modulation in the proton
signal. The red curve in Figure 6.3 illustrates the average non-fluctuating signal
which is composed of all accelerated ion species. A subtraction of this curve from
the modulated spectrum (blue curve) allows for the determination of local max-
ima and minima in the proton energy spectrum. This so called density difference
spectrum is illustrated in the insert of Figure 6.3 for the energy interval between
0.4 MeV and 1.3 MeV and shows that the modulation is not a strong effect. How-
ever, an increase of the modulation period with energy is clearly visible in the
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Figure 6.3: Blue line: Averaged (β ∈ [−8, 8] mrad) proton density as a function of the
energy, based on Image 6.1. Red line: Average–non-fluctuating fit. Insert: Cutout and
background subtraction (blue line - red line) to visualize the modulation feature.
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spectrum.
A careful analysis of the two-dimensional density distribution in Figure 6.1 reveals
that the signal noise along one of the modulation lines (at a certain energy) is
comparable to the width and depth of the observed modulation itself or to the
differential density spectrum. Therefore, it is relatively difficult to discriminate
between noise and the weak modulation structure if only a single spectral trace
without spatial information is recorded. This reflects the situation if an entrance
pinhole of a few hundred micrometers is used, as in a conventional Thomson spec-
trometer. Only the use of a thin slit provided a reasonable energy resolution in
combination with a spatial resolution that allowed the observed oscillations to be
discriminated against noise. In this case, the resulting 2D-pictures immediately
reveal the appearance of the modulation structure.

6.3 Simulation Results

In order to reach an understanding of the observation, a particle-in-cell (PIC) sim-
ulation has been conducted by A. Andreev [28]. For this numerical modeling of
the experiment, a modified 2D-LSP-code [105] was applied, using 30 particles in a
cell of 4 × 12 nm and a simulation box of 50 × 50 µm. The simulation step was
of the order of 0.01 fs. The irradiation geometry of the model is identical to the
experiment. A laser pulse with a slightly higher intensity of IL = 5 · 1019 W/cm2

is incident on a 1 µm thick titanium foil with a 50 nm hydrogen layer attached to
the rear side of the foil. The temporal and spatial distribution of the laser field
is modeled by the use of super-Gaussian (order of 8) functions with 10 oscillation
periods τL (for kL ≈ 0.8 µm, τL ≈ 2.7 fs) and a spot size of 4 µm. The initial den-
sity profile has a rectangular shape and a value corresponding to the solid density
of the target material. Thus the temporal pulse and target density distribution
approximate the starting conditions for a laser-plasma interaction with a very high
temporal intensity contrast.
The numerical simulation of the laser-plasma interaction clearly shows the gener-
ation of fast electrons, which move through the target as separated bunches. As
illustrated in Figure 6.4.A, these bunches have a spatial separation length in the
range of (0.3− 0.4)µm. Considering that the electrons move with a velocity close
to the speed of light, this corresponds to a temporal separation (1.00 fs−1.34 fs) of
approximately half the laser cycle (τL/2 = 1.35 fs). Since the generation of electron
bunches within the time interval of τL/2 reflects the cyclic action of the pondero-
motive force in this irradiation geometry, this situation is not unexpected.
Figure 6.4.B shows the simulated electric field, which accelerates the ions at the foil
boundaries. The initial positions of these boundaries are indicated by blue vertical
lines. The temporal evolution of this acceleration field at the position 1040 nm, i.e.
at a distance of 40 nm from the initial rear foil surface is illustrated in Figure 6.5.A.
Oscillations on a time scale of the second harmonic of the laser frequency τL/2 are
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Figure 6.4: A - Calculated electron bunches in the coordinate space at the time moment
22.7 fs. B - Spatial electric field distribution at the time of laser pulse termination. Here,
EL denotes the electric field amplitude of the laser pulse and the blue lines show the initial
positions of plasma boundaries. Simulation done by A. A. Andreev - MBI

clearly visible. This effect is only reproduced by PIC-simulations with high resolu-
tion and disappears if the resolution is decreased (Figure 6.5.B). The appearance
of this modulation can be explained by the action of electron bunches at intervals
of τL/2. Each time an electron bunch passes through the boundary of the foil, the
electric sheath field is modulated due to the charge of the particles.
Since the electric field is responsible for the ion acceleration in the case of TNSA,
the temporal modulation of the acceleration field translates into a modulation of
the proton energy distribution. This is illustrated by Figure 6.6.A which shows the
simulated density difference spectrum of protons at a time moment of 200 fs after
the laser-matter interaction has started. In order to exclude that the modulation is
caused by numerical noise, several runs with different resolutions were conducted,
which could validate the simulation result.
Comparing the number of maxima (or minima) in certain energy intervals shows
that the modulation period (in terms of energy) is relatively independent on the
proton energy. This becomes clear by applying a Fourier analysis to the density
difference spectrum. Figure 6.7 shows the results of a numerical Fourier transfor-
mation for different energy intervals. The Fourier transform for the entire interval
between 0.4MeV and 1.3MeV is illustrated in Figure 6.7.D. The frequency (in
terms of MeV−1) has a local maximum at ∼ 21MeV−1, which corresponds to a
modulation period of ∼ 47 keV.
A comparison between the intervals [0.7, 1.0]MeV and [1.0, 1.3]MeV (Figures 6.7.B
and 6.7.C) reveals that the position of the main frequency component (in terms
of MeV−1) is slightly smaller in the interval with higher energies. This tendency
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Figure 6.5: Temporal dependence of the electric field in laser periods τL at the point
1040 nm of Figure 6.4.B, e.g. 40 nm from the initial boundary of the foil rear side.
A - With the proposed simulation parameters and high resolution. B - With a lower
resolution but a longer time interval. The red curve is an approximation of the temporal
decay when the laser pulse is gone using Et = EN/ (1 + (t− t0/τs)) with EN = 0.22,

t0 = 132 fs and τs = 30 fs. For the green curve the function Et = EN/


1 + (t− t0/τs)
2

with EN = 0.225, t0 = 124 fs and τs = 22 fs is used. Simulation done by A. A. Andreev -
MBI

is not supported by Figure 6.7.A, which corresponds to the lowest energy interval
[0.4, 1.3]MeV. However, it is likely that the resolution of the numerical simulation
is not sufficient to resolve the modulation in this interval, which makes the com-
parison meaningless.
The increase of the modulation period with energy would be consistent with the
experimental result which is illustrated in Figure 6.6.C and shows the final result
of the acceleration process. In contrast, the simulation result of Figure 6.6.A corre-
sponds to the energy distribution at the time instant 200 fs after the laser-matter
interaction. Therefore, this spectrum will develop further in time until it reaches
its final form.
The given simulation parameters can only guarantee a high accuracy of the calcu-
lated proton distribution function if the simulation time does not exceed a value of
approximately 200 fs. This is due to the limited simulation box and the boundary
conditions, which require that all particles are reflected at the edges of the box
(50 µm× 50 µm).
Since fast electrons move at a velocity close to the speed of light, their time of
flight for a distance of 50 µm is around 170 fs. Therefore, reflected particles start
to influence the ion acceleration process at higher simulation times and the proton
distribution function is affected.
Nevertheless, a simulation was conducted which calculated until the protons reached
their final velocities. In order to keep the computation time in reasonable limits,
the time step of the simulation had to be increased by a factor of two. Thus the
longer simulation time is a compromise with poorer time resolution. As a result,
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Figure 6.6: Modulations of the density difference spectrum as a function of the proton
energy. In the case of Fig. A and Fig. C the averaged smooth signal was subtracted from
the proton energy distribution. Simulation and model calculation done by A. A. Andreev
- MBI. A - Calculated density modulations from 2D-PIC simulation at a time moment
200 fs after laser-target interaction has started. B - Analytical 1D-model calculation.
C - Experimental result.
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the distribution was shifted to higher energies and kept the same characteristics,
but the fine modulation was blurred.
Considering that the calculated time duration of 200 fs is already close to the final
acceleration instant, the number of local maxima (minima) visible in the numerical
simulation (Figure 6.6.A) and the experiment (Figure 6.6.C) can be compared. In
the energy intervals [0.7, 1.0]MeV and [1.0, 1.3]MeV these numbers are quite simi-
lar. This becomes obvious by comparing the Fourier transforms of the experimental
and the simulated density difference spectra, which are shown in Figure 6.7.B and
Figure 6.7.C for the respective intervals.
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Figure 6.7: Fourier analysis of the density difference spectra of Figure 6.6 for differ-
ent energy intervals. The black curves correspond to the experimental data, the blue
curves to the model calculations and the yellow curves to the simulation results. A -
Energy interval [0.4, 0.7]MeV. B - Energy interval [0.7, 1.0]MeV. C - Energy interval
[1.0, 1.1]MeV. D - Energy interval [0.4, 1.3]MeV. All spectra are normalized separately.
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6.4 Model Results

The modulation of the electron density in space and time and its direct relation
to oscillations of the ponderomotive pressure is a substantial finding from the PIC
simulation. Based on this result a one-dimensional analytical model [28] was devel-
oped by A. Andreev using a perturbation ansatz. The model is described in detail
in Section B.4 of the appendix and discussed in relation to the simulation results
of the last section.
In principle, the model accounts for the influence of the generated electron bunches
by introducing a small perturbation of the electron density. The electron density is
modulated in space and time by a perturbation structure which has a characteristic
scale length of half the laser wavelength and propagates with a velocity close to
the speed of light. The applied system of equations is linearized and solved in first
order. As a result, the proton energy distribution function f (Equation B.23) is
obtained, which can be written as the sum of two parts f (0) (Equation B.13) and
f (1). The function f (1) = f − f (0) can be interpreted in analogy to the experimen-
tally determined density difference spectrum and is illustrated in Figure 6.6.B for
ξ ≫ 1. The trend of an increasing modulation period with higher proton energies is
clearly reproduced by the model. Furthermore, the number of maxima and minima
in a certain energy interval is similar to the experimental result. In the shown case
this number corresponds well for lower energies, i.e. the interval [0.4, 0.6] MeV.
The reason that the model only reproduces the number of peaks in a limited but
adjustable energy range is due to the applied low order approximation.

6.5 Discussion

The change of the modulation period with energy can be explained by the decelera-
tion of the electron bunch in the ambipolar field, as demonstrated in Equations B.19
and B.23. The experimental result confirms a property of ion beams accelerated
by means of the TNSA mechanism. The beam has an extremely low longitudinal
emittance and the ions are well ordered in energy and time, similar to a chirped
optical pulse. The proposed theoretical analysis gives strong indication that the
observed modulation in the distribution function of proton energies is related to
the half-period of the laser cycle τL/2. Therefore, the modulations can be used as
relative time stamps to draw conclusions concerning the acceleration process.
Assuming that the accelerating field only changes insignificantly within 1 fs, the ac-
celeration ap of protons with mass mp can be easily estimated for the time interval
τL/2 in which adjacent energy maxima with ϵp,i > ϵp,i+1 are created

ap,i ·
τL
2
≈

2ϵp,i
mp

 1
2

−

2ϵp,i+1

mp

 1
2

= vp,i − vp,i+1 = ∆vp,i. (6.1)
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This acceleration is of the order of 1020 m/s2 and corresponds to an accelerating
electrical field of about 1 MV/µm. These numbers had already been deduced
from several previous model calculations and simulations. Here they are derived
directly from a distinct experimental observation and one basic assumption. Both
the experimental result and the model calculation show that the modulation period
decreases with decreasing energy. Based on Formula 6.1 this signifies that a lower
acceleration and corresponding lower field strength is obtained for lower proton
energies. Using the modulations as definite time stamps, the temporal dependence
of the electric acceleration field can be derived using the equations

Ep,i =
mp

qp
· ap,i =

mp

qp
· ∆vp,i
τL/2

, (6.2)

tp,i = (τL/2) · i, (6.3)

whereby N denotes the maximum number of used modulation points. In this case
the electric field Ep,0 corresponds to the density modulation with the highest (used)
energy and tp,0 defines time zero.
Figure 6.8 illustrates this dependency (black curve), whereby the modulations be-
tween 0.15MeV and 1.3MeV were used for the calculation. Several functions were
tested to fit the decrease in time:

E1(t) =
E0

1 + ((t− t0)/τs)2
, E3(t) =

E0
(1 + ((t− t0)/τs))2

, (6.4)

E2(t) =
E0

1 + ((t− t0)/τs)
, E4(t) =

E0
1 + ((t− t0)/τs)2

. (6.5)

The green and red curves in Figure 6.8.A are based on formula E1(t) and E2(t),
respectively. These equations were used in Section 6.3 to approximate the tem-
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Figure 6.8: Temporal dependence of the electric field amplitude. A - The green curve
is based on formula E1(t) (Equation 6.4) with E0 = 2.5MV/µm and τs = 19 fs. The red
fit is uses formula E2(t) (Equation 6.5) with E0 = 3.0MV/µm and τs = 23 fs. B - The
blue curve is based on formula E3(t) (Equation 6.4) with E0 = 3.1MV/µm and τs = 59 fs.
The yellow fit is uses formula E4(t) (Equation 6.5) with E0 = 2.6MV/µm and τs = 35 fs.
In all cases t0 = −5.4 fs.
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poral field decay found by the PIC-simulation (cf. Figure 6.5.B). Formulas E1(t),
E2(t) and E3(t) corresponds well to accepted model considerations [73, 106] and
are used to describe the temporal field decay of an expanding ion front. Here, E0
is the initial electric amplitude and τs the characteristic temporal decay constant.
The constant shift in time t0 is introduced, since the zero point in Figure 6.8 is
not clearly determined and is set in accordance to the proton energy of 1.3MeV.
A temporal shift of t0 = −3 · τ/2 = −5.4 fs is used, since at least three additional
modulations are visible at energies > 1.3MeV.
As shown in Figure 6.1, more than one hundred modulations appear in the proton
spectrum within the energy interval between 0.12 MeV and 1.3 MeV. Let’s as-
sume that each of these modulations is caused by the action of a separate electron
bunch and that the bunches are accelerated within a temporal distance of half the
laser cycle (τL/2 = 1.35 fs) due to the laser-plasma interaction. In this case, the
process that generates the acting electron bunches lasts at minimum 135 fs, which
is approximately four times the laser pulse duration τp = 35 fs (FWHM of inten-
sity). One possible explanation for this behavior could be that the real duration
of ion (and electron) acceleration process is much longer than 35 fs. Possibly, the
electrons causing the observed effect are accelerated at intensities, which are much
smaller than the peak intensity IL ≈ 3 · 1019. This assumption is reasonable, since
energetic protons (with energies at the low energy side of the presented spectrum)
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Figure 6.9: Temporal distribution of the laser intensity IL(t).
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were also produced with a laser energy ten times reduced. This interpretation is
supported by the results of a third-order autocorrelation measurement of the laser
intensity IL(t) which is illustrated in Figure 6.9.
In Section 4.1 several mechanisms of laser light absorption in plasmas were pre-
sented which can lead to the collective acceleration of plasma electrons. For the
explanation of the observed modulations two mechanisms are of particular inter-
est. These are the Brunel absorption and the J × B heating. Both mechanisms
are relatively effective for the presented laser and target parameters of this section.
In addition, both mechanisms result in the generation of electron bunches with a
periodicity in the range of the laser cycle τL. In the case of J × B heating the
driving term of the acceleration is connected with the (not time averaged) pon-
deromotive force which oscillates at twice the laser frequency. The cyclic action at
this frequency is in good agreement with the results of the PIC-simulation and is
consistent with the perturbation ansatz for the electron density ne of the analytical
model (c.f. Equation B.9).
For the occurrence of Brunel absorption a component of the incident electric field
parallel to the (sharp) plasma density gradient is needed. J × B heating works
for any polarization apart from circular and is most efficient for normal incidence.
Since a p-polarized laser pulse with an angle of incidence of 10◦ was used in the
presented experiments, both mechanisms can be relevant for the appearance of the
modulations in the proton energy spectrum.
In order to investigate the impact of the laser polarization on the observed effect,
subsequent experiments with circular polarization at oblique incidence (10◦) were
conducted. Interestingly, the modulations in the energy spectrum were still de-
tectable. Under theses conditions it is problematic to explain the observed effect
on the basis of J × B heating (ponderomotive acceleration) or Brunel absorption
since the standard descriptions of both mechanisms relay on the assumption of lin-
ear polarization. However, even for circularly polarized laser pulses the generation
of electron bunches is possible and can even be more effective than for linear polar-
ization under certain conditions [107, 108]. So far the influence of the polarization
state has not yet been completely clarified and further research is required.
Another interesting question is whether the observed phenomenon is restricted to a
specific contrast of high order or can also appear at even higher contrast values. To
clarify this issue experiments with a plasma mirror were conducted by M. Schnürer
and J. Bränzel. The results clearly show that the modulations disappear at this
further increased contrast level. Here the combination of the XPW-process [45] and
the applied double plasma mirror [40, 41] leads to an pre-pulse free peak-to-ASE
contrast between 1013 and 1014 in the minor ps range.
Further experiments have also shown that the appearance of the modulations is
not restricted to the proton signal. In several cases modulations in the energy
spectra of carbons in different ionization states could be detected simultaneously.
The connection of this effect with the laser and target parameters is has not been
studied yet.
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7 Principle of Proton Imaging

This chapter will explain why laser-driven proton beams are well suited for imag-
ing purposes and how they can be used to investigate electromagnetic fields of
laser-induced plasmas. After the introduction of the principle experimental setup,
two specific imaging geometries are presented which allow the different compo-
nents of the spatially extended fields that are initiated on thin foils to be probed.
In addition, several definitions of new terms are introduced in order to facilitate
the explanations of the next chapters. Finally, different energy sensitive proton
detection methods are discussed, which provide the time resolution in imaging
experiments.

7.1 Imaging with Laser-driven Proton Beams

The acceleration of protons on the basis of the TNSA process exhibits attributes
which are well suited for imaging purposes. The generated proton beam is di-
vergent and provides a broad and continuous energy spectrum. The acceleration
time of this laser-driven ion beam is ultra-short, typically between hundreds of
femtoseconds and several picoseconds [4, 109, 110]. The effective source size of ion
emission has an extension of several micrometers, which is extremely small com-
pared to conventional accelerators [104, 111, 112]. In addition, it provides a very
low transverse (< 0.004mm mrad) and longitudinal (< 104 eV s) emittance, which
is at least 100-fold better than conventionally accelerated ion beams [4].
These properties allow for the observation of fast dynamic phenomena with high
resolution and the use of the generated proton beam for different objectives. Nat-
urally, protons can be scattered and stopped by the interaction with matter and
are, due to their charge, sensitive to electromagnetic fields. For these reasons, the
so called proton imaging and proton radiography techniques can provide space-
and time-resolved information about field and density distributions. Among the
applications of laser-induced proton beams, these techniques have not only been
successfully applied [5], but have also been used for the investigation of laser-driven
plasmas in several experiments [106, 113, 114]. In particular, the ion acceleration
process was investigated by probing the electric and magnetic fields inside a second
laser-induced plasma [6, 84, 106, 113, 115–121].
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7.2 Principal Experimental Setup

Figure 7.1.A illustrates the basic concept of proton imaging which relies on the
source point projection technique. If a source emits rays with a certain divergence
it can be used to illuminate an object and to project its magnified image on a
detector. If the beam emittance is low, the trajectories of the rays do not inter-
cross and the projected image appears sharp. As described, the TNSA mechanism
generates a (proton) beam with the required properties. For this reason, a thin foil
(source target) is irradiated with an intensity ∼ 1019 W/cm2. The resulting proton
beam is also referred to as a probing proton beam in the following. The energy
distribution of the created probing proton beam is broad and continues and has a
maximum energy of several MeV. If a mesh is placed at the distance m behind the
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Figure 7.1: Setup of a pump-probe experiment using proton imaging

foil, the probing proton beam is intersected in single beamlets. These beamlets are
projected on the detector with the magnification MMesh = L/m, where L denotes
the distance between the source target and the detector. In a more accurate de-
scription the extension of the laser induced ion source and its dynamics have to be
considered [8] (c.f. Section B.1).
Figure 7.1.B shows the basic setup of a pump-probe experiment, using proton imag-
ing. In the shown case a second thin foil (interaction target) is inserted in the
proton beam between the mesh and the detector. The surface of the second foil
is orientated perpendicular to the surface of the source target. By focussing the
laser pump-pulse on the interaction target a plasma is generated and the probing
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proton beam, is used as a probe to investigate the laser-plasma interaction and the
associated electromagnetic fields. The energy of a probing proton determines its
time of flight from the source to the interaction target. For protons with energies
in the range of 1 − 3MeV and a target distance of several millimeter this time
of flight is relatively high in comparison to its acceleration time. Therefore, fast
protons reach the object to probe earlier than slower protons and the probing time
can be attributed to the proton energy. On their way to the detector the protons
are deflected due to the Lorentz force

F = q (E+ v ×B) (7.1)

and the extended electromagnetic fields which are initiated in the surrounding of
the interaction target. In this situation both the amplitude and direction of the
deflection depends on: (1) the initial conditions of the proton, such as its energy,
ejection angle and starting position; (2) the spatial distribution and temporal evo-
lution of the electromagnetic fields in the surrounding of the interaction target.
The relation between electric and magnetic field structures and their proton-beam
images is discussed in detail by Kugland et al. [122].
If all protons were accelerated at the same time and had the same energy, the field
distribution would be probed at a certain moment in time and the deflection of all
protons within a single beamlet would be similar. In this case the deflection of the
beamlets would provide information about the strength, the spatial distribution
and the direction of the fields for the corresponding moment in time.
In reality the energy distribution of the probing proton beam is continuous. For this
reason, the protons of a single beamlet probe the field at different times and the de-
flection of each beamlet becomes time dependent. For the experiments which were
conducted in the framework of this thesis a high temporal resolution was crucial.
Therefore, the energy sensitive detection of the proton signal was most important.
Conventionally stacks of CR-39 plates or radiochromic films are used for the pro-
ton detection [123] in imaging experiments. Furthermore a MCP coupled with a
phosphor screen (Section 5.2) with an attached CCD camera can be applied. These
methods can be used to detect both the spatial and the energy distribution of the
proton signal and are presented in Section A.8 of the appendix.

7.3 Probing Configurations

In order to facilitate the explanations of the next chapters, two different probing
geometries for thin foils are presented, which were used for several experiments in
this thesis. The so called transversal and longitudinal configuration (or longitudi-
nal probing geometry) differ with regard to the orientation of the interaction target
(interaction foil). In transversal configuration the propagation direction of the
probing proton beam is perpendicular to the surface normal of the interaction tar-
get (Figure 7.2.A), whereas in longitudinal configuration the probing proton beam
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Figure 7.2: Probing geometries for imaging laser-induced electromagnetic fields on thin
foils.

is directed parallel to the surface normal of the interaction foil (Figure 7.2.B).
Depending on the dominant acceleration mechanism, the angle of incidence of the
laser pulse on the target surface can have a have a strong impact on the induced
electromagnetic field distribution. However, in the case of TNSA (Section 4.2) the
acceleration fields are mainly directed in target normal direction. Naturally if both
the foil and the irradiating laser pulse are rotated by 90◦ around the y-axis, this
happens also to the orientation of the laser-induced fields.
For this reason, the action of different field components can be investigated de-
pending on the applied probing configuration.
Using the transversal probing geometry a variety of imaging experiments were con-
ducted to investigate the electrostatic acceleration field and the field of the ex-
panding ion front [7, 106]. If TNSA (Section 4.2) is the dominant mechanism of
ion acceleration, the main electric field component EN is directed normal to the
target surface and is dominant over other ones. Therefore, the assumption is rea-
sonable that the deflection of the probing proton beam in transversal configuration
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is mainly caused by this component, as illustrated in Figure 7.2.A.
Current research particularly focuses on the quantitative spatial and temporal re-
construction of the magnetic field distribution [84, 94, 120, 122, 124–130]. Since
intense laser pulses drive strong electron currents in plasma, magnetic fields with
amplitudes of above 104 T at femtosecond time-scale can be generated [130]. In
this situation the direction of the electron currents determines the geometry and
orientation of the induced magnetic fields. In the case of thin foils the magnetic
field B has usually a toroidal form [94, 127, 130, 131] and points predominantly in
(ez× eρ)-direction, with eρ = (x · ex+ y · ey)/


x2 + y2 (Figure 7.2.B). In this con-

nection, the sign of the field depends on the dominant mechanism that generates
the magnetic field (c.f. Section 4.3).
Due to the (v×B)-term of the Lorentz force (Equation 7.1) the proton deflection is
highly sensitive to this specific magnetic field distribution if the longitudinal prob-
ing geometry is applied in proton imaging experiments [84, 94, 120, 124, 127, 129].
Naturally, the electric fields can also influence the proton deflection in longitudinal
configuration, especially if they point in transversal direction i.e. parallel to the
target surface. For instance, the radial electric field component ER (Figure 7.2.B)
of laser-induced plasmas on thin foils can exhibit a pronounced effect on the proton
deflection [126].
In addition to the deflecting action of the fields, other effects have to be consid-
ered in longitudinal configuration. Since the propagation direction of the probing
proton beam is parallel to the surface normal of the interaction target, it is also
parallel to the dominant electric field component EN. When the protons propagate
through the laser-irradiated interaction target their velocity is changed depending
on the accelerating and decelerating effect of the transient fields at the front and
rear sides of the foil. This effect was already used to investigate its potential for
ion-post acceleration [132].
In addition, protons are scattered if they propagate through matter. Depending
on the proton energy and the thickness of the foil, this effect can be significant and
deteriorate the image of the beam mask, which is imprinted on the probing proton
beam.





8 Streak Deflectometry

In this chapter the so called proton streak deflectometry method [8] is introduced,
which allows for a continuous record of transient fields on a picosecond time scale.
The basic principle is explained first, then a further development of the method
is presented, through which different parts of an extended field distribution can
be investigated. The different parts are probed in consecutive shots, where both
the magnification and the time resolution remain constant. This is possible by
displacing the initiated fields laterally with respect to the propagation path of the
probing proton beam, which is not altered in different shots. In order to test the
usability of the generated proton beam for streak deflectometry experiments, par-
ticular source properties of the beam were investigated. In particular, these are the
composition of the accelerated ion species, the energy distribution, pointing and
reproducibility of the proton beam, as well as the distance of the virtual source
point and its energy dependence [8].
The applicability of the lateral displacement technique and the data analysis is
exemplified based on a series of proton streak deflectometry measurements in
transversal configuration. In these experiments thin aluminum foils were irradi-
ated with high-contrast laser pulses and the initiated electric field distribution was
probed on the rear and front side of the foil. For the first time, the electric field
evolutions at both sides of a thin foil were recorded simultaneously (in one shot).
Finally, the time resolution of the method is discussed. As a result, it will be shown
that the time resolution of streak deflectometry measurements in transversal con-
figuration is insufficient to investigate the laser-induced acceleration process that
takes place on timescales from hundreds of femtoseconds to a few picosecends.

8.1 Principle of Streak Deflectometry

As explicated in Section 7.2 the kinetic energy of the protons which constitute the
probing proton beam can be attributed to their arrival time (probing time) at the
interaction object and thus to the temporal evolution of the investigated process.
If the proton signal is measured with an energy sensitive detection method, the
influence of the scanned process on the proton beam can be tracked back in time.
For this reason, an energy sensitive proton detector (Section A.8) is needed.
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Figure 8.1: Principle setup of an proton streak deflectometry experiment in transversal
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Figure 8.1 illustrates the principle setup of a proton streak deflectometry experi-
ment. The lower left part of the schematic diagram is identical to Figure 7.1 in
Section 7.2. The creation of the proton beam at the source target, as well as the
plasma generation at the interaction target, also corresponds to the explanation
given in that section. However, instead of a proton detector with a two-dimensional
spatial resolution (Section A.8) a Thomson slit spectrometer (Chapter 5) was im-
plemented in the shown setup. The proton beam is intersected by a beam mask
(e.g. grating or mesh) and consists of single beamlets which pass the interaction
target at a defined distance and with a defined angle. The fields in the surrounding
of the interaction target deflect the protons depending on their energy. Because of
the slit (≈ 200µm) only protons close to the x-z-plane can propagate further in the
direction of the detector. The probing proton beam is restricted to the x-z-plane.
For this reason, the beamlets take the form of thin stripes and their deflection is
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only measurable in x-direction. When the protons that constitute these beamlets
(stripes) enter the field of the permanent magnet they are dispersed in y-direction
according to their energy. This allows for energy sensitive proton detection, which
is explicated in greater detail in Section 5. Because each proton energy corresponds
to a different probing time, the continuous temporal evolution of the field can be
recorded.

8.2 Lateral Displacement Setup

In order to test the usability of the probing proton beam for streak deflectometry
experiments, particular source properties of the beam were investigated. These are
the composition of the accelerated ion species as well as the energy distribution,
pointing and reproducibility of the proton beam. The determination of the virtual
source distance and its energy dependence was of particular interest, since this
parameter affects the magnification in proton imaging experiments [8]. For this
purpose separate experiments were conducted, which are explicated in detail in
Section B.1 in the appendix. As a result, it was found that the model of the virtual
source [104] can be used to describe the laser-induced proton emission from the
source target. In this case the proton trajectories are represented by straight lines
and can be traced back to a virtual source point in front of the target, as illustrated
in Figure 8.2. In addition, it can be shown that the position of the virtual source
distance in z-direction is relatively constant for the proton energy interval between
1MeV and 3MeV.
The slit length sx (in x-direction) determines the maximum opening angle α and
thus the detectable angle interval. Only protons with an initial ejection angle β
within the range −α/2 < β < α/2 can reach the detector. Therefore, only the field
region which is probed by these protons is recorded. The extension SR of the probed
field region in lateral direction (x-direction) is given by SR = 2av · tan (α/2), with
av = a− zv, where zv denotes the position of the virtual source point (Section B.1)
in z-direction and av is the distance between the this point and the interaction
target in z-direction. The recorded field region can be maximized if either the
slit length sx or the target distance a is increased. However, the elongation of
the slit is only possible to a certain extent. At some point either the gap width
of the permanent magnet or the diameter of the MCP itself will set the limit for
the maximum opening angle α. An increment of the target distance a will both
reduce the magnification M and deteriorate the temporal resolution as explicated
in Section 8.3.
In the presented work a new imaging setup is applied which allows for the lateral
displacement of the interaction target and the irradiating pump focus in between
two consecutive laser shots. By varying the lateral displacement d (Figure 8.2), the
initiated fields can be probed both in the close vicinity of the interaction target
and at a distance which would normally exceed the recordable field extension SR.
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At the same time both the magnification and time resolution remain constant.
Figure 8.2 illustrates the trajectory of a single proton in the x-z-plane which has the
initial ejection angle β. In addition the position of the proton is indicated at the
time (t = tp) when it would arrive at the interaction plane (z = a) if no deflecting
fields were present. Its x-position is given by h = av · tan(β). In the shown case
β and h have negative values. Depending on β and the lateral displacement d the
proton has a certain distance to the pump focus (interaction target) in x-direction.
This distance is defined by

xF := h− d = av · tan(β)− d (8.1)

and is referred to as ”focal distance”. For d > h its sign is negative, as in the case
shown. If the interaction target is at zero position (d = 0) the values of h and xF

are identical.

8.3 Measurements and Data Analysis

The usability of the lateral displacement technique and the data analysis is exem-
plified based on a series of proton streak deflectometry measurements in transversal
configuration.
Figures 8.3.A and 8.3.B are pictures of the light emitting phosphor screen and
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Figure 8.3: Recorded images in the proton streak deflectometry setup. A - With
irradiated interaction target. B - Without interaction target. For both images the
following experimental parameters apply: L1 = 475mm, L2 = 229mm, L3 = 522mm,
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show the recorded density distribution ρ(x, y) depending on the x- and y-position
in the detector plane, corresponding to the setup (cf. Figure 8.1). Both pictures
are recorded with the proton streak deflectometry method. The y-position refers
to the proton energy, whereas the x-position visualizes the deflection of the probing
protons. The chosen experimental parameters are summarized in the figure cap-
tion. The used denotations correspond to the denominations of Section 5.3 and to
the denotations which are used in Figures 8.1 and 8.2.
Picture 8.3.A shows the proton deflections when the pump beam irradiates a 0.8µm
thick aluminum foil (interaction target) at an intensity between 1 ·1018 W/cm2 and
5 · 1018 W/cm2 (FWHM) and with a pulse duration τp = 72 fs. In contrast, Pic-
ture 8.3.B illustrates the undisturbed traces of the dispersed proton stripes when
the interaction target is removed from the probing proton beam. The signal of
other detected ion species is also visible in the background of both images. Never-
theless, the proton stripes are clearly distinguishable.
The minimum energy in the measurements is set by the boundary of the MCP,
whereas the energy cut-off of the probing proton beam sets the maximum observ-
able energy.
Without the interaction at the second foil small trace-fluctuations are visible. These
appear as ”wiggly” traces on the detector and can be explained by small move-
ments of the proton source which causes beam pointing variations [8, 109, 133].
However, this effect is not the reason for some small systematic bending of the
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traces. The inhomogeneous electric and magnetic field distribution within the per-
manent magnet influences the specific form of the proton traces on the detector.
The curvature of the energy cut-off is also due to this influence.
In Section 5.4 this relationship is explained in greater detail. Moreover a numerical
algorithm is proposed which allows the image to be rectified by means of a coordi-
nate transformation. The recorded image describes in principle the proton density
ρ(x, y) as a function of the detector position. In the absence of the interaction field
the point of impact (x, y) of a single proton on the detector and the pair (β, ϵ) are
related through a bijective function (Figure 5.5). The initial ejection angle of the
proton is denoted by β and its energy by ϵ. The proposed algorithm numerically
transforms ρ(x, y) and allows the proton density ρ̃(β, ϵ) to be visualized in an or-
thogonal coordinate system as a function of β and ϵ.
The probing time tp is defined as the time of arrival of a single proton in the x-y-
plane of the interaction region at the position z = a. In this case a is the target
distance or the position of the pump focus (Figure 8.2). Due to the narrow slit only
particles are recorded which are ejected in the x-z-plane and are thus relevant for
the coordinate transformation. Therefore, the probing time tp(β, ϵ) can be defined
as a function of β and ϵ. Obviously the pairs (β, ϵ) and (β, tp) are bijective and
consequently the same applies for the pairs (x, y) and (β, tp). For this reason, the
complete derivation of the numerical transformation between ρ(x, y) and ρ̃(β, ϵ)
which is explicated in Section 5.4 can be applied on the pairs (x, y) and (β, tp). As
a result the proton density distribution ρ̃(β, tp) can be described as a function of
β and tp.
Figure 8.4 shows the density distribution ρ̃(β, tp) as a result of the numerical trans-
formation of Image 8.3.A. The upper abscissa represents the probing time tp and
the lower abscissa indicates the corresponding proton energy for β = 0. The left
ordinate shows the values of β. The distance from the proton to the pump focus
in the interaction plane xF (β, d) (focal distance) is a function of β and d and is
shown on the right ordinate. In the proposed case d = 80µm.
For the interpretation of the presented images it is highly important to consider the
exact meaning of β, xF , tp and ϵ. As explicated in Section 8.3 each point of impact
(x, y) on the detector corresponds to a certain pair (β, ϵ). This is only valid if the
protons are not deflected (by the interaction fields) on their way to the detector.
Conversely, a high proton signal at a certain point (β0, tp,0) in Figure 8.4 does not
necessarily signify that each proton which contributes to the signal of this point
is emitted with β0. It only means that (due to the deflection at the interaction
target) an increased amount of particles has been deflected to the point (x0, y0)
on the detector which corresponds to a certain (β0, tp,0). In principle, this also
applies for the interpretation of tp and ϵ if the interaction fields have a pronounced
accelerating or decelerating influence on the probing proton beam.
The focal distance xF (β, d) is a projection of the proton position from the detector
plane (z=L) to the interaction plane (z=a) and corresponds only to the real proton
position at the time tp if no deflecting fields are present.
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Figure 8.4: Numerically transformed density distribution ρ̃(β, tp).

The arrival of the laser pulse at the source target initiates the creation of the prob-
ing proton beam and defines the absolute time zero. By means of an optical delay
stage within the experimental chamber the arrival time tpump of the pump pulse
at the interaction target was adjustable with respect to time zero (Section 2.2).
Thus the time tpump is defined as the arrival time of the pump laser pulse at the
interaction target with regard to the creation of the probing proton beam at the
source target. In addition the time tpump can be regarded as the arrival time of
protons at the interaction target which are accelerated at the source target at time
zero and propagate with a certain energy ϵ = ϵpump. In fact this relation is the
definition of the so called t-pump energy ϵpump. In other words a proton with the
kinetic energy ϵ = ϵpump needs the time tp = tpump to propagate from the source to
the interaction target.
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8.4 Results and Discussion

In the presented experiment the t-pump energy ϵpump was chosen to be 1.8MeV
which corresponds to a pump time tpump of 1887 ps. At first protons with energies
> ϵpump reach the interaction target. Because of the absence of the laser pump
pulse no fields were created at this time. When the laser pump pulse hits the
interaction target electric fields are created and thus the protons of the probing
proton beam are deflected away from the target surface. At first, the deflection
increases and reaches its maximum at the probing time tp = 1883 ps, as illustrated
by the blue dashed line in Figure 10.4.A. This time corresponds well with the
chosen pump time tpump of 1887 ps with regard to the accuracy and the time reso-
lution that is discussed in the next section. Then the deflection decreases relatively
fast, increases again and shows a second peak at the probing time tp = 2044 ps.
Subsequently the deflection diminishes within several picoseconds. The temporal
distance between the peaks is 205 ps. The recorded traces show a pronounced de-
flection symmetry at both target surfaces. On both sides of the foil the deflections
depend strongly on the distance to the target surface. Protons passing closer to the
foil surface are deflected stronger than protons which pass at a further distance.
At later times the deflection seems to stagnate, but does not completely disappear
within the observed time window. The later effect is probably related to a charge
compensation of the target which occurs on a nanosecond timescale. This behavior
was found in similar experiments in which a picosecond laser pulse was used for
the field generation [8].
It is important to note that the traces contain a convolution with the field ex-
tension. The deflection of all traces is the result of the force which acts on the
protons while they propagate through a spatially extended field E(r, t). For this
reason, the field extension in propagation direction (along the target surface in z-
direction) is not only important for the degree of the proton deflection, but it also
affects the energy range of the influenced particles. The fastest protons which show
a deflection in x-direction have the kinetic energy ϵf = 2.02MeV. As illustrated
by the green dashed line in Figure 8.5.A this energy corresponds to the probing
time tf ≈ 1780 ps. The corresponding velocity value can be used to estimate the
extension of the electric field in z-direction under the assumption that the electric
field component in z-direction is negligible.
In a simple model (Figure 8.5.B) the dependence of the electric field Ex(z) in z-
direction can be described by a rectangular function with the extension length
lf = 2 · rf. At the moment t = tpump a proton (blue color) with the kinetic energy
ϵp = ϵpump is situated exactly at the target distance z = a, in the vicinity of the
interaction center. At the same time a faster proton (green color) with the energy
ϵp = ϵf is located at the edge of the field z = a + rf. Since no deflection is visible
for protons with higher energies ϵp > ϵf, the effective extension radius rf of the field
can be assigned to the proton energy ϵf.
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Figure 8.5: A - Density distribution ρ̃(β, tp). The dashed green line shows the start
of the deflection and the dashed blue line indicates the first deflection maximum. B -
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In the case of Figure 8.4 (ϵf = 2.02MeV) an effective extension radius rf of 2.11mm
is obtained. In reality the electric field is not created instantaneously with a fixed
field extension, but a complex field distribution is initiated which expands in time.
The speed of light c can be used as an upper limit for the radial expansion velocity
ve of the field. By taking into account the initial extension of the field which is of
the order of the laser spot size ≈ 5µm and the expansion velocity ve = c a slightly
higher extension radius rf of 2.26mm is obtained. Since lower values of ve result in
even higher values of rf, the given definition of rf can be regarded as a lower limit
of the field extension.
The appearance of the double peak structure has not been clearly resolved yet.
However, the temporal distance between the two peaks (205 ps) gives rise to the
assumption that the phenomenon is connected with a second irradiation of the
interaction target. At first implications of a beamsplitter are discussed. This
beamsplitter was implemented in the experimental chamber and was used for the
creation of two laser pulses. One to irradiate the source target (source pulse) and
one to irradiate the interaction target (pump pulse). The reflectivity of the beam-
splitter is 81.35% at the central wavelength of 800 nm and an angle of incidence of
45◦. This leads to an energy reduction of the transmitted pump pulse by the factor
of 0.1865. The width of the substrate is 18mm and elongates the pump pulse from
τp = 30 fs to τp = 72 fs under consideration of refraction.
Due to internal reflection within the beamsplitter, a second pump pulse is created.
Considering the dispersion and refraction within the medium (quartz), this post
pulse is delayed by 201.73 ps and elongated from τp = 30 fs to τp = 217 fs. The
back surface of the beamsplitter is not coated. Therefore, the transmitted pump
beam is reflected at this surface with an angle of incidence of 29.1◦ and a reflectiv-
ity of 0.656. After a second reflection at the coated front side and the subsequent
transmission through the back side of the beamsplitter the transmitted energy is
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reduced by a factor of more than 0.0053. In combination with the elongation of
the pulse this leads to an intensity reduction of the second pump pulse by a factor
of 1.75 · 10−3 with respect to the first pump pulse.
Even if the pulse delay can explain the temporal occurrence of the second peak, it
is not clear how the strongly attenuated second pulse can lead to a field deflection
which is of the order of the first peak. On the other hand, only one strong deflection
peak was observed when no beamsplitter was used and laser arm B (Chapter 2)
served as a pump to irradiate an ultra-thin CH-foil (Chapter 10).
Since several laser and target parameters (target thickness, target material, laser
system, beamsplitter) were changed at once in this experiment, it cannot be clearly
retraced which of these changes is responsible for the occurrence of the double-peak
structure. The cause for the structural change of the deflection pattern could have
been determined by a more systematic approach. However, this was not the main
objective of the experiment which is presented and discussed in detail in Chap-
ter 10.
Figure 8.6 shows a series of processed proton streak deflectometry measurements.
The experimental conditions correspond to the descriptions given in this section
and are identical for all images. The data have been recorded in consecutive shots
and with different values of the lateral displacement d.
The shown images demonstrate the capability of proton deflectometry in combi-
nation with the lateral displacement of the probed interaction fields. This setup
allowed for an investigation of the field distribution at both sides of the irradiated
foil and allowed for the probing of its lateral extension in between the total range
of −2800µm to 1800µm. Different parts of the extended field distribution were
probed in consecutive shots, where both the magnification and the time resolution
remained constant.
For the first time, the electric field evolutions at both sides of a thin foil were
recorded simultaneously (in one shot). The acting fields can be traced up to
∼ 1500µm far from the target surface, which shows the complexity of the field
configuration.
The deflection measurements indicate a pronounced symmetry of the field distri-
bution. Protons passing the interaction target on different sides but with similar
energies ϵp and similar initial focal distances |xF| show similar deflection ampli-
tudes.
The use of different field deflection setups to build field models which cause no
contradicting effects will be followed in Chapters 9 and 10.
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Figure 8.7: A - Functional dependence of the energy resolution ∆ϵ and the time
resolutions ∆t, ∆t1 and ∆t2. B - Time resolution ∆t2 for different values of the field
extension lI .

Using proton streak deflectometry, the temporal evolution of the investigated pro-
cess (e.g. the evolution of electric and magnetic fields) is determined on the basis
of the detected proton energy. For this reason, the time resolution depends on
the energy resolution ∆ϵ(ϵ) (Equation 5.32) of the spectrometer (c.f. Section 5.5).
Assuming a proton with the kinetic energy ϵ propagates along the z-axis, its time
of arrival at the interaction plane (z = a) is given by

tp = a


mp

2ϵ
(8.2)

Because its energy is only measurable with the resolution ∆ϵ(ϵ) the time resolution
∆t1 is determined by

∆t1 = a

 mp

2

ϵ− ∆ϵ(ϵ)

2

 − mp

2

ϵ+ ∆ϵ(ϵ)

2


 . (8.3)

Therefore, the time resolution ∆t1(a, ϵ,∆ϵ(ϵ)) depends in first approximation on
the distance a to the interaction plane, the proton energy ϵ and the energy resolu-
tion of the spectrometer ∆ϵ(ϵ).
In addition, the time of flight through the interaction region (i.e. the extended elec-
tromagnetic fields) in z-direction has to be taken into account. The time resolution
∆t2(lI , ϵ,∆ϵ(ϵ)) is defined by

∆t2 = lI


mp

2

ϵ− ∆ϵ(ϵ)

2

 , (8.4)

where lI is the extension of the interaction region in z-direction. The final time
resolution consists in the convolution of both terms.
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The upper boundary (maximum time window) is given by the inequality

∆t ≤ ∆t1 +∆t2. (8.5)

Figure 8.7.A shows the energy resolution ∆ϵ of the spectrometer, the time reso-
lution ∆t and its components ∆t1 and ∆t2. The experimental parameters which
correspond to the calculated resolution are given in the caption of Figure 8.3. Their
denotations refer to the denominations provided in Section 5.3 and in Figures 8.1
and 8.2. In Figure 8.7.A a field extension of lI = 100µm is assumed, whereas Fig-
ure 8.7.B illustrates the dependence of ∆t2 for different values of lI between 10µm
and 5000µm.
The TNSA process is ultra-short and takes place on timescales from hundreds of
femtoseconds to a few picosecends [4, 109, 110]. At the same time the radial ex-
tension of the accelerating fields can have a length from one hundred micrometers
up to values greater than a millimeter [104, 106]. In this case the time resolution
of streak deflectometry measurements in transversal configuration is insufficient to
resolve this process.
For this reason, the longitudinal probing geometry will be used in the next chapter
to investigate the electric field evolution. In this case the propagation direction of
the probing proton beam is parallel to the surface normal of the interaction target
and therefore parallel to the dominant electric field component. When the protons
propagate through the laser-irradiated interaction target their velocity is changed
depending on the accelerating and decelerating effect of the transient fields at the
front and rear sides of the foil. This effect will be used to infer a field evolution
which changes on a time scale of approximately 100 fs.





9 Energy Redistribution Effects
in Proton Beams by Probing
Strong Fields at Plasma
Vacuum Interfaces

This chapter deals with energy redistribution effects in proton beams while trans-
versing the strong electric fields that are created at plasma vacuum interfaces of
laser irradiated thin foils [134]. This effect is used to infer a field evolution with a
characteristic time scale of 100 fs. In the cases considered, the laser and target pa-
rameters were chosen in a way that TNSA (Section 4.2) is the dominant mechanism
of ion acceleration. In this case the main electric field components are directed nor-
mally to the target surface and are dominant over others. In further development
of previous experiments [7] very thin foils with a thickness below one micrometer
were used. This allowed for an enhancement of the TNSA-process [135, 136] by
applying a driving laser pulse having a temporal envelope with high contrast.

9.1 Conception

Using proton imaging, electrical fields have been mainly investigated with transver-
sal deflection geometry [7, 106, 116] as discussed in Chapters 7 and 8. In this chap-
ter the accelerating electric field distribution is investigated in longitudinal probing
geometry. In this case, the propagation direction of the probing proton beam is
parallel to the surface normal of the interaction target and is therefore parallel to
the dominant electric field components as illustrated in Figure 9.1.
When the protons propagate through the laser-irradiated interaction target their
velocity is changed depending on the accelerating and decelerating effect of the
transient fields at the front and rear sides of the foil. The use of thin foils reduces
the scattering of the penetrating probe particles.
The characteristic properties of the laser-accelerated protons and their energy sen-
sitive detection allow these effects of first order to be investigated. Indeed, the
induced change of the velocity (kinetic energy) distribution of the probing proton

113
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Figure 9.1: Proton propagation in longitudinal probing geometry

beam is the main difference to the transversal probing geometry.
In transversal probing geometry, the temporal information of the investigated pro-
cess is restricted by the time resolution of the experimental setup. In contrast,
the longitudinal probing geometry can be applied to monitor energy redistribution
effects which result from field dynamics on a much faster time scale. If specific
prerequisites are fulfilled this situation provides insight to ultrafast changes of the
temporal and spatial field distribution itself.
For example, the following calculation is possible: the energy of a proton which
probes an electric field of about 1MV/µm strength is changed by 50% of its original
2MeV kinetic energy within 50 fs and an acceleration distance of 1µm in the field.
If a sufficiently high number of protons is influenced, such a change is detectable.
However, ambiguous situations can arise since different field configurations can
result in similar changes of the proton distribution function. For this reason, com-
parative measurement at different field locations and restrictions in the model dis-
cussion are required.

9.2 Experimental Setup

The experimental setup and probing geometry is illustrated in Figure 9.2. As a
source for the generation of the probing proton beam a 5µm thick titanium foil
and its adherent CH-contamination layer is irradiated by a laser pulse. On their
way to the detector the protons propagate along the surface normal through an
aluminum foil with a thickness ∆a of 800 nm. In this connection, the beam is used
to probe the electric fields which are created as a result of an interaction between
the laser pump pulse and the aluminum foil (interaction target).
The focal intensities of the laser pulses were calculated with respect to the mea-
sured focal spot-sizes, pulse energies and pulse durations (Section 2.1). The cal-
culated intensity value Isource of the laser pulse that irradiates the source target
is ≥ 1 · 1019 W/cm2. The intensity of the pump pulse Ipump had values between
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Figure 9.2: Experimental setup for longitudinal probing of thin foils

1 ·1018 W/cm2 and 5 ·1018 W/cm2. Due to the specific architecture of the amplifier
chains, laser pulses with different temporal contrast and pulse duration can be used,
for both the probe and for the pump. For the presented experiments laser arm A
(Section 2) was used, which provides an pulse length τp (FWHM of intensity) of
25 fs and an ASE background level of 10−10 − 10−9. The laser pulse was divided
within the experimental camber using a semi-transparent mirror. The reflected
pulse was used as the probe (80% pulse power) and the transmitted pulses as the
pump (20% pulse power). Due to the dispersion of the glass substrate the duration
of the pump pulse changed from 25 fs to 87 fs (Section A.4).
The energy distribution of the probing proton beam is registered with a Thomson
slit spectrometer (Chapter 5). The denotations shown in Figure 9.2 are the same as
in Section 5.1 but their values differ for the presented measurements of this chap-
ter. The depicted distances L1 to L3 have the values: L1 = 475mm, L2 = 229mm,
L3 = 523mm. The applied magnet (Bx = 0.34T, l = 50mm) is identical to that
of Section 5.1. The virtual source distance |zv| was determined in a separate ex-
periment (Section B.1) and has a constant value of 1.75± 0.5mm for the relevant
energy interval. The entrance slit has a width sy of about 230µm. This leads
to an energy resolution ∆ϵ of approximately 60 keV for proton energies of around
2.0MeV (Section 5.5). In general, the relative energy resolution is better than 4%
of the relevant kinetic energy values. Due to the limited slit length sx ≈ 1 cm, the
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projected observation line from the interaction target is 120 µm long.
The implementation of several translation stages within the experimental chamber
allowed the position of the pump-focus to be shifted in x- and z-direction, without
deteriorating the focus quality. In addition, a mobile target holder was equipped
with several titanium (source targets) and aluminum (interaction targets) foils at
fixed but different distances from each other. The selection of a certain target dis-
tance was possible by moving the holder in y-direction. By changing the z-position
of the holder the source laser pulse could be focused on the titanium foil.
The setup allowed for the translating of laser-induced interaction fields in x- and
z-direction with regard to the fixed probing proton beam and was applied to probe
specific parts of the field distribution in consecutive shots. After careful stage
calibration different geometries could be calculated and aligned while keeping the
reflection angles of the off-axis parabolic focussing mirrors at high precision.

9.3 Experimental Results

For a systematic investigation of laser-induced strong fields on plasma vacuum
interfaces, several experiments in longitudinal configuration were conducted. The
changing of specific parameters of the pump-laser or the setup allowed the observed
redistribution effects in the proton energy spectrum to be modified. The presented
experiments differ with regard to the target distance a, the lateral displacement d,
the setting of the pump time tpump and the illumination direction of the pump-laser
pulse
Due to instability problems of laser arm A (Section 2) the contrast and pre-pulse
conditions as well as the beam divergence could vary between different experiments.
For reasons of time all of these parameters could not be measured on a daily basis.
Thus the constancy of these parameters was only guaranteed for the time duration
of one series of measurements.
Each of the following sections shows only measurements that belong to the same
series. In addition selected parameters (target distance, lateral focus position) are
systematically changed within each section. Since only measurements of the same
series are compared with each other the exclusive influence of the varied parameter
on the measurements can be investigated.

9.3.1 Variation of the Target Distance

Using an optical delay stage the arrival time tpump of the pump pulse at the interac-
tion target was adjustable with respect to time zero (Section 2.2). In the presented
experiments the pump time tpump(ϵpump, a) was set to the time of flight of protons
which had the specific kinetic energy ϵpump and propagated along the z-axis from
the source target to the interaction plane (z = a).
Two cases are presented: in the case of Figure 9.3.A the proton t-pump energy
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Figure 9.3: Redistribution effects in the proton energy spectrum depending on the
target distance a. A - ϵpump = 2.0MeV. B - ϵpump = 1.5MeV.

ϵpump is set to 2.0MeV and in the case of Figure 9.3.B ϵpump is 1.5MeV.
The inserts of Figures 9.3.A and 9.3.B are photographs of the light emitting phos-
phor screen and show the particle density distribution ρ(x, y) on the detector. The
electrical field plates in the spectrometer are switched on, nevertheless the proton
signal is partly covered with a carbon ion background signal.
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In additional measurements the voltage of the phosphorous screen (Section 5.2)
was gated in order to suppress the signal of heavier ion species. This confirmed
that its contribution to the total signal is only marginal and can be neglected. The
dispersion of the proton signal on the detector is relatively homogeneous with the
exception of a vertically extended region in the form of a pronounced and sharp
gap, which occurs in a certain energy range.
Setting the pump conditions with respect to the source excitation (Ipump ≪ Isource)
assured that the proton signal of the interaction target did not contribute to this
specific part of the energy spectrum of the probing proton beam. A comparison
with measurements with deactivated pump laser confirms that this effect on the
probing proton beam can be attributed to the influence of the second laser-plasma
interaction.
For quantitative analysis of the observation, the two-dimensional proton density
distributions on the detector ρ(x, y) are processed with the numerical methods of
Chapter 5.4. As a result averaged (β ∈ [−10, 10]mrad) one-dimensional proton
energy spectra (not background corrected) are obtained, as illustrated by the blue
curves in Figures 9.3.A and 9.3.B.
Prominent dips enclosed by to two local maxima on the low and high energy side
of the minimum were found in both cases. The position of the minimum (ϵmin) is
in good agreement with the setting of the respective proton t-pump energy ϵpump.
This (indirectly) confirms the right timing of the experiment. The specific shape of
the proton redistribution was reproduced in consecutive shots and a characteristic
dependence on the target distance a was found.
In comparison with the blue curves, a larger target distance a was used for the
black curves and a smaller one for the red curves. Apart from that all other exper-
imental conditions were identical.
If the target distance a is larger, the time of flight of the probing protons to the
interaction target is increased. Due to the broad energy spectrum of the probing
proton beam, this leads to a higher spatial dispersion of the beam. As a conse-
quence, a smaller part of the proton energy spectrum is affected by the spatially
extended fields of the second laser-plasma interaction. This explains the decreased
width of the density gap in the black curves and the increased gap width in the
red curves.
In addition, the appearance of the local maxima on the low energy side of the den-
sity gap shows a systematic dependence on the target distance a. The low energy
maximum gets more pronounced with higher distances and seems to disappear at
lower distances.
The positions of the local minimum and and local maximum can be used to infer
an effective extension leff of the field. One can assume that the energy change of
a probing proton is maximum if its propagation length zp coincidences with the
position of the interaction target (zp = a) at the time t = tpump when the field
is initiated. By definition, such a proton has the initial energy ϵ0 = ϵpump which
corresponds to the energy of the density minimum. The energies of the local max-
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ima on the low and high energy side of the minimum are denoted by ϵlow and
ϵhigh, respectively. A proton with the initial energy ϵ0 = ϵlow reaches the position

zp = zlow =


2ϵlow/m·tpump when the interaction fields are generated. At this time,
its relative distance to the interaction target ∆zlow is a−zlow. Similarly, the relative
position of a proton with the energy ϵ0 = ϵhigh can be defined by ∆zhigh = zhigh−a.
Since the particle density is increased at ϵlow and ϵhigh, the assumption is reason-
able that the corresponding initial proton energy is not significantly changed and
that the increment is caused by protons which were accelerated or decelerated by
the field. Therefore, the field amplitude at the relative distances ∆zlow and ∆zhigh
seems to be reduced to an extent that prohibits a strong decrease of the initial
energy density. For this reason, these distances can be used as a measure of the
effective extension leff.
In case of the black curve of Figure 9.3.A the energy ϵlow is 1.93MeV, ϵhigh is
2.09MeV and the density minimum is located at the energy ϵmin = 2.01MeV. Us-
ing ϵpump = 2.0MeV leads to ∆zlow = 266µm and ∆zhigh = 335µm. This allows
for an estimation of the effective extension of the field leff ≈ 300µm.

9.3.2 Variation of the Lateral Focus Position

In order to study the lateral extension (x-direction) of the laser-induced electric
fields, an additional series of experiments was conducted to measure the redistribu-
tion effects within the probing proton beam. In principle, the same laser parameters
(cf. previous remarks) as in the last section were used. The proton t-pump energy
ϵpump was set to 1.5MeV and a target distance a of 7.4mm was used. The lateral
displacement parameter d (Section 8.2) was varied in consecutive shots.
Figure 9.4 illustrates the basic setup and the experimental results for two different
settings of d. Whereas Figure 9.4.A shows the redistribution effects when the in-
teraction center (d = 0µm) of the aluminum foil is probed, Figure 9.4.B shows the
resulting effects that occur at 250 µm aside of the center.
The inserts of Figure 9.4 illustrate the target geometry and show the respective
focus positions of the pump beam in accordance with the parameter d. In addition
the processed density distributions ρ̃(β, ϵ) (Section 5.4, Equation 5.12) are shown
as a function of the initial ejection angle β and the proton energy ϵ. An integration
of the proton traces over the interval β ∈ [−10,−10]mrad yields one-dimensional
proton energy spectra (not background corrected) which are illustrated by the red
curves.
The blue curves show the outcome of two independent laser shots with respectively
identical values of d and illustrate the ability of the phenomenon to be reproduced.
In both cases a pronounced gap in the distribution in the energy range between
1.2MeV and 1.5MeV is found. While in the case of d = 0µm (Figure 9.4.A) the
gap is followed by two local maxima on the high energy side of the gap, in the case
of d = 250µm (Figure 9.4.B) only one maxima is visible.
Other experiments in this series show that the generation of the two high energy
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Figure 9.4: Redistribution effects depending on the lateral displacement d of the pump-
focus. A - Probing of the interaction center (d = 0µm). B - Probing aside from the
interaction center (d = 250µm).

peaks in the spectrum is possible for different settings of ϵpump. In these experi-
ments, d is set to 0µm and ϵpump is varied between 1.3MeV and 2.0MeV. As a
result, the whole redistribution structure (including the second high energy maxi-
mum) changes its relative position in the energy spectrum, according to the setting
of ϵpump or tpump, respectively.
Both the variation of the lateral displacement d and the variation of the proton t-
pump energy ϵpump affirm that the second high energy peak observed is not caused
by a possible proton (background) distribution that originates from the acceleration
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at the interaction target itself. Instead, it proves that the observed phenomenon
is an effect that is created by the interaction of the probing proton beam and the
induced field structure around the interaction target.
The appearance of two distinct peaks on the high energy side of the gap was also
observed in other series of measurements. However, it was not possible to identify
the experimental conditions that triggered the specific field configuration, which
led to this particular effect. The occurrence of the two peaks might be connected
with a change in the contrast or pre-pulse conditions of laser arm A (Section 2),
which are not known precisely in the presented case.
In another series of measurements under similar experimental conditions, the lat-
eral field extension was probed up to much higher displacement values d. At
d = 2000µm a weak but systematic redistribution of the proton energy spectrum
was still visible. However, the redistribution effect was not distinguishable from
the background noise at the value d = 2500µm.
These values are in excellent agreement with the findings of Section 8.4. In this con-
nection, a field extension radius rf of 2260µm was estimated under the assumption
that radial field components are negligible.

9.3.3 Variation of the Irradiation Geometry

In the presented series of measurements the foil surface was irradiated from the
other side but under the same angle of incidence (45◦). In addition the same laser
parameters as in the previous experiments were used, even if a possible change of
the contrast or pre-pulse conditions of laser arm A (Section 2) must be considered.
The aim of this experiment was to study the influence of the illumination direction
on the induced field distribution, which could possibly influence the redistribution
effects within the probing proton beam. In principle an asymmetric field distri-
bution at the front and rear side of the foil could change the accelerating and
decelerating action of the fields on the probing proton beam. Therefore, a signif-
icant change of the observed redistribution effects in comparison to the previous
sections would be an indication for the asymmetry of the fields.
Figure 9.5 illustrates the basic setup and the experimental results for two different
target distances a. The insert of Figure 9.5 is a photograph of the light emitting
phosphor screen and shows the particle density distribution ρ(x, y) on the detec-
tor. The electrical field plates in the spectrometer are switched on, nevertheless
the proton signal is significantly covered with a background signal which consists
of heavier ion species. Nevertheless, the redistribution effect in the probing proton
beam is clearly visible. Using the numerical methods of Chapter 5.4, an averaged
one-dimensional proton energy spectrum (not background corrected) is obtained,
as illustrated by the red curve in Figure 9.5. In contrast a smaller target distance
a was used in case of the blue curve.
A comparison of these curves with the measurements of Section 9.3.1 (Figure 9.3)
shows that the observed effects are qualitatively similar. Also the dependency of
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Figure 9.5: Redistribution effects in the proton energy spectrum depending on the
target distance a with changed irradiation side of the interaction target.

the redistribution effect on the target distance a is consistent with the results of
Section 9.3.1. Irrespective of which side of the thin interaction foil is irradiated,
the appearance of the local maxima on the low energy side of the density gap is
more pronounced at a higher target distance a and disappears at lower distances.
The similarities of the observed redistribution effects indicate a significant symme-
try of the field distribution between the target front and rear side. This conclusion
is consistent with the results of the streak deflectometry measurements in transver-
sal configuration (Chapter 8.4), which show a pronounced deflection symmetry at
both target surfaces.
The post-acceleration of the probing protons in the field of the second laser-plasma
interaction can be quantified by the energy difference between the gap minimum
and the peak on its high energy side. In the presented case this energy gain ∆ϵ is
approximately 0.05MeV, which is in good agreement with the results of a cascaded
laser acceleration experiment [132] which was conducted under similar experimental
conditions.
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9.4 Theoretical Description

In this section several analytical models are proposed which describe the laser-
induced electric fields at the front and rear side of a thin foil. Furthermore nu-
merical and mathematical methods are proposed which enable the proton energy
redistribution effects under the influence of transient electric fields to be calculated.
These methods and analytical field descriptions are applied in Section 9.5 to sim-
ulate the accelerating and decelerating effect on a proton beam that propagates
through the laser-driven fields around the interaction target. If the reader is mainly
interested in the modeling of the experimental results and the applicability of the
individual models for the explanation of the observed redistribution effects, he
should skip this section. Relevant equations and results of this section will be
referenced.

9.4.1 Analytical Field Description of Moving Ion Fronts

As described in reference [106] the field of an moving ion front can be modeled
using PIC and fluid simulations. The spatial dependence of the field structure is
described by a plateau region followed by an exponential rise up to the front field
peak and a decay of the expanding Gaussian-shaped front. As an approximation
for the spatial decay of the front region a function with the proportionality

Zfront(z) ≃ (1 + z/ls)
−1 (9.1)

is proposed. Similarly, the temporal decay of the front peak (Tfront,(R)(t)) and of
the of the plateau region (Tplateau,(R)(t)) is approximated by functions proportional
to

Tfront,(R)(t) ≃ (1 + t/τs)
−1, Tplateau,(R)(t) ≃ (1 + t/τs)

−2. (9.2)

Following this description the temporal and spatial field structure of two ion fronts
that propagate in opposite directions can be described by the equation

E(z, t) = E1(z, t) + E2(z, t), (9.3)

which is illustrated in Figure 9.6 for a specific set of parameters. Here, E1(z, t)
defines the field of the ion front that starts at surface 1 and propagates in negative
z-direction. The field E2(z, t) is caused by the ion front which propagates in positive
z-direction and starts at surface 2. Both fields are initiated at the time tpump and
can be written as

E1(z, t) = EF(E0,1, a1 − z, t− tpump), (9.4)

E2(z, t) = EF(E0,2, z − a2, t− tpump). (9.5)
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The initial field amplitudes E0,1 and E0,2 of the expanding ion fronts are connected
with the constant field amplitude factor Ec (Equation 4.6) by the relation

−E0,1 = E0,2 = Ec. (9.6)

The distances a1 and a2 are the surface positions of the interaction target in relation
to the source target, as illustrated in Figure 9.1. The function EF describes the
unshifted temporal and spatial field dependence of one separate front and is defined
by

EF(E0, z, t) =


E0 · Fp(z, t), if z̃(z, t) < 0,

E0 · Ff (z, t), if z̃(z, t) ≥ 0,
(9.7)

where z̃(z, t) defines the position in relation to the position of the moving ion front
zf (t)

z̃(z, t) = z − zf (t). (9.8)

Depending on z̃(z, t) the function EF(E0, z, t) is divided in two parts, the front
region Ff (z, t) and the plateau region Fp(z, t). The front region is defined by the
equation

Ff (z, t) = Tfront(t) · Zfront(z). (9.9)

The plateau region is split in two, a constant only temporally changing part Fp,c
and the exponential rise up to the front Fp,e:

Fp(z, t) =


Fp,c, if Fp,c > Fp,e, Fp,c = Tplateau(t),
Fp,e, if Fp,c < Fp,e, Fp,e = Tfront(t) · exp(−2|z|/(3ls)).

(9.10)

Besides Equations 9.1 and 9.2, other functional dependencies are also applied to ap-
proximate the field of an expanding ion front. In the following several descriptions
for Tfront(t) and Tplateau(t) are proposed.

Isothermal Approximation

The following description is based on the isothermal expansion model [73] which
assumes a constant electron temperature and is introduced in Section 4.2. In
this case the temporal dependence of the front region can be approximated by
Equation 4.6, which has a time dependence similar to Equation 9.2. As explained
in reference [73], the plateau region is almost constant in space and has a field
strength of approximately half the value of the front peak. However, the application
of Tplateau,(IT)(t) = (1/2) · Tfront,(IT)(t) did not lead to reasonable simulation results.
For this reason, a function with a similar time dependence to Equation 9.2 is used
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to model the temporal decay of the plateau. The explicit form of the applied
functions is given by

Tfront,(IT)(t) =
2

2em + (t/τs)2
, Tplateau,(IT)(t) =

2√
2em + (t/τs)2

, (9.11)

whereby em is the base of the natural logarithm. The characteristic temporal
decay constant τs is connected with ion plasma frequency ωpi (Equation 4.7) via
τs = 1/ωpi.
So far the proposed system of equations (cf. Equation 9.8) is not fully defined,
since the time dependent position of the ion front zf (t) is unknown. In principle,
the field of the ion front (Equation 4.6) itself is responsible for the ion acceleration
and could be used to calculate the movement of the front. The equation of motion
can be solved analytically and the resulting velocity and position of the front are
given by Equations 4.8 and 4.9, respectively. However, in this approximation the
integral


Tfront dt is not convergent and the velocity of the ion front is divergent

for t → ∞. For this reason, the limiting maximum ion velocity vf,max and the
maximum ion energy ϵf,max = 1/2mivf,max is introduced accordingly. This energy
can either be measured in experiment or estimated.
Using Formula 4.8 the time tf,max at which the velocity vf,max is reached can be
calculated numerically. This allows for a more realistic approximation of the front
position

zf (t) =


zfront(t), if t ≤ tf,max,

zf,max + vf,max (t− tf,max) , if t > tf,max,
(9.12)

whereby zf,max is determined by substituting tf,max into Formula 4.9. The corre-
sponding corrected front velocity vf (t) is defined in the same way.
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Figure 9.6: A - Temporal decay of the electric field using the isothermal approximation
(Equation 9.11). Blue curve - Field front. Red curve - Plateau region. B - Spatial electric
field distribution of two ion fronts which propagate in opposite directions (Equation 9.3).
For both figures the parameters of Table 9.1 were used.
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Adiabatic Approximation

In the following, analytic expressions are proposed that approximate the spatial
and temporal field decay of an adiabatic plasma expansion. The description is
based on reference [74] which deals with the collisionless expansion into a vacuum
of a thin foil that is heated by an ultrashort laser pulse. The model takes into
account the charge separation effects and the cooling of the electrons due to the
energy transfer to the ions. According to this model the expansion can be divided
into three regions: a linear increase, a plateau region and an ion front characterized
by a field peak. Depending on the parameter θ = (kBTe)/(mec

2) which is zero in
the classical limit and converges to infinity in the ultrarelativistic regime, different
scalings of the plateau and front region are proposed. In the classical limit (θ = 0)
the scaling Efront ∝ t−2 and Eplateau ∝ t−3 applies, whereas in the ultrarelativistic
regime (θ =∞) the scaling Efront ∝ t−3/2 and Eplateau ∝ t−2 is found.
In order to approximate the field decay of the plateau and front region in the
respective regimes the expressions

Tfront,(CL)(t) = Tfront,(IT)(t) ·
af,cl

a2f,cl + (t/τs)2
, (9.13)

Tplateau,(CL)(t) = Tfront,(IT)(t) ·
ap,cl

ap,cl + (t/τs)2
, (9.14)

Tfront,(UR)(t) = Tfront,(IT)(t) ·
af,ur

a2f,ur + t/τs
, (9.15)

Tplateau,(UR)(t) = Tfront,(IT)(t) ·
ap,ur

ap,ur + t/τs
(9.16)
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Figure 9.7: A - Approximation of the adiabatic time decay of the front region. Blue
curve - Tfront,(CL) (Equation 9.13). Red curve - Tfront,(UR) (Equation 9.15). Green curve
- Tfront,(IT) (Equation 9.11). B - Temporal decay of the plateau region. Blue curve -
Tplateau,(CL) (Equation 9.14). Red curve - Tplateau,(UR) (Equation 9.16). For all curves
the parameter τs = 64.3 fs as well as the coefficients af,cl = 5, af,ur = 5, ap,cl = 8 and
ap,ur = 8 were used.
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are proposed, where (CL) stands for classical limit and (UR) for ultrarelativistic
regime. Figure 9.7 illustrates the proposed functions in comparison to the isother-
mal case (Equation 9.11) for a specific set of coefficients. By definition all functions
are limited by Tfront,(IT)(t) (Equation 9.11). For small times the adiabatic decay
of the field is similar to the isothermal description, which was also found in sim-
ulation [74]. At later times (t ≫ τs) the proposed scalings are valid. In addition
the proposed functional dependencies satisfy the conditions Tplateau,(CL) ≲ Tfront,(CL)

and Tplateau,(UR) ≲ Tfront,(UR) for ap,cl ≃ af,cl and ap,ur ≃ af,ur, respectively.
Depending on θ the adiabatic decay (AD) of the field is approximated by a nor-
malized superposition of both regimes

Tfront,(AD)(t) = FCL(θ) · Tfront,(CL)(t) + FAD(θ) · Tfront,(AD)(t), (9.17)

Tplateau,(AD)(t) = FCL(θ) · Tplateau,(CL)(t) + FAD(θ) · Tplateau,(AD)(t), (9.18)

whereby FCL(θ) := 1/(1 + θ) and FUR(θ) := 1− FCL(θ).
In order to determine the coefficients af,cl, af,ur, ap,cl and ap,ur and to test the pro-
posed approximation of the adiabatic field evolution (Equations 9.17 and 9.18) the
model is compared to published simulation results [106] as illustrated by Figure 9.8.
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Figure 9.8: Comparison between the adiabatic field approximation and published sim-
ulation results. The black lines are copied from the original publication [106] with per-
mission of J. Fuchs. The solid line represents the outcome of a PIC-simulation and
the black dashed line is the result of the fluid simulation [74] for Te = 500 keV and
ne,0 = 3.0 · 1019 1/cm3. For comparison the red dashed line shows the adiabatic ap-
proximation (Equations 9.17 and 9.18) using the same parameters. Here, the coefficients
af,cl = 5, af,ur = 5, ap,cl = 8 and ap,ur = 8 as well as βv = 2, δv = 1/2 and γv = 20
(Equation 9.40) were used to match the results of the fluid simulation.
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The parameters βv, δv and γv determine the time dependence of the scale length
ls(t) (Equation 9.40) and thus the temporal increment of the spatial field decay
of the ion front. The use of βv = 2, δv = 1/2 and γv = 20 allows a good match
between the adiabatic approximation (red dashed curve) and the fluid simulation
(black dashed curve).
In contrast to these parameters, the coefficients of Equations 9.13 to 9.16 cannot
be identified without ambiguity on the basis of Figure 9.8. In particular the ratios
af,cl/ af,ur and ap,cl/ap,ur are not clearly determined. In addition, a possible depen-
dence of these coefficients on the hot electron temperature Te, the initial electron
density ne,0 or the target thickness ∆a cannot be excluded and is not investigated
in the framework of this thesis.
However, the initial simulation conditions (Te = 500 keV and ne,0 = 3.0·1019 1/cm3)
in reference [106] are similar to the model parameters which are used in Sec-
tion 9.5.1 to reproduce the experimental results. For this reason, the coefficients
af,cl = af,ur = 5 and ap,cl = ap,ur = 8 which are used in Figure 9.8 are also applied
to model the experimental results.
Figure 9.9.A shows the time decay of the field front (Equation 9.19) together with
the numerically calculated front velocity. In this connection, the time decay corre-
sponding to the adiabatic approximation (Equation 9.17) is used. The position of
the front is illustrated by Figure 9.9.B.
The advantage of the adiabatic approximation is that the integral


Tfront dt con-

verges for t → ∞. Therefore, the maximum front velocity vf,max and accordingly
the maximum proton energy ϵf,max = 1/2mivf,max can be calculated numerically.
The position of the proton front zf (t) does not depend on an estimation of vf,max

and is obtained by solving the equation of motion of a proton in the field

Efront(t) = Ec · Tfront(t) =

ne,0kBTe

ϵ0
· Tfront(t). (9.19)
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Figure 9.9: A - Time decay of the field front (red curve) in comparison to the nu-
merically calculated front velocity (blue curve). B - Position of the proton front. For
the calculation of both figures Equations 9.19, 9.18) and 9.17) were used in combination
with the parameters of Table 9.2.
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9.4.2 Numerical Method

The velocity change of a proton in a temporally and spatially changing one-dimensional
electric field E(x, t) can be calculated by means of the following simple algorithm:

for i ∈ 1, 2...

ti ←− ti−1 + dti

ai ←−
qp
mp

· E(xi−1, ti−1)

vi ←− vi−1 + dti · ai

xi ←− xi−1 +


dti ·


vi−1 + vi

2


endfor

The width dti defines the length of each applied time step. In order to account
for fast changes of the field, a minimal step size dtmin = 1 · 10−18 s is used. Si-
multaneously the computation time has to be limited. For this purpose a proce-
dure which adaptively controls the temporal step width dti depending on the ratio
|(ai − ai−1)/ai−1| and a certain accuracy value are introduced. Simulation steps
are repeated if necessary. The initial conditions of the particle (t0, x0, v0) are set
depending on the initial energy ϵ0 and the time of the pump pulse tpump

t0 = tpump, v0 =


2ϵ0
mp

, x0 = v0 · t0.

After the simulation time tSim the algorithm stops. At this time (tN = tSim) the
particle is located at the position xN and has the velocity vN . If the decay of the
electric field strength E(xN , tN) at the particle position is big enough, further con-
tributions of the field to the energy change of the particle are negligible. Otherwise
a longer simulation time has to be chosen. This way the final proton energy ϵf (ϵ0)
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Figure 9.10: A - Energy change ϵf (ϵ0). B - Derivative of the energy change dϵf/dϵ0.
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can be calculated for each initial energy value ϵ0 and is expressed by

ϵf (ϵ0) =
1

2
mpv

2
N(ϵ0). (9.20)

Using this code the energy change ϵf (ϵ0) of protons which propagate through the
field of two ion fronts (Section 9.4.1, Figure 9.6) has been calculated (Target dis-
tance a = 8.0mm). Figure 9.10 illustrates this energy change ϵf (ϵ0) and its deriva-
tive dϵf/dϵ(ϵ0), which serve as input parameters for calculating the proton redis-
tribution as explicated in Section 9.4.4.

9.4.3 Surface Potential Model

As PIC-simulations show (cf. Figure 6.4), the electric field distribution which is
initiated on both sides of a laser irradiated thin foil can exhibit a certain asym-
metry of the field amplitude. A proton that propagates along the target normal
through the foil is generally subjected to the action of both fields. Under certain
circumstances, the field asymmetry allows the action of both fields to be described
by a net force that acts in one direction.
A simple approach for describing the action of a ambipolar field on a probing proton
is given by the so called surface potential model (SPM) [134]. In this connection,
the spatially and temporally dependent electric fields of a laser irradiated thin foil
are modeled as the product of a time dependent function and a delta function in
space

E1(z, t) = −U1 · Ft(t− tpump) · δ(z − a1), (9.21)

E2(z, t) = U2 · Ft(t− tpump) · δ(z − a2). (9.22)

Here U1 and U2 denote positive and constant amplitude factors and a1 and a2 are
the distances of the rear and front surface of the interaction target in relation to the
position of the source target, as illustrated in Figure 9.1. The function Ft describes
the temporal dependence of the field and can be modeled by the expression

Ft(t) =
1

1 + (ωpit)2
Θ(t), (9.23)

where Θ(t) is the Heaviside step function

Θ(t) =


1, if t ≥ 0,

0, if t < 0
(9.24)

and ωpi the ion plasma frequency. Thus the force which acts on a proton when it
propagates through the first surface amounts to F1(z, t) = qp ·E1(z, t) and is given
by F2(z, t) = qp · E2(z, t) for the second surface.
If a proton with the initial energy ϵ0 starts at the source target (z = 0, t = 0) in
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z-direction, it will arrive at the first surface of the interaction target (z = a1) at the
time t = ta1(ϵ0). According to Equation 9.22 the time dependent force F1(z, t) acts
on the particle and its energy is changed to ϵ1(ϵ0). At the time moment t = ta2(ϵ0)
it arrives at the second surface of the interaction target (z = a2) and its energy is
changed again depending on F2(z, t). Now the proton has reached its final energy
ϵ2(ϵ0). The energy change at surface 1 can be described by the simple equations

ϵ1(ϵ0) = ϵ0 − U1Ft(ta1(ϵ0)), (9.25)

ta1(ϵ0) =
a1

2ϵ0/mp

. (9.26)

Correspondingly the final energy change at the second surface is obtained by

ϵf (ϵ0) = ϵ2(ϵ0) = ϵ1(ϵ0) + U2Ft(ta2(ϵ0)). (9.27)

The energy change of the proton at the first surface has to be considered in order
to calculate the time of arrival ta2(ϵ0) at the second surface.
As the PIC-simulation shows, a laser intensity of ∼ 1 · 10−19 W/cm2 leads to an
initial Debye length λD of approximately 1µm at the target surface. If the spatial
extension of the electric field normal to the surface is assumed to be of the order of
the Debye length λD, the time of flight of a proton for this scale length is given by

τD =
λD
2ϵ/mp

. (9.28)

If the time scale τf of the field evolution is much smaller than τD the proton
is subjected to a temporally changing force inside the field, thus the use of delta
function like field distribution, is only valid in the opposite case, when the condition

τf ≫ τD (9.29)

is fullfiled. The time of flight τD of a 2MeV proton for λD = 1µm is around 100 fs.
If the time of flight of a proton τD through a spatially extended field is much larger
than the characteristic time scale of the field evolution τf Condition 9.29 is not
valid any more. In this case, the final energy change of the proton ϵf (ϵ0) cannot
be derived through the use of Equation 9.27.

9.4.4 Proton Energy Redistribution

If the initial proton density distribution function f(ϵ0) and the energy change of
a proton in the field ϵf (ϵ0) (Equation 9.20) are known, the proton redistribution
f̄(ϵ0) can be calculated by means of the equation

f̄(ϵ0) =

 ∞

0

f(ϵ) δ(ϵf (ϵ)− ϵ0) dϵ. (9.30)
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Using the relations

g(ϵ, ϵ0) := ϵf (ϵ)− ϵ0, (9.31)

g′(ϵ) :=
dg(ϵ, ϵ0)

dϵ
=
dϵf (ϵ)

dϵ
= ϵ′f (ϵ) (9.32)

and the generalized scaling property of the Dirac delta function Equation 9.30 can
be transformed

f̄(ϵ0) =

 ∞

0

f(ϵ) δ(g(ϵ, ϵ0)) dϵ =

N(ϵ0)
i=0

f(ϵ(i))g′(ϵ(i)) =
N(ϵ0)
i=0

f(ϵ̃f,(i)(ϵ0))g′(ϵ̃f,(i)(ϵ0)) (9.33)

=

N(ϵ0)
i=0

f(ϵ̃f,(i)(ϵ0)) ·
dϵf (ϵ̃f,(i)(ϵ0))dϵ

−1

=

N(ϵ0)
i=0

f̄(i)(ϵ0). (9.34)
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Figure 9.11: Contributing parts of Equation 9.34.
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Here the sum extends over all roots ϵ(i) of g(ϵ, ϵ0) with respect to ϵ, which are
assumed to be simple. Since g(ϵ, ϵ0) is also a function of ϵ0, the number of existing
roots N(ϵ0) depends on ϵ0. The values of the roots are determined by the inverse
functions ϵ̃f,(i)(ϵ) of ϵf (ϵ) which can be defined for a given ϵ0.
Figure 9.11 exemplifies a possible proton redistribution and illustrates several con-
tributing parts of Formula 9.34. The shown energy change ϵf (ϵ0) (Figure 9.11.A)
and its derivative dϵf (ϵ0)/dϵ0 (Figure 9.11.B) are calculated using the SPM (Sec-
tion 9.4.3) and with a specific set of parameters which are proposed in Table 9.3.
The inverse function parts ϵ̃f,(i)(ϵ) are illustrated in Figure 9.11.C using different
colors. Figure 9.11.D shows the functions ϵ′f (ϵ̃f,(i)(ϵ0)) which are used in Equa-

tion 9.34 to calculate the redistribution parts f̄(i)(ϵ0) (Figure 9.11.E) which con-
tribute to the final redistribution f̄(ϵ0) (Figure 9.11.F). Here, the initial distribution
is indicated by the dashed black line.

9.5 Modeling of the Experiments and Discussion

In order to explain the experimental observations several analytical field descrip-
tions and theoretical models are presented and used to reproduce the particular
features of the observed proton redistribution effects. In Section 9.4.4 the math-
ematical procedure is introduced which enables the numerical calculation of the
proton energy redistribution f̄(ϵ0) depending on: (1) the initial (undisturbed) pro-
ton distribution function f(ϵ0); (2) the functional dependency that describes the
energy change ϵf (ϵ0) of a proton in the electric field.
According to the applied physical model that describes the laser-induced field dis-
tribution, this energy change ϵf (ϵ0) is either calculated analytically or by means of
a numerical method, which is presented in Section 9.4.2.
In this connection several simplifying assumptions were made. Firstly, it is assumed
that a one-dimensional model is sufficient to describe the redistribution effects and
that only the electric field component normal to the target surface has to be consid-
ered. Secondly, it is assumed that the protons of the probing beam can be treated
as test particles and do not affect the laser-induced fields at the interaction target.
This assumption is reasonable since the transverse spatial spreading and the ve-
locity dispersion cause a significant rarefaction of the probing protons by the time
they reach the interaction fields.

9.5.1 Redistribution Effects due to Expanding Ion Fronts

In order to approach an understanding of the laser-induced field configuration in
the surrounding of a thin foil, a PIC-simulation was conducted by A. Andreev [134].
The results show that during the initial stage of the field evolution the electric field
distribution in the proximity of the surface can be approximated by an exponential
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decay in space. On this basis a simple analytical model is developed and applied
to simulate the redistribution effects in proton beams. The proposed model and
the simulation results are presented in detail in Section B.2 of the appendix. The
proposed model can reproduce the results of selected measurements, but fails to de-
scribe the systematic dependency of the redistribution effect on the target distance
a, which was found in Section 9.3.1. For this reason, more accurate descriptions of
the field evolution are discussed in the following.
In Section 4.2 model and simulation results are introduced that describe the isother-
mal and adiabatic expansion of an ion front into vacuum [73, 74]. Based on these
results and experimental findings [106] analytical descriptions are developed that
approximate the electric field which is created by two proton fronts starting at the
interaction target and propagating in opposite directions. Both the isothermal and
the adiabatic case are considered. The analytical expressions are presented in detail
in Section 9.4.1. The proposed electric field structures do not only explain selected
measurements but also describe the systematic dependency of the redistribution
effects on the target distance a, which was found in Section 9.3.1.
In order to define the electric field structure of Equation 9.3 precisely, several pa-
rameters have to be determined. These are the constant field amplitude Ec, the
characteristic temporal decay constant τs and the spatial scale length ls of the field
(Equations 9.10 and 9.9). For the isothermal approximation the determination of
the maximum velocity of the proton front vf,max (Equation 9.12) is also necessary.
By introducing the model variable αv the initial electron density of the interaction
target is connected with the critical density nc (Equation 3.78)

ne,0 = αvnc. (9.35)

The ponderomotive potential (Equation 3.51) can be used to estimate the tempe-
rature Te of (hot) electrons [47, 137]

Te ≃ Φp = mc2 ·


1 +

ILλ2

1.37 · 1018
− 1


[J], (9.36)

whereby the laser wavelength λ is given in µm and the laser intensity IL in W/cm2.
For the relevant intensity range (Ipump ≈ (1 − 5) · 1018 W/cm2) this description
corresponds well to experimental findings, where the electron temperature Te was
measured using similar laser parameters [47, 138, 139].
The knowledge of the initial electron density ne,0 and the (hot) electron temperature
Te enables to calculate the initial electric amplitude

Ec =

ne,0kBTe

ϵ0
(9.37)

as proposed in Section 4.2.
The characteristic temporal decay of the field τs can be defined by the reciprocal
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value of the ion (hydrogen) plasma frequency (Equations 4.6 and 4.7)

τs :=
1

ωpi
=


ϵ0mp

ne,0 e2
, (9.38)

whereby e denotes the elementary charge.
In order to define the spatial decay of the field front the model variable βv is
introduced. It connects the scale length of the field ls with the Debye length of the
plasma expansion. Either a constant mean scale length

ls = βvλD,0 (9.39)

is used, whereby the initial Debye length λD,0 is defined by Equation 4.12, or the
scale length is connected with the time dependent local Debye length of the ion
front λD,front(t) (Equation 4.15) and is given by

ls(t) =


βv · λD,0 + δv · λD,front(t), if βv · λD,0 + δv · λD,front(t) < γv · λD,0
γv · λD,0, if βv · λD,0 + δv · λD,front(t) ≥ γv · λD,0

(9.40)

In this case the scale length ls(t) increases linearly in time, but is limited by a
minimum (βv · λD,0) and a maximum value (γv · λD,0).

Isothermal Approximation

The following modeling of the experimental results is based on the isothermal
approximation model which is proposed in Section 9.4.1. In the presented case
the model variables αv = 0.051 and βv = 2.2 are assumed. The laser intensity
IL is set to 1 · 1018 W/cm2 which is in agreement with the experimental value of
Ipump ≈ (1− 5) · 1018 W/cm2. The resulting model parameters are summarized in
Table 9.1.
The spatial decay of the field front is approximated by Formula 9.1 in combination
with the constant mean scale length ls of Equation 9.39. The temporal decay of the
front and plateau region are described by Equation 9.11 and are illustrated by Fig-
ure 9.12.A. The motion of the ion front zf (t) is determined using Equations 9.12,
4.8 and 4.9, whereby a limiting maximum front velocity vf,max is applied. The cor-
responding maximum proton (front) energy ϵf,max = 1/2mivf,max is set to 0.3MeV.
This value is a rough estimation but is consistent with the results of another series
of experiments, where only the interaction target was irradiated using the same
laser parameters as in Section 9.3.1. In this case the cut-off proton energy was
below the detection limit of the spectrometer (< 1.0MeV). The time dependent
velocity of the proton front is shown in Figure 9.12.B.
The proposed parameters and functional dependencies allow for the exact determi-
nation of Equation 9.3 which represents the electric field E(z, t) of two ion fronts
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Figure 9.12: A - Temporal decay of the electric field (Equation 9.11). Blue curve -
Field front. Red curve - Plateau region. B - Velocity of the proton front (Equation 4.8)
in combination with a limiting maximum front velocity vf,max. For both figures the
parameters of Table 9.1 were used.

that propagate in opposite directions. The resulting spatial field distribution is
shown in Figure 9.13.B at different moments in time.
Using the numerical algorithm of Section 9.4.2 the energy change ϵf (ϵ0) of protons
which propagate through this temporally and spatially changing field was calcu-
lated (Figure 9.10). The knowledge of these functions and the explicit form of
the initial (undisturbed) proton density distribution can be used to calculate the
redistribution of the initial proton spectrum by means of Formula 9.34.
Figure 9.13 shows the calculated model curve (yellow curve) in comparison to the
experimental result (blue curve) of Section 9.3.1. The dashed black curve is a fit
of the unaffected and thus not redistributed parts of the experimental spectrum.
A background correction of this curve can be used to estimate the contribution of
the pure and unaffected proton signal to the total ion distribution. This estimation
serves as the initial energy distribution f(ϵ0) for the model calculation.
The model (yellow curve) shows qualitatively the observed effects - a dip with adja-
cent maxima. However, the real shape is far from being reproduced indicating addi-
tional effects. In order to account for the energy resolution of the spectrometer and
the energy dispersion of protons due to scattering within the interaction target, the
model curve was smoothed (red curve) using a Gaussian filter (∆ϵ2σ = 42.5 keV).
A comparison with the measurement (blue curve) shows that the presented model
calculations can qualitatively and quantitatively explain the observed redistribu-
tion effect.
In the proposed case the model variables αv and βv were varied to determine a
good match between the model and the experiment. In this connection not only
the experimental result of Figure 9.13 was taken into account, but the other ex-
periments of Section 9.3.1 as well.
Figure 9.14 shows a selection of four measurements which were obtained with dif-
ferent settings of the target distances a and t-pump energies ϵpump. In all cases the
same model parameters (Table 9.1) were used.
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Figure 9.13: A - Simulated and experimentally obtained proton redistribution effects.
B - Spatial electric field distribution of two ion fronts which propagate in opposite di-
rections (Equation 9.3). For both figures the parameters of Table 9.1 were used.

The proposed simulation parameters and the resulting electric field structure (Equa-
tion 9.3) can not only reproduce the selected measurements, but also describe the
systematic dependency of the redistribution effect on the target distance a, which
is presented in Section 9.3.1. Both in experiment and simulation, the ratio between
the low and high energy peak changes with the setting of the target distance a.
It should be stressed that the selected set of parameters and the resulting field
distribution are not the only way to reproduce the experimental results. In princi-
ple ambiguous field distributions can lead to similar redistribution effects. A good
match between the experimental results and the simulations is possible especially
when the parameters Ec, τs, ls and ϵf,max are treated as free variables and chosen
independently.
In any case, the position of the moving ion front is determined by Equation 9.12.
It depends on ϵf,max, but is also connected to the setting of IL and αv via several
equations (cf. Sections 4.2 and 9.4.1).
However, due to the spatial dependency of Equation 9.1 which is characterized by
a slow decay, the electric field has a relatively long range. Therefore, the influence
of the front expansion on the simulated proton redistribution is small for low ex-
pansion velocities ϵf,max ⪅ 1.5MeV.
The change of a parameter that determines the position of the proton front (IL,
αv, ϵf,max) can be compensated by changing Ec, τs and ls. The experimental results
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of Figure 9.14 can be reproduced even if vf,max = 0m/s is used in simulation.
This indicates that the longitudinal probing geometry is not ideal to obtain in-
formation concerning the front expansion. On the other hand it affirms that the
relatively long extension is a characteristic property of the field, which is necessary
for explaining the observed proton redistribution effect.
The drawback of the isothermal approximation model is that the velocity of the ion
front diverges for t → ∞ and has to be limited by the additional variable vf,max.
Firstly, this variable is not directly connected with the laser intensity IL and the
choice of the model variable αv, but has to be estimated. Thus, an additional
degree of freedom is added to the modeling. Secondly, the form of the electric field
evolution itself is artificial, which is reflected by Figure 9.12.B showing the evolu-
tion of the proton front velocity. For this reason, an adiabatic model is proposed
to approximate the fields of the expanding proton front.
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Figure 9.14: Simulated and experimentally obtained proton redistribution effects for
different settings of the target distance a and the proton t-pump energy ϵpump. A -
a = 15.1mm, ϵpump = 2.0MeV. B - a = 8.09mm, ϵpump = 2.0MeV. C - a = 5.37mm,
ϵpump = 1.5MeV. D - a = 2.81mm, ϵpump = 2.0MeV. In all cases the same parameters
were used as shown by Table 9.1 were used.
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Adiabatic Approximation

In this section the adiabatic approximation model of Section 9.4.1 is applied to
model the experimental results. In this connection the model variable αv is set to
0.08 and the laser intensity IL to 8 · 1017 W/cm2 which is slightly smaller than the
experimental value Ipump ≈ (1− 5) · 1018 W/cm2. The parameters βv, δv and γv as
well as the coefficients af,cl, af,ur, ap,cl and ap,ur are not varied, but set to the exact
values which were determined in Section 9.4.1. The resulting model parameters
are summarized in Table 9.2.
The temporal decay of the front (Tfront) and plateau (Tplateau) region are described
by Equations 9.17 and 9.18 and are illustrated by Figure 9.7. The advantage of
the adiabatic approximation is that the integral


Tfront dt converges for t → ∞.

Therefore, the maximum front velocity vf,max and accordingly the maximum proton
energy ϵf,max = 1/2mivf,max can be calculated numerically. Also the position of the

Model Variables

IL 1 · 1018 W/cm2

αv 0.051 1
βv 2.2 1

Simulation Parameters

δv − 1
γv − 1
Ec 4.17 · 1011 V/m
τs 80.1 fs
ls 0.57 µm
ϵf,max 0.3 MeV
Te 108 keV
λD,0 0.26 µm
cs 3.22 · 106 m/s
Φp 108 keV
ne,0 8.88 · 1019 1/cm3

nc 1.74 · 1021 1/cm3

ωpi 1.24 · 1013 1/s
∆a 800 nm
af,cl, af,ur − 1
ap,cl, ap,ur − 1

Parameter Value Unit

Table 9.1: Model variables and simula-
tion parameters for the isothermal approx-
imation model.

Model Variables

IL 8 · 1017 W/cm2

αv 0.08 1

Simulation Parameters

βv 1.9 1
δv 0.5 1
γv 20 1
Ec 3.20 · 1011 V/m
τs 64.34 fs
ls(t) 0.35-3.73 µm
ϵf,max 1.13 MeV
Te 88 keV
λD,0 0.338 µm
cs 2.9 · 106 m/s
Φp 88 keV
ne,0 1.39 · 1020 1/cm3

nc 1.74 · 1021 1/cm3

ωpi 1.55 · 1013 1/s
∆a 800 nm
af,cl, af,ur 5 1
ap,cl, ap,ur 8 1

Parameter Value Unit

Table 9.2: Model variables and simula-
tion parameters for the adiabatic approxi-
mation model.
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proton front zf (t) does not depend on an estimation of vf,max, as in the isothermal
case. It is only connected with the laser intensity IL and the choice of the model
variable αv and can be calculated by means of Equation 9.19. Figure 9.9.A shows
the time decay of the field front (Equation 9.19) in comparison to the numerically
calculated front velocity. In the presented case a maximum proton (front) energy
ϵf,max of 1.13MeV is reached.
The spatial decay of the field front is approximated by Formula 9.1 in combination
with the time dependent scale length ls(t) (Equation 9.40). The scale length ls(t)
increases linearly in time, but is limited by a minimal (βv · λD,0) and a maximum
value (γv · λD,0), as illustrated in Figure 9.15.A. The introduction of the limiting
maximum value is in agreement with the adiabatic expansion model [74], where the
Debye length at the ion front is not increasing indefinitely with time, but saturates
to a certain value.
The proposed parameters and functional dependencies allow for the determination
of Equation 9.3 which represents the electric field E(z, t) of two ion fronts that
propagate in opposite directions. The resulting spatial field distribution is shown
in Figure 9.15.B at different moments in time.
Figure 9.16 shows a selection of four measurements which were obtained with dif-
ferent settings of the target distances a and t-pump energies ϵpump. The shown sim-
ulated proton redistributions are evaluated in the same manner as in the isothermal
case. For all simulations the same model parameters (Table 9.2) were used.
The adiabatic approximation model can explain the systematic dependency of the
redistribution effect on the target distance a, which was found in Section 9.3.1.
The agreement between the simulated redistribution effects and the experimental
results is even better when compared to the isothermal approximation model.
The applied simulation parameters do not differ significantly from the isothermal
case and are all in the same order of magnitude. However, it is necessary to be
cautious concerning the accuracy of the indirectly determined plasma parameters.
The proposed adiabatic approximation is not a self consistent model, but relies on
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Figure 9.15: A - Temporal evolution of the scale length ls(t) (Equation 9.40). B -
Spatial electric field distribution of two ion fronts which propagate in opposite directions
(Equation 9.3). For both figures the parameters of Table 9.2 were used.
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the determination of the coefficients af,cl, af,ur, ap,cl and ap,ur as well as βv, δv and
γv, as described in Section 9.4.1. In principle these parameters can depend on the
hot electron temperature Te, the initial electron density ne,0 or the target thickness
∆a which is not considered here. A comparison to other analytical models [140]
and simulations [74] could possibly provide a more accurate determination of the
characteristic plasma parameters.
Nevertheless, the proposed approximation reflects the principle functional depen-
dence of the temporal and spatial field evolution of an expanding proton front,
as shown in Section 9.4.1 (Figure 9.8). Therefore, the model allows for an inter-
pretation of the characteristic properties of the redistribution effects and can be
applied to explain the systematic decrease of the low energy peak with lower target
distances a.
When protons propagate through the ambipolar field of the expanding proton fronts
their energy is changed depending on the time when the field is initiated (tpump)
and their relative position in the field. This position depends on their initial en-
ergy ϵ0 and the target distance a. The field is initiated at the time tpump which
corresponds to the moment in time when a probing proton with the initial energy
ϵ0 = ϵpump = 2.0MeV reaches the interaction plane at the distance a. The char-
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Figure 9.16: Simulated and experimentally obtained proton redistribution effects for
different settings of the target distance a and the proton t-pump energy ϵpump. A -
a = 15.1mm, ϵpump = 2.0MeV. B - a = 8.09mm, ϵpump = 2.0MeV. C - a = 5.37mm,
ϵpump = 1.5MeV. D - a = 2.81mm, ϵpump = 2.0MeV. In all cases the same parameters
as shown in Table 9.2 were used.
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acteristic time of the field evolution is given by the reciprocal value of the plasma
frequency (τs = 1/ωpi) and is of the order of 100 fs. Within this time a 2MeV
proton propagates along a distance of approximately 2 micrometers, which is small
compared to the effective extension of the field leff ≈ 300µm (Section 9.3.1).
The spatial decay of the field is described in Equation 9.1. The slope of this func-
tion is maximum at z = 0 and decreases with distance. A significant spatial change
of the field appears only at close distances to the foil surface. Using the parame-
ters of Table 9.2, the relative change of the field between z = 0 and z = 2µm is
approximately 85% at t = tpump.
In comparison, the change between z = leff and z = leff+2µm drops down to 0.6%.
Therefore, the change of the proton position during the fast evolving acceleration
process can be neglected for most of the protons. The energy change of a proton
is dominated by the temporal evolution of the field at a fixed position.
For this reason, the following simplified view on the redistribution process is reason-
able: all particles with initial energies ϵ0 > ϵpump have already passed through the
interaction target (zp > a) and are accelerated further when the field is initiated.
In contrast, particles with energies ϵ0 < ϵpump have an initial position zp < a and
are decelerated. A possible re-acceleration of these particles after passing through
the foil (zp > a) can be neglected for the most part of protons.
The black curves in Figures 9.17.A and 9.17.B show the energy change of protons
due to the field action for the target distances a = 15.14mm and a = 2.81mm,
respectively. The blue dashed lines are identity functions and represent the case in
which the probing proton energies are not changed. The red dashed lines mark the
position of the proton t-pump energy ϵpump for comparison. The applied simulation
parameters correspond exactly to the cases of Figure 9.16.A and 9.16.D (Table 9.2).
As shown the fraction of proton energies which are initially below the proton t-
pump energy (ϵ0 < ϵpump) but experience a net acceleration by the field is very
small in comparison to the overall affected energy range. This is also valid in the
case of lower dispersion (9.17.B), even though the absolute number of decelerated
and then re-accelerated particles increases.
The resulting proton redistribution effects are illustrated by Figures 9.17.C and
9.17.D, where the same constant initial energy distribution (black line) is used.
In both cases a local maximum appears at the low and high energy sides of the
gap. However, in Figure 9.17.C (longer target distance) the peak on the low energy
side is much more pronounced.
This can be explained by the shape of the corresponding function ϵ(ϵ0) in Fig-
ure 9.17.A. Around the initial energy ϵ0 ≃ 1.98MeV the slope of this function is
almost zero. Therefore, protons of a certain initial energy range (ϵ0 ∈ Mϵ) are
mapped to the same final energy ϵ ≃ 1.94MeV, which is the position of the low
energy peak.
In comparison, the slope in Figure 9.17.B is higher for initial energies ϵ0 < 2.0MeV
and the peak on the low energy side is less pronounced. Due to the higher disper-
sion in case A (C) the protons of the interval Mϵ are distributed over a relative
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Figure 9.17: Energy change ϵ(ϵ0) of protons (upper figures) due to the action of the
ambipolar field of expanding proton fronts (Equations 9.3, 9.17 and 9.18) and resulting
redistribution effects for a constant initial particle distribution (lower figures). A, C -
Target distance a = 15.14mm. B, D - Target distance a = 2.81mm. The applied
simulation parameters correspond to the cases of Figure 9.16.A and 9.16.D (Table 9.2).

long extension along the z-axis at the time tpump. Therefore, these particles are
affected by very different parts of the spatially dependent field. Faster particles
are decelerated more strongly than the slower ones and can reach the same final
energy.
In case B (D) this is not possible. Due to the lower dispersion the particles of
the same energy range (ϵ0 ∈ Mϵ) are much closer to each other. Therefore, a
relatively similar field amplitude acts on each of these particles. This leads to a
quasi-constant shift of the initially different particle energies, but not to a mapping
to the same final energy.
Naturally, this effect is favored in the case of lower field gradients, i.e. for higher
values of the spatial scale length ls. The limit ls → ∞ leads to a quasi-constant
field in space and suppresses the creation of local peaks in the energy spectrum.
In principle, the local maxima on the high energy side of the gap, which appears
in both cases can be explained in a similar way.
In conclusion, all results discussed in this section show that specific energy redistri-
bution effects can be explained with adapted field descriptions of accepted models.
The longitudinal probing configuration in combination with model calculations can
be used to infer characteristic properties of laser-induced acceleration fields. This
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is possible even if the temporal resolution of the spectrometer is poorer than the
characteristic time scale of the investigated process.

9.5.2 Special Redistribution Effects

The most prominent difference between the redistributed proton spectra of Sec-
tion 9.3.1 and the spectra of Section 9.3.2 is the appearance of two peaks at the
high energy side of the gap. The adiabatic approximation model (Section 9.4.1)
which was successfully applied in the previous section fails to describe this specific
feature in a consistent way. In order to approach an understanding of the phe-
nomenon two models are investigated: the so called surface potential model (SPM)
and the isothermal approximation model.

Surface Potential Model

The surface potential model is presented in detail in Section 9.4.3 and offers a
qualitative explanation for the generation of the phenomenon. As PIC-simulations
show (cf. Figure 6.4), the electric field distribution which is initiated on both sides
of a laser irradiated thin foil can exhibit a certain asymmetry of the field amplitude.
This motivated the development of the surface potential model (SPM) [134], which
describes the action of both fields by a net force that acts in one direction.
As described in Section 9.4.3 a specific set of parameters has to be defined to calcu-
late the energy change of a proton which propagates through the surface potentials
of the interaction target (Equation 9.27). These are the amplitude values of the
surface potentials U0,1 and U0,2 and the value of the ion plasma frequency ωpi which
determines the characteristic decay time of the potential field (Equation 9.23). In
the most simple case the amplitude U0,1 is set to zero and only the accelerating
effect of U0,2 is taken into account.
In the presented case U0,1 = 0MeV and U0,2 is approximated by the ponderomotive
potential Φp which is connected with the laser intensity via Equation 3.51.
To allow for a direct comparison with the previous model parameters the model
variable αv is used again. The variable is connected with the hot electron density
ne,0 via Equation 9.35 and thus determines the ion plasma frequency ωpi as well as
the characteristic time decay τs by means of Equation 9.38.
In order to reproduce the measurement of Section 9.3.2 (red curve, Figure 9.5) a
laser intensity IL of 1.4 · 1018 W/cm2 was assumed for the model calculation, which
corresponds to the ponderomotive potential Φp = 126 keV.
The model variable α was set to 10−5. The resulting electron density ne,0 = 1.74 ·
1016 cm−3 is connected with the plasma frequency (hydrogen) ωpi = 1.74 · 1011 1/s
and the characteristic decay time τs = 5.75 ps.
All other resulting simulation parameters which are relevant for the presented
model calculations are summarized in Table 9.3.
An almost identical model result is obtained if the laser intensity IL is set to
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Figure 9.18: Simulated and experimentally obtained proton redistribution effects. The
calculated model curves are shown in comparison to the experimental result of Sec-
tion 9.3.2, Figure 9.5.A. A - Surface potential model (Section 9.4.3), Parameter Table 9.3.
B - Isothermal approximation (Section 9.4.1), Parameter Table 9.4.

5 · 1018W/cm2 and the amplitude values U0,2 = Φp and U0,1 = 0.7 · Φp are used,
with Φp = 422 keV.
The explicit form of the initial (undisturbed) proton energy distribution and the
proposed parameters can be used to calculate the redistribution of the proton spec-
trum by means of Formula 9.34.
Figure 9.18.A shows the calculated model curve (yellow curve) in comparison to
the experimental result (blue curve) of Section 9.3.2. The dashed black curve is a
fit of the unaffected and thus not redistributed parts of the experimental spectrum.
A background correction of this curve is used to estimate the contribution of the
pure and unaffected proton signal. This estimation serves as the initial energy
distribution f(ϵ0) for the model calculation. As previously discussed, the measure-
ment resolution has to be taken into account. For this reason, the model curve was
smoothed using a Gaussian filter (∆ϵ2σ = 30 keV). The result is illustrated by the
red curve.
According to the applied theoretical model, the creation of this double peak struc-
ture can be understood as follows: In accordance with the definition of the surface
potential model and the given set of parameters the electric field is strongly local-
ized and exerts a net force on the proton beam which acts in propagation direction.
The temporal evolution of the field (Equation 9.23) is characterized by a sharp in-



146
Energy Redistribution Effects in Proton Beams by Probing

Strong Fields at Plasma Vacuum Interfaces

crease and a slow decay as shown in Figure 9.19. The time decay at which this
function drops to 1/e of its initial value is denoted by τf . In the presented case the
choice of α = 10−5 leads to τf ≈ 15 ps.
Due to the sharp increase of the electric field in space and time all particles which
arrive at a time before tpump at the interaction target (ϵ0 > ϵpump) are not affected.
Therefore, the corresponding part of the initial energy distribution is not changed
(Figure 9.11.E, red curve).
All protons which arrive at a time after the interaction (ϵ0 < ϵpump) are accelerated
(Figure 9.11.E, blue curve) depending on the temporal evolution of the field. The
protons which arrive shortly after the interaction (ϵ0 ≲ ϵpump) are accelerated most
effectively to energies ϵ > ϵpump and therefore contribute to the unchanged high
energy part of the initial spectrum.
For the creation of the high energy peak the time dependence of the field evolu-
tion and its temporal derivative play the key role. As shown in Figure 9.19 the
derivative of the electric field is zero when the interaction starts (t = 0). Ini-
tially the absolute values of the derivative are small. They increase in time until
a local maximum is reached and decrease afterwards. This functional dependence
is translated to the functional behavior of dϵf (ϵ0)/dϵ0 as shown in Figure 9.11.B.
Since Formula 9.34 is dependent on ϵ′f (ϵ̃f,(i)(ϵ0)) this signature is found in one of

the redistribution parts f̄(i)(ϵ0) and manifests itself in the form of the second high
energy peak (Figure 9.11.D and 9.11.E).
Obviously the model calculation and the measurement do not match very well.
Nevertheless, the model reproduces the appearance of two peaks at the high en-
ergy side of the gap.
In order to obtain a better agreement between model and experimental various
functions were used to describe the temporal field evolution (Equation 9.23), how-
ever a substantial improvement was not achieved. For instance, similar results
are obtained with a Gaussian shaped function. In contrast, a strictly exponential
decay does not create a second peak. In any case, the double peak structure can
only be reproduced for decay times τf ≳ 1 ps. For smaller times, the amount of
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re-accelerated particles is simply too small to approximate the observed structure
quantitatively.
The applied high temporal decay time of the field (τs = 5.75 ps) and the re-
acceleration process is in fundamental contradiction to the results of the last sec-
tion. In this case a characteristic decay time of the order of 100 fs was found, using
the description of expanding ion fronts (Section 9.4.1).
The double peak structure is only generated by the model if U0,2 > U0,1 is assumed,
which leads to a resulting force pointing in propagation direction. This is a major
drawback of the proposed model, because it is not clear how the electric field can
be directed in propagation direction over a time scale of several picoseconds. It can
be expected that a charge up of the whole foil would result in symmetrical field
distribution near the front and rear surfaces of the target. This situation would
not lead to a net force in one direction.
Also the sharp spatial increase of the field (δ-function) contradicts the experimen-
tal results of Section 9.3.1, where the characteristic extension leff ≈ 300µm was
estimated. However, if an exponential decay of the field with a decay length ls of
several micrometers and a time decay τs ≈ 5 ps is used in simulation, the double
peak structure can still be generated. In any case a better agreement between
simulation and experiment could not be achieved.

Isothermal Approximation

In order to find an explanation for the two high energy peaks which is in agree-
ment with the results of the previous sections, the isothermal approximation model
(Section 9.4.1) was investigated. As a result it was found that the model is capable
of creating a second high energy peak if the maximum energy of the proton front
ϵf,max exceeds the proton t-pump energy ϵpump, i.e. ϵf,max > ϵpump.
In this case a certain part of the probing proton beam propagates with the same
velocity as the field front of the interaction target. This elongates the effective
interaction time between these protons and the expanding field front and leads to
additional modulations in the redistributed proton energy spectrum close to ϵf,max.
The spatial decay of the field front is approximated by Formula 9.1 in combination
with the time dependent scale length ls(t) (Equation 9.40). The time decay of the
front and plateau region are described by Equation 9.11 and the position of the ion
front zf (t) is determined using Equations 9.12, 4.8 and 4.9, whereby the limiting
maximum front velocity vf,max corresponds to the kinetic energy ϵf,max of a proton.
For the reproduction of the experimental result of Section 9.3.2 (red curve, Fig-
ure 9.5) several model parameters were adjusted and are listed in Table 9.4 in the
category model variables. In order to adapt the position of the gap the proton t-
pump energy ϵpump = 1.5MeV was decreased by 100 keV for the model calculation.
This discrepancy is probably connected with the afforementioned problem with the
stepper motor control, which is responsible for the optical delay between pump and
probe pulse.
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Experimental Parameters

Ipump (1− 5) · 1018 W/cm2

d 0.0 µm
a 7.3 mm
∆a 800 nm
ϵpump 1.50 MeV
tpump 430 ps

Model Variables

IL 1.4 · 1018 W/cm2

α 0.00001 1
U0,1 0 J
U0,2 Φp J

Model Parameters

τs 5755 fs
τf (1/e) 14539 fs
Φp 146 keV
ne,0 1.74 · 1016 1/cm3

ωpi 1.74 · 1011 1/s
|U0,1/U0,2| 0.0, (0.7) 1

Parameter Value Unit

Table 9.3: Experimental and model pa-
rameters used for the calculation of the an-
alytical model curves of Figure 9.18.A.

Model Variables

IL 1 · 1018 W/cm2

ϵpump 1.40 MeV
αv 0.1 1
ϵf,max 1.6 MeV
βv 0.25 1
γv 3 1

Simulation Parameters

δv 0.5 1
Ec 5.83 · 1011 V/m
τs 57.55 fs
ls(t) 0.046-0.555 µm
Te 108 keV
λD,0 0.19 µm
cs 3.22 · 106 m/s
Φp 108 keV
ne,0 1.74 · 1020 1/cm3

nc 1.74 · 1021 1/cm3

ωpi 1.74 · 1013 1/s
∆a 800 nm

Parameter Value Unit

Table 9.4: Model variables and simula-
tion parameters for the calculation of Fig-
ure 9.18.B using the isothermal approxi-
mation model.

Figure 9.18.B shows the model result in comparison with the same measurement
approximated previously by means of the SPM. The yellow curve shows several
peaks on the high energy side of the gap. These peaks are also visible and dis-
tinguishable in the smoothed spectrum (red curve), which accounts for the energy
resolution of the spectrometer. The model can approximate the experimentally
obtained curve (blue line) to a certain extent and provides a better fit than the
SPM-result.
It can be shown that various combinations of the proposed model variables and
thus ambiguous field configurations can lead to similar redistribution effects. How-
ever, a reasonable reproduction of the second high energy peak is only possible if
the maximum energy of the proton front ϵf,max is set to a value close to the corre-
sponding energy of this peak (ϵf,max ≈ 1.6MeV).
Even if the isothermal approximation model allows for a relatively good match
between the experimental and the model spectrum, several points put the applica-
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bility of the model into question:

• As explicated in Section 9.3.1 the generation of the two high energy peaks
is possible for different settings of ϵpump. In addition, it was shown that
the whole redistribution structure (including the second high energy peak)
changes its relative position in the spectrum, according to the setting of ϵpump

or tpump. If only the timing of the pump pulse is changed and not the laser
parameters itself, the position of the second high energy peak in the spectrum
should not be identical to the value of the maximum front energy ϵf,max. This
contradicts the model results, where the position of the peak does not change
in agreement with ϵpump, but corresponds with the setting of ϵf,max.

• In simulation, the second high energy peak is generated because a specific
part of the probing proton beam propagates with the same velocity as the
field front which is initiated at the position a of the interaction target. This
elongates the effective interaction time between these protons and the ex-
panding field front and leads to additional modulations in the redistributed
proton energy spectrum close to ϵf,max. However, this effect is restricted to
the isothermal approximation and is not generated if the adiabatic approxi-
mation model is used. The artificial form of Equation 9.12, which describes
the motion of the ion front, is responsible for its creation. As illustrated by
Figure 9.12.B, the ion front velocity increases in time until the maximum
front velocity vf,max is reached at the time tf,max. From now on, the front
acceleration is zero and the front propagates with vf,max. This leads to the
artificial situation that the final front energy ϵf,max is reached, at a time where
the field strength of the front (Figure 9.12.A) is still relatively high.

In contrast to the energy redistribution effects of the previous section which could
be explained and quantitatively reproduced with analytical model calculations,
none of the proposed models provides a satisfactory explanation for the appear-
ance of two high energy peaks in the spectrum.
However, the applied models assume an ideal field geometry. The real situation is
much more complex in three dimensions. Therefore, other field components, such
as radial electric fields and magnetic fields must also be considered. In principle,
these fields may accelerate a part of the probing protons in the direction parallel
to the surface of the interaction target, depending on the initial trajectory and
probing time of the respective single proton. The induced deflection of the proton
beam in combination with the accelerating and decelerating effect of the interaction
fields could result in a complex density distribution on the detector which could
not have been measured with the applied setup.
Due to the small angle scattering of the probing protons within the relatively thick
(800 nm) aluminum foil, the transversal emittance of the proton beam was signifi-
cantly increased. Therefore, the application of a beam mask for the visualization of
transversal force components (cf. Chapter 7) was not possible and the reconstruc-
tion of the acting transversal fields was not attainable. For this reason, ultra-thin
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foils which allow for the application of a beam mask and thus the investigation of
transversal field components will be used in the next chapter.



10 Electromagnetic Fields initi-
ated on Ultra-thin Foils with
High-contrast Laser Pulses

This chapter examines the electromagnetic fields, which are generated at plasma
vacuum interfaces of laser irradiated ultra-thin foils (30 − 50 nm). For the field
generation both femtosecond and picosecond laser pulses with high temporal con-
trast were used. The field distribution and its evolution were investigated using
the method of proton streak deflectometry, whereby two different probing configu-
rations (cf. Chapter 7) were applied. The corresponding deflection measurements
can visualize the action of the induced fields. The impact of individual field compo-
nents on the observed streak deflections depends on the applied probing geometry.
Therefore, the combination of both probing configurations provides additional and
complementary information about the investigated field distribution.
First, the proton streak deflectometry setup is described, then the experimental
results are presented and discussed. Afterwords, several theoretical models are
presented, which can describe particular aspects of the laser-induced electromag-
netic fields. Based on the respective model, the calculation of electric and magnetic
fields is explained with respect to the applied laser and target parameters. In addi-
tion the temporal evolution and spatial distribution of particular field components
are visualized. In the following sections the results of numerical particle simula-
tions are presented, which can approximate the measurements. First, the general
conception of the simulations is explained. Subsequently, simulation results in con-
nection with field effects due to ultra-short laser pulses are discussed, followed by
the simulation results concerning picosecond laser pulses. Finally, conclusions are
drawn.

10.1 Experimental Setup

The experimental setups in transversal and longitudinal probing geometry are il-
lustrated in Figure 10.1.A and 10.1.B, respectively. The laser irradiation of a 5 µm
thick titanium foil and its adherent CH-contamination layer leads to the creation

151



152
Electromagnetic Fields initiated on Ultra-thin Foils with

High-contrast Laser Pulses

of a proton beam. The used laser pulse is generated by means of laser arm A
(Section 2), which provided a pulse length τp (FWHM of intensity) of 30 fs and
an ASE background level of 10−10 − 10−9. On their way to the detector the pro-
tons propagate perpendicular (Figure 10.1.A) or parallel (Figure 10.1.B) to the
surface normal of a plastic foil (CH foil) with a thickness ∆a of 30 nm. The plastic
foil has the empirical formula C5H7O2 and a solid state electron density neh,0 of
3 · 1023 1/cm3.
The proton beam is used to probe the electromagnetic fields that are created as
a result of the interaction between the laser pump pulse and the CH (interaction)
target. For the generation of the pump pulse laser arm B (Section 2) was used,
which provided a pulse energy from 1 J to 3 J before compression. Taking into
account the transmission of the beamline (62%), these values result in an trans-
mitted energy of between 0.62 J and 1.86 J on target. By changing the grating
position of the compressor, a pulse length τp (FWHM of intensity) from several
picoseconds to 50 fs with an ASE background level of 10−11 − 10−10 was realized.
The focal intensities of the laser pulses were calculated with respect to the measured
focal spot-sizes, pulse energies and pulse durations (Section 2.1). The calculated
intensity values of the laser pulse Isource are in the range of 7 · 1019− 2 · 1020 W/cm2

and the intensity of the pump pulse Ipump was variable depending on the chosen
pulse length.
The energy distribution of the probing proton beam was registered with a Thomson
slit spectrometer (Chapter 5). The denotations shown in Figure 9.2 are explicated
in Section 5.1. For the presented measurements of this chapter, the depicted dis-
tances L1 to L3 have the values: L1 = 477mm, L2 = 228mm, L3 = 515mm. The
applied magnet (Bx = 0.34T, l = 50mm) is identical as proposed in Section 5.1.
The entrance slit has a width sy of about 288µm. This leads to an energy resolution
∆ϵ of approximately 45 keV for proton energies of around 2.5MeV (Section 5.5).
In general the relative energy resolution is better than 3% of the relevant kinetic
energy values. The target distance a has value of around 35.0mm. The temporal
resolution ∆t is around 30 ps if an interaction length of lI of 100µm is assumed
(Section 8.5).
In addition a virtual source distance zv(ϵ) of −0.82± 0.5mm could be determined
for the proton energy interval between 1MeV and 3MeV, as described in Sec-
tion B.1.
In transversal probing geometry (Figure 10.1.A) two additional Thomson spec-
trometers were installed opposite the front and rear surface of the CH foil. These
were applied to record the energy distribution of the individual ion species that are
accelerated in both directions normal to the surface of the interaction target.
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10.2 Experimental Results

This section presents the proton deflectometry measurements and discusses the
experimental results focussing on the investigation of fields generated with ultra-
short laser pulses. The corresponding measurements in longitudinal and transversal
probing configuration are presented first. Then, a selected measurement in con-
nection with a picosecond laser pulse is presented. Here, the streak deflections in
longitudinal configuration clearly indicate the presence of magnetic fields, which
was not observed in the previous case of ultra-short pulses.

10.2.1 Field Effects due to Ultra-short Laser Pulses

In this section the field effects on ultra-thin foils (30 − 50 nm) are investigated,
which are initiated by ultra-short laser pulse (τp = 50 fs) irradiation with ultra-
high temporal contrast (C = 10−11 − 10−10).
The measurements in transversal direction show a pronounced deflection symmetry
between the target front and rear side and make it possible to deduce the expansion
velocity of the proton front.
The results in longitudinal configuration exhibit energy redistribution effects in
the probing proton beam. These proton redistributions are slightly different in
comparison to the observations of Chapter 9, where thicker foils (800 nm) and
laser arm A were used for the field generation. In addition the measurements in
longitudinal configuration visualize the influence of transversal force components,
which are directed perpendicular to the propagation direction of the proton beam.
This is possible, because the probing protons propagate through an ultra-thin foil,
therefore the effect of small angle scattering is negligible and the initial transversal
emittance of the probing proton beam remains low. A beam mask (grating) can
thus be used to detect the influence of transversal field components on the inter-
sected proton beam as described in Chapter 7 and Chapter 8.
For the measurements in both probing configuration almost identical laser param-
eters were used which allowed for a direct comparison of the experimental results.

Transversal Probing Geometry

Figures 10.2 and 10.3 show a selection of processed streak deflectometry mea-
surements in transversal probing geometry. Different regions of the laser-induced
fields are probed in consecutive shots using the lateral displacement technique
(Section 8.2). The measured proton density distributions ρ(x, y) on the MCP are
processed by means of the numerical coordinate transformation, presented in detail
in Chapter 5.4 and Chapter 8.3. As a result the distributions ρ̃(β, tp) are visualized
in an orthogonal coordinate system as a function of the initial emission angle β
and the probing time tp, which are represented by the upper abscissa and the left
ordinate, respectively. The lower abscissa indicates the corresponding proton en-
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ergy for β = 0. The right ordinate shows the focal distance xF(β, d) (Section 8.2),
which depends on β and the lateral displacement parameter d.
In order to visualize the influence of transversal field components (perpendicular
to the propagation direction of the probing proton beam) a beam mask in the form
of a grating with 300 LPI was used to intersect the proton beam. In the case of
Figure 10.3.A the pump laser is blocked. As a result no fields are generated around
the interaction target and the probing proton beam is not deflected. The undis-
turbed proton traces of this image serve as a reference, demonstrating the accuracy
of the method.
In view of all measurements, the deflected traces exhibit pronounced deflection
symmetry, indicating a highly symmetric field distribution. Protons passing the
interaction target on different sides, but with similar energies ϵp and similar initial
focal distances |xF|, show similar deflection amplitudes.
On both sides the deflection strongly depends on the initial distance to the target
surface. Protons passing closer to the foil surface are deflected more strongly than
protons which pass at a further distance.
The time tpump defines the arrival time of the pump laser pulse at the interaction
target with regard to the creation of the probing proton beam at the source target.
In the presented experiments the time tpump is set to 1571 ps which corresponds to
the proton t-pump energy ϵpump = 2.6MeV. This means that a proton with the
kinetic energy ϵ = ϵpump needs the time tp = tpump to propagate from the source to
the interaction target.
With the generation of the electric fields the probing protons are deflected away
from the surfaces of the interaction target depending on their relative position,
propagation direction and energy. The temporal dependence of the deflection can
be divided in several intervals. Protons with energies ϵp > ϵpump reach the sec-
ond target (z=a) even before the laser pump pulse impinges on its surface. These
particles are only affected by the initiated fields if their relative distance to the
interaction center (pump focus) is smaller than the radial extension of the field
distribution in z-direction.
As shown in Figure 10.2.B the deflection becomes visible at the probing time
tp = tf = 1410 ps and can be characterized by a steep increase.
Proton traces with focal distances |xF| ⪅ 650µm (for tp < tpump) show a deflec-
tion maximum at the time moment which corresponds exactly to the setting of the
pump time tpump = 1571 ps. For traces at higher distances (|xF| ⪆ 650µm) the
deflection maximum is shifted towards lower proton energies.
After the maximum, the deflection decays relatively quickly for |xF| ⪅ 650µm,
on a time scale of approximately 80 ps. The decay then becomes flatter, and
within 250 ps the deflection declines to a quasi-constant value. At higher dis-
tances (|xF| ⪆ 400µm), the deflected traces show a second local maximum before
they drop to constant values in time. At this point the proton deflection becomes
relatively independent on the initial ejection angle β.
As explained in Chapter 8.3 (Figure 8.5) the time tf ≈ 1410 ps when the deflection
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Figure 10.4: A - Density distribution ρ̃(β, tp) of Figure 10.3.B. The dashed green lines
shows the start of the deflection and the dashed blue line indicates the (first) deflection
maximum. B - Proton energy spectra due to the front- and rear-side acceleration on the
30 nm CH foil.

becomes visible is connected with the energy ϵf = 3.23MeV of the fastest influenced
protons as illustrated by the green dashed line in Figure 10.4.A. The correspond-
ing velocity value can be used to estimate the extension of the electric field in
z-direction under the assumption that the electric field component in z-direction
(along the surface) is negligible. In the case of Figure 10.3.B or Figure 10.4.A,
respectively an extension radius rf of 4.3mm is obtained. Considering that the
foil target has a total extension of 5mm in z-direction and is irradiated in the
center, the deduced extension radius is relatively high. This indicates that radial
field components along the foil surface (in z-direction) cannot be neglected in the
presented case.
Using the extension of the foil in z-direction as an upper limit of the radial field
extension, the time resolution of the method can be estimated by means of For-
mula 8.5. For the probing time tp = tpump the time resolution ∆t is approximately
250 ps.
In order to obtain complementary information about the acceleration process on
the 30 nm CH foil, two Thomson spectrometers were installed opposite its front
and rear surfaces. This allowed for the measurement of the composition and ener-
gies of the accelerated ion species in combination with the streak deflections of the
probing proton beam.
Figures 10.5.A and 10.5.B are photographs of the light emitting phosphor screens
showing the ion traces on the MCPs which are caused by the (A) front-side and
(B) rear-side acceleration on the 30 nm CH foil. Both figures were recorded simul-
taneously in one shot and are related to the streak deflectometry measurement of
Figure 10.2.B. The corresponding proton traces were evaluated and the resulting
energy spectra are illustrated in Figure 10.4.B.
The proton energy spectra, which belong to the streak deflectometry measurements
of Figure 10.2.C and 10.3.C are shown in Figure 10.6. Similarly, the proton en-
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Figure 10.5: Photographs of light emitting phosphor screens. The ion traces on the
MCPs are caused by the (A) front-side and (B) rear-side acceleration on the 30 nm CH
foil.

ergy spectra that belong to Figure 10.2.A. and Figure 10.3.B. are illustrated in
Figure 10.7.
In view of all measurements it becomes clear that the acceleration at the front and
rear sides of the CH foil leads to relatively similar ion energy distributions. This is
not only valid for the proton signal, but also for all other contributing ion species.
The observation is in agreement with the symmetry of the measured streak deflec-
tions on the front and rear sides of the CH foil (Figures 10.2.C and 10.2.B). The
comparison of all energy spectra shows that the fluctuations of the generated pro-
ton (ion) signal are relatively low for consecutive measurements. This proves the
repeatability of the laser-induced acceleration process and thus indirectly affirms
the comparability of the presented streak deflectometry measurements.
Figures 10.2.A, 10.2.C, 10.3.B and 10.3.C show the proton stripes at greater dis-
tances from the foil surface, i.e. for higher values of |xF|. Proton streak deflections
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Figure 10.6: Proton energy spectra due to the front- and rear-side acceleration on a
30 nm CH foil. The spectra correspond to the streak deflectometry measurements of
Figure 10.2.C. (A) and Figure 10.3.C (B).
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Figure 10.7: Proton energy spectra due to the front- and rear-side acceleration on a
30 nm CH foil. The spectra correspond to the streak deflectometry measurements of
Figure 10.2.A. (A) and Figure 10.3.B (B).

are visible up to the maximum recorded value xF ≈ 2400µm, which is a mea-
sure of the effective field extension normal to the foil surface. Thus, for the elec-
tric field component En normal to the target surface an effective extension length
lEn ⪆ 2400µm is found.
For distances |xF| ⪆ 700µm the proton stripes do not overlay and are clearly dis-
tinguishable, even at the deflection maximum. For these distances the deflection
amplitude is smaller than the width of a proton stripe (≈ 50µm) and decreases
at higher values of |xF|. This dependency could be explained by a field gradient
∂E/∂x which becomes relatively flat for larger distances (|xF| ⪆ 700µm). If pro-
tons of adjacent stripes are affected by almost the same force, the amplitude of
their deflection becomes similar and different stripes cannot overlay on the detec-
tor.
A careful analysis of the presented deflection measurements shows that the de-
flection maximum is shifted to higher probing times tp with increasing distance
|xF|. This property is illustrated for two selected measurements in Figure 10.8.
The deflection maxima of each proton stripe is marked by a yellow cross and the
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Figure 10.8: Shift of the deflection maximum to higher probing times tp with increasing
distance |xF|. The measurements correspond to Figure 10.2.A (A) and Figure 10.3.B (B).
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line of best fit is shown in red. As explained in Section 8.3 the probing time tp is
defined as the time of arrival of a single proton in the x-y-plane of the interaction
region at the position z = a. The proton density distribution ρ̃(β, tp) is shown
as a function of β and tp. For small angles β the relation between xF and β is
linear (Equation 8.1). Therefore, the red lines in Figure 10.8 describe a position in
the focal plane depending on time, and its slope can be interpreted as a velocity.
If the deflection maximum is caused by the field of an expanding ion front, the
slope of the red line could represent the expansion velocity of the front. In case of
Figure 10.8.A a velocity of 2.34 ·107 m/s is deduced, which corresponds to a proton
energy of 2.87MeV. In case of Figure 10.8.B the velocity 2.39 ·107 m/s is obtained,
which results in a proton energy of 3.01MeV. A comparison with the recorded
proton energy spectra (Figure 10.7) shows that these values are in good agreement
with the measured cut-off energies.

Longitudinal Probing Geometry

Figure 10.9 shows three selected streak deflectometry measurements in longitudi-
nal probing geometry. All measurements were conducted under almost identical
experimental conditions. In addition, the same target and laser parameters as in
the previous section for the measurements in transversal probing geometry, were
applied. In order to probe different regions of the field distribution, the lateral
displacement d (Section 8.2) was changed before each measurement. In case of
Figure 10.9.A the pump time tpump was set in agreement with the proton t-pump
energy ϵpump = 2.4MeV. For the record of Figures 10.9.B and 10.9.C the t-pump
energy ϵpump = 2.6MeV was chosen.
As before, the measured proton density distributions ρ(x, y) on the detector are
processed using the numerical coordinate transformation of Chapter 5.4. This time,
the proton density distributions ρ̃(β, ϵ) of Figure 10.9 are not shown depending on
the probing time tp, but as a function of the proton energy ϵ (lower abscissa) and
the initial emission angle β (left ordinate). Here, the focal distance xF(β, d) (Sec-
tion 8.2) is indicated by the right ordinate.
In order to visualize the influence of transversal field components (along the foil
surface) a beam mask in the form of a grating with 200 LPI was used to intersect
the probing proton beam. The resulting proton stripes (Figure 10.9) on the de-
tector exhibit prominent density dips in the energy range of the selected proton
t-pump energy ϵpump, similar to Chapter 9.
In contrast to the results of that chapter, neither at the low nor the high energy
side of the dips a proton density increase in form of a local maximum is detected.
The dips are most pronounced near the center of the interaction (|xF| = 0).
A bending of the proton stripes is visible at both sides of the dips, indicating the
presence of radial electric field components and/or the influence of magnetic fields
(cf. Chapter 7.3). In both cases the bending is directed contrary to the interaction
center (|xF| = 0µm), but the deflection is stronger at the low energy side.
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Figure 10.9: Density distribution ρ̃(β, ϵ) as a result of streak deflectometry measure-
ments in longitudinal probing geometry. A - d = 47µm. B - d = 797µm. C -
d = 1547µm.
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At greater distances to the interaction center the outward deflection of the protons
decreases. As a result no bending of the stripes is detectable for |xF| ⪆ 600µm at
the high energy side of the dips.
At the low energy side the bending of the stripes becomes smoother for greater
values of |xF| and the deflection maximum is shifted towards lower energies. In-
terestingly, the position of the gap remains constant at the energy ϵpump, even for
larger focal distances (|xF| ≈ 2000µm). This indicates that the effect is either
caused by a fast evolving process or by an initial field extension which is much
larger than the spot size of the laser pulse, or both.
In any case, the deflection measurements allow for an indirect determination of the
effective field extension in radial direction. For field components that act in radial
direction (Er, Bφ), an effective extension radius of rFr ⪅ 600µm was found (cf.
Chapter 7.3). In contrast, for the normal electric field component En an effective
radial extension radius rEn ⪆ 2000µm can be determined. This interpretation is in
agreement with the high value of the estimated field extension radius rf ≈ 4.3mm,
which was determined in the last section, based on deflection measurements in
transversal direction.
Near the focal distance of xF ≈ ±500µm and at the low energy side of the density
dips the streak deflections show regions with an increased proton density. This
effect might be explained by the overlay of protons that originate from separate
(inner) stripes, but are deflected to similar regions on the detector.

10.2.2 Field Effects due to Picosecond Laser Pulses

Figure 10.10 is a photograph of the light emitting phosphor screen and shows the
recorded density distribution ρ(x, y) as a function of the x- and y-position in the
detector plane, corresponding to the setup in longitudinal probing geometry (cf.
Figure 10.1).B. The y-position refers to the proton energy, whereas the x-position
visualizes the deflection of the probing protons. The experimental parameters are
identical to those of the last section. For the generation of the pump pulse an
energy of 1 Joule before compression (0.62 Joule on target) was used. The grating
position of the compressor, which provided the shortest pulse length, was changed
by a distance of 10mm. Through this, a pulse length τp of approximately 2.7 ps
was generated, leading to an intensity of 5.8 · 1017 W/cm2.
Figure 10.11 shows the density distribution ρ̃(β, ϵ) as a result of the numerical
transformation of Image 10.10. Similar to the case of the femtosecond pulse inter-
action, the generated fields cause prominent density gaps within the proton stripes
at the proton energy of approximately 1.24MeV. This value corresponds well with
the applied proton t-pump energy ϵpump = 1.227MeV.
In addition a bending of the proton stripes towards the interaction center (|xF| = 0)
is visible at the high energy side of the density gaps, which is a clear indication of
the presence of a magnetic field. The proton stripes at the low energy side of the
gap appear blurred and deformed, which makes a clear interpretation difficult. The
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Figure 10.10: Measured density distribution ρ(x, y) on the detector.

width of the stripes are broadened and their mutual distances increased. Near the
focal distance of xF ≈ ±400µm at the low energy side of the stripe gaps regions
with increased proton density become visible, which indicates an outward deflec-
tion of protons.
The shown deflection measurement was conducted under identical experimental
conditions to the measurements with ultra-short pulses. Since only the duration
of the laser pulse was changed a comparison between these measurements is shows
the specific influence of this parameter. The streak deflections in longitudinal con-
figuration clearly indicate the presence of magnetic fields, which was not observed
in the case of ultra-short pulses. The dominating influence of the magnetic field
on the probing proton beam becomes visible in the form of a focussing deflection
of the proton stripes. This focussing effect occurs only in a certain energy range
(ϵ ∈ Mf ) at the high energy side of a pronounced density dip, which is located
around the energy ϵpump within the energy spectrum.
As explained before, the time tpump defines the arrival time of the pump laser pulse
at the interaction target with regard to the creation of the probing proton beam
at the source target. In the presented experiment the time tpump is set to 2379 ps
which corresponds to the proton t-pump energy ϵpump = 1.227MeV. This means
that a proton with the kinetic energy ϵ = ϵpump needs the time tp = tpump to prop-
agate from the source (z=0) to the interaction target (z=a).
Depending on its energy, each probing proton is either before (z < a) or behind
(z > a) the interaction target, when the deflecting fields are initiated at the time
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Figure 10.11: Density distribution ρ̃(β, ϵ) as a result of a streak deflectometry mea-
surement in longitudinal probing geometry. The lateral displacement d is 47µm. For the
field generation a picosecond laser pulse was used.

t = tpump. Because the focused protons (ϵ ∈ Mf ) have energies ϵ > ϵpump, all of
them have already passed the interaction foil (z > a) at t = tpump. Therefore, these
particles are exclusively influenced by the electromagnetic field distribution which
acts on the rear side of the foil. Conversely, this means that none of these particles
(ϵ ∈ Mf ) are influenced by the field distribution on the front side of the interaction
target. This is a significant experimental observation and has a crucial importance
for the interpretation of the acting magnetic fields. Under the assumption that the
focussing effect is induced by a magnetic field, the Lorenz force (Equation 7.1) can
be used to determine the direction of the acting fields.
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Figure 10.12: Proton propagation in longitudinal probing geometry
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Figure 10.12 illustrates the polarity of the magnetic field in reference to the foil
surface and indicates the direction of the Lorentz force on a proton with ϵ > ϵpump.
In recent investigations [94, 130] of the magnetic field structure generated on thin
foils using high intensity lasers (IL ≈ 1019 W/cm2), a field configuration corre-
sponding to Figure 10.13.A was applied to explain the experimental observations.
The experimental results of the last section, in connection with femtosecond laser
pulses, did not exhibit a clear signature of a magnetic field. However, the corre-
sponding analytical model description (model A, Section 10.3.1) revealed a mag-
netic field configuration (cf. Figure 10.15), which is in agreement with field config-
uration A (Figure 10.13.A). The calculated magnetic field amplitude showed values
up to 104 T, which is consistent with the findings in reference [130]. However, the
influence of the radial electric field on the probing protons was stronger in this
case.
In contrast, the polarity of the probed magnetic field on the rear side of the ps-laser
irradiated thin foil is exactly the opposite. This corresponds to the situation at the
rear side of field configuration B. This phenomenon is observed for the first time in
connection with high intensity laser pulses (IL > 1017 W/cm2) with high temporal
contrast and solid ultra-thin foil targets.
In the case of laser irradiated thin foils, the polarity of the thermoelectric magnetic
field generation (cf. Section 10.3.3) corresponds typically to field configuration A
(Figure 10.13.A). This is a strong indication that possibly another mechanism for
the magnetic field generation is present. Such a magnetic field is possible due to
DC currents in steep density gradients, which are driven by temporal variations in
the ponderomotive force [85–87]. Another explanation could be the occurrence of
fast electron currents which can either be directed into the target [88, 89] or along
the target surface [90–92].
So far magnetic fields with opposite orientation as a conventional thermoelectric
field were only observed experimentally in the interaction of relativistically intense
laser pulses propagating in a preionized plasma [141]. This raises the question if an
undercritical plasma could be generated due to the picosecond pulse interaction.
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Figure 10.13: Proton propagation in longitudinal probing geometry
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10.3 Theoretical Description

In this section several analytical models are proposed which provide different de-
scriptions of laser-induced electric and magnetic fields on thin foils. For convenience
these modes are referred to as model A, model B and model C. In Section 10.4
these models are used to explain the measured streak deflections and energy re-
distribution effects of Sections 10.2.1 and 10.2.2. The applicability of the models
is tested by means of three-dimensional particle simulations, which can reproduce
particular features of the measurements.
If the reader is primarily interested in the modeling of the experimental results and
the applicability of the individual models for the explanation of the experimental
observations, he should skip this section. Relevant equations and results of this
section will be referenced.

10.3.1 Model A - Ultra-short Fields on Ultra-thin Foils

In order to explain the observed proton deflections and redistribution effects, the
model of A. Andreev et al. [142] is introduced. This analytical model describes the
electric and magnetic field distributions which are generated on a ultra-thin foil
(submicrometer) if an ultra-short (< 50 fs) laser pulse irradiates the target surface
at an angle of 45◦. The model takes into account the motion of the hot electron
cloud through the target (along the z-axis) and its transverse expansion along the
target surface (x-axis) in a two-dimensional Cartesian geometry.
For convenience the formulas of this section are given in CGS units in agreement
with the original publication [142]. In comparison to the typical timescale of the
ionic motion, the laser pulse duration is very short [143]. For this reason, it can be
assumed that the ion acceleration does not start before the end of the laser-plasma-
interaction and that the energy transfer between hot electrons and ions follows the
adiabatic law

peh
nγeh

=
Teh

nγ−1
eh,0

. (10.1)

Here, peh and neh represent the pressure and the density of hot electrons, respec-
tively. Their initial temperature is denoted by Teh and their initial density by neh,0.
The adiabatic parameter γ = (2 + N)/N is defined depending on the number of
degrees of freedom N . In comparison to the motion of the hot electrons within the
foil, the ion acceleration is a slow process. Therefore, the electron inertia can be
neglected in the standard force equation for the density [144]. Hence, the equation
of the force in one direction can be written in the reduced form

∂φ

∂z
=

1

e neh

∂peh
∂z

, (10.2)
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whereby φ is the electric potential and e the electron charge. By substituting the
adiabatic Equation 10.1 into Equation 10.2 the hot electron density neh can be
expressed as a function of the potential φ of the ambipolar field

neh(φ) = neh,0


1 +

γ − 1

γ

eφ

Teh

( 1
γ−1)

. (10.3)

By considering a two-dimensional expansion (γ = 2) the relationship between the
hot electron density neh and the potential φ becomes linear. In this case the
normalized hot electron density ηeh = neh/neh,0 can be written as

ηeh(φ) = 1 +
|e|φ
2Teh

. (10.4)

As a consequence of the laser-matter interaction, hot electrons are accelerated and
leave the foil. A positively charged spot is induced on both sides of the target
that keeps most of the hot electrons in close proximity. As a result a cloud of hot
electrons is formed that circulates through the ultra-thin target while it expands in
transverse direction. The net positive charge density ρ(x, z) on the foil is composed
of the charge density of cold ions ρic = eZini(x, z) and the charge density of cold
electrons ρec = enec and can be written as

ρ(x, z) = ρic + ρec. (10.5)

In the presented model the net positive charge density of Equation 10.5 is approx-
imated by the formula

ρ(x, z) = e neh,0 η(ξ) δ(ζ), (10.6)

whereby the coordinates ξ(x) = x/rD and ζ(z) = z/rD are normalized to the Debye
radius of hot electrons

rD =


Teh

4πe2neh,0

. (10.7)

The Dirac-delta function is designated by δ(ζ) and the dimensionless function η(ξ)
describes the transverse profile of the charge density. The given approximation
is only valid if the target is thin compared to the Debye radius of hot electrons
rD and if the temporal contrast ratio of the laser pulse is sufficiently high [142].
In the latter case any amplified spontaneous emission or pre-pulse-driven plasma
dynamics before the pulse peak can be neglected.
In order to describe the dynamics of the charge density ρ(x, z, t), a temporal de-
pendence of the transverse profile η(ξ, t) is assumed. The change of the normalized
transverse scale of the positively charged spot l(t) = L(t)/rD is used to mimic the
change of the transverse profile η(ξ, t) = η(ξ, l(t))
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Using Equation 10.4 and Equation 10.6, the two-dimensional Poisson equation
∆φ = 4π(−ρ(x, z) + eneh(φ)) can be expressed in terms of the electron density

2


∂2

∂ξ2
+

∂2

∂ζ2


ηeh = ηeh − η(ξ, l(t)) δ(ζ). (10.8)

Using the modified Bessel function of second kind K0 the known solution of this
equation [145] can be expressed as

ηeh(ξ, ζ, l(t)) =
1

4π


η(ξ̃, l(t))K0

ζ2

2
+

(ξ − ξ̃)2
2

 dξ̃. (10.9)

The Poisson equation does not contain time derivatives. Therefore, the time vari-
able appears as one of the parameters in the solution. Substitution of Equation 10.9
into Equation 10.4 leads to an expression for the electric potential φ(x, z, l(t)) =
φ̃(ξ(x), ζ(z), l(t)), whereby φ̃ is the potential in normalized coordinates

φ̃(ξ, ζ, l(t)) =
Teh
2π|e|


η(ξ̃, l(t))K0

ζ2

2
+

(ξ − ξ̃)2
2

 dξ̃. (10.10)

Therefore, the choice of the transverse profile η(ξ, l(t)) = η0 · ρη(ξ, l(t)) determines
the electrostatic energy of the hot electrons, whereby ρη(ξ, l(t)) is a normalized
distribution. In the following different profiles, such as the Lorentzian distribution

η(ξ, l(t)) = η0 · ρη(ξ, l(t)) =
η0

π l(t)

1
1 + ξ2/l(t)2

 (10.11)

or the Gaussian distribution

η(ξ, l(t)) = η0 · ρη(ξ, l(t)) =
η0

ng l(t)
exp


−


ξ

l(t)

2


(10.12)

with ng = 1.772 are used. The amplitude of the transverse profile is determined
by the parameter

η0 =
4πe2Neh

TehDe

, (10.13)

whereby Neh denotes the number and Teh the temperature of hot electrons. The
initial electron spot size is named De. The number of fast electrons can be esti-
mated [142] by the ratio of the absorbed laser energy and the thermic energy of
the electrons

Neh ≈
Ab(ln) · 107 · IL · πr2L · τL

Teh
. (10.14)
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The average energy absorption [143]

Ab(ln) = Ab0
ln (1 + ln/Tr0)

1 + ln (1 + ln/Tr0)
(10.15)

depends on the target thickness ∆a via the parameter ln = ∆a ·ωpe/c, whereby Ab0

is the absorption coefficient and Tr0 the transmission coefficient. In Equation 10.14
the FWHM of the maximum laser intensity corresponds to 2 · rL, whereas IL is the
mean intensity within the enclosed circle πr2L. An estimation for the hot electron
density [146] is obtained using the following equation

Teh [erg] ≈ 107 ·


Ab0(ln) · IL · τL

nec,0(ln + 0.2)c/ωpe


+


mec

2


1 +

λ2LIL
1.38 · 1010

− 1


.

(10.16)

Here, the left part accounts for the directly absorbed energy per electron and the
right part for the ponderomotive potential of hot electrons in the laser focus. The
initial cold electron density

nec,0 = Zini,0 (10.17)

is used in Section 10.4.2 as a free model variable in order to approximate the
experimental results.
The dynamics of the charged region of the target surface can be described as follows:
at the time t = 0 the solution of the Poisson equation corresponds to a quasi-neutral
solution. The electric field goes to zero for both ξ →∞ and ζ →∞. For t > 0, the
expansion of hot electron leads to a flow of cold electrons from the target periphery
in the direction of the charged region. This frustrates the quasi-neutral state and
leads to a variation of the width l(t).
The charge conservation law for all particles in the foil at the point ξ = l in its
differential form

dl


ηeh(l, ζ) dζ + dτ lfjc = dl η(l), (10.18)

allows the transverse dynamics of electron spot size to be deduced. Here, lf =
∆a/rD represents the normalized thickness of the foil and jc = jcold/(e neh,0 c)
describes the dimensionless density of the cold electron current. According to
Equation 10.18 the spot expansion is connected to the target conductivity. At
first, the electron electrostatic energy is redistributed over a larger area and the
spot dimension increases. In this initial stage the solution of Equation 10.18 can
be approximated by a diffusion law. Later, when the expansion time is of the order
of the effective time of collisions 1/νef, the expansion decays exponentially and the
diffusion law is no longer applicable. An appropriate expression for the expansion
of the electron spot size is given by

l(t) =


l20 +

κ

νef
(1− e−νefτ ). (10.19)
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Here l0 = L(0)/rD, κ = ap(σcold/ωph)lf and ap ∼ 1 is a constant that depends on
the charge density profile. The effective collision time is given by ν−1

ef and τ = ωpht.

The plasma frequency of hot electrons is ωph =


4πe2neh/me. An estimation for
the density of hot electrons is given by

neh ≈
Neh

πD2
e · rD

≃ N2
ehe

2

πD4
eTeh

, (10.20)

whereby Formulas 10.14 and 10.7 are used to rearrange the equation. The conduc-
tivity of the solid plasma target can be estimated by σcold ≈ ωpc

4π
. In this connection

the influence of the magnetic field was neglected. This is possible, because in the
presented case the gyro-frequency of the cold electrons is lower than the plasma
frequency ωpc =


4πe2nec,0/me. Using a Taylor expansion to approximate the

exponential decay exp(−νefτ), the spot size expansion (Equation 10.19) can be
described in first order

l(t) =

l20 + κτ =


l20 + vet, (10.21)

whereby ve =
∆a
rD

ωpc

4π
. However, in the presented case ve =

∆a
rD

ωpc

0.5
was used, which

considers a better calibration of the conductivity σcold, as suggested by A. Andreev
in a private communication.

Electric Field Components

The electric field components in normalized coordinates are obtained by means of
Equation 10.10 and the equations

Ẽξ(ξ, ζ, l(t)) = −
∂

∂ξ
φ̃(ξ, ζ, l(t)), Ẽζ(ξ, ζ, l(t)) = −

∂

∂ζ
φ̃(ξ, ζ, l(t)). (10.22)

Using the modified Bessel function of second kind K1 allows these components to
be written in the form

Ẽξ(ξ, ζ, l(t)) =
Teh
4π|e|


η(ξ̃, l(t)) · (ξ − ξ̃)

ζ2 + (ξ − ξ̃)2
K1

ζ2

2
+

(ξ − ξ̃)2
2

 dξ̃, (10.23)

Ẽζ(ξ, ζ, l(t)) =
Teh
4π|e|


η(ξ̃, l(t)) · ζ
ζ2 + (ξ − ξ̃)2

K1

ζ2

2
+

(ξ − ξ̃)2
2

 dξ̃. (10.24)

Using these formulas the electric field components in real space can be expressed
as

Ex(x, z, l(t)) =
1

rD
· Ẽξ(ξ(x), ζ(x), l(t)), (10.25)

Ez(x, z, l(t)) =
1

rD
· Ẽζ(ξ(x), ζ(x), l(t)). (10.26)
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Figure 10.14: Temporal evolution of the normal (A - D) and radial (E - H) electric
field components in the x-z-plane (y=0).

The numerical computation time of the Expressions 10.23 and 10.24 is relatively
long and limits their applicability for numerical particle simulations. For this rea-
son, fast approximations are proposed, which were tested and used in the simula-
tions of Section 10.4. These approximations are given by the formulas

Ẽξ(ξ, ζ, l(t)) ≈
−Teh√
2|e|

∂η(ξ, l(t))

∂ξ


H


|ζ| − lnc

2ωperD


exp


− 1√

2


|ζ| − lnc

2ωperD


+ H


|ζ|+ lnc

2ωperD


, (10.27)

Ẽζ(ξ, ζ, l(t)) ≈
Teh
2|e|

η(ξ, l(t))S(ζ)H


|ζ| − lnc

2ωperD


exp


− 1√

2


|ζ| − lnc

2ωperD


.

(10.28)
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Here, the help functions H(x) and S(x) are defined as follows

H(x) =


1, if x > 0,

0, if x ≤ 0
, S(x) =


0, if x = 0,

x/|x|, if x ̸= 0
. (10.29)

Figure 10.14 illustrates the spatial distribution of the normal and radial electric
field components in the x-z-plane (Equations 10.25 and 10.26) at different moments
in time. The model parameters which were used for the shown field calculations
are summarized in Table 10.1.

Magnetic Field Component

An approximation for the magnetic field component in normalized coordinates can
be written as

B̃ψ(ξ, ζ, l(t)) ≈
√
2π
vB(t)

c

Teh
|e|

η(ξ, l(t))S(ξ)S(ζ)

×H

|ζ| − lnc

2ωperD


exp


− 1√

2


|ζ| − lnc

2ωperD


, (10.30)

whereby the function vB(t) is defined by

vB(t) =
1

ωeh
· ∂
∂ξ
l(t) =

1

ωeh
· ve

2

l20 + vet

. (10.31)

The magnetic field component in real coordinates is obtained by

By(x, z, l(t)) =
1

rD
· B̃ψ(ξ(x), ζ(x), l(t)). (10.32)

Using this equation and the model parameters of Table 10.1 the magnetic field that
points in (z×x)-direction is calculated. Figure 10.15 shows its spatial distribution
at different moments in time.

10.3.2 Model B - The Electric Field of an Expanding Pro-
ton Front

In principle, the presented model is based on the analytical field description of
Section 9.4.1 using the isothermal approximation. However, the model is modified
for the use in multi-dimensional particle simulations. The description of the electric
field is extended to three spatial dimensions [79], by assuming a Gaussian decay of
the electric field strength in radial direction

E(r, z, t) = E(z, t) · exp

−(r/lr)2


, (10.33)

whereby E(z, t) is given by Equation 9.3 and r =

x2 + y2.
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Figure 10.15: Temporal evolution of the magnetic field in the x-z-plane (y=0). The
field vector points in (z× x)-direction.

10.3.3 Model C - Analytic Description of Magnetic Fields
on Thin Foil Targets

Model C is a simple approach to describe the laser-induced magnetic field distri-
bution and evolution on thin foil targets. It is used in Section 10.4.3 to reproduce
the observed proton deflections in longitudinal probing geometry which are caused
by the interaction of a ultra-thin foil with a picosecond laser pulse.
The model is only an analytical field description and not a self-consistent physical
model which relays on any plasma and laser parameters. In principle, the model
is based exclusively on variables that determine the temporal and spatial depen-
dence of the field itself. These are the constant field amplitude B0, the effective
temporal field duration tc as well as the field scale length L∥ and L⊥ which are
directed parallel and perpendicular to the foil surface, respectively. However, to
allow for a comparison to existing models, such as the thermoelectric magnetic field
generation (cf. Section 4.3), the field amplitude B0 is connected with the electron
temperature Te via equation

B0 = 2 ·

Te
103


L∥
10−6

−1
L⊥
10−6

−1

· 100 [Tesla], (10.34)

which is defined in the style of Equation 4.17. The temporal and spatial distribution
of the field is given by

B(t, y, z) = B0 · Bt(t) · B∥(r) · B⊥(z), (10.35)
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whereby the temporal dependence is described by a triangular function

Bt(t) =


0, if t < t0,

0, if t > t2,
t−t0
t1−t0 , if t ≤ t1,

1− t−t0
t2−t1 , if t > t1,

, else.

(10.36)

Here, t0 indicates the begin of the interaction, t1 the time when the maximum field
is reached and t2 the time when the field drops back to zero. The time duration of
the magnetic field tc is connected with these temporal parameters via the equations
t0 = tpump, t1 = tpump + tc/2 and t2 = t0 + tc. The radial dependence of the field is
described by

B∥(r) =




r
L∥

2n−1

, if 0 ≤ |r| ≤ L∥,
L∥
r

1/k
, if |r| > L∥,

(10.37)

whereby the exponential parameters n and k describe the field increase and decay.
The spatial field distribution along the target normal direction is modeled in a
similar way by

B⊥(z) =




z
L⊥

2n−1

, if |z| ≤ L⊥,
L⊥
z

1/k
, if z > 0

−

L⊥
z

1/k
, if z < 0

if |z| > L⊥.
(10.38)

10.4 Modeling of the Experiments and Particle

Simulations

In order to draw conclusions on the laser-induced fields, the analytical models of
Section 10.3 are applied in order to explain the measured streak deflections and
energy redistribution effects of Section 10.2.1 and 10.2.2. The applicability of the
individual analytic field description is tested by means of three-dimensional particle
simulations, which can reproduce the streak deflectometry measurements to some
extent.

10.4.1 Simulation Concept

In principle, the measurements can be reproduced by simulating the proton imag-
ing experiment itself. For this purpose a particle tracer [102] is used to calculate
the trajectories of protons that propagate through a simulated streak deflectometry
environment (Figure 10.1) in longitudinal or transversal configuration.
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At the beginning of the simulation N protons are initiated at the position z0 = 0
and are uniformly distributed within a defined region on the x-y-plane. Each parti-
cle starts with a velocity component in x-, y- and z-direction. The initial divergence
angles β = atan(vx/vz) and γ = atan(vy/vz) are set depending on the initial par-
ticle position via x/rS = β/αv and y/rS = γ/αv, with rS as is the radius of the
simulated source size. It is defined by Equation B.2 and has a value of 14 µm. For
its calculation the maximum opening angle αv = 17mrad and the virtual source
distance of |zv(ϵ)| = 0.82mm are used, which are determined in Section B.1 of the
appendix.
In order to model the characteristic emission of a laser ion source a specific energy
distribution could be applied in simulation, for example an isothermal distribu-
tion. However, the exact initial distribution is not known for each measurement
and must be approximated. Therefore, another approach is used for the presented
simulations. In longitudinal configuration the particles start with a uniform en-
ergy distribution and in transversal configuration the particles are initiated with
energies that lead to a uniform distribution of their arrival time at the interaction
target (x=0, y=0, z=a). This approach allows for an easy interpretation of the
simulated deflections and reduces the computation time.
When the simulation starts, the protons first propagate through an object that
simulates the beam mask. Each particle that impinges on a bar of the grating at
z = m is removed from the simulation. The remaining particles are further dis-
persed in space while they propagate in the direction of the interaction region at
z = a.
At the simulation time t = tpump the electro-magnetic fields at the interaction zone
are calculated according to the applied analytical model. The calculated fields are
located around the central interaction point (x=d, y=0, z=a) and their direction
is adapted to the orientation of the interaction target in longitudinal or transversal
probing configuration, respectively. By means of a fifth order Runge-Kutta algo-
rithm with adaptive stepsize control the trajectory change of each particle within
the field is calculated. Following this, all particles which do not pass through the
opening of the simulated slit at z = L1 are removed from the simulation.
At this point, the influence of the interaction fields is negligible and the assumption
that each particle has reached its final velocity and propagation direction is reason-
able. In principle these parameters are already sufficient to calculate the simulated
proton density distribution ρ̃S depending on energy and ejection angle. However,
this approach does not account for the influence of the static electro-magnetic fields
within the spectrometer. Therefore, the proton density distribution on the detector
plane ρ(x, y) cannot be reproduced. In order to visualize the simulated distribu-
tion in the same coordinate system as the experimental data ρ̃(β, ϵ), the coordinate
transformation of Chapter 5.4 must be used, which is based on the condition that
the initial particle movement is restricted to the x-z-plane.
For this reason, the trajectory of each proton within the spectrometer is calculated.
This is possible, because the static electro-magnetic field distribution within the
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permanent magnet (z ≈ L2) was measured (Section 5.4). This way the point of
impact (xp, yp) on the detector plane (z = L3) is determined for each particle in
the simulation. In a reference simulation, the initial velocity components vy of all
initiated particles are set to zero and the electromagnetic interaction fields are not
considered. As described in Section 5.4 this allows for the definition of a bijective
relation between the pair (β, ϵ) and the point of impact at the detector (xp, yp),
where β is the initial ejection angle in the x-z-plane and the ϵ the initial proton
energy. Using the coordinate transformation of Equation 5.12 the simulated proton
density distribution ρ̃S(β, ϵ) can be described in the same orthogonal coordinate
system as the experimental data. In the following sections two different simulation
types are applied:

• Type A - The simulated protons possess velocity components vy in y-direction
at t = 0 and enter the spectrometer region through a slit opening with a
finite extension in y-direction, as in the experiment. Therefore, the energy
resolution of the setup is intrinsically considered in the simulation.

• Type B - The initiated particles (t = 0) are distributed along the x-axis and
and have no velocity components vy in y-direction. Since the force vectors
of the electric and magnetic field components also have no components in
y-direction at y = 0, the particle motion is restricted to the x-z-plane until
the spectrometer region is reached. This is valid for all applied analytical
field descriptions. For this reason, the simulation results do not account for
the resolution of the spectrometer, but can reflect the action of the calculated
electromagnetic fields in the x-z plane at y=0. In addition the computation
time can be reduced significantly in comparison to type A.

10.4.2 Field Effects due to Ultra-short Laser Pulses

In order to draw conclusions on the field effects that are initiated on ultra-thin foils
by means of ultra-short laser pulses, the experimental observations of Section 10.2.1
are investigated further. For this purpose, the analytical models of Section 10.3.1
and Section 10.3.2 are used to reproduce the particular features of the measured
streak deflections and energy redistribution effects. It will be shown that the mea-
surements in longitudinal and transversal configuration can be explained using
different analytical models. The proposed models can describe different properties
of the field and do not contradict each other in principle. A combination of both
models is partly complementary and allows for a relatively consistent explanation
of the experimental observations.
The following section is structured as follows. To begin, model A (Section 10.3.1)
is applied to reproduce the redistribution effects and streak deflections that were
measured in longitudinal configuration. Following this, model B (Section 10.3.2)
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is used to explain the streak deflectometry measurements in transversal configu-
ration. Subsequently it will be discussed why why model B is not applicable to
reproduce the measurements in longitudinal configuration and why model A is not
suitable to describe the observations of the transversal probing geometry. Then a
combination of both models is introduced which allows a more accurate reproduc-
tion of the measured effects in both configurations. Finally, the limitations of both
models and of their combination are discussed and conclusions are drawn.

Longitudinal Configuration - Model A

In order to reproduce the redistribution effects and streak deflections which were
measured in longitudinal configuration the analytical model of Section 10.3.1 (model
A) is used to simulate the electro-magnetic field generation on an ultra-thin foil due
to the interaction with an ultra-short high intensity laser pulse. The applied model
and simulation parameters are summarized in Table 10.1 and are chosen in agree-
ment with the experimental conditions. In order to reproduce the measurements
of Figure 10.16 quantitatively, the model variables nec,0 and De were adjusted.

Model Variables

nec,0 5 · 1022 1/cm3

De 12.5 µm

Model/Simulation Parameters

IL 3.0 · 1019 W/cm2

τL 50 fs
rL 2.5 µm
a 36.5 (35.0) mm
∆a 30 nm
Tr0 0.5 1
Ab0 0.4 1
ϵpump 2.4 (2.6) MeV

Parameter Value Unit

Table 10.1: Model variables and simu-
lation parameters. The values in brackets
are used for simulations in transversal con-
figuration.

Calculated Model Parameters

ln 1.26 1
Ab(ln) 0.22 1
Teh 13.7 MeV
Φp 1.5 MeV
Neh 3.0 · 1010 1
neh,0 1.2 · 1018 1/cm3

ωpc 1.3 · 1016 1/s
ωph 6.3 · 1013 1/s
rD 24.5 µm
lf 1.3 · 10−3 1
ve 3.1 · 1013 1/s
η0 3.2 1

Parameter Value Unit

Table 10.2: Calculated model parame-
ters. The shown quantities are obtained
using the equations of Section 10.3.1 and
the variables and parameters of Table 10.1.

In the presented case an initial electron density nec,0 of 5 · 1022 1/cm3 is assumed.
This density is 6 times lower than the solid state electron density (nec,0 ≈ 3 ·
1023 1/cm3) of the plastic foil which was used in the experiment. However, simu-
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lations with higher initial particle densities (nec,0 > 5 · 1022 1/cm3) cannot repro-
duce the experimental results. As described in Section 10.3.1, the applied model
assumes that the ion acceleration does not start before the end of the laser-plasma-
interaction and that the energy transfer between hot electrons and ions follows
the adiabatic law of Equation 10.1. In experiments, the rising edge of the main
laser pulse can ionize the target material even before the peak intensity is reached
(Section 2). When the matter expands into vacuum, the density declines. For this
reason, a lowering of the initial particle density ni in simulation is reasonable.
The second model variable is the initial electron spot size De, which is set to a value
of 12.5µm in the presented case. A value De > rL is reasonable [142], because the
model does not account for the rising edge of the main laser pulse and the plasma
creation process.
Using the proposed model parameters (Table 10.1) and the equations of Sec-
tion 10.3.1 a variety of characteristic plasma and field parameters are determined
(Table 10.2), which are necessary for the calculation of the electromagnetic field
distribution. In addition to these parameters the analytical model requires the se-
lection of a function η, which describes the transverse profile of the charge density.
For the presented simulations either Gaussian (Equation 10.12) or a Lorentzian
(Equation 10.11) distributions are used, as proposed in [142].
Figure 10.14 illustrates the temporal evolution of the normal and radial electric
field components, using a Gaussian distribution and the parameters of Table 10.1
and 10.2. The evolution of the magnetic field is shown in Figure 10.15.
In order to include the analytic field description of model A into the particle simu-
lation, the electro-magnetic fields of Equations 10.25, 10.26 and 10.32 are extended
to three dimensions by assuming a cylinder symmetric field dependence along the
z-axis.
For the simulation results in Figure 10.16 simulation type B (Section 10.4.1) was
applied. In the case of Figure 10.16.A a Lorentzian distribution is used to describe
transverse profile of the charge density η, whereas in Figure 10.16.B a Gaussian
profile is applied. For a direct comparison the corresponding streak deflectometry
measurement of Section 10.2.1 is depicted in Figure 10.16.C. In contrast, Fig-
ure 10.17 shows the result of simulation type A, which accounts for the energy
resolution of the spectrometer. In view of all simulation results, it is apparent that
the proposed analytical description of Section 10.3.1 (model A) can qualitatively
and quantitatively reproduce the main features of the measurement.

• The simulated proton distributions ρ̃S(β, ϵ) exhibit the prominent density
dips in the energy range of the selected proton t-pump energy ϵpump.

• The dips are most pronounced near the center of the interaction (|xF| = 0).

• The outward bending of the proton stripes is clearly visible at the low energy
side of the density gaps and is stronger in the vicinity of the interaction
center. At the high energy side the bending is only slightly indicated.
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Figure 10.16: Simulated (model A) and experimentally obtained proton density dis-
tribution ρ̃(β, ϵ) in longitudinal configuration. A - The simulation result is obtained
using a Lorentzian distribution of the charge density η. B - The simulation result is
obtained using a Gaussian distribution of the charge density η. C - Result of the streak
deflectometry measurement (Section 10.2.1).
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Figure 10.17: Simulated proton density distribution ρ̃(β, ϵ) in longitudinal configura-
tion. For the simulation Lorentzian distribution of the charge density η was used. In
addition the spectrometer resolution was taken into account

• An overlap between different proton stripes at the low energy side of the
density gaps is slightly indicated by the simulation.

However, the model cannot explain the occurrence of the density gap for higher
values of |xF| ⪆ 700µm (Figure 10.9).
The applied model is intended to describe the electric field configuration at the
surface of an ultra-thin foil. Therefore, the model should not only explain the
observed streak deflections and energy redistribution effects, but also the proton
acceleration on the interaction target itself.
In order to calculate the energy gain of a proton that is accelerated within the
proposed field configuration a one-dimensional particle simulation (9.4.2) was con-
ducted. In this simulation the particle is initially at rest and located at the po-
sition (x0 = 0nm, y0 = 0nm, z0 = 30 nm) and the main acceleration field is
directed along the z-axis. The electromagnetic field distribution is determined us-
ing the same set of parameters as in the shown streak deflectometry simulations
(Table 10.1). Using a Gaussian distribution of the charge density η a final proton
energy of 2.75MeV is calculated. After the simulation time of 5 ps the acceleration
is almost finished. At this time the particle has gained the energy of 2.66MeV
and is located at z ≈ 90µm. The calculated position and velocity of the proton
is illustrated in Figure 10.18. Experimentally, the proton spectrum that originates
purely from the rear side of the 30 nm CH foil was measured in several different
shots. In this connection cut-off energies ranging from 2.4MeV to 3.0MeV were
found (cf. Figures 10.4.B, 10.6 and 10.7).
In case of the Gaussian distribution η, the numerical result is in good agreement
with the experimentally obtained values.
If a Lorentzian distribution is used to describe the charge density η a final proton
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Figure 10.18: Time dependence of the position (A) and the velocity (B) of a proton.
For the numerical calculation of the acceleration process model A was applied. In addition
a Gaussian distribution of the charge density η and the model parameters of Table 10.1
and Table 10.2 were used.

energy of 1.3MeV is calculated. This value is approximately two times smaller
than the measured cut-off energies. This is consistent with the simulation result
of Figure 10.16.A which exhibits a gap width that is significantly smaller than the
experimental result.
In principle, the measurement of the cut-off energy in combination with the numer-
ical determination of the maximum proton energy offers a possibility to eliminate
one of the model variables. For instance for a given function of the charge distri-
bution η and a fixed value of neh, the variable De can be varied in order to match
the calculated maximum proton energy and the measured cut-off energy.
As illustrated in Figure 10.15 the magnetic field shows values up to 104 T, which is
in agreement with the findings in reference [130]. All simulations were conducted
with consideration of the magnetic field (Formula 10.32). However, it has been
found that its influence on the simulated streak deflections is negligible in compa-
rison to the influence of the radial field component (Formula 10.25), which acts in
the same direction.
In conclusion model A allows for a good quantitative approximation of the mea-
surements in longitudinal probing geometry. For this reason, it can be applied to
conclude about the acting electric and magnetic field evolution and to determine
characteristic plasma parameters (Table 10.2).

Transversal Configuration - Model B

In order to reproduce the streak deflectometry measurements which were measured
in transversal configuration, the analytical model of Section 10.3.2 (model B) is ap-
plied to simulate the electric field of an expanding ion front in three dimensions.
The parameters which are required to calculate the field distribution in simulation
are summarized in Table 10.3. The maximum front velocity vf,max ≈ 2.35 · 107 m/s
is chosen in agreement with the measured proton energy cut-off, showing values
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between 2.5MeV and 3.0MeV (cf. Figures 10.4 to 10.7). The electric field ampli-
tude factor Ec is determined by Equation 4.6 using the hot electron density neh and
temperature Teh of Table 10.2.

Model Parameters

Ec 5.0 · 1011 MV/µm
vf,max 2.35 · 107 m/s
τs 300 fs
ls 0.25 µm
lr 400 µm

Parameter Value Unit

Table 10.3: Model parameters

The remaining model parameters τs, ls and lr are chosen freely in order to repro-
duce the experimental results of Figure 10.19.A and 10.19.B. Using model B several
numerical simulations were conducted to calculate the deflection of protons that
propagate through the field of an expanding proton front in transversal configura-
tion. The outcome of two simulations with the parameters of Table 10.3 is depicted
in Figure 10.19.C and Figure 10.19.D
A comparison between the simulation and the measurement shows that model B
cannot reproduce the exact distribution of the measured proton streak deflections.
However, the model is capable of generating some of the characteristic features

1.11.62.12.63.14.1
Energy [MeV]

−20

−10

0

10

20

β 
[m

ra
d]

1400 1600 1800 2000 2200 2400
Time [ps]

−400
−200
0
200
400
600
800

x F
 [µ

m
]

0.00

0.25

0.50

0.75

1.00

D
en

si
ty

 [1
]A

1.11.62.12.63.14.1
Energy [MeV]

−20

−10

0

10

20

β 
[m

ra
d]

1400 1600 1800 2000 2200 2400
Time [ps]

400
600
800
1000
1200
1400
1600

x F
 [µ

m
]

0.00

0.25

0.50

0.75

1.00
D

en
si

ty
 [1

]B

1.11.62.12.63.1
Energy [MeV]

−20

−10

0

10

20

β 
[m

R
ad

]

1400 1600 1800 2000 2200 2400
Time [ps]

−400
−200
0
200
400
600
800

x F
 [µ

m
]

0.0

3.0

6.0

9.0

12.0

D
en

si
ty

 [1
]C

1.11.62.12.63.1
Energy [MeV]

−20

−10

0

10

20

β 
[m

R
ad

]

1400 1600 1800 2000 2200 2400
Time [ps]

400
600
800
1000
1200
1400
1600

x F
 [µ

m
]

0.00

1.50

3.00

D
en

si
ty

 [1
]D

Figure 10.19: Experimentally obtained (A, B) and simulated (C, D) proton density
distributions ρ̃(β, ϵ) in transversal configuration. Here, model B and simulation type B
was used.
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of the measured field action. The simulated deflection peak at tp = tpump has a
comparable amplitude but a smaller width than the measured peak. For values
|xF| ⪆ 700µm, the model can reproduce the experimentally observed shift of the
first deflection maximum to higher probing times tp with increasing distance |xF| as
shown in Figure 10.19.D. This affirms the assumption that the observed deflection
pattern in transversal direction is influenced by the field action of an expanding
proton front.
Experimentally, a second deflection peak with a relatively small curvature is ob-
served at probing times tp ⪆ 1725 ps, xF ⪆ 400µm as shown in Figure 10.19.B.
This peak is not reproduced by the model. This deflection peak may be due to the
field effects of a combination of heavier ion species (Figure 10.5.B). These ions are
accelerated to much slower velocities in comparison with protons. In addition their
beam divergence angle could be relatively high, which might explain the smooth
curvature of the second local deflection maximum.
It should be stressed that the proposed model is a very simple approach to describe
the field of moving proton front in three dimensions. Naturally, the model cannot
reflect all aspects of the complex field distribution, which is generated in reality.
In particular, the following points are not considered by the model:

• The divergence of the ion beam

• The energy distribution of the ions depending on the initial ejection angle

• The influence of radial electric field components and magnetic fields

• The change of the source size in time

• The acceleration of multiple ion species

In consideration of these substantial simplifications, it is surprising that the pro-
posed model can reproduce some of the prominent features with the shown accu-
racy.
As stated, the model variables τs, ls and lr were chosen freely in order to approxi-
mate the measurements. It can be shown that a variety of different combinations
can lead to similar deflection patterns, which also resemble the measured density
distributions ρ̃(β, ϵ) of Figures 10.19.A and 10.19.B in appearance. For instance a
10 times smaller extension of the field lr = 40µm in radial direction in combination
with a higher value of temporal decay parameter τs = 1000 fs (ls = 0.25µm) leads
to similar proton streak deflections. However, a good approximation of the mea-
surements can not be maintained if only one parameter is changed. For example,
an increment of ls, which determines the spatial decay of the field front, leads only
to similar results if the field amplitude Ec is decreased at the same time.
In conclusion model B can explain a characteristic property of the measured streak
deflections in transversal probing geometry and can identify the responsible field
configuration, i.e. the field of an expanding proton front. Though, a conclusion
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about characteristic field or plasma parameters is difficult, since the number of free
variables is simply to high.

Longitudinal Configuration - Model B

This section will explain why model B is unable to describe either the streak deflec-
tions or the observed redistribution effects in longitudinal probing geometry. Fig-
ure 10.20.A shows the experimentally obtained proton density distribution ρ̃(β, ϵ) in
longitudinal configuration, which was previously approximated by means of model
A (cf. Figure 10.16). For comparison Figure 10.20.B shows the outcome of a par-
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Figure 10.20: Experimentally obtained (A) and simulated (B) and proton density
distributions ρ̃(β, ϵ) in longitudinal configuration. Here, simulation type B, model B and
the parameters of Table 10.3 were used.

ticle simulation in which model B was used to simulate the redistribution effects
in longitudinal configuration. Here, the same model parameters (Table 10.3) as in
the previous section were applied.
Obviously the measured streak deflections are not reproduced at all by the model.
This can be explained by the simple fact that the model does not take into account
radial electric or magnetic fields.
Similar to the one-dimensional simulations of Chapter 9.5.1 the electric field dis-
tribution of model B causes a pronounced gap in the proton energy spectrum. In
addition model B leads to the generation of characteristic local density maxima
on both sides of the gap, which is in agreement with the findings of Chapter 9
where the field effects on thin foils were investigated using laser arm A. However,
these density maxima are not observed in the experiments of this Chapter, where
ultra-thin foils were irradiated with laser arm B providing an even higher tem-
poral contrast (1010 − 1011), than laser arm A. Even if the energy resolution of
spectrometer is considered in simulation, the generated maxima do not disappear
entirely.

Transversal Configuration - Model A

This section will explicate why model A (Section 10.3.1) is not well suited to de-
scribe the deflection measurements in transversal configuration (Section 10.2.1). In
order to simulate the streak deflections in transversal probing geometry effected by
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model A, additional particle simulations were conducted. Within these simulations
the calculated interaction fields of model A were rotated by 90◦ around the y-axis,
according to the orientation of the interaction target.
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Figure 10.21: Experimentally obtained (A, D) and simulated (B, C, E, F) proton
density distributions ρ̃(β, ϵ) in transversal configuration. For all simulations model A,
simulation type B and a Gaussian distribution of the charge density η were applied.
B, E - The model parameters of Table 10.1 and 10.2 were used. C, F - The model
parameters of Table 10.4 and 10.5 were used. In addition all fields were multiplied with
the exponential decay factor exp(−t/τl).

To allow for a direct comparison with the simulation results, the experimentally ob-
tained proton density distributions ρ̃(β, ϵ) of two selected measurements in transver-
sal configuration are illustrated in Figure 10.21.A and Figure 10.21.D.
The outcome of two simulations is shown in Figure 10.21.B and Figure 10.21.E,
whereby a Gaussian distribution of the charge density η and the parameters of Ta-
ble 10.1 where used in the simulation. These are the same model parameters which
were used in the simulations in longitudinal configuration (cf. Figure 10.16.B).
This is possible, since almost identical laser parameters were applied to create the
interaction fields, both in longitudinal and in transversal configuration.
By comparing the simulations with the experimental results it becomes apparent
that model A cannot explain the observed deflection pattern of the proton stripes.
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The model underestimates the spatial extension of the fields and overestimates the
temporal duration of the deflection.
In simulation the spatial decay of the electric field normal to the foil surface is
so strong that only protons which pass the interaction target at close distances
(|xF| ⪅ 300µm) are significantly deflected by the field.
The reason why the model does not reproduce the time decay of the proton de-
flection can be explained by the definition of the temporal field evolution. In the
analytical model the temporal decay of the fields is connected with the time de-
pendence of the spot size expansion l(t) (Equation 10.21). Due to Equation 10.28
the electric field is directly proportional to the transverse profile of the charge den-
sity η(ξ, l(t)) and because of Equation 10.11 and Equation 10.12 the electric field
decays in time while the spot size expands in time. Let us assume that a proton
propagates parallel to the foil surface with a certain distance to the foil. Because
the transverse profile η(ξ, l(t)) is normalized in ξ-direction, this is also true for the
electric field distribution. For this reason, the integrated force that acts on the
proton can be regarded as constant in time, in first approximation. Taking into
account that in transversal configuration the fields are rotated and that the pro-
tons propagate initially in z-direction, this relationship is reflected by the numerical
simulation. After the time tpump the deflection is almost constant in time, which
shows the limits of the theoretical model.
In simulation, the proton deflection is visible up to a time of approximately 800 ps
after the initiation of the fields. Experimentally, the deflection drops almost back
to zero approximately 300 ps after the deflection maximum is reached. Under the
assumption that the field description of model A is accurate for small times, the
time of 300 ps serves as an upper limit for the validity of the model.
In order to approximate the decay of the observed streak deflections more accu-
rately a simple extension of model A is proposed. Here, the long time evolu-
tion of the field is taken into account by introducing the exponential decay factor
exp(−t/τl), with τl = 50 ps.
However, the reproduction of the observed streak deflections for |xF| ⪆ 300µm
is only possible if the effective field extension normal to the target surface is in-
creased. On the basis of model A this is possible by increasing the Debye radius
of hot electrons (Equation 10.7). Taking into account the experimental conditions,
such as the laser intensity of the pump pulse, this can only be achieved by lowering
the initial electron density nec,0 to a value of 1 · 1028 m−3.
Additional simulations were conducted using the proposed modification of model
A in combination with the decrement of the initial electron density. The results
are shown in Figure 10.21.C and Figure 10.21.F and the applied model parameters
are summarized in Table 10.4 and 10.5.
As Figure 10.21.A shows the experimentally obtained proton distribution can be
approximated to some extent. However, several points indicate that model A in
combination with the proposed model parameters (Table 10.4 and 10.5) leads to
an artificial field distribution and is not suitable for a consistent explanation of the
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Model Variables

nec,0 1 · 1022 1/cm3

De 7.0 µm

Model/Simulation Parameters

IL 3.0 · 1019 W/cm2

τL 50 fs
rL 2.5 µm
a 36.5 (35.0) mm
∆a 30 nm
Tr0 0.5 1
Ab0 0.4 1
ϵpump 2.4 (2.6) MeV

Parameter Value Unit

Table 10.4: Model variables and simu-
lation parameters. The values in brackets
are used for simulations in transversal con-
figuration.

Calculated Model Parameters

ln 0.56 1
Ab(ln) 0.17 1
Teh 42.0 MeV
Φp 1.5 MeV
Neh 7.7 · 1010 1
neh,0 2.69 · 1017 1/cm3

ωpc 5.6 · 1015 1/s
ωph 2.9 · 1013 1/s
rD 92.8 µm
lf 0.32 · 10−3 1
ve 3.6 · 1012 1/s
η0 0.47 1

Parameter Value Unit

Table 10.5: Calculated model parame-
ters. The shown quantities are obtained
using the equations of Section 10.3.1 and
the variables and parameters of Table 10.4.

observed proton streak deflections.

• The lowering of the initial electron density nec,0 to a value of 1 · 1028 m−3

leads to an unrealistically high electron temperature Teh = 42.0MeV (Equa-
tion 10.16).

• Figure 10.22.B shows the outcome of a simulation in longitudinal configura-
tion, in which model A was used in combination with the proposed model
parameters of Table 10.4 and 10.5. Apparently the simulated gap width is
relatively high in comparison to the experimental result, which is shown for
comparison in Figure 10.22.A.

• Using a one-dimensional simulation (cf. Section 9.4.2), the energy gain of a
proton is calculated, which is accelerated in the field of model A in connection
with the model parameters of Table 10.4 and 10.5. In this simulation the
particle is initially at rest and located at the position (x0 = 0nm, y0 =
0nm, z0 = 30 nm), where the main electric acceleration field is directed along
the z-axis. The calculated final proton energy is 1.7MeV and thus well below
the observed proton energy cut-off, which has a value above 2.5MeV (cf.
Figure 10.7.A).

• By comparing Figures 10.21.D, 10.21.E and 10.21.F it becomes apparent that
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model A cannot reproduce the observed streak deflection at all for distances
|xF| ⪆ 700µm. In particular, the model fails to reproduce the observed shift
of the deflection maximum to higher probing times tp with increasing distance
|xF| (cf. Figure 10.8.A). As additional simulations have shown, this inability
of model A is independent of the chosen model parameters.
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Figure 10.22: Experimentally obtained (A) and simulated (B) and proton density
distributions ρ̃(β, ϵ) in longitudinal configuration. Here, simulation type B, model A and
the parameters of Table 10.4 and 10.5 were used.

Combination of both Models

This section discusses the possibility of combining both models for a more accu-
rate description of the experimental results of both probing configurations. Both
models can explain different features of the observed streak deflections and both
can describe different properties of the field. Model A includes radial electric field
components as well as magnetic fields and model B describes the electric field of
an expanding proton front.
The simplest approach for combining both models is the superstition of their fields,
whereby all field components are simply added.
Figure 10.23 shows the result of particle simulations in which the combined effect
of both fields is taken into account. To allow for a direct comparison with the
simulation results, the experimentally obtained proton density distributions ρ̃(β, ϵ)
of two selected measurements in longitudinal and transversal configuration are il-
lustrated in Figure 10.21.A and Figure 10.21.D, respectively.
In the simulations the model parameters of Table 10.1, 10.2 and 10.3 are applied.
The same parameters were used before to model the observed field effects sepa-
rately. The transverse profile of the charge density η is described again by a Gaus-
sian distribution. In model A, the long time evolution of the fields is taken into
account by introducing the exponential decay factor exp(−t/τl), with τl = 100 ps.
For the creation of Figures 10.23.B and 10.23.E simulation type B was applied,
whereas Figures 10.23.C and 10.23.F are generated using simulation type A, which
accounts for the energy resolution of the spectrometer.
In view of the simulation results, it becomes apparent that the combination of
both models leads to a complementary field distribution allowing for a relatively
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Figure 10.23: Experimentally obtained (A, D) and simulated (B, C, E, F) proton den-
sity distributions ρ̃(β, ϵ) in longitudinal and transversal configuration. For all simulations
the fields of model A and model B were added and the model parameters of Table 10.1,
10.2 and 10.3 were used. In model A, the fields are multiplied with the exponential
decay factor exp(−t/τl) (τl = 100 ps) and the transverse profile of the charge density η
is described by a Gaussian distribution. B, E - Simulation type B. C, F - Simulation
type A.

accurate reproduction of the experimentally derived proton distributions ρ̃(β, ϵ) of
both probing configurations.
The use of the exponential decay factor exp(−t/τl) in model A, with τl = 100 ps al-
lows for the reproduction of the flat deflection decay for probing times tp ⪆ 1650 ps
in transversal configuration (Figures 10.23.E and 10.23.F). This additional decay
factor is necessary to recreate the transversal streak deflections. For this reason,
the term is also used for the simulations in longitudinal configuration. As Fig-
ures 10.23.B and 10.23.C show, its application does not significantly affect or de-
teriorate the simulated streak deflections in longitudinal configuration. However,
neither this factor nor the superposition of all fields can explain the creation of
the second deflection peak at probing times tp ⪆ 1725 ps, xF ⪆ 400µm (cf. Fig-
ure 10.21.D), which was discussed before.
The proposed combination of both models leads to a complementary field con-
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figuration and allows for a relatively consistent explanation of the experimental
observations. However, it is necessary to be cautious, since both models provide
a description of the electric field component normal to the foil surface. Therefore,
both models describe the main acceleration field, which is responsible for the ion
acceleration and for the observed redistribution effects in longitudinal configura-
tion. With the proposed combination of both models, all field components are
added. As a result, the new acceleration field is the sum of the acceleration fields
of both models. Technically this is unproblematic and a particle simulation with
the constructed field distribution may even provide a good approximation of the
experiment, as in the presented case. Even the field structure itself can be a good
approximation of the real situation, but with the given definition of the fields it
becomes difficult to reach a conclusion on characteristic plasma properties on the
basis of the applied model parameters. Since the model variables are adjusted in
order to approximate the experimental results, different values should be deter-
mined depending on whether model A alone or the proposed combination of both
models is used.
However, in the presented case the model variables were adjusted independently
to match the experimental results. Model A was used to match the measure-
ments in longitudinal configuration and model B was applied to approximate the
measurements in transversal configuration. Thus, the proposed model parameters
(Table 10.1) are derived in a consistent way and can be used to infer characteristic
plasma and field parameters on basis of the equations of Section 10.3.1.
Nevertheless the constructed field distribution of the combined models allows for
a good approximation of most of the experimentally observed features. Therefore,
this field distribution and the presented investigations may be of help for the de-
velopment of a new analytical model that can describe the observations of both
probing configurations in a consistent way.
Finally, the investigations and results of this chapter can be regarded as a proof of
principle. The presented method, i.e. the combination of two probing configura-
tions allows for a precise investigation of laser-induced fields. The different probing
configurations provide complementary information about the electromagnetic field
distribution, which can be used to test the applicability of theoretical models and
to derive characteristic field and plasma parameters.

10.4.3 Field Effects due to Picosecond Laser Pulses

In the case of picosecond laser pulses an inward bending of the proton stripes was
observed in longitudinal probing geometry (Section 10.2.2) indicating the presence
of a magnetic field. In order to find an explanation for this observation, model
C (Section 10.3.3) is used to describe the magnetic field distribution in the par-
ticle simulation (Section 10.4.1). The applied model parameters are summarized
in Table 10.6. The resulting spatial distribution of the simulated magnetic field is
illustrated in Figure 10.24.
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In order to reproduce the observed redistribution effects, i.e. the occurrence of
the density dips in the proton energy spectrum, model B (Section 10.3.2) was also
included in the simulation.
Figure 10.25 compares the experimentally obtained proton density distribution
ρ̃(β, ϵ) with the result of the three-dimensional particle simulation. The model
causes an outward deflection of the proton stripes at the low energy side of the
gap. However, the experimental result is relatively blurred at this position, which
makes a clear determination of the streak deflection direction difficult. In contrast,
the inward bending of the proton stripes at the high energy side of the density
dips is clearly visible in the experimental distribution and is reproduced by the
simulation.
Using model C additional simulations with altered model parameters were con-
ducted. The results show that different combinations of the parameters can lead to
similar results. For instance a 10 times smaller value of the temporal field duration
tc can be used if other parameters are adapted. However, the inward deflection at
the high energy side of the gap can only be reproduced if a field polarity is applied
that is in agreement with field configuration B (Figure 10.13.B).
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Figure 10.24: Distribution of the az-
imuthal magnetic field at t = t1.

Model Parameters

Te 25 keV
tc 50 ps
L∥ 175 µm
L⊥ 1 µm
n 1 1
k 2 1

Parameter Value Unit

Table 10.6: Model parameters

In contrast a typical thermoelectric magnetic field (Section 4.3) has exactly the
opposite polarity, corresponding to field configuration A (Figure 10.13.A). Possible
other mechanisms were already proposed in Section 10.2.2.

As stated, the measurements with femtosecond pulses were conducted under iden-
tical conditions, with only a change in the duration of the laser pulse. The observed
streak deflections differ significantly and can only be explained by means of dif-
ferent mechanisms and acting field components. Thus, the variation of the laser
pulse duration allows for the selection of the dominant deflection mechanism. This
shows that the variation of certain laser-parameters can be used to manipulate the
deflecting fields and even to control the deflection direction of the probing proton
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Figure 10.25: Simulated and experimentally obtained proton density distribution
ρ̃(β, ϵ) in longitudinal configuration. A - Experiment. B - Simulation result, whereby
simulation type B was used.

beam for a certain energy interval.
In conclusion, the observed proton deflection pattern at the high energy side of the
gap can be quantitatively reproduced using numerical particle simulations. The
simulation results confirm the measured polarity of the magnetic field at the rear
side of the target. Based on the analytical description of model C, a clear identifi-
cation of the magnetic field generation mechanism is not possible. For this reason,
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further theoretical research is required to find the physical mechanism that leads
to the creation of the observed magnetic field.



Summary

This thesis aims for better understanding of the complex dynamics of laser-induced
strong fields on thin solid foils which constitutes the basis for laser ion acceleration.
Advancing beyond previous work, the application and combination of complemen-
tary methods for the field reconstruction was investigated. Changes of the fields
could be connected with femtosecond and micrometer scales. For the duration
and the extension of the fields, scales in the range of picoseconds and millimeters,
respectively, were found. Conclusions on the observed field effects were drawn on
the basis of several analytical models. Their applicability was tested using multi-
dimensional particle simulations which could reproduce particular features of the
experimental observations. As a result, the proton streak deflectometry measure-
ments in longitudinal and transversal configuration could be explained by means
of different and partially complementary analytical models.

Within the research of this thesis, the following findings have been identified for
the first time:

• Modulations in the proton energy spectrum were detected when intense fem-
tosecond laser pulses with very high temporal contrast (∼ 1010 − 1011) were
applied for the ion acceleration on thin foils. The observed modulations could
be connected with the cycle of the driving laser field.

• The imprint of field dynamics at 100 femtosecond timescale on a probing
proton beam was measured with the proton deflectometry method in longi-
tudinal configuration. The temporal and spatial reconstruction of the various
acting field components was possible by comparing the measurements with
model calculations.

• An interesting relation between the laser pulse duration and the induced
magnetic field configuration on ultra-thin foils was observed. The variation
of the pulse duration from several femtoseconds to picoseconds led to an
inversion of the field polarity on the rear side of the ultra-thin foil.
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In the framework of this thesis the Thomson slit spectrometer (Chapter 5) was ap-
plied to determine several characteristic properties of a laser-induced ion source and
the associated fields. For this reason, a numerical method of coordinate transfor-
mation that allows the visualization of the angle dependent proton energy distribu-
tion ρ̃(β, ϵ) in an orthogonal coordinate system was developed. Using a 3D-particle
simulation the energy resolution ∆ϵS(β, ϵ) of the spectrometer as a function of the
initial ejection angle β and the initial energy ϵ of a proton was calculated. The
result shows that the angle dependence of ∆ϵS(β, ϵ) is negligible in the presented
case (±15mrad) and that the resolution can be approximated by an analytic ex-
pression that describes the resolution of a conventional Thomson spectrometer.

Faint and regular modulations in the proton energy distribution became detectable
(Chapter 6), when intense femtosecond laser pulses with very high temporal con-
trast (1010−1011) were used for target normal sheath acceleration of ions. The use
of a thin and relatively long entrance slit of the spectrometer provided a reasonable
energy resolution in combination with a spatial resolution that allowed the observed
oscillations to be discriminated from noise. Based on the experimental results the
modulations are regarded as a fundamental property of the ion source. Compari-
son with theoretical analysis including simulation and analytical model calculation
gives strong indication that the modulation can be attributed to the pulsing of the
acceleration field itself. This effect is explained by the periodical release of electron
bunches which is linked to the frequency of the laser pulse. In this regard the mod-
ulations reflect the ultra-low longitudinal emittance of the laser-accelerated proton
beam.

In order to probe extended field distributions with high magnification and reason-
able time resolution, the proton streak deflectometry method has been developed
further (Chapter 8). A new technique has been introduced which permits the dis-
placement of laser-induced fields with respect to the position of the proton source
in consecutive shots. Its applicability has been demonstrated based on a series of
field investigations of laser-irradiated thin foils in transversal configuration. The
field extension in surface normal direction was probed on both sides of the foil in
a range from −2.8mm to 1.8mm. The acting fields were traced up to ∼ 1.5mm
far from the target surface. For the first time, the electric field evolutions at both
sides of a thin foil were recorded simultaneously (in one shot). The measurements
revealed a high field symmetry between both sides of the foil and allowed for an
estimation of the field extension radius along the foil surface rf ≈ 2.2mm under
the assumption that radial field components are negligible. By considering this
relatively long extension it has been shown that the time resolution of imaging ex-
periments in transversal configuration is insufficient to resolve the field evolution of
the TNSA process, which takes place on timescales from hundreds of femtoseconds
to a few picoseconds.
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The investigation of laser-induced strong fields on plasma vacuum interfaces in
Chapter 9, demonstrates the capability of proton imaging in longitudinal configura-
tion. The principle of the method is based on measuring the energy redistributions
within a broad band proton beam with a well-defined kinetic energy chirp. Since
these energy redistributions depend on the probed field distribution, a comparison
with simulations and model calculations allows conclusions to be made about the
laser-induced field, its temporal-spatial change and its dependence on laser pulse
and target parameters.
In the presented experiments thin foils were irradiated by ultra-short (70 fs) laser
pulses with ultra-high temporal contrast (109− 1010). Specific experimental condi-
tions were changed systematically, allowing the redistribution effects in the energy
spectrum of the probing proton beam to be modified. As a result, a character-
istic dependency of the proton redistribution on the target distance was found,
which could be explained and reproduced using analytical model calculations. By
varying the experimental parameters the free variables of the model could be con-
fined, which enabled the deduction of characteristic field and plasma parameters.
Information about the field symmetry was obtained by irradiating the foil on the
opposite side. The radial extension of the field distribution (along the foil surface)
was determined by displacing the field generation perpendicular to the propagation
direction of the probing proton beam. The results are in good agreement with the
findings of Chapter 8, indicating high field symmetry between both sides of the foil
and a radial extension radius of approximately 2.0mm− 2.5mm. In addition, new
and unexpected redistribution effects were observed by means of the lateral dis-
placement technique. These effects could be reproduced experimentally, but could
not be explained by one-dimensional models. This motivated the probing of ultra-
thin foils in combination with a beam mask that provides additional information
about lateral field components acting on the probing proton beam.

This thesis (Chapter 10) attempted to determine and explain the electromagnetic
field distribution created on laser irradiated ultra-thin foils (30− 50 nm thickness).
For the field generation both femtosecond and picosecond laser pulses with high
temporal contrast (1010−1011) were used. As a diagnostic tool, the method of pro-
ton streak deflectometry was applied in two different probing configurations. The
corresponding deflection measurements could visualize the action of the induced
fields on the probing proton beam, whereby the impact of individual field com-
ponents on the observed streak deflections was depended on the applied probing
geometry. Therefore, the combination of two probing configurations provided ad-
ditional and complementary information about the investigated field distribution.
In the case of ultra-short pulses, the deflection measurements in transversal con-
figuration indicated a high symmetry of the field distribution on both sides of the
probed foil. In addition, the measurements allowed for an indirect determination
of the effective field extension in target normal direction. For the electric field com-
ponent En normal to the target surface an effective extension length lEn ⪆ 2400µm
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was found. Similarly, the streak deflections in longitudinal configuration allowed
for an estimation of the effective field extension in radial direction. Field compo-
nents that act in radial direction (Er, Bφ) show an effective extension radius of
rFr ⪅ 600µm. In contrast, for the normal electric field component En an effective
radial extension radius rEn ⪆ 2000µm was obtained.
For drawing conclusions about the observed field effects initiated on ultra-thin foils,
several analytical models [73, 79, 142] were presented. The applicability of the re-
spective models was tested by means of three-dimensional particle simulations,
which could reproduce particular features of the measured energy redistribution
effects and streak deflections. The measurements in longitudinal and transversal
configuration could be understood with the help of different analytical models.
These models can explain different features of the observed streak deflections and
can describe different properties of the field. One model includes radial electric
field components as well as magnetic fields. The other model describes the electric
field of an expanding proton front. A combination of both models is partially com-
plementary and allows for a relatively consistent explanation of the experimental
observations.
Based on model calculations, magnetic field values up to 104 T were obtained, which
is in agreement with the findings in reference [130]. However, it has been found
that its influence on the simulated proton deflection is negligible compared to the
action of the radial electric field component, which acts in the same direction and
has maximum values of the order of MV/µm.
The presented method, i.e. the combination of two probing configurations, allows
for a precise investigation of laser-induced fields. The different probing configura-
tions provide complementary information about the electromagnetic field distribu-
tion, which can be used to test the applicability of theoretical models and to derive
characteristic field and plasma parameters.

In the case of picosecond laser pulses (Chapter 10), the deflection measurements
were conducted under almost identical experimental conditions as the measure-
ments with ultra-short pulses, only the duration of the laser pulse was changed.
The comparison of these measurements revealed the changed field action on the
probing proton beam, which can be attributed to the influence of the changed laser
parameter on the initiated field distribution. The streak deflections in longitudinal
configuration clearly indicate the presence of magnetic fields, which was not ob-
served in the case of ultra-short pulses. The dominating influence of the magnetic
field on the probing proton beam becomes visible in form of a collimating deflection
of the proton stripes. In the case of femtosecond pulses the deflection is directed
in the opposite direction and has a defocussing effect on the proton beam for the
same energy interval. Thus, the variation of the laser pulse duration allows for the
selection of the dominant deflection mechanism. It can be used to manipulate the
deflecting fields and even to control the deflection direction of the probing proton
beam for a certain energy interval.
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Due to the energy dependent detection method, the observed collimating or de-
focussing deflection of a certain energy range can be exclusively attributed to the
influence of the field distribution located at the rear side of the laser irradiated foil.
In the presented case, the experimental setup allowed for the direct observation of
the magnetic field polarity, providing an advantage over other proton deflectometry
setups. In the case of the laser pulse with femtosecond duration, the calculated
magnetic field strength and polarity is in agreement with recent investigations. In
contrast, the measured polarity of the magnetic field is exactly the opposite in the
case of the picosecond laser pulse. This is surprising, since the measured polarity
differs from the results of recent investigations [94] on magnetic fields, where high
intensity laser pulses with picosecond durations were used for the field generation.
Using numerical particle simulations the observed proton deflection pattern could
be quantitatively reproduced in a certain energy range. The simulation results
confirm the measured polarity of the magnetic field at the rear side of the target.
However, based on the applied analytical description a clear identification of the
magnetic field generation mechanism is not unambiguous and further research is
required. Especially this last investigation shows that proton streak deflectometry
can be advantageously exploited.
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A Basics

A.1 Slowly Varying Envelope Approximation

For the electric field E(t) = E(t) cos(ϕ(t)) the reduced field function E+(t) has the
form

E+(t) =
E (t)
2
eiϕ(t). (A.1)

On condition that the spectral amplitude is only not zero in a region around the
central frequency ω0 and ∆ω ≪ ω0 is valid, it is reasonable to introduce the carrier
frequency ω0 in the time domain. In this case E+(t) can be written as

E+(t) =
E (t)
2
eiφ(t)eiω0t =

Ê(t)
2
eiω0t, (A.2)

whereby φ(t) is called temporal phase and Ê(t) is the complex amplitude or the
complex field envelope, respectively. Equivalent to the condition in the frequency
domain the condition dÊ(t)dt

≪ ω0

Ê(t) (A.3)

has to be fulfilled in the time domain. A quantity with a periodical phase can
be represented in the complex plane as the product of a slowly varying complex
amplitude Ê and the phase factor eiψ (ψ(t) = ω0t). Thus the electric field function
can be described by the relation

E(ψ) =
1

2


Êeiψ + Ê∗e−iψ


. (A.4)

As a complex quantity the amplitude Ê can be written as the product of the real
quantity E and the slowly varying phase factor eiφ:

Ê = Eeiφ (A.5)

Figure A.1 illustrates the relations between the fast and slowly varying components
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φ
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e− iψ .eiψ
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Figure A.1: Amplitude of the electric field in the complex plane

of the electric field

E = Re

Êeiψ


= Re


Ee(i(ψ+φ)


, (A.6)

= E cos(ψ + φ), (A.7)

= E cos(ϕ). (A.8)

The instantaneous phase ϕ(t) is defined as the sum of the fast varying phase term
ψ(t) and slowly varying temporal phase φ(t)

ϕ(t) = ψ(t) + φ(t) = ω0t+ φ(t), (A.9)

whereby ω0 denotes the angular frequency of the carrier wave.

A.2 Dispersion Parameters

The dispersion parameters can be used to describe the modulation state of a laser
pulse. They are obtained by expressing the temporal phase φ(t) and the spectral
phase ϕ̃(ω) in a Taylor expansion. The expansion of the temporal phase φ(t) has
the form

φ(t) =
∞
k=0

φ(k)(t0)

k!
(t− t0)k, φ(k) =

dk

dtk
φ(t)


t=t0

, (A.10)

φ(t) = φ(0) + φ(1)(t− t0) +
φ(2)

2
(t− t0)2 +

φ(3)

6
(t− t0)3 + ..., (A.11)

whereby φ(k), (k = 0, 1, 2, ... ) are the temporal dispersion parameters. Convention-
ally t0 is equal to zero. The so called carrier envelope (CE) Phase is represented
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by the coefficient of zeroth order φ(0) and defines the position of the carrier wave
within the envelope. The coefficient φ(1) leads to a shift of the carrier frequency
ω′
0 = ω0 + φ(1) in the frequency domain but does not affect the group delay in

the time domain. Higher orders of the expansion cause a time dependence of the
instantaneous frequency

ω(t) =
dϕ(t)

dt
= ω0 +

dφ(t)

dt
. (A.12)

The parameter φ(2) describes the rate of frequency increase. If φ(2) > 0, the fre-
quency increases linearly with the pulse duration and the pulse is positve-chirped.
In the opposite case (φ(2) < 0) the frequency decreases linearly with the pulse du-
ration and the pulse is negative-chirped. Due to dispersion pulses can gain higher
orders of the temporal phase φ(t) if they propagate through material. In this case
φ(3) causes a quadratic chirp, φ(4) a cubic chirp and so forth.
In literature the phase coefficients in the time domain are often related to the in-
stantaneous phase ϕ(t) instead of the temporal phase φ(t). The coefficients ϕ(k) of
the instantaneous phase ϕ(t) are connected to the coefficients φ(k) by Equation A.9
and are identical except for ϕ(1) = ω0 + φ(1). In order to investigate the effect
of dissipative media on the pulse it is advantageous to use the frequency domain.
Analogue to the temporal phase φ(t) the spectral phase ϕ̃(ω) can be expressed in
a Taylor expansion

ϕ̃(ω) =
∞
n=0

ϕ̃(n)

n!
(ω − ω0)

n, ϕ̃(n) =
dn

dωn
ϕ̃(ω)


ω=ω0

, (A.13)

ϕ̃(ω) = ϕ̃(0) + ϕ̃(1)(ω − ω0) +
ϕ̃(2)

2
(ω − ω0)

2 +
ϕ̃(3)

6
(ω − ω0)

3 + ... . (A.14)

Since the fourier transform is a linear operation, the constant phase coefficient ϕ̃(0)

is equal to the constant phase φ̃(0) in the time domain. The meaning of the term of
first order ϕ̃(1) can be explained with the help of the displacement law of the fourier
transformation. A modulation in the frequency domain |Ẽ(ω)| exp[i(ω − ω0) ϕ̃

(1)]
leads to displacement leads to a temporal displacement E(t+ ϕ̃(1)) in the time do-
main. Since the envelope function is shifted in relation to the carrier frequency ω0

the coefficient ϕ̃(1) is called group delay. In principle higher orders of the expansion
lead to a chirp but their effect on the electric field E(t) in the time domain can not
be predicted and has to be investigated by means of the fourier transformation.
The so called croup delay dispersion (GDD) ϕ̃(2) leads to a linear chirp. As an
example which is analytically simple to handle its influence on a Gaussian pulse is
investigated in the appendix (A.3).
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A.3 Group Delay Dispersion

An unchirped laser pulse can be described by its reduced electrical field function
E+(t) or the fourier transform Ẽ+(ω), respectively

E+(t) =
E0
2
exp


− t2

2σ2
t


exp (iω0t) , (A.15)

Ẽ+(ω) =
E0
2

√
2πσtexp


−σ

2
t (ω − ω0)

2

2


. (A.16)

A reverse fourier transformation of Ẽ+(ω) with the additional phase ϕ̃(ω) = ϕ̃(2) 1
2
(ω−

ω0)
2 yields

E+(t) =
E0

2β1/4
exp


− t2

2σ2
t β


exp (iφ(t)) exp (iω0t) . (A.17)

Here, the parameter β is defined by β = 1+

ϕ̃(2)

σ2
t

2
and the temporal phase of the

chirped pulse can be written as

φ(t) = − ϕ̃(2)t2

2

ϕ̃(2)2 + σ4

t

 − 1

2
arctan


− ϕ̃

(2)

σ2
t


. (A.18)

Figure A.2 illustrates the temporal dependence of Equation A.15 and Equation A.17.
The parameter σt is a measure for the temporal length of the pulse and is connected
to the FWHM τp of the intensity by τp = 2σt


ln(2). Equation A.17 and A.18 show

the effect of the group delay dispersion ϕ̃2 in the time domain. In comparison to
the unchirped pulse the pulse is temporally elongated by the factor


β =

σt,chirp
σt

=

1 +


ϕ̃(2)

σ2
t

2

, φ(2) = − ϕ̃(2)

ϕ̃(2)2 + σ4
t

. (A.19)
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Figure A.2: Amplitude and electric field of a Gaussian pulse. A - Bandwidth limited
pulse with σt = 1 fs. B - Influence of the group delay dispersion ϕ̃(2) = −5fs2 leads to a
linearly chirped Gaussian pulse.
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A.4 Change of the Pulse Shape in Dispersive Me-

dia

A linear chirped laser pulse can be described by the reduced electrical field function

E+(t) =
E0
2
exp


−1

2

t2

σ2
t


exp


i
φ(2)

2
t2

exp (iω0t) , (A.20)

whereby the φ2 describes the rate of frequency increase. In this case the FWHM
of the intensity is given by τp = 2σt


ln (2) and the instantaneous frequency by

ω(t) = ω0 + φ(2)t.
The Fourier transform of E+(t) (Equation A.20) has the form

Ẽ+(ω) =
E0
√
2πσt

2 (1 + (φ(2)σ2
t )

2)
1
4

exp


iϕ̃(ω)− (ω − ω0)

2 σ2
t

2 (1 + (φ(2)σ2
t )

2)


. (A.21)

The spectral phase can be written as

ϕ̃(ω) = −1

2
arctan


φ(2)σ2

t


+

φ(2)σ4
t

2(1 + (φ(2)σ2
t )

2)
(ω − ω0)

2 (A.22)

and the spectral intensity is given by

Ẽ+(ω)
2 = E202πσ2

t

4 (1 + (φ(2)σ2
t )

2)
1
2

exp


− (ω − ω0)

2 σ2
t

(1 + (φ(2)σ2
t )

2)


. (A.23)

In order to investigate the influence of dispersive media on a Gaussian pulse, the
additional phase function (Equation 1.28) is developed to second order

ϕ̃z(ω) = k(0)z + k(1)z · (ω − ω0) +
k(2)z

2
· (ω − ω0)

2. (A.24)
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Figure A.3: Influence of a dispersive medium on a Gaussian pulse. A - Unchirped
input pulse. B - Chirped output pulse.
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Figure A.4: Influence of a dispersive medium on a Gaussian pulse. A - Intensity
distribution of input (blue) and output (red) pulse. B - Relation between the duration
τp (FWHM of intensity) of an unchirped input pulse and the output pulse.

The product of Ẽ+(ω) (Equation A.21) with exp (iϕ̃z(ω)) describes the effect of the
dispersive medium on the laser pulse after propagating the length z in the frequency
domain. An inverse Fourier transformation yields the reduced field function in the
time domain

E+(t) =
E0
√
2σt

4(1 + (φ(2)σ2
t )

2)1/4
exp


i

ω0t− k(0)z − 1

2
arctan


φ(2)σ2

t


2σ2

t

4(1+(φ(2)σ2
t )

2)
+ i

k(2)z
2
− φ(2)σ4

t

2(1+(φ(2)σ2
t )

2)



· exp

−

t− k(1)z

2
4


2σ2

t

4(1+(φ(2)σ2
t )

2)
+ i

k(2)z
2
− φ(2)σ4

t

2(1+(φ(2)σ2
t )

2)


 . (A.25)

The pulse duration after the propagation length z is given by the relation

σt(z) =

8 (1 + (φ(2)σ2
t )

2)

2σ2
t


2σ2

t

4 (1 + (φ(2)σ2
t )

2)

2
+


k(2)z

2
− φ(2)σ4

t

2(1 + (φ(2)σ2
t )

2)

2
,

(A.26)

whereby the FWHM of the intensity is changed by τp(z) = 2σt(z)

ln (2).

The left side of Figure A.3 shows the electric field E(t) = 2 · Re(E+(t)) of an
unchirped φ2 = 0 Gaussian pulse having the maximum field amplitude E0 =
5 · 109 V/m, the pulse length τp = 30 fs and the central wavelength λ0 = 800 nm.
The right side of Figure A.3 illustrates the influence of a 20mm thick quarz sub-
strate on the input pulse. Both the length and the amplitude of the electric output
field are modulated.
The intensity change is depicted on the left side of Figure A.4, whereby the
unchirped input pulse is shown in blue and the chirped output pulse in red. The
right side of Figure A.4 illustrates the relation between the duration τp (FWHM of
intensity) of an unchirped input pulse and the output pulse which is determined
by Equation A.26.
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A.5 Wavelength Dependence of the Dispersion

Coefficients

The dispersion relation (1.25) connects the angular frequency with the wavelength
λ and can be used to calculate the conversion factors between the respective deriva-
tions

d

dω
= − λ2

2πc

d

dλ
, (A.27)

d2

dω2
=

λ2

(2πc)2


λ2

d2

dλ2
+ 2λ

d

dλ


, (A.28)

d3

dω3
= − λ3

(2πc)3


λ3

d3

dλ3
+ 6λ2

d2

dλ2
+ 6λ

d

dλ


. (A.29)

By means of these equations the additional phase and its derivatives with respect
on ω (Equations 1.29) can be described as a function of the wavelength

ϕ̃z(λ) =
z2π

λ
n(λ),

dϕ̃z
dω

=
z

c


n(λ)− λdn

dλ


, (A.30)

d2ϕ̃z
dω2

=
zλ3

2πc2


d2n

dλ2


,

d3ϕ̃z
dω3

=
zλ4

4π2c3


3
d2n

dλ2
+ λ

d3n

dλ3


. (A.31)

The dispersion coefficients ϕ̃
(n)
z = dnϕ̃z(ω)/dω

n|ω0 depending on wavelength are
obtained by inserting the wavelength λ0 = 2πc/ω0. The respective expressions for
k(n) = dnk(ω)/dωn|ω0 are given by means of ϕ̃z(ω) = k(ω)z.

A.6 Birefringence

Birefringence is a property of optically anisotropic materials. A ray of light incident
on a birefringent crystal is split into two rays taking different path and having
different polarizations. One ray is polarized perpendicular to the optical axis and is
called ordinary ray. Its refractive index no is constant and Snell’s law of diffraction
is valid.
The refractive index of the so called extraordinary ray neo(Θ) depends on the angle
Θ, which is defined between the optical axis and the wave vector k. The direction
of k in which ne and neo are equal, defines the optical axis. As illustrated in
Figure A.5 the angular dependence of the extraordinary refractive index neo can be
described by the so called index ellipsoid [29]. Its functional dependency is given
by

1

neo(Θ)
=

cos2(Θ)

no
+

sin2(Θ)

ne
. (A.32)
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Figure A.5: Index Ellipsoid

The phase velocities of the ordinary ray vo = c/no and the extraordinary ray
veo = c/neo depend on the corresponding refractive indices. This effect can be used
for the generation of phase modulations of a light pulse or to measure the temporal
length of ultrashort pulses by means of nonlinear optical processes.

A.7 Nonlinear Optical Processes

Second-harmonic Generation

As an example a simple nonlinear optical processes of second order is discussed.
Squaring down of the electric field E0(t) =

1
2
Eωexp(iωt)+c.c. leads to the equation

E2
0(t) =

1

2
EωE

∗
ω  

(1)

+
1

4
E2
ωexp(i2ωt) +

1

4
E∗2
ω exp(−i2ωt)  

(2)

. (A.33)

This leads to the nonlinear polarization PNL(t) = ϵ0χ
(2)E2

0(t) and the radiation
source S(t) = −µ0ϵ0χ

(2) ∂2

∂t2
(E2

0(t)). Since Equation A.33 contains terms (2) oscil-
lating with 2ω the radiation source S(t) emits waves with the second harmonic of
the input frequency. This process is known as SHG.The first term (1) in Equa-
tion A.33 leads to a steady (non-time-varying) polarization density. Because a DC
potential difference in the medium is created this phenomena is called electro-optic
rectification (EOR).
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AC Kerr Effect

If the nonlinear medium is centrosymmetric, the second-order susceptibility (χ(2) =
0) is zero. In this case the material is called a Kerr medium and the dominant
nonlinearity is of third order PNL(t) = ϵ0χ

(3)E3
0(t). The response of Kerr media to

optical fields consists in the generation of third harmonics and sums and differences
of triplets of frequencies. The cube of the electric field E0(t) =

1
2
Eωexp(iωt) + c.c.

is

E3
0(t) =

3

8
|Eω|2Eωexp(iωt) +

1

8
E3
ωexp(i3ωt) + c.c.. (A.34)

Under consideration of the linear susceptibility the polarization is can be written
as

P (t) =


ϵ0


χ(1) +

3

4
χ(3) |Eω|2


1

2
Eωexp(iωt) + ϵ0χ

(3)1

8
E3
ωexp(i3ωt)


+ c.c..

(A.35)

Neglecting the part which oscillates with the third harmonic, the total susceptibility
can be expressed as the sum of a linear (χL) and nonlinear (χNL) part

χ = χL + χNL = χ(1) +
3χ(3)

4
|Eω|2. (A.36)

The intensity dependend refractive index n of the medium can be defined by

n = (1 + χ)1/2 = (1 + χL + χNL)
1/2 , (A.37)

whereby n0 = (1 + χ(1))1/2 denotes the linear refractive index. If χNL << n2 the
equation can be rewritten as a Taylor expansion of first order at the point χ = χ(1)

n(I) ≃ n0


1 +

1

2n0
2
χNL


= n0 +

3χ(3)

8n0

|Eω|2 = n0 + n2I, (A.38)

whereby n2 denotes the second-order nonlinear refractive index and I is the inten-
sity of the wave. This effect is know as the AC Kerr effect.

Self-phase Modulation

As a consequence an optical wave propagating through a third-order nonlinear
medium undergoes SPMD. The phase shift incurred by an optical beam with
intensity I traveling the distance L is given by

φ = n(I)
2πL

λ
= (n0 + n2I)

2πL

λ
. (A.39)

Thus the intensity dependent change of the phase (phase modulation) is given by

∆φ = n2I
2πL

λ
. (A.40)
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A.8 Energy Sensitive Proton Detection

Offline Stack Detectors

Conventionally stacks of CR-39 plates or radiochromic films are used for the proton
detection [123]. CR-39 is a plastic polymer which consists of allyl diglycol carbon-
ate (ADC) and can be used as a solid state nuclear track detector (SSNTD). A
particle which impinges on the detector penetrates into the material and generates
a latent particle trace. Due to ionization radicals are created along this trace. By
covering the irradiated CR-39 with a sodium hydroxide solution, the locations of
the radicals etch faster than the surrounding material. This way holes are created
at the surface of the plates. The number of created holes corresponds to the de-
tected particles and can be determined by means of a microscope. A radiochromic
film consists of a single or double layer of radiation-sensitive organic microcrystal
monomers which are based on a thin polyester substrate with a transparent coat-
ing. The color of the film turns to a shade of blue upon irradiation and its darkness
increases with the absorbed dose. For proton detection the film has to be covered
by an aluminum filter to prevent signals from photons.
When a proton moves through matter, it ionizes atoms of the material and deposits
a dose along its path. As the proton energy decreases the interaction cross sec-
tion increases. For this reason, the protons deposit energy mainly at the so called
Bragg-peak. This peak occurs after a certain penetration length depending on the
proton energy. Since the stack detector consist of several layers of radiochromic
films or CR-39 plates, the main proton signal of each layer corresponds to a certain
energy range. The width of the respective energy range depends on the thickness
and material of the layer. For radiochromic fims approximately 50 % of the signal
in one layer is within an energy range of 0.5 MeV [147]. Since the proton energy
corresponds to the probing time of the investigated process, every layer contains
information of different times. This way the use of film stack allows for a series of
temporal snapshots, whereby the maximum energy of the proton beam determines
the number of exposed layers. The temporal resolution is restricted by the width
of the energy range of each layer and thus by the thickness of the layer itself. In
the presented experiments maximum energies between 2 and 5 MeV were available
which allowed for the record of only 2 to 4 temporal snapshots with a single laser
pulse.
However, the use of stack detectors has several disadvantages. First of all they have
to be replaced after each single shot and in addition the measurement signal is not
accessible during the experiment. The replacement can in principle be achieved by
a chain of motorized stacks. However, the vacuum experimental chamber provides
only space for a few stacks and the opening of the chamber is very time consuming.
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Gated Multi-Channel Plates

A replenishing online detection method can be realized by the use of a MCP coupled
with a phosphor screen with an attached CCD camera as described in Section 5.2.
This method delivers two-dimensional images with a spatial resolution of several
micrometer which are accessible during the experiment. If the laser pulse interacts
with the source target not only protons are accelerated, but also other energetic
ions, electrons and x-rays are generated [148]. Because the MCP is also sensitive
to these signals, the recorded images of the phosphor screen would be influenced
by them to the extent that the proton signal could not be analyzed any more. As
proposed in Section 5.2 the voltage of the phosphor screen can be switched off after
the arrival of the protons on the MCP. This way the contribution of heavier ion
species to the signal can be suppressed. In a similar way the voltage of the MCP
can be switched on after photons and energetic electrons have already reached the
MCP. By means of fast high-voltage switchers the MCP and the phosphor screen
can be switched on and off on a time scale of several hundreds of picoseconds, which
is technically demanding. Since the detector is only sensitive for a this time period
(gating time) a pure proton signal can be obtained and the setting of the gating
time allows for the selection of a specific energy interval of the proton beam. This
gating technique has been successfully applied for imaging the rear side plasmas of
thin foils and the probing of irradiated micro water droplets with a time resolution
between 400 ps to 23 ps [8]. The drawback of this method is that it allows only
a single snapshot of the investigated process in a certain time interval. In order
to record the temporal evolution of the process, the experiment must be repeated
several times with different gating times.
A more sophisticated diagnostic method is called proton streak deflectometry [8,
97]. It allows the continuous record of transient fields on a picosecond time scale.
It has already been used to study the electric fields occurring at the rear side of
a laser irradiated thin foil [7, 8] and is used for several experiments in this thesis.
This method is presented in the Chapter 8.
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B.1 Source Properties of the Probing Proton

Beam

In order to test the usability of the probing proton beam for streak deflectometry
experiments, several source properties of the beam were investigated. These are
the composition of the accelerated ion species as well as the energy distribution,
pointing and reproducibility of the proton beam.
Of particular interest is the determination of the virtual source distance, since this
parameter affects the magnification in proton imaging experiments [8]. The model
of the virtual source [104] can describe the laser-induced proton emission after
the acceleration process. When the particle interaction is negligible the proton
trajectories can be described by straight lines and traced back to a virtual source
point in front of the target, as illustrated in Figure B.1.
Therefore, the position zv of the virtual source point in z-direction and the emission
angle determine the initial particle position at the real source in x-direction. For a
precise determination of the magnification M in imaging experiments, the distance
of the virtual source |zv| has to be taken into account. The magnification of the
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Figure B.1: Concept for the determination of the virtual source distance.
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mesh in Figure B.1 is given by

Mmesh =
L+ |zv|
m+ |zv|

. (B.1)

In principle the distance of the virtual source can be determined by means of a pro-
ton streak deflectometry experiment if the properties of the inserted mesh and the
distances of the setup are known. By measuring the magnification M of the proton
stripes even the energy dependence of |zv(ϵ)| can be investigated [112]. However,
it is necessary to be very cautious. The inhomogeneous magnetic field distribution
of the permanent magnet (Chapter 5.4) in the spectrometer can lead to a spatial
distortion of the detected proton stripes, which might affect the measured magnifi-
cation M . For this reason, another approach is used in this work. The application
of a mesh (or grating) in combination with a slit can be used to measure the num-
ber of beamlets which pass through the slit opening (Figure B.1). Because this
number is independent from the spectrometer design the exact determination of
the virtual source distance |zv(ϵ)| depending on proton energy is possible.
Since the laser and focussing parameters were slightly different in Chapters 8 and
9 in comparison to Chapter 10 separate experiments were conducted in order to
determine the virtual source distance |zv(ϵ)| and its energy dependency. In both
cases the principle setup corresponds to Figure 8.1, whereby no interaction target
was inserted in the probing proton beam and the pump pulse was switched off. For
the generation of the proton beam a 5.0µm thick titanium foil was irradiated at
an angle of incidence of 10◦ using laser arm A (Section 2).
Figures B.2.A and B.2.B are pictures of the light emitting phosphor screen and show
the recorded density distribution ρ(x, y) as a function of the x- and y-position in
the detector plane. Both images are recorded with the proton streak deflectometry
method. The y-position refers to the proton energy, whereas the x-position visu-
alizes the deflection of the probing protons. The pictures show the undisturbed
traces of the intersected proton beam which is dispersed in the Thomson slit spec-
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Figure B.2: Proton streak deflectometry measurments (without interaction target)
for the determination of the virtual source distance. A - Experimental parameters
corresponding to Chapter 8. B - Experimental parameters of Chapter 10.
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trometer. Picture B.2.A was recorded using a mesh with 1000 LPI and with the
experimental parameters given in Chapter 8. In contrast a grating with 200 LPI
and the parameters of Chapter 10 were used in the case of Picture B.2.B.
The signal of other detected ion species is visible in the background of Image B.2.A.
Nevertheless the proton stripes are clearly distinguishable. For the generation of
Image B.2.B the MCP was gated (Section 5.2) in order to suppress the signal of
heavier ion species. The minimum energy in the measurements is determined by
the boundary of the MCP, whereas the energy cut-off of the probing proton beam
determines the maximum observable energy.
In both pictures small trace-fluctuations are visible which appear as ”wiggly” traces
on the detector. Their occurrence can be explained by small movements of the pro-
ton source which causes beam pointing variations [8, 109, 133]. Also the density
variations of the stripes along the y-direction on the detector can be explained by
this effect. A movement of the proton source in y-direction can result in a situ-
ation where the line of sight between the source point and the slit is blocked by
a horizontal bar of the mesh. This leads to a decrement of the proton signal on
the detector for the energy interval in which the source is shifted in the described
manner.
However, this effect is not the reason for some small systematic bending of the
traces. The inhomogeneous electric and magnetic field distribution within the per-
manent magnet influences the specific form of the proton traces on the detector.
Also the curvature of the energy cut-off and the energy dependent projection of
the slit to the MCP is due to this influence. In Section 5.4 this relationship is
explicated in greater detail.
Both pictures show clearly that the number of detected stripes remains constant
for different energies. This proves that the virtual source distance |zv(ϵ)| is inde-
pendent of the proton energy for the detected energy interval. By evaluating the
measured density distributions ρ(x, y) of Figures B.2.A and B.2.B, respectively, the
virtual source distances |zv(ϵ)| of 1.75± 0.5mm and 0.82± 0.5mm were found.
Neglecting the influence of the virtual source size dVS the maximum opening angle
αv is defined by

αv ≈ 2 · atan


sx
L1 − zv


= 2 · atan


rS
zv


, (B.2)

whereby sx is the length of the slit in x-direction and rS the half of its the projection
on the plane of the source target. In Chapter 10 rS will be used to simulate the
angel dependent proton emission from an extended source point.
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B.2 Redistribution Effects due to Exponentially

Decaying Fields

In this section the accelerating field configuration of the TNSA-process is investi-
gated regarding its ability to cause redistribution effects in the energy spectrum
of the probing proton beam. For this purpose a PIC-simulation was conducted
using a modified 2D-LSP-code [105] with 30 particles in a cell of 4 × 12 nm and
a simulation box of 50 × 50 µm. The simulation step was 3.3 fs and the total
simulation length 200 fs. The irradiation geometry of the model was identical to
the experiment. The duration τp of the linear polarized laser pulse is 87 fs and its
intensity IL is 5 ·1018 W/cm2. As a target a 0.8 µm thick aluminum foil with 50 nm
hydrogen layers attached to its surfaces was used.
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Figure B.3: Result of PIC-simulation. Spatial distribution of the TNSA-field (black
curve). Approximation based on Equation B.4 (red curve). Simulation done by A.A.
Andreev.

Figure B.3 shows the simulated amplitude of the TNSA-field (black curve) in terms
of the incident laser field amplitude EL. The acceleration field is directed normal
to the initial foil surface. Its spatial dependence in this direction is shown at a
moment in time, when the laser-plasma interaction of the main pulse is finished.
The red dashed line is an exponential approximation of the field, which is based
on the formula

Ez = EN exp


− z

ls


, (B.3)

whereby EN = E0/EL = 0.117 and ls = 0.75µm.
As shown in Section 6 (Figure 6.5.B) the temporal dependency of the acceleration
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field can be approximated by the functions

Et =
1

1 + (t/τs)
2

(A) , Et =
1

1 + (t/τs)
(B) . (B.4)

Using these formulas the temporal and spatial dependence of the TNSA-acceleration
field can be approximated by

ETNSA(z, t) = EL · Ez(z) · Et(t). (B.5)

Figure B.4.A shows the resulting field distribution at different moments in time,
taking into account the ambipolar field geometry and the thickness of the target.
In this connection Equation B.4.B is used to describe the time dependence. In the
presented case a laser field amplitude EL of 4.34MV/µm was used, which corre-
sponds tho the laser intensity IL = 5 · 1018 W/cm2 (Equation 1.19). The spatial
scale length ls was set to 3µm, the temporal duration τs = 150 fs and EN = 0.2.
Using the numerical algorithm of Section 9.4.2 the energy change of a proton start-
ing at the source target and having the initial energy ϵ0 can be calculated when
it propagates through field configuration of Figure B.4.A. In this connection both
the target distance a and the pump time tpump have to be considered. As a result
the function ϵf (ϵ0) is obtained, which describes the changed (final) proton energy
depending on the initial energy ϵ0. Figure B.4.B illustrates this dependency for
the target distance a = 15.14mm and the proton t-pump energy ϵpump = 1.5MeV
(tpump = 775 ps).
The same experimental parameters were used in case of Figure B.5.A which shows
a selected experimental result (blue curve) of Section 9.3.1. The black dashed line
is a fit to the undisturbed parts of the measured (uncorrected) proton energy spec-
trum. Using a background correction this fit is used to approximate the initial
proton energy distribution function f(ϵ0) at a moment in time before it gets dis-
turbed by the initiated fields at the interaction target. In combination with the
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Figure B.4: A - Analytical field distribution based on Equations B.4.B and B.5 using
the parameters: IL = 1 · 1018W/cm2, ls = 3µm and τs = 150 fs. B - Changed (final)
proton energy ϵf (ϵ0) as a function of the initial energy ϵ0.



220 Specifics

calculated energy change ϵf (ϵ0) (Figure B.4.B) the function f(ϵ0) enables the nu-
merical calculation of the proton energy redistribution f̄(ϵ0) (Section 9.4.4). The
yellow curve illustrates the calculated proton energy redistribution effect on the
undisturbed and uncorrected ion energy distribution (black dashed line). In case
of the red curve the instrument function of the spectrometer (≈ 42.5 keV resolu-
tion) was taken into account.
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Figure B.5: Simulated and experimentally obtained redistribution effects in the (un-
corrected) proton energy spectrum. The simulation is based on Equation B.5 whereby
different parameters are used: A - IL = 1 · 1018W/cm2, ls = 3µm, τs = 150 fs. B -
IL = 5 · 1018W/cm2, ls = 10µm, τs = 300 fs.

In the case of Figure B.5.B a different set of parameters was used for the calculation
of the acceleration field (Equation B.5). In this case all parameters are significantly
increased: IL = 5 · 1019 W/cm2, ls = 10µm and τs = 300 fs.
In both cases the simulated gap width is significantly smaller than the measured
width. In addition the experimentally obtained peak on the high energy side of
the gap is not reproduced in terms of position and hight. Using the approximation
of Equation B.5 an adequate reproduction of the high energy peak is generally not
possible for small values of ls ≤ 25µm, independent on the setting of EL or τs. Also
Formula B.4.A and the functions

Et =
1

(1 + (t/τs))
2 (A) , Et =

1

1 + (t/τs)
2 (B) . (B.6)

were tested as a description of the time decay Et(t) in Equation B.5, but the high
energy peak could not be reproduced. Only the use of higher values of ls (≥ 25µm)
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Figure B.6: A - Analytical field distribution based on Equations B.5 and B.6 and B.7
using the parameters: IL = 1 · 1018W/cm2, ls0 = 1µm, vls = 30µm/ps and τs = 150 fs.
B - Resulting simulated redistribution effect in comparison with the experimental result.

allows the experimentally obtained redistribution effects to be reproduced to some
extent. However, these relatively high extensions are in contradiction to the results
of the PIC-simulation, where an initial extension ls of approximately 1µm was
found.
Better results are obtained if the extension ls(t) of the field increases with time,
which is agreement with the PIC-simulation. In first approximation this increase
can be described by

ls(t) = ls0 + vlst, (B.7)

whereby ls0 is the initial extension of the field and vls a constant.
Figure B.6.A shows the resulting field distribution at different moments in time,
whereby Equation B.6.B is used to describe the temporal evolution of the field.
The applied parameters are summarized in the figure caption. The resulting simu-
lated redistribution effect is shown in Figure B.6.B and is in good agreement with
the experimental result. Also several other experimental results can be reproduced
by means of the proposed analytical description. Similar results are obtained if
Equation B.6.A is applied. However, in any case the model fails to describe the
systematic dependency of the redistribution effect on the target distance a, which
was found in Section 9.3.1. In contradiction to the experimental results the local
maxima on the low energy side of the density gap does not disappear in simulation
if a lower target distance a is used.
This indicates that the proposed approximation of the PIC-simulation (Equa-
tion B.5) is possibly too artificial to describe the complex field evolution of the
TNSA-process. It is also conceivable that the observed proton redistribution is not
only influenced by the high TNSA-fields that act at close distances to the foil, but
also by long extended fields which cannot be described by an exponential decay in
space. This possibility will be discussed in Section 9.5.1.



222 Specifics

B.3 Magnetic Field Components of the Perma-

nent Magnet
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Figure B.7: Magnetic field components in the y-z-plane of the permanent magnet at
the position x = 0. A - Bx, B - By, C - Bz.
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B.4 Energy Modulations in Laser Accelerated

Ion Beams - Analytical Description

The modulation of the electron density in space and time and its direct relation
to oscillations of the ponderomotive pressure is an substantial finding from the
PIC simulation (Section 6.3). Based on this result a one-dimensional analytical
model [28] was developed by A. Andreev on the basis of a perturbation ansatz.

The relativistic energy-momentum relation defines the velocity of an electron v
(0)
e

within the electric potential φ and can be written in the form

v
(0)
e

c
=


1− 1

(1 + (εe0 + eφ) /mec2)
2 , (B.8)

whereby c is the velocity of light. The electron charge and mass are denoted
by e and me and its initial energy by εe0. By introducing the electron density
perturbation n1e the electron density ne can be expressed as the sum of two terms

ne = ne0 exp


eφ

Te


1 +

n1e

ne0
exp


− t

2

t2L


cos2


k

z − tv(0)e (φ)


, (B.9)

whereby ne0 denotes the initial electron density and Te the electron temperature.
The wave vector of the laser pulse is given by k and its duration by tL. The
propagation-coordinate is z and t is the time. The first term of Equation B.9 de-
scribes the undisturbed part of the electron density. The second term models the
perturbation of the electron density due to the oscillation of the ponderomotive
pressure of the laser radiation. As shown in the numerical simulation (Section 6.3)
the ponderomotive action of the laser irradiation leads to the generation of fast
electron bunches. The approximated form of the density perturbation is based on
the data of these simulations.
The ion motion can be described by means of the continuity equation, the hydro-
dynamic equation of motion and the Poisson equation

∂ni
∂t

+ div (nivi) = 0, (B.10)

∂vi
∂t

+ (vi · ∇) vi =
Ze

mi

∇φ, (B.11)

∆φ = 4πe (ne − Zni) . (B.12)

In zero approximation (δn1e = 0), e.g. by neglecting the perturbation term in
Equation B.9, these equations describe the self-similar motion of an electron-ion
plasma in the absence of collisions [67, 73]. In this connection it is assumed that
the plasma occupies the half space z < 0 at the initial time and at time t = 0 begins
to expand into a vacuum. By describing the plasma as quasi-neutral Zni0 = ne0 a
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solution is found and the proton distribution function f (0)(ε) depending on energy
ε is obtained [73]

v
(0)
i =

z

t
+ cs0, n

(0)
i = ni0 exp


−


z

cs0t


, eφ(0) = Te ln


Zn

(0)
i

ne0


,

f (0)(ε) =
1

mivi

dn
(0)
i

dv
(0)
i

=
ni0√
2εTe

exp


1−


2ε

Te


, cs0 =


ZTe
mi

, (B.13)

whereby ni denotes the fast and ni0 the initial ion density. The ion velocity is given
by vi and its charge and mass by Z and mi, respectively.

A perturbation ansatz is applied to the set of Equations B.8 to B.12 in order
to derive a solution, which also includes the second term in Equation B.9. In this
connection the electron density perturbation δn1e = n1e/ne0 ≪ 1 is assumed to
be small. Considering a weak temporal and spatial dependence of the variables in
Equation B.13 in comparison to those in Equations B.16 to B.18, the linearization
of the hydrodynamic equations leads in first order to the following set of equations:

∂n
(1)
i

∂t
+ n

(0)
i

∂v
(1)
i

∂x
+ v

(0)
i

∂n
(1)
i

∂x
= 0,

∂v
(1)
i

∂t
+ v

(0)
i

∂v
(1)
i

∂x
= −Ze

mi

∂φ(1)

∂x
, (B.14)

∂2φ(1)

∂x2
= 2πen1e exp


eφ(0)

Te


exp


− t

2

τ 2L


cos

2k

z − tv(0)e


.

The perturbations in this system are connected via the Poisson equation to the
perturbation of electron density in Equation B.9. The solution of this inhomo-
geneous system of linear Equations B.14 consists of a particular solution of the
inhomogeneous system and the general one of the homogeneous system.
Formally the general solution (of the homogeneous system) for the ion density
perturbation can be expressed as

n
(1)
i,hom =


κ

Cκcos (κz − ω(κ)t) , (B.15)

whereby ω(κ) are the natural modes of ion plasma oscillations corresponding to the
ion species κ. Naturally the relation ω(κ) ≤ ωpp is valid for the plasma frequency
ωpp of accelerated protons. Any initial or boundary conditions for the System B.14
can result in a non-zero coefficient in Equation B.15. In these cases the natural
plasma modes will modify the distribution function and its modulation.
However, a modulation of the proton distribution function at an energy of above
0.5 MeV is considered. These protons are accelerated by an electric field which is
generated by fast electrons of about the same energy. The hot electron density is
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similar or slightly less than the plasma critical density and the accelerated protons
have about the same density due to plasma quasi-neutrality. The period of the ion
plasma wave at the critical density of the plasma is about 40 times larger than the
laser wave period. Therefore, the homogeneous solution (Equations B.15) describes
ion density oscillations (also of velocity and potential concerning Equations B.14)
with a time period being 40 times larger than the laser period (for the ion sound
it is even more). This time scale is about 100 fs and thus comparable to the
characteristic time of ion acceleration which corresponds to the simulation time of
250 fs.
As numerical analysis confirms, the relevant initial and boundary conditions favor
to omit the eigenmodes of plasma oscillations which take place on a much longer
timescale. Therefore, only the particular solution of the inhomogeneous system
of differential Equations B.14 is used in the following analysis and the solution of
the homogeneous system is neglected. In this case the dependences of all hydro
variables in Equations B.14 on space and time are similar to the dependence of the
electron density perturbation. Thus, the linear (first) approximations of density,
velocity, and the potential functions have the form

n
(1)
i = n10 cos


2k

z − tv(0)e


, (B.16)

v
(1)
i = v10 cos


2k

z − tv(0)e


, (B.17)

φ(1) = φ10 cos

2k

z − tv(0)e


, (B.18)

v
(0)
e

c
=

1− 1
1 +


εe0 + Teln


Zn

(0)
i /ne0


/mec2

2 . (B.19)

Substitution of these functions into Equations B.14 leads to a linear system of
algebraic equations for the unknown amplitudes n10, v10 and φ10. Its solution is
given by

n10 = −
Zπe2n1en

(0)
i

2
exp (−t2/t2L)

2k2ne0mi


v
(0)
e − v(0)i

2 , (B.20)

v10 = −
Zπe2n1en

(0)
i exp (−t2/t2L)

2k2ne0mi


v
(0)
e − v(0)i

 , (B.21)

φ10 = −
πen1en

(0)
i exp (−t2/t2L)
2k2ne0

. (B.22)

The proton distribution function is determined by f(ε) = dni/dεi = (1/mivi) ·
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dni/dvi and can be expressed by the parametric dependence

f(τ) =
ni0
ZTe

exp (−ξ/τ)
1 + ξ/τ

1 +
2β

(0)
e β10sin


2k

ξ − τβ(0)

e


ξ/τ 2

+

2β
(0)
e N10sin


2k

ξ − τβ(0)

e


(1 + ξ/τ) ξ/τ 2

+
β10exp (−ξ/τ) cos


2k

ξ − τβ(0)

e


(1 + ξ/τ)

 (B.23)

ε(τ) =
ZTe
2


1 +

ξ

τ
+ β10 · cos


2k

ξ − τβ(0)

e

2

, τ ∈

ξTe
εe0

,∞

. (B.24)

whereby ξ = kz, τ = kcst, β
(0)
e = v

(0)
e /cs, β10 = v10/cs and N10 = n10/ni0. The

values for the parameters εe0, Te, δn1e are chosen in agreement with simulation and
are 14 mec

2, 0.6 mec
2 and 0.02, respectively.



List of Abbreviations

ADC allyl diglycol carbonate

AOM acousto-optic Modulator

ASE amplified spontaneous emission

BSI barrier suppression ionization

CCD charge-coupled device

CE carrier envelope

CGS centimetre–gram–second

CPA chirped pulse amplification

CW continuous wave

EFM expanding field model

EOR electro-optic rectification

FWHM full width at half maximum

FW fundamental wave

GDD croup delay dispersion

GPT general particle tracer

GVD group velocity dispersion

HFL high field laser

IR infra red

KLM Kerr-lens mode-locking

LPI lines per inch
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MBI Max-Born-Institute

MCP multi-channel plate

NPCPA negatively and positively chirped pulse amplification

PIC particle-in-cell

RPA radiation pressure acceleration

SFG sum-frequency generation

SHG second-harmonic generation

SI système international d’unités

SPMD self-phase modulation

SPM surface potential model

SSNTD solid state nuclear track detector

SVEA slowly varying envelope approximation

Ti:sapphire titanium-sapphire

TNSA target normal sheath acceleration

XPW cross-polarized wave
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[35] F. Träger, Springer Handbook of Lasers and Optics (Springer Verlag, 2007)
(cit. on p. 20).

[36] N. V. Didenko, A. V. Konyashchenko, A. P. Lutsenko, and S. Y. Tenyakov,
“Contrast degradation in a chirped-pulse amplifier due to generation of pre-
pulses by postpulses”, Optics Express 16, 3178–3190 (2008) (cit. on p. 21).

[37] P. Gibbon, “High-order harmonic generation in plasmas”, Quantum Elec-
tronics, IEEE Journal of 33, 1915–1924 (1997) (cit. on p. 21).
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[111] S. Ter-Avetisyan, M. Schnürer, P. V. Nickles, W. Sandner, T. Nakamura,
and K. Mima, “Correlation of spectral, spatial, and angular characteristics
of an ultrashort laser driven proton source”, Physics of Plasmas 16, 043108
(2009) (cit. on p. 93).

[112] S. Ter-Avetisyan, M. Borghesi, M. Schnürer, P. V. Nickles, W. Sandner,
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