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Abstract

Characterization of potential distribution within inertial-electrostatic con�nement (IEC) fusion
devices is one of the central topics of investigation in the �eld. The IEC concept use strong
electrostatic �elds to accelerate and focus ions to fusion-relevant conditions inside a transparent
hollow cathode in the center of the device. Understanding and optimizing the potential distribution
is believed to be a key aspect to fusion rate improvement. The potential distribution is explored in a
spherical inertial-electrostatic con�nement fusion device by measurement of the energy distribution
of the accelerated ions. Doppler-shifted LIF spectroscopy is employed to obtain spatially resolved
Doppler pro�le measurements on the 3d4F7=2 metastable Ar-II ionic state in the inter-cathode
region.

The probed ions are found to have a signi�cant Maxwellian velocity distribution component
within the cathode grid. The thermal velocity distribution corresponds to an ion temperature
of 4eV . A positive relation between the central ion temperature and the characteristic discharge
voltage is found while the the transfer of energy from the accelerated species to the thermal
background is less e�ective in star mode than in halo mode discharge regimes.

High-energy IEC-broadened pro�le features were not observed and therefore characterization
of the energy distribution of the high-energy ions in the plasma was not possible within in the
considered experimental conditions. This indicates that the highly accelerated non-thermal ions
in the plasma do not su�ciently populate the probed ionic state for LIF detection.



Acknowledgments

I would like to extend my thanks to the many people involved in this project, and highlight their
indispensable contributions to my graduation research. First of all I thank Gerrit Kroesen and
Niek Lopes Cardozo for providing the opportunity for this research project. My sincere thanks go
to Roger Jaspers, Ana Sobota and Eddie van Veldhuizen for the scienti�c guidance and support
I received along the course of the project. Hans van Oosterbeek provided excellent coordination
of lab-related logistics and arrangement of the required laser- , neutron- and high voltage safety
certi�cations.

The assistance Hjalmar Mulders provided on key aspects of the laser operation and imple-
mentation of the LIF plasma diagnostics was very helpful. His experience with LIF diagnostics
made a big di�erence. Making the dye laser setup operational would also not have been possible
without the assistance of Emile Carbone, who was so kind to provide me with most probably the
�rst remote dye laser alignment consultation via Skype.

Thanks to Ab Schrader for his technical support on getting the dye laser up and running.
Most of all, I would like to acknowledge Herman de Jong for his devoted technical support and
assistance during the challenging experimental development phase of the work.





Contents

Contents iii

1 Introduction 3
1.1 Inertial electrostatic con�nement fusion . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 IEC fusion plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Scaling behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 Gas discharge gridded IEC . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.3 Advanced designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 TU/e Fusor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 The ion velocity distribution function . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Research objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.6 In this report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Inertial electrostatic con�nement fusion 11
2.1 A qualitative description of IEC physics . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 The collisionless model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.2 The e�ects of collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1.3 The e�ect of the cathode grid . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 The TU/e Fusor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.1 Basic experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.2 Diagnostics and control systems . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.3 Cathode grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Macroscopic plasma characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 Discharge regimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.2 Plasma VI-Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.3 Plasma spectral characterization . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4 Discussion and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3 LIF diagnostics 29
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 The LIF schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3.1 Basic design considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3.2 Basic experimental con�guration . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.3 Integration of the system components . . . . . . . . . . . . . . . . . . . . . 34
3.3.4 Measurement procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4 LIF setup commissioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy iii



CONTENTS

3.4.1 iCCD gate timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4.2 Further SNR considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4.3 Saturation behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4 Doppler-LIF ion velocity measurements 45
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.2 LIF spectral intensity pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2.1 Pro�le de-convolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2.2 Pro�le analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3.1 Signal processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3.2 Measurement artifacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.4 The LIF spectral pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.4.1 Preliminary analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.4.2 Pro�le shape analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.4.3 Thermal ion temperature fraction . . . . . . . . . . . . . . . . . . . . . . . 53

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5 Summary, conclusion and outlook 57
5.1 General summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.1.1 Plasma characteristics and measurement conditions . . . . . . . . . . . . . . 57
5.1.2 LIF diagnostics experimental setup . . . . . . . . . . . . . . . . . . . . . . . 58
5.1.3 Doppler-LIF IVDF measurements . . . . . . . . . . . . . . . . . . . . . . . 59

5.2 General research conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.3 Recommendations for further research . . . . . . . . . . . . . . . . . . . . . . . . . 60

Bibliography 63

Appendix 67

A State Population Theory for LIF 69
A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
A.2 2-level model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
A.3 Extension to a 3-level scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
A.4 Saturation Regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
A.5 Pulsed Excitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

B Diagnostic Gas Selection 73

C Signal Detection Threshold 75

D Spectral Broadening E�ects 77
D.0.1 Intrinsic Broadening E�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
D.0.2 Experimental Broadening E�ects . . . . . . . . . . . . . . . . . . . . . . . . 78

E Timing Schemes 81

Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy 1



CONTENTS

2 Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy



Chapter 1

Introduction

Nuclear fusion is hot. The concept of fusion-powered power plants intrigues both the general
public and scienti�c community due to the utopian prospects of a nuclear-fusion driven economy.
An eventual breakthrough in the �eld of nuclear fusion energy could mark a turning point in
history and entrance into an era of virtually inexhaustible and scalable electricity production.

Stars have a proven track-record as excellent cosmic fusion reactors. The sheer mass of these
bodies creates the con�nement, using the gravitational force, required to achieve the right mix of
density, temperature and ratio of energy output and fusion input power. Gravitational con�nement
is conceptually straightforward mechanism and it is therefore a tempting idea to recreate the sun
on earth and harness its power in a man-made machine. However, compact fusion reactors must
rely on arti�cial methods of con�nement to maintain the necessary reaction conditions.

The tokamak fusion reactor, based on a magnetic con�nement scheme, is currently the most
developed and funded approach to a commercially viable electric power plant. In parallel a wide
range of alternative approaches toward nuclear fusion energy are being pursued, mostly in the
form of smaller-scale experiments with less complexity and lower budgets.

1.1 Inertial electrostatic con�nement fusion

A very early contender in the race to fusion power is the inertial electrostatic con�nement (IEC)
reactor, which stands out in terms of simplicity. This concept uses electrostatic �elds to both con-
�ne and accelerate ions toward an inner centrally positioned electrode. A schematic representation
of an IEC fusion reactor is shown in �gure 1.1a.

The basic functionality of an IEC reactor is provided by a vacuum vessel for containment of
the reactor fuel, two concentrically positioned electrodes and a high-voltage DC-power supply, as
shown in Figure 1.1a. The negatively biased cathode is designed with a �ne mesh- or grid-like
construction, to achieve high transparency for incoming ions in order to minimize collisional losses.
By using a spherical geometry for the electrodes, geometric conversion is achieved: when applying
a high voltage between the electrodes, charged particles will be accelerated in the inter-electrode
region toward the geometric center (�gure 1.1b). The particles converge in the so-called focus
area within the central cathode, were both maximal particle velocity and particle densities are
achieved. These are the two main ingredients for fusion.

In comparison to magnetic con�nement devices, the IEC concept stands out in terms of simpli-
city of the reactor design, small physical dimensions and a low maintenance steady state operation
at the ick of a switch [2]. There is considerable doubt that the IEC will be able to serve as basis

Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy 3



CHAPTER 1. INTRODUCTION

(a) A schematic representation of the IEC reactor
main components.

(b) A potential pro�le emerges from the space-
charge contribution of converging ions [1].

Figure 1.1: Basic principles of the IEC reactor concept. A deep negative potential well (1) con�nes positive
ions (2) in oscillatory trajectories (4) through the central focus region (3). Fusion products are emitted
with isotropic distribution.

for commercially attractive electric power plants[3, 4] due to several inherent loss mechanisms.
However it should be noted that the IEC is the most successful reactor concept to this date. IEC-
based fusion reactors are �rst to reach the market, be it with an application as a compact neutron
source[2]. The deployment as neutron source remains an attractive option with various applica-
tion �elds. A few of these applications include: medical isotope production[5, 6, 7, 8], explosives
detection, luggage inspection, transmutation of long-lived isotopes in nuclear waste and screening
of scrap metal for radioactive elements in the steel industry[9]. A more exotic non-electric and
application of IEC was expressed more recently by MIT in the form of propulsion thruster in
space[10].

1.2 IEC fusion plasma

The main challenge in IEC performance optimization lies in minimizing loss-mechanisms inherent
to the reactor design. The IEC discharge is characterized by a non-Maxwellian velocity distribu-
tion of the ion population and a natural tendency of equilibration of the ionic species with the
background particles[3]. Maintaining the non-Maxwellian ions velocity distribution is achieved
by directly coupling the discharge power into the con�ned ion species by acceleration toward the
central focus region of the reactor, and makes the reactor suitable for enhancing fusion-reaction
rates. The largest factors involved in energy con�nement losses are inelastic coulomb collisions,
resulting from equilibration of the velocity distribution function towards the thermal background,
and direct grid collision losses. Figure 1.2 illustrates the distinction between the extrema of a fully
non-thermal ion population without the aforementioned losses. The ideal situation characterized
by a monotonous energy pro�le close to the maximal applied acceleration energy is achieved when
by maintaining an extremely low background pressure. Fusion-relevant acceleration is starts for

4 Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy



CHAPTER 1. INTRODUCTION

energies of 50 keV and higher.

Figure 1.2: Illustration of the velocity distribution of ions in the central region of the IEC discharge,
compared to thermonuclear fusion. The IEC discharge is characterized by the presence of both a thermal
contribution at low temperature accounted for by the background gas and a high-energy non-thermal con-
tribution by the accelerated ions. Emax represents the energy gained by the ions when experiencing the
full acceleration potential applied between the electrodes. Eth indicates the threshold kinetic energy above
which a signi�cant fusion reaction cross-section occurs.

1.2.1 Scaling behavior

The neutron production rate (or rather the fusion rate) in IEC plasmas scales with the local density
of the accelerated particles in two distinct regimes. Based on neutron production scaling behavior
in D-D experiments, the fusion reaction is thought to involve predominantly slow background
neutral and a either a high energy accelerated particles[11]. The fusion rate can be described by
ion-background collisions according to:

Rfus / nf nbh�vi / nf ph�vi / Iplasma (1.1)

Here the local fast ion particle density is denoted by nb and the accelerated ion density by nf . The
background density scales with the gas pressure p. The fusion reactivity h�vi is averaged over the
appropriate fast-slow relative velocity distribution function. Ion-background collisions are found
to be dominant in electric-discharge IEC devices, and the fusion rate is found to scale linearly
with discharge current Iplasma[12]. In a low-pressure regime, where ion free mean paths exceeds
the typical diameter of the discharge, ions are able to recirculate and oscillate multiple times
through the central grid without loss of energy. In this manner bi-directional ion beams called
micro-channels are formed via a geometric self-selection process[13], which approaches the situation
of Figure 1.2a. Beam-background collision rates decrease for lower pressures, and ’beam’-’beam’
fusion collisions are found to become dominant for high current pulsed discharges[14].

Rfus / n2
bh�vi / I2

plasma (1.2)

Here nb denotes the local beam particle density. The favorable quadratic scaling of the fusion
rate with discharge current makes the low pressure regime most suitable for high performance
IEC operation. The low pressure regime discharges are often assisted by injection of ions, so the
pressure limits of a normal DC electric discharge does not limit the operational range.

Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy 5



CHAPTER 1. INTRODUCTION

1.2.2 Gas discharge gridded IEC

Operation of an IEC reactor con�guration with a bu�er gas is the most straightforward approach.
An electronic discharge between the electrodes functions as a source for ions. Ionization of the
gas following a Townsend avalanche in the inter-electrode region provides the initial ions for
acceleration. This approach has a very minimal design and is relatively easy to build using readily
available parts. A fast growing community of amateur scientists focuses on building and showcasing
gas discharge IECs, commonly referred to as ’Fusors’.

Glow discharge IECs generally can not reach the low pressure regime required for fast ion-ion
fusion dominance without the aid of additional power coupling into the plasma (assisted glow) or
ion injection. In practice an optimal neutron production rate is often experimentally achieved in
the higher pressure regime due to the due to the larger contribution of the background particle
density and a less focused (and thus larger) e�ective reaction volume[12].

1.2.3 Advanced designs

The holy grail in IEC development is elimination of particle-cathode collisions all together while
preserving the con�nement of the high-energy ions. Attempts have been made to omit the physical
electrode, but also development of elaborate schemes for increasing the e�ective transparency are
proposed. Two notable advanced reactor designs are the PolywellTM[1] and the Penningtrap[15],
both using magnetic �elds to indirectly create a single virtual central electrode so collisional
ion-electrode losses are eliminated. A roundup of all notable advanced schemes can be found in
Ref. [16].

A range of IEC concepts have been studied, both theoretically and experimentally. Included
are purely electrostatic systems and combinations of electrostatic and magnetic �elds for particle
con�nement. A summary of the most common IEC types is shown in Table 1.1. The variations on
the IEC can be roughly divided in three categories; grid-less designs, using a means for creating
a virtual cathode, central grid with ion injection and glow discharge IECs using ion- or electron
impact ionization of background particles as dominant source of ions. The latter concept is used
for experimental work in this thesis. Fusion rates in the order of 5 � 1011 s�1 have been achieved
with proprietary IEC based D-D fusion reactors recently[8].

IEC
type

E-�eld B-�eld
Inner

Electrode
Electron
Source

Ion
Source

Fusion Rate
D-D (s�1)

Farnsworth Static None Virtual Anode II II N.A.
Hirsch Static None Real Cathode None Injected 107 � 108

Glow
Discharge

Static None Real Cathode II II 106 � 107

Assisted
Glow Discharge

Static None Real Cathode Injected II 107 � 1010[17]

Polywell Dynamic Static Virtual N.A Injected Injected 109

Penning Trap Static Static Virtual N.A Injected II 1010

POPS[18] Dynamic None Virtual Anode Injected II N.A

Table 1.1: Overview of the most prominent IEC concepts. II stands for impact ionization and includes both
ion impact ionization and electron impact ionization. List adapted from Hermans (Eindhoven University
of Technology, 2013)[19]
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1.3 TU/e Fusor

The TU/e Fusor is a student project aimed at the development of a fully functional deuterium
fusion-optimized IEC[19], taking into account the aggregated experience of the scienti�c com-
munity. The TU/e Fusor in falls in the category of a non-assisted gridded spherical IEC discharge.
A neutron production rate of 107 s�1 has been achieved, which is comparable to other gridded
electric discharge devices [20, 17].

This type of design is widely adopted by an active hobby community1 for its visually appeal-
ing and easily achievable fusion discharge using readily available components. Nevertheless, full
comprehension of the plasma characteristics remains elusive and this type forms an excellent basis
for fundamental plasma-physical research on IEC type plasmas.

1.4 The ion velocity distribution function

Characterization of potential distribution within the IEC devices is one of the central topics of
investigation in the IEC research �eld, since understanding and optimizing these virtual electrode
formation is believed to be the key to reactor improvement[21]. Several researchers have since tried
to verify the hypothesis of the virtual electrode formations. Although a mathematical basis exists
for a mono-energetic, collision-less and geometrically ideal situation[22], experimental veri�cation
attempts based on various diagnostics including reaction product collimation diagnostics[23, 14,
24, 25], probe measurements[26, 27], LIF based Stark Shift[28], remain ambiguous up to date
due to contradicting results[16]. The results obtained are found to remain ambiguous since these
diagnostics are either invasive, lack the required spatial resolution, and tend to oversimplify the
geometry of the IEC reactor[16].

Research has been conducted to determine the velocity distribution function and density func-
tion of the fast ion species in a hydrogen discharge[29], following the example of for instance
reference [30, 11]. Measurements were conducted by looking at the Doppler-broadened single
Balmer-alpha emission lines, using charge-exchange recombination spectroscopy. These measure-
ment provide insight in the integral contribution of the majority of the excited species, including
the fast ion velocities, by looking at the Doppler-shift of the measured spectrum. Extraction of
the relevant fast-ion portion of the signal proved very challenging and did not result in signi�cant
results.

Laser-Induced Fluorescence (LIF) has been identi�ed as an suitable diagnostic for charac-
terizing directly the ion velocity distribution of low-pressure plasmas[31, 32]. In general LIF is
employed as a non-perturbing plasma diagnostic with spatial and temporal resolution, and the
ability to perform quantitative measurements on (among others) velocities and state densities.
The diagnostic technique targets speci�c (ionic) state populations in the plasma by selective excit-
ation via intense laser irradiance. Information about the probed state is obtained by observing the
optical emission following decay of the upper level - a process called uorescence. Doppler-shifted
LIF velocimetry provides spectral resolution by spectrally scanning the laser frequency along the
excitation transition[32]. Governed by the Doppler relation the intensity of the observed uores-
cence will reect the velocity distribution of the probed species. The sensitivity of this technique
is very high for the detection of ions [33]. No accounts of application of LIF technique in literature
have been found speci�cally for characterization of accelerated species in IEC plasmas.

1Community website: http://www.fusor.net - The Open Source Fusor Research Consortium
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1.5 Research objective

In this report Doppler-shifted LIF velocimetry measurements are used as method to determine
the velocity distribution function the ions in the IEC plasma. In order to get a better grasp
on the factors determining the IEC performance in terms of neutron production rate, a direct
measurement of the accelerated ion velocity pro�le is required. The measurement must be spatially
resolved to gain insight on local features of the potential �eld in the plasma.

The research objective leads to the following research question:

� Can a local ion velocity distribution function (IVDF) be determined in the central region
of an IEC plasma discharge by spatially resolved LIF measurements of the ionized particles
accelerated in the electrostatic �eld of the Fusor plasma discharge?

The general research question posed above is tackled on the basis of three work phases. A
number of general questions are posed to serve as a guideline for the work to be conducted.

1. In the orientation phase, the applicability of Doppler LIF diagnostics for the TU/e Fusor is
investigated.

� What are the plasma conditions required for LIF measurements?

� Which line broadening mechanisms are at play and what is the expected local Doppler-
broadened pro�le of ionic species in an IEC type reactor?

� Which LIF schemes are most suitable for Doppler LIF measurements in a IEC type
plasma discharge?

� What are the physical/practical limits in terms of measurement capabilities for the
proposed LIF diagnostic scheme?

2. The macroscopic characterization of the IEC plasma is employed in preparation for the LIF
measurements,

� What is the operational parameter space of the plasma? Can the characteristic IEC
plasma regimes be produced?

� Are the practical or physical limitations imposed by the di�erent plasma regimes on
the LIF measurements?

� To what extent are the LIF measurements inuenced by the material composition of
the central electrode and the diagnostic gas?

3. Implementation of the proposed Doppler LIF diagnostic leads to the following questions:

� Is LIF detectable based on the chosen LIF scheme in the plasma regimes of interest?
How can the signal to noise ratio or the measurement be maximized?

� What are the main factors involved in the quality of the detected signal? What is the
inuence of the plasma regime on the quality of the measurements?

� Can a velocity pro�le of the ions be reconstructed as function of the macroscopic state
of the plasma? Can a direct relation be found between the characteristic discharge
voltage of the plasma and the velocity distribution of the ions?

� Is it possible to extract other quantitative information about the Fusor discharge, for
instance (local) densities and ion temperatures?

8 Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy
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1.6 In this report

The implementation and operation of the LIF plasma diagnostics on the TU/e Fusor plasma is
explored. Doppler-shifted LIF measurement technique is used to characterize the ion population
velocity pro�le in the distinct discharge regimes of the plasma.

Introduction to the TU/e Fusor experiment and general characterization of the diagnostic
plasma is covered in Chapter 2. Characterization of the macroscopic state of the IEC diagnostic
for this plasma is performed and discussed in order to evaluate the measurement conditions for
the LIF diagnostics. Chapter 3 covers the LIF diagnostics setup and initial commissioning of the
experimental setup. Results of the IVDF measurements and are presented in Chapter 4. Finally,
the summary, main conclusions and outlook are presented in Chapter 5.

Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy 9
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Chapter 2

Inertial electrostatic con�nement
fusion

This chapter aims at describing the characterization of macroscopic parameters in the TU/e Fusor
plasma. This work is carried out in preparation for the high-energy ion velocity pro�le meas-
urements using Laser-Induced Fluorescence (LIF) Doppler spectroscopy. The characterization is
geared towards verifying the composition by assessing the spectroscopic footprint of the plasma.
Also the stability is assessed over extended periods of time.

Section 2.1 starts with a general qualitative take on IEC physics for the introduction of the
basic operation principles. The experimental setup of the plasma reactor is covered in Section 2.2.
The macroscopic parameter space of the plasma is investigated to identify the scienti�c regions of
interest. The results are covered in section 2.3.

2.1 A qualitative description of IEC physics

In this section the IEC concept is introduced conceptually to illustrate the most important fea-
tures of its operation, and to obtain a feel of the physics at play in IEC devices. This following
elaboration is based on the essence of the theoretical work done by Hirsch[23]. Discussion will be
restricted to ion-con�ned operation in view of the focus in this work for nuclear fusion.

2.1.1 The collisionless model

The basis of the IEC reactor is a spherical negatively biased cathode which is concentrically
surrounded by a grounded spherical anode. The cathode is assumed transparent for ionic species
with transparency factor �grid. Ions are introduced uniformly from the anode surface inward, into
the inter-electrode space with zero kinetic energy.

Single ions introduced at the outer edge of the inter-electrode region experience the total
applied acceleration potential of Vd, and transverse the inner-cathode region at maximum velocity
vmax =

p
2qVd=m for ionic charge q and particle mass m. Collisions are not taken into account,

so the motion of the ions is assumed to be only in the radial direction.
Once the inner-cathode region is transversed, the ion experiences the reversed �eld on the opposite
side of the reactor and is reected at the anode radius to complete the round trip. For large ion
current, accumulation of space charge of concentrically converging ions causes for the formation
of a virtual anode in the focus, as illustrated in �gure 2.1. The fusion conditions are mitigated

Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy 11
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Figure 2.1: Illustration of the cross-section of potential well structures encountered in IEC reactors. A
single well consisting of a virtual anode is formed due to space charge accumulation of converging ions.
The double well arises for su�cient ion current due to acceleration of electrons to the virtual anode.

since the ions have a maximal velocity at the cathode radius in this new situation. In the central
region where the ion density is highest, the ion velocity is reduced by the virtual anode.

Realistically, electrons are emitted by the cathode grid either by thermionic emission or sec-
ondary electron emission. All inward-directed electron emission is accelerated towards the virtual
anode, and are con�ned locally to form a virtual cathode.

In an ideal symmetric con�guration, this process of virtual electrode formation repeats itself,
creating successively denser regions of high energy ions. Both experimental- and mathematical
evidence has been found supporting the existence of such potential structures [24][23]. The extent
of the virtual anode can have a signi�cant e�ect on

In �rst approximation the transparency is de�ned as the mesh surface area divided by the total
geometric surface of the sphere:

�geometric =
Asphere � Amesh

Asphere
=

1 � Amesh=Asphere

1
(2.1)

A recirculation factor can be de�ned as the amount of oscillations of the average ion before
collision a destructive collision with the cathode. For a single ion, the chance of passing through
the inter-cathode region. After the �rst entrance there is a chance of � that the ion will transverse
the focus. For each subsequent inward pass the ion has to pass the grid surface two times. This
translates into an in�nite series that de�nes recirculation factor �.

� = � + �3 + ::: =
infX

n=0

�2n+1 =
�

1 � �2 when 0 � � � 1 (2.2)

Now an e�ective ion current can be de�ned in terms of the plasma current using the recircu-
lation factor according to:

Ii = �Ip (2.3)

To quantify these properties, a cathode grid with a 95% geometric transparency will allow for a
recirculation factor of approximately 10. An external driving current of 50 mA would lead to an
internal ion recirculation of 500 mA for this speci�c cathode.
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2.1.2 The e�ects of collisions

Up till now the only losses taken into account are collisions with the cathode grid. An other major
loss mechanism is due to coulomb interactions. The cross section of fusion is in practice orders of
magnitude lower than the coulomb scattering cross section[4][34][18]. Since the fusion reactions
are from non-thermal species, any coulomb interactions are direct energy loss through collisional
cascade. The negative e�ects are two-fold: the ion population is partly cooled - inhibiting the
’fusion-potential’ of further collisions - and ions which are forward-scattered (in other words,
receiving an impulse in the direction movement) are potentially able to escape the con�nement
and are lost to the anode. These e�ects have a number of consequences ideal performance of an
IEC.

� In the ideal situation only radially directed movement of ions is assumed. Given the coulomb
interactions between ions, this assumption is unrealistic, even for highly symmetrical systems.
Coulomb interactions increase the focus region and may inhibit the virtual potential well
formation.

� Any ions with low energy in the central region will be trapped in the inner-cathode potential
well and may stay there for long time periods. Sources of slow ions are reaction products
and (secondary) ions scattered from the cathode grid.

� Two primary conditions for virtual electrode formation are low angular momentum of the
particles and a peaked, or mono-energetic, ion velocity distribution. Coulomb collisions with
slow particles result in both broadening of the ion velocity distribution pro�le and increasing
the spread in angular momentum for the non-thermal ion species.

2.1.3 The e�ect of the cathode grid

The introduction of a cathode grid in practice will have a profound inuences on the plasma.
The ideal conditions, a perfectly symmetrical grid with high geometric transparency can not be
achieved due to limitations of the manufacturing or physical constraints the reactor design. Even
with an ideal in�nitely �ne mesh of extremely thin wires, shaped into the optimal geometric sphere,
the suspension would still require a high voltage stalk which inherently introduces asymmetry in
the potential �eld. The assumption of purely radial ion movement is therefore not realistic.

� An �ne mesh requires thin wires, which may induce Corona discharges due to high local
e-�elds near the wires.

� Thin wires are not capable of conducted large heat uxes, which generally means higher
operation temperatures. Higher temperatures increase erosion of the materials

� Thin wire meshes are easily damaged and deformed and on top of that wear at a faster rate
when exposed to ion bombardment in comparison to thicker wires.

Extensive experimental analysis[35] and PIC modeling[36] have shown that grids constructed of
thick wires with large openings rather than a �ne mesh has a number of bene�ts. The geometrical
con�guration created in this manner functions as a electrostatic lens, focusing incoming ions in
channels of current-caring ions. Ions in these channels turn out to have a drastically decreased
chance of hitting the cathode grid. Since the majority of the current is conveyed by these channel
structures, the grid actually is found to perform better in terms of ion recirculation factors than
the geometric transparency of the grid strictly allows. E�ective transparencies have been found
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to surpass the 99% for certain grid con�gurations [24]. Other reports, via PIC modeling, indicate
that the e�ective grid transparency strongly depends on the energy of the incoming ions relative
to maximal energy available in the acceleration �eld[36]. The transparency drops rapidly for ions
whose energy is less than 1/3 of the applied voltage. An a priori determination of e�ective grid
transparency based on the geometric design has not been demonstrated to be reliable, which makes
experimental characterization a requirement for performance analysis.

2.2 The TU/e Fusor

The experimental con�guration of the TU/e Fusor is covered in this section.

2.2.1 Basic experimental setup

A schematic representation containing the essential components is given in �gure 2.2. The device is
composed of a spherical anode of �xed radius R1 = 500 mm, which doubles as the reactor vessel for
containment the discharge gas. A cathode grid of radius R0 is suspended in the center of the device
and is connected to the negative side of the power supply via a high voltage vacuum feed-through.
4 sets of oppositely placed diagnostics ports are available, angled at a 45� angle with respect to
the horizontal plane and aligned with the center of the device (2 shown in the illustration). The

Cathode Grid

Gas Inlet

Anode / Vacuum Vessel

Aux port

-
- -

-
-- --

+

+

+
+

+

+

+
+

DC supply

M

Resistor Stack

Pressure
Sensor

Vacuum 
Pump +

P

VSZ0 I S

R0

R1

Regulating
Valve

Figure 2.2: Schematic representation of the TU/e Fusor IEC. The components providing basic functionality
are shown, including the electrical circuit, vacuum components and the relevant operational parameters.

discharge voltage Vd is delivered by a 120 kV DC Cockcroft-Walton-type Heinzinger HCN capable
of delivering. The plasma reactor is connected in series with a ballast resistor stack of Z0 of 210k

to stabilize the discharge and protect the power supply during plasma breakdown.

In order to moderate and stabilize the temperature of the reactor during high power discharges,
the wall is actively water-cooled.
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2.2.2 Diagnostics and control systems

The TU/e Fusor is capable of sustained, steady-state DC discharges with a plasma voltage of
up to 60 kV at 100 mA (limited by the high voltage feed-through). The power supply supports
voltage-limited control. Therefore, plasma-voltage limited control is not possible without a more
sophisticated control scheme. The supply voltage and current are obtained using internal meters,
with a speci�ed accuracy of 2% of the maximal range.

The operational space of the plasma is determined by three main parameters, namely plasma
current, plasma voltage and gas pressure. The plasma current Ip is de�ned as the current owing
through the plasma. Assuming the current only ows through the plasma, and no signi�cant
current leaks occur for instance across the high-voltage feed-through, the plasma current is equal
to the supply current Is. The plasma voltage Vp is de�ned as the e�ective voltage applied between
the anode and cathode electrodes. The inclusion of the ballast resistor stack in the electrical
circuit design, the plasma voltage is related to the supply voltage according to

Vp = Vs � Z0Is (2.4)

Ip = Is (2.5)

The pressure in the reactor chamber is regulated with active pressure PID control, comprised
of a regulating needle valve at the gas inlet and a hot cathode ionization pressure gauge near the
vacuum pump outlet. The controllable operation regime lies between approximately 10�1 Pa and
103 Pa. This operational space enables driving the plasma in all relevant IEC regimes for this
device; from intense star mode operation at the lowest pressures up to DC glow discharge that
engulfs the cathode grid entirely for the high pressures.

2.2.3 Cathode grid

Cathode grids are constructed of metal wiring with typical diameters from 0.25-1 mm. Spherical
grids using the geodesic design (symmetric, using n rings of equal radius) as well as the globe
design (with latitude and longitude rings) have been found to produce good results in unassisted
IEC glow discharges[35], using the ’large-hole’ design discussed in section 2.1.3.

Nickel has been the choice of grid material for the TU/e Fusor throughout the development
stage and early research. Nickel is attractive due to its ease of prototyping and construction
as well as its low price. Nickel has proved to withstand operation at high power for extended
periods of time using su�ciently thick wire for construction[37]. Despite successful operation of
nickel-based grids in the Fusor in previous measurement campaigns, some concerns were raised
due to excessive glowing at high power operation, structural integrity and sputtering of cathode
material due to high energy ion impingement. Generally materials with high melting points, a high
work function and low thermionic emission coe�cient and also a low sputtering yield is desirable for
grid materials[12]. Particularly sputtering can have a detrimental e�ect on IEC operation since the
grid material inuences plasma composition, and in the long term may cause performance issues
due to short-circuiting and reduced view port transparency. Tungsten is regarded as one of the
most suitable cathode grid materials in terms of material properties, due to the high melting point
and low sputtering coe�cient[12]. However, the brittleness and low malleability and complicated
welding technique make it a challenging material to work with. Tungsten is therefore often avoided
in its pure form when searching for a material candidate for IEC grids. A tungsten grid has
been developed that circumvents the need for physical bonding procedures by use of a relatively
straightforward ’tied’ construction technique. By knowledge of the author, this is the �rst time
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(a) Overview: 10 cm diameter grid composed of
1mm diameter tungsten wire

(b) Detail - A tantalum wire winding to tie to-
gether two endings of tungsten wire.

Figure 2.3: Tungsten grid construction - ’tied’ construction technique

such an approach has been taken. A detail of the grid is shown in Figure 2.3. Tantalum wire is
used for binding the tungsten wire at the crossing points. Tantalum has a superior malleability
and otherwise similar properties to tungsten. The geometry features oppositely placed apertures
varying in size from several millimeters to several centimeters.

2.3 Macroscopic plasma characterization

Research oriented IEC devices are generally operated using hydrogen or helium as diagnostic gas
for characterization of the microscopic plasma parameters. Argon, the discharge gas for the LIF
plasma diagnostics of choice in this case, is uncommon as IEC gas and therefore little is known
about the e�ect on the overall plasma dynamics. In conjunction with a material upgrade of the
cathode to tungsten, a basic analysis of the argon plasma is conducted on the topics of:

1. determine the operational state space of the the plasma and investigate the occurrence of
the discharge regimes

2. assess the operational stability of the plasma state for prolonged operation, for the di�erent
operational regimes

3. analyze the e�ect of a tungsten cathode on both the plasma composition and the reactor
due to sputtering

The resulting �ndings are used to evaluate the experimental conditions for the LIF measurements.

2.3.1 Discharge regimes

The discharge regimes of a typical gas discharge in the TU/e Fusor are experimentally evaluated
using visual characteristics. The gridded IEC discharge can be categorized in two distinctive
regimes, based on their visual appearance. The distinction between the regimes is governed by the
ion mean free path lmfp = (�n)�1. Here �[m2] is the energy-dependent collisional cross-section
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of a particle with a stationary background gas with density n [m�3]. From high to low pressure
there is a full (abnormal) glow mode, halo mode and star mode[12].

Assuming an ideal gas, suitable for low pressure mono-atomic species, the mean free path can
be related to the pressure and collisional cross-section.

lmfp = (�n)�1 �
�

�
p

kbT

��1

(2.6)

Following this approach, the mean free path is plotted as function of pressure for typical
ion-neutral collisional cross-sections in �gure 2.4. Singly charged argon particles have a collisional
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Figure 2.4: Mean free path of individual particles as function of background pressure and collisional cross-
section �, assuming ideal gas conditions. Typical collisional cross-section values for argon and hydrogen
ions are shown in the relevant experimental energy regime of the TU/e Fusor.

cross-section of 10�20�10�21 m2 for center of mass energies of typically 1�10 keV[38]. We consider
acceleration of the ion across the anode-cathode region through a background of neutral argon
particles at pressure p. Given a 10 kV discharge voltage, the particle mfp exceeds the distance
between the electrodes and therefore may reach full acceleration energy of 10 keV for a background
pressure below 0:5 Pa.

Star-mode regime

For characteristic mean free paths in the order of magnitude of the reactor diameter and larger,
the plasma enters a collisionless regime for the ions. The speci�c geometry of the cathode focuses
the accelerated ionic population into micro-channel structures. The ions oscillate through the
grid, forming bi-directional ion beams through the center of the reactor. Due to interactions
with the background gas, the channels light up, show the characteristic spoke structure of the
star-mode as shown in Figure 2.5a for a helium plasma. A small central focus area is created
where the spokes intersect. The dominant ionization mechanism for this discharge regime is ion
impact ionization, which involves a highly non-thermal accelerated ion and a thermal neutral
background particle. [12]. The ideal maximal acceleration energy is not reached in practice.
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(a) Star-mode discharge (b) Halo-mode discharge (c) Approaching normal glow

Figure 2.5: The typical visual characteristics of discharge regimes of the TU/e Fusor helium plasma, using
a large-hole nickel cathode grid. The regimes ranging from low to high pressure.

Velocity measurements using optical emission spectroscopy show that typically around 20%�80%
of the total acceleration voltage is reached within the channels[39, 11], depending on the discharge
gas. Losses occur primarily due to grid impingement, but interaction with the background particles
still remains. Velocity measurements with a projection perpendicular to the micro channel show a
thermal Gaussian distribution[39]. This indicates that a thermal equilibrium may exist for channel
ions due to interaction with each other in the channels which is not coupled e�ectively with the
neutral background.

Halo-mode regime

As the mean free path of the ions decreases with higher pressures, typically less than one cir-
culation, a halo-mode (sometimes referred to as jet-mode) discharge is dominant, as shown in
Figure 2.5b. In this discharge regime, a plasma body is visually contracted to a plasma sphere
with a sharp transition inside the cathode region. This type of discharge is related to the clas-
sical hollow cathode discharge[11], where secondary electron emission on the inner cathode surface
due to ion impaction is the main electron source for the plasma. Due to the elevated density of
trapped electrons within the negative cathode, electron impact ionization is the dominant ioniza-
tion mechanism for this type of plasma. The halo mode is often accompanied by a single broad
jet of electrons emanating through the largest aperture in the grid [40]. For low pressure halo
mode plasmas, close to the transition pressure with the star-mode regime, the mean free path is
still su�cient to enable signi�cant acceleration of the charged particle species. This is shown by
neutron production rate measurements[12] and sputtering of cathode material.

2.3.2 Plasma VI-Characterization

Depending on the pressure range the plasma behaves a as normal glow: the discharge voltage
remains constant with increasing discharge current. Given a �xed anode-cathode con�guration and
geometry, the parameter space is de�ned by operational parameters discharge voltage, discharge
current and pressure [13]. The operational parameter space is explored to identify the regions of
interest for the LIF measurements.

Figure 2.6 shows shows a plot of IV characteristics for standard DC plasma discharges in the
1 Pa pressure regime. The distinguishing feature of the IEC plasma in comparison to a standard
two-electrode DC glow discharge is the fact that the cathode is transparent for ions. This results
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Figure 2.6: A generalized V-I behavior for DC glow discharges. The IEC halo mode follows the same
characteristics. A new regime is entered with the star-mode discharge, via a sudden transition. Adapted
from www.plasma-universe.com

in a recirculating ion population in the plasma and the characteristic build-up of a non-thermal
ion species at low pressures. The plasma state transitions from a normal glow to a lower pressure
star-mode discharge is clearly identi�ed based on visual aspects of the discharge. A plot of the VI
characteristics as function of pressure in Figure 2.7 also clearly visualizes this e�ect. A I-V plot
of plasma states for constant several pressures, the regions of operation are clearly identi�able,
separated by a transition region where where pressure lines may overlap. The transition behavior
shows a form of hysteresis in the V-I characteristics of a IEC halo-star mode transition. In this
region, a single pressure setting has two possible plasma states; one in the star-mode regime at
relatively high discharge voltage, and one in the halo-mode region at relatively low voltage. A
p-I curve at a constant source voltage Vs = 10 kV, as shown in �gure 2.8, clearly visualizes the
hysteresis e�ect of the plasma between the star- and halo modes.

The shape of the VI-curves are analyzed in order to verify the type of plasma discharge in the
various regimes. In general DC glow discharge VI curves show a power behavior[41].

I / (Vp � Vbr)� ; for Vp � Vbr (2.7)

Here Vpi is the plasma breakdown voltage and Vg is the gap voltage, or in this case the plasma
voltage. Note that the plasma ignition voltage depends on pressure and electrode distance to
form a curve known as the Paschen curve. � is an integer that ranges from 1 to 15 depending on
the geometry of the discharge device. Fitting the obtained curves of equal pressure in �gure 2.7
with the equation 2.7 results in good accordance with he higher pressure curves in the halo-mode
region, having a 1 < � < 2. In the transition region, the �-value increases slightly, but �tting
remains possible. At the low pressure star-mode range, the �-values explode to values well above
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Figure 2.7: Voltage-current characteristics for a tungsten-gridded IEC gas discharge in the TU/e Fusor.
The halo-regime and star-mode regime are indicated. The transition region between these regimes is char-
acterized by a hysteresis e�ect.

1000, and a converging �t is not found. The limited number of measurement points and limited
resolution in this case limits the accuracy of the �t.

2.3.3 Plasma spectral characterization

Grid material inuence

Based on material properties, tungsten is expected to outperform nickel. Tungsten has a melting
point of 3422�C, roughly twice that of nickel. The emissivity coe�cient is approximately half that
of nickel which will result in reduced optical emission for the heated cathode wires. The sputtering
rate for argon is approximately a factor 1-2 lower than nickel across the range. The expected
sputtering yields as function of grid material, ion type and energy is indicated in Figure 2.9 for
various relevant combinations [42]. For typical operation gasses in IEC device like hydrogen and
Deuterium, sputter rates are several orders of magnitude lower for a given ion impaction energy.
Even so, for these light elements sputtering is known to be a minor issue in high voltage IEC
discharges[12].

Spectra obtained for discharges similar in state using both the original nickel grid and the newly
developed tungsten grid are compared to evaluate the performance. The measurement results are
shown in �gure 2.10. The superior physical properties of tungsten with respect to nickel can clearly
be seen in the spectra:
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Figure 2.9: Sputtering rates are shown for various grid material-gas conditions as function of ion impaction
energy. The sputtering rate of tungsten in approximately half that of nickel. Nevertheless, argon lives up
to its name as a ’sputtering gas’, since sputtering rates remain quite high for ion energies in the keV range.
Data constructed from empirical study by Matsunami, 1984[42].

1. Emissivity coe�cient of tungsten is lower than nickel, given the drastic drop in grid glow
and thus a reduction in the spectral broad baseline intensity.

2. In the nickel-operated plasma a clear presence of nickel is observed, with a signi�cant presence
in the spectral �eld. This may point to inuence of nickel on the overall plasma. With the
tungsten grid, no clear tungsten lines can be identi�ed in �rst instance. The overall plasma
is a much ’cleaner’ with only argon peaks. The overall quality of the tungsten-grid plasma
shows only argon lines, which is a signi�cant improvement over the nickel-grid plasma.

Regime-speci�c e�ects

The argon discharge in a con�guration with a tungsten grid is analyzed for changes in the spec-
tral peak pro�le. Of interest are changes in ionic argon lines and the presence and possibly
time-dependent tungsten lines due to changes in the plasma composition over time. A typical
star-mode emission spectrum is shown in �gure 2.10. The spectral composition is found to include
primarily lines found in a standard DC glow discharge at comparable pressures[43]. The spectrum
is further analyzed using the spectral data from the NIST database. A clear increase in the number
of unique singly ionized argon states (Ar-II) is observed. It is challenging to distinguish distinct
tungsten transition lines from the vast collection of possible tungsten- and argon lines. Mediocre
precision and accuracy of the obtained spectra further complicates the spectrum analysis for the
less prominent spectral lines. Based on this analysis, the presence of tungsten can not be ruled
out. However since all dominant lines in the plasma spectrum can be matched to argon transitions
the tungsten partial pressure is at least signi�cantly lower than the that of argon. A e�ects of Ni-
trogen contamination on the plasma spectrum, as shown in Figure 2.10, are much more profound.
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Figure 2.10: A comparison of typical argon spectra, using both nickel and tungsten as cathode material.
The detrimental e�ect of Nitrogen contamination in argon on the spectral footprint is evident.
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Measures should be taken to eliminate all Nitrogen in the vacuum vessel before commencing with
LIF measurements.

Time-dependent e�ects

The stability of the plasma state (I,V,p) over long periods of time is investigated to evaluate the
suitability to LIF measurement series that require long detection integration times. The low signal
levels associated with low-pressure discharges require large integration times and therefore steady
state conditions, with measurements typically lasting several hours. Factors that are associated
with plasma stability e�ects on this time scale are:

� Plasma composition uctuations over time due to sputtering of grid material

� Operational uctuations due to pressure control PID induced oscillations

� Large-timescale uctuation of ambient ambient conditions, such as ambient temperature and
coolant temperature

The plasma state is measured as function of time for a extended period of 1 hour or more. If
for a given input state [Vs,p] the plasma current and plasma pressure do not drift or uctuate or
deviate signi�cantly over time, the overall plasma state is regarded as stable. Both a halo-mode
at 1Pa and a star-mode plasma at 0:23 Pa are evaluated. The results are shown in �gure 2.11.
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Figure 2.11: The stability of the plasma state for a �xed set point, for a long time span. The low-pressure
star-mode plasma shows a drastically increased sensitivity to pressure uctuations. Pressure uctuations
occur at three occasions in the shown plot - inducing signi�cant uctuation in the plasma state.

In terms of operational parameters, the halo plasma is found to be stable for multiple hours;
the (I,V,p) characteristics do not shift noticeably over time. In the halo mode regime, the plasma
state is not pressure-sensitive. The PID uctuations of the pressure are not reected in the
behavior of the discharge voltage and -current. The pressure control at lower pressures is found
to be much more precise. However, the plasma conditions particularly in high discharge power
star-mode regimes cause for sudden instabilities. The resulting uctuations in the plasma state
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are signi�cant. The star-mode spectrum in �gure 2.11 shows these signi�cant features clearly. The
direct cause of the uctuations are not identi�ed, but most likely arise due to the high sensitivity
of the discharge parameters on the pressure. Attempts to mitigate these star-mode associated
uctuations are not successfully with the given experimental con�guration.

Spectral analysis of the plasma composition

Sleight changes in the gas composition, due to for instance sputtering of cathode material by high-
energy impaction of ions, may be observed in the operational characteristics of the discharge. In
order to evaluate the long term stability of the plasma composition, a series of spectral measure-
ments is obtained from a discharge kept at constant operational state (I,V,p). The measurement
series is designed around the experimentally relevant 1 Pa plasma at 2 kV discharge voltage, which
is found to produce strong LIF signals. Additionally there are strong indications that the LIF
signal is inuenced by transient e�ects, possibly tungsten buildup. Occasional spectral snapshots
of the plasma state are taken with �xed time intervals, and the peak intensity development is
analyzed. The evolvement of the partial pressure of tungsten in the plasma is expected to be
determined by di�usion and convection processes, since the plasma itself reaches a steady state
withing microseconds. To investigate the evolution of tungsten density in the plasma on the
logn term, the spectral footprint of the plasma is measured. Two approaches are considered for
exploring the extent of the tungsten presence on the discharge spectrum:

1. Composition change over time: Spectral peak intensity development of the plasma as func-
tion of discharge time is analyzed for constant operational parameters. Figure 2.12 shows
the results for a typical (1 Pa, 2 kV discharge voltage) plasma. This plasma state already
produces signi�cant tungsten deposition over time. In the spectral range from 400 to 650
nm, the e�ect of tungsten seems to be relatively marginal; two peaks are found to be signi-
�cantly e�ected over time. The same observations are made for a star mode plasma at 0:35
Pa at 4; 7 kV.

2. Flushing the discharge gas: In this approach two spectra of a well conditioned plasma ,
directly after ignition of fresh batch of discharge gas is compared with a spectrum obtained
at the end of a long-burning plasma discharged. The refreshment of the discharge gas is
achieved by shortly reducing the pressure in the reactor chamber by two orders of magnitude
and subsequently re�lling up to the initial pressure. Figure 2.13 shows the results using the
same plasma discharge of 1 Pa and 2:1 kV discharge voltage.

For both approaches the Ar-II peak at 496:64 nm and an unidenti�ed peak at approximately 617:9
nm is a�ected. Overall no signi�cant change is observed in the plasma composition over time, and
sputtering seems to have only a minor e�ect on the spectral footprint of the plasma. Although
the e�ect of tungsten on the LIF results can not be ruled out based on this analysis, it does show
that the plasma is seemingly not inuenced signi�cantly by this e�ect.
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Figure 2.12: Passive emission spectra of for a �xed plasma parameters over time. The evolution of the
spectral footprint is studied to evaluate the e�ect of elongated discharges. Two peaks are found to change
in intensity over time, indicating a change in plasma composition. The overall consistency of the plasma
does not alter signi�cantly over time, rendering sputtering e�ects negligible.
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Figure 2.13: A passive emission spectrum for a 1Pa 2.1 argon halo discharge, taken after 20 minutes of
steady state operation (blue) and following directly after a re�ll of the plsama chamber with fresh argon.
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2.4 Discussion and conclusion

The IEC plasma in argon is explored quantitatively by analysis of IV characteristics. The char-
acteristic halo- and star mode regimes are observed. VI-curves show that the halo-mode behaves
as a typical glow discharge. The star-mode plasma deviates signi�cantly, characterized by high a
discharge voltages with low current and high sputtering rates. These show the same characteristics
as IEC plasmas using lighter elements as discharge gas, such as hydrogen or helium.

Sputtering has been found to have a signi�cant e�ect on view port transmittance over time
due to cathode material on the view port windows. Prolonged operation of the plasma reduced
the transparency to less than 10%. This e�ect will signi�cantly inhibit signal strength over time
for LIF measurements. The transient nature of this e�ect may complicate the LIF measurement
procedure.

The composition of the discharge is analyzed using passive spectroscopy measurements. No
signi�cant e�ect of tungsten on the LIF measurements is expected based on spectral analysis of
the plasma. Di�erent sputtering rates of cathode grid material did not have a signi�cant e�ect
on the spectral composition when employing tungsten as the cathode grid material. Therefore
tungsten is the material of choice for the LIF measurements.

Stable plasma conditions are only achieved in the halo mode. Instabilities in the high power
star-mode regime can not be prevented, which induces signi�cant changes in the plasma state at
constant operational parameters. This may have a negative inuence on the reliability of the LIF
measurements involving prolonged measurement times.

Due to the instabilities and negative e�ects associated with the high sputtering of the high
power star mode discharge, this regime is poses challenging conditions for LIF measurements. Ex-
ploring the velocity pro�le on both sides of the star-halo transition region may reveal fundamental
aspects of the physics that de�ne both the star- and halo mode regimes. The transition region
between the star- and halo mode is more favourable, since it involves more moderate discharge
voltages and enhanced stability in comparison to low-pressure star-mode discharges.
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Chapter 3

LIF diagnostics

This chapter gives a introduction on the LIF spectroscopy diagnostic on the TU/e Fusor. The
main topics are experimental setup, measurement method and and diagnostic commissioning.
Section 3.2 discusses the speci�cs of the excitation scheme employed for the measurements on the
TU/e Fusor. The experimental setup is described in section 3.3. The development of e�ective
measurement procedures and maximization of the signal to noise ratio (SNR) of the measurements
is covered in section 3.4. The chapter is concluded with a summary in section 3.5.

3.1 Introduction

Fluorescence is de�ned as the phenomenon of spontaneous light emission of a substance, induced
directly by absorption of electromagnetic radiation. Absorption is the way in which the energy
of a photon is taken up by -in this case - the electron of an atom or molecule. The absorption
induces a transition of the particle to a higher electronic state. This excited state has the natural
tendency to relax to a lower energy. This is often accompanied by spontaneous emission of a
photon. The emission may either be at the same wavelength as the excitation - referred to as
resonant uorescent - or at a (generally larger) wavelength.

In uorescence spectroscopy, the study of the interaction between uorescence and matter, a
species in a speci�c state of interest, the probing state, is �rst excited by absorption of a photon.
It is bene�cial for this state to be well-populated, like ground states or meta-stable states, to
ensure detectability of the signal. Laser light is especially suitable for inducing well-controlled
uorescence. Due to precision laser tuning and high irradiance achievable with focused laser beams,
one can achieve exceptional control of the uorescence process. This laser-induced uorescence
process is referred to as Laser Induced Fluorescence spectroscopy.

Quantitative information about the velocity of the probed species can be obtained by leveraging
the Doppler e�ect. LIF intensity as function of the spectral laser detuning around the excitation
frequency of the probed species provides an absolute measure of the velocity distribution function.
More details on this measurement technique are covered in chapter 4. A LIF diagnostic setup is
developed

3.2 The LIF schemes

It is evident that for fusion related applications a speci�c (mixture of) suitable fuel(s) must be
used. The choice of plasma discharge gas used is however rather chosen based on a compromise
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between expected signal maximization and experimental simplicity. The fundamental mechanisms
involved in IEC plasmas are preserved for heavier elements, as shown in Chapter 2.

Argon is selected as the diagnostic gas of choice leveraging the LIF scheme illustrated in �gure
3.1. An important consideration for this LIF scheme is the compatibility with the available laser
equipment with. A more in-depth discussion on diagnostic gas selection and practical considera-
tions on this topic can be found in appendix B. Details are shown in table 3.1. The scheme involves
the 3d4D7=2 probing state, excitation at 440:22 nm to the 4p4P 0

5=2 upper state. The 480:64 nm
uorescence transition to the 4s4P5=2 state is used.

Figure 3.1: State level diagram of the Ar-II probing scheme used for the LIF measurements. The scheme
is based on a meta-stable probing state which is excited at 440nm. Fluorescence is observed at 480nm.

The probing state is 16:4 eV above the ionic ground state, which is relatively close compared to
most other ionic states. Su�cient spectral distance between excitation and uorescence wavelength
ensure that blocking of the laser light is feasible. Also the wavelengths are both in the visual range,
which is convenient from a practical point of view. This speci�c scheme is mentioned in literature
as a feasible candidate compared to the frequently used 611 scheme [44].

Table 3.1

440 nm LIF scheme

�12 440:22 nm
�23 480:74 nm
!12 4:428 � 1015 Hz
A21 3:04 � 107 s�1

A23 7:80 � 107 s�1

�2 7:2 ns
g2=g1 6=8
f12 0:07
f21 0:27
mi 39:962 amu

The performance of the LIF scheme apart from the macroscopic parameters depends heavily on
the physical parameters of the involved states and the available decay routes. The most important
considerations involved in the selection of a suitable ’probing state’ and upper state and decay
route are summed up based on a more in-depth treatment in Appendix A.
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� Number density of the probing state: Generally levels close to the ground state with respect
to the particle temperature are well-populated in the collisionless plasma regime. When
interested in excited or ionized particles, metastable states have enhanced population density
due to a lack of radiative decay.

� A short upper level �2 of the upper state ensures a fast uorescent decay. Collisional quench-
ing can be neglected if the uorescent rate is much larger than the typical collision rate of
the particle. In the 1 Pa pressure regime a decay time in the order of ns is su�cient. Fur-
thermore, a smaller detection interval for each laser pulse will increase the signal-to-noise
ratio of the measurement.

� A large branching ratio for the desired uorescent transition. The branching ratio indicates
the fraction of downward spontaneous emissions that occur via the uorescence transition
of interest from a given upper state.

� The transition energy to the upper level should be experimentally producible with a LASER
beam. Furthermore the uorescence wavelength should be easily detectable, preferably in
the visible regime.

� Available literature describing successful experimental implementation of the scheme is pre-
ferred for reliance.

3.3 Experimental setup

The LIF diagnostic experimental setup is composed of two main subsystems, namely the LASER
system with focusing optics for excitation of the probing state, and collection optics and the iCCD
camera for detection. We will refer to these components as the respectively the excitation arm
and the detection arm of the setup.

3.3.1 Basic design considerations

A number of experimental design constraints can be posed in order to ensure successful meas-
urement speci�cations for spectrally resolved LIF measurements. The broadening mechanisms
described in Appendix D need to be considered when

1. The resolution of the velocity measurements is determined by the minimal spectral step size
of the laser. The expected Doppler shift dictates the laser spectral scanning range required.
A thermal velocity distribution can be resolved if the spectral resolution is below the width
of the thermal distribution.

2. Accelerated particles with a kinetic energy up to 100 kV scan range of 1.1 nm is required
around the central transition wavelength according to equation D.6.

3. The spectral resolution of the measurement is limited by the laser beam spectral width.
The excitation LIF pro�le is a convolution of the (broadened) absorption line and the laser
spectral pro�le.

LIF diagnostics on low pressure plasma’s are associated with low signal levels. It is therefore
important to focus on maximization of the uorescence rate where possible.
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1. It is suggested in literature that for LIF diagnostics on low-pressure plasmas with inher-
ently low species number densities, operation in the saturation regime is desirable or even
necessary[45]. To operate in the saturation regime, a spectral irradiance with order of mag-
nitude of 107Wm�2 is typically su�cient [46] for the relevant pressure regime in argon.
Values may vary depending on the used LIF scheme.

2. Narrow-band spectral �ltering of the collected signal around the uorescence wavelength to
prevent (in)direct scattered laser light and spontaneous plasma emission background signal
to dominate or over-saturate the measured signal.

3. A pulsed laser beam has the bene�t of achieving high instantaneous irradiance while the
time-averaged power remains relatively low. The SNR of the measurement is bene�ts from
the high uorescence rates during short pulses.

3.3.2 Basic experimental con�guration

The LIF diagnostic experimental setup is composed of two main subsystems, namely the LASER
system with focusing optics for excitation of the probing state, and collection optics and the iCCD
camera for detection. We will refer to these components as the respectively the excitation arm
and the detection arm of the setup.

The essence of the experimental setup is shown in 3.2. A laser beam is introduced in a plasma
volume to excite the selected excitation transition. Detection optics are positioned perpendicular
to the laser beam with the optical path focused in the plane of the laser beam. The overlap
of the irradiated laser volume and the optical detection path determines the detection volume
as indicated in the �gure. The setup is illustrated for a con�guration with a single detector

Figure 3.2: Schematic drawing of the principle LIF detection setup. A couple of key dimensions are
indicated: the laser cross-sectional area A in the beam waist, space angle 
, diameter d of collection lens
and distance from the focus l.

element. This concept may be extended to a 2d array of detectors to be able to obtain a 2d LIF
intensity picture of the volume irradiated by the beam. Integration of the LIF diagnostic system
on the TU/e Fusor involves alignment of the excitation (laser beam) and detection optics on two
perpendicular access ports on the TU/e Fusor. Figure 3.4 shows a vertical cross-section of the
Fusor in the plane of the laser beam and detection path and as well as the exposure of the grid
viewed from the viewpoint of the iCCD camera.

32 Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy



CHAPTER 3. LIF DIAGNOSTICS

Laser excitation

The excitation of the pumping state relies on intense laser irradiation of the plasma medium. The
laser light is produced by a dye laser setup which uses an organic dye solution as a lasing medium.
The dye is pumped by an external 355nm Nd:YAG solid state diode laser source outputting tp = 8
ns pulses at variable frequency fp. A broad spectral output range within the broad uorescent
band of the dye can be selected by tuning the adjustable position of the optical grating in the
laser cavity as illustrated in Figure 3.3.

The output power of the laser is an important parameter for LIF diagnostics. Since the
expected LIF intensity scales with the laser spectral irradiance, and saturation may occur for
high irradiance, both the intensity and stability of the dye laser output power must be veri�ed.
The pulsed power output of the laser is measured using a calorimetric beam power meter, which
generally have an accuracy of about 1%. The employed sensor used only measures temporal
averages and individual pulses can not be distinguished. Even though this sensor integrates over
time, averaging over many pulses gives a reliable indication of the beam power considering the
LIF signal is also integrated over many pulses.

The instant spectral irradiance of the laser during a pulse is calculated from the average beam
power Pb, by assumption of an ideal pulse pro�le shape in the form of a block function.

E� =
�Plaser

tpfpAwaist
(3.1)

Here 1=(tpfp) is the pulse duty cycle (fraction of time the laser is on) and Awaist is the cross-
sectional area of the beam waist in the detection area.

The equipped dye laser setup for the LIF experiment is con�gured for excitation around 440nm
by employing the 355nm pump laser standard combined with Coumarin 450 dye. Table 3.2 sums
up the most important speci�cations.

Figure 3.3: Optical layout of the dye laser, consisting of a resonator and preampli�er pathways. The posi-
tion of the resonator grating determines the output wavelength. The solid state diode Nd:YAG pump laser
is omitted. The dye laser is operated in pulsed mode around kHz frequency. Source: Sirah Lasertechnik
GMBH
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Table 3.2: Sirah Cobra dye laser relevant speci�cations

Sirah Cobra dye laser specs

Linewidth speci�cation
line width 1:4 pm
tuning range 350nm � 610 nm
tuning step size 2:7pm @ 440 nm
pump to output e�ciency 9%

Fluorescent Dye
type Coumarin 450
range 434 � 463 nm
conversion e�ciency < 20%

Laser Output
central wavelength 440:222 nm
pulse frequency 0 � 5kHz
pulse duration 8 ns
pulse energy 0:03 � 0:06 mJ
instant peak power 4 � 8 MW

Pump Laser
type diode-pumped Nd:YAG
wavelength 355 nm

Fluorescence detection

An iCCD (intensi�ed CCD) camera is used for detection of the LIF signal. The intensi�er can
achieve extremely high gains (up to single photon detection). The shutter can be toggled between
open and closed states very precisely and quickly with low jitter in a process called ’optical gating’.
This particular feature makes iCCD cameras ideal for applications with low duty-cycle signals such
as short-pulse LIF. The relevant speci�cations are summarized in table3.3.

3.3.3 Integration of the system components

The coherent laser beam light is linearly polarized in the vertical direction upon exit. To �lter
out additional unwanted spectral components, a vertically polarizing �lter is �tted. The beam
is directed into the plasma by means of two mirrors and focused in the central region of using a
f-450mm convex lens. The detection optics are focused in the plane of the injected laser beam.
Timing of the detection is described in appendix E. This appendix discusses the procedures in-
volved to align the detection optics and achieve optimal signal to noise ratio (SNR). Starting point
is the situation shown in �gure 3.4.

Beam and detection alignment

The laser beam is aligned to irradiate a volume containing a prominent micro-channel formation
in a star-mode discharge mode. This is achieved by directing the laser beam through the centroid
of the largest apposing holes in the centrally suspended cathode grid. The camera is positioned
with a viewing angle perpendicular to the laser beam and collection optics con�guration focused
on the plane of the IEC focus point. The collection optics consists of a camera zoom objective
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Table 3.3: 4QuikE iCCD camera relevant speci�cations

4QuikE specs

Timing
Optical gating 1:2ns - DC
Timing Control < 0:1
Timing jitter < 20 ps

CCD
dynamic range 14 bit
resolution 790x580
pixel size 8:3 � 8:3�m

MCP
acc voltage 0-1000V
multiplication factor 10^3

Photocathode response @ 480nm
Radiant Sensitivity 70 mA/W
Quantum E�ciency 18%

with focal length set to in�nity, a collection lens with its focal point in the plane of detection.
Care is taken to ensure that the central region in the frame is not obstructed by grid wires. A
full-frame view of the iCCD camera for the alignment con�guration used for all measurements is
shown in �gure 3.8.

Laser Beam

Collection Optics

50
0 

m
m

63 mm

mapping
volumecathode

grid

(a) Cross-sectional view of the plasma reactor,
laser beam path and collection path

(b) Grid as seen through the LIF detection
view port

Figure 3.4: Experimental setup alignment with TU/e Fusor

Measurement control

The pump laser and the iCCD gating is triggered with a TTL-pulse for each laser pulse and can
be timed within < 1 ns precision using the BNC-575 delay generator. Jitter in the pulse generation
is also sub-nanosecond.
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The entire measurement control is coordinated by means of two independent timing loops and
a separate system for logging of the macroscopic plasma state (I,P,V). The integration of the three
diagnostic sub-systems is schematically represented in 3.5.

iC
C

D
ca

m
er

a

collection optics 

plasma
control

pu
ls

e 
tr

ig
ge

r 
(t

=t
0 
)

iCCD gating pulse (t = t0 + laser prop. delay)

Pump 
Laser

Dye 
Laser

delay 
generator

fr
am

e 
re

ad
y?

  -
>

 in
iti

at
e 

st
ep

frame trigger

excitation apparatus
micro-channelIEC reactor

detection apparatus

DAQ

settings

DAQ state 
actuator

P, 
I, V

pu
ls

e 
fr

eq
ue

nc
y 

f 0

laser settings

WEBCAM

actuation �nished? ->

pulse frequency f0pulse length tg

initiate
scan sequence

focusing optics

Figure 3.5: A schematic overview of the LIF setup base component clusters and inter- communication
links. Apart from the laser setup, detection setup and plasma reactor there are three control sub-systems in
place to facilitate the measurements: pulse triggering (blue), frame triggering (red) - and plasma control
(green).

3.3.4 Measurement procedure

A single pro�le measurement consists of a number of consecutive 2D iCCD frames for a series
of discrete and equally spaced laser output wavelengths. Each frame is an integration of the
signal obtained from several seconds worth of laser pulses. With a pulse frequency of 1.6kHz and
typically 10-20s integration time, a frame consists of order of magnitude 104 pulses to acquire
su�cient signal for statistical signi�cance in the photon detection for one frame.

Detection timing

The laser-induced uorescence detection is tightly synchronized by timing the iCCD gating time
with respect to the laser pulse. An illustration of the detection timing as for an incoming laser
pulse train is given in �gure 3.6. The optical gating time frame (indicated in blue) represent
the time that light is transmitted to the sensor for detection. This frame is adjusted in order
to coincide approximately with the bulk emission of LIF (red) signal from every individual laser
pulse (yellow) in the plasma. The gate timing is tuned to cover the entire pulse duration plus an
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Figure 3.6: Timing of the laser pulse trigger, and optical gating of the camera must coincide for the signal
to be properly detected. The indicated timing is referenced with respect to the iCCD camera, thus taking
into account the time required for the laser light (Rayleigh-scattered) and LIF signal (induced by Laser
pulse) originating from the focus area to reach the camera.

additional 20ns to cover the typical uorescence decay time as speci�ed in table3.1, in order to
capture the majority of the LIF signal for each pulse.

Implementing the correct delay time between pump laser triggering and iCCD camera gating
can be obtained with great precision by method of Rayleigh scattering analysis. For a in-depth
details on the timing schemes and measurement procedure, please refer to appendix E.

Background correction loop

Slight uctuations in the background intensity will heavily e�ect determination of the LIF portion
if not actively corrected. The typical duration of complete pro�le, ranging up to 10s of minutes
for a full laser spectral excitation scan along the probed transition, is much longer than the typical
oscillation time of uctuations of DC plasma. Slight variations over time, for instance induced by
pressure oscillations (Figure 2.11, ambient temperature uctuation or slight plasma composition
changes, cause for slow uctuation of the detected background plasma optical emissions. This has
a major inuence on the perceived LIF signal since the intensity of the obtained LIF signal may
constitute just a very small fraction of the total signal.

The LIF signal is obtained in by subtraction of the background frame from the LIF-signal
frame. Proper subtraction of background signal is achieved by real-time background subtraction
of the signal frame. This functionality is implemented by modulating the laser signal on and o� for
successive frames. The speci�cs of the modulation scheme are discussed in Appendix E. Although
this approach is easily implemented and e�ective in terms of compensating for slight uctuations
in the background signal, it comes at the cost of doubling the total measurement time. Also a
spectral step of the dye laser is used in order to measure this background frame, e�ectively halving
the maximal achievable spectral resolution of a spectral LIF scan.

3.4 LIF setup commissioning

A large amount of work on the experimental setup development is geared toward achieving suf-
�cient LIF signal. This process involves �nding suitable measurement conditions, alignment of
the diagnostics experimental setup components with the plasma reactor, development of data
acquisition and processing procedures, timing and control optimizations, and preliminary LIF
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(a) Plasma o� (b) Plasma on

Figure 3.7: iCCD frames obtained for �ltered images with full power laser. Figure a) shows the result using
typical iCCD capture settings, without plasma discharge. Figure b) is identical, except now the plasma is
turned on, and the plasma emission surrounding 480 nm is transmitted. The lines showing up in this frame
are the shadows of the grid. As can be concluded, the narrow bandwidth �lter (OD 5) works su�ciently
well to block out almost all scattered laser light.

measurements to study saturation behaviour, measurement artifacts and measurement reprodu-
cibility.

3.4.1 iCCD gate timing

The gate timing with respect to the laser excitation is illustrated in �gure 3.6. The exact iCCD
gating time-frame per laser pulse is experimentally determined using Rayleigh scattered laser light.
The vessel pressure is increased to atmospheric level in order to enhance the scattered intensity to
easily detectable levels. The procedure involves acquiring a signal using a wide gating time-frame
around the Raleigh scattered laser pulse arrival time as a starting point as seen in �gure 3.8. From
there the gating delay with respect to the pulse trigger is gradually extended while the length of
the gate pulse (shutter open time) is decreased, both up to the point where the obtained signal
strength starts to diminish. Since Raleigh scattering is an instantaneous process, the detection
window of this signal forms a good indication of the expected - slightly delayed - arrival time of
the LIF signal. The exact delay behavior is associated with the characteristic lifetime of the upper
level in the LIF scheme. A signi�cant portion of the LIF signal is covered when using a time frame
of 3 characteristic lifetimes (95%) with as starting point the onset of the laser pulse. This was
experimentally veri�ed by assessing the measured LIF intensity as function of gating delay and
duration.

The plasma emission background correction procedure produces a frames where signals are
visually discernible, as shown in �gure 3.9 for ideal circumstances.

3.4.2 Further SNR considerations

The observed signal level can be orders of magnitude lower than the background emission level,
depending heavily on the population density of the probing state. The tight gating of the iCCD
detection discussed in section 3.3.4 helps to signi�cantly reduce the optical noise for low duty-cycle
pulsed measurements.
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Figure 3.8: Full-frame view of the cathode grid. The grid is illuminated by scattered laser light. Rayleigh
scattering of the laser is used for both optical alignment and detection optics, as also for gate timing of
the iCCD detector. Note that the dark ’halo’ in the central region of the frame is an access port in the
background.

Several measures have been taken to reduce the noise levels and increase the observed sig-
nal level, achieved with a combination of experimental measures, detection enhancements and
post-processing enhancements.

Experimental measures

To reduce the factor of poorly conditioned laser light, two diaphragms are �tted in the path of the
laser beam at a distance of 2 meters to dispose of the poor-conditioned part of the laser beam. The
second diaphragm is positioned within the vacuum vessel to intercept scattered from the entry
entry view port window. The laser beam is led into an elongated and beam dump with blackened
walls to ensure a low amount of laser back-scatter. Additionally the entire vessel and collection
optics are covered to block out stray ambient light. Also, direct exposure of the central grid wires
to laser light are prevented at all costs.

Directly scattered laser light tends to over-saturate the detector, and is orders of magnitudes
more intense than the expected LIF signals. Any stray laser light still collected by the detection
optics is greatly inhibited by use of a narrow-band interference �lter before detector entrance. The
used �lter features a 10 nm transmittance band and an optical density of OD(5) with respect to
the laser emission wavelength. This ensures that scattered laser light entering the collection optics
will be suppressed with a factor 105 with respect to the uorescent signal. The e�ect of the �lter
is demonstrated in Figure 3.7. A long-exposure iCCD frame at maximal ampli�cation does not
show a signi�cant amount of scattered light from the grid or other parts of the reactor vessel.

Detection procedure enhancements

The process of light detection by the iCCD camera itself introduces several noise sources. A
constant signal detection due to dark current on the CCD and frame readout noise are taken into
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Figure 3.9: iCCD frame with a LIF signal along the path of the laser beam, clearly distinguishable from
the passive emission background. Conditions: 1 Pa argon, 2.1 kV discharge voltage.

account. The iCCD dark current is reduced by active cooling of the CCD chip. Optimization of the
SNR ratio is achieved by minimizing the amount of sensor readouts per frame. One sensor readout
per frame reduces the accumulated readout noise. Contrary to assertion by the manufacturer[47],
in practice it becomes very bene�cial to actively cool the CCD sensor in this speci�c detection
scenario[48]. This was experimentally veri�ed by comparison of similar iCCD cameras. The
results are especially signi�cant for the extensive integration times required for the low-signal LIF
measurements 3.10. The dark current and readout noise suppression directly result in enhancement
of the SNR.

Post-processing

An additional enhancement of the SNR of the measurement can be achieved by pixel binning in
post-processing. Due to the con�guration, vertical binning - or integration of the vertical pixel
rows is implemented to achieve roughly a

p
n increase, where n is the number of vertical pixels.

This obviously is only possible at the cost of losing one spatial dimension in the measurement.

3.4.3 Saturation behavior

The saturation behavior of the LIF signal is experimentally investigated in order to verify if the
obtained LIF signal is saturated. As discussed in section A operating in the saturated regime has
the bene�t of maximal signal in low pressure plasmas.

Method

The saturation curve is obtained by the method described in Refs.[49, 45], by plotting the detected
uorescence intensity as function of the laser excitation irradiance. The laser wavelength is tuned
to the maximal uorescence intensity in a 1:0 Pa 2:1 kV Ar halo discharge. This setting was
optimized for maximal uorescence yield. While the laser wavelength remains �xed, the laser
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Figure 3.10: Comparison of the uorescence signal obtained with a standard 4QuikE HD iCCD camera
and a modi�ed unit with iCCD cooled to 3� C. The combination of sensor cooling and active background
correction result in a drastic improvement of the achieved signal to noise ratio.

output power is varied between 3 and 30 kW/cm2. Below 3 kW/cm2 the beam is found to become
unstable and no reliable power reading can be obtained. The beam irradiance is calculated, taking
into account the beam waist of 5 mm, for this particular measurement using Equation 3.1.

Corrections and artifacts

The raw data is shown in �gure 3.11 to illustrate the measurement procedure and discuss a number
of inconsistencies in the measurement. Firstly, the dark signal level is found to uctuate in time.
Slight temperature uctuations of the CCD sensor account for uctuations of this ’dark signal’ on
the long time scales. The reduction of signal transmittance due to deposition of cathode material
on the view port is a second feature to take into account, causing the overall signal to decrease in
time.

A correction is applied for the data-points to compensate for the mentioned artifacts and to
extract the LIF component of the total signal. The plasma background level is taken as baseline for
this correction, obtained in the periods between subsequent irradiation intervals. This correction
accounts for both the baseline uctuation and the transmittance decrease, which is valid for the
otherwise constant plasma conditions observed for this measurement.

Results and discussion

Figure 3.12 shows a log-log saturation plot similar to the theoretical plot in �gure A.2. The
macroscopic plasma state (I,V,P) is determined to be constant during the shown measurement
segment. The background corrected LIF intensity curve follows a curve similar to �gure A.2 but
does not show the asymptotic behavior for the producible range in laser irradiance.

The excitation is not in the saturated regime as evidenced by the signi�cant increase of the
LIF intensity with laser irradiance. The trend does not show the expected asymptotic behavior
for the saturation regime, as would be dictated by theory (Figure A.2). Due to the limited range
of laser irradiance, it is not clear if the results follow a linear trend or the transition to saturation
is reached. Therefore the saturation level can not be obtained via the extrapolation method[49].
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Figure 3.11: The obtained iCCD signal strength as function of time for the saturation measurement series.
Note: The colored lines have no particular meaning. This is a side-view of a 3d-plot with the spatial axis
on the perpendicular axis. The highest line represents the measured signal along the laser beam.

A signi�cant discrepancy is measured for the data point belonging to the highest irradiance.
The reason for this discrepancy can not be traced back, but it is most likely attributed to an
experimental error of incidental nature. Further investigation on this phenomena could not be
performed due to time constraints.
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Figure 3.12: The LIF intensity versus laser irradiance, resembling a saturation curve. Asymptotic behavior
is not seen for the maximal laser irradiance, which indicates that saturation of the LIF transition is not
achieved with the experimental conditions.

3.5 Conclusion

A LIF setup is developed and tested for plasma diagnostics measurements on the TU/e Fusor.
Preliminary measurements involve SNR optimization and saturation measurements.

Concerns about the reproducibility of the LIF intensity measurements are expressed due to a
occasional discrepancies in measurement results for similar conditions. This e�ect can have major
implications for the plasma diagnostics based on (relative) LIF intensity analysis. Additional
investigation is required to determine the source and nature of these apparent measurement errors.

Measurements on the central transition frequency were performed in a steady state DC argon
halo mode plasma to evaluate the performance of the setup. A signal to noise ratio of approxim-
ately 100 is achieved by integration of several minutes of laser pulses. Saturation measurements
show that saturation of the LIF transition is not reached with the used experimental setup, indic-
ating that gains can potentially be achieved in the SNR by increasing the laser irradiance in the
plasma. Determination of the saturation level by extrapolation of the data points is not possible
due to insu�cient range of the laser power.
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Chapter 4

Doppler-LIF ion velocity
measurements

This chapter presents the main measurement results of the LIF diagnostics on the TU/e Fusor
plasma. The experimental setup used for the measurements is described in chapter 3. The goal of
the LIF plasma diagnostics was to obtain the Velocity Distribution Function of the the thermal and
high energy segment of the ion population ions (IVDF) in the central region within the cathode
grid using Doppler-shifted LIF spectroscopy.

A short theoretical introduction on the method is given in Section 4.1. Next, in Section 4.2 the
expected pro�le shapes and quanti�cation of the measurement data is discussed. Section 4.3 covers
the practical aspects of the measurement procedure, data handling and processing procedures.
The experimental considerations and typical LIF pro�le characteristics obtained are discussed in
Section 4.4. Finally in section 4.4.2 the IVDF results for a range of discharge parameters are
discussed.

4.1 Introduction

Laser-light absorption only occurs if the photon energy matches the transition energy in the
reference frame of the particle. For particles in motion, the Doppler equation must be satis�ed

2��� = v � k = v==k (4.1)

Here k is the incident photon wave vector, and v is the particle velocity vector and v== is the pro-
jection of the velocity vector on the laser propagation vector. Finally, �� is the di�erence between
the laser frequency and the natural transition frequency �0. The strength of the uorescence at
a speci�c excitation wavelength indicates the size of the subset of particles in the probing state
that satisfying the Doppler equation; only the particles Doppler-shifted to the right frequency will
absorb the laser photons.

In the experimental approach, the laser frequency is scanned across a region surrounding the
natural frequency of the transition. A uorescence intensity pro�le is constructed as function
of the spectral laser detuning from the central frequency. This is referred to as a spectral LIF
intensity pro�le.
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4.2 LIF spectral intensity pro�le

In an experimental setting, the Doppler e�ect is not the only mechanism that inuences the shape
of the LIF pro�le. In general, spectral emission lines naturally exhibit broadening or shifting,
caused by several local or non-local phenomena. In order to extract the velocity information, a
correction must be applied for the e�ect of other broadening mechanisms. In other words, the
magnitude of both broadening and shifting e�ects need to be considered since it inuences the
interpretation of the spectral measurements.

4.2.1 Pro�le de-convolution

An overview of the most important broadening mechanisms is given in appendix D. The mag-
nitude of the e�ect can be calculated based on the experimental parameters of the plasma and
the employed LIF scheme. The local broadening e�ects cause for either Gaussian or Lorentzian
broadening. The convolution of these pro�les results in a Voigt pro�le.

V (x; �; ) =
Z 1

�1
G(x0; �)L(x � x0; )dx0 (4.2)

Here G is the Gaussian component with standard deviation � and L the Lorentzian component
with the  the scale parameter. The Gaussian FWHM can be related to sigma according to
fG = 2�

p
2ln(2) and fL = 2 is the Lorentzian FWHM.

The FWHM of the Voigt pro�le fV is can be expressed in terms of the Gaussian and Lorentzian
sub-components[50]:

fV � 0:5346fL +
q

0:2166f2
L + f2

G (4.3)

The standard deviation of the convolution � is related to the standard deviation of the separate
Gaussian counterparts according to � =

p
�2

1 + �2
2 .

4.2.2 Pro�le analysis

Based on the plasma conditions, the velocity distribution of the ionic species in the Fusor plasma is
expected to be composed of both a thermal part and an accelerated part. A list of most prominent
contributions is listed in table 4.1. The spectral uorescence pro�le is a combination of Gaussian
and Lorentzian broadening mechanisms, from highest- to lowest in magnitude:

� Non-thermal Doppler broadening - Fast ion velocity pro�le

� Thermal Doppler broadening (Gaussian) - Determined by the ion temperature

� Instrumental Laser broadening (approximated to be Gaussian)[51] - Determined by the laser
beam spectral width

� Natural broadening (Lorentzian) - Determined by the upper state lifetime of the LIF scheme

The thermal part of the distribution is contributed by ions in local equilibrium with the background
gas. Species accelerated to high velocities by the IEC E-�eld constitute the second part of the
species. It is convenient to consider both contributions separately since each contains speci�c
information about the plasma.
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Table 4.1

Typical Spectral Widths for the 440nm LIF scheme

Thermal Doppler broadening 0:9 pm (300 K)

Doppler broadening singly ionized argon ion
60 pm (1 keV)
1 nm @ 100 keV

Natural broadening 0:09 pm
Laser spectral width (speci�ed)1 1:4 pm

The thermal distribution

For a Maxwellian distribution of the ion velocities in thermodynamic equilibrium with the neutral
background, the acquired LIF pro�le is Gaussian. The FWHM of the Gaussian, with central
wavelength �0 and particle mass Mamu in atomic mass units (AMU), can be directly related to
the temperature T [52]:

��D
FWHM =

r
8kT ln(2)

mc2 �0 = 7:16 � 10�7
p

T=Mamu�0 (4.4)

The non-thermal IEC distribution

The non-thermal distributions associated with IEC acceleration can not be described using con-
ventional classical distribution functions due to the intrinsic dependence on the imposed e-�eld
conditions. Furthermore, interpretation of the spectral LIF measurements from non-thermal con-
tributions is not trivial since a measurement only reveals the local projection of particle movement
onto the axis of laser propagation. For measurements along a single micro-channel plasma, which
is constituted by bi-directional ion beam, the majority of the probed particles move along the
direction of the laser beam. Therefore, the velocity projection is approximately equal to the true
velocity distribution of the ions. When the velocity distribution can not be assumed to be locally
isotropic or directional, the pro�le IVDF is obscured and must be reconstructed based various
assumptions on the local directional velocity distribution of the particles. This lies outside the
scope of this work.

The expected non-thermal broadening of the pro�le can be anticipated based on ion velocity
measurements by others. The typical Doppler broadening encountered in an large-hole gridded IEC
plasma discharge has been previously studied by means of passive optical emission spectroscopy
of the Balmer-alpha line in a hydrogen discharge[39, 30, 11]. A typical experimentally obtained
Doppler-shifted spectrum measured in the focus region of a gridded electric discharge IEC is given
in Figure 4.1. Via the process of charge-exchange, high-energy accelerated ions transfer their
charge to a thermal background particle only to continue as a fast neutral particle, which may be
subsequently detected through radiative decay. This approach is an indirect method for obtaining
information about the ionic species in the plasma. The velocity distribution function of the ions
for these measurements is obscured by line of sight measurements, and the indirect nature of the
technique. However, these studies did come to a general conclusion that ions reach approximately
20% of the total acceleration voltage in gridded IEC plasmas in star mode operation and there is
a strong directional component along the ion micro-channels.
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Figure 4.1: The Doppler-shift spectrum of a gridded IEC discharge obtained with passive emission spec-
troscopy on the H� line of hydrogen. Both a thermal and a signi�cant non-thermal IEC accelerated
contribution are distinguishable. The applied voltage is 10kV DC at a pressure of 2Pa. Adopted from
Shrier et. al. (2006)[11]

4.3 Method

4.3.1 Signal processing

LIF pro�les are obtained by converting the 2d image data into a usable velocity pro�le curve. The
procedure involves a 4-step process illustrated in Figure 4.2.

Figure 4.2: A schematic overview of signal processing steps, featuring: 1) frame series detection, featuring
modulated (alternating) laser exposure scheme 2) vertical binning of the individual detection frames 3)
background subtraction procedure and 4) spectrally resolved plot of signal curves

1. An iCCD frame is acquired for every dye laser excitation wavelength step, corresponding to
a speci�c Doppler shift with respect the central wavelength of the transition. The individual
frames are recorded at a resolution of 782�582 px. The laser beam passes through the frame
as a vertical line at a �xed horizontal pixel position, and thus leaves a vertical trace of LIF
signal on the signal frames, as shown in �gure 3.9. A scan sequence is run by sequentially
stepping through a range of discrete laser excitation wavelengths. The minimal step size is
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hardware-limited to approx. 0:00027 nm @ 440 nm for the used dye laser system. As found
in chapter 3, integration of pulse signal over the course of 10-20 seconds is required to ensure
su�cient signal to noise ratio.

2. To enhance the detected LIF signal SNR, vertical binning is applied to the image pixels. A
1-dimensional curve remains, with a local peak formation at the horizontal position of the
laser beam in the case of detected LIF. One curve is acquired for every single acquired frame.

3. The LIF signal is isolated from arbitrary plasma emission by actively measuring and sub-
tracting the laser background and plasma background. This is achieved by omitting laser
light from every second frame and subtracting the acquired ’background curve’ from this
frame with a ’signal curve’ obtained from a laser irradiated frame.

4. The background-corrected signal curves are plotted as function of laser excitation wavelength
to obtain a spectral intensity plot. Figure 4.3 is a typical example, showing a measurement
series around the 440.22 transition. Indicated on the horizontal axis is the spectral Doppler
shift with respect to the central transition wavelength, in nanometers. A 1D Doppler spec-
trum is �nally obtained by binning the signal in the indicated region, corresponding to the
laser beam spatial width.

Figure 4.3: A background-corrected LIF spectral intensity plot with still spatially resolved in one dimension.
The horizontal axis shows the excitation wavelength of the laser beam. The vertical axis represents the
horizontal spatial coordinate of the iCCD frame. The highlighted sections corresponding to a LIF signal.
The left peak on the left coincides with the central frequency of the probed transition.

4.3.2 Measurement artifacts

A number of measurement artifacts have been identi�ed in the spectral intensity plot of �gure 4.3.
These e�ects inuence the obtained spectral pro�le.
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Spatial broadening

The small delay between excitation and uorescent decay cause for spatial broadening of the
measurements. The delay is governed by the characteristic lifetime of the upper state, especially
in the low pressure regime where collisional quenching does not play a signi�cant role in decay
process. The delay causes for a discrepancy in the location of excitation (in the laser beam path)
and the location and uorescent emission, governed by the velocity of the particle.

The spatial broadening e�ect is most prominent around the natural transition frequency, since
particles with a perpendicular velocity to the laser beam have a small component in the direction
of the laser beam. Therefore the characteristic decay times of typically 7 ns timescale reect move-
ment of the probed particles, particularly for ions with a large velocity component perpendicular
to the laser beam. The central LIF peak in Figure 4.3 clearly shows this artifact. Spatial broaden-
ing of the pro�le can gives a measure of the distance traveled by the ions within the characteristic
lifetime of the upper state. Simple analysis provides a rough indication of the ion velocities within
the plasma, by taking into account the characteristic lifetime of the particle and the distance
traveled.

Experimental spectral broadening

A at baseline uorescence intensity emerges for the higher pressure regime, across the entire
spectral range surrounding the central transition. This is a second order laser broadening e�ect,
attributed to the inherent ASE broadband component produced by dye lasers. ASE is ampli�ed
stimulated emission from the broadband dye, which can not be fully suppressed without extensive
measures. All induced excitation in the spectral range of the ASE component, which lead to
uorescence in the 480nm attribute to the spectral broadening. ASE typically constitutes for 1%
of the laser output power.

This artifact may be corrected in order to avoid a non-zero LIF pro�le baseline by applying a
signal o�set correction, but generally does not emerge for measurements in the low-pressure halo
mode and the star-mode regime. Relatively high particle densities, typically encountered for 5-10
Pa and higher, are required to obtain detectable LIF signal from ASE-induced uorescence. This
is above the typical operational regime of the Fusor.

4.4 The LIF spectral pro�le

LIF spectral intensity pro�les are obtained for a range of plasma conditions in both star- and halo
mode regimes of the IEC discharge. In this section �rst a single LIF pro�le is taken to discuss
the typical features of the obtained pro�les and measurement artifacts to take into account when
processing the pro�les. Finally a plasma parameter scan is done to research research the e�ect of
the plasma conditions on the pro�le shape. The results are linked to ion velocity measurements
obtained from the spatial broadening of the LIF pro�le.

4.4.1 Preliminary analysis

The plasma state is adapted for maximal signal levels to obtain a high-quality pro�le with large
SNR and spectral resolution. Maximal signal is obtained around 1 Pa, in a halo discharge. The
discharge voltage is set just below the glow threshold of the cathode grid to ensure a stable
plasma discharge and limit the sputtering rate. The obtained measurement conditions and plasma
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parameters are tabulated in table 4.2. The spectral scan around the central transition frequency
is broad enough to detect particles with velocities up to the full acceleration voltage.

Table 4.2

Typical Measurement Conditions

Discharge gas argon
pressure 1:0 Pa
discharge regime "Halo mode"
discharge voltage Vp 2:0 kV
discharge current Ip 40 mA
ionization fraction[53] 10�4 (Halo-mode)
probing transition wavelength 440:2222 nm
uorescence detection wavelength 480:74 nm

Figure 4.4: A LIF spectral pro�le obtained for a halo-mode plasma. The equivalent particle velocity is
indicated on the top axis. The maximal range of velocity spread based on the discharge voltage of the
plasma is indicated with the red background. The pro�le consists of a central pro�le around 440.22 nm
(2), accompanied by two additional LIF peaks. Peak (1) is the thermal peak of an alternative LIF scheme,
and (3) is unidenti�ed peak cluster which increases in strength with background gas density.

Three peaks can be identi�ed within the obtained pro�le of �gure 4.4. Most prominent is
the uorescence obtained directly around the probed transition of the LIF scheme, corresponding
to kinetic energies in the eV range. Apart from the symmetric distribution around the central
wavelength two additional asymmetric features can be identi�ed. Since they are only present on
one side of the central frequency it is likely that both signals have origins elsewhere and they are
not part of the LIF intensity pro�le of the 440nm scheme.

� Peak (1) is most likely the expression of an alternative LIF scheme that corresponds approx-
imately with the 440.222nm scheme in terms of excitation and uorescence wavelengths. The
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3d4D3=2 state has upward transition with wavelength 440:133 nm to the 4p4P �
3=2 state and

a downward uorescence transition at 473:72 nm. The transparency of the spectral band
�lter is still su�cient to transmit the induced uorescence from this LIF scheme.

� The spectral peak (3) clearly di�ers from peak (1) and (2) in terms its shape. While the
latter two have an approximately Gaussian (or thermal) shape with similar widths, the
signal at 440:37 nm is somewhat erratic in shape and seems to be composed of at least two
adjacent peaks. From the spectral intensity plot of Figure 4.3 it can be seen that this peak
formation is actually composed of two individual peaks. An other remarkable di�erence, is
that the peak formation is not susceptible to the spatial broadening e�ect that is typical for
a intense LIF signals. This is clearly visible in �gure 4.3 The lack of spatial broadening of
the signal suggests that peak (3) not a LIF signal but rather an unidenti�ed measurement
artifact. In support of this claim, a LIF scheme with excitation wavelength at 440:37 nm
and uorescence close to 480 nm was not found. 1

Following from the plasma conditions, a upper limit in electrostatic acceleration of Ek;max =
qV = 2 keV may be expected for the singly ionized probing state. The theoretical limits of Doppler
broadening in the pro�le are established to be 0:14 nm around the central wavelength of 440:222
nm by use of equation D.6. The fraction of accelerated particles up-scattered to above 2 keV is
assumed to be negligible.

4.4.2 Pro�le shape analysis

The spectral LIF intensity pro�les, obtained around the 440:222 nm transition, are analyzed in
more detail to determine if a non-thermal Doppler broadening component can be identi�ed. The
analysis of the LIF pro�le in the previous section does not rule out a non-thermal contribution.
The e�ect of both the discharge voltage and dissipated power are considered to verify if the
obtained Doppler-shifted LIF spectra indeed only have a thermal component. A range of plasma
parameters is assessed in both star- and halo mode regimes, with varying plasma discharge voltage
and discharge power. However, these parameters can not be varied separately since they are linked
by the (V,I,P) characteristics of the plasma, and therefore parameter scans are not possible.

Included in the analysis are both star- and halo mode plasmas, ranging in plasma discharge
voltage from approximately 1:6 � 7:5 kV. The low-velocity region of the pro�les shows a Voigt
pro�le shape for all measurements. The plasma parameters have little to no e�ect on the pro�le
shape. The Voigt pro�le shape of the obtained spectral LIF pro�les indicate a thermal Doppler
broadening.

Temperatures are extracted from the data by de-convolution of the Voigt pro�le, using the
approach of Section 4.2.2. The analysis is illustrated with the 2 kV / 0.9 Pa plasma, which has
a relatively strong uorescence signal strength. A detail of the pro�le is shown in �gure 4.5. A
thermal component of 4 eV is found when correcting for the signi�cant broadening mechanisms,
which is equivalent to an ion temperature of approximately (4:5 � 0:5) � 104K.

Assumed is that apart from thermal Doppler broadening, only a �xed natural broadening and
laser broadening contribute signi�cantly to the pro�le, according to the values listed in table 4.1.
The resulting ion temperatures are plotted as function of discharge voltage in �gure 4.6.

1Atomic lines in the NIST database for carbon, nitrogen, argon, chromium and tungsten were considered in
trying to identify peak (3) in �gure 4.4
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Figure 4.5: A typical LIF pro�le of the plasma. The LIF intensity is plotted versus the laser detuning with
respect to the 440.22 nm transition. The data points are �tted with a Voigt pro�le. Indicated in blue is
the ion energy equivalent to the observed Doppler shift. Indicated in green are the FWHM contributions
of laser broadening and natural broadening to the Voigt pro�le.

4.4.3 Thermal ion temperature fraction

Analysis of the temperature measurement results is challenging due to the fact that parameters
scans are not easily obtained. The discharge parameters Id, Vd and p are coupled. Therefore,
following the example of Ref. [39] a normalization is applied based on ion temperature measure-
ments obtained previously. The temperature in [eV] is normalized by the total discharge voltage
Vd of the thermal ions. Now �th = kbT=qVd, is the fraction of ion temperature with respect to the
characteristic discharge voltage Vd. This parameter gives a rough measure of the energy energy
losses from the non-thermal species to the thermal continuum of the background gas in the reactor.
A large thermal ion temperature fraction indicates that the amount of interaction between the
high-energy particles and the thermal background gas is larger, which e�ectively moderates the
fusion potential of the high-velocity particle species.

Figure 4.7 shows the dependency of the thermal ion temperature fraction to the discharge
voltage, discharge pressure and power normalized for density.
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Figure 4.6: Ion temperature as function of discharge voltage. Dissipated power, Id � Vd [P], is indicated
in red next to the data points. Based on the temperatures, a distinction between star- and halo-mode
discharges can be observed.

Figure 4.7: Percentage of the measured ion temperature with respect to the total acceleration voltage Vd,
set out against discharge voltage and pressure. The halo-mode data points are indicated in black. The
star-mode data points are indicated in red.

4.5 Discussion

A non-thermal broadening component entails a widely spread pro�le peaked at the central fre-
quency as discussed in Section 4.2.2. The LIF pro�les are however found to closely resemble the
Voigt pro�le, which can be associated with a thermal ion distribution.

The density of non-thermal accelerated species in the probing state is not in proportion with
the thermalized species within the Fusor grid. 4.1. The achieved SNR of order of magnitude
100, achieved for most favorable plasma conditions, suggests that the population density of the
accelerated portion of the species is at least 100 times smaller than the thermal portion. Further-
more, the particle density is expected to be below 1013 m�3 based on a rough determination of
the achievable detection threshold of the measurement setup in Appendix C. It is evident that
a signi�cant amount of fast ions must be present in the plasma, primarily based on the elevated
sputtering rates in both star- and halo-mode, which can not be accounted for by the thermal ions.

54 Measurement of ion velocities in the TU/e Fusor plasma using LIF spectroscopy



CHAPTER 4. DOPPLER-LIF ION VELOCITY MEASUREMENTS

Ion densities of the high energy ions are found to be signi�cantly higher for hydrogen-based star
mode plasmas discussed in Section 4.2.2 where the non-thermal broadened part shows a much
smaller intensity ratio with the thermal part of the distribution.

The underlying reason for the lack of accelerated ions in the speci�cally in the probed meta-
stable ionic state is not understood completely, but may lead to one of two hypotheses:

� It may be possible that the argon IEC plasma, in contrast to hydrogen or Helium, does not
produce high-energy ions. This hypothesis is supported by the fact that the typical mean free
path of argon lower than that of hydrogen, as discussed in section 2.3.1, which leads to more
moderation of the high-energy ion species to the level of the thermal background. However,
the signi�cant sputtering of the cathode grid by argon suggests otherwise. A thermal ion
population with a temperature of 4 eV alone can not account for cathode sputtering required
for the large observed rate of tungsten deposition on the view-port windows.

� Initial ionization occurs to a distribution of excited ionic states. The ionization process
producing the accelerated ions does not populate the the low-lying probed ionic state su�-
ciently, but rather a speci�c set or vast range of singly- or multiply ionized states. A fraction
of the the non-thermal high-energy ions may populate the probed metastable state, but the
density is below the detection threshold of the experimental setup.

Ion temperatures of 104 K are argued to be feasible. Due to the low neutral density around
1Pa and limited ow rate of argon gas through the vacuum system, temperatures in this order of
magnitude are regarded to be feasible[53] based speci�c heat capacity of the neutral particle ux
through the vacuum vessel. For the typical input power of order of magnitude 100 W, the entire
gas ow can be heated to 1 � 105 K based on a maximal ow rate of 30 Ls�1 at 1 Pa pressure.

A number of observations can be made based on the temperature data. In �gure 4.6 and 4.7
the distinction between star- and halo mode discharges can be clearly seen. The results show a
positive relation with discharge voltage, separate for halo and star mode regions. Di�erent trend
lines are followed by the halo-mode and star-mode regimes.

The star mode regime is characterized by a signi�cantly lower heating e�ciency, meaning that
a larger portion of the ions is in the non-thermal accelerated state. Also in star-mode regime the
temperature drops as function of power normalized to the background density of the plasma. This
is an indication that the energy losses to the background are lower for a star-mode plasma than
for plasmas in the halo mode regime. This is in line with the fact that the free mean path of the
accelerated ions scales with decrease in pressure and increase in ion velocities.

The halo mode regime is linked to the more general hollow cathode discharge[11, 17]. The
discharge is characterized by elevated electron densities within the cathode due to secondary
electron emission from the cathode and the e�ective trapping of the negatively charged spherical
cathode grid. The elevated electron density and low �elds in the center of the grid make coupling
of the electron temperature with the ion temperature likely.

The state distribution of the ions is therefore most likely governed by the electron-impact
excitation- and ionization processes. For low temperature plasmas (<10 eV), the lower metastable
ionic states are thought to be primarily populated by energetic electrons via single ionization
events, since experimental research has found the density to scale linearly with plasma current[44].
The ion temperature may therefore be sustained by a presence of relatively high temperature
trapped electrons in the inter-cathode region. Also the star mode at high pressures shows visual
signs of a con�ned electron population in the form of a e-beam, in the inter-cathode region and
subsequent emergence of a thermal ion population.
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4.6 Conclusion

The velocity distribution pro�le for ionic species in the Fusor argon plasma is studied by analysis
of Doppler-shifted LIF intensity spectral pro�les. High energy IEC-accelerated species are not
observed, for both star- and halo discharge modes. Based on the expected detection threshold
of the diagnostic setup, the density of the accelerated ions in the probed state are lower than
1013 m3. Since a su�cient density of high-energy ions is expected, the probed metastable state is
not expected to be populated su�ciently.

The LIF setup is e�ective at measuring ion temperatures averaged over the inter-cathode
volume. The thermodynamic equilibrium is maintained by collisions with the electrons. The tem-
perature measurements show a typical ion temperatures between 3 � 5 � 104 K. This temperature
range is found to be feasible for both halo and star-mode regimes. The temperature observations
behave as expected with respect to the discharge parameters and discharge regimes. Most prom-
inently, the preliminary results indicate that in the star mode regime the transfer of energy from
the accelerated species to the thermal background is less e�ective than for the halo mode regime.
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Chapter 5

Summary, conclusion and outlook

This study was set out to research the ion velocity distribution function in a gridded Inertial Elec-
trostatic Con�nement (IEC) plasma discharge using Doppler-shifted Laser Induced Fluorescence
(dsLIF) as the main diagnostic approach. In the context of IEC discharges, this research project
is the �rst attempt to use LIF for this purpose. The following main research question is posed in
this study:

� Can the local ion velocity distribution be measured by spatially resolved laser-induced uor-
escence of ions accelerated in the electrostatic �eld of the Fusor plasma discharge?

The research question was explored in three distinct phases. The TU/e Fusor IEC reactor and
the Fusor argon plasma are described and analyzed in 2. Experimental setup and commissioning
of the LIF diagnostics is covered in Chapter 3. The measurements of the ion velocity distribution
function are covered in Chapter 4. The following section gives a summary of the conducted work,
measurement results and the main �ndings, categorized by these three phases.

5.1 General summary

5.1.1 Plasma characteristics and measurement conditions

Macroscopic characterization of the IEC argon plasma, combined with a tungsten cathode grid,
is carried out in chapter 2. The main operational parameters of the plasma are supply current,
discharge voltage between the anode and cathode and pressure of the background gas.

The operational range of the device lies between 0.01 and 10 Pa for an argon discharge. The
star mode regime is obtained in the low pressure regime with ion mean free paths of typically
the size of the plasma vessels or larger. The halo regime is obtained for slightly higher pressures,
and ranging up to approximately 10 Pa. The transition between star- and halo mode occurs at a
pressure of 0:5 Pa, that corresponds roughly to a mean free path of the ions of the characteristic size
of the vessel. This indicates that the ions enter a collisionless regime for the star mode discharge.

The halo-star transition is found to involve a clear change of discharge regime in terms of VI-
characteristics. The transition involving a large jump in discharge voltage for �xed pressure. The
region is mapped and the transition curves are found to be reproducible. The halo regime is found
to have a VI characteristic that resembles a regular DC glow discharge, where electron-neutral
collisions are the main source of ions. In the quintessential IEC star-mode plasma, the discharge
voltage becomes very pressure-dependent. Ion-neutral collisions within the micro-channel forma-
tions are the main source of ions in this regime.
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Plasma stability, composition and general measurement conditions are assessed in preparation
of the LIF measurements. Sputtering of the cathode material causes gradual atomic layer de-
position on the view-port windows. Particularly the vapor deposition has a detrimental e�ect on
the measurements due to the gradual decrease of window transparency. Detailed analysis of rates
of sputtering and deposition are not conducted, but care is taken to operate the plasma at low
acceleration voltage when possible to slow down the cumulative deposition e�ect.

The e�ect of sputtering on the plasma and its composition is also considered, since this may
inuence the LIF measurements. Spectral optical emission analysis is used to identify changes in
plasma compositions over time and as function of discharge parameters. It is found that argon
plasma composition is not heavily inuenced by tungsten sputtering, even for high rates.

Stable discharges suitable for prolonged measurements can be obtained between approx. 0.2Pa
and 10Pa, ranging from intense star-mode to a halo regime. In conjunction with the high sputtering
rates for the lowest pressures, the occurrence of uctuations due to instability of the plasma with
the plasma inhibit the general measurement conditions and is not reliable for LIF measurements.

The transition boundaries, both on the star- and halo side of the transition, are identi�ed as a
most suitable regions for IVDF measurements, based on the arguments of sputtering and plasma
stability. The transition region between the star- and halo mode is interesting region for LIF
measurements, since exploration of the velocity pro�le on both sides of the transition may reveal
fundamental aspects of the physics of the star- and halo mode regimes.

5.1.2 LIF diagnostics experimental setup

The Laser-Induced Fluorescence setup employs a dye laser system for pulsed excitation of the
probing transition, with detection by a temperature-stabilized iCCD camera. The ionic 3d4D7=2

Ar-II state is selected for probing by LIF. Excitation occurs to an upper level via laser excitation
at 440:22 nm, with subsequent detection of the following uorescent decay at 480 nm. This scheme
is chosen based on feasible excitation and detection wavelengths with su�cient spectral distance,
short upper state lifetime and good branching ratio to the uorescent transition of interest. The
laser excitation is produced with a dye laser pumped with a Nd:YAG diode laser, producing 8 ns
pulses at 1666 Hz. The LIF signal is detected with an intensi�ed CCD detection system, which
combines 2D detection array with very accurate shutter timing, high sensitivity and high quantum
e�ciency. The characteristic width of the experimental function of the setup is 1.4 pm, making it
possible to resolving ion temperatures down to approximately 1 eV.

Theoretical analysis of the experimental performance of the envisioned diagnostic setup is
carried out based on LIF radiance in the saturated regime. The determined detection threshold
density of roughly 1013 m�3 is found to correspond to experimentally determined literature values
of 1014 m�3 for similar diagnostic setups. For a 1 Pa discharge pressure, with a background density
of 1020 m�3, this corresponds to a minimally required ionization degree of approximately 10�7 for
the probed species.

A SNR of approximately 100 in the halo plasma regime for the most favorable conditions.
The margin for the low pressure intense star-mode regime is just above the detection threshold.
Extensive binning of the obtained detection frames along the laser beam was required to achieve
these results, e�ectively losing one spatial dimension of the measurement. Based on saturation
measurements, the signal to noise ratio may be increased by increasing either the laser power or
increase the focus of the laser beam in the plasma. The potential gain in signal to noise ratio
which can be achieved could not be determined based on the measured saturation curve.
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5.1.3 Doppler-LIF IVDF measurements

Velocity information of the probed ions is obtained by evaluating the acquired LIF light intensity
as function of the laser wavelength scan around the central frequency of the probed transition.

The main �ndings show that a the probed ionic 3d4D7=2 Ar-II species is insu�ciently populated
for detection, and therefore the energetic ionic species most likely populate other ionic states. No
species were detected with a velocity in the order of magnitude of the applied acceleration voltage,
both in star- and halo mode regimes. A lack of detected fast ions indicates that the density is
below the detection threshold of the diagnostic setup. It is evident that a signi�cant amount of
fast ions must be present in the plasma, primarily based on the elevated sputtering rates in both
star- and halo-mode, which can not be accounted for by the thermal ions. It is argued that the
most probable reason for insu�cient population of the probed species is that the ionized state
distribution is widely spread due to the non-thermal nature and high energies involved in the
ionization process.

Although the IEC plasma is generally regarded as a mostly non-thermal plasma, a signi�cant
thermal distribution is found in the LIF pro�le measurements. The thermal velocity distribution
corresponds to a ion temperature of typically (4:5 � 0:5) � 104K or approximately 4 eV. This is
found to be a feasible temperature for the discharge conditions. Based on preliminary analysis of
the temperature measurements interesting observation can be made. The thermal ion temperature
fraction with respect to the total discharge voltage is star mode is a factor two lower than for typical
halo-mode values. The drop-o� of ion temperature fraction as function of discharge voltage �ts
a consistent logarithmic decay for the obtained data points, throughout the star- and halo mode
regimes. Based on the analysis of the results the energy transfer from the high energy portion
of the ionic species to the thermal background is found to be less e�cient than in halo mode. A
more in depth and thorough analysis of the ion temperature behavior requires the implementation
of dedicated measurements.

5.2 General research conclusions

We return to the main research question, whether the local ion velocity distribution of the Fusor
plasma discharge can be measured by spatially resolved laser-induced uorescence measurements.
The conclusions are twofold.

Doppler-shifted LIF plasma diagnostics was successfully employed to measure the velocity dis-
tribution function of ions in the central region of the TU/e Fusor plasma. The probed 3d4D7=2

Ar-II state is present in the plasma and excited to induce the uorescence decay transition at
480nm. Measurements on star- and halo mode plasmas indicate that the highly accelerated non-
thermal ions in the plasma do not su�ciently populate the probed ionic state, regardless of applied
acceleration voltage or discharge regime. High-energy IEC-broadened pro�le features expected
where not observed and therefore characterization of the energy distribution of the high-energy
ions in the plasma was not possible within in the considered experimental conditions.

Although the initial goal of fast ion characterization did not lead to tangible results, the
diagnostic method is found capable of providing absolute measurements of temperature of the
thermalized ion population in both star- and halo mode regime of the IEC plasma. The ion
temperature measurements shed new light on the temperature of ions in the gridded DC IEC
discharge. The possibility of direct measurement of ion temperatures gives new insights on the
plasma dynamics. The preliminary results obtained in this thesis, linking ion temperatures to
discharge pressure and discharge voltage, may provide a basis of continued research on the micro-
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scopic characterization of the IEC discharge. Concrete steps can be taken to better understand
the relation between reactor design, grid geometry, plasma parameters and the neutron production
performance of the IEC fusion reactor.

The signal to noise ratio proved to be insu�cient to conduct spatially resolved measurements in
two dimensions. Furthermore, the experimental conditions for the star-mode regime did diminish
the achievable SNR signi�cantly. Increasing the laser irradiance in the plasma and optimization
of the optical paths in the experimental setup do however leave room for signi�cant improvement
on this front.

It seems that the very advantage of LIF diagnostics - the ability to target a species in a
particular electronic state - leads in this case to the varying results. Due to the largely non-thermal
nature of the ions in the IEC discharge combined with wide energy spreads, spreading of the ionized
states most likely causes low population densities in any individual state. On the other hand, the
low lying metastable probing state used in the experiments is su�ciently populated in thermal
equilibrium to ensure detection and obtain successful temperature measurements.

This points to the conclusion that successful employment of LIF for detection of fast ions in
IEC plasmas relies on careful consideration of suitable probing states.

It remains unclear whether argon as diagnostic gas provides a dominant ionization route in
IEC plasmas to ensure su�cient population density. For reconsideration of the fast non-thermal
ion species, further investigation is required to assess if other probing states or discharge gasses are
perhaps better suited. This requires a more comprehensive understanding of ionization pathways
and ion state distributions in the IEC plasma.

5.3 Recommendations for further research

The initial goal of measuring accelerated ions has not been achieved with the chosen experimental
approach. This leads to a number of speci�c improvement of the experimental approach. Also
more general recommendations for further research on the on the TU/e Fusor are covered.

IVDF LIF diagnostics on IEC devices

The performance of the described experimental setup in this report can be upgraded relatively eas-
ily by increasing the laser power, improving optical collection angle and decrease the optical losses
in the detection optics. The increase in signal detection rate achieved by these measures translates
directly to a better S/N ratios, a decrease in the required signal integration time for individual
spectral measurements or the prospect of expansion to full spatially resolved measurements.

Still, the 3d4F7=2 LIF scheme in argon does not su�ce for direct measurement of the accelerated
ions in the IEC plasma. A change to an alternative scheme is most likely required to target the
highly accelerated ionic species in a state that is better populated. It is not evident to make an
a priori selection of a suitable ionic state for probing. Detailed analysis of ionization paths in
conjunction with spectral pro�ling may be required to identify a more suitable probing species in
argon.

It is advised to incorporate optical emission spectroscopy (OES) or plasma- and beam modelling
in the initial phase for LIF diagnostics development on plasmas with a highly non-thermal ion
distribution. More extensive OES on the IEC plasmas may lead to new insights on suitable,
well populated, ionic probing states for LIF spectroscopy on IEC plasmas using argon or other
diagnostic gasses. Modelling of the plasma beam intensities, densities and subsequent quantization
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of the species densities as function of the discharge parameters may lead to a better insight in the
feasibility of LIF diagnostics for IEC plasma diagnostics.

Considering the problems encountered particularly with sputtering, the choice for argon as a
diagnostic gas for LIF measurements is not favorable from a practical point of view. Changing
to a lighter diagnostic gas will signi�cantly decrease sputtering rates and associated material
deposition and inuence on the plasma. A more direct solution would be to develop a technique
or method to mitigate or obstruct material ux to the view-ports and render the problem of
material deposition on the windows obsolete. Secondly a plasma discharge consisting of lighter
mass particles will better resemble the typical deuterium fusion plasma in terms of particle mass
and collisional cross-sections. Particle mass is a factor of interest in the case of star mode plasmas
where light particles are more easily focused by the electrostatic �eld into tight micro-channels.
Change of diagnostic gas to a lighter element, with less possible electronic con�gurations in the
ionized state may provide more favorable population densities distribution of probable ion states.
A big advantage of using hydrogen or helium as a diagnostic gas is that much more IEC literature
on these plasmas is available. LIF schemes are available for probing species in these gasses,
but generally the experimental conditions of excitation and detection for these gasses become
increasingly challenging for lighter elements.

The LIF diagnostics on the low-level 3d4D7=2 ionic probing state is found to be very suited
to ionic temperature measurements in the IEC halo discharge. The preliminary measurements
obtained in this work have resulted in ion temperatures averaged over the central inter-cathode
region. A more dedicated research on ion temperatures in the IEC discharge may shed new light on
the inner physics of the IEC discharge. Furthermore, the observed highly elevated transverse ion
temperatures in star-mode micro-channels found by (Khachan et. al., 2001)[39], may be veri�ed
using LIF diagnostics.

The observed spatial broadening in the LIF signal curves, due to the intrinsic delay between
excitation and uorescence processes in the LIF scheme, may serve as an alternative approach to
measurement of the velocity distribution function of the ions. The ion species moving perpendic-
ular to the laser beam can be mapped to a temperature pro�le based on the spatial distribution
of the LIF intensity around the laser beam. For these measurements, increasing the signal to
noise ratio of the measurement decreasing the beam waist are expected to positively inuence the
overall quality of the measurement results.

Further research

The current design of the TU/e Fusor, and grid geometry are geared primarily toward maxim-
izing neutron production through fusion rate optimization. Certain aspects of the discharge can
be isolated and studied separately. An approach taken for example in Refs. [11, 39] uses spe-
ci�cally developed grids for diagnostic purposes that produce only single micro-channel ion beam
in a star-mode discharge. This approach has the bene�t of simplifying the interpretation of the
measurement results by preventing obscured measurements due convergence of particles in three
dimensions. Furthermore a range of reactor improvements can be implemented to increase fu-
sion rates, which are extensively discussed in literature. Among others, pulsed operation for less
grid heating, external microwave plasma heating and direct ion injection belong to the possible
upgrades of the TU/e Fusor.

Direct measurement of the potential distribution function, for investigation of the virtual elec-
trode formations in the IEC plasma, may be conducted using an alternative LIF technique. Po-
larization measurements on 21SHe-I of helium as reviewed in [54] can give localized �eld strengths
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down to 80 V/cm. Due to the fact that a neutral state is probed, the population issues encountered
with the IVDF measurements are not expected. Research can be conducted with experimental
work by Yoshikawa et. al. on IEC devices as starting point [55, 28, 56].
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Appendix A

State Population Theory for LIF

A.1 Introduction

Rate equations are a convenient way to analyze the expected uorescence rate. The low pres-
sure collisionless regime (for instance that of a star mode plasma) is suitable for describing the
interaction of laser light with atoms or molecules. This approach provides a relation between
the uorescence rate and the laser intensity for given conditions in the measurement body. Even
though LIF diagnostics often involve a 3-level process, the basic dynamics can be described using
a simple 2-level model[45]. The behavior can later be used to select an appropriate excitation
scheme and experimental approach.

A.2 2-level model

The equilibrium conditions for a contained 2-level system encompassing only transition processes
between a probing state (1) and an excited state (2) is �rst considered, including apart from the
absorption process induced by the laser, the most important decay routes.

Figure A.1: Illustration of a level diagram, showing the dominant transition routes between a lower and
upper state of a 2-level system. From left to right there is absorption, stimulated emission, collisional
quenching and spontaneous emission. �L is the laser-produced spectral irradiation at the transition fre-
quency. The extension to a 3-level diagram is illustrated within dotted region. The blue arrows indicate
the laser excitation and uorescence route for a hypothetical LIF scheme.
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The densities of the probing state and the excited state are indicated by N1 and N2 respectively
in particles per unit of volume. It is assumed that apart from the indicated transition paths, no
alternative routes are possible. Since the total amount of particles is conserved and N2 is only
populated from N1, the time derivative of both densities can be expressed in terms of the di�erent
transition routes between the levels.

�
@N1(t)

@t

�
= N2(t)

�
A21 + Q21 +

B21�(�)
c

�
� N1(t)

B12�(�)
c

(A.1)

�
@N2(t)

@t

�
= �N2(t)

�
A21 + Q21 +

B21�(�)
c

�
+ N1(t)

B12�(�)
c

(A.2)

Here the absorption rate is determined by the Einstein coe�cient B12, and stimulated emission
by B21. Both scale linearly with the spectral energy density (also known as spectral irradiance
�(�), which is expressed in [W � m�2 � Hz�1] at laser frequency �. Spontaneous emission is
determined by Einstein A21 coe�cient and is state-dependent. Decay can also occur through a
collisional quenching process. This decay route involves no photon emission and is determined by
the collisional quenching rate Q21.

The the Einstein coe�cients can be expressed in terms of the transition oscillator strengths
fij [57].

B12 =
4�2e2

meh�c
f12 (A.3)

B21 =
4�2e2

meh�c
g1

g2
f12 (A.4)

The oscillator strengths of excitation and the reverse process are linked according to f12g1 = f21g2,
with gi the degeneracy of the i-th state. The uorescence rate is roughly determined by the upper
state density and the spontaneous emission coe�cient according to:

S = A21N2 (A.5)

In this two-state approximation, we de�ne a total state density Ntot = N1 + N2 and assume a
steady state @N=@t = 0 so the upper state density can be conveniently expressed as function of
the other variables:

N2 =
NtotB12�(�)=c

A21 + Q21 + (B12 + B21)�(�)=c
(A.6)

Using equation A.5 the total uorescence rate per unit volume can be expressed in terms of
the spectral irradiance and an e�ciency factor Y :

Ŝ = Ntot
B12�(�)

c
A21

A21 + Q21 + (B12 + B21)�(�)=c
| {z }

uorescence yield Y

(A.7)

The last term is called the uorescence yield, which gives a measure of the uorescence e�ciency
Y . It is de�ned as the ratio of the number of absorptions and the number of uorescent decays.
Quenching is a collisional process and increases linearly with pressure. Generally the uorescence
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yield is much smaller than unity except for low pressure ranges or low temperatures for which
Q21 << A21 or when the spectral irradiance is high. In this collisionless case (where quenching
can be neglected) the spontaneous emission rate is the inverse of the characteristic lifetime of the
upper state:

A21 =
2��2e2

�0mec3
g1

g2
f12

�
� ��1

2
�

(A.8)

A.3 Extension to a 3-level scheme

Realistically, the 2-level model is an over-simpli�cation of reality. For one, the 2-level approxima-
tion per de�nition only describes a resonant uorescence precess. Typically many electronic state
con�gurations are available for downward transitions. Therefore spontaneous emission is divided
across a number of possible downward paths. Also experimentally it is much more convenient
to detect uorescence at a wavelength far from the excitation wavelength, in order to be able to
simply block out the laser light using a spectral narrow-band �lter.

When assuming spontaneous decay is dominant and collisional quenching rate from the upper
state Q2i can be neglected with respect to the total spontaneous emission rate Atot � ��1

2 . This
is typically justi�ed for sub-100Pa pressures and non-dissociative gasses[46][45] . In this case the
spontaneous emission coe�cient can be subdivided and expressed in terms of the upper state
according to:

dN2=dt = �AtotN2 = (
X

i

Ai)N2 (A.9)

An absolute branching ratio �i = Ai=Atot is introduced to describe the ratio of the decay
rate via the i -th pathway versus the total spontaneous decay rate Atot to indicate the fraction of
spontaneous emission via the uorescent transition of interest. The e�ective uorescence yield is
obtained by multiplication with the relevant branching ratio. Branching ratios, state lifetimes and
oscillator strengths have been determined experimentally for a large number of particle species;
for instance in the case of Ar-II levels [58][59]. Using this data a rough quanti�cation of the
uorescence rate can be achieved based on a number of basic experimental parameters.

A.4 Saturation Regime

In the saturation regime the rate of excitation is su�cient to deplete the probing state while the
converse rate of stimulated emission grows. This causes the uorescence rate to eventually level
o� for rising spectral irradiance.

The uorescence yield term determines the e�ciency of the LIF process. Two limit cases can
be discerned to indicate the behavior of the LIF signal strength. For B12 + B21 << (A21 + Q21),
the low laser limit, the signal strength behaves linearly with laser intensity:

Ŝ = Ntot
B12�(�)

c
A21

A21 + Q12
(A.10)

In this regime the probing state is populated su�ciently for each photon to be absorbed and the
uorescence yield factor Y reduces to a constant, at least for stable pressure and temperature
values. On the other side - in the high spectral irradiance limit with B12 + B21 >> (A21 + Q21) -
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the uorescence rate and

Ŝ = NtotA21
B12

B12 + B21
(A.11)

This can be rewritten by substituting equation A.3 and A.4 to an expression for the saturation
limit LIF intensity.

Ŝsat = Ntot

�
g2

g1 + g2

�
A21 (A.12)

Assuming the branching ratio for the uorescence transition of interest is �F , the total steady
state isotropic uorescence radiance becomes:

Ŝsat = Ntot

�
g2

g1 + g2

�
��1

2 �F (A.13)

The saturation behavior of the 3-level systems is governed by coupling of the third level with both
the upper state and the probing state [49]. For weak coupling of the 3rd state with the probing
state, for instance when using a short-pulsed excitation scheme with (tp � �2), the state balance
as described in the 2-level system is never reached. Now the third state acts as a sink and the
saturation parameter for a three-level system may be much lower than in the two-level case.

Figure A.2: Characteristic steady-state normalized LIF radiance as function of the laser spectral irradiance
E� [W cm� 2 Hz� 1]. Both the linear- and saturated regime can be distinguished. Three values for the
uorescence yield are plotted of (tr) Y = 1, 0:1 and 0:01. Adapted from "V.Dijk (1979)"[49]

In practice the saturation signal level can be obtained by determining the value of the linear
asymptote at the value which is twice that of the actual LIF curve (as illustrated in �gure A.2.

A.5 Pulsed Excitation

For pulsed excitation with pulse time tp shorter than the e�ective lifetime of the upper state
tp � �2, a steady state LIF intensity is never reached. In this case saturation will occur at higher
laser spectral irradiance than predicted in equation A.13 using the steady-state assumption[46].
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Diagnostic Gas Selection

For low atomic numbers the availability of pronounced LIF schemes in the visible range is scarce.
Hydrogen, although very well characterized in a glow plasma state, only has neutral transitions
suitable for LIF diagnostics. The longest wavelength line to the ground state is the Ly� line
at 121:6 nm, for which suitable lasers of su�cient power are not yet available [60]. New laser
technologies have been developed to make this scheme experimentally feasible.

Also for helium the lack of a suitable LIF schemes in the visible- and UV range have prevented
large-scale implementations of LIF-based plasma diagnostics in pure helium plasmas. Schemes
involving excitation in the IR range of a singly ionized He atom from n =4 to n=5 and subsequent
decay to the n=3 state has been demonstrated as a viable alternative option [61]. Suitable schemes
in the IR regime have been demonstrated using a tunable diode laser operating at 1013:36 nm.

For higher atomic numbers the options for viable ionic LIF schemes quickly become more
widely available. Speci�cally for Argon a host of experimental LIF implementations have been
documented involving excitation wavelengths in the visible and UV region. Also, the so-called
meta-stable states in argon are amply available. Since LIF diagnostics on ionic species or excited
species often rely on these metastable states to ensure su�cient species density . The default
argon ionic LIF scheme involves an Ar-II metastable ionic probing state and excitation transition
at 611:66 nm. This LIF scheme has been applied numerous times in argon plasma for determination
of IVDF [62][63][64]. Alternative schemes, although involving lower species densities in comparison
to the conventional scheme, have been demonstrated with excitation at 440, 664, 669, and 689
nm, all easily producible laser wavelengths [44][62]. An overview of common LIF schemes with
high transition probabilities for Ar-II are summed up in [44]. All have uorescence wavelengths
between 400-500 nm.
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Appendix C

Signal Detection Threshold

The detection limit of the setup is veri�ed with literature values based on a approximation of
the minimally detectable ionization fraction f of the probed species in the saturation regime,
using equation C.1. The saturated LIF regime gives the highest uorescence rate, so this case is
considered to quantify the expected amount of signal to be expected in an experimental setting.
Although the saturation regime was not found to be reached in chapter 2, saturation was achieved
with similar laser irradiance and pressure conditions using the 611nm transition scheme of ArII[32].

Based on a simple calculation, the approximate signal strength can be determined. The signal
intensity can be expressed on a number of key speci�cations of the experimental implementation:

Ŝsat = n0f
�

g2

g1 + g2

�
A23



4�

� � G R D (C.1)

Here the plasma parameters are background gas number density per unit volume n0 = P=kBT
where P is the absolute pressure in Pascals, kB the Boltzmann constant and T the pressure in
Kelvin. The fraction the gas particles in the appropriate probing state is indicated by the fraction
f and the observed irradiated volume.

The collected fraction is composed of the a collection angle term and the detection e�ciency
of the detector. The solid angle of collection is indicated by 
, making the 
-term the fraction
of total uorescence photons directed toward the detection system assuming isotropic distribution
of emission. Finally the optical path transparency �, detection gain G, the quantum e�ciency R
and exposure duty cycle D.

Experimental setup speci�cations values listed in Tables 3.1, 3.2 and 3.3, combined with the
dimensions of the reactor vessel and some additional details of the collection optics are used,
including the following estimated or assumed values

� Assuming p = 1 Pa: n0=1020

� V = 1cm3 = 10�6 m3

� collection solid angle 
=4� = 6 � 10�4

� collection e�ciency � � 0:1

� overlap integral � = 1 (assuming only thermal species, laser spectral width lower than
thermal broadening)
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� signal duty cycle for pulsed excitation D = 10�5s

Solving for f gives f � 1 � 10�7. In the most favorable case a particle density of 1013 m�3 can
be detected. This is in line with the values given by Ref. [32] of 108 cm�3.
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Spectral Broadening E�ects

Spectral broadening e�ects can be separated in intrinsic broadening e�ects (due to microscopic
and macroscopic plasma conditions) and experimental e�ects, due to the measurement technique
or instrumental detection limitations.

D.0.1 Intrinsic Broadening E�ects

The most prevalent broadening and shifting e�ects relevant to the glow IEC discharge conditions
are discussed next. Broadening mechanisms relevant for IEC glow plasmas are Doppler broadening,
natural broadening and stark broadening (sometimes called pressure broadening).

Natural (power) Broadening

Natural (or Power)broadening causes the natural spectral width of the transition pro�le and arises
from uncertainty in the energy of the states involved in the transition. In the case of very short
lifetimes the energy becomes uncertain and the transition is broadened, resulting in an un-shifted
Lorentzian pro�le.

 =
X

l

Akl = 1=�eff (D.1)

Typically natural broadening has a contribution of 20-100 MHz depending on the speci�cs of the
upper state. [65]

Collisional Broadening

Due to interactions of atoms with their neighbors, energy levels are slightly altered. This results in
a collisional broadening of the emitted line radiation. Various sub-classi�cations of perturbations
be made, which is beyond the scope of this text. The broadening attributed to collisions is
approximately equal to twice the collision frequency.

vcoll � vthnp�coll (D.2)

For 10 Pa, 300K argon, � � 10�18m2 ! 2vcoll(� 1Mhz) <<  [65] ) Pressure broadening is
much smaller than natural broadening in the considered pressure regime.
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Macroscopic Stark e�ect and Zeeman broadening

The presence of a externally applied (macroscopic) electric �eld alters the the upper energy state
resulting in a splitting of the spectral line in 3 components with frequency di�erence. Although
strong local e-�elds are present in IEC glow discharges, the detection region in the center of the
cathode has low e-�elds. Magnetic �elds are not present in the plasma. These two e�ects are
therefore not expected to be of signi�cance.

Thermal Doppler E�ect

Plasma species naturally exhibit thermal motion with a Maxwellian velocity distribution pro�le.
This results in spectral line broadening due to the Doppler e�ect. This thermal Doppler broadening
e�ect manifests itself as a symmetric Gaussian curve when projected along one axis of which the
parameters can be expressed in terms of temperature T , particle mass mp and base frequency of
the transition �0.

��
1=2 =

s
8kT ln2
mpc2 �0 (D.3)

Macroscopic Doppler e�ect

Macroscopic Doppler broadening is caused by non-local e�ects, applied for instance by external
force �elds. Since this e�ect is not per de�nition symmetric, it is often The resulting line will be
broadened, with the line width proportional to the width of the velocity distribution

��
d = �obs � �0 = �0

 s
1 � v=c
1 + v=c

� 1

!�1

(D.4)

Where v is the particle velocity with kinetic energy Ekin projected along the line of observation.

v== =

s
2Ekin;==

mp
(D.5)

The observed transition wavelength �obs can be related to the natural transition wavelength
�0 and the kinetic energy qU in terms of acceleration voltage U and particle charge q:

�obs =

vuuut
c �

q
2 qU

mp

c �
q

2 qU
mp

�0 (D.6)

The e�ect of the macroscopic Doppler e�ect can not be generalized into a certain pro�le
function since it depends on the speci�cs of the involved force �eld.

D.0.2 Experimental Broadening E�ects

In experimental situations experimental broadening must also be taken into account.
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Laser width broadening

The experimental function is for LIF measurements the spectral width of the laser beam. The
measured uorescence pro�le is composed of a convolution of the absorption pro�le �(�) and the
laser spectral pro�le �(�):

S(�) = (� � �)(�) =
Z 1

1
�(�)�(� � �)d� (D.7)

For an in�nitely narrow absorption pro�le, this convolution returns the laser spectral pro�le
itself since (� � �) = �. Therefore, the smallest broadening and shifting features discernible in an
spectral intensity pro�le of the uorescence is determined by the spectral width of the laser beam
used for excitation of the species. For broadening and shifting e�ects to be spectrally resolved
they must be greater than the spectral width of the laser beam.

Saturation Broadening

For high laser power, saturation of the optical transition leads to additional line broadening. Sat-
uration broadening of the LIF pro�le occurs due to relative over-expression of the spectral wings
of the beam pro�le. Consider the spectral domain. In the LIF saturation regime a peaked spectral
laser line pro�le will scale linearly in the low-intensity wings of the pro�le while saturating in
the intense central region. The spectral intensity pro�le therefore does not necessarily reect the
absorption pro�le of the transition. Equation D.7 is not valid in the case of saturation broad-
ening. A weight function must be applied which factors the edge frequencies of the laser pro�le
more heavily. Saturation broadening only becomes dominant over thermal broadening for broad
laser widths [31] and can be easily prevented by lowering the laser irradiance. A 10mW=20mm2

intensity laser beam is shown to produce a detectable LIF signal (1% of the total measured 461nm
emission) [65] with plasma conditions similar to the TU/e fusor. For this laser intensity a sat-
urated absorption width of 70MHz is present. Up-scaling to higher power is permitted given the
wide Doppler spectrum to increase detectability of the LIF signal.
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Timing Schemes

Two timing control schemes are discussed for the LIF diagnostic setup. The setup has two func-
tions: timing individual the laser pulse trigger and iCCD gating trigger, and triggering of individual
frames for individual spectral measurements, alternating with triggering of spectral steps of the
dye laser.

1. Spectral excitation scan measurements

2. Fixed excitation wavelength

The experiment is controlled by two TTL timing loops which run independently as schematic-
ally indicated in �gure E.1. A precisely timed delay between triggering pulses to the pump laser
and gating pulses to the dye laser is implemented by a delay generator. A �xed delay is required
to take into account the time required for the signal to be received, production of the laser pulse
and optical path. A BNC-575 delay generator is used to produced the required delay signals to
trigger both the laser system (external trigger) at the desired frequency and control the iCCD
gate (ExtGtP) accordingly. This loop runs continuously.

The second loop involves both the stepping of the laser through the spectral scan range and the
triggering of individual iCCD frames. Spectral measurement series are initiated by the Dye laser
unit. When a spectral ’step’ of the dye laser is successfully executed by mechanical manipulation
of the dye laser resonator cavity, a trigger TTL pulse is sent out to the frame initiation trigger
input of the iCCD camera (trig+). The camera is set to purge incoming photons until the frame
trigger is received. Throughout the frame length (in software-assigned integration time), incoming
photons are registered. Once the integration time has passed, the sensor data is stored and a
trigger signal is sent to the dye laser to initiate the next step (iCCD fsync) -> dye laser (in port).
This sequence is repeated until the dye laser has �nished the speci�ed scan range.

For the saturation measurements, the laser output frequency is spectrally tuned to the thermal
LIF maximum. The dye laser positioning trigger input and output can therefore not be used as a
master timer for the frame triggering. For practical reasons, the frame triggering is replaced with
a separate external signal generator, which outputs a short TTL pulse with a period which may
be de�ned manually. The software frame integration time is manually set accordingly. The laser-
and gate trigger loop is unchanged.
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Figure E.1: The spectral scan timing scheme uses the dye laser as master trigger unit.
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