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Abstract

Unconfined, high-energy-density laser plasmas induced by ultra-short laser pulses are known to

emit broadband ion spectra in terms of species and their kinetic energy. Under the right con-

ditions, the interaction of such femtosecond laser pulses, in the sub 1018 W cm−2 regime, with a

solid generates ion emission of bimodal nature, which consists of a slower thermal, and faster

supra-thermal part. The main objective of this thesis is to optimize the ion source in terms of

the supra-thermal emission and reveal information which they carry about early state plasma

properties. Therefore, the first sub-goal of this thesis is to develop an optimized diagnostic and

evaluation scheme, which is designed for this specific application.

The diagnostic of choice is the Thomson Parabola method, which is well studied for the parti-

cle energies in the MeV range. In this work, however, the spectrometer is required to function

down to energies of a few keV. Advancing into this regime requires an accurate knowledge of the

spectrometer fields, which were precisely determined by simulations and measurements. Fur-

thermore, the dynamic range was substantially increased by adopting a compact electromagnet

instead of a permanent one. We demonstrate how the field parameters can be chosen for ob-

taining exceptionally broad spectra, while keeping the energy uncertainty minimal. With such

a precise spectrometer, together with the developed special numeric methods, we were able to

study the conditions to obtain supra-thermal ion emission.

Here, emphasis is placed on the laser intensity, fluence, and duration, and their influence on the

ion properties. For this purpose, supra-thermal emission is generated over a wide range of laser

parameters in single- and double-pulse configurations.

A key aspect of such plasmas is the high electron density paired with a steep density gradient

at the target-vacuum interface. These high densities result in fast thermodynamic equilibra-

tion, compared to the time-frame of the emission. Thus, the results are analyzed using the Saha

equations to determine the prevalent plasma conditions during emission, assuming local ther-

modynamic equilibrium (LTE). Thereby, the temporal and spatially localized nature of the ion

ejection mechanism is leveraged to obtain a snapshot of the plasma temperature and density in

early states of the plasma.

Additionally, one dimensional hydrodynamic simulations were performed using the MULTI-FS

code to gain insight into the plasma evolution on picosecond timescales, to compare the results

to the experimental findings, and to reaffirm the LTE assumption. The presented results high-

light the optimal laser conditions, as well as limitations, to improve the prospects of laser-based

ion sources for possible future applications.
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Chapter 1

Introduction

Laser-plasma based ion sources span over numerous experimental geometries and parameters

[1, 2], providing a broad range of particle energies. For example, pulsed lasers with Joules of pulse

energy can produce MeV-ions in TNSA experiments [3], mJ-pulses on thin foils yield hundreds of

keV per particle [4], while mJ-pulses on bulk targets generate tens of keV [5]. Laser generated ions,

and also neutral particles in the plasma plume, are used in applications like laser induced mass

spectroscopy (LIMS) [6] and surface coatings [7]. However, there are also early developments in

radiobiology [8] with laser accelerated MeV carbon ions. Another field of possible future appli-

cations is SiC surface modifications, which rely on keV carbon ions [9, 10, 11]. In laser based

accelerations, the emitted ions are ejected on time scales similar to the laser’s pulse duration,

and usually consist of multiple species with broad energy ranges.

Such sources can be roughly divided into thermal, supra-thermal [12], and field acceleration [13].

With laser pulse durations below picoseconds, high intensities and fluences are achieved, com-

pared to longer pulse durations. In this regime, the pulse flank rises fast compared to the ther-

malization time. When such a pulse interacts with a solid-density target, a solid-plasma tran-

sition is initiated some time before the peak intensity of the pulse is reached. The remaining

pulse then interacts with the density gradient of this existing pre-plasma. If the density gradient

is sufficiently steep, part of the transient laser energy is converted into a much longer-lived field

structure of a charged layer [14]. In the case of a sufficiently thin target, ions are ejected from

the backside, as in target normal sheet acceleration (TNSA) [15]. While this technique has been

studied thoroughly [16], the data regarding emission of the illuminated side of solid density slab

targets is still lacking. In this setup, a charged layer is driven by a laser pulse in an expanding

pre-plasma near the critical density[17, 18]. This temporary space charge displacement then ac-

celerates the ions perpendicularly into and away from the target surface [19, 20]. The thereby
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CHAPTER 1. INTRODUCTION

resulting kinetic energies of the accelerated ions are a product of the electric field strength in the

charged layer and its lifetime, similar as in TNSA [21, 16, 22]. Additionally, thermokinetic forces

act on the particles due to strong, localized heating by the laser. In this mix of processes, it is not

trivial to identify the dominant ones. Thus, the goal of this work is to study the frontside emission

with respect to the laser properties for a better understanding of the acceleration mechanism.

To examine the charges and kinetic energies, different diagnostics have been developed, like

film stack [23], time-of-flight [24], or Thomson parabola methods. Due to the nearly simultane-

ous emission, the time-of-flight technique is challenging, as the spectra of the individual species

must be deciphered from the signal [4]. In this case, the Thomson parabola spectrometer (TPS)

[25, 26, 27], which relies on parallel electric and magnetic fields, is best suited because of its al-

most unambiguous mapping of the ions onto the detector. However, accepting a wide range of

ion parameters requires variation of both the E- and the B-fields. While the electric field is easy

to vary by the voltage applied, multiple groups have further improved the capacitor geometry to

increase the dynamic range [28, 29, 30, 31]. Varying the magnetic field is a more challenging task,

since usually permanent magnets are employed for setting up the magnetic field. One solution

is incorporating a dynamic yoke to adjust the magnetic field strength [32]. Introducing an elec-

tromagnet for generating the B-field is another flexible option [33, 34]. So far, TPS developments

have mainly focused on particles in the MeV range. However, the supra-thermal regime in this

work is expected to be composed of keV particles. Thus, an objective of this work is developing

a highly precise and versatile electromagnetic TPS, specifically designed for laser generated ion

emission in the keV to MeV range.

One challenge in laser based plasma acceleration is efficiently transferring pulse energy to the

electrons in a way that leads to propulsion of the ions instead of vaporization or laser reflection.

Previously, single pulse picosecond- and tens-of-fs-lasers were used, which initiate the plasma

at a quite undefined point in time [35, 5]. This prevents the study of key aspects, such as the

importance of the pre-plasma development. Therefore, the objective is to use down to 8-fs laser

pulses, in combination with a well-defined pre-pulse of known temporal advance in order to op-

timize the pre-plasma conditions.

Ions accelerated from the plasma exceed thermal velocities [36] and the speed of sound [37]. The

acceleration is expected to occur predominantly within proximity to the critical density, where

the largest fraction of the pulse energy is absorbed [38]. This results is a bimodal energy distribu-

tion [39], with a low-energy part due to vaporization and a fast, supra-thermal part. Depending

on the local plasma conditions, the thermalization time of the electronic subsystem is compara-

ble, or even shorter, to the picosecond acceleration time of the ions [40]. At the critical density,

2



CHAPTER 1. INTRODUCTION

the surrounding electrons thermally relax on time scales close to tens to hundreds times the

plasma period [40, 41]. This translates to times of only tens of femtoseconds for close to criti-

cal density plasma. The heavy particles diffuse on picosecond time scales [42, 43, 44] when the

charge state distribution (CSD) is already determined by the electronic subsystem. Therefore,

ions in the high density zone of the plasma experience thermalization in terms of charge states

before they reach terminal velocity. Thus, the thermal relaxation affects the emission in terms

of kinetic energy, as well as ion species and fast neutrals. During expansion, the ions traverse

through an outer section of the plasma where the collisional frequency becomes too low to sus-

tain thermodynamic equilibrium [45, 46]. From this point onward, the charge distribution of the

ions becomes decoupled from the present plasma conditions. This is called freezing of the CSD,

which can be assigned an effective temperature and density combination [47, 45, 46].

Generally, the experimental determination of laser plasma parameters is a challenging task in

laser-solid interactions, as temperature and density vary over many orders of magnitude within

only picoseconds and nanometer to micrometer length scales. For temperatures in the tens of

eV and close to solid densities, probing with X-rays is one option [48, 49], given a sufficient trans-

mission of the target. Other methods rely on line emission to determine these properties [50].

However, it can only be used at lower temperatures, when the visible lines are relevant [51]. In

the early, high-density, high-temperature phase of the plasma, the parameters decrease rapidly;

therefore, diagnosing them requires high temporal resolution. To resolve these issues, this work

aims to exploit the freezing of the CSD to recover this density and temperature at early plasma

stages, and thereby providing insights into the dynamics of fs laser-induced plasmas, which are

complemented by independent hydrodynamic [52] and freezing simulations.

3



Chapter 2

Fundamentals

In this chapter, physical facts that are relevant to the following experiments and their implica-

tions are summarized. The description follows the chronological order of events in our experi-

ments.

At the beginning of the chain, there are the light amplification by stimulated emission of radiation

(laser) pulses, which are manipulated as desired and used to heat a solid density target. The tar-

get then undergoes a phase change to develop into a plasma. This plasma then passes through

different regimes as it evolves temporally and spatially. Eventually, a part of the plasma mass

leaves the bulk as energetic ion emission. Upon leaving the plasma, these ions pass through a

variety of local plasma conditions before they arrive at the spectrometer, which is used to sepa-

rate them by kinetic energy and charge.

2.1 Mode locked laser pulses

The foundation of laser pulses are described by the Maxwell equations:

∇⃗E⃗ =
ρ

ε0
(2.1)

∇⃗B⃗ = 0 (2.2)

∇⃗× E⃗ =−
∂ B⃗

∂ t
(2.3)

∇⃗× B⃗ =µ0

�

ȷ⃗ +ε0

∂ E⃗

∂ t

�

. (2.4)

Here, E⃗ and B⃗ are the electric and magnetic fields, while ρ and ȷ⃗ are the charge and current

density. Under vacuum conditions ρ, j = 0, the wave equation for the electric field E can be

4



2.1. MODE LOCKED LASER PULSES CHAPTER 2. FUNDAMENTALS

derived:
�

1

c 2

∂ 2

∂ t 2
−△

�

E⃗ = 0. (2.5)

Here, c = 1/
p
µ0ε0 ≈ 3 ·108 m s−1 is the vacuum speed of light. The solutions of interest are of the

form

E⃗ (r⃗ , t ) = E⃗0 exp
�

−i(k⃗ r⃗ −ωt )
�

, (2.6)

withω= c k . This ansatz is separable into an time and space term E (r, t ) = A(r )T (t ), which can

be inserted into eq. (2.5) to obtain the Helmholtz equations:

�

△+k 2
�

A = 0 (2.7)
�

1

c 2

d2

dt 2
+k 2

�

T = 0 . (2.8)

This allows an independent discussion of the solution in the time and space domain in the up-

coming subsections. Note that the wave and Helmholtz equations can be derived analogously

for the magnetic field. However, for the scope of this work, only the electric field is described.

2.1.1 Description in the time domain

First is the description of the time-depended part. In one dimension, the solution of eq. (2.8) in

complex notation is:

Eω(t ) = E0,ω exp
�

i(ωt −φω)
�

. (2.9)

E points in the direction of the polarization, perpendicular to k⃗ , with the amplitude E0,ω, the fre-

quency of the waveω, and a frequency dependent offset in phaseφω. In the case of laser pulses,

multiple, on the order of 106 for a mode locked oscillator, of these modes with differentω over-

lap spatially, which is depicted for a 30 select modes with a frequency of about 2.35 · 1015 rad s−1

(λ =ω/(2πc ) = 800 nm) and varying field strength in Figure 2.1. The electric field of the super-

position is then:

Ep (t ) =
∑

ω

Eω(t ). (2.10)

Note that, due to the linearity of eq. (2.8) in T , the sum of solutions is again a solution.

Assuming all the modes are in phase, Ep is close to zero most of the time. On regular time in-

tervals τrep however, constructive interference occurs. These events can be sufficiently approxi-

mated by a Gaussian shape for times smaller than 1/τrep:

Ep (t ) = Ẽ0 exp

�

−2 ln 2
�

t

τ

�2
�

exp
�

i(ωt −φcep)
�

. (2.11)

5
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-4 -2 0 2 4
t [fs]

-1.0

-0.5

0.0

0.5

1.0

E
ω
(t
)

Figure 2.1: Electric field of the sum of modes on a time scale smaller than the repetition rate.
Note that all modes are locked at the time t = 0.

Here, τ is the pulse duration in terms of the full width at half maximum (FWHM) of the pulse

intensity, φcep is the so called carrier envelope phase, and Ẽ0 is the peak electric field, which is

the sum of the individual E0,ω. This interference is shown in Figure 2.2 on a small (≪ τrep ≈ 0.5 ps),

and large (∼ 4τrep) timescale.

Hence, the vacuum intensity I (t )∝ E (t )2 can be expressed as:

I (t ) = I0 exp

�

−4 ln 2
�

t

τ

�2
�

, (2.12)

with the peak intensity I0, and the Gaussian shaped pulse envelope, which is narrower than the

one of the electric field.

2.1.2 Description in the frequency domain

As initially stated, this is an approximation which relies on the modes being in phase. Often, how-

ever, the spectral phase is somewhat nonlinear due to properties of the laser system, or willingly

manipulated to modulate the pulse shape and intensity. In these cases, the zero phase approxi-

mation fails, the consequences of which are best treated in the frequency domain.

Because the pulses rely on superposition of multiple frequency modes, the description in the

frequency domain is inevitably coupled to the time domain. Both ways are related to each other

by Fourier Transform (FT):

F [Ep (t )] = Ẽ (ω) , (2.13)

6
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Figure 2.2: Electric field of the sum of modes on a time scale smaller (a) and larger (b) than the
repetition rate.

with the complex spectral electric field

Ẽ (ω) = E (ω)exp
�

iφ(ω)
�

. (2.14)

Here, φ(ω) is the spectral phase. Because the FT of a Gaussian of width τ is a Gaussian of width

1/τ, it becomes clear that for a short pulse a certain spectral width∆λ, sometimes called band-

width, must be given. A result of this relationship is the pulse-bandwidth product [53]:

τ∆ω= 2πcB . (2.15)

cB is a shape dependent numerical constant, with a value of 0.441 in the case of a Gaussian [53].

Transformation into a wavelength bandwidth limit then gives: τ∆λ ≈ 900 nm·fs. Therefore, to

create a pulse of 30 fs, it must posses a bandwidth of at least 30 nm. Note that, for non-Gaussian

spectra, the value on the right hand side of the equation changes.

2.1.3 Dispersion

Now, in the case of non bandwidth limited pulses, any deviations from a linear function of the

spectral phase φ(ω) change the pulse shape. While the spectral phase can take any intricate

shape, a Taylor expansion

φ(ω) =
∞
∑

n=0

(ω−ω0)n

n !
Dn (2.16)

7
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Figure 2.3: (a) Spectrum centered at 800 nm (black curve), and a variety of spectral phases (col-
ors) of order one to three. (b) Pulses resulting from the spectrum and phase combination.

is a commonly used method to discuss the effects of nonlinear contributions.

The

Dn =
�

dnφ(ω)
dω

�

ω=ω0

(2.17)

are called dispersion coefficients of the n-th order with the units [Dn ] = fsn . Note that only orders

n ≥ 2, shape the pulse as D0 just changes the pulses carrier envelope phase (CEP), and D1 shifts

the pulse linearly in time. D2 stretches the pulse and causes a frequency sweep, the chirp. Dn>2

usually cause pulse deformations such as pre- or post-pulses. These effects are illustrated in Fig-

ure 2.3 for a spectrum that has the same central wavelength as one from a titan sapphire laser.

A D2 of 100 fs2 is approximately equivalent to 2.8 mm fused silica. While this example already

highlights the importance of dispersion control, note that it is even more drastic in terms of in-

tensities. For close-to Gaussian spectra and dominant D2, the pulse duration can be estimated

using

τ=τ0

√

√

√

1+

�

4 ln 2
D2

τ2
0

�2

. (2.18)

For ruggedly shaped spectra, however, the temporal pulse profile may become wildly shaped if

dispersion is present. In these cases, the FWHM is not a proper metric to judge the duration.

Hence, the following equation is used instead throughout most of the work here.

τ≈
∫ ∞

−∞

I (t )
Imax

dt (2.19)

For Gaussian shaped pulses this equation computes to τ≈ 1.06 FWHM. In practice, not only the

spectral envelope, but also the phase, is often non-analytically shaped.

8
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Therefore, actual measurements of the pulse shape are inevitable. To do so, a variety of devices,

such as the sectral phase interferometry for direct electric-field reconstruction (SPIDER) [54],

frequency-resolved optical gating (FROG) [55, 56], d-scan (dispersion scan) [57], are available.

The results of the SPIDER measurements are presented in later chapters.

2.1.4 Description in spatial domain

The spatial part of the solution of the wave equation A(r ) can generally take many shapes, asso-

ciated with Laguerre-Gaussian or Hermite-Gaussian polynomials [58], depending on the waveg-

uides, such as laser cavities or a hollow core fiber.

Lasers mainly output transverse electromagnetic (transvers electromagnetic modes (TEMmn ))

modes, where m , n denote the order of the polynomial in A(r ). Transverse means that neither

the electric nor the magnetic field point along the direction of propagation k⃗ . The laser used in

this work outputs Gaussian beams (TEM00), for which the spatial part takes the form [59, 60]:

A(r, z ) = A0

w0

w (r )
exp

�

−
r 2

w 2(r )

�

exp

�

−i

�

k z +
k r 2

2R (z )
−ψ

��

. (2.20)

Here, A0 is an amplitude,

w (r ) =w0

√

√

√

1+
�

z

zR

�2

(2.21)

is the radius of the beam waist, with minimal radius w0 = f λ/(πw ), zR = πw 2
0 /λ is the Rayleigh

length,

R (z ) = z

�

1+
�

z

zR

�2
�

(2.22)

is the curvature of the wave fronts, and

ψ(z ) = arctan
�

z

zR

�

(2.23)

is the Gouy phase.

Finally, the product of eq. (2.20) and eq. (2.11) is displayed in Figure 2.4 for τ→∞ andφCEP = 0.

In real world scenarios, the beam profiles differ from Gaussian shapes, which can lead to vastly

different intensity distributions at the focal spot. Additionally, the polarization might depend

on the position in the profile, which is the case in vector vortex beams [61], which are treated in

more detail in chapter 5.

9



2.2. PLASMA INITIATION CHAPTER 2. FUNDAMENTALS

-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0
z [µm]

-4

-2

0

2

4

w
(z
)[

µm
]

w0

zR

p
2w0

-0.5

0.0

0.5

A
(r

,z
)

Figure 2.4: Beam waist of a focused Gaussian beam with w0 = 0.8 µm, zR = 2.5 µm.

2.2 Plasma initiation

If such a laser pulse is used to illuminate a target, a series of events that depend on pulse and

target parameters is started. Eventually, the fluence reaches a threshold where the structure of

the solid starts breaking down. Further heating of this “molten” matter may raise the average

ionization up until full ionization. Therefore, the state of the target transitions from solid to fluid

to plasma. In the fluid phase, however, the average ionization may already be significant. In

metal targets, even the solid exhibits plasma properties, due to their conduction band electrons.

This makes it difficult to identify a certain point in this process where the plasma phase is started.

For this work, it is assumed that the critical fluence on target will be reached at some point before

(∼ps) most of the pulse energy is deposited, due to the finite contrast. Because, shortly after, or

even at the initial breakdown, the laser is strong enough to cause ionization of the material, the

target is assumed to undergo an instantaneous solid-plasma transition. In this picture, the pulse

predominantly interacts with a dense, relatively cold, and quasi neutral plasma cloud instead of

the structure of a solid. In the presence of the strong electric field of the main pulse, multiple

ionization mechanisms take place.

2.2.1 Ionization

Direct ionization by the laser’s field takes place in the form of tunnel ionization (TI), barrier

suppression ionization (BSI), and multi photon ionization (MPI). Which of these is the domi-
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Figure 2.5: Schematic illustrations of (a) multi photon ionization (MPI), (b) tunnel ionization
(TI), and (c) barrier suppression ionization (BSI).

nant process can be determined by the Keldysh parameter [62]:

γ=
ω
�

2IP

E0
. (2.24)

Here, ω and E0 are the lasers frequency and field, while Ip is the ionization potential. A value

γ� 1 indicates BSI, γ< 1, TI, while γ� 1 means predominantly MPI. A schematic representation

of these three cases is given in Figure 2.5.

Note that the Keldysh parameter is valid only for a limited range of photon energies [63], as such

in visible (VIS) or near infra red (NIR) lasers. As will be shown later on, in the early, dense part

of the plasma, ionization is further promoted by ionization potential depression (IPD). After the

field ionization, the electrons are accelerated according to the electric field. In absence of the

laser, they are then able to further ionize surrounding atoms and ions by collisional ionization

(CI). As the used NIR laser’s electric field tops out at about 1011 V m−1, γ becomes smaller than

one, which suggests BSI for most of the pulse duration.

Ponderomotive potential

Freed electrons then move in the electric field of the laser. The average kinetic energy, of a such

an electron in an oscillating laser field is given by the ponderomotive potential:

Up =
2 ·3.17e I

meωl
. (2.25)

Because the laser field differs spatially and temporally, an electron displaced during one field

cycle might not return to its origin. Rather, it is displaced down the gradient of Up during each
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period. Thus, electrons appear to an observer as if they are being pushed away from the high-

intensity regions by the so-called ponderomotive force.

While the plasma here will be generally treated quasi neutral, the ponderomotive force is able to

establish zones that violate this rule as long as the laser fields are present. Importantly, the pon-

deromotive potential can be used as a metric for the energy per particle in the plasma during laser

interaction. In electron-ion collisions, for example, it is expected that ionization corresponding

to energies up to roughly Up occur.

Critical density

Eventually, the electron density becomes high enough that the plasma frequency exceeds the

laser frequency. At this point, the plasma is able to reorganize itself fast enough to screen the

transient laser field. This density is called the critical density:

ncrit =
ε0meωl

e 2
. (2.26)

This critical plasma is established during the rising pulse flank, finite pulse contrast, or by a ded-

icated pre-pulse. If nc is exceeded, the laser does not propagate further into the plasma, which

leads to reflection and absorption.

2.2.2 Absorption

The absorption processes deemed most important are summarized in the following. While they

differ in detail, they can be simplified to two principal steps. In the first one, electrons (single or

collectively) are set in motion by the laser field. Subsequently, they collide with colder or even

stationary atoms, ions, and other electrons, and thereby transfer energy from the laser to the

plasma.

Skin-Effect

The Skin-Effect appears if the plasma-vacuum interface consists of a steep, step-like density gra-

dient up to overcritical height, similar to an unperturbed conductor surface. Even though the

critical density is exceeded, some of the laser light is able to tunnel into the plasma according

to Lambert-Beer’s law on a ∼ 10 nm-scale. In this picture, electron motion within the plasma is

induced by the laser. This motion is not free, because they scatter on surrounding atoms, ions,

and electrons [64]. Thus, they underlay a resistance, as can be described by the Drude-model or

Spitzer resistivity. This friction between the driven electrons and proximate particles results in
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energy transfer from the laser to the temperature of the plasma in close to the critical density.

For higher intensities > 1018 W cm−2, normal skin effect (NSE) turns into the anomalous skin ef-

fect (ASE) [65], with an increased skin-depth.

Inverse Bremsstrahlung

If the density gradient is more shallow and below critical, the laser can traverse the plasma. This

occurs, for example, in the outer realm of an initially solid density plasma that has expanded

for a long time (∼ 10 ns). This is a favorable environment for inverse Bremsstrahlung. Similar

to the first heating mechanism, in the first step of this type of heating, the electrons gain energy

in the electric field exerted by the laser [38]. Then, they lose this energy again in collisions with

surrounding ions, which are too inert to move correspondingly. Therefore, the light wave loses

energy as the plasma heats up along the propagation. Since the collisional frequency in a plasma

increases with density, but decreases with temperature, inverse Bremsstrahlung works best at low

temperatures, and high, but subcritical, densities.

Resonant and not so resonant absorption

Resonant absorption occurs when the incident laser has an electric field component perpendic-

ular to the target. This is the case for an incident angle ̸= 0 and p-polarized laser light. If the

density gradient is of intermediate steepness and tops out above critical, resonant and not so

resonant absorption, also called Brunel absorption, is possible. In this setting, the density gradi-

ent causes a gradient in of the refractive index. Consequently, the trajectory of the light is bent

away from the target before it makes contact with the critical density.

During reflection, a fraction of the light tunnels behind the critical surface in the form of an

evanescent wave, where an electron wave is excited [66, 38] either directly by the electric field

or ponderomotive force. The electron wave propagates into further into the target, where it col-

lides with the plasma bulk.

In case of the not so resonant absorption, the electrons are pulled away from target first. In the

next half cycle of the laser, they are accelerated back into the plasma, where they deposit their

energy by collisions [67].

2.2.3 Thermalization

Once the plasma is left by the laser and accelerated electrons are ejected, thermal relaxation

starts. As will be shown in this section, this can be a surprisingly fast process. In a plasma, the
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collision rate νe i = 1/τe i can be estimated by the Spitzer electron-ion collisional time [68]

τe i =

√

√me (πk Te )3

2

12ε2
0

ne Zave 4

1

lnΛC
. (2.27)

Here, ΛC = 12πλ3
D ne is the Coulomb logarithm, which is of the order of ∼ 1 for laser plasma of

high density. Inserting T = 10 eV and ne = nc ≈ 2·1027 m−3 yieldsτe i ≈ 5 fs. The electron-electron

collisional time τe i ≈
p

2Zavτe e is even shorter [69]. It should be noted that the Spitzer collision

rate is a momentum collision rate, describing how frequently a test particle (first position in the

index) changes its initial direction by a right angle in the presence of a field particle (second po-

sition in the index), and not how often two particles generally scatter. Therefore, these rates are

already weighted by momentum exchange and νe i ∼ (mi/me )νi e ∼
p

mi/meνi i . Considering

the impulse transfer is high in ee-encounters, thermalization of the free electrons is expected to

occur on a time scale similar to τe e .

It has been demonstrated that, on time scales of 10−100/ωp , the electrons redistribute their en-

ergy until no principal axis of motion exists anymore [70, 41]. This translates to ∼ 50 fs or 10τe i

forωp =ωc , in the case of a 800 nm laser. On time scales of picoseconds (∼ τi e ), thermal motion

of the atoms and ions occurs as well [42, 43].

Thus far, only free electrons were treated. However, the bound electrons are also part of the elec-

tronic subsystem that determines the charge distribution in plasma. As most of the collisions

involve electrons, the charge distribution is assumed to depend only on the electron density

and temperature. Therefore, the laser induced plasma (LIP) is treated as an electron excitation

kinetic (EEK) dominated plasma [71]. This means it is decoupled from the ion temperature, for

example. Here, the excitation time

τ12 ≈
1

ne 〈σ12v 〉
=

6.3 ·104

ne f12〈g 〉
∆E12

p

k Te exp
�

∆E12

k Te

�

, (2.28)

of a bound state can be approximated using the gaunt factor 〈g 〉, and the absorption oscilla-

tor strength f12. 〈g 〉 is of the order of ∼ 0.1 for Ekin ∼ ∆E , in the case of positive ions [72]. f12

varies roughly in the range of∼ 1−10−2 [73, 74]. Using the same typical LIP parameters as before

(T = 10 eV, ne = nc ≈ 2 · 1027 1/m3, ∆E12 = 9.3 eV), τ12 ≈ 20− 2000 fs is found. In this example,

and for reasonable temperatures, it holds that τ12 > τe i . Therefore, the thermal relaxation time

can be approximated by τrel ≈ τ12. Note that f12 is derived mostly from experimental data, which

might not be complete for the required species. To resolve this, it is simply assumed that f12 = 0.1.

However, due to the ongoing expansion, as well as loss of energy to radiation, complete thermo-

dynamic equilibrium (CTE) is not reached. Rather, the plasma consists of many zones that are in

thermodynamic equilibrium with the neighboring ones, and only at a certain temperature, and
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for a short period of time, which is called thermodynamic equilibrium (TE). This can be satisfied

even with a flow of energy across the system boundaries, as long as all distributions can be de-

scribed using the same temperature.

In LIP radiation losses occur in each zone since the surrounding plasma is not opaque for all fre-

quencies involved in black body radiation. If the energy losses due to radiation are small com-

pared to other processes, the Planck function changes, but the kinetic energy of the involved

particles is still equally partitioned across the degrees of freedom and Boltzmann distributed.

This equilibrium is called local thermodynamic equilibrium (LTE). This is an important aspect

for this work, since, in an LTE, the charge distribution follows the Saha equations. Additionally,

the ion and electron temperatures can differ in LTE, which is called a two temperature plasma.

This can occur naturally in LIP due to the different thermalization times post laser exposure, as

discussed previously. Whether or not it is possible for an LTE to exist in a plasma zone can be

evaluated by the McWhirter criterion [71, 75]:

ne > 1.6 ·1012
p

T (∆Enm )
3 [cm−3] . (2.29)

Here,∆Enm is the energy transition of the levels n and m , participating in the equilibrium. While

there is a more precise criterion from Hey [76], the McWhirter criterion is probably the most

prominent, and will be used here as they have the same scaling. Note that the criterion’s meaning

is limited to whether or not an LTE can exist, as opposed to whether it actually exists.

For an LTE to exist, the change in intensive variables, such as density and temperature, must

happen slowly when compared to the thermalization time. Therefore, two additional criteria

must be satisfied for LTE in a transient and spatially varying plasma. The temporal criterion

states that T and ne change slowly when compared to the relaxation time τrel ≈ τ12 [77, 78]:

T (t +τrel)−T (t )
T (t )

≪ 1 (2.30)

ne (t +τrel)−ne (t )
ne (t )

≪ 1 . (2.31)

Similarly, the spatial criterion states that T and ne are approximately constant over the diffusion

length λ=
p

Dτrel:

T (x +λ)−T (x )
T (x )

≪ 1 (2.32)

ne (x +λ)−ne (x )
ne (x )

≪ 1 , (2.33)

where D is a diffusion coefficient that can be approximated by [71]:

D ≈ 3 ·1019 k Te

ne mu

�

cm2

s

�

. (2.34)
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Here, mu is the relative atomic mass of the heavy particle (mu = 12 in the case of carbon), ne is

given in cm−3.

The relaxation time can be approximated considering the cross section σ12 for the energy tran-

sition∆E12 between the ground state 1 and first excited level 2 [71]:

λ= 1.4 ·1012 (k Te )3/4

ne

√

√ ∆E12

mu f12〈g 〉
exp

�

∆E12

2k Te

�

. (2.35)

Due to the exp-function, the relaxation time strongly depends on the transition energy and tem-

perature. This means that, if the plasma transitions from hot to cold, the higher ionization orders

fall out of equilibrium before the lower ones.

Inserting the same k Te = 10 eV and ne = nc in the equation for the diffusion length, λ ≈ 0.2 nm

is obtained. This is much shorter than the density gradient found by molecular dynamic sim-

ulations [79], which are on the scale of 100 nm during picoseconds (≫ τe i ) post ignition. This

indicates that LTE is a reasonable assumption for close to early state LIP. Therefore, the dense

part of the plasma passes through a series of LTE stages during expansion and cooling. In outer

parts, or later points in time, the plasma eventually falls out of LTE. This region will be investi-

gated in more detail in section 4.8.

2.3 Plasma expansion

2.3.1 Degree of Ionization

If the plasma is in LTE, the present ion species distribution can be estimated using the Saha equa-

tions [80]:
ni+1ne

ni
= 2

Ui+1

Ui

1

λ3
B

exp

�

−
I eff

i

kB T

�

, i = 0...Z −1. (2.36)

ni ,Ui are the density and partition function of the i-th ion species, λB is the de-Broglie wave-

length, and I eff
i = Ii − I r

i is the effective energy it takes to ionize the i-th species. This energy is

comprised of the ionization energy Ii of a single atom/ion, and a term accounting for continuum

lowering I r
i , also called ionization potential depression/reduction.

In order to solve this set of equations for a certain density, temperature combination, the parti-

tion functions, as well as the IPD, must be determined. This is a challenging task and still part of

active research [81]. Nevertheless, the following section gives an introduction to this topic and

explains the steps taken in this work to calculate these quantities.
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Figure 2.6: (a-d) Atomic and ionic levels and the corresponding degeneracy, as read from the
atomic NIST database. For carbon, aluminum, and silicon, only the first four, ten, and twelve
species are displayed. Because of the finite line thickness, some levels may be buried.

Partition functions

In terms of the simple case of hydrogen, the atomic partition function U H
0 can be calculated by

the well known series [82]:

U H
0 =

∞
∑

n=1

gn exp
�

En

kB T

�

, (2.37)

with gn = 2n 2 and En = −RH (1− 1/n 2). Note that the sum diverges regardless of temperature.

However, very high n are of unphysical nature. Recall that the atom radius increases with n 2,

which means that for some n ∗, the radius becomes larger than the mean interatomic distance

at a given plasma density. Beyond this n ∗, it would be wrong to attribute this electron as bound

to the atom, even though the corresponding energy is lower than the ionization threshold. This

effect is called continuum lowering or IPD and will occur as soon as more than one isolated atom

is observed.

Figure 2.6 shows all of the available atomic and ionic levels and their quantum number Jn , as

found in the NIST database, for a selection of common laser target materials. The degeneracy

can then be calculated by gn = 2Jn + 1. As shown, they are apparently, aside from hydrogen,

distributed in a random manner, which comes from the complex interactions between the shell

electrons. For carbon, one of the here used target materials, an analytical approximation for the

partition function exists for a large range of temperatures and moderate potential reductions

[83]. At the time of this work, an analytical description does not exist for most materials. Be-

cause, at solid densities in plasma, the moderate potential reduction is exceeded, and to be able
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to include higher Z atoms, such as aluminum, silicon, or copper, the experimental database of

NIST is consulted [84] for the gn and En .

There are a couple of options how the diverging sum can be treated. One is introducing an indi-

vidual weight wn to each term, in order to let the sum converge [81]. The other is simply trun-

cating the sum at n ∗. The question then becomes, how to choose this number. Again, there

are a couple of options [85]. The one discussed here comes down to choosing an IPD accord-

ing to the type of plasma. Hence, the following section includes a brief discussion regarding this

topic. When working with finite experimental data sets, divergence is no issue, of course, but to

properly include the IPD even when pressure ionization occurs, the truncation of the partition

functions is still important.

As there are different approaches to the IPD depending on the plasma regime, in the following

an overview over the different regimes is given.

2.3.2 Plasma regimes

Plasmas appear in a huge parameter range, from low densities at cold temperatures to high den-

sity, hot plasma, as shown in Figure 2.7. One interesting aspect of laser-solid interactions is that

the plasma is of very transient nature, meaning it runs through many orders of magnitude of

temperature and density in a very short time scale. Therefore, the categorization varies depend-

ing on the location and time. Note that in illustration 2.7, the stars were added according to solid

properties at room temperature (star 1), a temperature estimate based on the ponderomotive

potential, and measurements [50] (star 3). This way, a rough trajectory the plasma states take

can be drawn. As shown, these states cross multiple boundaries, and hence, a discussion of each

regime is inevitable.

Degeneracy

Two key parameters can be derived from the density n and temperature T . Namely, the ther-

mal de-Broglie wavelength λB and the Debye length λD . The former is a product of quantum

mechanics, which states that all particles exhibit wave like behavior. Now, in a plasma, the dy-

namics change if the wave functions start to interfere. The criterion often used to differentiate

such plasmas is a comparison of the volume spanned by the de-Broglie wavelength

λB =
h

p

2πme kB T
, (2.38)
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Figure 2.7: Sketch of the plasma trajectory in the temperature-density plane. 1: The target ini-
tially sits at solid density and ambient temperature. The energy provided by the laser pulse heats
it to the ponderomotive potential. During the heating process, of only fs-duration, the expansion
is minimal. The heated solid (2) expands and cools while eventually reaching LIBS conditions (3).
This trajectory is only valid if the LIBS plasma is initially overheated, which is usually not done.

and the electron density ne [86]. In this case, the number of particles per said volume is:

NB = neλ
3
B . (2.39)

Only if NB ≪ 1 quantum effects can be neglected. Otherwise, electron degeneracy sets in. Due

to Heisenberg’s uncertainty principle, the wave function shrinks with increasing momentum,

and therefore temperature. Hence, if the plasma is sufficiently hot, quantum physics becomes

negligible again.

Coupling parameter

Since plasma consists of charged particles, they are able to screen electric potentials. The length

scale it takes a plasma to so is the Debye length:

λD =

√

√ kB T

ne e 2
. (2.40)

With this length, the other key value, the number of electrons per Debye volume, can be derived:

ND = neλ
3
D . (2.41)

This value is sometimes expressed as the plasma parameter Λ= 4πND . It is further linked to the

coupling parameter Γ ∼ Λ−2/3, which can be calculated for non-degenerate plasma according to
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[87]:

Γ = 2.69 ·10−5Z 2
� n

1012 cm−3

�1/3
�

T

106 K

�−1

. (2.42)

This parameter is often used in literature when discussing the validity of a certain IPD in a regime.

In a weakly coupled plasma, the Debye volume is densely populated, which means Debye screen-

ing occurs. At the same time, interactions between particles are of occasional nature and domi-

nated by collisions. Strong coupling leads to a more continuous inter particle relationship. Fig-

ure 2.7 shows these criteria drawn in the temperature density plane. Considering the estimated

point 2, it can be seen that the plasma created in this laboratory can be found mostly in the

weakly coupled, non-degenerate section post heating.

2.3.3 Ionization potential depression (IPD)

According to these regimes, a suited IPD must be chosen in order to solve the Saha equations.

In the case of weakly coupled ones, the potential reduction in compliance with Debye-Hückel

(DH) theory was derived by minimization of the free energy:

I r,D
i =

(i +1)e 2

4πε0λD
. (2.43)

This formulation was introduced by Griem [88] and extended by Ebeling [86], where λB was in-

troduced to the denominator in order to comply with the low temperature limit T → 0.

For dense plasma, Debye theory fails, as the number of particles per Debye sphere is too low for

proper potential screening. As shown before, this is quite often the case in laser plasma, which

is the reason other potential truncations, for example according to the inter particle distances

[89], should be chosen. For the strongly coupled regime, Ecker and Kröll (EK) have developed a

potential reduction based on ion spheres [90]

I r,E K
i = c

(i +1)e 2

4πε0rE K
. (2.44)

Here, rE K =
3
p

3/4πne , and c is a constant c ∼ 1. Ecker and Kröll give several values for c ranging

from 1.73−3.38. Because of this uncertainty, simply assuming c = 1 is one pragmatic option[91].

Stewart and Pyatt (SP) [92] derived an expression which somewhat unites the result by Griem

and EK:

I r,SP
i =

3

2

(i +1)e 2

4πε0λD

�

(a/λD )
3+1

�2/3−1

(a/λD )
3 , (2.45)

with a = 3
p

3(z +1)/4πne . Note that in weak coupling limit a ≪ λD , the SP model reduces to the

DH result up to a constant. For a ≫λD , I r,SP
i approximately resembles the EK result. Note that in
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this form, weak coupling is assumed, which is not the case for EK. Considering I r,SP
i is valid where

Debye screening is impaired, up to the strong coupling line, this is the reduction best suited for

the type of laser plasma treated in this work.

With the reduction, it can be calculated which n corresponds to the effective ionization potential

I eff
i = Ii − I r

i by [83]:

n ∗i ≤
√

√ Ii

I r
i

. (2.46)

Because the En and gn are read from the database, n ∗ is chosen such that U is truncated at En∗i
≤

I eff
i .

2.3.4 Freezing of states

While the ions are ejected from the plasma, they experience zones of less dense and different

temperature plasma. Eventually, there comes a point along the trajectory at which the frequency

of collisions gets too low to sustain thermodynamic equilibrium [46]. Since the electron veloci-

ties are Maxwellian distributed in an LTE, collisions with high energy transfers are less probable.

Suppose an atomic particle, which is located in an inner, dense volume of the plasma of constant

temperature. Further, assume that, at this initial position, all its atomic and ionic transitions are

in LTE and eq. (2.29) is satisfied. If this particle is observed in a time resolved manner, it becomes

apparent that it constantly exchanges charges with the surrounding plasma. It randomly cycles

charges according to the prevalent plasma conditions, but on average, it has the mean charge

state as dictated by Saha. Now, suppose this particle traversed out of the plasma into vacuum.

In vacuum, there are no longer collisions, and thus the particle is stuck at the charge state it ob-

tained in its last few collisions, or even last collision. Another way to describe this is by saying

the charge state is frozen. Similarly, if multiple particles were assumed, their charge state distri-

bution was frozen. Note that freezing is inevitable as long as the particle ends up in the vacuum.

It is important, however, how fast it passed through the density decay (assuming constant tem-

perature). If the particle went from high density to vacuum very quickly, it “feels” the density

gradient as a step function. In this case, it did not spend sufficient time at a lower density for

its charge state to be reshuffled. It freezes at approximately the mean charge state of the high

density area. Whereas, if it passes very slowly, it is exposed to low densities sufficiently long to

thermalize. Therefore, the mean charge state which would be measured is dictated by Saha for

vanishingly small densities.

For intermediate “velocities”, the state of freezing becomes more complicated. The reason being

that the equilibration time (≈ τ12 eq. (2.28)) depends on the excitation energy. As a consequence,
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Figure 2.8: (a) Average ionization Zav of copper at different densities and temperatures. (b) Aver-
age ionization Zav of carbon at different densities and temperatures. The valley of freezing occurs
at about 10 % of the solid density for both materials.

high energy transitions, or high ionization states are the first ones to fall out of LTE, which is the

point at which they stop following the Saha equations. Therefore, the observed CSD cannot be

described by a single (temperature, density)-pair. To simplify this issue, this work assumes in-

stantaneous freezing [47, 45], whose validity will be discussed in hindsight. It is assumed that the

points of freezing lie sufficiently close to one another so an effective temperature and effective

density can be assumed [47, 45]. Alterations of the charge state due to random collisions without

proper thermalization are also accounted for by the “effective” values.

With this assumption, it is possible, by just measuring the average charge state Zav, to assign a

range of values for the plasma temperature and density at the point of freezing. The reason be-

ing that not every Zav is possible at each temperature, density (T,n) combination. This can be

seen in Figure 2.8, where the average ionization Zav in thermodynamic equilibrium for copper

(a) and carbon (b) was calculated according to the Saha equations and SP potential reduction.

Note how Zav = 1 is never reached for T > 3 eV in the copper example. At solid density, which is

about nsolid = 7 ·1028 m−3 for many solids, the plasma is highly ionized due to pressure ionization.

Upon plasma expansion, Zav drops rapidly to a minimum, which will be referred to as the valley

of ionization [45]. Left of the valley is where freezing of CSDs occurs.

By comparing (a) and (b), a few additional observations can be made. In carbon, pressure ioniza-

tion sets in at higher densities compared to copper, and therefore, higher densities are observable

in theory. This makes carbon a good candidate for being used as target material, because it al-

lows to potentially observe high densities.
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Finally, it should be noted that the CSD freezing was predominantly studied with vacuum arc

cathode discharges. There, the kinetic energies and plasma expansion can be considered rather

thermal, while here, the particles undergo additional acceleration. Additionally, the density gra-

dient is steeper because of the short timescales with respect to the point of ignition. Therefore,

the model of instantaneous freezing of the CSD is expected to hold better when compared to the

arc discharges.

2.3.5 Ablation and acceleration

Since it was previously discussed how the charge states are affected during plasma expansion,

this section is dedicated to the mechanism by which target material is removed by laser radiation.

Target material removal falls under the general term of ablation. The underlying mechanisms

however, change drastically depending on the experimental setup, laser parameters, target pa-

rameters, and time scales. Therefore, we divide these mechanisms into ablation and acceleration

processes. In ablation, the laser energy is predominantly converted into heat, which then leads

to vaporization of the heated matter. This is how most of the material in a laser-solid interaction

is removed, which leaves a crater.

Laser-plasma acceleration, on the other hand, is the act of converting laser energy into kinetic en-

ergy of particles. Some well established schemes are the laser wake field acceleration (LWFA)[13]

or target nnormal sheet acceleration (TNSA)[15]. These require special targets, in the form of a

uniform gas jet or very thin foils, to function properly. But, if set up correctly, are able to produce

MeV kinetic energies.

When using a thick solid target (d ∼ 1 mm) the majority of the material is removed by thermal

evaporation. As previously stated, however, some particles might also be accelerated. In this

case, the emitted particles include accelerated, as well as evaporated, particles. This becomes

apparent if the energy spectrum of the ions is bimodal, with a slower part due to thermal evap-

oration and a faster, accelerated part. Further, these sections of the spectrum can have varying

principle axis of emission and divergence.

There are a few mechanisms that are able to drive a bimodal kinetic energy distribution, the fast

part of which will be called the supra-thermal spectrum. On a fundamental level, their origin is

either thermal, radiation, or electrostatic pressure, or a combination of those. In the first step,

a pre-plasma is ignited using low intensity laser light. This can be either a dedicated pre-pulse,

or the rising pulse flank of a single laser pulse. In the second step, the main pulse is reflected in

the density gradient at about the critical density. In this area, the energy density is high because

the incoming and reflected beams interfere. For a large range of sub-relativistic intensities, from
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roughly 1015− 1016 W cm−2, and short pulses < 1 ps, the laser is able to create an electric field in

a double layer by charge separation due to ponderomotive forces in the density gradient[20, 18,

93]. A positive layer is enclosed by a negative layer on the vacuum and target side. After the layer

is established and the pulse is gone, the fields start to collapse by two competing processes. The

layers are accelerated towards each other while the positive layer disperses, similar to a Coulomb

explosion (CE) [94, 95, 96]. As a result, ions are accelerated out of, as well as into, the target. At

higher intensities> 1020 W cm−2, the layer becomes more asymmetric, with a stronger force driv-

ing the ions toward the inside of the target, which is known as radiation pressure acceleration

hole boring (RPA) [97, 98].

Close to the critical density is also the region where absorption is strongest by the Skin-effect and

Brunel absorption. This causes strong local heating of electrons, which are trapped by colder

plasma on the target as well as vacuum side. As the heated region is embedded in a density gra-

dient, the inertia on the target side is larger than the vacuum side. This bubble of hot plasma

bursts on the vacuum side and thereby pushes the low density side to supra-thermal velocities.

Which process dominates is usually not easy to identify, since they occur in similar laser regimes

and might take place simultaneously to some extent. The results of a series of experiments will be

presented in section 4.6, with the objective of identifying whether thermal or electric potentials

cause the supra-thermal emission observed in this work.

2.4 Ion spectroscopy

In order to disperse the ion spectrum into the different species for observation, a suited diag-

nostic is needed. Such diagnostics can be divided into two parts. One is the dispersive element,

which maps ion properties, such as kinetic energy or charge, onto one or two spatial dimensions

and possibly time. The second part is the detector, which should be able to detect a wide range

of kinetic energies at a large dynamic range. Further, the detector should have known spectral

detection efficiency and linear response to the incoming number of particles.

One commonly used option is the time-of-flight (TOF) diagnostic [35], which consists of a drift

tube to calculate the particle velocities, paired often with an micro channel plates (MCP) detec-

tor. While it is well suited in many cases, under some conditions, its mapping becomes ambigu-

ous, for example, when different atomic species and/or different ionic states are present with

broad energy spectra. Under those conditions, the signal might only be deciphered by adding

vast assumptions [4].

A more unique mapping is offered by the TPS technique. Here, the particles are mapped onto
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two dimensions instead of one, such that the q/m ratio, as well as the energy distribution, are

unambiguous. Since this work requires separate, precise spectra of the various species, the TPS

method was chosen. It was adapted to our problem by modifications made to the standard setup.

The implementation of the TPS, including the detector, is elaborated upon in the next section.

2.4.1 Thomson parabola spectrometer

A TPS uses parallel electric U and magnetic fields B to deflect particles with mass m according

to their energy ∼ v 2 in one dimension (y ), and momentum ∼ v in the other (x ). With the length

of the fields l , and a free flight distance s , the deflections can be approximated:

x =
q Bl

m v
s (2.47)

y =
qU l

m v 2
s . (2.48)

Thus, parabolic traces are drawn on the detector with a slope proportional to m/q . The corre-

sponding equation can be retrieved by eliminating the velocity v from the equations above:

y =
mU

q B 2l s
x 2 . (2.49)

The length of the trace is determined by the present kinetic energies E , which is illustrated in

Figure 2.9. In this picture, each black dot represents a distinct kinetic energy.

In practice, the entrance aperture is of finite size d , meaning that the energies are not mapped

onto a single point on the detector, but rather a circular shape corresponding to the point spread

function (PSF) of the experimental setup. This is represented by the green circles. As a conse-

quence, the resolution of the diagnostic becomes finite in terms of q/m , and E .

As a consequence, the ability to resolve the neighboring species (q ± 1)/m is compromised be-

cause the PSFs of the traces may merge. Of course, this happening in practice depends on the

actual spectra and fields in the TPS. But, if sufficiently high kinetic energies are present, this will

occur as the parabolas converge at the origin.

In Figure 2.9, the shortest distance to the neighboring parabolas is illustrated as blue lines for

each black dot. Therefore, if the diameter of the PSF exceeds the length of the blue line, the

species cannot be resolved anymore.

The other introduced uncertainty is about the energy. Because of the finite pinhole size and de-

tector resolution, multiple particle energies become indistinguishable as they strike the same

location on the detector. In Figure 2.9, this is illustrated by the red lines for each black dot. The

red lines demonstrate how long a segment on the parabola is if the energy is varied by ±10%.
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Figure 2.9: Coordinates of a variety of kinetic energies, as dispersed in the TPS (black dots). Traces
of the neighboring ion species (dashed lines in orange and lavender), as well as the closest points
to the black dots (blue lines). Point spread function (green circles) and spread of a δE /E = 0.1
energy uncertainty along the parabola (red lines). The origin is represented by the black X at
(0,0).

Due to the nonlinearity of the mapping, the lines become shorter for high energies. This means

that energies are less separated closer to the origin. This limits the energy resolution because a

larger range of energies fits into the PSF. In the following, this will be called energy resolution.

Mathematically, the length of the detector segment that takes the differential energy δE can be

formulated as:

δlE (E ) =
Æ

(x (E )− x (E +δE ))2+ (y (E )− y (E +δE ))2 . (2.50)

Eventually, at some threshold value of E , δl takes a value larger than the PSF circle, which is the

here used definition of the energy resolution.

Figure 2.10 (a) displays the highest energy at which the species separation is satisfied for a rea-

sonable range of electric and magnetic fields in the here used spectrometer. It can be seen that

there is an optimal balance between U and B in terms of species resolution on the diagonal

(E /B ≈ 0.5 V mT−1 mm−1).

Using a threshold of

δE /E ≤ 0.1 , (2.51)

a similar graph can be computed for the energy resolution. The results are shown in Figure 2.10

(b). Here, the behavior is different, as arrows disperse from the lower left corner in an almost

radial pattern. This means that it is more effective to further increase the dominant field com-

pared to the balanced case of E /B ≈ 0.5 V mT−1 mm−1 if the species resolution is already suffi-
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Figure 2.10: (a) Highest resolvable kinetic energy until the parabolas of neighboring ion species
merge for different spectrometer settings. (b) Highest resolvable kinetic energy until the energy
resolution hits an uncertainty of 0.1 .

cient. Note that neither (a) nor (b) depend on the free flight distance s , since both the length of

the lines (Figure 2.9) and the PSF diameter scale linearly with s .

Following a path at which U /B 2 is constant allows for a comparison of how the ion charge q

plays in the uncertainty. In Figure 2.11 (a), it is shown that the energy uncertainty is largest for

the smallest charge to mass ratio. Note that the dashed and solid lines represent the upper and

lower side of E , because strictly speaking, the values of δlE depend on the sign of δE (solid line:

δE > 0, dashed line δE < 0). Also, note the black lines are the errors introduced by the uncer-

tainty of the free-flight path s . This error is unaffected by the charge.

Figure 2.11 (b) shows how the error at 15 keV decreases if U and B are raised. At high fields, the

error decreases only slowly until, at some point, the free-flight error is dominant (black line).

Usually, however, this error is smaller than the PSF one, and will hence be omitted from here

onward.

2.4.2 Choice of detector

Next, the options for the type of detector are discussed. Some popular options are: MCP, flourescent

layers (FL), Columbia Resin 39 (CR-39) plates, image plates (IP), and semiconductor based ones,

such as charge coupled device (CCD)s. To form a decision, some criteria should be set up first,

in accordance with the operating principles described previously.

(i) The detector should be large in size, when compared to the projection of the used aperture.
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Figure 2.11: (a) Calculated energy uncertainties caused by the pinhole (colored lines) and the
free-flight distance (black lines). The solid lines show the upper (∆E+), and the dashed ones
the lower uncertainty (∆E−) due to the nonlinear mapping of the TPS. (b) Average pinhole error
((∆E+ +∆E−)/2) for different spectrometer settings at a particle energy of 15 keV (colored lines
for the pinhole and black line for the free-flight error). The settings were chosen such that U /I 2

is constant, with U being the voltage applied to the electrodes.

detector (i) (ii) (iii) (iv) (v)

MCP ✰ ✰ ✰ ✰ ✰

IP ✰ ✰ ✰ ✰ (✰)
CR39 ✰ ✰ ✰

CCD (✰) ✰ ✰ ✰ ✰

FL ✰ ✰ ✰ ✰

Table 2.1: Comparison of a selection of detector types in terms of suitability for TPS keV ion
detection, according to the five set criteria defined above. A "✰" means the criterion is met, an
empty slot means it is not, and a "(✰)" means further discussion is necessary.

(ii) A sufficient resolution of at least some pixel per diameter of stated projection is required.

(iii) It must scale linearly with the incident fluence, or the scaling must be known.

(iv) Ion and X-ray sensitivity must be given.

(v) Somewhat intuitive usage.

Because 1. and 2. depend on the geometry of the setup, an arbitrary size of at least 1 cm2, and

a similar arbitrary resolution of 100 µm is defined. Overviewing these criteria in table 2.1, shows

three possible choices, which will be discussed in more detail.

While CCDs are available in sizes large enough, these are rather rare, as the majority tends to be
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small. Custom solutions to this problem create an empty space at point (iv), which renders the

CCD inferior compared to the other five star options. Due to these reasons, the measurements

were carried out using IPs and MCPs.

Image plates

The available IPs are made by Fujifilm. They are of the BAS-TR2040 type, which does not have

a protective layer. This is important because keV-ions, with their penetration depth of ∼ 0.1 µm,

are not able to penetrate protective layers [99]. Instead, these plates consist of approximately

0.5 mm thick plastic foils, only coated with a 150 µm active layer of BaFBr:Eu2+ crystals [100].

If energy is incident, meta-stable states are populated in the active layer. Exposing them to red

light, excites them to higher-lying states and leads to emission of blue light. The readout device

made by the same company, scans the plates with a tightly focused Helium Neon (He:Ne). The

blue light emitted from this small focus is captured simultaneously. Because the captured blue

light is logarithmically amplified in the scanner to what is called the quantum level (QL), the

signal is converted to the linear photo-stimulated luminescence (PSL) [101]

P S L =
�

R

100

�2

·
4000

S
·10L

�

Q L
2G −1

− 1
2

�

(2.52)

scale, according to the scanner specific parameters G ,S , R , L [102]. For the scanner used in this

work, the bit depth is G = 16, the sensitivity is S = 4000, the resolution is R = 50 µm, and the

latitude parameter is L = 5. This equation is used to rescale the signal such that it is proportional

to the deposited dosage on the IP.

The meta-stable states also decay on their own on 30 min time scales, which can be corrected for

according to the P S L30 convention [101]

P S L30 =
�

30

t

�−0.161

P S L (t ) , (2.53)

where t is the time until readout in minutes. Note that the exponent varies between different

works [103]. This conversion takes the time t from exposure of the IP to the scanning process,

and gives out the signal strength as it would be 30 min after exposure.

Due to this fading, the time it takes to accumulate the ion signal on the detector must be kept

short compared to the time from the accumulation to the readout. Otherwise, early exposure

during the measurement contributes less to the total signal than later one.

In tests, a number of 800 accumulated events turned out to be an appropriate compromise be-

tween signal strength and duration of the measurement. At a repetition rate of 6 Hz, the mea-

surement takes about 2 min. On a single IP, up to 12 individual measurements are taken. Thus,
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the largest time difference ∆t between measurements is about 24 min. A comparison between

the signal strength of the first and last measurement

P S L t

P S L t+∆t
=
�

1+
t

∆t

�−0.161

, (2.54)

demonstrates that the relative difference becomes smaller with larger t . Therefore, to reduce

possible errors, as neither the exponent is known for the exact case, nor the precision of t exceeds

2 min, some time should be let pass before the readout. At t = 10 min, the deviation becomes

less than 20 %.

In our measurements no significant fading was found. This indicates that the absolute value of

the exponent might be smaller than 0.161 in this work’s use case. One possible reason is that the

amount of stray light incident on the IP was kept as low as possible during and after exposure,

which includes any sources of light in the laboratory. Thus, as long as t exceeds 10 min, the fad-

ing is assumed negligible.

IPs are not the most convenient detector type since they require frequent breaking of the vac-

uum, but they excel in dynamic range. An advantage of IPs is, that they are only limited in size

by the scanning device, which supports up to 250×225 mm2. Another advantage is that the PSL

signal is standardized and thus can be directly compared between different works. Once a cali-

bration exists, it can be used for other setups as well. While they are a proven tool for fast ions,

at the time of writing, the data on IP signals of keV ions is scarce, including data on saturation

behavior.

Saturation can occur when an incident ion tries to excite a meta-stable state in a volume of the

IP where the degree of meta-stable is already high. For example, by striking an already densely

populated area, or if deposits too much energy per penetration depth [104, 103].

Generally, the response of a detector to incident dosageρ per area dA can be expressed by eq. (2.55).

dP S L

dA
=
�ρ

a

�b

(2.55)

Here, a is a factor including the detection efficiency, which might depend on the particle energy,

and b is the non-linearity. This factor might also depend on the the particle energy. In the case

of a linear detector, b is always 1 across the whole spectrum and employedρ-range. Usually, the

calibration is done using a known spectrum or by counting single particle events.

Given a well characterized TPS and reproducible ion spectra, ρ can be varied across the spec-

trum to find the exponent response function eq. (2.55). The key part is that, ρ can be varied not

only by the number of incident particles at a single event, but also by accumulation over multi-

ple N events, or by stretching the parabola dE /dr along its length. Since in a TPS the width of
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the parabola is given by the constant aperture, the area dA = drl drt can be split in a constant

transversal part drt and a setting dependent longitudinal part drl ≡ dr .

Equation (2.55) allows us to compare two spectra, which were captured at different energy den-

sities ρ and ρ′

dP S L

dr

′

=
dP S L

dr

�

ρ′

ρ

�b

. (2.56)

Now substituting N and dE /dr into this equation, yields

dP S L

dr

′

=
dP S L

dr

�

N ′

N

�

dE

dr

�′� dr

dE

�

�b

. (2.57)

Since both N and dE /dr are known, as well as the signal strength of the detector, b can be con-

cluded. This is easiest if the ln is taken on both sides, which results in a linear function with the

slope b .

In Figure 2.12 (a), various points across the spectrum of an IP measurement are compared at a

different number of accumulations N . Averaging over all points that were taken into account

yields b = 1. Part (b) shows the result for the exponent b , resolved by the colors from (a), which

represent the different energies. Overall, a fairly consistent value of 1 is retrieved. Note that, be-

low 7 keV, the signal on the IP is low, which causes the drop in b , as the spectra merge with noise.

A reason for this might be a beginning cutoff for low carbon energies. Above 20 keV, a similar

issue appears where the signal is low. This causes b to consistently take values above one, due

to errors in the readout process.

However, the measurements show that the signal chain behaves linearly. Usually, the scanner

clips due to its digital limits before the IP starts to saturate, which was not the case even for 1200

exposures. This makes IPs well suited detectors for the purpose of keV ion detection, with an

excellent signal to noise ratio, because very low energy particles are not detected.

Micro channel plates

The scaling of MCPs, which is strictly speaking a combination of an MCP with a phosphorus

screen and camera, might depend on the settings. Non-linearity might occur if the incident

dosage is so large that a large number of freed electrons in the multiplier tube causes a collapse

of the amplifying electric field within the tube, or over-saturates the phosphor screen due to

quenching. Therefore, the response in the specific use-case must be verified for coherent re-

sults, which is especially important here, as the ions are bunched on ∼µs time scales when they

arrive at the detector [105, 106]. Here, a response of the measured signal S similar to the P S L
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Figure 2.12: (a) Signal strength PSL in dependence of the number N of exposures for several
sections of the spectrum (different colors) in terms of C 1+ (stars) and C 2+ (crosses). (b) Nonlinear
exponent b across the spectrum.

from before is assumed
dS

dr
=
�ρ

a

�b

. (2.58)

The goal is to find a voltage (or gain) setting at which the response of the chain is linear and fully

uses the dynamic range of the camera, because this element is known to be linear throughout

the digital range.

As MCPs are a "single shot" diagnostic, accumulations on the detector are not possible. In or-

der to sample the linearity, parabolic traces of the same spectrum were stretched to a different

extent. The results of this measurement are displayed in Figure 2.13 (a). In part (b), the incline

of the fit is resolved by kinetic energy. It becomes apparent that the exponent b stays close to

one for lower kinetic energies for the MCP compared to the IP. This graph was truncated at 3 keV

because lower energies are partly not observable at the higher spectrometer settings, but also

begin to overlap with thermal particles.

Note that the pixel values cover about half of the dynamic range of the used camera. Since the

MCP was driven at a voltage of 900 V (Gain ≈ 104) instead of the maximum 1200 V (Gain ≈ 105),

it has a headroom of about one order of magnitude in terms of gain.

The potential difference between MCP out and phosphor screen was set to 3600 V, out of the

maximal allowed 4000 V. A higher value increases the brightness of the phosphor screen, and

therefore also on the camera. Because it remains unclear how much dynamic range is available

in the phosphor screen, most of the measurements were performed at this tested potential dif-

ference of 3600 V.
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Figure 2.13: (a) Signal strength in terms of pixel value versus the stretch of the parabola for several
points across the spectra of C 1+ (dots), C 2+ (crosses), and C 3+ (stars). The data of each marker-
shape and color belongs to one fit. To illustrate this, some corresponding data is highlighted in
black. The average slope of the fits is shown by the black line. (b) The total non-linearity across
the spectrum, as calculated from all three species.

Based on these measurements, linearity of the IP and MCP is assumed over the whole region of

interest and full dynamic range of the camera and scanner. Please note that these measurements

are not sufficient to calculate the actual number of incident particles. Even though the detection

efficiencies for keV ions on MCPs is roughly known [107], the number of ions per pixel value in-

crement is missing. This value is specific to the experimental setup and requires calibration by

known radiation or a calibrated method such as nuclear reaction analysis [108].
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Chapter 3

Methods and experimental setup

In this chapter, the methods and experimental setup which were used to generate the data sets

are discussed. All of the experiments were performed under vacuum conditions from 10−4 −
10−6 mbar, which is sufficiently low to not disturb any particle trajectories and to implement an

MCP.

3.1 PHASER Laser

The laser system used in this work is the Phase-stabilized Heine laser (PHASER), located at the

Heinrich-Heine-Universität (HHU) in Düsseldorf, Germany. As the name suggests, the system

is able to provide ultra-short CEP stabilized pulses of 5 fs duration and above.

This system can be roughly divided into three parts, as illustrated in Figure 3.1. In the first one,

the pulses are created in a titan sapphire oscillator, which is the commercial Rainbow™ by Femto

Laser. In the oscillator, the pulse train consists of 5 nJ pulses with a repetition rate of about

75 MHz. These pulses are then amplified to 2 mJ at a reduced rate of 1 kHz in a Femtopower™

amplifier.

The next section is concerned with adjustments in terms of spectrum and repetition rate, such

that the conditions in the experiment are optimal. At the beginning of this section, the band-

width is 40 nm, which yields 25 fs pulses post compression by the grating pair. After that, the

pulses enter a neon filled hollow core fiber in which they are spectrally broadened due to self

modulation [109, 110]. Depending on the neon pressure (0-1000 mbar), this effect is more or less

present, which comes at the cost of varying transmission efficiencies due to ionization losses.

The pulse energy is also reduced because of losses that occur during excitation of the correct

mode [111]. Post fiber, bandwidths up to 300 nm are possible, with energies up to 1 mJ. Then, a
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oscillator
5 nJ, 75 MHz

amplifier
40 nm, 1 kHz

grating pair
25 fs, 2 mJ

hollow fiber
1 mJ, 300 nm
gas optional

variable
attenuator
optional

pre- and post- pulse unit
0−700 ps, 10/90, 50/50
optional

experiment

dispersion
adjustments
0−7.5 mm SiO2

rep rate
adjustments
single−1 kHz

creation

tuning

modification

Figure 3.1: Flow chart of the key elements in the laser system PHASER.

reduction of the repetition rate frep = 1/τrep is done by an optical chopper wheel and a mechan-

ical shutter.

In the last section, the pulses pass through a variable attenuator [112] and pre- and post pulse

unit [113], which are described in further detail in the next section, as they were used for multiple

measurements within this work.

After that, the pulses are passed to the experiment and pulse diagnostics, such as the SPIDER[54],

to determine their duration. For our measurements, mainly three modes of operation were used:

Pulses without gas in the in the fiber, also called amplifier pulses, and 1000 mbar neon in the fiber,

either with the attenuator, or with the double-pulse unit.

3.1.1 Contrast

The pulse contrast is an important parameter for the experiments in this work since it defines

the target conditions at the arrival of the main pulse, but it is difficult to measure on a day-to-day

basis. On time scales longer than a few picoseconds, the contrast is determined by the amounts

of self-amplified spontaneous emission (ASE) in the amplifier [114], while picosecond contrast

can be attributed to perturbations in the spectral phase. Figure 3.2 (a) shows the performance of

the PHASER as measured with a commercially available third order autocorrelator, SEQUOIA™

from Amplitude [115]. A ratio of 10−8 is exceeded until the contrast worsens shortly before the

main pulse.

The graph in section (b) is the fluence (time accumulated intensity) under the assumption that

the ASE of 10−8 is present throughout the opening window of the Pockels cell (PC) ahead of the
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Figure 3.2: (a) The trace of the third-order autocorrelator Sequoia. (b) Normalized time integra-
tion of the trace.

pulse center, which is about 1 ns.

Jacc(t ) =

∫ t

−1 ns

I (τ)dτ (3.1)

This is a worst case approximation, since the pulse is temporally located shortly after the open-

ing flank of the PC. In this case, 10−4 of the pulse energy illuminates the target before the main

pulse strikes. Depending on the pulse energy and focal position, this can cause the ignition of

a pre-plasma. When exactly the pre-plasma is formed depends on the target material and spot

size.

One simple way to check if a plasma is present at a certain time is to compare the material specific

laser induced damage threshold (LIDT) to the fluence deposited by the laser. If the deposition

is sufficiently rapid, the particles undergo a solid-plasma transition, skipping the molten phase.

Table 3.1 lists the used target materials and their damage threshold, as well as the time when the

LIDT is exceeded.

It is important to note, that the LIDT usually decreases with shorter durations. Below about

100 ps, the threshold fluence approaches a constant value [116]. Thus, it is important to dis-

tinguish between fs, ps, and ns LIDTs.

Another factor which affects the exact threshold is the laser wavelength. In terms of gold, the

range of tabulated wavelengths from 790 nm to 1030 nm change the threshold by less than a fac-

tor of two [116]. Even though the found literature was taken using different lasers, the LIDT is

assumed to sufficiently resemble the 800 nm LIDT values.

The procedure to determine the LIDT, often used in literature, is by monitoring the depth of a
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Figure 3.3: (a): accumulation of the laser pulse fluence at a defocused position (z = 100 µm). The
peak fluence Jmax in this position is about 130 J cm−2. The vertical lines show when the damage
threshold of some selected materials is reached. (b) Times tLIDT at which the fluence exceeds the
LIDT for different focal positions.

crater a laser pulse leaves on the target against the applied fluence. A fit is then used to find

the fluence at which zero crater depth is generated. One caveat with this procedure is that the

found LIDT depends on the fluences used for the fit. High fluences (≳ 10 J cm−2) lead to higher

LIDT than low fluence (≲ 1 J cm−2) [117]. To make things even more complicated, in addition

to the LIDT, which has the unit of a fluence, there is also an intensity threshold on the order of

1012 W cm−2 [118]. To give a final disclaimer, often the surface conditions, like roughness or con-

taminants, are unknown during these experiments. Especially, a high surface roughness creates

nontrivial results because it increases the surface and randomizes the incident angle [119].

When the LIDT is surpassed depends on the focal position, laser contrast, and how the fluence

is defined. In the calculations presented here, the maximal accumulated fluence Jmax is defined

as

Jmax = Jacc(∞) (3.2)

=

∫ ∞

−1 ns

∫ ∞

0

2πr I (τ)exp

�

−2
�

r

w (z )

�2
�

dτdr (3.3)

=
2Emax

πw (z )2
. (3.4)
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material LIDT

glassy carbon ∼ 0.2 J cm−2 (790 nm) [120] (fs-LIDT)
∼ 0.2 J cm−2 (800 nm) [121] (ps-LIDT)
∼ 0.2 J cm−2 (532 nm) [122] (ns-LIDT)

aluminum ∼ 0.1 J cm−2 (800 nm) [123, 124] (fs-
LIDT)

∼ 1 J cm−2 (1064 nm) [125] (ns-LIDT)
silicon ∼ 0.4 J cm−2 (1030 nm) [117] (fs-LIDT)

∼ 1 J cm−2 (1030 nm) [126] (ps-LIDT)
∼ 3 J cm−2 (1064 nm) [127] (ns-LIDT)

tungsten ∼ 0.5 J cm−2 (800 nm) [108, 124] (fs-
LIDT)
∼ 1 J cm−2 (355 nm) [128] (ps-LIDT)
∼ 10 J cm−2 (1064 nm) [129] (ns-LIDT)

Table 3.1: Laser induced damage threshold (LIDT) of some materials. As glassy carbon consists
of irregularly packed and curved graphene sheets, its LIDT value was approximated by the one of
graphene. Note that the cited work investigated a differently cut crystal structure of silicon (001)
than the one used as target material (111).

Since the accumulated pulse energy Emax can be deduced from the average power and the laser

repetition rate, Jmax was approximated as shown in eq. (3.4). Figure 3.3 (a) shows the previous

third order auto-correlator (AK3) trace with better resolution along the time axis, normalized

to the peak fluence Jmax reached at a defocused position of z = 100 µm. This value of z was

used in experiments, of which the results are presented later. It should be stated that this metric

might differ from the one that was used to deduce the literature values of the LIDTs, as the exact

procedure and/or beam profile in combination with a pulse contrast measurement is often not

disclosed. The vertical lines show when the damage threshold of the tabulated materials from

Table 3.1 is reached. For this Figure, the fs-LIDT was used for the following reason. In Figure 3.3

(a), the threshold is reached in a steep part of the graph, besides the fs-fluence being the lowest

tabulated values. This means that most of the fluence is deposited within a short time period

of less than a picosecond. Therefore, the fs-LIDT is best suited to approximate the time of the

solid-plasma transition at a given z -position.

Figure 3.3 (b) shows the times at which the fluence exceeds the LIDT (tLIDT) for different focal

positions. For small z , the ignition curve shows steps, each of which corresponds to a pre-pulse

peak in the AK3 signal (Figure 3.2). According to this calculation, carbon and aluminum ignite

at about ∼ 100 ps before the pulse peak when the target is perfectly in focus. However, note

that times tLIDT > 10 ps should be viewed with caution, because the fs-LIDT was used instead of
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Figure 3.4: Magnified (V = 33.3) image of single pulse beam profiles taken (a) 100 µm behind the
beam waist (intermediate focus), (b) in the beam waist, and (c) 100 µm in front of the beam waist
(towards the parabola). The blue halos in the ±100 µm positions are caused by clipping of beam
with microscope aperture.

the ns-LIDT. While on ns-time-scales, the target is heated until it is unable to sustain its shape,

fs pulses cause damage by strong fields (I ∼ 1012 W cm−2), which lead to ionization effects as

discussed in Figure 2.5. While the ns-LIDT is higher than the fs-LIDT and more appropriate to

apply to the ASE, the literature values lay in a fairly tight range for glassy carbon and aluminum.

In contrast, silicon and tungsten hold up until about 4 ps, which is when the second spike and

the elevated pedestal appear in the AK3 trace. For z > 50 µm, tLIDT has moved to about 1 ps which

can be considered an early part of the rising pulse flank, according to Figure 3.2 (a). From there

on, the z position can be used to tune the exact timing down to a point where the final fluence is

below the LIDT (z ≳ 3000 µm). However, for reasonable values of z , the solid-plasma transition

is expected to occur between some hundreds of femtoseconds to a picosecond before the pulse

peak.

3.1.2 Focal spot

For the fluence, as well as intensity, the beam profile on target plays an important role. The

laser is focused by a 3"-diameter, 90◦ deflection angle off-axis parabola, with an effective focal

length of 127 mm. Pre-parabola, the Gaussian width is 14 mm, which results in a theoretical

beam waist of w0 = 2.28 µm and a Rayleigh length of zR = 20.65 µm. The focal plane is imaged

with a magnification of V = 33.3 onto the Imaging Source DMK37BUX226 [130], with a pixel size

of 1.85 µm, by an objective of a microscope. Figure 3.4 shows a series of magnified images of
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Figure 3.5: Horizontal (blue) and vertical (red) lineouts taken from the magnified (V=33.3) image
of single pulse beam profiles and fits (black). (a) 100 µm behind the beam waist (intermediate
focus), (b) in the beam waist, and (c) 100 µm in front of the beam waist (towards the parabola).

the beam in 100 µm steps. Note, that the absolute position of the best focus is only accurate to

±10 µm. The 100 µm interval corresponds to roughly five Rayleigh lengths. The shape remains

Gaussian-like throughout. This is a key attribute of the PHASER due to its hollow fiber, which

acts as a long spatial filter. In Figure 3.5, horizontal and vertical lineouts, including a Gaussian

fit, are presented. The theoretical limit of w0 = 2.28 µm is met, and zR ≈ 20 µm is confirmed as

the radius increases roughly by a factor of five. Thus, a Gaussian profile is assumed also at the

defocused position.

3.1.3 Variable attenuator

The energy contained in the beam profile can be adjusted in the variable attenuator (VA), as

set up by Wegner [112]. This device consists of a set of four exchangeable mirrors with different

reflectivities due to a varying gold thickness coated onto fused silica (FS) substrates. This way, the

pulse energy can be lowered by more than six orders of magnitude, while keeping the dispersion

unaffected. Its integration in the laser system is schematically drawn in Figure 3.6 (a), together

with a sketch of a segmented mirror. The reflectivities of each mirror are listed in table 3.2. They

span a range of 0.94 for a solid gold surface and 0.009 for the bare fused FS.
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M1 M2 M3 M4

S1 0.94 0.94 0.94 0.94
S2 0.51 0.59 0.67 0.47
S3 0.37 0.45 0.26 0.25
S4 0.24 0.0090 0.0090 0.0090

Table 3.2: Reflectivities of the different mirrors M1-M4, and their segments S1-S4 as listed in
[112].

(a) Variable attenuator (b) Pre- and post-pulse unit

delay stage

from laser
system

to
experiment

removable mirrors

beam dump
S1 S3

S2

S4

M1

M2

M4

M3

BS1

BS2

Figure 3.6: Schematic drawing of the variable attenuator (a) and pre-(post-)pulse unit (dotted
line) (b). Both devices can be individually removed by taking out the removable mirrors. In this
case, the laser takes the direct path (dashed lines).

3.1.4 Pre- and post-pulse unit

Figure 3.6 (b) shows that after the attenuator comes the pre- and post-pulse unit, which is an

extended version of the initial pre-pulse device set up by Mittelmann [113]. This device creates

an identical pulse pair in a Mach-Zehnder-like setup.

The upper arm has two possible beam paths, which change the sequence of the pulses. Thus, a

pre-pulse from the solid path can become a post-pulse by using the dotted path. The beam split-

ters in the setup (BS1, BS2) are exchangeable to either a 50/50 or a 10/90 transmission/reflection

configuration. The former configuration yields a pulse pair with 25/25 percent intensities of

the ingoing pulse, while the latter one creates a 01/81 percent one. Note that the creation of

the duplicates reduces the total pulse energy because one exit of the interferometer is dumped.

Sometimes, the notation refers to the distribution normalized to the total throughput (sum of

the pulse energies). In this notation, 25/25 becomes 50/50, and 01/81 becomes ≈ 01/99. The

linear translation stage in one arm of the interferometer allows for time delays between zero and
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700 ps.

The initial time overlap is found in a spectrometer, where the collinear propagating pulses create

fringes in a spectrum. From the fringe-to-fringe distance, the temporal shift can be calculated.

This way, the temporal overlap is found with an accuracy of about 1 pulse length ∼ 1 µm∼ 5 fs.

3.2 Spectrometer

3.2.1 Electromagnetic Thomson parabola spectrometer

Creating a variable magnetic field for the vacuum environment is an involved process, which

has been tackled by multiple groups [33, 34]. They involve, for example, movable yoke or mag-

net configurations [32]. This way, the cooling required by electromagnets is circumvented. But,

since electromagnets possibly offer a larger tunability of the field, and moving parts in vacuum

introduce difficulties on their own, this was the method of choice for this work.

In an electromagnet with a yoke and a small yoke gap of width lvac, the magnetic field B can be

estimated to good proximity [131, 12]

B =
N I

RmA

�

�

� Rm =Ryoke+Rvac =
lvac

ηµ0A
(3.5)

=ηµ0

N I

lvac

�

�

� N =
ξl h

πr 2
wire

, I = Jπr 2
wire (3.6)

= ξηµ0

l

lvac
h J , (3.7)

with the number of windings N , wire current I , reluctance Rm , and yoke cross section A. A vi-

sual representation of the made approximations is shown in Figure 3.7. Here, ξ is the packing

fraction, and η = 1/[1+ lyokeµ0/(lvacµyoke)] is the yoke’s efficiency. The packing fraction 0 < ξ < 1

describes how densely the wire can be wound into the coil. A value of ξ = 1 means there are

voids between the wires. Since the wires are usually round, and have an isolation coating, they

cannot be stacked without gaps. Therefore, the canonical packing fraction ξ = 0.5 is assumed

[131]. lvac is the gap width of the yoke, lyoke is the length of the yoke itself, and µ0 and µyoke are the

permeabilities of the vacuum and yoke, respectively. J is the current density through the wire,

and l h is the gross coil area with the coil length l and height h , where h is proportional to the

number of stacked layers.
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Figure 3.7: (a) Vertical and (b) horizontal cross sections of the TPS magnet shown in Figure 3.8.

With eq. (3.7), the deflection angle

φB =
q Blfield

m v

�

�

� B = ξηµ0

l

lvac
h J , lfield ≈

√

√A

π
(3.8)

=
ξηµ0�
π

q

m v

l

lvac
h J
�

A , (3.9)

can be expressed. Here, A is the area of the yoke cross section, which is also the area of the

capacitor plates. Because the effective field length depends on the trajectory of the particle

through the spectrometer, lfield was approximated conservatively by lfield ≈
�

A/π. Using the

Stefan-Boltzmann law P =σO (T −Tambient)4, the temperature

T 4 =
P

σO
+T 4

ambient

�

�

� P = R I 2, R =ρwire

lwire

πr 2
wire

(3.10)

=
ρwirelwireI 2

σOπr 2
wire

+T 4
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� I = Jπr 2
wire, O = 2π

√

√A

π
l (3.11)
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ρwirelwire J 2r 2

wire

σ2
�

A/πl
+T 4
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�

�

� lwire = 2π

√

√A

π
N , N ≈

l h

4r 2
wire

(3.12)

=
πρwire(T )

4σ
h J 2 +T 4

ambient , (3.13)

can be deduced assuming a linear temperature dependence of the wire resistivity ρwire(T )

ρwire(T ) =ρambient(1+k T ) , (3.14)

and power loss only due to black-body radiation. O is the radiating surface, andσ is the Stefan-

Boltzmann constant. From these equations, the most important design cues can be derived.

Because the temperature of the coils does not scale at all with the length l , the yoke should be
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Figure 3.8: Semi-photorealistic sketch of the developed TPS setup in detail. A laser pulse (red
cone) illuminates the target and drives ion emission. These ions pass through a 200µm pinhole
before entering the 2 cm long field zone. Here, they are deflected by parallel E- and B-fields (both
tunable), according to their kinetic energy, momentum, and charge. By turning the yoke around
the rotation axis, it can be aligned more closely with the flight path if more clearance is required.
Dimensions of the detector (3 cm by 3 cm) and target to pinhole distance (10 cm) are not drawn
true to scale.

kept rather long to reduce the number of layers∝ h , and lower the current∝ J .

Secondly, for a limited coil length, multiple layers are preferable to a higher drive current due to

the scaling of eq. (3.13) with T .

Lastly, the cross section A increases the deflection angle without increasing the temperature,

which comes at the expense of compactness.

The spectrometer constructed for this work has a yoke with an approximately l = 3 · 10 cm long

coil, consisting of three smaller ones in series, as displayed in Figure 3.8.

A wire thickness of 500 µm was chosen, which results in 600 windings per layer, of which two

are done in total. Note that the wire thickness itself only matters in terms of the required drive

current and voltage, but not performance of any sort. Choosing a thick wire decreases the resis-

tance, resulting in high drive currents and a small operable voltage range. The thickness chosen

here gives a total resistance of 7.99Ω at ambient temperature, and thus operating voltages of 0 to

27 V. Figure 3.9 shows a comparison between the yoke’s actual performance and the estimate in

terms of the magnetic field (a), as well as temperature (b). In the calculation, a permeability of

µyoke ≈ 1000µ0 was used. At currents exceeding 1 A, the electromagnet starts to suffer from satu-

ration behavior. One cause of this might be the square corners obstructing the field lines. Below

a current of 1.5 A, the drive current is applied continuously, but above that, only short bursts
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Figure 3.9: (a) Measured (black) and predicted (blue) magnetic field, according to eq. (3.7). (b)
Measured (red) and predicted (dotted) temperature of the coils, according to eq. (3.13). Above
1.5 A, the current is applied in a pulsed manner. Therefore, the change in temperature over time
is displayed instead (c).

are recommended to prevent overheating. For this reason, Figure 3.9 (c) shows the temperature

change per second as a function of the current in black. At I = 3 A, it can be operated for about

150 s before the maximum tested temperature of 150 ◦C is exceeded.

The yoke is made from S235JR steel, which has a high magnetic conductivity. However, because it

is ferromagnetic, it is also susceptible to remanence fields. During the simulation of the particle

trajectories in the spectrometer, the magnetic field is derived from the applied current, so a fresh

magnetization is needed every time current is reapplied to ensure a correct value. For this pur-

pose, an H-bridge inverter was used to apply alternating currents to the coils. It is programmed

to output a pulse width modulation (PWM) signal with a period of 150 ms. The vanishing AC

duty cycles demagnetize the spectrometer reliably to ±0.5 mT. Note that the remanence field

could mostly be prevented if a laminated soft iron core was used. Additionally, this type of de-

magnetization might not be possible if the inductance is large. When current is reapplied, the

magnetization follows the well-defined new magnetization curve, as illustrated in black in Fig-

ure 3.9 (a). To also account for the correct shape of the field, a three axes Hall sensor (Infineon

TLE493D-W2B6) was moved across the gap. This was repeated for multiple currents in the range

between 0 and 0.7 A of applied current. The mean results per current are displayed in Figure 3.10.

The slight asymmetries in amplitude originate from manufacturing tolerances and were found

to have a negligible effect on the trajectories because the asymmetric fraction contributes two

orders of magnitude less to the effective field.
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Figure 3.10: Measurement of the magnetic field components across the yoke gap which sits be-
tween the 20 mm and 40 mm mark. The directions are the same as shown in Figure (1). (a) Illus-
tration of the component in y-direction for different currents. (b) Magnetic field in z-direction
for a current of 0.7 A. (c) x-component for 0.7 A.

In terms of the electric field, simulations by Laplace interpolation [132]were performed to obtain

the proper vector field per unit of voltage. The result of the simulation is shown in Figure 3.11.

Due to the radial symmetry of the capacitor, the three dimensional field is fully known by the two

dimensional cross section.

In a last step, it was verified that the orientations of the electric and magnetic fields are perpen-

dicular. This was done using the ion emission of a plasma by sequentially switching on and off

different types of fields. Figure 3.12 shows that the alignment is close to perfectly perpendicular,

as the deflection is orthogonal.

3.2.2 TPS spectra

This section is dedicated to the process of reading the spectra from the measured parabolas [12].

In a first step, the particle trajectories through the spectrometer are simulated determining the

fields as shown in the previous section. They are then fed into a ray-tracing algorithm that solves

the equation of motion with a Runge-Kutta scheme of fourth and fifth order [133]. This is done

for a set of particles spanning an appropriate range of kinetic energies and charges. This way,

it is known which point in the detection plane is crossed, and by which particle. Thereby, the

particle energies are chosen such that they are equally spread on the detector

Ei =
��

1

(Emax)3/2
−

1

(Emin)3/2

�

i−1

N−1
+

1

(Emin)3/2

�−2/3

, i = 1...N . (3.15)
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Figure 3.11: Half cross section of the electric field, as simulated according to Laplace interpola-
tion [132]. Due to the rotational symmetry of the problem, the 2D field can be rotated around
the y-axis to obtain the full result.

This way, the issue of too thinly sampled spectra in the low energy area is addressed, while also

preventing the same detector pixel from being read multiple times. After that, the coordinates on

the detector, which intersect the calculated parabolas, can be assigned a certain particle energy

and species.

Due to the actual aperture size, the pixel values are not exactly the wanted spectra f , but rather

a convolution ( f ◦ g ) of the normalized transfer function (TF) g with f . Therefore, to obtain f ,

the convolution theorem for Fourier transforms

F ( f ◦ g ) =F ( f ) ·F (g ) , (3.16)

is applied. Note that an alternative method, without the use of fast Fourier Transform (FFT)s, is

also presented by Burger and van-Cittert[134, 135].

However, how to measure ( f ◦g ) and retrieve f is not trivial. The main reason is that the parabolic

trace on the detector is a two dimensional object instead of a pixel perfect thin line due to the

aperture. But, the final spectrum is only one-dimensional, and thus, one dimension must be

integrated out in the readout process. This process is tied to g , which is composed of two parts.

One part is due to the spectrometer dependent optical transfer function (OTF), which is con-

voluted with the mapping of the ion spectrum. The other one comes from the readout process,

during which inevitably some area of the detector is integrated, as described by the amplitude

transfer function (ATF).

The OTF describes how a single, mono-energetic spectral point is spread on the detector, in our
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Figure 3.12: Measurement of the orthogonality of the TPS fields with: The magnetic field only
(horizontal line), electric field only (vertical line), and both combined (parabolas). While the
electron trace is also visible (for the electric field only measurement), additional deflection is
caused by magnetic field of the Earth.

case. For this reason, it is also referred to as PSF in literature. In optics, where diffraction is not

negligible, the PSF takes to form of Airy discs, for example. Because diffraction is virtually non

present for ions, the PSF resembles an enlarged image of the aperture

P S F (r, l ) =







1 ;
p

l 2− r 2 ≤ D
2

0 ; else
, (3.17)

with diameter D . The P S F is shown in Figure 3.13 (a) as the light blue circle. Here, l is the coor-

dinate along the parabola, and r is the coordinate across.

The AT F function describes how the two-dimensional signal SD (r, l ) = ( f ◦ P S F ) of a single

parabola on the detector is collapsed into the one dimensional convolution

( f ◦ g )(l ) =

∫ ∞

−∞

∫ ∞

−∞
SD (r, l ) ·AT F (r, l ∗− l )d r d l ∗ . (3.18)

One basic approach is simply reading the detector values along the simulated parabola, with

Dirac delta functions

AT F (r, l ) =δ(r )δ(l ) . (3.19)

Finally, the transfer function T F = (AT F ◦ P S F ) can be calculated due to the associativity of
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Figure 3.13: (a) OTF (blue) and points at which the detector values are read (orange). (b) Delta
function ATF for the dots in the left frame. (c) TF obtained by integrating out the r-dimension.

convolutions

T F (l ) =

∫ ∞

−∞

∫ ∞

−∞
P S F (r, l ∗) ·AT F (r, l ∗ − l )dr dl ∗ (3.20)

=







1 ; |l | ≤D /2

0 ; else
. (3.21)

Figure 3.13 (a) shows the AT F as orange dots across r and the convolution axis. (b) shows only

the AT F along r , while (c) displays the resulting step function. The normalized TF g is simply

the TF normalized to one

g (l ) =
T F (l )

∫∞
−∞T F (l )dl

. (3.22)

To minimize the noise, however, it is favorable to also include the pixels perpendicular to the

parabola in the readout process, for example, with

AT F (r, l ) = 1 ·δ(l ) . (3.23)

In this case, the TF is given by the chord length of the circle at position l :

g (l ) =







8
πD 2

�

�

D
2

�2− l 2 ;−D /2≤ r ≤D /2

0 ; else .
(3.24)

This scenario is shown in Figure 3.14.

It should be noted that, in most practical cases within this work, the length of the spectrum on
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Figure 3.14: (a) OTF (blue) and lines along which the detector values are read (orange). (b) Con-
stant ATF for the lines in the left frame. (c) TF obtained by integrating out the r-dimension.

the detector is significantly longer than the aperture image D . Therefore, the spectra are almost

unchanged by the deconvolution. Note that operations, such as smoothing the spectra, are also a

type of convolution which changes the TF. When the spectra are smoothed, the size of the frame

should therefore be sufficiently small when compared to the total spectrum, such that its low

frequency impact can be neglected.

Both AT F approaches presented above yield the same spectra under noiseless conditions. In

practice, however, using the latter approach yields less noisy results because it averages over a

larger area of the detector.

Sometimes, the Fourier transform of the TF g approaches zero in a region where the FT of f ◦ g

is not quite zero itself. This leads to artifacts of f due to division by zeros. The simplest solution

in this case is to truncate � ( f ◦ g ) where � (g )→ 0. However, this takes out high frequencies,

which is the reason the deconvoluted spectra might appear smoothed. So, in practice, a choice

must be made between a deconvolution with some smoothing, and no deconvolution with no

smoothing.

Shifted Maxwell Boltzmann distribution

Once the spectra are measured, it is useful to parametrize them. An often used method in the

context of laser plasma expansion is the shifted Maxwellian distribution [136, 137, 138]

d f

dE
(v ) = A

�

m

2πkB Tc

�3/2

v 3 exp
�

−
m

2kB Tc
(v − vc )

2
�

. (3.25)
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Figure 3.15: Examples of a shifted Maxwell distribution in (a) the velocity representation and (b)
the energy representation.

Here, A is a normalization constant, Tc is a temperature, m is the particle mass, and vc is a ve-

locity offset. The idea behind this equation is that thermal ions, whose velocities are Maxwellian

distributed, get offset due to additional acceleration. Because, in many cases, static electric fields

are the cause, it is also called Coulomb shifted (Maxwell-)Boltzmann (CSB) distribution, and the

variables carry the c subscript.

The temperature Tc must be treated cautiously because it is generally not comparable to the one

causing the charge state distribution. Opposed to the former electron temperature T , which

is reached during expansion, Tc is the (ion) temperature during early and dense states of the

plasma, and is thus higher.

Sometimes, an additional velocity term va =
p

γk T /m (speed of sound [139]) accounting for

the adiabatic expansion is included in the exponent [4, 140]. This was omitted here, because the

supra-thermal velocities are higher, and the term is generally small compared to vc . It should be

noted, however, that consequentially, vc is an integrated offset velocity accounting for all mech-

anisms.

Figure 3.15 shows an example of the shifted Maxwellian distribution in its velocity d f /dv and

energy representation d f /dE . It is apparent that the most probable energy is not the shifted

energy Ec due to the nonlinear conversion from energy to velocity. Also, note that Tc is a rather

descriptive term, as there are other reasons that broaden a spectrum, such as spatial or transient

field effect.
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Figure 3.16: The experimental setup used to find the principal emission axis of the ions. The
slit capacitor resolves the particle emission by kinetic energy, charge, and emission angle in the
horizontal plane.

3.2.3 Slit capacitor

One major point of interest is the emission cone of the ions in order to set up the TPS properly.

For this purpose, a simple setup using a charged slit aperture paired with an 20× 20 cm IP was

used. This assembly is shown in Figure 3.16.

The gap is 0.5 mm wide, has a depth (along ion trajectory) of 3 mm, and is 60 mm long. It is placed

5.5 cm in front of the plasma and 6.5 cm in front of the IP. An applied voltage of 300 V proved to

be a good value for a sufficient species separation.

Due to the nonlinear deflection and decreasing solid angle dΩ = dφdθ per pixel 1px = dx dy ,

the brightness values must be corrected.

dP S L

dφdv
=

dP S L

dx dy
·

dx

dφ
·

dy

dv
(3.26)

=
dP S L

dx dy
·

a

cos2φ
·

d

dv
·

qU l b

m v 2 cos2φ
(3.27)

=
dP S L

dx dy
·

a

cos2φ
·

kq b

v 3 cos2φ
(3.28)
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In this equation, q is the charge, and kq = −2qU l /m is a constant which includes the geome-

try (l and s ) and field parameters (U ) of the particle deflection in a capacitor, similar to Equa-

tion (2.48). Since the effective field Ueff =U /cosφ and free flight distance s = b /cosφ depend

onφ, a factor of 1/cosφ is added for both variables.

a is the distance from the plasma to the detector, b is the distance from the aperture to the de-

tector, φ is the horizontal deflection, and v is the particle velocity. After this conversion, the

brightness values are corrected due to the nonlinear mapping.

Because the species are normally not entirely separated, a CSB can be assumed to extrapolate

the full spectra, as will be shown in section 4.1.

3.3 Saha solver

As previously mentioned, the scheme discussed in [80]was used to find the solution to the Saha

equations. In a first step, the root in Zav of the equation

Zav−
J
∑

j=1

c j

 

Z j
∑

i=1

i
∏i

m=1 Sm , j

(ZavnH )i

!

︸ ︷︷ ︸

Ξ
j
1

 

1+
Z j
∑

i=1

∏i
m=1 Sm , j

(ZavnH )i

!−1

︸ ︷︷ ︸

1/Ξ
j
2

= 0 (3.29)

is found. Here, Sm , j is the Saha coefficient of the m-th ionic, and j -th elemental species

Sm , j = 2
Um+1, j

Um , j

1

λ3
B

exp

�

−
I eff

m

kB T

�

, (3.30)

and c j is the fraction of the elemental species.

For this purpose, the bisection algorithm [141] was used, since it can yield better results close

to solid densities, where rapid changes in the average ionization and sudden truncations of the

partition functions happen, when compared to the Newton method [142], for example. While

this can be set to any accuracy, note that for high IPDs, sometimes convergence is not reach for

the desired accuracy, as levels are depressed out of the partition function. An accuracy of 10−3

was found to be a good compromise in terms of reliability and speed.

However, it was also found that the algorithm does not always converge because of the finite

precision of the floating-point format. This issue occurs predominantly for high-Z materials,

where Ξ1 and Ξ2 sometimes diverge. A first fix was normalizing all densities to the heavy particle

number density nH , including 1/λ3
B . While this is sufficient in most cases, high ionization of

about 20 and above causes issues in the product terms. For this reason, eq. (3.29) was solved in
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the log-space with the help of the log-identities

ln

�

i

(Zav)i

i
∏

m=1

Sm , j

�

= ln i − i ln Zav+
i
∑

m=1

lnSm , j

︸ ︷︷ ︸

bi

, (3.31)

the sums in eq. (3.29) become

Ξ
j
1 =

Z j
∑

i=1

exp (bi − bmax) (3.32)

Ξ
j
2 = exp(−bmax) +

Z j
∑

i=1

exp (bi − ln i − bmax) . (3.33)

Here, bmax =max(bi ), i ∈ 1...Z j are the maximum terms of the sum. This shift by bmax in the expo-

nent is what makes divergence of the sums less likely if many species (≫ 10) are present. Further,

if bmax is so large that exp(bmax) cannot be sufficiently described by a typical floating point num-

ber (bmax ∼ 700 for 64-bit), the first term of Ξ j
2 → 0 becomes negligible, while Ξ j

1,2→ 1 approach

one. In any case, in the fractionΞ j
1/Ξ

j
2 the shift cancels out, leaving the result unchanged. Finally,

eq. (3.29) can be calculated with the fraction of the sums

Zav−
J
∑

j=1

c j

Ξ
j
1

Ξ
j
2

= 0 . (3.34)

This way, materials such as gold can be computed, even at high degrees of ionization. The other

quantities of interest, average ionization per elemental species, fractions of the i -th ionization

of the j -th species, can then be derived analytically. By first computing

α0, j =
c j

Ξ
j
2

(3.35)

αm+1, j =
αm , j

Zav
Sm , j , (3.36)

and then, calculating the wanted densities

nm , j =αm , j nh (3.37)

ne = Zavnh . (3.38)

As this will be heavily used throughout this work to examine the plasma emission, a few test

cases are discussed here to demonstrate that it was properly implemented. At first, the simple

analytical scenario of low density hydrogen is calculated, where the IPD is negligible. If we take
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Figure 3.17: (a) Comparison of the analytical solution of a hydrogen plasma to the numerical
solution of the implemented Saha solver. (b) Comparison of FLYCHK results to the Saha solver
for a carbon plasma over a set of temperatures.

only the ground state degeneracies UI = 2, UI I = 1 into account, the Saha equation becomes

nI I ne

nI
=

1

λ3
B

exp
�−Rh

kB T

�

. (3.39)

This can be done as the energy levels of the above ground states En>1 are all at least 10.2 eV higher

than E1, which drastically diminishes the Boltzmann coefficient. After introducing the heavy

particle density nH = nI +nI I , this equation can be written as

n 2
I I

n 2
H

�

1− nI I
nH

� =
1

nHλ
3
B

exp
�−Rh

kB T

�

. (3.40)

Here, the electron density was substituted by the hydrogen ion density ne = nI I . In the special

case of hydrogen, the fraction nI I /nH equals the average ionization Zav, which yields

Z 2
av

(1−Zav)
=

1

nHλ
3
B

exp
�−Rh

kB T

�

. (3.41)

For a given particle density and temperature, this equation can now be solved for Zav. The re-

sults for different temperatures are shown in Figure 3.17 (a). Here, a heavy particle density of

nh = 1020 m−3 was used.

As a benchmark for high densities, the solutions can be compared to the non-LTE code FLYCHK

[143]. However, it should be noted that FLYCHKs results are best for highly ionized plasma and

intermediate electron densities. Therefore, the comparison is limited to the glassy carbon solid

density range of 7 ·1028 m−3 to 1 ·1022 m−3. In this regime, both methods show mostly good agree-

ment. While FLYCHK also uses the SP IPD, it is noteworthy that a slightly different definition of
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Figure 3.18: Comparison of carbon plasma at three different densities and temperatures, but
the same average ionization Zav. The f value gives the plasma density in multiples of the solid
density nsolid = 7 ·1028 m−3.

the ion sphere radius is used [144]. The difference is a factor of (1/π)1/3 ≈ 0.68. Here, however, it

was decided to use the definition given in [92].

3.4 Retrieval of plasma parameters

With the use of the Saha solver, a plasma temperature and density can be deduced from a CSD.

The idea is to solve the Saha equation for a wide variety of (T ,n) values and compare the results

with the measured data. Over simplified one could say that at a fixed temperature, a low den-

sity yields a narrow CSD down to a single dominant species. This can be seen in Figure 3.18 (c),

where a carbon plasma of about 1020 m−3 density and 3.2 eV temperature is populated mainly by

the C 3+ species.

By temperature variation, the dominant species can be selected. An increase in density broadens

the CSD, which can be seen in Figure 3.18 (a) and (b). If we compare (a) and (b), it is apparent

that the distributions are lookalikes, even though there is a density difference of two orders of

magnitude and the temperatures differ by a factor of two.

Therefore, the assumption that each (T ,n) yields a unique distribution is valid only for a certain

parameter range, instead of a precise value combination. On the plus side, this makes the model

of instantaneous freezing more applicable, as it allows for some variation in the variables before

the CSD changes drastically.

Another unknown is the influence of plasma contaminants due to residue on the target surface,
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Figure 3.19: Comparison of carbon charge state distributions within plasmas of the same number
density and temperature, but different mixtures of carbon, hydrogen, and oxygen.

for example. As these may or may not be detectable in the TPS, Figure 3.19 (a-c) is a brief analysis

of the CSDs. Section (a) displays the CSD of a pure carbon plasma at f = 0.2 and T = 15 eV. In

part (b), the plasma has the same heavy particle number density, but half of it is hydrogen. Since

hydrogen has only one electron, the (free) electron density is lower, which corresponds to less

occupied room in the phase-space. As a result, electrons from the bound carbon become free

to reoccupy this space, and thereby increase the average carbon ionization. Because oxygen has

roughly similar atomic/ionic properties to carbon, in the C and O mixture, the changes in CSD

are minor (part (c)). Note that these examples cover high fractions of probable contaminants.

As there are expected to be only a few atomic layers thick of residual carbohydrates and water on

the target surface, this is a worst case estimate. Thus, pure plasma are assumed in the following

CSD evaluations.

Now, the important aspect is how to compare the measured and computed CSD. One approach

is calculating the CSD for a random (T ,n) combination and comparing it to the measured one

with the least residual squares method. This process is repeated until the (T ,n) with the least

deviation is found. The result of this process is shown in Figure 3.20 (a). with an uncertainty of

σCSD = 0.2 (orange), and the Saha solution of one fitting within the errorbars (blue).

However, this process neglects two points: The uncertainty of the measured CSD, and the sensi-

tivity of the computed CSD to a perturbation in temperature or density. To graphically represent

the issue of sensitivity, on the right side, the (T ,n)-map is shown, which displays the goodness

of fit (gof) in terms of least absolute residuals (LAR). Close to the best fits (yellow-green area),

there are two areas encircled in red. This contour line demonstrates that, occasionally, and for
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Figure 3.20: (a) Example comparison between a simulated CSD (blue) and an artificial Gaussian
CSD. (b) The goodness of fit, in terms of least absolute residuals (LAR), between the artificial CSD
and simulated ones across the temperature density plane. The red outlined isles indicate that in
some cases, branching occurs.

some levels, there might exist multiple branches (two in this case). The question now is: How to

choose the level of gof such that the sensitivity and error bars are represented in the end result.

Suppose the map is recomputed multiple times for a randomly chosen distribution within the

CSDs uncertainty. Then, the accuracy of (T ,n) with respect to the data set is the positional vari-

ation of the geometric center of the branches: the bottom of the valleys on the (T ,n)-map. This

was done for Figure 3.21 (a) and (b), with 50 random drafts. If averaged over all branches and

drafts, mean values and standard deviations can be found, which are represented by the black

lines. This is the uncertainty of the method, as found by this Monte Carlo (MC) like approach,

which is computationally expensive.

But, if the level for the contour line is properly chosen, if the first (mean) and second (standard

deviation) moments of the (T ,n)-values inside represent the errorbars of the CSD. To find which

level corresponds to what uncertainty of the CSD, the procedure was repeated for varyingσCSD.

This is shown in Figure 3.22 (a) and (b), by the blue dots.

Finally, the level of the contour was varied to see how the uncertainty of the found (T ,n)-pair

changes in response. This is shown in Figure 3.22 (a) and (b), by the orange dots. It becomes

apparent that, up to a level of about 0.4, the MC like method based on the CSD drafts yields the

same values as the corresponding contour line. Above 0.4, the horizontal dimension of the plane

is too restricted for a further increase of the LAR values, which can be seen in part (b). This cor-

relation can be explained by the following:
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Figure 3.21: Temperature (a) and density (b), as found by the geometric center of the red encir-
cled areas (branches) in the (T,n)-plane, for a number of random drafts out of the Gaussian CSD
with an uncertainty of σCSD = 0.2. The black lines represent the mean values and the standard
deviation, measured over all branches.

If a reasonable LTE result exists, it agrees within the error bars. The residual per species is thus

limited to the size of its error bar. Therefore, the sum of the absolute residuals is limited to the

sum of the error bars. This is the reason the LAR was chosen as the metric for the gof. Thus, the

summation of the residuals allows for some slack in the agreement, as some species can over or

undercut the measured CSD, if the others have sufficiently small residuals. However, Figure 3.22

(a) shows that the LAR method tends to yield a conservative estimate.

To summarize this section: The maximum allowed LAR, or height of the contour line in the (T ,n)-

plane, is chosen as the sum of the CSDs error bars. The assumptions made in the retrieval of the

plasma parameters are therefore:

(i) during freezing, the plasma is weakly coupled with Γ ≪ 1, such that SP potential lowering

can be applied.

(ii) the partition functions are with a hard cutoff.

(iii) the spectrum can be assigned a set of plasma parameters (T ,n) according to the freezing

conditions.

(iv) the plasma is treated as pure target material only.

Even though the plasma is likely to be strongly coupled at some point during its evolution, for 1.

to hold, only the coupling at the point of freezing matters. While hydrogen residuals sometimes
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Figure 3.22: Standard deviation of the temperature (a) and density (b), as found by varying the
relative CSD uncertainty (blue dots) and the LAR level in the (T,n)-plane (orange dots).

appear in the spectrum, they sit at very low kinetic energies, which leads to the assumption that

they are ejected independently of the target material ions. Additionally, it was shown that hydro-

gen alters the computed CSD at high concentrations only. To elaborate on point 3.: Since, strictly,

the freezing process does not happen instantaneously, the measured CSD is always a superpo-

sition of frozen CSD at multiple plasma parameters. However, even if instantaneous freezing

is assumed, it must be further assumed that no kinetic energy is ejected during vastly different

plasma conditions.
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Chapter 4

Results and discussion

4.1 Carbon plasma

An important point for the experimental setup is the solid angle emission of the ion source, as

this determines how critical the spectrometer alignment is. While the angle for spectrally inte-

grated ablation is well studied for a variety of target materials, spectrally resolved measurements

are performed to find the emission direction of the fastest ions.

For this purpose, a charged slit with a thickness of 3 mm was placed 3.8 cm in front of the plasma,

as illustrated in fig. 3.16. In this setup, the distance from the plasma to the IP is a = 9.5 cm, and

the distance from the slit capacitor to the IP is b = 5.7 cm.

The electric field is created by a 300 V potential across the 0.5 mm gap.

Charged particles passing the gap are then deflected according to their velocity, inertia, and

charge. Because the slit is straight instead of curved around the plasma, particles passing through

under a more shallow angle (largeφ) are deflected more strongly. To illustrate this effect, the iso-

energy lines are drawn into the IP frame in Figure 4.1 (a). This gives rise to three sections. One for

the electrons at negative deflections, the one close to zero deflection for the neutrals, including

X-rays and clusters, and the ions at positive deflections.

Inset (b) of Figure 4.1 shows the integrated deflection in each section across all angles. Interest-

ingly, the target normal is also the principle axis of emission in the neutral section. Since X-rays

are assumed isotropic, this might indicate that neutral carbon is emitted with a similar profile to

the charged one.

Taking a lineout atφ = 0 (Figure 4.2 (a)), three peaks for the carbon species can be observed. Due

to valleys in the lineout, the ion section can be divided into one for each carbon species. Assum-

ing a box shaped electric field, the particle velocities (and energies) can be evaluated. As shown in
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Figure 4.1: (a) IP data captured by the slit-capacitor and iso-energy lines drawn in black. (b) An-
gular distribution of the neutral (blue), positive (orange), and negative (yellow) charged emission
as integrated from (a).

Figure 4.2 (b), a CSB fit was applied to the values within those sections in order to parametrize the

spectra. Integrating the deflection in each segment and using the fit, the emission cone shown

in Figure 4.3 (a), the spectral width shown in (b), and kinetic energy in (c), can be determined by

the fit parameters. In this case, the spectral width is represented by the temperature TCSB, and

the energy by the offset in velocity Ec . While the spectral width decays towards larger angles, the

kinetic energy stays approximately constant.

The shape of the emission can be parametrized as [145]:

I (φ)∝ cosN (φ) . (4.1)

Applying this equation to the data yields N = 177, or an FWHM of 2φ = arccos(0.51/N )≈ 10◦. Since

this angle is known to become smaller with shorter pulses at similar fluence, it is comparable to

the high intensities of 1015 W cm−2 studied in [146]. However, in the work cited above, the spectral

width increases with the angle, while the opposite is found here. Note that it is unknown where

the lower cutoff for ion energies on IPs is, just that the IP does not see thermal particles with a

couple eVs of kinetic energy.

4.2 Experimental setup

Due to these results, the TPS is ideally aligned perpendicular to the target surface. Figure 4.4

gives an overview of the different components in the octagonal vacuum chamber. As shown, tar-
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Figure 4.2: (a) Horizontal marginal of the IP data. (b) Example of the Coulomb shifted Maxwell-
Boltzmann distribution fitted to C 1+ signal in the target normal.

get and optics are integrated into vacuum with a pressure below 10−5 mbar.

In chronological order, the laser enters the setup from the right side. It is then reflected by the

90◦ off axis parabola with an effective focal length of 127 mm, or 5 inches. This illuminates an el-

liptical spot on the target due to the 45◦ incident angle. The reflected portion of the light is then

dumped in the beam dump. The ions leave the lighted spot on target vertically, where the TPS is

positioned.

In the TPS zone, the aperture of 200 µm diameter, the magnet-capacitor combination, and shield-

ing from electromagnetic pulses and stray particles is installed. Usually, the distance from the

target to the beginning of the TPS zone (aperture or pinhole) is approximately 15 cm, and the

distance from there to the detector is 30 cm. Thus, the observed solid angle is about 1.4 ·10−4 sr.

The field zone of the TPS usually comes 5 cm after the pinhole.

For the detector, either Fujifilm image plates of the type BAS-TR1040 were used, or a micro-

channel plate from PHOTONIS USA (APD 1 PS 40/12/10/8 I 60:1 P43). It is a single MCP assembly

(no stack) with an active diameter of 40 mm, 12 µm center-to-center spacing, pore size of 10 µm,

and bias angle of 8◦± 1◦. The used version is equipped with a P43 type phosphor screen. In this

case, an Imaging Source camera DMK27BUP031 with an 16 mm objective captures the screen

synchronized with the laser.

An example of the TPS traces can be seen in Figure 4.5 (a), with the simulated traces in the over-

lay, and the corresponding spectra in (b). As shown, the ionic species C 1−5+ are present in an

interval from about 2−10 keV kinetic energy. Interestingly, the energy does not scale with charge

or charge to mass ratio.
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Figure 4.3: (a) Emission cone of the first three carbon species and their (b) spectral width and
energies (c), according to the CSB fit.

This is also apparent in the hydrogen spectrum, which holds the slowest particles, besides the

highest possible charge to mass ratio. Obviously, acceleration theories involving a constant elec-

tric field and charges in a bipolar layer struggle to explain this phenomenon. But before diving

in depth into the charge states and kinetic energies, the results of multiple laser parameter scans

are presented to paint a more complete picture of the driving factors behind the emission.

4.3 Single Pulse Laser Parameter Scan

For this purpose, parameter scans were conducted. Previous studies have demonstrated how to

obtain fast ion emission with laser pulses of higher pulse energy than the PHASER and longer

durations of tens-of-femtoseconds up to picoseconds [20, 35, 5, 36]. Therefore, the parameter

range appears to be quite large in regards to successful supra-thermal ion generation.

However, the question regarding the driving factors remains. One common parameter, which is

known to affect the ion and yield, is moving the target relative to the beam waist, as illustrated

in Figure 4.4 [5]. As shown in Figure 4.6 for the total ions captured, this is also the case here. The

maximum yield is reached at about±100 µm. Since the Rayleigh length is 20 µm, this shift atten-

uates the peak intensity and fluence about one order of magnitude, down to 100 J cm−2.

As of now, the change in emission cannot be attributed to a single factor, such as pre-plasma

development. Rather, by changing z , many parameters are varied at the same time: fluence, in-

tensity, curvature of the wave fronts, and plasma size, as well as the pre-plasma density, gradient,

and temperature.
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Figure 4.4: Experimental Setup: An 8 fs and 5 µJ laser pulse is used to ignite a pre-plasma on a
glassy carbon target with an off axis parabola under 45◦ incident angle. It is then hit by an 8 fs,
500 µJ main pulse τ = 3 ps after. The target surface is not positioned in the beam waist, but in a
defocused position 120 µm towards the parabola.

Since the yield is slightly different for the directions of z , it can be concluded that the curvature

of the wave fronts is not quite negligible in this case.

One explanation for the z-dependence is self-focusing in the pre-plasma [93]. For positive val-

ues of z , self-focusing works with the curvature of the wave fronts introduced by the parabola.

For negative values, these factors counteract, and the incident wave fronts become flatter. This

asymmetry might become more pronounced at higher intensities, where relativistic self-focusing

[147] occurs. However, measurements with the third-order autocorrelator [148] showed that the

ps-pulse contrast exceeds 108, which likely prevents the pre-plasma from extending far enough

into the vacuum to sufficiently bend the wave fronts [149, 37]. Another, and more likely, cause

of the asymmetry in yield is spherical aberration, which results in an asymmetrical beam waist

[150].

Additionally, the change in yield occurs too suddenly to be solely caused by an increase in lateral

plasma size. Therefore, plasma effects must either increase the total yield or reduce the angle of

the emission cone.

To isolate the effect of each factor, a series of partly independent parameter scans with and with-

out a dedicated pre-pulse were conducted.

In the literature, the spectra of the fast ion emission are sometimes described using a Maxwell-

Boltzmann distribution shifted by a term accounting for the Coulomb propulsion, and adiabatic

expansion [4], or a simple Gaussian [35]. While the goodness of fit is generally good for the found

spectra, as demonstrated in Figure 4.3, not only the thermal nature, but also collisional friction

65



4.3. SINGLE PULSE LASER PARAMETER SCAN CHAPTER 4. RESULTS AND DISCUSSION

0.0 0.5 1.0 1.5 2.0 2.5
x [cm]

0.0

0.5

1.0

1.5

2.0

2.5

y
[c

m
]

(a)

2 4 6 8 10 12 14
kinetic energy [keV]

0.0

0.1

0.2

0.3

0.4

µ
P

SL
/k

eV

(b)

C 1+

C 2+

C 3+

C 4+

C 5+

C 6+

H+

Figure 4.5: (a) Measured TPS traces and simulated parabolas for the carbon species (black to
yellow) as well as protons (red). (b) Spectra corresponding to the data in (a).

and the timely collapse of the accelerating layer contribute to the spectral width.

For this reason, the spectra are characterized using weighted averages to describe the kinetic

energy

〈Ekin〉=
∑

i

∫

E ·Si (E )dE
∑

i

∫

Si (E )dE
, (4.2)

and ionization states

Zav =

∑

i i
∫

Si (E )dE
∑

i

∫

Si (E )dE
. (4.3)

Figure 4.6 shows the corresponding average kinetic energy against the focal position z . Note that

the abscissa is broken close to the focal position, as the signal in this region is too small for a re-

liable evaluation.

Defocusing affects the average order of ionization minimally, as it remains relatively steady at a

value of Zav = 2.5. The kinetic energy, however, increased significantly, which correlates with the

increase in fluence and intensity.

To factor out the illuminated area, a pulse energy variation was performed at the 40 µm defo-

cused position. As shown in Figure 4.7, a maximum fluence of about 700 J cm−2 can be realized.

At this position, the fluence exceeds the point of any significant yield. Tuning down the energy

one order of magnitude, the yield peaks again between 50− 100 J cm−2. Note that each setting

requires optical realignment, which is why the peak was approached from both sides, resulting

in a double data point.

This suggests that either the fluence or the intensity is the main driving factor of this emission.
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Figure 4.6: (a) Carbon yield, summed over all species with kinetic energies over 2 keV, depended
on the focal position. A positive z value means the laser focus is positioned behind the targets
surface. (b) Average order of ionization, and mean kinetic energy across the spectrum.

However, since the pulse pedestal is also attenuated, the time of the solid-plasma transition rel-

ative to the pulse center varies. This time delay is the subject of the next section.

To distinguish between fluence and intensity, the pulse duration was varied at the +100 µm po-

sition, with a constant pulse energy of 600 µJ and a fluence of 100 J cm−2. This way, only the

intensity is modulated.

For this purpose, the hollow core fiber was bypassed to use the pulses directly from the amplifier.

This allows to tune the pulse duration by stretching the pulse in a grating compressor mirror pair.

Doing so adds predominantly second order dispersion (chirp) to the spectral phase, which re-

sults in elongated pulses with a slight sweep in carrier frequency. This is limited to pulses with a

sufficiently smooth spectrum, as with complex spectral shapes, the pulses tend to disintegrate if

too much chirp is added, hence the amplifier pulses.

Therefore, the shortest possible pulse durations of about 5 fs were not included in the duration

measurements. Random samples from the pulse train, as measured by SPIDER [54] are shown in

Figure 4.8. Positive as well as negative dispersion was used to ensure possible effects due to the

resulting carrier frequency sweep are taken into account.

As, especially the temporal profile of the longer pulses displayed in Figure 4.8 cannot be accu-

rately described by a Gaussian shape, the duration was instead calculated using the maximum

pulse intensity Imax according to

τ=

∫ ∞

−∞

I (t )
Imax

dt . (4.4)
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Figure 4.7: (a) Carbon yield for various pulse energies, and constant pulse duration. (b) Yield,
average ionization, and mean kinetic energy for various pulse durations but constant fluence
(pulse energy).

This metric is more robust compared to the usually used FWHM. For Gaussian shaped pulses,

the values compare as τ≈ 1.06 FWHM.

The results for these pulses are shown in Figure 4.7 (b). As depicted, there is a weak correlation

between the pulse duration and signal strength. A decrease in intensity over an order of magni-

tude increases the yield only by a factor of 1.5. Similarly unaffected are Zav and 〈Ekin〉 across the

pulses.

This data suggests that the fluence is the driving factor of the emission, similar to TNSA type of

accelerations, where, as long as sufficiently high intensities are sustained, the energy scales with

fluence[16].

However, note that manipulating the spectral phase changes the ps-pulse contrast [151]. Con-

sequently, more strongly chirped pulses may couple more efficiently to the preformed plasma

[152] and thus increase the kinetic energy and yield. This will be discussed in more detail in the

next section, with the help of a dedicated pre-pulse.

4.4 Double pulse plasma

For this purpose, a pre- and main-pulse configuration was set up, in which both pulses have an

energy of 140 µJ. Figure 4.9 shows the result in a time frame of 0− 3 ps. It is found that ignition

ideally occurs in close proximity to the main pulse, with an optimum at 200−300 fs.

If the delay is too large, the yield goes to zero because the density gradient toward the vacuum
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Figure 4.8: Laser pulse durations as reconstructed by the SPIDER diagnostic for positive and neg-
ative chirps. The pulse durations (τ values) were calculated by the metric presented in eq. (4.4).
These representative pulse durations were used for the intensity parameter scan.

interface is too soft. This leads to the laser energy being deposited over a volume that is too large

to establish a charge or density gradient.

At smaller delays, the density gradient is steep, the Debye length is smaller, and hence the num-

ber of heavy particles involved in the process is reduced.

Even though the longest pulse durations in the single pulse measurements were close in length

to the optimal delay time, the observed change in yield was larger with the dedicated pre-pulse.

Therefore, not only the time frame in which the fluence is delivered is important, but also the

distribution. In these measurements, a well defined pre-pulse was more favorable, as the inter-

rupted energy flux leaves time for the plasma to thermalize and recover charge neutrality.

4.5 The charge state distribution

Note that, throughout the results presented thus far (Figure 4.6, Figure 4.7), the average ioniza-

tion stayed constant at about Zav = 2−2.5.

Additionally, the kinetic energies displayed in Figure 4.5 do not scale linearly with the particle

charge. As already stated, theories involving an electric field and constant charges fail to explain

this occurrence.

Particle in cell simulations run with the EPOCH code [153] demonstrated that the short pulse

used in the z -scan is strong enough to almost fully ionize the carbon plasma, and even in the

defocused position mostly C 3+ and C 4+ are generated. This, and the fact that Ammosov-Delone-
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Figure 4.9: Ion yield for varying pulse delays at a fluence of 50 J cm−2 per pulse. The first two
points were omitted from the fit.

Krainov (ADK) theory scales with the laser’s electric field cubed [154], suggest that the CSD’s ori-

gin is not field ionization.

In a dense plasma, the free electrons thermally relax on time scales in the range of tens to hun-

dreds times the plasma period 1/ωp ,s [40, 41]. This translates to times of only tens of femtosec-

onds for close to critical density plasma. After picoseconds, the heavy particles are in thermal

equilibrium as well [42, 43].

As the ion charge state distribution (CSD) is mostly determined by the electronic subsystem,

thermal relaxation affects the emission in terms of kinetic energy, as well as ion species and fast

neutrals. This suggests that the particles do not have a fixed charge when being accelerated, but

rather, constantly exchange charges through ionization and recombination while being acceler-

ated, as is the case in local thermodynamic equilibrium (LTE).

During expansion, the CSD freezes at an effective temperature and effective density, as shown in

[47, 45, 46]. This point is like an event horizon, beyond which information about the prevalent

plasma conditions is lost.

After this point, the last prevalent plasma conditions can be retrieved according to the method

described in section 3.4. Figure 4.10 shows the found temperature and density results of the pro-

cedure for the data set measured by variation of the focal position z .

The temperatures range mostly from 10−20 eV, but close to z = 0, they drop to about 5 eV. Den-

sities range from f = 10−2−10−1 times the solid density. Note that all branches are shown, which

results in some points with vanishingly small error bars. These are included for reasons of com-

pleteness, but their meaningfulness is limited because they occur only for specific heights of the
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Figure 4.10: Temperatures (a) and densities (b), as found by the CSD analysis, for various focal
positions. Multiple data points indicate the different branches. Missing points indicate that no
agreement of the measured and Saha CSD was found.

contour line in the (T ,n)-plane. Therefore, they are a sort of noise to which this method is prone.

In the Appendix 5.8, the same evaluation applied to the spectra measured across various pulse

durations can also be found. Figure 4.11 shows the temperatures and densities of the pulse delay

measurement, of which the yield was presented in Figure 4.9. While the temperatures are lower,

with 4− 8 eV, the densities are similar to the ones of the previous evaluation. The reason for the

lower temperature is that Zav = 2 is lower than the average ionization of 2.5 measured in the z -

scan. Note that the total fluence, meaning the accumulated fluence of both pulses, falls in the

same range as the fluence in the single pulse scenario.

So, the reason behind the lower ionization can be attributed to two effects. The first one is the

efficiency of the laser-plasma coupling, and the second one is the volume that is heated. If the

coupled energy is spread over more particles, the temperature decreases. Thus, for large pulse

delays, where pre-plasma expansion has progressed further, lower temperatures are expected.

While barely significant, this effect can be seen in Figure 4.11.

Moving the target closer to the beam waist has a similar effect. The increase in fluence shifts the

solid-plasma transition further away from the pulse center. Therefore, the mass density can ex-

pand longer before the acceleration is driven. What is different, in this scenario is that the power

is constantly applied from the phase transition to the pulse peak. This might lead to zones de-

pleted of electrons due to ponderomotive forces, and consequently a modulated coupling effi-

ciency.

Similar effects become apparent in Figure 4.12 (c). There, the results of a pre-pulse delay scan are
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Figure 4.11: Temperatures (a) and densities (b), as found by the CSD analysis for various double-
pulse delays. Multiple data points indicate the different branches. Missing points indicate no
agreement of the measured and Saha CSD was found.

presented for multiple z -positions. A too defocused laser still yields a high average ionization,

but subpar yield. An ideal z -position yields the highest ionization and yield and kinetic energy,

while a smaller focal spot creates the same kinetic energy but less yield and average ionization.

4.6 The kinetic energies

From the presented data, aspects of the physics behind the acceleration can be discussed. One

crucial point of discussion is the type of accelerating potential. As there are multiple mecha-

nisms that explain supra-thermal energies, they are elaborated on in the following with respect

to the findings.

Skin-layer ponderomotive acceleration (S-LPA) [155, 93, 156] is one of these mechanisms. Here,

a laser pulse of sub-relativistic intensity interacts with a pre-plasma that has a nonlinear density

gradient that is steep at the target and flat on the vacuum side.

The energy density rises with the increasing plasma density until it drops to zero on the high

density side of the critical density. This drop occurs on a length scale similar to the Debye length,

hence the name referring to a skin-layer.

Ponderomotive forces then drive two electron blocks apart: One that propagates into the target

and one that escapes it. Afterwards, the ions follow the electrons due to attractive electric fields.

Additionally, a zone depleted of electrons is formed, in which the ions repel themselves, simi-

lar to a Coulomb explosion [95, 157, 158, 94]. However, in proximity to the critical density is also
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Figure 4.12: (a) Yield, (b) mean kinetic energy, and (c) average ion charge state for different pulse
delays and focal positions (z ).

where adsorption is the strongest. This leads to a locally heated plasma, which is confined by the

surrounding colder plasma. The resulting thermokinetic forces, due to the increase in pressure,

additionally drive the heavy particles in this volume apart.

Therefore, to fully describe the acceleration mechanism, a compound of thermo-, hydro-, and

electrodynamic problems in three dimensions must be solved. However, with some considera-

tions, the dominant mechanisms can be found.

By the means of classical mechanics, the time tacc it takes for the ions of mass m and charge Zav

to gain the kinetic energy 〈Ekin〉 in an electric field of strength EL can be estimated by

tacc =

�

2〈Ekin〉m
ZavEL

. (4.5)

For an optimistic estimate, EL ≈ 1011 V m−1 can be chosen. This is about the average of the laser’s

absolute electric field. Inserting Zav = 2.5e and 〈Ekin〉= 6 keV as measured, tacc = 150 fs is found.

Even in this optimistic calculation, the result is about a magnitude larger than the laser pulse du-

ration. Hence, the only way electrodynamic acceleration reaches these energies is if an electric

field stronger than the one of the laser is sustained for longer than the pulse duration.

Because the plasma frequencyωp is about half of a femtosecond at the critical density, a possible

electrostatic field cannot extend the laser interaction by the required time.

In an attempt to rule out direct acceleration by the laser field, measurements with three different

polarizations were performed. Figure 4.13 shows the ion yield (a) and Zav (b) for these polariza-

tions, which are further described in appendix fig. 5.9. As shown, the polarization does not vastly

alter either parameter, which leads to the conclusion that coherent field effects are indeed not
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Figure 4.13: (a) Yield of the different types of polarization for various focal positions, and (b) the
corresponding average charges.

the main driving factor.

While it is possible that electrons are accelerated to 10 keV, due to their low inertia, it is impossi-

ble that ions are dragged behind. In a plasma, the number of electrons per volume is ne = Zavnh .

But the mass density is lower by a factor Zavme /mh , which is approximately 10−4 in the case of

carbon. Without continuous pumping of energy, as is the case in TNSA, an electron either leaves

the plasma if it has sufficient amounts of kinetic energy, or it rebounds at the potential walls cre-

ated by the ion cloud.

Therefore, ion acceleration due to pulling electrons can only dominate if the pulse duration is

long enough to drive the ambipolar layer until the ions are ejected. In this case, a short ion burst

of pulse duration, and kinetic energy

ESLPA≈ 0.93 ·10−16s z Iλ2 , (4.6)

is generated [19]. Here, s = 1/n −1 is a factor accounting for dielectric swelling with the plasma

refractive index n .

As supported by the data, the kinetic energy of the supra-thermal ions does not scale like that.

However, it might explain the increase in yield and kinetic energy if the pulse is stretched as in

Figure 4.7 (b). As the pulse approaches the picosecond regime, a driving electric field is sustained

for longer, in addition to the regardless present thermokinetic forces. Thus, more particles are

caught in the field, and electrodynamic forces contribute more to the energy.

Another mechanism was studied by [37]. In this scheme, charge displacement in a plasma of

finite thickness and density gradient ls s leads to an accelerating electric field, which evolves over
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time. The velocity of the ions increases logarithmically over timescales of 10−100ωp ,i . Assuming

adiabatic expansion, the final velocities are multiples of the ion sound velocity

vc ,i =

√

√kb T

mh
. (4.7)

For now, neither T nor the initial plasma gradient are known, which prevents conclusions on

whether this is indeed the mechanism at play.

4.7 Layered targets

Further insight into the origin of the supra-thermal particles can be gained by the use of layer

targets. In vacuum, trace gases in the vacuum, mainly due to residual water and carbohydrates,

form a thin layer on metallic surfaces.

As they consist of hydrogen, carbon, and oxygen, they have a much lower Z-number compared

to many metals. This leads to different properties, which can be used in a comparison to the

previously studied carbon material.

Electro-dynamically, a key difference is that higher Z materials offer a higher degree of ionization

at the same temperature and density. In addition, the mass density gradient is naturally higher

due to the larger initial density. Because the total number of electrons (bound and unbound) per

unit volume is proportional to the mass density for most materials, stronger accelerating fields,

due to steeper gradients in the charge density, can be achieved.

Hydro-dynamically, the inertia is larger as well, which is counterproductive in short-lived accel-

erating fields, but beneficial in repulsive interactions between the surface layer and bulk.

To study these compound effects a solid tungsten target with a vacuum-grown layer was tested.

The results for a 5.5 fs, 2 J cm−2 and 180 J cm−2 pulse-pair, with a delay of 2 ps, are shown in Fig-

ure 4.14. The pulse duration was 5.5 fs, and In the case of tungsten emission itself (mW = 15.32mC ),

almost vertical parabolas are expected. As shown in (a), they are missing which leads to the con-

clusion that W is too inert.

However, oxygen is present from O 1+ to O 6+. This indicates, that the ejected particles come from

the outer domain of the plasma.

Compared to the solid carbon measurements, two main differences stand out. First, there is

about one order of magnitude fewer signal (0.4µPSL/keV versus 0.2µPSL/keV), since the layer

thickness is expected to be only a couple of nm.

The other one is that the kinetic energies are three times as high as previously (∼ 10 keV versus

∼ 30 keV). With the solid tungsten background, the oxygen particles have an "immovable" wall
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Figure 4.14: (a) TPS trace of carbon ions accelerated from a tungsten target. (b) Carbon spectra
as measured with the carbon-tungsten target.

they can push off of. Thus, impulse conservation and therefore thermokinetic forces seem to be

one limiting factor for the achievable kinetic energies.

Interestingly, the spectrum is broad, even though the oxygen layer is initially thin and at a well

defined position.

4.8 Hydrodynamic simulations

In order to gain more information about the validity of early LTE, the next section tackles the

plasma and pre-plasma development from the simulation side with the MULTI-FS code [52].

MULTI-FS is a one dimensional, two-fluid hydrodynamic code tailored to laser plasma interac-

tion of femto- and picosecond time scales, for intensities from 1011 W cm−2 to 1017 W cm−2.

While it was used in literature for single-pulse studies [79], for the here shown results, the code

was extended by the ability to include double pulses. They were implemented as to have a mod-

ified Gaussian shape [52]:

I (t ) =
Imax

C1
Φ

�

t

tmax−∆t

�

exp

�

−C2

(t − tmax)2

∆t 2

�

, (4.8)

with Φ(t ) = {t , for t ≤ 1; and 1, for t ≥ 1}, C1 =
p

π/4 ln 2, and C2 = 4 ln 2. With this definition, the

total pulse fluence can be easily calculated by Imax ·∆t .

Multi-fs uses tabulated matter properties for the equation of state (EOS), inverted equation of

state (iEOS), Planck and Rosseland opacities [159], emissivities, and ionization. By default, the
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Figure 4.15: (a) Electron density ne and (b) electron temperature Te in the simulation volume
over time. In both parts, the trajectory of the critical density was drawn.

code comes with values for aluminum. However the atomic mass, and Z-number can be se-

lected.

A good approximation for the heavy particle EOS for most temperatures and densities is the one

of an ideal plasma. In this case, the EOS is material independent, which is assumed to hold for

up to solid densities.

In terms of the electron EOS, the default tabulated values were used.

To obtain the correct degree of ionization, which further affects thermodynamic properties, the

ionization tables were changed according to the Saha solutions. A comparison of the default alu-

minum table with the new carbon table is shown in the appendix in Figure 5.4.

The opacity values can be found in the NIST FFAST [160], XCOM [161], XAAMDI [162], and Henke

[163] databases. Even though energy transport by radiation is small compared to collisions in

these types of plasma [52], the Rosseland and Planck opacities were changed to carbon using the

extinction coefficients from FFAST. It should be noted that FFAST does not include some nec-

essary single digit eV photon energies, which were extrapolated by the last known value on the

soft side, instead. A comparison of the tables and the mass attenuation constants is listed in the

appendix Figure 5.5,Figure 5.6, and Figure 5.7.

Plasma friction can be modeled by the Drude-Sommerfeld model, classical plasma model or

electron-phonon interactions. For the results presented here, the Drude model was used.

The plasma is treated in 220 Lagrangian cells of exponentially increasing size along x (see chap-

ter 5 for a more detailed explanation of the grid). For each cell, the simulations include spatial

and temporal information about electron and ion temperatures, as well as the average ioniza-
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Figure 4.16: Results of the double-pulse simulation in MULTI-FS in terms of (a) temperature and
(b) density. The contour lines show the results of the Saha solution found by analyzing the CSD.

tion. Since this is a hydrodynamic code only, quasi neutrality is preserved at all times, which

does not allow for electric fields. The minimal ionization was set to 0.1.

In the following, results are presented for pulses with∆t = 20 fs duration and Imax = 2.5·1015 W cm−2,

which gives a fluence of 50 J cm−2 per pulse. These are realistic on target values when the 50/50

pre-pulse unit is used in a ∼ 80 µm defocused position.

Figure 4.15 presents the results of a simulation in which only the pre-pulse with 50 J cm−2 was

used. This way, the conditions in the realm of interaction during the second pulse can be stud-

ied.

Densities � 1022 cm−3 expand into the vacuum, while densities � 1022 cm−3 propagate into the

bulk as a shock wave. Consequently, right in front of the target, a constant density of∼ 1022 cm−3

is sustained, while the density gradient softens. To get a better impression of the extent of the

plasma when it comes to laser interaction, the critical density is drawn into the maps shown in

Figure 4.15 (a) and (b).

The later the post-pulse arrives, the softer the density gradient is. On the other hand, the later the

pulse arrives, the higher the mass density is. The reason being that, at earlier times, the average

ionization is higher, which allows the plasma to become critical at a lower density.

With falling Te , the Debye length λD ∝
�

Te becomes smaller, and thereby the number of parti-

cles involved in charge perturbations reduces.

While MULTI-FS cannot account for charge separation effects, the following shows results of the

double pulse scenario to study how temperature and density evolve from a hydrodynamic point

of view. In the previously discussed acceleration mechanisms, the accelerated ions originate
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Figure 4.17: (a) Electron and heavy particle temperatures at different times and x = 0. (b) Heavy
particle density at different times throughout the simulation volume.

from layers buried in pre-plasma, which is traversed upon expansion. So, even though the exact

trajectory of the ions possibly cannot be simulated, information about the overall plasma con-

ditions can be derived still. Figure 4.16 shows the results of the pulse sequence with∆t = 0.6 ps.

This time is easily identified by the time where the peak temperature is reached. Note how the

temperature is distributed fairly evenly at later times. This becomes apparent by the contour

lines, which also represent the temperature results previously found by the Saha method. Part

(b) shows the corresponding densities, as simulated and found experimentally.

To find out how electrons and ions compare in temperature, Figure 4.17 (a) and (b) show the

same results, but for a discrete position. There, the temperature course is shown at the target

surface (x = 0) in terms of ions and electrons. While the temperature delta is high right after the

pulse hits, close to the target, the temperatures approach each other quickly (0 on the y-axis) due

to the high density. Note that, in the outer parts of the plasma, a relatively constant difference

in temperature can exist even for longer times. This is due to the low particle densities, which

result in slow equilibration. In the dense part, the temperature relaxation occurs on the picosec-

ond time scale due to the high present particle densities.

The double pulse shape that causes this temperature trajectory is shown in part (b). An aspect to

highlight is that velocities v〈E 〉 ≈ 0.3 µm ps−1 corresponding to 〈Ekin〉 ≈ 5 keV are within the expan-
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Figure 4.18: Characteristic time (a) and diffusion length (b) of the thermalization for a 64 eV en-
ergy gap (about the energy of the C 3+→C 4+ transition).

sion speeds after the second pulse strikes the pre-plasma. However, the bimodal characteristic

of the spectrum is missing.

As previously stated, MULTI-FS looks up the ionization in tables generated with a Saha solver.

This implies that the plasma is always in LTE, which contradicts the assumption that the charge

states fall out of LTE and thereby freeze. Therefore, in the following, the LTE conditions are dis-

cussed in more detail.

In section 2.2.3, the criteria for LTE were discussed in terms of the diffusion length λ and ther-

mal relaxation time τrel. Knowledge of the tempo-spatial electron temperature and density now

allows one to calculate where freezing likely occurs in the simulation volume. For one, this re-

veals the limits of the hydrodynamic simulation, but it also enables a comparison with the found

(T ,n)-values from the measured CSD.

Figure 4.18 shows τrel (a) and λ (b) over the simulation volume for an energy gap of 64 eV. This

is the ionization energy for the C 3+→C 4+ transition. As stated by eq. (2.31) and eq. (2.33), these

values must be compared to the time and length scale of the Te and ne variation.

However, the equations as given initially are not applicable to the MULTI-FS data. On one hand,

problems occur because x and t are finite. Thus, a shift in the positional argument can extend

past the simulation boundaries.

Another issue comes from the fact that eq. (2.31) and eq. (2.33) only apply to monotonically de-

creasing shapes of Te and ne . Concave or convex temperature and density shapes can satisfy

eq. (2.31) and eq. (2.33), even if the rate of change is large.
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Figure 4.19: Comparison of the relaxation time τ64eV, with the rate of change in temperature Te

(a) and density ne (b).

To resolve these downsides, the criteria can be formulated with the help of derivatives. In terms

of the rate of change this yields [77]

Te (t +τrel,, x )−Te (t , x )
Te (t , x )

≈
�

�

�

�

∂ Te

∂ t

τrel

Te (t , x )

�

�

�

�

≪ 1 (4.9)

ne (t +τrel,, x )−ne (t , x )
ne (t , x )

≈
�

�

�

�

∂ ne

∂ t

τrel

ne (t , x )

�

�

�

�

≪ 1 . (4.10)

And analogously, in terms of the positional variation

Te (t , x +λ)−Te (t , x )
Te (t , x )

≈
�

�

�

�

∂ Te

∂ x

λ

Te (t , x )

�

�

�

�

≪ 1 (4.11)

ne (t , x +λ)−ne (t , x )
ne (t , x )

≈
�

�

�

�

∂ ne

∂ x

λ

ne (t , x )

�

�

�

�

≪ 1 . (4.12)

Applying these equations to the simulation box for the 64 eV transition then shows where the

individual criteria are satisfied. The results are shown in Figure 4.19 and Figure 4.20.

For LTE, all criteria must be satisfied at the same time and position. Thus, taking the product of

the inverted criteria compacts all into one equation
�

1−
�
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�

�

�
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(4.13)
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Figure 4.20: Comparison of the diffusion length λ, with the slope of the temperature Te (a) and
density ne (b).

Since the terms in the inner bracket might be negative (LTE unlikely), these terms are truncated to

only involve numbers greater than zero. This must be done because otherwise, an even number

of negative terms might yield a positive number close to one, which may result in the criteria

being satisfied.

Figure 4.21 (a) displays the topography of this equation applied to the MULTI-FS data. A value

close to one on the color-scale means an LTE is less likely, while values close to zero indicate a

high probability. For (b), the map from (a) was recalculated for a set of energy transitions∆E . The

graphs, showing the outline of the shape measured with contour lines of height 0.1, represent the

different times and positions these transitions fall out of LTE. At this line height, each criterion

in eq. (4.10) and eq. (4.12) is satisfied by at least one order of magnitude (0.1 < 1− 0.94 ≈ 0.34).

This means, strictly speaking, that the simulation, or at least the ionization states, are valid only

within these boundaries, depending on the highest occurring species.

This result may seem counterintuitive, as one might assume that the more time the plasma has

to equilibrate, the more likely LTE becomes. Whereas the opposite is true, and the LTE conditions

get worse over time in an expanding plasma. Along x , the contour lines stay close together until

the time one transition leaves the LTE.
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Figure 4.21: (a) Likelihood the plasma is in LTE according to the compound criterion given in
eq. (4.13) for ∆E = 20 eV. (b) Map of the times and positions in plasma where different energy
transitions fall out of LTE, measured with contour lines of height 0.1 .

4.9 Freezing simulation

With the results from the hydrodynamic simulations, it is possible to simulate the freezing pro-

cess. Thus, the model of instantaneous freezing can be studied in more detail. Additionally, this

simulation can be used to make predictions of the charge state and study the plasma expansion

in the process.

For this purpose, an exponentially decaying heavy particle density is assumed

n (x ) = n0 exp
�

−
x

ξ

�

. (4.14)

Then, a “velocity” v is assumed with which a test particle runs through these states. Note that

this can be interpreted in two ways. One would be that the test particle propagates through a

plasma of decaying density, with said velocity. The other one is that the outermost layer of the

plasma, which sits initially at n0, moves away from the target and thereby experiences a decay

in density. In this interpretation, the test particle is co-propagating with this layer, which moves

with v through the series of states.

During expansion (thinning of the density), the temperature change is assumed to be polytropic

T ′ = T
� n

n ′

�1−κ
, (4.15)

with an exponent 0 ≤ κ ∼ 5/3 ≤∞. This was done to add an additional degree of freedom. The

expansion can be (beyond) isothermal (κ∼ 1) if heat from the dense and hot part of the plasma
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diffuses outside faster than the particle propagates. However, if losses due to radiation prevail, it

can also be above adiabatic (κ≥ 5/3).

Now, an initial temperature T0, and density n0 combination is defined. These values are then

used to compute an initial CSD, with a mean ionization of Zav, according to the Saha solver.

With the Zav, the time between collisions τ can be approximated by Spitzer collisions eq. (2.27).

Together with v , this is used to calculate the mean free pathλfree = vτ. It is further assumed that,

at each intervalλfree, the test particle thermalizes. Another point of concern is that ionization and

recombination violate particle conservation. This is handled by assuming a constant internal

energy. Therefore, each change in ionization also changes the temperature

T ′ =
ne +nh

n ′e +n ′h
T . (4.16)

Since this changes the average ionization again, T ′ and Zav are computed iteratively. Note that a

constant inner energy barely affects the overall results because the fraction in eq. (4.16) is close

to one. With these equations, the simulation cycles through the following steps:

1. Calculate nh (x ) = n0 exp
�

− x
ξ

�

2. Iteratively calculate:

a) ne (x )with Saha, and N (x ) = ne (x ) +nh (x )

b) T (x ), and ne according to isotropic equation, and conservation of the inner energy

3. Calculate λfree =τ · v

4. x = x +dx , with dx ≪ ξ; return to 1.

Using the MULTI-FS results: T ≈ 1 keV, n0 = 7.1 ·1028 cm−3, ξ= 10 nm, and κ= 1.5,

v =
p

2 ·10 keV/12 u, yields the results shown in Figure 4.22. Part (a) shows the test particle po-

sition x , and the corresponding mean free paths in addition to x , as calculated according to

eq. (2.27) and eq. (2.28). In addition, the dashed lines represents the position of the TPS. The

term λ+ x is dominated by x for positions x/ξ≲ 10, until the mean free path rapidly increases.

This means that where x < λ, an ion is likely never colliding with an electron again. Therefore,

this is the region where freezing of the CSD occurs. Part (b) shows the temperature and average

ionization for each position, and (c) the electron and heavy particle densities. By defining the

point of freezing as λ= x , a freezing temperature Tfr and density nfr can be found. It is apparent

that high energy transitions leave the LTE sooner than lower ones, as was shown by the hydro-

dynamic simulations. However, the difference between λ60e V = x , and λ10e V = x is almost 2ξ,
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Figure 4.22: (a) Mean free pathλ, test particle position x , mean inter-electron distance n−1/3
e , and

position of the TPS. (b) Heavy particle nh density, electron density ne , as well as the temperature
T along x/ξ. (c) Average ionization Zav (black dashed line), and CSD at the different positions.
Here, κ= 5/3 was used.

which means the temperature and density difference at the point of freezing is about one order

of magnitude.

Figure 4.23 shows the results for polytropic exponents in the range of 0.5 ≤ κ ≤ 3, if λ60e V > x

is the freezing criterion. The horizontal lines represent the range of temperatures and densities

found by the Saha evaluation of the measured CSDs of the double pulse experiment. Note that

∆E = 60 eV was chosen because for ∆E = 10 eV, the freezing temperatures are too low to agree

with the measurements. This might be because eq. (2.28) gives a too low estimate, or the metric

λ = x is incomplete. Another explanation is that κ is rather not constant during the expansion.

This is not a perfect assumption, considering ne dictates the heat conductivity of the plasma,

while T causes energy loss by black-body radiation according to the Stefan-Boltzmann law.

However, for λ60e V the computed and measured results agree in the area of κ� 1.7, even though

the temperature agreement is not optimal. It should be noted that in the z-scan measurement,
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Figure 4.23: Freezing temperature and density for different polytropic exponents κ. T0 was set to
1 keV, and n0 = nsolid.

experimental temperatures of ∼ 10 eV and densities f ∼ 10−2 were found. In other words, both

parameters are higher, even though freezing occurs at either high T , low f , or high f , low T .

These high (T,n) are not covered by fig. 4.23.

One possible explanation is that the simulation fails if T0 is too high and/or ne too small in rela-

tion to ξ. T0 = 2 keV, n0 = 3 · 10−3 nsolid, ξ = 10 nm is one example. In this instance, x < λSpitzer at

all positions x . Therefore, freezing would occur at the initial conditions if λSpitzer is considered as

the freezing criterion. In these cases, whetherλSpitzer intersects x depends onξ (ξ vertically shifts

x in Figure 4.22 (a)). Exploiting this, a scenario where the high freezing temperature and density

of the z-scan measurements are met can be fabricated. While this is a questionable procedure, it

points out that these high (T,n) combinations are not entirely implausible. Another explanation

is that the interaction of a fs-laser pulse with a step-like density gradient of a solid is not covered

by the assumptions made here, as in this case ξ→ 0. If such a step is introduced to n (x ), freezing

always occurs at the conditions present at the verge of this step. In the realm of ξ∼ 10−12 m, the

freezing temperature rises to about 10− 15 eV. Compared to the interatomic distance in a solid

(∼Å), this value is unreasonably small. Thus, this simulation is only valid if the density gradient

can be sufficiently approximated by an exponential decay. If this is the case, freezing always sets

in at x/ξ∼ 10 and similar conditions for a large, but reasonable, range of 1 Å≤ ξ≤ 1 µm.

However, in the well-defined case of the interaction of a main-pulse with a pre-plasma, the chained

results of the hydrodynamic and freezing simulations, match the experimental outcome.
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Summary and Conclusion

In this final chapter, the key outcomes of the research are summarized and discussed. It revis-

its the main research objectives defined in the first chapter and evaluates how they have been

achieved. Finally, it offers remarks and highlights potential directions for future research.

One of the first steps was developing a TPS to examine the supra-thermal ions in terms of species

and kinetic energies. For this purpose, the most important design cues were first defined and

then followed to develop the specialized TPS. Because in this development, not only the E-field,

but also the B-field can be varied over a wide range, the previously unknown and broadband

ion emission could be accurately characterized. It turned out optimally suited for diagnosing

laser-generated ions from bulk or thin-foil targets due to its slim design, which offered enough

clearance for surrounding optics. At the same time, it proved to work with different detectors,

while being able to maintain optimal use of space on the detector. This led to a low energy un-

certainty across the spectrum.

In the experiments, the TPS was used with an image plate detector as well as an MCP detector.

The response of which was unknown in the supra-thermal regime. Due to the versatility of the

spectrometer, it was possible to examine the behavior of the response function, even without a

tunable ion source, by stretching the parabolic traces in a predictable manner. With this pro-

cedure, a linear response was found across the present ion energies. Therefore, both detectors

could be integrated successfully into the TPS to determine ion spectra from an ultra-short pulse

laser plasma.

With this tool, it was demonstrated which the driving factors behind the supra-thermal ion emis-

sion are in the sub 1018 W cm−2 regime. For this, single-pulse parameter scans with varying flu-

ence, intensity, and spot size were performed on a glassy carbon target.

It was found that, for pulse durations < 200 fs, the fluence is the main driving factor behind the
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supra-thermal emission. For the tested laser and glassy carbon target, a fluence∼ 100 J cm−2 was

found ideal in terms of yield. Without a dedicated pre-pulse for the initial ignition, this value is

expected to result in pre-plasma development at the right time relative to pulse peak.

To also examine the pre-plasma conditions, a double-pulse setup was introduced. This allowed

for variable delays between the pre-plasma ignition and post-pulse. With this setup, it was found

that a proper pre-plasma development is crucial for the yield. By letting the pre-plasma self-

develop on picosecond timescales before the main interaction, the yield could be tuned for a

constant total fluence. At an optimal delay of 0.2− 0.3 ps, the yield was increased by a factor of

about three. Therefore, defocusing the laser in combination with a double pulse sequence is an

efficient way to optimize the ion yield at a given pulse energy. In total, pre-plasma timing, as well

as the fluence, had the most impact on the yield. However, the ∼ 10 keV kinetic energies and av-

erage ionization of about 2.0−2.5 remained mostly unaffected, even if the laser polarization was

altered. Only by employing a layered target, the kinetic energies could be increased by about a

factor of three to∼ 30 keV. These findings lead to the conclusion that hydrodynamic acceleration

processes are likely to dominate over field driven ones.

Further, it was found that the CSD is likely determined by the LTE conditions. To explore the LTE

conditions in ultra-short pulse solid-laser interactions and the consequences for supra-thermal

ion emission, considerations involving different LTE criteria were made. It was found that, in

close to critical density plasma, they are easily satisfied in combination with a high Spitzer col-

lisional frequency. Assuming local thermodynamic equilibrium during acceleration, and up to

a certain point in the ejection process, it was demonstrated how the species distribution of the

ions can be analyzed by solving the Saha equations. For this purpose, a known Saha solver was

improved by shifting the calculations to the log-space, which allows for computation of high de-

grees of ionization, even for high Z materials. The involved partition functions of the materials

were taken from the NIST database. This way, together with the plasma-appropriate ionization

potential depression, the species distribution for a large range of plasma parameters could be

calculated.

It was demonstrated how the freezing process, and the corresponding charge state distribution,

can be exploited to recover the plasma conditions in the realm of ionization freezing. The frozen

species composition of the accelerated ions allow for insights into an early and dense phase of

the expanding plasma, which was found to be about a few orders of magnitude below the solid

density and in the 5 eV to 15 eV range.

To further evaluate these values, the hydrodynamic two-fluid code MULTI-FS was extended to

mimic the experiment. For this purpose, the feature of double-pulses was added to the code, as
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well as modifications of the tabulated ionization and opacity maps. The results of the simula-

tion were used for in depth-studies when and where early state plasma is in LTE by comparing

the characteristic diffusion length and thermal relaxation time to the plasma dynamics. This re-

vealed that the plasma is indeed in LTE shortly after laser interaction for a significant amount

of its spatial extent. As time passes, the LTE conditions worsen across the plasma, until high en-

ergy transitions leave the LTE because the expansion leads to a reduction in overall density. Until

about∼ 10 ps, energy gaps up to∆E = 40 eV are in equilibrium, which is similar to the C 2+→C 3+

transition.

As suspected, different energy transitions drop out of LTE close to each other at the plasma vac-

uum interface. Hence, the model of instantaneous freezing is supported by these findings, if

ejection occurs sufficiently early.

The results from the hydrodynamic simulations were used as input parameters for a novel freez-

ing simulation, which assumes polytropic expansion of the plasma. Based on this combination,

a polytropic exponent larger than the adiabatic value was found to predict the plasma expansion

best, as this yields similar freezing conditions as found by the CSD measurements. Considering

the energy losses due to radiation are high during the early and hot phase of the plasma, an ex-

ponent above adiabatic seems reasonable. According to this model, freezing always occurs at

similar conditions for a given polytropic exponent, which explains why the average ionization

remained nearly constant in the measurements.

The understanding of the charge states, yield, and kinetic energies are crucial challenges in cre-

ating feasible laser-solid particle sources. For the tested fluences, it was demonstrated that this

type of supra-thermal emission is limited by thermodynamic properties of the plasma during

expansion. Because the charge state distribution freezes during the ejection according to the

plasma density and temperature, emission consisting of a high average ionization or single ion-

ization states are suppressed. Since the kinetic energy was found to scale mostly with the target

structure, special targets are a promising approach to increase the kinetic energy further [164].

With further exploration of the correlation between ion properties and initial position within the

target, it might be possible to retrieve particle compositions in a depth-resolved manner simply

by measuring the charged resolved spectrum.
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Appendix

Knife edge spectroscopy

To measure the virtual size of a light or particle source, so-called knife spectroscopy can be used.

Here, a well defined edge is inserted partially into the beam, which creates a step function P on

the detector. If we assume the source resembles a Gaussian shape I (x ) = A exp(−(x/ξ)2) with

width ξ, P can be analytically expressed as:

P (h ) =

∫ ∞

h

I (x )dx (5.1)

=

∫ ∞

h

A exp

�

−
�

x

ξ

�2
�

dx (5.2)

= A∗
�

|ξ| −ξ ·erf
�

h

ξ

��

. (5.3)

Fitting the analytical to measured step function, ξ can be derived from the steepness of the step.

As ξ is expected to be smaller or similar to the µm detector resolution, a geometrically favorable

setup must be used. In such a setting, the knife edge is placed close to the plasma, at a distance

a = 2.6 cm, and further away from the detector, with distance b = 65 cm. Therefore, the geomet-

Edge1

Edge2 Plasma

IP

B⃗

a

b

ions

Figure 5.1: Experimental setup of the knife edge spectroscopy.
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Figure 5.2: (a): Knife edge signal and (b) step function with the corresponding fit.

ric magnification is

V =
a + b

a
. (5.4)

A problem arises because the plasma emits X-rays, ions, and electrons in the same direction.

To prevent their signals from overlapping, the magnetic field (only) of the Thomson parabola

spectrometer was used to separate them horizontally after the edge is introduced. In order to

do that, a vertical slit aperture was added, which is visible in Figure 5.2 (a). To the right, the ion

signal of the first and second carbon species is apparent. In Figure 5.2 (b), the data points of

the lineout indicated in (a) are drawn, as well as the fit of the error function. The parameter of

interest ξ = 26.1 µm, multiplied with the inverse magnification of 1/V = 0.0385 is given in the

legend. As the particles are ordered horizontally by charge and impulse, shifting the lineout in

this direction, the source size dependent on the deflection is found. Figure 5.3 shows the result

in which it be comes apparent that the source size is withing ξav = 22.7± 3.6 µm. At deflections

close to zero where the signal is due to X-rays, the source size is slightly larger at 30 µm. This is

close to the diameter of the laser projected onto the target
�

2 · 2wI ≈ 25 µm at the defocused

position at which the measurement was taken. Note that the width of the intensity is smaller

than the one of the electric field wI = w /
�

2.
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Figure 5.3: (a): Knife edge signal and (b) step function with the corresponding fit.

Ionization tables

In the fort.13 file of the openly available version of MULTI-FS, the ionization tables are saved af-

ter the identifier "10002000". The first two fields give the number of density NR and temperature

NT values, which span open the grid of tabulated ionizations. Then, the NR density ρ-values

follow, and after that, the NT T -values. Finally, NR×NT values holding the average ionization at

the (ρ, T )-combination follow. Here, the first NR entries correspond to the given NR ρ-values

and the first temperature T1. The second NR entries correspond again to the given NR ρ-values

and the second temperature T2, and so on. Figure 5.4 shows a comparison between the default

aluminum ionization table (a), and the table created with the Saha solver (b). Note that the tem-

perature axis was restricted to more accurately tabulate the region of interest.
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Figure 5.4: Default aluminum ionization table as read from the fort.13 in MULTI-FS.
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Figure 5.5: Mass attenuation coefficient from the FFAST database [160]. This graph was used to
calculate the Plank and Rosseland opacities for MULTI-FS.

Rosseland- and Planck-Opacity

In similar fashion, the mean values for the Rosseland

χR
k =

∫ νk

νk−1

∂ I P (ν)
∂ T dν

∫ νk

νk−1

1
χ (ν)

∂ I P (ν)
∂ T dν

, (5.5)

and mean Plank opacities

χP
k =

∫ νk

νk−1
χ (ν)I P (ν)dν

∫ νk

νk−1
I P (ν)dν

, (5.6)
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are tabulated after the identifiers "10003000" and "10004000" respectively. The only difference

is that after NR and NT, two fields follow, which hold the lower hνk−1 and upper energy bound

hνk of a bin. Therefore, throughout the fort.13 file, the identifiers are repeated for each bin. After

that, NR×NT values for the opacity follow. In order to compute the table, two things are needed.

The first is the Planck spectral intensity

I P (ν) =
2hν3

c 2
�

exp
�

hν
k T

�

−1
� , (5.7)

and the second one are the mass attenuation coefficients χ (ν). For this work, these were read

from the FFAST database. The data assumes the attenuation is proportional to the density. In

plasma, where the particle composition and energy levels are state dependent, it should be noted

that this is strictly speaking not the case. Figure 5.5 shows χ across a large range of photon en-

ergies. Note that the range does not go down to 1 eV, which is the smallest bin boundary. This

was fixed by simply extrapolating the graph with a constant, using the left most value. Doing so,

gives the mass attenuation charts, which are shown in Figure 5.6 and Figure 5.7 in comparison

with the default aluminum tables.
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Grid in MULTI-FS

In MULTI-FS, the size of the cells in the grid is not initialized to be constant. Rather, it is stacked

from one side of the simulation volume to the other according to [52]

∆ri+1 = k ·∆ri . (5.8)

Here, k is a constant which describes the size progression. For a given layer thickness d , and

number of cells N , the relationship is

d =
N−1
∑

i=0

∆ri . (5.9)

Inserting eq. (5.8), and taking the result of the partial sum of the geometric series yields

d =∆r0

N−1
∑

i=0

k i (5.10)

=∆r0 ·
1−k N

1−k
. (5.11)

Therefore, the resolutions of the first, and last cell are

∆r0 =
1−k

1−k N
d (5.12)

∆rN−1 =
1−k

1−k N
k N−1d . (5.13)

Most simulations were carried out using k = 1.06 and N = 220, which gives ∆r0 ≈ 0.5 nm and

∆rN−1 ≈ 0.17 mm at d = 3 mm.
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Figure 5.6: Used Planck absorption for the default aluminum (a-e), and carbon (f-j) for photon
energies from top to bottom: 1-10 eV, 150-250 eV, 700-900 eV, 2000-2200 eV, 2800-3100 eV.
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Figure 5.7: Used Rosseland opacities for the default aluminum (a-e), and carbon (f-j) for photon
energies from top to bottom: 1-10 eV, 150-250 eV, 700-900 eV, 2000-2200 eV, 2800-3100 eV.
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(T,n)-scans

For completeness reasons, here are the temperature and density evaluations of the CSDs as mea-

sured by variation of the laser pulse duration.
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Figure 5.8: Temperatures (a) and densities (b) as found by the CSD analysis for various pulse
lengths. Multiple data points indicate the different branches, missing points indicate no agree-
ment of the measured and Saha CSD was found.
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Vector beams

As described in the first chapter, the polarization of a laser is usually consistent across the beam

profile. This is true for either linear or circular polarization. The PHASER system, however, of-

fers the possibility to generate vector vortex beams, in which the direction of polarization varies

across the beam. Such beams can be described in Cartesian coordinates as

E⃗ (t , x , y , z ) =







E0(r )cos(θ )exp(i (ωt −k z ))

E0(r )sin(θ )exp(i (ωt −k z ))

0






. (5.14)

Here, θ is constant for linear polarization, θ = arctan(x/y ) for radial polarization, and θ =

arctan(x/y ) +π/2 for azimuthal polarization, and r =
p

x 2+ y 2 is the radial distance to the op-

tical axis. Figure 5.9 gives a comparison of these three types of beams for different positions in

the half cycle. In practice, this is achieved by inserting a Liquid Crystal Polymer (LCP) Vortex

Retarder into the beam. This is a type of Liquid Crystal Spatial Light Modulator (LCSLM) [165,

166], which alters the polarization across the beam profile, as the name suggests.
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Figure 5.9: A comparison of the different polarization types used to compare the ion yield. In
(a, upper row), the propagation of electric field of a linear polarized laser with a gaussian beam
profile is shown. (b) and (c) show the same step for radial and azimutal polarization respectively.
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Taken from Publications

For this thesis, parts of the publications were used in altered and unaltered form. Slight changes

were made in terms of wording and visual representations to fit the template and writing of this

work.

Electromagnetic Thomson parabola spectrometer for detection of fs laser-driven keV ions [12]

The parts of this work concerned with ion spectroscopy, are predominantly taken from this ref-

erence. These parts appear mainly chapter 1, 2, 3, and 5 (2.4, 3.2).

Temperature and density measurement of an ultra short laser pulse driven carbon plasma by

skin-layer ion emission analysis [167]

The parts of this work concerned with plasma parameters, are mainly taken from this reference.

This includes predominantly parts of chapter 1, 2, 3, 4, and 5 (2.3, 3.3, 3.4, 4.2).

Dynamics of supra-thermal carbon ion emission driven by single and double femtosecond-

laser-pulses [168]

The parts of this work concerned with ion emission, are mainly taken from this reference. This

includes mainly parts of chapter 1, 2, 3, 4, and 5 (2.3, 3.3, 3.4, 4.1, 4.3, 4.4, 4.5, 4.6, 4.8).

Local thermodynamic equilibrium in laser-solid interaction modeled by hydrodynamic sim-

ulations

The parts of this work concerned with LTE conditions, are mainly taken from this draft. This in-

cludes mainly parts of chapter 1, 2, 4, and 5 (2.2, 2.3, 4.8). Not that this manuscript has not been

published by the time this work is submitted.
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