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Abstract 

This thesis reports on the modelling work and measurements done on the 
electrical potential in the fusor, a ‘table-top’ fusion device based on 
electrostatic confinement. The goal of this research was to find out how the 
electrical potential differs from the vacuum potential and how it can be 
changed. 

The electrical potential was identified as an important parameter for the fusion 
rate and therefore the neutron production in the fusor. While the electrical 
potential is easy to model in the absence of charged particles (vacuum 
potential), this becomes challenging if the charged particles are included. To 
better understand the different physics, a model has been set up providing an 
expected electrical potential. This is compared to measurements done using 
an (emissive) probe. A spectroscopic measurement was done to verify the 
(emissive) probe measurements. 

The main difference between the model and the measurements is the 
absence of a potential hill in the measurements. It is hypothesized that this 
difference is caused by ion impact ionization, which has not been taken into 
account in the model. 

The model and the measurements agreed in general on the influence by the 
current and the pressure; both increasing the current and increasing the 
pressure increases the potential (or lowers the potential well depth), leading 
to a reduction in the fusion rate. 
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Chapter 1 

Introduction 

In the coming decades, the energy sector will face an increasingly complex 
array of challenges; economic, geopolitical, technological and environmental. 
Supplies of our conventional energy sources – fossil fuel like oil, natural gas 
and coal – are expected to decline, becoming increasingly concentrated in 
the Middle East (oil) and in countries like Russia and Iran (gas). On the other 
hand, the energy demand increases as the developing world’s population 
continues to expand. In addition increasingly tight limits are placed on the 
total amount of greenhouse gasses that can be released into the atmosphere. 
These developments will lead to an increasing demand for clean and 
sustainable forms of energy production. Fusion may be a great option to 
satisfy this demand [1]. 

Nuclear fusion does not produce any greenhouse gasses, just like nuclear 
fission. Unlike nuclear fission, the fuels required for nuclear fusion are widely 
available, fusion reactors are intrinsically safe and the reactors can be 
designed in such way that no long-lived radioactive waste is being produced. 
It sounds as if nuclear fusion would solve all challenges described above, but 
it is not that easy to generate net energy. 

The challenge to fusion energy is in the high energies required for two 
reactants to fuse together. The Coulomb losses corresponding to these 
energies are larger than the energy gained from a fusion reaction. The only 
way to gain net energy is to reduce these energy losses using confinement 
principles. Currently two confinement schemes are investigated; Magnetic 
confinement and Inertial confinement. In the former case, a plasma is 
confined by a magnetic field while it is heated by Ohmic heating and external 
sources. In the latter case a high pressure plasma is created by imploding a 
fuel pellet, which is confined by its inertia. While both concepts have the 
potential to become a viable power source, the complexities of the concepts 
make research expensive and unwieldy. There are other, less complex 
concepts. Limited research is being done on these concepts as they are 
expected to be unable to produce net energy. 



2 

 

The research for this thesis concerns one of those alternatives; (inertial) 
electrostatic confinement. In this concept an electrical potential well is created 
to accelerate and trap the ions. While the intended use was energy 
production, T.H. Rider argued on a theoretical basis that the concept is 
unlikely to generate net energy [2]. That does not make this research 
redundant, as the fusion reaction products could serve other means [3]. Many 
purposes have been proposed, like the destruction of long-lived radioactive 
waste and the production of medical isotopes. G.L. Kulcinski states that these 
‘near term commercial opportunities’ could be used to gain back the public 
interest. However, for these alternative applications to be commercially viable, 
high fusion rates are required [4]. 

The fusion rate � can be determined using the following equation: 

 � = ����〈��〉 (1.1) 

where �� and �� are the reactant densities of species one and two 
respectively, � is the cross section for the fusion reaction depending on the 
center-of-mass kinetic energy and � is the center-of-mass velocity.  

To optimize the fusion rate, �� should be at its maximum and the reactant 
densities should be as high as possible. This is not trivial as the parameters 
influence each other and are limited by the system. Therefore the main 
objective of this research is to gain more insight in the physics inside the 
fusor, with the goal to improve the fusion rates. 

So far, measurements have been done on the fusion rates as a function of 
voltage, which is related to the ion velocity, and current, which is related to the 
ion density [3], a diagnostic, based on spectroscopy, has been developed to 
determine the ion density and this same diagnostic was used to find an ion 
velocity profile [5]. This thesis reports on the measurements and modelling 
work done on the electrical potential inside the fusor. 

The electrical potential is a parameter of interest as it is closely related to the 
ion velocity through energy conservation; potential vs. kinetic energy. While 
the vacuum potential can easily be calculated, that is the potential without 
charged particles, the presence of electrons and ions may alter this potential 
significantly. With this goal in mind, the main research questions are 
formulated as: 

• How does the electrical potential differ from the vacuum potential? 

• How can this electrical potential profile be changed? 

This thesis starts with an introductory chapter explaining more about fusion 
and the fusor in general. In the following chapter a model is set up to get a 
measure for the electrical potential profile. The results of the model are used 
to determine some constraints on the diagnostics – spectroscopy based on 
the Stark effect and probes. The chosen experimental setup will be explained 
in the next chapter followed by the results. After discussing these results, 
conclusions will be drawn and the implications for this on the fusion rate will 
be given. 
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Chapter	2	

Fusion	with	Electrostatic	Con�inement	

In the introduction nuclear fusion was introduced as a potential future source 
of energy. It was explained that there are some promising concepts, which 
distinguish themselves based on the confinement principles that are applied. 
In this chapter nuclear fusion is introduced in more detail. It will be explained 
why nuclear fusion is challenging and why these confinement principles are 
necessary. 

2.1 Nuclear	Fusion	

Nuclear fusion is the process in which two or more nuclei fuse together to 
form a heavier nucleus. This process is accompanied by either the release or 
the absorption of large amounts of energies, depending on the binding energy 
of the nuclei. As the goal is to gain energy, this suggests that light elements, 
like Hydrogen isotopes, should be used. 

Nuclear fusion is challenging because of the high energies that are required 
to fuse two reactants together. As the nuclei are always positively charged, a 
strong, repulsive force keeps them apart. The Coulomb potential, created by 
their charge, can be overcome given sufficient kinetic energy.  

It is useful to find a probability or cross section for this interaction based on 
the kinetic energy. In the classical case the kinetic energy is either sufficient 
or insufficient to overcome the Coulomb potential, resulting in a step function. 
However, due to the small length scales at which the strongest nuclear 
interactions occur, classical physics does not apply and quantum mechanical 
effects need to be included. One of these effects is tunneling, which results in 
a finite probability for the nuclei to fuse together even if they do not have 
sufficient kinetic energy to overcome the Coulomb barrier. Other quantum-
mechanical effects are resonance (higher probability) and high-speed decay 
(lower probability). A visual representation is given in Figure 2.1 [6]. 
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Figure 2.1: The figure shows the cross section, or probability, for a fusion reaction as a function of 
the kinetic energy of the reactants. It shows a comparison between the ‘real’ cross section and 
the classical model. The difference is in the quantum-mechanical effects; tunneling, resonance 
and high-speed decay. [6] 

2.2 Coulomb	Losses	

If two nuclei move close enough to each other, there is a certain probability 
for a fusion reaction to occur. However, if the two nuclei do not have a fusion 
reaction, the nuclei will simply have an elastic collision; a Coulomb collision. 
Note that Coulomb collisions are not necessarily elastic as there may be 
radiation losses; Bremsstrahlung. 

During a Coulomb collision both momentum and energy is transferred 
between the interacting particles. If the energy difference between the 
interacting particles is large, it is likely that the high energy particles transfer 
energy to the low energy particles. This could be considered a loss 
mechanism; a Coulomb loss. 

To illustrate the challenge of Coulomb losses, the simplest form of nuclear 
fusion is used; target fusion. In this concept an ion beam is accelerated and 
directed onto a target. The beam ions have a certain probability to have a 
fusion reaction with the target particles. If they do not fuse, they have a 
Coulomb collision, in which case the beam ions transfer part of their kinetic 
energy to the target particles. Then the beam ions may have another chance 
on a fusion reaction with a different energy and different probability. Ultimately 
they will either have a fusion reaction or dissipate all of their energy into the 
target. Heating the target is considered an energy loss. 

Given the probability on a fusion reaction and a Coulomb collision as a 
function of energy, it can be calculated how much energy would be gained or 
lost on average as a function of energy. This has been done in Figure 2.2. It 
shows the average amount of energy gained per particle for a Deuterium – 
Tritium fusion reaction in red and the average amount of energy lost per 
particle for a Coulomb collision between the two in blue. As the blue line is 
always higher than the red line, this suggests that this fusion reaction is never 
going to produce net energy. Note that the D-T fusion reaction was chosen as 
it has the highest probability and is among the most energetic fusion 
reactions as explained in section 2.4. 

Tunneling 

Resonance 

Classical
model 

High-speed 
decay 

� 


�� 
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Figure 2.2: A comparison is made between the total power gain from fusion reactions (red) and 
the total power loss due to Coulomb collisions (blue). It shows that the energy loss is always 
larger than the energy gain. The reactions are between Deuterium and Tritium. 

To produce net energy, the Coulomb losses need to be reduced. By applying 
confinement principles, the energy that is transferred from the beam ions to 
the target particles remains (partially) inside the system, effectively reducing 
the energy loss. Two promising confinement principles were mentioned; 
magnetic confinement and inertial confinement. 

An important difference between these two concepts and target fusion is that 
beam ions and target particles cannot be distinguished – the plasma is 
thermo nuclear; all particles have fusion-relevant energies and all particles 
are part of the same system. In this case the only energy losses are radiation 
losses through Bremsstrahlung. 

On the other hand, this is only true if the system is boundless. As all real-life 
systems do have boundaries, there will be losses if particles pass these 
boundaries and leave the system. To produce net energy, the amount of 
fusion energy gained must be higher than the amount of energy lost per unit 
time, the energy confinement time. The break-even point is given by: 

 
��� = 12����

��〈��〉 (2.1) 

where � is the density (assuming optimal densities of the reactants), � is the 
energy confinement time, � is the temperature, �� is Boltzmann’s constant, �� 

is the amount of energy gained per fusion reaction and 〈��〉 is the average 
value of the cross section times the velocity. 

It can be said that inertial confinement tries to maximize � and magnetic 
confinement tries to maximize �. In both cases the velocity distribution is 
collisional and therefore a large part of the particles has energies too low to 
fuse. A theoretical advantage of electrostatic confinement is that the ions are 
mono-energetic; in principle it tries to maximize 〈��〉 (or �� as there is no 
need for averaging). 
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2.3 Electrostatic	Con�inement	

The goal of electrostatic confinement is to trap and accelerate ions to fusion 
relevant energies. A schematic overview of the concept is given in Figure 2.3. 

In the figure two circles can be observed. These circles represent electrodes. 
If the inner electrode is at a negative potential relative to the outer electrode, 
the ions are accelerated inward – indicated by the red arrows – and the 
electrons are accelerated outward – indicated by the blue arrows. 

The inner electrode is a grid and therefore the ions have a certain probability 
to pass through the grid as they are accelerated inward. Inside the grid the 
ions converge and reach relatively high densities. After passing the grid again 
on the other side, they move outward and are decelerated before being 
accelerated towards the grid again. This way the ions have an oscillatory 
motion until they do not pass the grid or are lost in another way. 

In the original design of the concept a separate ion source was used. This ion 
source is located just outside the outer electrode. As the ions are created at 
the same location, the ions would have a mono-energetic distribution as they 
reach the center. The goal of the concept is to make these accelerated ions 
fuse with other accelerated ions. As their density is at its highest in the center, 
so should their probability to have a fusion reaction to get the highest fusion 
rate possible. With mono-energetic ions, it is easy to change the potential 
difference between the electrodes to optimize ��. 

So far the background gas has been neglected. The interactions between the 
background gas and the ions will introduce additional energy losses; 
Coulomb losses. The background gas also introduces a different way of 
producing ions in the system; the accelerated electrons can ionize the 
background gas. In addition the accelerated ions may also fuse with the 
background gas. 

 

Figure 2.3: A visualization of the working principles of the fusor. The grey circles represent the 
two electrodes which cause the electrons to move outward (blue arrows) and the ions to move 
inward (red arrows). 
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2.4 Potential	Fusion	Reactions	

Many different fusion reactions exist. They differ in the reactants, reaction 
products and probability. In Figure 2.4 the cross sections of the fusion reac-
tions with the highest cross sections can be observed. The corresponding 
fusion reactions are given by: 

 ��� + ���  → ���� 		 + 				 ���  +17.6	"�#  

 ��� + 		 ���  → $  
			 ��� 		 + 				 %�� 		 +			4.0	"�#  

 ���� 		 + 				 ���  +			3.3	"�#  

 ��� + 		 ���  → ���� 		 + 	2 ���  +11.3	"�#  

 ��� + 		 ����  → ���� 		 + 				 %��  +18.4	"�#  

where the D-D reaction has roughly 50% chance to produce either result. 

In the figure it can be observed that the D-T fusion reaction has the highest 
cross section for energies up to a few hundred kilo electron volts. The high 
cross section combined with the large amount of energy released make this 
reaction the favorite reaction for many fusion devices. As it also produces 
neutrons, this reaction would be perfect for this research. Unfortunately the 
required Tritium forms a safety risk as it is radioactive. 

As the goal is to produce neutrons rather than energy and Tritium cannot be 
used easily, the D-D fusion reaction offers the best choice for this research. 

 

Figure 2.4: The cross sections of the most promising fusion reactions in barns as a function of 
center-of-mass kinetic energy. Red: Deuterium – Tritium, Blue: Deuterium – Deuterium, Cyan: 
Tritium – Tritium and Green: Deuterium – 3-Helium [7]. 
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Chapter	3	

The	Fusor	Model	

In the previous chapter the working principles of the electrostatic confinement 
concept have been explained. In this chapter these principles will be used to 
set up a model, which describes the radial electron and ion densities with the 
goal to get the electrical potential inside the device. 

This chapter will start with a description of the steps taken in the model. Using 
the cross sections of the expected interactions, it will be determined which 
interactions are relevant to the system and which interactions can be 
neglected. Then some predictions by the model are being presented. Finally 
some improvements to the model are suggested. 

3.1 The	Model	in	Steps	

The model is an iterative process of calculating the electrical potential profile 
based on the charge density profile and vice versa. The goal is to find an 
electrical potential profile that is consistent with the charge density profile. 

Two assumptions are made to simplify the model: 

• The system is spherically symmetrical 

• Particles move in radial direction only 

Using these assumptions, a one-dimensional model can be used, using the 
radius as the only spatial parameter. 

The model uses a discretized radius *: 

• *+�, = � ⋅ d* 

• � = 1 … 0 d*1  

this results in a mesh starting at a radius d*, ending at a radius 0 and a mesh 
size of d*. It does not start at 0 as the model will divide by *. 
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The first step in the model is to calculate #2*+�,3. This is based on 42*+�,3, 

which is part of the initial values and is later calculated using the electron and 
ion densities: 

 
�2*+�,3 = 145*+�,� 6 742*+8,39� :;

<=�
 

(3.1) 

 #2*+� + 1,3 = −�2*+�,3 ∙ @* + #2*+�,3 − #+0, (3.2) 

where the first equation is simply a discretized version of Gauss’s law and the 

second equation is the inverse derivative of the potential. Note that #2*+1,3 

has an initial value of 0. To get the appropriate potential, that is the potential 
where #+0, = 0, the whole electrical potential is lowered by the value of #+0,. 

The resulting electrical potential must be physically correct. Therefore the 
following points are being checked: 

• Boundary Conditions, i.e. #2*ABCD3 = #�EFGHDI and #+0, = #EJHDI 

• #+*, < #+0, 

If any of these conditions are not fulfilled, a change is being made in the initial 
conditions and the potential is re-calculated. 

When the electrical potential profile is calculated, it can be used to calculate 
particle velocities: 

 LΔ# = 12 NΔ�� 
(3.3) 

where L is the electrical charge, # is the electrical potential, N is the mass 
and � is the velocity of the particle involved. This equation suggests that the 
velocity of the particle can be calculated at any place given its initial velocity, 
which is assumed to be zero at its source, and the potential at its source. 

In the second step, particle sources are being calculated and used to 
calculate the number of particles at each location: 

 
OI2*+�,3 = 6 POI2*+8,3;Q�

<=� ∙ �� R� S#2*+�,3 − #2*+8,3TU @*V (3.4) 

 WI2*+�,3 = 6
XY
YY
YZ OI2*+8,3
[2� S#2*+�,3 − #2*+8,3TNI \]

]]
]̂;Q�

<=�
 (3.5) 

where the first equation calculates the amount of new electrons created at *+�, based on the number of electrons passing that radius and the second 
equation divides the number of electrons by their velocity to obtain a density. 
An initial value for O� = OI,ABCD – physically caused by secondary electron 

emission – is required. Note that the density used is the number of particles 
per radial shell, not per cubic meter. 
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The sources are calculated using � and �, which depend on the interaction. In 
the case of ionization this means that � is the density of the background gas, 
which can be calculated using the ideal gas law, and � is the ionization cross 
section, which depends on the energy of the electron. Note that it is assumed 
that the energy the electrons lose during this interaction can be neglected. 

As every ionizing collision creates both an electron and an ion, the electron 
sources OI can also be used for the ion sources OC. Note that the initial value 
for the electron sources, O�, must be subtracted. The ion density can be 
calculated in the same way. 

In the next section it will become clear that the charge-exchange interaction is 
a relevant ion interaction. If this interaction occurs, the ion loses all of its 
energy. This is dealt with by removing the previous source and adding a new 
source: 

 OC2*+�,3 = OC∗2*+�,3	
																									+ 6 POC2*+8,3�� R� S#2*+�,3 − #2*+8,3TU @*V;

<=a
 

(3.6) 

 OC2*+8,3 = OC∗2*+8,3 − OC∗2*+8,3�� R� S#2*+�,3 − #2*+8,3TU @* (3.7) 

 

WC2*+�,3 = 6
XY
YY
YZ OC2*+8,3
[2� S#2*+�,3 − #2*+8,3TNC \]

]]
]̂;

<=a
 (3.8) 

where the first and second equations recalculate the ion sources at *+�, and *+8, respectively by adding and removing sources caused by charge-
exchange and the third equation calculates the number of ions at *+�, in the 
same way as with the electrons. Note that the equations are repeated 
changing OC, where OC∗ is the old source. 

One of the ideas of the electrostatic confinement concept is that the ions may 
pass through the grid. This is implemented by repeating the steps above � 
times until �J < 10Q�, where � is the grid transparency. As the ions pass the 
grid, their source term will be multiplied by �. 

When all the electron and ion densities have been calculated, a new charge 
profile can be defined as: 

 4JIb2*+�,3 = � SWC2*+�,3 − WI2*+�,3T + 42*ABCD3 (3.9) 

 �**c* = 4JIb − 4H<D (3.10) 

where the first equation calculates the new charge profile and the second 
equation compares the new charge profile with the old charge profile. If the 
difference, or error, is small enough, the model has converged and a self-
consistent electrical potential profile has been obtained. 
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3.2 Particle	Interactions	

In the previous chapter it has been determined that D-D fusion reactions offer 
the best solution for this research. This suggests that the following particle 
interactions must be investigated, where the ions and the neutrals are 
Deuterium ions and Deuterium atoms respectively: 

• Electron – Neutral interactions 

• Ion – Neutral interactions 

• Electron – Ion interactions 

• Electron – Electron interactions 

• Ion – Ion interactions 

It would be great to have cross sectional data for all of these interactions as 
they are easy to compare. This was not possible for recombination, so 
instead the rate coefficients are compared. It is assumed that Deuterium and 
Hydrogen have the same cross sections. 

Electron – Neutral Interactions 

The electrons are accelerated in the electrical potential. Depending on the 
energy of the electrons, they have a certain probability to interact with the 
background gas; neutral Deuterium. The cross sections for electron – neutral 
Hydrogen interactions can be observed in Figure 3.1. 

 

Figure 3.1: The cross sections for electron impact on �+1d,, Hydrogen in the ground state. Note 
that all excitation interactions to � > 3 have been neglected [8]. 

It can be observed that for energies up to ~60	�#, scattering is the dominant 
interaction. At higher energies excitation to � = 2 is the dominant interaction, 
closely followed by ionization. The cross section for excitation to � = 3 is 
included to show that excitation to � > 2 has a far lower probability than 
excitation to � = 2 and can be neglected for that reason. 
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As the electrons always have more energy than the neutral Deuterium, these 
interactions will always result in energy loss for the electrons. The amount of 
energy that is lost depends on the mass ratio: 

 Δ� = � 2N�N�+N� + N�,� +1 − cosj, (3.11) 

where N� and N� are the masses of the two interacting particles, j is the 
collision angle and � and Δ� are the energy of the incident particle and the 
energy loss of the incident particle respectively. This equation shows that 
energy transfer is low if the mass difference is large between the interacting 
particles. Therefore it can be assumed that only collisions with the bound 
electron are relevant. 

In the case of ionization it is assumed that the electron transfers all of its 
energy to the bound electron. Effectively this can be seen as an energy loss 
of the order of the ionization energy, 13.6	�#, and the birth of a new electron 
(and ion). 

In the case of excitation the energy transfer is of the order of the transition 
energy; that is 10.2	�# for the � = 1 → 2 transition, 12.1	�# for the � = 1 → 3 
transition, etc. 

In the case of scattering the energy transfer is lower. There is, however, a big 
difference between the excitation and ionization cross sections and the 
scattering cross sections; the scattering cross sections are for a summation of 
scattering interactions. The reason is that the electric field extends to infinity 
and therefore there is no limit to the distance between particles that can 
interact. However, larger distances between particles result in smaller 
scattering angles. To account for this, a particle is considered to have 
scattered when: 

k6 j� = 90H 

or when all of its directional energy is dissipated. Note that plasmas rearrange 
themselves, shielding the electric fields of particles. This results in a 
maximum distance between particles that can interact, which is of the order of 
the Debye length. 

In the model it is assumed that the electrical field strength is large enough 
that the energy lost in the interactions described above is much smaller than 
the energy gained in the field. Therefore all of electron energy losses have 
been neglected. 

Ion – Neutral Interactions 

Like the electrons, the ions are accelerated in the electrical field. Depending 
on the energy of the ions, they have a certain probability to interact with the 
background gas; neutral Deuterium. The cross sections for Hydrogen ion – 
neutral Hydrogen interactions can be observed in Figure 3.2. 
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Figure 3.2: The cross sections for Hydrogen ion impact on �+1d,, Hydrogen in the ground state. 
Note that all excitation interactions to � > 3 have been neglected [8]. 

It can be observed that for energies up to 100	�#, scattering is the dominant 
interaction. Unfortunately cross section data was not available for higher 
energies. It is assumed that it has a shape similar to that of charge-exchange. 
Charge-exchange is more likely to occur than excitation or ionization for 
energies up to ~40	��#. The cross sections for excitation to � = 3 is included 
to show that excitation to � > 2 has a far lower probability than excitation to � = 2 and can be neglected for that reason. 

Like the electrons, the Deuterium ions will always have more energy than the 
neutral Deuterium and therefore each of these interactions will result in 
energy loss for the ion. Using equation (3.11) it can be determined that only 
the collisions with the nucleus are relevant. 

The loss in energy is similar to that of the electrons; of the order of 13.6	�# for 
ionization, of the order of 10.2	�# for the � = 1 → 2 transition, etc. A big 
difference is that ions may also have a charge-exchange reaction. 

In a charge-exchange reaction between an ion and a neutral particle, the 
neutral particle transfers an electron to the ion, ionizing the neutral particle 
while the former ion becomes a neutral particle itself. As the neutral particle 
had zero energy, this can be considered a source of ions. On the other hand, 
the ion had a significant energy and becomes a neutral particle, which can be 
considered a sink of ions. Effectively charge-exchange causes the ion to lose 
all of its energy. 

While the other energy losses are neglected based on the expected electrical 
field strength, just like for the electrons, this cannot be done for charge-
exchange. 

Ionization 

In Figure 3.1 and Figure 3.2 the ionization cross sections for electron impact 
ionization and ion impact ionization can be observed respectively. In Figure 
3.3 both ionization cross sections have been plotted in the same figure, for 
easy comparison. 
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Figure 3.3: The cross sections for electron impact ionization and ion impact ionization. The two 
cross sections are equal at an energy of ~4	�# [8]. 

It can be observed that for energies up to ~4	�# electron impact ionization is 
dominant, while at higher energies ion impact ionization becomes dominant. 

Electron – Ion Interactions 

Deuterium ions are fully ionized and therefore the electron – ion interactions 
cannot result into excitation or ionization. Instead, only scattering and the 
reverse process of ionization, recombination, are possible. 

Cross section data for recombination is not available, however, rate 
coefficient data is available. The rate coefficient is defined as: 

 � = 〈��〉 (3.12) 

where the 〈 〉 indicate that a Boltzmann velocity distribution is used. 

 

Figure 3.4: The rate coefficients for Hydroge ion – electron recombination and for electron – 
Hydrogen ionization [8]. 

 



16 

 

The rate coefficient data for Hydrogen ion – electron recombination can be 
observed in Figure 3.4. For reference the rate coefficient data for electron 
impact ionization is included as well. 

As the rate coefficient for ionization is significantly higher than the rate 
coefficient for recombination, it is assumed that recombination can be 
neglected. Note that scattering is neglected based on the mass difference. 

Electron – Electron Interactions 

The only possible electron – electron interaction is scattering. As the 
electrons are expected to diverge outward, the scattering angles can be 
expected to be small. Therefore any form of energy transfer can be 
neglected. 

Ion – Ion Interactions 

The only possible ion – ion interaction is scattering.  

In section 2.3 it was explained that the goal of electrostatic confinement is to 
reduce the ion-ion Coulomb losses. It is assumed that no energy is lost from 
the system. However, the ions may get a collisional velocity distribution. 

Conclusions 

In this section the expected interactions have been investigated. It has been 
argued that: 

• All electron energy losses can be neglected 

• Charge-exchange is the only relevant ion ‘energy loss’ 

• Ionization is the only relevant electron interaction 

• Charge-exchange is the most relevant ion interaction 

• Ionization may be a relevant ion interaction 

Note that ion impact ionization will only be relevant at energies above 4	�#. 

3.3 Results	of	the	Model	

Using ionization as the only electron interaction and charge-exchange as the 
only ion interaction (the applied voltage will be below 4	�#) the model has 
been used to find a self-consistent electrical potential. The electrical potential 
profile typically looks like the one in Figure 3.5. 



 

17 

 

 

Figure 3.5: A typical potential produced by the model in red and the vacuum potential in blue. The 
used parameters are: m# = −2�#, % = 4 ⋅ 10Q�	no and p = 0.52	Nr. 

The vacuum potential is given in blue. It can be observed that it follows the 
potential for a spherical capacitor with the boundaries at the cathode (0.05	N) 
and the anode (0.25	N): 

 Φ = Φ�*�*� − *E P1 − *E* V ,			* > *� (3.13) 

where Φ� is the potential at the cathode (applied voltage), *� is the cathode 
radius (0.05	N) and *E is the anode radius (0.25	N). 

The modelled potential (in red) differs from the vacuum potential in the 
following ways: 

• A potential hill forms inside the cathode 

• Between the cathode and the anode, the potential is always above 
the vacuum potential. 

In both cases it can be explained by the amount of ions relative to the amount 
of electrons; a higher ion density than electron density increases the 
potential. Inside the grid, there simply are no electrons in the model, resulting 
in a potential hill. Outside the grid, the density of electrons is lower than the 
density of ions as the velocity of the electrons is much higher than the velocity 
of the ions. A similar potential hill has been confirmed experimentally [9] [10] 
[11]. 

One of the goals of this model is to investigate the evolution of the electrical 
potential profile based on certain parameters. The parameters that can be set 
in the model are:  

• The applied Voltage, Δ# 

• The current, by varying the initial value O� 

• The pressure, % 

The results of this investigation are presented in the following sections. 
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The Effect of the Voltage 

Both the electrons and the ions are accelerated by the electric field in the 
system. As the voltage has a linear relation with the electric field strength, so 
does the velocity of the electrons and the ions. As the density of the electrons 
and the ions is their ‘current’ divided by the velocity, it follows that a higher 
voltage results in a potential closer to the vacuum potential. 

The higher particle energies also result in different cross sections for 
ionization and charge-exchange. This is considered a second order effect. 

Using Figure 3.3 it can be determined what the effect of the energy is on the 
ionization cross section. Assuming that the energy of the particles is between 
the 60 − 4000	�#, electron impact ionization dominates and decreases 
monotonic in the loglog plot. Therefore a higher voltage results in less 
ionization and therefore less current within this regime. 

For a fair comparison; i.e. constant pressure and constant current, O� should 
be increased to keep the total current constant. This will have the following 
consequences: 

• A higher O� with a constant current results in a lower ion/electron ratio 

• A higher O� will cause relatively more ion sources to be born by these 
electrons, resulting in a more even distribution of ion sources – this 
causes relatively more ions to be born at a lower potential, which in 
turn reduces their average energy near the center 

A lower ion/electron ratio will decrease the electrical potential relative to the 
vacuum potential. A lower average ion energy will increase the average ion 
density, which in turn increases the electrical potential relative to the vacuum 
potential. 

Using Figure 3.2 it follows that for particle energies between 60 − 4000	�#, 
the charge-exchange cross section is reduced by a factor of 3. A lower 
charge-exchange cross section effectively increases the ion energy 
distribution and in turn the potential hill height. 

 

Figure 3.6: Three potential profiles with different applied voltage, but constant pressure and 
current. The red, blue and cyan curves have been modeled with m# = −2	�#, m# = −3	�# and m# = −4	�# respectively. The pressure and current were constant at % = 4 ⋅ 10Q�	no and p = 0.52	Nr. Note that the results have been normalized. 
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Figure 3.7: The difference between the vacuum potential and the modelled potential (at * ≈ 0	N) 
from Figure 3.6 as a function of the applied voltage. m# is the percentage of the total applied 
voltage. 

By modelling for several voltages around % = 4 ⋅ 10Q�	no and p = 0.52	Nr the 
effect of the voltage is investigated. For comparison the results have been 
normalized and can be observed in Figure 3.6. The difference between the 
vacuum potential and the modelled potential (at * ≈ 0) can be observed in 
Figure 3.7. 

It can be observed that the modelled potential is getting closer to the vacuum 
potential as the applied voltage is increased. This effect is not linear as can 
be observed in Figure 3.7. This effect seems to be stronger between the 
cathode and the anode. 

The overall effect is as expected. The stronger effect between the cathode 
and the anode suggests that the reduction of the ion/electron ratio is also 
relevant. 

The Effect of the Current 

The current through the system is simply the sum of the flowing electrons and 
ions. Therefore the current and the number of electrons and ions have a 
linear relationship. As the model calculates the potential based on the number 
of electrons and ions, the difference between the modelled potential and the 
vacuum potential is expected to be linear. The modelled results can be 
observed in Figure 3.8. The difference between the vacuum potential and the 
modelled potential (at * ≈ 0) can be observed in Figure 3.9. 

While a linear relation was expected, this relation cannot be observed in 
these potential profiles. The red curve was modelled with a current twice as 
high as the blue curve, but the potential hill height is not twice as high. On the 
other hand the blue curve was modelled with a current over twice as high as 
the cyan curve and its potential hill height is also roughly that amount higher.  

This can be explained by the increasing energy requirement to ‘climb’ the 
potential hill. A higher potential hill results in a smaller percentage of the ions 
that can contribute to the potential hill, which in turn limits the height of the 
potential hill. While a larger current does result in more ions in the system and 
therefore more ions that can ‘climb’ the potential hill, this relation is not linear. 
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Figure 3.8: Three potential profiles at different currents, but constant applied voltage and 
pressure. The red, blue and cyan curves have been modelled with p = 5.2	Nr, p = 2.6	Nr and p = 1.0	Nr respectively. The applied voltage and pressure were constant at m# = −2	�# and % = 4 ⋅ 10Q�	no. 

 

 

Figure 3.9: The difference between the vacuum potential and the modelled potential (at * ≈ 0	N) 
from Figure 3.8 as a function of the current. 

The Effect of the Pressure 

The pressure has a linear relationship with the density of the background gas. 
The density is used in the model to calculate the probability on an interaction.  

A higher pressure would result in more ionizing interactions. As explained in 
the previous section (about the effect of the applied Voltage), this requires a 
reduction of O� for a constant current. The results are a higher ion/electron 
ratio and an increased average ion energy. 

A higher pressure would also result in more charge-exchange interactions. 
This would reduce the average ion energy. This effect on the ion energy is 
expected to be significantly larger than the effect through ionization. The 
results can be observed in Figure 3.10. 
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Figure 3.10: Four potential profiles at different pressures, but constant applied voltage and 
current. The red, blue, cyan and curves have been modelled with % = 1 ⋅ 10Q�	no, % = 3 ⋅10Q�	no, % = 6 ⋅ 10Q�	no and % = 9 ⋅ 10Q�	no respectively. The applied voltage and current were 
constant at m# = −2	�# and p = 0.52	Nr. Note that the current was limited by the model for the 
green measurement at p = 0.35	Nr. 

It can be observed that the red measurement, the measurement at the lowest 
pressure, is almost equal to the vacuum potential between the anode and the 
cathode, but it has the highest potential hill among the presented 
measurements. With increasing pressure, the potential hill height decreases, 
while the difference with the vacuum potential between the anode and the 
cathode increases. This suggests that charge-exchange is the most 
significant effect. As the ions are being decelerated, their density is increased 
between the cathode and the anode. Inside the cathode the ions may not 
have the energy to ‘climb’ the potential hill anymore, reducing the height of 
the potential hill. This can also be observed in Figure 3.11. 

 

Figure 3.11: The difference between the vacuum potential and the modelled potential from Figure 
3.10 at two radii. In blue the measurements are compared at  * ≈ 0	N and in green the 
measurements are compared at * ≈ 0.1	N. from Figure 3.6 as a function of the current. 

Another observation is based on the shape of the potential hill; the red hill is 
more peaked than the other hills. This can clearly be observed near the 
cathode radius at 0.05	N, where the red potential lies under the other 
modelled potentials. This is another indication that the ions are decelerated 
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and that charge-exchange becomes increasingly relevant for higher pres-
pressures. 

Note that the green measurement, the measurement at the highest pressure, 
has a current limited by the system. This is based on a physical requirement 
that the potential can never be higher than the potential at the cathode – 
otherwise the electric field would be absent for electrons and ions to flow, 
resulting in an electrical potential that is not self-consistent. A higher current 
would increase the ion density in such way that this requirement could not be 
fulfilled. This measurement is included to show this limitation of the model. 

Summary 

It has been observed that the modelled potential differs from the vacuum 
potential in two ways: 

• A potential hill forms inside the cathode – this is also observed 
experimentally 

• The modelled potential always lies above the vacuum potential 

It has been investigated how the modelled potential is changed relative to the 
vacuum potential depending on the applied voltage, the current and the 
pressure. The following points have been observed: 

• The difference between the modelled potential profile and the 
vacuum potential profile decreases at all points for an increasing 
applied voltage. As this effect is not as strong inside the cathode as 
it is outside the cathode, this suggests that the second order effect 
on the number of ionizing interactions is relevant. 

• The difference between the modelled potential profile and the 
vacuum potential profile increases at all points for an increasing 
current. While this effect is not linear as expected, the different 
results can be explained as the ions need increased energies to 
‘climb’ the potential hill. 

• The potential hill height decreases while the difference between the 
modelled potential profile and the vacuum potential increases 
everywhere else for an increasing pressure. This is explained using 
charge-exchange, suggesting that it is a very important interaction. 

These relations will also be tested in the experiment. 

3.4 Possible	Improvements	

Before doing the experiment it is possible to identify significant improvements 
to the model and their corresponding implications. These improvements are: 

• Inclusion of a grid cathode 

• Inclusion of non-radial particle movement 

• Inclusion of electron energy losses 

• Inclusion of ion impact ionization 

These improvements are explained in the rest of this section. 
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Including the Grid Cathode 

The geometry of the electrical confinement device has been approximated by 
a solid spherical anode and a permeable spherical cathode. In reality the 
cathode consists of nine spherical rings which gives it the desired 
transparency. 

S.H.M. v. Limpt has modelled the vacuum potential of a nine-ringed cathode 
as a function of grid radius. [12] His results can be observed in Figure 3.12 
and Figure 3.13. In Figure 3.12 the electrical potential is modelled inside the 
grid cathode. It can be observed that the difference between the potential at a 
wire and the potential between the wires, ‘at a hole’, is significant. 

 

Figure 3.12: The cross sectional area of the grid cathode. The colors indicate the electrical 
potential. 
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Figure 3.13: The vacuum potential profiles 'through a wire' and 'through a hole' for several grid 
diameters. 

The potential profiles from Figure 3.13 have been obtained by taking the 
electrical potential at a straight line going from the center either ‘through a 
wire’ or ‘through a hole’ in Figure 3.12.  

These results indicate that there is a significant difference in vacuum 
potentials between a permeable spherical cathode and a nine-ringed grid 
cathode. Including a nine-ringed grid cathode in the model will result in an 
electrical potential with a lower potential well depth. 

Including non-Radial movement 

It has been assumed that particles can only move in radial direction. In reality 
particles will change direction every time they have an interaction with 
another particle. Therefore particles are able to move in any direction. Note 
that the electric field will cause the particles to move in a certain direction on 
average. 

An important implication of neglecting non-radial particle movement is that 
ions always ‘try’ to ‘climb’ the potential hill. If the ions would have a non-radial 
velocity, they are able to divert away from the center of the fusor and never 
reaching the top of the potential hill. This will result in a lower potential hill and 
a less peaked potential hill. 

When including a grid cathode, the ions will be attracted by the grid wires 
while passing through the holes between the grid wires. This will induce a 
non-radial velocity. The resulting effects are hard to predict. It is possible that 
the grid wires will be shielded by the ions and even that the grid transparency 
is reduced depending on the ion velocities. 
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Including Electron Energy Losses 

All electron energy losses have been neglected based on the amount of 
energy the electrons gain in the electric field relative to the amount of energy 
the electrons lose during interactions. It can be argued that this is not the 
case in the operating limits. 

If electron energy losses are included, the average electron energy will be 
reduced. This will have an effect on the cross sections and may increase or 
decrease the number of ionizing interactions depending on the energy. This in 
turn changes the ion/electron ratio and the average ion energy as explained 
before.  

A more significant effect would be that the electron density will increase. An 
increase in electron density will decrease the modelled electrical potential. It 
is hard to predict how significant these changes would be. 

Including Ion Impact Ionization 

Ion impact ionization was neglected as its cross section is significantly lower 
than the charge-exchange cross section and the electron impact ionization 
cross section. It can be argued that this is true between the cathode and the 
anode. However, inside the cathode ion impact ionization would be the only 
method for ionization as electrons are not allowed inside the cathode in the 
current model. 

If ionization interactions would occur inside the cathode, the resulting 
electrons would be trapped in the potential hill – a well for the electrons – 
while the ions will be repelled. The electrons may leave the system by 
recombining with the ions. Another possibility is that the electron density 
increases, reducing the potential hill height. 

Concluding Remarks 

There are several possible improvements to the model. Implementing these 
improvements would allow a more realistic description of the electrical 
potential inside the electrostatic confinement device. However, the current 
description is already useful for describing the expectations and the general 
behaviour qualitatively. The expected changes to the modelled electrical 
potential profile can be summarized as: 

• The potential hill will be lower than modelled and less peaked 

• A grid cathode will result in a potential well depth that is not as deep 
as modelled 

How significant these differences are will be observed using the experiment. 
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Chapter	4	

Diagnostics	

In the previous chapter a theoretical model has been set up to describe the 
potential profile in the fusor. To verify these predictions, an experiment has to 
be done. This suggests that the potential should either be measured directly, 
or calculated from the measured electric field strength. 

Several diagnostics have been used to measure the potential inside an 
electrostatic confinement device. These methods include electron beam 
reflection [9], laser-induced fluorescence (Stark effect) [11] and emissive 
probes [10]. Inspired by these methods a feasibility study has been done for 
two potential diagnostics; one based on the Stark effect and one based on 
(emissive) probes. These methods will be explained in more detail in the 
following sections. 

In addition to these diagnostics, spectroscopy is used to verify the obtained 
results. This diagnostic is explained in the last section of this chapter. 

4.1 Electron	Beam	Re�lection	

Electron beam reflection is based on the diverting of the electrons by the 
electrical potential. For this method a beam of electrons is send through the 
vacuum vessel, where the beam is diverted depending on the topology of the 
electrical potential. The beam is visualised using a phosphor screen. Based 
on the striking point on this screen it can be determined what the topology of 
the electrical potential could look like.  

This method requires a phosphor screen inside the vacuum vessel to detect 
the electrons. The fusor used for our research uses the vacuum vessel as the 
anode. This would result in the phosphor screen being placed between the 
anode and the cathode. The effect on the topology of the electrical potential 
may be significant. For instance, the electrical potential may not be 
spherically symmetrical anymore. For this reason this method has discarded 
for this research. 
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4.2 Stark	Effect	

D	ν0	
The Stark effect is the shifting and splitting of spectral lines of atoms and 
molecules in the presence of an electric field. It is based on the perturbation 
of the energy levels of the quantum states by the electric field. This suggests 
that by measuring this Stark effect, the electric field strength may be resolved. 

In the visible spectrum the strongest line emitted by Deuterium is Balmer-α; 
the transition from the � = 3 state to the � = 2 state. The resulting photon has 
a wavelength of 656.101	�N (and 656.279	�N for Hydrogen). In the frequency 
domain this is w� = 456.930	��x. 

Using perturbation theory it can be calculated that the � = 2 state splits up 
into three separate energy levels while the � = 3 state splits up into five 
separate energy levels. Based on the allowed and forbidden transitions the 
Balmer-α line splits up into nine separate lines. The distance between these 
lines depends on the electric field and follows from the perturbation theory: 

 wy = 32 ��oℎ  (4.1) 

where wy is the distance between the split lines in the frequency domain, � is 
the elementary charge, � is the electric field strength, o is the Bohr radius and ℎ is Planck’s constant. 

A typical spectrum can be observed in Figure 4.1. It can be observed that the 
lines have different heights. This is caused by different probabilities for certain 
transitions. Similarly it can be observed that there are 5-lines (green) and �-
lines (blue), indicating their polarization relative to the electric field vector. 

 

Figure 4.1: The transition lines of Balmer-α. The spectral line has split up into nine separate lines. 
The green lines correspond to 5-lines, which are polarized perpendicular to the �-lines. The �-
lines are presented in blue. Indicated in the figure are w�, the frequency of the central line, and w� ± 4wy, the frequencies of the two split lines furthest from the central line. 

Ideally each line is measured separately to determine the electric field 
strength. Another possibility is to remove the �-lines using a polarization filter. 
Based on the difference in intensity, it could be possible to measure the 
difference between the two most intense 5-lines. The distance between these 
two lines is 6wy. 
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Thermal Broadening 

There are several effects that cause the spectral lines to be broadened. The 
most significant of these effects is thermal broadening or Doppler broadening.  

This broadening effect is based on the thermal velocity of the emitting 
particles. The broadening of the spectral lines may be relevant as this effect 
may cause the lines split by the Stark effect to be undistinguishable. This is 
generally the case when the full width at half maximum is larger than the 
distance between the split lines. 

The full width at half maximum of the spectral line broadened through Doppler 
broadening can be calculated using: 

 w| = [88�2���N}� w� (4.2) 

where w| is the full width at half maximum of the broadened line in the 
frequency spectrum, �� is the constant of Boltzmann, � is the temperature of 
the emitting particles, N is the mass of the emitting particles, } is the speed of 
light and w� is the energy of the light. Assuming the emitting particle to be at 
room temperature (background gas), this results in w| = 4	~�x. 

Measurable Electric Field Strengths 

Using wy and w| it is possible to calculate the expected spectrum based on 
the electric field strength and the temperature. In Figure 4.2 two spectra can 
be observed for an electric field strength of 10	�#/N (left) and an electric field 
strength of 100	�#/N (right). 

 

Figure 4.2: Two spectra with the 5-lines in green and the �-lines in blue. Left; the spectrum for an 
electric field strength of 10	�#/N. Right; the spectrum for an electric field strength of 100	�#/N. 

While it can be observed that no distinguish can be made between peaks in 
the left spectrum (10	�#/N), a distinguish can be made for the 5-polarized 
light in the right spectrum (100	�#/N). Note that the two green ‘peaks’ consist 
of three lines each. Due to the intensity difference between the 5-lines, the 
two peaks are dominated by the peak at 3wy from the center. The distance 
between the peaks therefore is 6wy. 
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In these modelled spectra, it is rather easy to distinguish between peaks as 
the spectra are ‘perfect’. For these spectra it is possible to distinguish 
between peaks for electric field strengths as low as ~30	�#/N, but in reality 
contributions will be made to the spectrum by a range of electric field 
strengths and possibly a range of temperatures. In addition there will be noise 
on the measurement. 

In general it is said that two peaks can be distinguished accurately if the 
intensity between the peaks drops to about half the height of the peaks. This 
is the case for electric field strengths of ~50	�#/N as shown in Figure 4.3. In 
this case 6wy = 5.8	~�x, which is indeed larger than w| = 4	~�x. 

 

Figure 4.3: The spectrum for an electric field strength of 50	�#/N. The 5-lines are presented in 
green and the �-lines are presented in blue. 

Expected Electric Field Strength 

The model from the previous chapter can be utilized to find typical values of 
the electric field strength. In Figure 4.4 the electric field strength profile is 
presented that corresponds to the electrical potential profile from Figure 3.5. 

In the figure it can be observed that the electric field strength is at its weakest 
at the edge where it converges to zero and at the cathode radius (at 0.05	N). 
It can be argued that if the electric field strength is so low at the edge, the 
electrical potential cannot be resolved properly. On the other hand, the most 
interesting part of the electrical potential profile is inside the grid cathode; the 
shape of the potential hill. 

In the modelled electric field profile, the electric field strength is approximately 10	�#/N just inside the grid cathode. It has been determined that this could 
not be measured using this effect. Assuming the same shape, the applied 
voltage needs to be increased to Δ# = −10	�# to be able to measure it. 

 



 

31 

 

 

Figure 4.4: The electric field strength profile corresponding to the electrical potential profile from 
Figure 3.5. The applied voltage is m# = −2	�#. 

 

As a bottom line it could be argued that a potential hill of 10% of the applied 
voltage must be measured as a minimum. Assuming a constant electric field 
strength inside the cathode, this would result in: 

� = Δ#0.05	N ∙ 10% 

which would result in � = 50	�#/N for Δ# = −25	�#. This suggests that this 
technique is feasible at higher applied voltages. 

Measuring the Spectra 

While the electric field strength may be resolved from the modelled spectra, it 
is also necessary to be able to measure these spectra before this method can 
be used as a diagnostic. This sets a requirement on the accuracy of the 
diagnostic and a free spectral range. 

The bare minimum accuracy is to be able to distinguish between an electric 
field strength of 50	�#/N and an electric field strength of 0	�#/N. This 
requires a spectral accuracy of at least 2.9	~�x. It would be useful to 
distinguish between 50	�#/N and 55	�#/N, in which case something can be 
said about the potential hill shape, which would require a spectral accuracy of 
at least 290	"�x. 

As a high spectral accuracy is necessary, the wavelength meters from 
HighFinesse have been investigated as a baseline. The WS6-200 has a 
spectral accuracy of 200	"�x, which is sufficient, and a free spectral range of 15	~�x. Most likely part of the spectrum will fall outside of this free spectral 
range. Based on the measuring method (interferometry), this requires an 
optical filter of the order of the free spectral range, otherwise the 
measurement will be influenced by the light outside the free spectral range. 

Note that in reality a line-integrated spectrum is taken. A local measurement 
could be taken either by using Laser Induced Fluorescence, exciting the 
background along a line, or using Abel Inversion, reconstructing the electric 
field strength profile by measuring multiple line-integrated spectra. 
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Concluding Remarks 

Thermal broadening is a serious issue when trying to measure lines split by 
the Stark effect. Using the expected setup, it is possible to measure a 
potential hill of at least 10% of the applied voltage starting at an applied 
voltage Δ# = −25	�#. 

Using a minimum accuracy of 5	�#/N is possible, but requires an optical filter 
with a spectral range smaller than the free spectral range of the diagnostic. 

4.3 Probes 

In principle, a probe is nothing more than a conducting body that is immersed 
in the plasma. As it is conducting it will absorb all electrons and donate an 
electron to all ions that come into contact with it. While doing so the 
conducting body will charge up depending on the electron and ion flux to the 
conducting body. When it is charged, it will repel either the electrons or the 
ions while attracting the other depending on the charge. Probe theory is 
based on this concept. 

At the basis of probe theory are some assumptions about the plasma; 

• The plasma is quasi neutral 

• The electrons and ions are in thermal equilibrium 

The first point basically states that the density of the electrons is equal to the 
density of the ions over large volumes of the plasma. The second point states 
that the temperatures of the electrons and the ions are equal and that their 
energy distribution follows a Maxwell-Boltzmann distribution. 

Using these requirements it is possible to determine the flux to the conducting 
body as: 

 �C =
��
�
����C[ ���C25NC 																																											 , Φ� < Φ�

��C[ ���C25NC ��% �− �2Φ� − Φ�3���C � , Φ� > Φ�
 (4.3) 

 �I =
��
�
����I[ ���I25NI ��% ��2Φ� − Φ�3���I � , Φ� < Φ�

��I[ ���I25NI 																																						 , Φ� > Φ�
 (4.4) 

where �C and �I are the ion and electron current densities respectively, � is the 
elementary charge, �C and �I are the ion and electron densities respectively 
(which should be equal due to quasi neutrality), �� is the constant of 
Boltzmann, �C and �I are the ion and electron temperatures respectively, NC 
and NI are the ion and electron masses respectively, Φ� is the potential of 
the conducting body relative to the ground potential and Φ� is the local 

plasma potential relative to earth. 
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By connecting the conducting body to ground and applying a bias Φ� be-
between the two, it is possible to measure the current flowing from the 
conducting body to earth or vice versa as a function of the applied bias. Doing 
so produces an IV-characteristic like the one in Figure 4.5 (blue). It can be 
observed that the current is much larger for positive voltages than for 
negative voltages. This is the case because electrons are much lighter than 
ions and therefore have a higher velocity and current. 

 

Figure 4.5: The IV curves of a Langmuir probe (blue) and an emissive probe (red). The bias 
voltage is relative to the plasma potential. Included is also the floating potential, ��, where the 

electron and ion currents are equal. This plot was obtained for �C = �I = 1	�#. 

A current of zero is obtained at a negative potential, where a significant part 
of the electrons are being repelled, such that �I = �C. This point is indicated by Φ�, the floating potential. For the blue curve the floating potential can be 

calculated as Φ� = �� ;���I 8� S���� T.  

The red curve is for an emissive probe. In this case an additional electron 
current is introduced going from the probe to the plasma. If the bias voltage is 
higher than the plasma potential, the emitted electrons return to the probe 
and there is no net current. If the bias voltage is lower than the plasma 
potential, the emitted electrons do not return to the probe and there is net 
current. This additional current causes the floating potential to be closer to Φ� − Φ� = 0. 

Emissive Probes 

An emissive probe utilizes the effect of thermionic emission. By heating the 
conducting part of the probe, the probe tip, it starts emitting electrons. This is 
based on the temperature and the material: 

 � = �����% R− �Φ���U (4.5) 

where � is the thermionic emission current density, � is the Dushman’s 
constant, � is the surface temperature, � is the elementary charge, Φ is the 
work function of the material and �� is the constant of Boltzmann. 



34 

 

The emission current must be of the order of the electron current to get Φ� = Φ�. An upper limit for this current is half the current through the fusor, 

which will be several milliAmperes. A high emission current suggests a hot 
and large surface. 

As Tungsten has the highest melting point among materials (~3695	
), this 
material has been identified as a proper probe tip material. Tungsten has a 
work function Φ = 4.54	�#. 

It is necessary to heat the probe tip. One of the possibilities is to heat the 
probe by driving a current through the probe. This also requires current to be 
driven through the probe and therefore heat production in the probe. By 
giving the probe tip a relatively high resistance, it is possible to neglect the 
heat production in the rest of the probe. This is done by using a very thin wire 
for the probe tip - a Tungsten wire with a diameter of 70	�N – while using a 
relatively thick wire to drive the current through the probe – Tungsten wires 
with a diameter of 4	NN. 

The emission by a wire with a diameter of 70	�N and a length of 10	}N as a 
function of temperature is given in Figure 4.6. It shows that an emission 
current of several milliAmperes is possible while the temperature is well below 
the melting temperature. 

 

Figure 4.6: Temperature of the probe tip (red) and thermionic emission current from the probe tip 
(blue) as a function of current through the probe tip. 

Probe Measurements at High Voltage 

To obtain an IV-characteristic like the one in Figure 4.5, a bias voltage must 
be applied that is close to the plasma potential while the current to or from the 
plasma is measured. In principle this can be done regardless of the plasma 
potential. The plasma potential can be obtained from the shape of the curve. 
However, a limit is set by the equipment. 

The equipment used to apply the bias and measure the current from or to the 
plasma limits the difference between the plasma potential and the ground 
potential. The equipment that is normally used for this can be used for a 
potential difference of up to 200	# between the plasma potential and the 
ground potential. This is insufficient for measuring the expected plasma 
potentials. 
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While the delicate equipment cannot be used and therefore the IV-
characteristic cannot be measured, it is possible to measure just the floating 
potential. This is done by connecting the probe with a very high resistance to 
the ground. A current will flow, but depending on the resistance this current 
may be neglected. By measuring the voltage over this resistance, or part of 
this resistance, the floating potential is measured. 

It is important to realize that the floating potential is different from the plasma 
potential. The difference between these two values scales with the electron 
temperature, which cannot be measured using the probe (as an IV-
characteristic cannot be measured). An emissive probe can be used instead 
to correct for this difference. 

Concluding Remarks 

(Emissive) Probes cannot be used for measuring the IV-characteristic in our 
setup due to the high voltage. However, (emissive) probes can be used for 
measuring the floating potential, which is close to the plasma potential, 
regardless of the voltage. 

4.4 Spectroscopy 

Inspired by the work of B.E.N. Spijkers [5], spectroscopy has been identified 
as a possible diagnostic to measure the potential well depth, one of the 
characteristics of the electrical potential profile. This is based on the charge-
exchange interaction where a fast ion becomes a fast (excited) neutral. The 
excited neutral may have a transition to a lower internal energy and emit a 
photon. 

Based on the direction of movement of the neutral particle, this photon may 
have a Doppler shifted frequency, which is: 

 Δw = �} w� (4.6) 

where Δw is the Doppler shifted frequency, � is the velocity of the particle, } is 
the speed of light and w� is the frequency of the photon if the particle would be 
in rest. 

The velocity of the neutral particle is approximately the same as the velocity 
of the ion, the neutral particle just before the charge-exchange reaction. The 
velocity of the ion is calculated using: 

 � = [2LΔ#NC  (4.7) 

where � is the velocity of the particle, L is the charge of the particle, Δ# is the 
difference in potential between its source and the location of the charge-
exchange reaction and NC is the mass of the ion. 

The ions that make a contribution to the spectrum may not have their charge-
exchange reaction at the bottom of the potential well. Similarly these ions 
may not have been created at the top of the potential well. In both cases the 
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resulting velocity of the fast neutral particle will be lower. In addition the ions 
may have other interactions that slow them down. These effects may cause 
the ion energy to be lower than the energy corresponding to the potential well 
depth. 

For this reason the width of the spectrum cannot be used as an absolute 
measurement for the potential well depth. Instead it can only be used to get a 
lower limit for the potential well depth. 

4.5 Conclusions 

Three measuring methods have been investigated; electron beam reflection, 
a spectroscopic technique based on the Stark effect and (emissive) probes. 

Electron beam reflection has been dismissed based on the requirements of 
the diagnostic; the phosphor screen must be placed inside the vacuum 
vessel. This could have a significant effect on the electrical potential, which is 
not desired. 

A spectroscopic technique based on the Stark effect is dismissed based on 
the spectral requirements that require expensive diagnostics (that could be 
borrowed) and an expensive optical filter. In addition this technique has 
limited capabilities such as being unable to resolve the electric field strength 
profile, and therefore the electrical potential profile, when the applied voltage 
is low. 

(Emissive) Probes have not been dismissed as they are capable of 
measuring the floating potential. However, they are limited in their 
functionality based on the high voltage; they cannot be used for measuring 
the IV-characteristic. 

Spectroscopy has been identified as an additional diagnostic that is capable 
of ‘measuring’ a lower limit for the potential well depth. 
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Chapter	5	

Basic	Operation	of	the	Fusor	

In this chapter the experimental setup will be explained. The experimental 
setup consists of two parts; the fusor and the components required for 
operation and the diagnostics. In addition the regime of operation will be 
explained. 

5.1 The	Fusor	and	its	Components	

In Figure 5.1 a schematic overview of the fusor and the components required 
for operation can be observed. It shows the spherical vacuum vessel with a 
grid inside. Around it are the components that are required for operation: 

• A Power Supply Unit to charge the Grid Cathode 

• A gas inlet with regulators to flow gas into the vacuum chamber 

• A pump to flow gas out of the vacuum chamber 

In addition the diagnostics have been included for completeness: 

• A pressure gauge to measure the pressure in the vacuum chamber 

• The Optical diagnostics to either observe the plasma (camera) or to 
observe specific spectral lines (spectrometer) 

• A Probe to measure the local floating potential 

The components required for operation are explained in this section. The 
diagnostics are explained later in this chapter. 
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Figure 5.1: The schematics of the fusor setup. 

Vacuum Vessel 

The vacuum vessel serves as the anode of the fusor and has a spherical 
design for that reason. The vacuum vessel has an inner radius of 500	NN 
and an outer radius of 526	NN. The vacuum vessel is double walled to allow 
water cooling. It is made of stainless steel. 

The vacuum vessel consists of two similar half spheres bolted together. Each 
half sphere has five ports, one with a diameter of 100	NN, two ports with a 
diameter of 64	NN and two ports with a diameter of 40	NN. The largest port 
is on top of the half sphere, the four other ports are placed on the line that 
makes an angle of 45 degrees with the base of the half sphere. 

The two half spheres are bolted together in such way that all like ports are 
aligned and facing the center of the vacuum vessel. This is done to allow 
future diagnostics such as laser diagnostics. At this moment six of the ten 
ports are in use. 

Power Supply & Grid Cathode 

The power supply unit that is used is a Heinzinger HCN. It has a maximum 
negative output voltage of 120	�# and a maximum current of 100	Nr. The 
Heinzinger has its own Volt and Current meters with an accuracy of 
approximately 2% of their maximum range. 

The Heinzinger is connected to the grid cathode by hollow copper tubes. Part 
of the high voltage is over a stack of resistances with a total resistance of 
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210	�Ω, which is included for stability of the plasma. The rest of the high 
voltage will be on the grid cathode. 

As the vacuum vessel is at ground potential, a high voltage feed through is 
required to get the high voltage to the grid cathode, inside the vacuum vessel. 
The grid cathode is suspended by a conducting wire. This conducting wire is 
protected by a stalk – a non-conducting glass tube – which should protect the 
high voltage feed through from sputtered material to prevent a short circuit 
between the vacuum vessel and the high voltage. 

Gas Inlet 

The gas is supplied either by gas pipes (Hydrogen and Nitrogen) or a 
separate cylinder (Deuterium). The gas flows to the vacuum vessel through a 
double walled tube. Dry Nitrogen flows between the two walls to reduce the 
amount of water vapour and other impurities diffusing into the gas through 
this tube. 

At the vacuum chamber the gas inflow is regulated by an EVN 116 gas dosing 
valve from Pfeiffer. This needle valve has an integrated shut-off valve to stop 
the gas inflow if desired. 

Pump 

A HiCube 80 Eco is used to pump the vacuum chamber. It consists of a 
HiPace 80 turbo molecular pump and a MVP 015 roughing pump. The lowest 
obtainable pressure by the HiCube 80 is ~10Q�	no. This value will be higher 
as the turbo molecular pump is less efficient in pumping Hydrogen and 
Deuterium as their particle velocity is higher. 

The pump is used to flow gas out of the vacuum chamber. There is a right 
angle valve between the pump and the vacuum vessel if a gas outflow is not 
desired. 

5.2 Diagnostics 

In this section the diagnostics that have been used will be explained. In 
addition it will be explained which parameters these diagnostics can measure 
and with what accuracy. 

Diagnostics that have been included in Figure 5.1 are: 

• The pressure gauge 

• The optical diagnostics; a webcam and a spectrometer 

• The probe 

In addition it has been mentioned that the Heinzinger has its own current and 
voltage meters to measure the current through the system and the voltage 
over the system. Due to the voltage drop over the stack of resistances an 
additional voltmeter is used to measure the voltage over the fusor. 
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Pressure Gauge 

The pressure gauge that was used is an IMR 265 from Pfeiffer. It uses a hot 
cathode (range of 2 ⋅ 10Q� − 10�	no) and a pirani (range of 10� − 10�	no) and 
it has a repeatability of 2% between 10Q� − 10�	no. The output signal of the 
gauge is connected to a TPG 26 DualGauge

TM
 to display the pressure. 

Current Meter 

The current is measured using the build-in ammeter on the Heinzinger. The 
ammeter has an accuracy of approximately 2% of the maximum value 
(100	Nr). While a separate ammeter would be more accurate, this was not 
done due to the high voltage. 

Volt Meter 

While the Heinzinger is equipped with a voltmeter, it is far more accurate to 
use a separate voltmeter to measure the voltage over the fusor, especially 
since part of the Heinzinger voltage is over the stack of resistances. This is 
done using a high-voltage probe, a kind of voltage divider, as shown in Figure 
5.2. 

 

Figure 5.2: A schematic setup of the high-voltage probe - multimeter combination for measuring 
the voltage over the fusor. 

The high-voltage probe is attached to the copper tube – carrying the high 
voltage – just above the fusor. The high-voltage probe consists of two 
resistances with values such that a standard multimeter with input impedance 
of 10	"� measures one thousandth over the fusor. 

The multimeter that is used is a Tenma 72-7732. It has an accuracy for DC 
voltage of ±+0.025	% + 5, or a relative error of 0.025% and an absolute error 
of 5%. 
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Webcam 

A Logitech 525 HD webcam is used to view the plasma during operation. This 
is necessary to monitor the plasma inside the vessel and it is useful as the 
plasma shape and color can be recorded this way. The webcam is placed on 
top of the viewing window and is connected to a computer just outside the 
high voltage area. 

This diagnostic is necessary because: 

• While the current through the fusor is a good indication of the 
presence of a plasma, it is possible that current is running 
somewhere else. A visual confirmation of the plasma is the only way 
to be certain of its presence. 

• There are several plasma modes, which will be explained in the next 
section, and currently the webcam is the only diagnostic that can 
determine in which mode the plasma is being operated. 

• The grid wires will become hot and are not allowed to melt. At this 
moment the webcam is the only diagnostic that can be used to check 
on the status of the grid wires. 

While not absolutely necessary, the webcam can also be used for: 

• Checking the purity of the plasma through its color. Note that this is 
only a rough estimate. 

• The plasmas can be recorded and their shapes and colors can be 
compared between measurements. This is used as an indication that 
the measurements are done on the same – or rather a similar – 
plasma. 

Spectrometer 

While the webcam is a useful tool for looking at the plasma shape, a 
spectrometer gives more information about the plasma characteristics. For 
this experiment a Shamrock 500i spectrometer with a 1200 lines per 
millimeter grating was used. It has a spectral range of 400 − 1000	�N and a 
spectral resolution of 0.07	�N at a central wavelength of 500	�N. To visualize 
the spectrum a CCD camera is used. Note that a spectral resolution of 0.07	�N is equal to 83	~�x, which is insufficient for measuring lines split by 
the Stark effect. 

A system of lenses is placed in front of the viewing window. The focal points 
are at the center of the vacuum vessel – where the plasma should be – and 
at the optical fiber. The optical fiber couples the light into the spectrometer. 
The focal point can be shifted if desired. 

This diagnostic can be used to determine the gas species in the vacuum 
chamber and their concentrations. For this research, however, it is used to 
measure the Doppler broadening of Balmer-α, in particular of energetic ions 
that underwent a charge exchange reaction. B.E.N. Spijkers developed a 
spectroscopic diagnostic based on this effect [5]. 
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Figure 5.3: A sketch of the probe. It shows a zoomed-in sketch of the probe tip. On the right a 
sketch of the voltage divider is drawn. 

Plasma Potential 

The plasma potential is measured using a probe. In Figure 5.3 a sketch of the 
probe can be observed. 

The probe itself consists of a 650	NN long, 5.6	NN thick alumina (Al2O3) rod. 
The rod has two holes parallel to its axis with a diameter of 1.4	NN. Two 
Tungsten wires have been pulled through these holes. At the vacuum end, left 
in the figure, the two wires are connected by a tungsten probe tip – as 
indicated in the zoomed-in sketch. On the other end the two wires are 
connected to two high voltage feed throughs – red and black circles in the 
figure on the right – where they can be connected to an electrical circuit 
outside the vacuum. 

The alumina rod is hold by the ‘mechanical part’ by a screw. The mechanical 
part can be extended into the vacuum up to 150	NN to – or through – the 
center of the vacuum vessel. In addition it can move by an angle of up to 15 
degrees in either direction. The latter option has not been used during this 
research. 

The probe tip is a 70	�N thick Tungsten wire that is wound and connected to 
the two wires through the alumina rod. It is possible to drive current through 
the probe tip, heating it as explained in the previous chapter. It is heated 
using AC current and the power source is isolated for a voltage up to 5	�# 
through a transformer. The maximum current through the probe tip has been 
measured to be 2	r. The thermionic emission from the probe tip has been 
measured to be as high as 10	Nr. This suggests that the total length of the 
probe tip wire is ~0.1	N. 

The floating potential of the probe is measured in a similar way as the voltage 
over the fusor; using a high-voltage probe and a Tenma 72-7732 multimeter. 
The high-voltage probe is attached to the high voltage side of the transformer. 
This is also indicated in the bottom right in the figure. The error by the 
multimeter is ±+0.025	% + 5, for DC voltage; a relative error of 0.025% and 
an absolute error of 5%. 
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5.3 Operating	Regime	

Before doing the actual measurements, it is useful to explore the operating 
regimes of the fusor setup. As the plasma can behave in several ways this 
involves modes of operation. In addition the system and its components 
cause certain operating limits. 

Modes of Operation 

The fusor can be operated in two modes; star mode and jet mode [12]. When 
operating in star mode, the plasma has a symmetrical appearance inside the 
grid cathode and rays of light are emitted through the holes in the grid. In jet 
mode, a beam of light is emitted through one of the holes, resulting in a less 
symmetrical appearance. Pictures of these operating modes can be observed 
in Figure 5.4 and Figure 5.5 respectively. All pictures have been taken while 
operating the probe. 

 

Figure 5.4: The fusor in 'Star mode'. At the bottom of the figure the probe can be observed. 

 

Figure 5.5: The fusor in 'Jet mode'. In the right picture the probe can be observed at the bottom of 
the picture. In the left picture it can be observed that the jet changes location as the probe 
penetrates the grid cathode (through a hole). 

The transition from star mode to jet mode has been investigated by S.H.M. v. 
Limpt [12]. The results of his measurements are presented in Figure 5.6.  

The black measurements indicate that a certain minimum voltage is required 
to get a plasma, a plasma in star mode. This minimum voltage increases as 
pressure is decreased. At the same time the red measurements indicate that 
a certain voltage is required to have a transition from star mode to jet mode. 
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Figure 5.6: The discharge mode regimes as a function of pressure and voltage. There is no 
plasma below the black dots, in between the black and the red dots the plasma is operated in 
star mode and above the red dots the plasma is operated in jet mode. These measurements 
were made using Argon and were perforemd by S.H.M. v. Limpt [12]. 

 

Figure 5.7: The voltage over the fusor (free parameter) as a function of the current through the 
fusor for various pressures. Th regime in blue corresponds to jet mode and the regime in red 
corresponds to star mode. The measurements were performed by B.E.N. Spijkers [5]. 
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Current vs. Voltage 

The current and the voltage are related through the resistance of the medium, 
in this case the plasma. As the plasma resistance depends on the charged 
particle density, and therefore the current, the relation between the voltage 
and the current is not trivial. 

In Figure 5.7 a graph is presented of the voltage over the fusor that is 
required to drive a certain current through the fusor for several pressures. The 
measurements in the blue region are in jet mode and the measurements in 
the red region are in star mode. Although it may not be very clear, for some 
pressures the transition from star mode to jet mode can be observed for 
increasing voltage, just like in Figure 5.6. 

Relevant for this research is the relation between the voltage and the current. 
In the graph it can be observed that the relation between the current and the 
voltage is not linear. Instead, a large change in current is required for a small 
change in voltage. For consistent measurements this suggests that it is better 
to change the voltage using the current (current limited) rather than the other 
way around (voltage limited). All following measurements have been done by 
setting a limited current while using the voltage as a free parameter. 

Measuring in Jet Mode 

Both emissive and non-emissive measurements have been done while 
operating in jet mode. The measurements that have been obtained were 
inconsistent with the measurements obtained in star mode. 

During operation a ‘noise’ was heard. This led to the investigation using an 
oscilloscope. It was observed that the probe potential was oscillating, 
presumably with the frequency of the noise. It is assumed that these 
oscillations are caused by small discharges, but have not been investigated 
further. 

Based on these findings, all measurements in jet mode have been discarded. 

Limits of Operation 

The variables, that is the voltage over the fusor, the current through the fusor 
and the pressure in the fusor, are limited by the components used. The 
limiting factors are: 

• No plasma can be produced at pressures below 6 ⋅ 10Q�	no. 

• No recognizable (p > 5	Nr) star mode plasma could be produced 
above 2.5 ⋅ 10�	no. 

• The probe potential could not be increased above ~8	�#, limiting the 
maximum voltage over the fusor. 

• Limits on the operating voltage and current were induced by the 
pressure and the probe. 

• In the resulting limits, there is no need to worry about melting of the 
grid or any kind of radiation. 
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Chapter	6	

Results	of	the	potential	measurements	

In this chapter the results of the potential measurements are presented and 
discussed. For each obtained result it is explained why it was measured, what 
was expected and how it was obtained. This chapter is divided into three 
sections; in the first section the (emissive) probe is tested, in the second 
section the radial potential is measured as a function of various parameters 
and the potential well depth is measured as a function of various parameters 
while in the third chapter a spectroscopic measurement is done to verify the 
previous measurements. 

6.1 Emissive	vs.	Non-Emissive	Probe	

In section 4.3 it was explained that the difference between emissive and non-
emissive probes is in the floating potential. The goal of the first measurement 
was to see how the measurements of the emissive probe are different from 
those of the non-emissive probe. It is expected that the difference between 
the emissive and non-emissive probe is based on the floating potential, which 
is of the order of 4	�I lower than the plasma potential for the non-emissive 
probe, while it is of the order of the plasma potential for the emissive probe. 

These measurements have been done at a current of 24	Nr. The parameters 
that have been measured are: 

• The pressure 

• The voltage over the fusor 

• The voltage on the probe 

These parameters have been measured using the following procedure: 

1. The probe is positioned at the desired ‘radial location’, that is the dis-
tance of the probe tip to the center of the fusor. 

2. The fusor is turned on. It takes time before the fusor settles in equilib-
rium – this can be observed by the pressure dropping and (more ac-
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curately) the voltage over the fusor increasing. Presumably this is re-
lated to water vapour or other impurities in the fusor that are removed 
from the vacuum vessel during operation. The time it takes for the 
system to get into equilibrium may take a few minutes or as much as 
an hour depending on the water vapour that has collected in the vac-
uum vessel over time. Short periods between measurements reduce 
the time required to settle in equilibrium. 

3. When the fusor appears to be in equilibrium the first measurement is 
taken in non-emissive mode. This measurement is presented in blue. 

4. The current through the probe is ramped up to ~2	r, in which case 
the emissive current should be as high as 10	Nr and therefore com-
parable or higher than the electron current. This is done as fast as 
possible to preserve the plasma conditions from the previous meas-
urement. No time is given for the system to find a new equilibrium as 
that would result in two separate measurements that cannot be com-
pared. The second measurement is taken in emissive mode. This 
measurement is presented in red. 

5. The current is ramped down as fast as possible. The third measure-
ment is taken in non-emissive mode. If the plasma was brought out 
of equilibrium due to operating in emissive mode, the first and third 
measurements may be different. This measurement is presented in 
cyan. 

Steps 1 – 5 have been repeated for locations as far outward as possible to 
the center of the fusor. These measurements have also been repeated at 
different pressures and currents, without finding different results. 

For each measurement the probe location, or radial location, the probe 
potential and the voltage over the fusor has been recorded. These measure-
ments can be observed in Figure 6.1 and Figure 6.2 respectively. In Figure 
6.1 the probe potential is given as a function of radial location. In Figure 6.2 
the voltage over the fusor is given for these same measurements. 

 

Figure 6.1: The probe potential at % = 1.3 ⋅ 10�	no and p = 24	Nr. The measurements in red are 
emissive measurements. The blue and cyan measurements are non-emissive measurements. 
The blue measurement was taken before the red measurement while the cyan measurement was 
taken after the red measurement at each point. The grid location is drawn as a dotted line at a 
radial location of 4	}N. 
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Probe Potential 

In Figure 6.1 a radial profile of the probe potential can be observed for 
several radial locations.  

It can be observed that the blue and the cyan measurements, both in non-
emissive mode, are not the same. This suggests that measuring in emissive 
mode disturbs the equilibrium in the vacuum vessel. The equilibrium may be 
disturbed by the probe tip heating the background gas and therefore chang-
ing the pressure in the vacuum vessel. It is also possible that the equilibrium 
is disturbed by the increased rate of evaporation of Tungsten atoms. 

The measurements in red, in emissive mode, are always a bit more negative 
than the two other measurements. This is the opposite of what was expected. 
As the measurements have not been taken in equilibrium, this comparison 
may not be valid. 

Applied Voltage 

In Figure 6.2 the applied voltage can be observed for the same measure-
ments. They have been plotted as a function of radial location for easier 
comparison. 

Like in Figure 6.1, the order of the blue, the cyan and the red measurements 
is the same. The difference in the applied voltage can be related to the 
resistance of the plasma as the current was limited to 24	Nr during all 
measurements. A change in the resistance could be explained by a change in 
the plasma characteristics. 

Looking at one of the measurement sets, for instance the blue measure-
ments, it can be observed that the applied voltage varies. The only thing that 
is changed is the location of the probe. This suggests that the location of the 
probe has an effect on the resistance as well. 

 

Figure 6.2: The applied voltage at % = 1.3 ⋅ 10�	no and p = 24	Nr. The measurements in red are 
emissive measurements. The blue and cyan measurements are non-emissive measurements. 
The blue measurement was taken before the red measurement while the cyan measurement was 
taken after the red measurement at each point. The grid location is drawn as a dotted line at a 
radial location of 4	}N. 
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Potential Ratio 

It has been argued that the plasma is in equilibrium while making the blue 
measurements and that it is trying to find a different equilibrium while making 
the red measurements. This reasoning is used to explain the differences in 
both Figure 6.1 and Figure 6.2. It is possible that the only difference is in the 
plasma resistance. If the resistance is the only plasma characteristic that is 
changed, it is possible that the curve of the electrical potential is the same. 
This can be checked by dividing the probe potential by the applied voltage for 
each radial location. These results are presented in Figure 6.3. It can be 
observed that the difference between the measurements is negligible. 

 

Figure 6.3: The probe potential divided by the applied voltage at % = 1.3 ⋅ 10�	no and p = 24	Nr. 
The measurements in red are emissive measurements. The blue and cyan measurements are 
non-emissive measurements. The blue measurement was taken before the red measurement 
while the cyan measurement was taken after the red measurement at each point. The grid 
location is drawn as a dotted line at a radial location of 4	}N. 

 

Concluding Remarks 

The goal of this measurement was to find the difference between using the 
probe in emissive mode and using the probe in non-emissive mode. The 
following has been concluded: 

• The probe changes the plasma resistance as observed in Figure 6.2. 
It is unclear if this is the only characteristic that is changed. 

• Using the probe in emissive mode changes the plasma equilibrium 
as observed in Figure 6.1. 

• The difference in potential ratio is negligibly small as observed in 
Figure 6.3. 

The last point suggests that �I is small, showing that using the probe in non-
emissive mode will give accurate results. The advantage of using the probe in 
non-emissive mode is that the plasma is in equilibrium, while the effect on the 
plasma is unclear while measuring in emissive mode. 
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6.2 Measured	vs.	Modelled	Potential	

In section 3.3 it was argued how the potential profile would be changed based 
on the applied voltage, the current and the pressure. In section 5.3 it was 
argued that the applied voltage should be the free parameter while the 
current should be the fixed parameter due to the relation between the two. 
The goal of these measurements is to see if the predictions of the model are 
correct. 

The model predicted the following for the shape of the electrical potential 
compared to the vacuum potential: 

• A potential hill forms inside the cathode 

• The modelled potential always lies above the vacuum potential 

The model predicted the following for the effect of the current and the pres-
sure on the electrical potential 

• The difference between the modelled potential profile and the vacu-
um potential profile increases at all points for an increasing current. 

• The potential hill height decreases while the difference between the 
modelled potential profile and the vacuum potential increases every-
where else for an increasing pressure. 

These measurements have been done using the following procedure: 

1. The probe is positioned at the desired ‘radial location’, that is the dis-
tance of the probe tip to the center of the fusor. 

2. The fusor is turned on. It takes time before the fusor settles in equilib-
rium – this can be observed by the pressure dropping and (more ac-
curately) the voltage over the fusor increasing. Presumably this is re-
lated to water vapour or other impurities in the fusor that are removed 
from the vacuum vessel during operation. The time it takes for the 
system to get into equilibrium may take a few minutes or as much as 
an hour depending on the water vapour that has collected in the vac-
uum vessel over time. Short periods between measurements reduce 
the time required to settle in equilibrium. 

3. When the fusor appears to be in equilibrium the first measurement is 
taken in non-emissive mode.  

Steps 1 – 3 have been repeated for several currents before moving the 
probe. The probe is moved for locations as far outward as possible to the 
center of the fusor before changing the pressure. 

For each measurement the probe location, or radial location, the probe 
potential, the voltage over the fusor, the current and the pressure has been 
recorded. Four sets of measurements, at two different pressures and at two 
different currents, are presented in Figure 6.4 and Figure 6.5. For each of 
these measurements the vacuum potential, modelled by S.H.M. v. Limpt [12], 
has been included. 
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Potential Hill 

In both Figure 6.4 and in Figure 6.5 no potential hill can be observed in the 
center of the fusor. The flat profile suggests that the plasma is quasi-neutral in 
the center of the fusor. This can only be the case when there are electrons in 
addition to ions in the center of the fusor. 

In section 3.4 it was mentioned that in the current model electrons are unable 
to get into the center. A possible way for electrons to get into the center was 
suggested; ion impact ionization. Apparently the number of electrons pro-
duced this way is so large that the potential hill vanishes entirely. 

Other measurements [9] [10] [11] were done where a potential hill was 
measured. The difference between those measurements and these meas-
urements is in the pressure. A higher pressure increases the density of the 
background gas and therefore the probability on ionization. 

 

Figure 6.4: Measurement of the probe potential ratio at % = 7 ∙ 10Q�	no. The measurement in red 
is with a current of 5	Nr and the measurement in blue is of 20	Nr. The black line is the modeled 
vacuum potential. The grid location is drawn as a dotted line at a radial location of 4	}N. 

 

Figure 6.5: Measurement of the probe potential ratio at % = 2 ∙ 10�	no. The measurement in red is 
with a current of 5	Nr and the measurement in blue is of 20	Nr. The black line is the modeled 
vacuum potential. The grid location is drawn as a dotted line at a radial location of 4	}N. 
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Height of the Measured Potential 

In both Figure 6.4 and in Figure 6.5 it can be observed that the measured 
potential is higher than the vacuum potential. While this effect was expected 
from the model, it was also expected that the potential would be similar to the 
applied potential near the grid cathode. This is not the case as can be ob-
served. 

In section 3.4 it was mentioned that the vacuum potential of a grid cathode is 
different from the vacuum potential of a (permeable) solid sphere cathode, 
hence the use of the vacuum potential of a grid cathode. It was also suggest-
ed that the effect may be enhanced by plasma effects where the grid wires 
are being shielded. This would be an explanation for the difference in poten-
tial around the grid radius (4	}N). 

It can also be observed that the lowest point of the measured potential is not 
at a radial location of 4	}N, the radius of the grid. Instead, the potential 
decreases even further. This effect can also be observed in the vacuum 
potential, as explained in section 3.4. 

Measured Potential vs. Current 

In both Figure 6.4 and in Figure 6.5 the measured potential for two different 
currents is presented. The model predicted that the difference between the 
measured potential and the vacuum potential would increase at all points for 
increasing currents. This is the case for the measurements presented in 
Figure 6.5, but this is not the case for the measurements presented in Figure 
6.4; while the potential in the center is higher for a higher current, the poten-
tial is lower for a higher current as the potential increases. 

 

Figure 6.6: Measurements of the probe potential ratio in the center of the fusor, the potential well 
depth, as a function of current. The measurements in cyan are at % = 7.1 ⋅ 10Q�	no, the 
measurements in blue are at % = 2.1 ⋅ 10�	no, the measurements in magenta are at % = 1.4 ⋅10�	no and the measurements in red are at % = 2.7 ⋅ 10�	no. 

This effect is unexpected and without doing further measurements cannot be 
explained. It would be useful to do repeated measurements outside the grid 
cathode to check for this relation in other situations. However, this measure-
ment has been repeated at the center of the fusor, where the potential well 
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depth is measured as a function of the current. These measurements are 
presented in Figure 6.6. 

It can be observed that the general trend is that the potential ratio is smaller, 
or the difference with the vacuum potential is larger, for a higher current. This 
is what was observed in the previous measurements and what was expected. 
There are, however, some points that disagree; a magenta point at a current 
of ~1	Nr and two red points at currents of 25	Nr and 30	Nr. These specific 
points cannot be explained in relation with the rest of the measurements in 
their set. 

When comparing the blue measurements with the magenta measurements, it 
can be observed that an increasing pressure does not result in a larger 
difference between the measured potential and the vacuum potential. This is 
an unexpected result and will be explained in the next section. 

Measured Potential vs. Pressure 

While all measurements were done at a pressure of 7 ⋅ 10Q�	no in Figure 6.4, 
all measurements were done at a pressure of 2 ⋅ 10�	no in Figure 6.5. The 
model predicted that the potential hill height would decrease for an increasing 
pressure, but there is no potential hill that can be lowered. It also predicted 
that the difference between the electrical potential with the vacuum potential 
would increase everywhere else for an increasing pressure. This can be 
observed when comparing the two figures for both currents. 

To further investigate the relation between the electrical potential and the 
pressure, the potential ratio in the center is measured at several pressures at 
a constant current of 20	Nr. The results can be observed in Figure 6.7. 

 

Figure 6.7: Measurements of the potential ratio in the center of the fusor as a function of pressure 
at p = 20	Nr. The measurements in green were made on a date prior to the measurements in 
red. 

It must be noted that the red and the green measurements have been done at 
different times; the green measurements were taken prior to the red meas-
urements. It can be observed that the red measurements show an increasing 
trend; the potential ratio is reduced and therefore the difference between the 
measured potential and the vacuum potential is increased for increasing 
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pressure. This is what is expected. With only three points this cannot be said 
for the green measurements. 

Comparing the red measurements with the green measurements, it can be 
observed that the green measurements are at a higher potential ratio at 
similar pressures. A similar relation was observed between the blue and the 
magenta measurements in Figure 6.6, where the blue measurements were 
also taken prior to the magenta measurements. This suggests that a system-
atic error is being made at one of these measuring days. It appears that the 
probe slowly degrades and has an increasing effect on the plasma. 

Probe Degradation 

After the measurements had been finished, the probe was removed from the 
vacuum vessel. A picture of the probe can be observed left in Figure 6.8. On 
the right of Figure 6.8 a picture of the probe after treatment with hydrochloric 
acid can be observed. It shows that a thin layer of what is assumed to be 
Nickel is deposited on the alumina tube. 

 

Figure 6.8: Two pictures of the probe. Left: the probe after taking it out of the vacuum vessel - a 
metallic layer has been deposited on the alumina rod. Right: The probe has been treated with 
HydroChloric acid, which removed the metallic layer. 

The effect of the Nickel layer on the alumina tube depends on the thickness of 
the layer; the layer conducts better when it is thicker. When this layer con-
ducts, it can be charged. If the layer is connected to the metal part of the 
probe, which can be observed in the left part of the figure, the conducting part 
is at the same potential as the probe, which is grounded. If it is grounded, the 
influence of the probe on the plasma will be significant. 

As the ions in the fusor will always be energetic, there will always be Nickel 
sputtered of the grid cathode and deposited onto the alumina tube. It is hard 
to say when the deposited layer is too thick to get good results, but from 
Figure 6.6 and Figure 6.7 it can be observed that the effects become signifi-
cant at some point. Note that no difference in plasma shape or intensity could 
be observed using the webcam. 
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Concluding Remarks 

The goal of this measurement was to check if the expectations of the model 
were correct. The following is concluded about the general shape: 

• There is no potential hill. This is possibly caused by ion impact ioni-
zation, which becomes relevant at the pressures in the measured re-
gime. 

• The measured potential is always above the vacuum potential. This 
is possibly caused by shielding of the grid wires by the plasma. 

The following is concluded about the relation between the electrical potential 
and the current and the pressure: 

• A higher current does indeed cause a larger difference between the 
electrical potential and the vacuum potential. Note that this was not 
observed in the right part of Figure 6.4. 

• A higher pressure does indeed cause a larger difference between the 
electrical potential and the vacuum potential. 

Finally the effect of probe degradation has been observed where a metallic 
layer, most likely Nickel, is deposited onto the alumina tube. This causes the 
probe to have a significant effect on the plasma. 

6.3 Veri�ication	of	the	Method	

Several potential profiles have been measured using the probe. No potential 
hill could be detected in any of these potential profiles. The main question is 
whether the probe functions as intended or not. To verify this method, a 
different method is used to measure one of the parameters of the potential 
profile; the potential well depth. This is verified using spectroscopy. 

Like in section 6.1 the method is first verified by taking a spectrum at each 
measuring point of the probe. This is done to make sure that the probe does 
not influence the spectral measurement, for instance because it is blocking 
part of the light coming from the plasma. Using the same exposure time, the 
number of counts was within 10% at each pixel. This suggests that the 
spectra are not influenced by the probe significantly. 

One of these spectra is presented in Figure 6.9. The spectrum was measured 
simultaneous with the probe potential, which was 2200	#, and the voltage 
applied over the fusor, which was 3070	#. Lines corresponding to a Doppler 
shift of ions with this energy have been presented in green (probe potential) 
and in red (applied voltage). 

The main observation is that there is intensity between the green lines and 
there is no intensity beyond the green lines. This suggests that there are no 
ions in the fusor with energies greater than 2200	�#, the potential well depth 
measured using the non-emissive probe. 

It can also be observed that the spectrum is not symmetric. This may be 
explained by grid wires blocking part of the light. Note that it cannot be 
explained by the probe blocking part of the light as all measured spectra had 
this asymmetry. Another possible explanation is that the spectrometer is not 
well aligned. 
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Figure 6.9: The Balmer-α spectrum. The blue line is the central wavelength. The green lines 
correspond to the Doppler shift if the well depth is as deep as measured by the probe. The red 
lines correspond to the Doppler shift if the well depth is as deep as the potential applied over the 
fusor. 
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Chapter	7	

Conclusions	

In the introduction, two research questions were stated: 

• How does the electrical potential differ from the vacuum potential? 

• How can this electrical potential profile be changed? 

These two questions can be answered as follows: 

• No potential hill is present in the fusor, making the shape very similar 
to that of the vacuum potential. However, the electrical potential is 
higher – that is less negative – than the vacuum potential. 

• The main parameter, the potential well depth, can be varied using the 
applied voltage, the current and the pressure. In the results it has 
been shown that a higher current reduces the potential well depth 
and a higher pressure also reduces the potential well depth. All re-
sults were ratios of the applied voltage and therefore an increased 
applied voltage results in an increased potential well depth. 

This research was done as part of a characterization study of the fusor, with 
the goal to increase the fusion rate: � = ����〈��〉. The potential would have 
an effect on the average energy of the ions and therefore on 〈��〉. Looking at 
the three parameters; the applied voltage, the current and the pressure, the 
following can be said: 

Applied Voltage 

The applied voltage has an effect on both � and �. While the velocity of the 
ions will increase indefinitely with an increasing applied voltage, this is not the 
case for �. However, the voltage at which � goes down rather than up (for D-
D fusion) is significantly higher than the regime in which was measured. 

Current 

As ���� scales with either p or p�, depending on whether the energetic ions 
fuse with the background gas or with other energetic ions, the fusion rate is 
increased for higher currents. The potential well, however, is reduced for 
increasing currents. While this effect may be negligible compared to the effect 
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on �� (and ��) in the measured regime, there may be an optimum at higher 
currents. 

Pressure 

When energetic ions fuse with other energetic ions, the pressure should be 
as low as possible to have a potential well as deep as possible. If energetic 
ions fuse with the background gas, a reduction in pressure would result in a 
reduction of �� and therefore of the fusion rate. This suggests that there will 
be an optimum in the pressure. 

Future Work 

Several improvements to the model used during this research have been 
suggested. In the future a better model should be written, possibly based on 
the current model. This model will predict the electrical potential and the 
relations better. The measurements done during this research could be used 
as a benchmark for the model. 

The measurements that have been done using the (emissive) probe were at a 
high pressure relative to the pressures at which others have done their 
measurements. The pressure is limited by the requirement of an avalanche 
breakdown. Upgrading the current fusor by including a separate ion source or 
building a new fusor would allow measuring at lower pressures and therefore 
comparing with measurements on other experiments. 

These measurements were also limiting the applied voltage. While the 
(emissive) probe cannot be used at a higher applied voltage, it may be 
possible to use the Stark effect at higher voltages to measure the electrical 
potential profile at higher voltages. Most likely the general shape of the 
electrical potential profiles is similar, which allows comparison of the two 
methods. This allows for better comparison in the fusion-relevant regime. 
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