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Abstract
In this thesis the modeling, optimization and realization of an inertial electrostatic confinement
nuclear fusion device (IEC), the TU/e fusor, is discussed. The aim of this thesis is to construct an
IEC with maximum fusion performance by building up an IEC model on the basis of which the
optimal design parameters can be determined, i.e. the parameter that result in the highest neutron
production rate.
First the essential ingredients of the IEC model were determined based on a theoretical study.
It was determined that the dominant fusion reactions are between neutral background particles and
either beam ions or fast neutrals resulting from charge exchange. Two other essential ingredients for
the IEC model were determined: It was found that the ion losses are not determined by cathode grid
collisions, but by charge exchange losses and it was found that the ions should be described by an
energy distribution function.
Based on the above mentioned ingredients the neutron production rate model was constructed.
Validation of the model was performed by comparison with IEC neutron production rate measurements found in literature. The comparison showed that good agreement in scaling with cathode
potential, pressure and cathode radius can be obtained with the correct energy distribution parameterization, but that the absolute neutron production rates predicted are a factor of about forty too low
in most cases. The cause of the disagreement is the overestimation of the charge exchange ion losses.
However, the agreement in scaling is sufficient for the goal of this thesis, as the scaling determines
the optimum.
The TU/e fusor parameters were determined by following the scalings that resulted from the
model, while taking the technical and economical constraints into account. The result is an IEC with
a maximum voltage and current of respectively 120 kV and 100 mA, a cathode and anode radius of
respectively 0.05 and 0.25 m, a cathode transparency of 0.93 and a minimum operating pressure of
at least 0.1 Pa.
The performance of the TU/e fusor was tested by measuring the neutron production rate at high
power operation in star mode. A maximum neutron production rate of (8.5 ± 1.7) × 105 s−1 was
achieved at a cathode potential of 48 kV, a current of 40 mA and a pressure of 0.23 Pa. Although the
maximum input power was not used yet, comparison of this TU/e fusor record with worldwide IEC
efforts shows that it already has similar performance.
Finally, the neutron production rate was measured as a function of the current and the cathode
potential to check the model predictions. The comparison shows that the scaling with current and
cathode potential are in agreement, but that the model is more than an order of magnitude too low in
absolute value, similar to the deviations found during the model validation.
Now that the TU/e fusor has produced its first fusion neutrons, the experimental optimization
can be started in order to further increase the fusion performance.
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Chapter 1

Introduction
In the current climate of ever increasing energy demands, decreasing fossil fuel reserves and a growing realization of the negative ecological and environmental consequences of burning fossil fuels,
there is a growing demand for clean and sustainable forms of energy production. Nuclear fusion,
with an energy density that is about a million times higher than that of fossil fuels, is one of the
options to satisfy this demand. Similarly to nuclear fission, a fusion reactor does not release the
greenhouse gas CO2 and can provide reliable and steady-state power. On top of that fusion has
some additional advantages: the fuels are widely available and uniformly distributed, the reactors
are inherently safe and fusion reactors can be designed such that no long-lived radioactive waste
is produced. Therefore, nuclear fusion has the potential to be a clean, safe and sustainable energy
source.
The challenge to fusion energy is the high energy with which the reactants have to collide in
order to fuse and release energy. The most common method for reaching these high energies is by
heating the plasma, i.e. thermonuclear fusion. The problem with thermonuclear fusion is the confinement of the hot plasma. Currently, two confinement schemes are being investigated: magnetic
and inertial confinement fusion. With magnetic fusion a plasma is confined by an magnetic field
and subsequently the plasma is heated by Ohmic heating and external heating sources. With inertial
fusion, intense Rontgen radiation is aimed at a fuel pellet which subsequently implodes, creating a
plasma at high pressures and temperatures, confined by its inertia. Although both concepts have the
potential to become a viable power plant, the engineering complexity, machine size and the complexity of the physics make the progress in fusion slow and the fusion reactors expensive. However,
there are alternative fusion concepts that do not deal with this drawbacks.
This thesis will concern one of these alternative concepts, the inertial electrostatic confinement
(IEC) fusion device. In an IEC the ions obtain fusion relevant energies by acceleration in an electrostatic field. The electrostatic potential in an IEC is spherically symmetric and is created with a
partially transparent inner electrode. The ions can pass through this electrode as they converge radially inwards, resulting in a high density of high energy ions, i.e. high fusion rate, in the center of the
device. The ions are confined in the potential and therefore they will exhibit oscillatory motions in
radial direction until they fuses or hit the inner electrode.
The greatest advantage of the IEC, compared to other fusion reactors, is its engineering simplicity. Although there are multiple IEC designs, all IECs have the same core principle: the acceleration
and convergence of ions by means of a electric potential generated by partially transparent electrodes. This IEC principle is robust and relatively independent of the operating parameters, making
an IEC easily scalable. The simplicity of the design and the generic nature of the components also
make the IEC an inexpensive fusion machine. A third advantage of the IEC is the compactness of
3

the system. Due to the inherent size and scalability of an IEC, the IEC reactor has been proposed
to be used in a wide range of situations including power generation [1], fusion-fission hybrid power
generation [2] and space propulsion [3, 4].
However, there is a clear reason why fusion energy research is not focused on IECs: theoretical
calculations have shown that energy gain is impossible with the current designs [5, 6]. The energy
gained by the fusion reactions does not outweigh the energy losses by electrode collisions or thermalization. Therefore, the IEC will not be suitable for power generation. This does not make the
IEC research superfluous, since the fusion reaction products can still be useful. Many applications of
the IEC have been proposed, e.g. fusion first wall material testing [7, 8], portable neutron source [9],
tunable x-ray source [9] and many neutron based applications such as explosives detection, nuclear
material detection and medical isotopes [10, 11].

Figure 1.1: The possible applications of an IEC fusion reactor as the neutron production rate increases [12].
The alternative IEC applications show that the IEC has great potential even without energy gain.
However, for commercial application of these concepts higher fusion rates are required, see Figure 1.1. Thus, additional research is required to increase the performance of the IEC devices. This
is the main motive for the Fusion group at the Eindhoven University of Technology to construct an
IEC device. The objective is to gain insight in the IEC physics, with the goal to increase the IEC
performance and obtain a record fusion rate. Next to advancing the IEC research, the IEC in Eindhoven is constructed to provide a fusion education tool for demonstrating plasmas and fusion, and to
provide a diagnostic test facility for certain diagnostics developed in Eindhoven later to be exploited
on leading tokamak experiments.
This thesis discusses the first step in realizing the goal of the Fusion group: the construction and
characterization of the IEC. The aim of this thesis is to determine the parameters influencing the IEC
performance, which is characterized by the neutron production rate in this thesis. The construction
of a physics model of the neutron production rate incorporating the essential IEC physics ingredients
is the core task. Based on this model the design parameters of optimum neutron production are determined, taking into account the economic and technical constraints. This will lead to the construction
of the IEC. Experimentally, the performance is then characterized by the fusion rate and compared
to the original model predictions. This might lead to an increased insight in the relevant processes
4

which could be used to adapt the model and further enhance the performance of the IEC.
The thesis is built up as followed: in chapter 2 the required background information and IEC
theory is given. This chapter will also serve as a reference for the IEC research in Eindhoven.
Subsequently, the fusion reactivity model will be presented and the optimal design parameters will
be determined in chapter 3. Chapter 4 will show the translation of the calculated optimal parameters
into the experimental setup. Then the results of the characterization and neutron production rate
measurements are shown in chapter 5. Finally, in chapter 6 the discussion and outlook are presented.

5
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Chapter 2

Background & Theory
An inertial electrostatic confinement (IEC) device, also referred to as a fusor, is a fusion machine
which confines either the ions or the electrons by means of an electrostatic field. In general an IEC
consists of two concentric electrodes between which a potential difference is applied. Ions and electrons in the gap are accelerated to either of the electrodes. For fusion purposes, the IEC is designed
such that the ions are accelerated inwards and the inner electrode is made partially transparent so
that most ions will pass through. As the ions travel inwards they will acquire high, fusion relevant,
energies and their density increases due to the convergence. In the ideal situation, the system has
perfect spherical symmetry and all ions converge to the center, creating a high density of high energy
ions resulting in a high fusion probability in the center of the device. The ions that do not fuse travel
on outwards, where they are decelerated and turned around just before they hit the outer electrode.
Hence the ions are confined by means of their inertia and they will exhibit an oscillatory motion
between the outer electrode and the center of the device.
However, this view of an IEC is incomplete and does not describe a real IEC device. Non-ideal
effects introduced by engineering, resulting in for example asymmetries in the electrostatic potential, and additional physical effects, such as space charge repulsion and charge exchange reactions,
complicate the physics of the IEC. Therefore, a model that takes the dominant additional effects into
account needs to be constructed in order to get a realistic view on the IEC operation and performance.
In the next chapter the model describing the fusion performance will be built up and optimized,
but first the design parameters and the effects influencing the fusion performance have to be determined. Also, some initial design choice have to be made. Therefore, in this chapter the background
information of inertial electrostatic confinement fusion and the relevant physics is presented. Based
on this theory, the design choices will be made and the ingredients for the IEC model will be selected.
First, the type of IEC will be selected. Subsequently, the operation principle of this type will
be set out. Next, the fusion reactions will be considered to determine the dominant reactions. Finally, various effects influencing the IEC operation that complicating the simple view of the fusion
performance are reviewed.

2.1

The inertial electrostatic confinement types

There are several different types of electrostatic confinement fusion devices which all have a fundamental difference in their way of charged particle creation, acceleration and confinement. Before a
model can be created, the system type has to be selected. All the concepts have their own drawbacks
and advantages, so the choice will not just be based on fusion performance, but also on technical and
7

economical feasibility and design flexibility. In this section, the different concepts will be reviewed.
The first concept of an inertial electrostatic confinement device was investigated by
P. T. Farnsworth in the fifties and he was the first to apply for an IEC patent in 1966 [13]. The
concept, from now on referred to as the Farnsworth IEC, is based on the confinement of ions in a
virtual potential well. A schematics of the device is shown in Figure 2.1(a). The Farnsworth IEC
consists of three concentric spherical electrodes, of which the inner two are partially transparent. A
glow discharge is created between the outermost electrode, the cathode, and the middle electrode,
the control grid, by applying a small positive voltage to the control grid. The electrons created in the
glow discharge are accelerated inwards and pass through the control grid. The innermost grid, the
anode, is at a large positive potential, accelerating the electrons to large energies which subsequently
pass through the anode. Within the anode they will continue converging to the center where they
will slow down and, due to their mutual repulsion, create a large negative space charge in the center,
acting as a virtual cathode. Ions inside the anode, created by means of electron ionization, are
accelerated towards the virtual cathode and oscillate without colliding with any physical grid.

(a)

(b)

Figure 2.1: Cartoon of the inertial electrostatic confinement device proposed by (a) Farnsworth [13]
and (b) Hirsch [14].
The Farnsworth IEC has been studied theoretically by Elmore, Tuck and Watson [15]. They calculated the economics, equilibrium and stability of the system in order to find the optimal conditions
for the ion confinement. The conclusion of the investigation was that the Farnsworth IEC was most
probably not suitable as energy reactor due to instabilities of the system caused by the high currents,
of the order of 1014 A, required for economically viable ion densities.
The advantage of the Farnsworth IEC concept is that only the electrons collide against a grid
with high energy, reducing grid deterioration by sputtering. Also, theoretically the ions are perfectly
confined resulting in high fusion probability per ion. The disadvantages is that it is hard to obtain a
deep potential well and that maintaining the potential well requires energy to compensate for electron
losses to the anode. Also, ions are still lost by other mechanisms such as charge exchange.
R. L. Hirsch attempted to improve the Farnsworth IEC concept by investigating the potential
well generation by the electrons [16]. By decreasing the pressure about three orders of magnitude
he improved the electron focussing and reduces the electron energy losses, caused by the decrease in
electron–background gas collisions. However, due to the decreased pressure the generation of electrons by the control grid becomes impossible. Hirsch solved this problem by generating thermionic
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electrons on an additional grid which are injected in the IEC. Also, the low pressure extinguishes the
ion generation inside the anode and thus Hirsch only studied the potential well created by electrons.
With this experiment, Hirsch showed that deep electrostatic potential wells can be created.
The results of the electron potential well generation inspired Hirsch to a new IEC concept. He
proposed to reverse the polarity of the electrodes and use only ion currents [14]. In this case, ions
were injected into the IEC by replacing the thermionic cathode with six ion guns. Figure 2.1(b)
shows a cartoon of the device. The low pressures now result in negligible interaction of the ions with
the background gas particles, increasing the ion focussing and improving the ion energy distribution.
The experiments performed by Hirsch showed that a virtual cathodes is created in the Hirsch IEC
and that a high fusion rate can be obtained.

(a)

(b)

Figure 2.2: Schematics of two types of IEC devices: (a) GD IEC of Tokai University [17] and (b)
AGD IEC of the University of Wisconsin–Madison [12].
Another IEC type, simpler from an engineering perspective, was introduced at the University
of Illinois (UIUC) [18, 19]. In this concept the ions and electrons are generated by a glow discharge (GD). The advantage is that the ion and electron guns can be removed, which greatly simplifies the design. The disadvantages of these GD IECs is that higher pressures are required to operate
the device, which increase the interactions between the charged particles and the background gas.
However, good fusion rates are still obtained and ion–grid collisions are reduced. A similar IEC
concept is the assisted glow discharge (AGD) IEC. The AGD IEC still uses impact ionization as a
source of ions, but uses electron sources or guns as the electron source allowing for operation at
lower pressures. Cartoons of the GD and AGD IEC are shown in Figure 2.2.
The largest energy loss mechanism in the previously discussed IECs are the electron and ion
losses to the electrodes. These losses prohibit the device from reaching energy gain. R. W. Brussard
tried to avoid these losses by magnetically confining the electrons. His concept, the Polywell, shown
in Figure 2.3, uses electromagnets to trap the electrons in a quasi-spherical polyhedral magnetic field
[20]. High energy electrons are injected radially into the system. Similar to the Farnsworth IEC, the
aim is to create a large potential well in the center of the Polywell due to electron space charge.
Subsequently, ions are introduced/injected into the system which are attracted by the potential well
and start to oscillate. The electron losses to the grid are now replaced by electron losses in the
magnetic cusps. However, where the transparency of the grid is limited in practice, the cusp losses
can be decreased by engineering, resulting in higher efficiencies.
There are several other variations on the IEC concept which have not been considered in detail
here. For example, the Penning trap [22], confining the charged particles using a combination of
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(a)

(b)

Figure 2.3: The Polywell concept. (a) Cartoon of the Polywell proposed by Brussard [20]. (b) Artist
impression of the University of Sydney Polywell [21].
static magnetic and electric fields, and the Periodically Oscillating Plasma Sphere (POPS) [23, 24],
where large-scale oscillations in the plasma are used that periodically compress the plasma to very
high densities and temperatures while maintaining local thermal equilibrium.
All the types discussed above can be distinguished by their type of electric field, their type of
cathode (virtual or real), their order of electrodes, their electron and ion source mechanism and their
use of magnetic fields. An overview of the properties of the various IEC types are given in Table 2.1.
IEC
type
Farnsworth

Electric
field

Magnetic
Electrode Electron
Cathode
field
order
source

Static

None

Virtual

CA

II

Hirsch

Static

None

Real

AC

None

GD

Static

None

Real

AC

II

AGD

Static

None

Real

AC

Polywell

Dynamic

Static

Virtual

N.A.

Penning
trap

Static

Static

Virtual

N.A.

POPS

Dynamic

None

Virtual

CA

Electron
emitters
Electron
guns
Electron
emitters
Electron
emitters

Ion
source
II
Ion
guns
II
II

Typical
fusion
rate (s−1 )
n.a.
107 –108
[14, 25]
105 –106
[19, 26]
107 –108
[27]

Ion
guns

109 [28]

II

2×1010 *
[22]

II

n.a.

Table 2.1: Characteristics of various IEC fusion devices. II stands for impact ionization by either
electrons or ions. The electrode order is either anode outside of cathode (AC) or cathode outside
anode (CA). *Theoretical calculation based on fusion of D-T.
The model of the IEC fusion rate will greatly depend on the IEC type. No general model will be
constructed that applies to all types, as they all operate in other regimes within which different physical processes play a dominant role, complicating the model. Therefore, one type will be selected
based on the technical and economical feasibility of the system, the typical system performance and
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the flexibility of the design. The Penning trap and POPS system have not been considered extensively, since no fusion performance data is known and only limited literature was available. The
Polywell shows good fusion performance results, although unverified by other experiments, but is
eliminated as an option since the system has high engineering demands and is economically unfeasible [28, 29].
The four remaining systems all have a similar design and require the same main components.
The most important differences between the systems are the polarity of the grids and the use of
particle guns. This allows for upgrading the setup to another type without a full re-design of the
system. Also, the engineering requirements of these systems are less critical, e.g. asymmetries in
the electric potential are allowed, allowing room for experimental optimization and phased upgrades
to the system. Therefore, the choice is made to model and optimize one of these four systems,
while keeping the design flexible for upgrades to different types. To keep the costs and engineering
complexity low, the glow discharge IEC is chosen. Unless noted otherwise, the term IEC will refer
to the glow discharge IEC in the remainder of this thesis.
The most important parameters that determine the IEC design can already be found from the
basic operation principle of the IEC: the anode radius R1 and cathode radius R0 will determine
the shape of the electric field, the transparency η determines the oscillation properties of the ion,
the background gas pressure p determines the interactions with background gas, the power supply
current I determines the amount of charged particles and the applied voltage V0 , determining the
particle energy. To clarify the nomenclature in this thesis a cartoon with the main design parameters
of the glow discharge IEC is given in Figure 2.4.

Figure 2.4: Simplified picture of the glow discharge IEC operation principle with the main parameter
nomenclature used in this thesis.

2.2

Worldwide experimental IEC efforts

Worldwide, many IEC devices have been constructed and researched by amateurs [30], research
institutes [24, 31], industry [32] and universities [19]. All these systems have the general IEC char11

acteristics but differ slightly in their exact design. To get an overview of the current status of the IEC,
the characteristics of various academic experimental efforts are tabulated in 2.2. Typical parameter
values and fusion rates are listed, which can serve as benchmark and reference for the design discussed in this thesis. The overview also includes several assisted glow discharge IECs since it has
been researched quite extensively and the GD IEC can be upgraded to an AGD without large changes
to the setup, making it relevant for future reference.
The table shows a wide range in most of the parameters. This confirms that the operation principle of the IEC is robust so that the engineering requirements are not very strict. Therefore, experimental optimization is indeed possible. The table will mainly serve as a reference.

2.3

Gas discharge

The defining property of the glow discharge IEC is that both the creation and acceleration of the
charged particles is the result of the electrostatic potential in the IEC. The ions and electrons are
created by a gas discharge between the electrodes, the glow discharge. In this section the conditions
under which the glow discharge occurs and the consequences on the operation regime of the IEC are
given.

2.3.1

Plasma ignition

The first step in the operation of the IEC is the creation of the glow discharge, i.e. the ignition of the
plasma. The ignition is based on the ionization of the neutral background gas in the IEC by electron
impact ionization. A small amount of seed electrons is assumed to be present in the gas which are
accelerated towards the positive electrode, the anode. On their way to the anode the electrons have
a probability to collide with the neutral gas particles and can, if the electron has gained sufficient
energy, ionize that particle.
The electrons continue to accelerate towards the anode, ionizing other neutrals on their way,
creating an electron avalanche. When the electrons reach the anode they are absorbed. The ions
created at each ionization on their turn accelerate towards to cathode and when they reach the cathode
they will neutralize by taking up an electron but also have a chance of releasing electrons from
the cathode. These released electrons can subsequently serve as seed electrons for a new electron
avalanche. If the number of electrons created at the cathode exceeds the number of initial seed
electrons, the number of electrons created at the cathode will keep increasing each cycle resulting in
a gas breakdown.
The transition at which the gas breakdown occurs depends on the number of collisions, the energy gained by the electrons and the chance of ionization, corresponding to respectively the pressure,
the electric field and the type of gas. In a parallel plate geometry this breakdown condition is described by Paschen’s law:
Vt =

B(pd)
C+log(pd) ,

C = log

h

A
log(1/γ+1)

i

(2.1)

Here Vt is the breakdown voltage, p is the pressure, d the distance between the electrodes, γ the
secondary electron emission coefficient and A and B gas specific constants. The Paschen’s law
gives the minimum voltage which has to be applied to the cathode for a gas breakdown to occur.
Although the breakdown mechanism in the IEC is equivalent, the Paschen curve described by
equation 2.1 does not directly apply because the assumption of a constant electric field is only valid
in the parallel plate case. Therefore, a similar equation will be derived next for the spherical case.
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13
24, 29, 0.05
[33, 34, 35]

Anode diameter (cm)
Anode material
Anode thickness (mm)
Anode structure
Cathode diameter (cm)
Cathode material
Cathode thickness (mm)
Cathode rings
Cathode transparency
Voltage range (kV)
Current range (mA)
Pressure range (Pa)
NPR record (s−1 )

V0 , I, p at NPR record

Source
[19, 36]

70, 15, n.a.

GD
Spherical
stainless steel
30, 48, 61
Stainless steel
Solid
3.75, 7.5
Stainless steel
0.5–1.3
6
0.80–0.97
0–80
0–80
0.7–2.7
1.2 × 106

University of
Illinois

170, 75, 0.027
[40, 27]

[37, 38, 39,
27]

AGD
Spherical
stainless steel
61
Stainless steel
Solid
10
W-Re alloy
0.8
9
0.93
0–185
0–75
0.027
1.1 × 103 *

University of
Wisconsin 2*

190, 75, 0.25

AGD
Cylindrical
Aluminum
45
Stainless Steel
13 rings
10
W-Re alloy
0.8
17
0.86–0.96
0–200
0–75
0.2–0.3
2.4 × 108

University of
Wisconsin 1

[26]

60, 40, 0.7

GD
Cylindrical
stainless steel
15, 20, 30
Stainless steel
Mesh grid
6.0
Molybdenum
0.35
6
0.97
0–80
0–50
0.7–4.0
2.4 × 106

Kansai
University

[17]

GD
Cylindrical
stainless steel
10.0
Stainless steel
2.0
5 rings
2.5
Stainless steel
1.0
2, 4, 6, 7
0.72–0.92
0–30
0–40
0.2–1.5
3 × 104
30, 40,
0.35–0.75

Tokai
University

[41]

30, 19, 2

GD / AGD
Cylindrical
stainless steel
12
Stainless steel
13 rings
4.0
Tantalum
0.5
4
0.95
0–30
0–20
2
1.54 × 105

Utrecht
University

Table 2.2: Parameters and typical fusion performance for several (assisted) glow discharge IEC devices. The NPR is the neutron production rate.
*This device runs on 3 He–3 He.

Vacuum vessel

GD
Cylindrical
stainless steel
46
Stainless steel
6.35
8 rings
9.5
Stainless steel
1.0
7
0.94
0–50
0–40
0.05–7.0
1.4 × 106

Type

University of
Missouri

Following the approach of the parallel plate scenario, it is assumed that some seed electrons are
created at the cathode. The evolution of number of electron is then given by:
dNe
= α(r)Ne
dr
With Ne the number of electrons and α the Townsend ionization coefficient, describing the ionization
probability. The solution is:
Z

r

Ne (r) = N0 exp

α(r)dr
R0

The number of electrons created at the cathode due to the ions is given by:

Z R1


α(r)dr − 1
Ne (R0 ) = γNi (R0 ) = γ (Ne (R1 ) − N0 ) = γN0 exp
R0

The breakdown is at the point where the number of secondary electrons created at the cathode,
ne (Rc ), equals the initial electrons, n0 , resulting in:

 Z Ra
1
log
α(r)dx
(2.2)
+1 =
γ
Rc
To obtain the breakdown voltage, an expression for the ionization coefficient α needs to be known.
In the parallel plate scenario, an empirically determined parameterization is taken given by equation 2.3. However, for the determination of the parameterization it is assumed that the ionization is
only a function of the local electric field. In case of parallel plates, this assumption is valid since
the electric field is constant and therefore the electrons are in local equilibrium, i.e. they have the
same energy distribution at all locations. In the concentric spheres case, the electric field is not constant and the electrons are not in equilibrium, i.e. electrons accelerated in a different electric field
can affect the local ionization. There is no empirical data available for the ionization coefficient for
concentric spheres so the relation for parallel plates will still be used.
α = Ap exp (−Bp/E)

(2.3)

The vacuum field for concentric spheres can be found by solving the Poisson equation in spherical geometry with the boundary conditions ϕ(R0 ) = −V0 and ϕ(R1 ) = 0. The solution is:


V0 R0 R1
1
1
ϕ(r) =
−
(2.4)
R1 − R0 R1 r
The electric field is:

V0 R0 R1 1
~
e~r
E(r)
== −∇ϕ = −
R1 − R0 r2

(2.5)

Now the vacuum electric field can be used to calculate the ionization coefficient and the breakdown
voltage can be determined by numerically solving 2.2. To see the effect of the spherical geometry,
the solutions are compared to the parallel plate analytical solutions in Figure 2.5. A value of 1.0
is taken for the secondary electron emission coefficient, as this is typical for metals [42, 43]. The
coefficient depends on the cathode geometry, the cathode material and on the incident ion type and
energy.
In Figure 2.5 the gas specific constants A and B of hydrogen are taken, respectively 4.1 m−1 Pa−1
and 104 Vm−1 Pa−1 [44]. For deuterium the resulting curve is similar to the hydrogen Paschen
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Figure 2.5: The influence of the spherical geometry on the breakdown voltage. The black line shows
the reference curve, the parallel plates Paschen curve. Clearly, the smaller the cathode radius the
larger the deviations from the parallel plate results. The distance between the electrodes and the
secondary electron emission is equal for all lines, 0.1 m and 1.0 respectively.

curve, except that the pd value at √
the left asymptote and at the minimum breakdown voltage is
shifted to higher values by a factor 2 because of the larger ion mass [45].
Several observations can be made from Figure 2.5. First, the spherical solution converges to
the parallel plate solution, as is expected since the curvature converges to zero. Second, the right
asymptote is lower in the spherical case. Third, the minimum breakdown voltage is higher for
spherical plates and fourth, the slope near the left asymptote is smaller.
The effect of the non-homogeneous electric field on the ionization coefficient has not been taken
into account in the previous derivation. It is possible to qualitatively describe the effect. The electrons move from the inside towards the anode, so in a monotonically deceasing electric field. Therefore, at each location there will be electrons that have been accelerated by an higher electric field. As
α is a monotonically increasing function of the electric field, the effective ionization coefficient will
be higher than given by equation 2.3. This results in a lower breakdown voltage at all pressures and
a shift of the left asymptote to lower pressures since less collisions are required for an ionization.
The operation of the IEC as a fusion device requires the ions to be accelerated to fusion relevant
energies. Although the Paschen curve does not describe the potential in the IEC after breakdown,
it does give an indication of the potentials required to have sufficient ionization. Therefore, the
pressure in the IEC should be close to the values of the left asymptote, as this region is limited by the
number of collisions. For the example in Figure 2.5 this would correspond to pressures below 2 Pa.

2.3.2

After breakdown

As the breakdown voltage is reached, a self-sustaining discharge is created between the electrodes.
In the idealized model, in each cycle the current increases and the current tends to go to infinity.
However, the power supply deliver only a limited current. If the current exceeds this limit, the power
supply voltage will drop, decreasing the number of ionization and therefore the current. Also, any
real circuit with a discharge gap will contain an ohmic resistance Ω limiting the discharge current as
it takes a progressively bigger part of the power supply’s emf, , as the current increases. The voltage
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over the electrodes in a circuit with a discharge gap is:
 = V + IΩ

(2.6)

However, this equation does not give information about the current that will flow with a given  and
Ω since the relationship between the voltage and current in the discharge is unknown. At currents in
the order of µA the electric field between the electrodes is independent of the current, so the voltage
is simply given by the breakdown voltage. But as the current is increased, space charge builds up
influencing the potential between the electrodes. The relation between the current and the voltage
in the discharge is hard to predict theoretically. One general condition that can be stated is that the
breakdown condition 2.2 still has to hold, but in this case the electric field generated by the space
charge has to be used. The voltage over the electrodes is then given by:
Z

R1

E(r)dr

Vdischarge =

(2.7)

R0

Without a description of the voltage-current relation between the electrodes, a theoretical description
of the discharge cannot be obtained. It can only be described qualitatively. In equilibrium, a current
will flow that influences the electric potential in such a way that the discharge is sustained, while
simultaneously satisfying the condition that the voltage over the plasma and resistance equals the
emf. Thereby, the discharge current and voltage will be related, but the relation will have to be
determined experimentally. For example, for parallel plates measurements in the high-voltage glow
discharge regime have shown a current-voltage scaling of I ∝ V k [46].

2.4

Ion recirculation current

One distinguishing feature of the IEC compared to a parallel plate glow discharge is the transparent
cathode. The result of the transparency is that part of the ions flows through the cathode grid and
exhibits an oscillatory motion. Therefore, the ion current can be larger than the power supply circuit
current. Since the fusion depends mainly on the ion current inside the cathode and the experimental
parameter is the circuit current, a relation between the two is required.
Under the assumption that the ion losses to the grid are dominant and that the angular spread of
the ions is uniform, such a relation can be derived. Define Ic as the cathode current as a result of
ions hitting the grid, the transparency η as the fraction of the area of the cathode sphere which is
open, i.e. the geometric transparency, and Ii as the total ion current of the ions which are inside the
cathode and converge to the center. Of the ions that hit the cathode, ηIc will converge to the center
in the first pass, η 2 Ic will re-enter the cathode-anode space, η 3 Ic will converge to the center in the
second pass, etc. The recirculating ion current is then given by [16]:
3

Ii = ηIc + η Ic + . . . = Ic

∞
X
m=0

η 2m+1 = Ic

η
1 − η2

(2.8)

Two important notes should be added about the assumptions used to derive equation 2.8. First, the
GD IEC depends upon collisions for its existence, therefore other ion loss processes could play a
role. Second, ions microchannels will form, described in section 2.7.3, resulting in non-uniform
angular spread of the ions. In this case, the geometric transparency does not describe the ion loss in
each pass through the cathode. Studies in GD IECs have shown that the microchannel effect can be
significant, in which case an effective transparency has to be used [47].
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Next, the ion current has to be related to the circuit current I. There are multiple processes
that could contribute to the current, including secondary electron-, field-, thermionic- and photoemission:
• The field emission is hard to characterize as it depends on the geometry and smoothness of
cathode. It will be assumed negligible and care will be taken to avoid sharp edges during
construction of the cathode.
• Photo-emission by the cathode is possible by high energy photons that are generated as Bremsstrahlung
when the electrons hit the anode. It is difficult to estimate the photo-emission current, since it
depends on the Bremsstrahlung power generated by the primary electrons, the energy distribution of the Bremsstrahlung and the number of photo-electrons generated per photon. Rough
calculations have indicated that Bremsstrahlung can reduce the ion current by up to 6 % [48],
but it will be neglected for the moment.
• The thermionic emission current is described by the Richardson-Dushmann equation:
Ith = ΛAT 2 e−W/kT

(2.9)

With A the surface area, W the work function of the cathode material, k the Boltzmann constant, T the cathode temperature, and Λ = 1.20 × 106 Am−2 K−2 a constant. The thermionic
emission strongly depends on the choice of material and on the temperature. Therefore, it will
be included in the current relation.
• The secondary electron emission current has already been discussed in section 2.3.1. The
secondary electron emission coefficient γ describes the number of electrons generated per
incident ion, Iγ = γIc .
The circuit current is then determined by I = Ic +Ith +Iγ . The recirculating ion current can now
be calculated from the circuit current by equation 2.10. An even more detailed equation describing
the recirculation current that accounts for all electron emissions is given by Krupakar Murali [48].
Ii =

2.5

I − Ith
η
(1 + γ) (1 − η 2 )

(2.10)

Fusion

One critical parameter influencing the fusion rate is the selected fusion reaction, i.e. the type of
particles that are inserted in the system. The fusion probability of two nuclei depends on the type of
nuclei and is characterised by the fusion cross section. Figure 2.6 shows this cross section for several
possible fusion reaction as a function of the kinetic energy of the reactants. The highest reaction rate
can clearly be obtained with the reaction of deuterium (D or 2 H) and tritium (T or 3 H). However,
tritium is expensive, difficult to obtain and radio-active. Therefore, the reaction with the second
highest cross section is selected. At low energies the reaction of deuterium–deuterium is clearly the
best. For practical implementations of the IEC, the tritium–deuterium reaction rate can be obtained
by scaling with the cross sections.
There are three fusion reactions possible with deuterium nuclei:

 T (1.01 MeV) + p (3.03 MeV)
3 He (0.82 MeV) + n (2.45 MeV)
D+D
(2.11)

α+γ
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Figure 2.6: Logarithmic plot of the fusion cross section for various fusion reactions [49].
Where D stands for a deuterium nuclei, T for a tritium nuclei, p for a proton, n for a neutron, α for a
for a photon. The third reaction can be neglected since it has a very small chance of
occurrence, the branching ratio Γγ /ΓP is about 10−7 [50], as can be expected based on conservation
of energy and momentum. The proton and neutron branch are assumed equally likely. This is
approximately true, the cross section of the proton branch is equal to within 10 % of the neutron
branch cross section for energies below 100 keV [51]. Equation 2.11 also shows the kinetic energies
of the reactions products, which are calculated based on energy and momentum conservation in case
of zero kinetic energy of the reactants.
4 He nuclei and γ

2.5.1

Fusion cross section

To calculate the number of fusion reactions in the IEC, the fusion cross section has to be known
over the energy range of interest. The cross section gives the effective area in which the two nuclei
have to approach for an fusion reaction to occur. Classically this only determined by the repulsion
due to Coulomb forces resulting in an energy threshold above which fusion will occur. However,
quantum tunneling effects result in a probability of fusion at each energy, characterized by the cross
section. The cross sections have been determined experimentally, but for the calculations in this
thesis a parameterization will be used.
Two parameterizations will be considered. Both parameterization are based on theoretical arguments, taking into account the atomic physics, Coulomb repulsion and tunneling, and the nuclear
physics, the fusion reaction dynamics. The resulting theoretical form of the cross section is given by
[49]:
p
S(ε)
σf (ε) =
exp(− εG /ε)
(2.12)
ε
Where ε is the center-of-mass energy, S is the astrophysical S factor and εG is the Gamov energy,
equal to 986 keV for D–D reactions.
Now two different parameterization describing the S factor can be taken. In first approximation
the S factor can be taken independent of the energy. For D–D reactions the value of S(0) then
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becomes 54 keV·barn and 56 keV·barn for the neutron and proton branch respectively [49]. A more
accurate parameterization is given by Bosch and Hale [52]:
S(ε) =

A1 + ε (A2 + ε (A3 + ε (A4 + A5 ε)))
1 + ε (B1 + ε (B2 + ε (B3 + B4 ε)))

(2.13)

To verify the accuracy of the parameterizations, the resulting cross sections are compared with
experimental data from Krauss [53]. The result is shown in Figure 2.7. Both parameterizations of
the cross section agree with the experimental at low energies but the parameterization by Bosch and
Hale is the only one accurate at high energies. Typical center-of-mass energies in IECs are about
0–50 keV, so both parameterizations are accurate within 10 %. Since the parameterization with
constant S factor is computationally more convenient, this one will be used in the model.

Figure 2.7: Comparison of the cross section parameterization with experimental cross section data
for the D(d, p)T reaction. The red line shows the parameterization with a constant S factor, the blue
line with the parameterization by Bosch and Hale and the black dots represent experimental data.
For IEC energies, both parameterization appear valid.

2.6

Dominant fusion mechanism

The fusion reactivity, the total number of fusion reactions per unit time, is the parameter on which the
performance of the IEC will be based in this thesis. However, there are different types of particles in
the IEC depending on their energy and charge which all have a probability to fuse with themselves
and with one another. For the optimization of the IEC performance, the model will have to be
based on the most dominant fusion reaction in the glow discharge regime. In this section the fusion
reactivity of the different reactions will be estimated to select the most dominant one.
Three types of nuclei will be considered:
• Beam ions: ions created between the electrodes and accelerated radially by the electric field.
• Fast neutrals: high energy neutral particles created by charge exchange of a background gas
particle with a beam ions.
• Background neutrals: the particles from the neutral gas which have not had any charge exchange or ionizing collisions.
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It is assumed that the beam ions and fast neutrals consists of atomic deuterium and the background
neutrals are deuterium molecules, D2 . Ions created inside the cathode will not be considered as their
energy will be comparable to the background neutrals and there density will be much lower.
For the calculations in this section a simplified picture of the IEC will be used where all the ions
are generated at the anode and are accelerated over the full potential. Also, it is assumed that the
ion current is equal to the circuit current. A model IEC with an inner radius R0 of 0.05 m, an outer
radius R1 of 0.25 m, a grid transparency of 0.95, a pressure of 1 Pa, a potential V0 of 100 kV and a
current I of 100 mA is taken. These values are selected as they will turn out to be the values used
in the experiment. However, the conclusions from the following analysis do not strongly depend on
the chosen parameter values, as long as typical IEC values are used.

2.6.1

Fast neutral–fast neutral

The relevance of the fast neutral–fast neutral reaction to the total fusion reactivity will be estimated
by comparing it with the reactivity from beam–beam reactions. In the ideal case the beam ions
accelerate over the full potential and then all undergo a charge exchange reaction. This would result
in an energy distribution of the fast neutrals that is equal to that of the beam ions. Also, the fast
neutrals will converge to the center just like the beam ions. However, the fast neutrals only pass
through the center once while the beam ions, due to the recirculation, pass the center several times.
Therefore, the beam ion density will be higher than the fast neutral density. The reactivity scales
with the square of the density and thus the fast neutral–fast neutral reactivity will be smaller than the
beam–beam reactivity.
There are some complications not taken into account in the above argument which could influence the result. For example, the charge exchange peaks around 10 keV and therefore the charge
exchange energy spectrum will be lower. On the other hand the ions are affected by space charge so
they could have a lower energy and larger spread in the center of the IEC. However, it is assumed
that these effects are small compared to the density difference.

2.6.2

Beam–fast neutral

For the beam–fast neutral the same argument can be used as in section 2.6.1. However, in this case
the reactivity scales with the product of the fast neutral and the beam ion density. So, the reactivity
will be in between the beam–beam and fast neutral–fast neutral reactivities.

2.6.3

Beam–beam

The beam–beam or converged core fusion reactions occur in a small volume in the core of the IEC
where the radially converging ions meet. To calculate the reactivity, the ion density in the core of the
IEC has to be known. In a collisionless plasma with perfect radial convergence the beam density nb
is given by ion conservation:
2
(2.14)
nb (r) = n0 Rr0 , r < R0
The initial density n0 can be determined by normalizing the density at the cathode:
n0 =

Ii
4πR02 ev0

with v0 the corresponding ion velocity at the cathode.
In the ideal case all particles perfectly converge to a single point at the center of the device
resulting in an infinite ion density and fusion reactivity. However, there are several factors limiting
the convergence:
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• Space charge builds up in the IEC center which deflects and decelerates the ions resulting in a
lower density and lower velocity of the ions in the center.
• Ions are deflected and thereby gain angular momentum due to imperfections in the grid and
asymmetries caused by the high-voltage feedthrough.
• The ions start with a finite perpendicular velocity due to their thermal motion resulting in an
angular momentum.
• The ions gain angular momentum by elastic and inelastic collisions with background gas particles.
All these effects will prevent the infinite ion density in the center. The particles will converge to
within a certain radius, defined as the core radius. To model the ion density, it is assumed that the
convergence of the ions continues up to the core radius Rc and then the density is constant:

 2

0
n0 R
, 0 ≤ r ≤ rc
Rc
nb (r) =
(2.15)
 n R0 2 , r < r ≤ R
0

c

r

0

The beam–beam fusion reactivity then becomes:
 2


Z
1 R0
σ(2E0 )
4
1
Ii
nb (r)2 σf (2E0 )v0 4πr2 dr =
−
Rbb =
2 0
e
8πv0
3rc R0

(2.16)

Where the factor 21 is due to double counting and the cross section should be evaluation at two times
the ion energy. The resulting fusion reactivity is shown in Figure 2.8. It is clear that depending on
the convergence of the ions the reactivity can be substantial.
A lower bound for the core radius can be estimated based on angular momentum conservation
of the ion due to thermal motion. With two degrees freedom in perpendicular direction, the velocity
of the ion is given by:
r
2kT
v⊥ =
(2.17)
mi
Due to the perpendicular velocity the path of the ion does not go through the center of the IEC but
up to the core radius. Angular momentum conservation from the edge of the IEC to the center gives
the core radius:
r
v⊥
kT
R1 = R1
(2.18)
rc =
v0
eV0
Taking a temperature of 300 K, a core radius of 0.1 mm is found, which corresponds to a reactivity
of 2 × 104 s−1 . Compared with typical reactivities this value is low, but not negligible. However, as
only one effect influencing the core radius was taken into account, the value is an upper bound for the
beam–beam reactivity. It is assumed that the core radius will be larger and therefore the beam–beam
reactivity negligible.
This assumption is confirmed by experimental measurements of the core radius, which found
that the core radius was a factor 4–5 larger than given by the above geometric limit [54]. The
measurement was performed at a pressure of 53 mPa, lower than GD IECs, which makes the core
radius smaller than in the GD IEC case. Other measurements of the core radius in the glow discharge
IEC have shown that it is 6–8 times smaller than the cathode radius [34], corresponding to 6.3–
8.4 mm in this case. Also, there is experimental evidence that indicates that the beam–beam fusion
is not dominant, since the characteristic I 2 scaling of this reactivity is not observed experimentally
[54, 37, 55]. So, it is concluded that beam–beam fusion, and therefore beam–fast neutral and fast
neutral–fast neutral fusion, can be neglected.
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Figure 2.8: Beam–beam reactivity scaling as a function of the core radius. Only for good ion focussing, beam–beam fusion plays a role.

2.6.4

Background–background

The fusion of the background gas particles with itself is negligible. Temperatures in excess of 1 keV
are required to get a reasonable level of fusion, which are never reached since the gas will radiate all
the power away. No effort is made to model this reaction.

2.6.5

Fast neutral–background

The fast neutral–background reaction occur all over the IEC volume since the neutral is not decelerated by the electric field. Before the reactivity can be calculated the number of fast neutrals created
has to be determined. The charge exchange reaction by which fast neutrals are created is given by:
D+ + D20 → D0 + D2+

(2.19)

The cross section for this reactions are taken from Aladinn database of the International Atomic
Energy Agency [56]. The cross sections of hydrogen are used for deuterium. The cross section is
given in Figure 2.10.
The fast neutral–background reactivity will be estimated by comparing it to the beam–background
reactivity since they are competing processes. An ion either travels to the center of the IEC and fuses
with a certain probability or it charge exchanges and then a fast neutral with the same energy is
created which travels through the vessel and can fuse. The difference between the two processes is
the path length over which the fusion can occur. The fast neutral retains it energy all over the IEC
volume but does not oscillate, so it has an average path length equal to the anode radius. The beam
ion only has a high energy inside the cathode but its fusion path length is increased by recirculation.
A typical transparency of 0.9 results in a recirculation of 4.7, so the fusion path length of the ion is
9.6R0 . So the fast neutral fusion path is only larger if the anode radius is an order of magnitude larger
than the cathode radius. Furthermore, the energy of the fast neutral will be lower in general since
the charge exchange cross section peaks around 10 keV. For these reasons, the fusion probability of
a fast neutral will be lower than that of a beam ion.
In the optimistic case considered so far, it was assumed that each ion creates a fast neutral, which
resulted in non-negligible fusion reactivities compared to beam–background fusion. Therefore, it
will now be considered how many charge exchange reaction will take place per ion. An ion created
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at his birth radius Rb and residing at position r will, in a collisionless model, have an energy:


eV0 R0 R1 1
1
Ei (r, Rb ) =
(2.20)
−
R1 − R0 r Rb
The charge exchange probability of an ion traveling from its birth radius to the center of the IEC is
given by:
Z Rb
ngas σCX (Ei )dr
(2.21)
PCX =
0

In Figure 2.9 the probability is plotted for several typical applied voltages and pressures. Several
observations can be made: First, the charge exchange probability can increase above one which
is non-physical. It is caused by the fact that the ions are not removed if they charge exchange in
equation 2.21. For the current estimation this does not matter. Second, the probability decreases for
lower birth radii which is due to the larger acceleration close to the cathode and the smaller path
length. The increase at birth radii close to the cathode radii is due to the peak in the cross section.
Third, as the applied potential decreases, the charge exchange probability increases since the cross
section is higher.

Figure 2.9: The probability on a charge exchange reaction for an ion created at the birth radius
traveling to the center of the IEC. In many cases, the ion will charge exchange before it reaches the
cathode.
In general the conclusion from Figure 2.9 is that, except for very low pressures, the charge
exchange probability is of order 1, indicating that many of the ions charge exchange in the first
oscillation through the IEC. This means that the number of beam ions and fast neutrals will be of the
same order of magnitude and that the mean free path of the beam ions is actually not limited by grid
collisions but by charge exchange reactions. The fast neutrals will have a lower energy spectrum
than the ions but with approximately equal densities and larger fusion path lengths it is assumed that
fast neutral–background reactions cannot be neglected compared to beam–background reactions.

2.6.6

Beam–background

The beam–background reactions can be treated in a similar way as the beam–beam reactions except
that the target density is the constant background gas density. Since these reactions do not rely on
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the convergence of the ions, they can occur at all positions that contain high energy ions, so mainly
within the cathode. Also, the angular momentum does not affect these fusion reactions.
A simple model will be considered to estimate the reactivity. Since the convergence is not of
interest with these reactions, the beam will be modeled as a cylindrical beam with cross section 4πR02
and a height of 2R0 . For the moment it is assumed that full recirculation of the ions takes place.
Taking only the fusion reactions into account that occur inside the cathode, the fusion reactivity
becomes:
Rbg = ϕb ngas σf 8πR03
(2.22)
ψb =

I
η
2
4πR0 e 1 − η 2

(2.23)

The beam flux is given by equation 2.23. The resulting beam–background reactivity is 4.0×109 s−1 ,
which is large compared to typical IEC reactivities. It is concluded that beam–background, and
thereby fast neutral–background, is a relevant fusion reaction, although this simple model is overestimating the reactivity due to optimistic assumptions.

2.6.7

Embedded fusion

The large energy of the beam ions and the fast neutrals makes it possible for the particles to penetrate
the cathode and remain trapped within. Fast nuclei hitting the cathode could possibly fuse with these
particles. Although the cathode volume is small by which the reaction probability would seem
negligible, it has been found that it can be significant. It is reported that at 0.27 Pa and 100 kV
in a deuterium gas the contribution of embedded reactions to the total reactivity is 8 %, and in a
deuterium–helium-3 mixture the contribution is even 95 % [40]. Estimating the embedded fusion
requires information of the penetration and the retention of deuterium in the cathode material, which
is not sufficiently available. Therefore, the embedded fusion will not be modeled. It will be assumed
that the embedded fusion is negligible in a glow discharge IEC.

2.6.8

Conclusion

Now that the reactivity of all types of fusion reactions has been estimated, a comparison can be
made. It can be concluded that the beam–background and fast neutral–background reactions are the
two most important reaction to consider in the glow discharge regime. The importance of the fast
neutrals will depends on the conditions in the IEC. The full model of the next chapter will be based
on these two fusion reactions.
The calculated beam–background reactivity roughly correspond to experimental values, increasing the confidence in the estimations. However, the simple model overestimates the fusion rate since
the assumptions made are not fully valid and many effects have not been included in the models
considered so far. Thus for more accurate predictions of the reactivities the details in the model have
to be increased. In the next section several effects will be discussed that influencing the reactivity
and complicating the model.

2.7

Model complications

The models of the previous section neglect some of the essential IEC physics, making them insufficient to accurately predict the fusion reactivity. For the IEC design optimization, more accurate
prediction are required. So, taking these effects into account will be crucial. Therefore, in this
section the effects that possibly affect the reactivity will be discussed.
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2.7.1

Energy and ion losses

In the simple models the ions were assumed collisionless to calculate the ion energy. Additionally,
it was assumed that grid collisions were the only energy and particle loss mechanisms. However, in
reality there are also energy and particle losses by all kinds of collision processes. Since the IEC
can be operated over a wide range of parameters, different processes will be relevant in different
operating regimes. For example, in section 2.6.5 is was shown that at moderate to high pressures,
the charge exchange collisions limit the ion mean free path and not the grid transparency. Also, the
ions accelerate and decelerate through the IEC so that the dominant processes also vary as a function
of the radius.
The ions can lose energy by collisions with the background gas or with other ionized particles.
The latter is not relevant in glow discharges due to the low ionization fraction. Measurements by
Meyer have shown ionization fractions smaller than 0.1 % [33] and Dobson measured ionization
fractions of (0.1−1)×10−4 at a current of 50 mA and pressures between 0.2–6.0 Pa [57]. Therefore,
it is assumed that the former, ion–neutral collisions, are dominant.
The ion–neutral collision processes considered are charge exchange and ion impact ionization
collisions. With charge exchange, an energetic ion is neutralized by exchanging an electron with
a neutral, creating a fast neutral and a slow ion. All the ion energy will be lost. With ion impact
ionization, a fast ion ionizes a neutral, creating a slow ion. The energy and momentum of the initial
ion is distributed among the two. Although in this case the ions do not lose any energy directly, the
change in momentum can deflect the ions from a radial path in which case they work against the
electric potential and lose energy.
To compare the importance of these two types of collisions with the cathode grid collisions, the
mean free paths need to be compared. However, the mean free path for the charge exchange and ion
impact ionization collisions depends on the background density and the energy of the of the ion. The
ion energy depends on the birth radius of the ion and the energy losses during its path. Therefore,
the cross sections are compared to get an indication of which processes are important. The grid
2ηR1
mean free path, given by λg = 1−η
2 , is converted to a cross section by σ = 1/ngas λg . In this way
the density dependence of the charge exchange and ion impact ionization processes are taken into
account in the effective grid collision cross section.
The result of the cross sections as function of the ion energy is shown in Figure 2.10. Only the
processes given by equation 2.24 are taken into account. If the cross section of a process is above the
grid cross section it means that on average the process will take place before the ion hits the cathode.
This statement is not fully correct, an integral of the cross section over the ion path would be needed.
However, the comparison gives a good indication of the relevant processes.
H + (fast) + H2 (slow) → H(fast) + H2+ (slow)
H2+ (fast) + H2 (slow) → H2 (fast) + H2+ (slow)
H + + H2 → H + + H2+ + e
H2+ + H2 → H2+ + H2+ + e

(2.24)

From the graph it can be concluded that atomic ions with energies above about 1 keV have a
larger probability of CX collisions than grid collisions during most or all of their path. For example,
in a discharge at 0.1 Pa an ion will have a larger CX chance as soon as it is accelerated to 200 eV. Only
for ion energies above about 50 keV the grid collisions dominate again, but as the ion is accelerated
from 0 to 50 keV during each oscillation, the charge exchange will still dominate. The molecular
ion charge exchange is even dominant for all energies up to about 50 keV.
The charge exchange processes has several influences on the model: First, it negatively influences the ion energy distribution since it removed the high energy ions more strongly than the low
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Figure 2.10: Cross sections for ion impact ionization (III), charge exchange (CX) and grid collisions.
The effective cathode grid collision cross section is calculated with a grid transparency of 0.95 and
a anode radius of 0.25 m. Clearly, ion–grid collisions is not the dominant loss process.
energy ions, resulting in less fusion reactions per ion. Second, it influences the mean free path of
the ion. In the simple model the grid collisions were taken as limiting the ion path, while from Figure 2.10 it is clear that in many cases charge exchange is limiting. No or limited ion recirculation
will take place. Clearly, charge exchange is an important effect to take into account for a GD IEC.
The ion impact ionization process is only dominant for very high energies, ≥ 50 keV for H+
and ≥ 5 keV for H+
2 . For typical ion energies the ion impact ionization process does not or only
slightly dominate over the CX process over some part of the ion path. For this reason, and because
the energy loss per collision is unknown, it will not be taken into account in the model as an ion loss
process.
There is one other reason why ion impact ionization could be relevant: The reaction is a new
source of ions and electrons, so it increases the ionization rate. Especially at low pressures this could
become relevant, because electron impact ionization becomes insufficient to sustain the discharge at
low pressures.
To verify the most important ionization source, the electron collision processes are plotted in
Figure 2.11. The grid collision cross section was determined in a similar way for the ions, except
the mean free path was replaced by the electrode separation. The graph shows that the electron
impact ionization is only dominant for low electron energies at high pressures. After each ionization,
the electron starts with low initial energy, so the cross section use can be used effectively in an
electron avalanche. However, at low pressures the grid collisions are dominant at all energies and no
avalanche will be created. The electrons cannot support the discharge. So, at low pressures another
ionization source is required, most likely ion impact ionization.
The excitation collision cross sections are also given in Figure 2.11, as they could result in
electron energy losses and therefore more electron ionization collisions. However, the cross sections
for excitation are equal or lower than the ionization cross sections, so it will not strongly influence
the electron energy.
The conclusion from the ion and electron collision processes are:
• Charge exchange collisions are relevant for ion energies up to about 50 keV.
• Ion impact ionization is only relevant at high ion energies between about 5–500 keV.
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Figure 2.11: Cross sections for various electron collision processes. The effective grid cross section
is determined with an electrode separation of 0.20 m. At low pressures, electron impact ionization
is insufficient to create a discharge.
• Electron impact ionization is only relevant at electron energies below about 1 keV.
• The ion losses are dominated by charge exchange collisions. Only at low pressures grid collisions start to play a role and recirculation will occur.
• Ion impact ionization is only a relevant ion loss process at high ion energies.
• Ion impact ionization is the dominant ionization source at low pressures.

2.7.2

Space charge effects

As was explained in section 2.3.2, space charge builds up inside the IEC which influences the electric
field. In this section the deviation from the vacuum potential will be estimated and the effects on the
IEC performance will be given.
Electric potential
Inside the IEC, the inwards accelerating ions result in an increasing ion density with decreasing radii.
If space charge effects are neglected the ions converge to the center of the IEC and the density in the
center becomes infinite. However, when space charge is taken into account, at some radius the ion
density will become so large that the electric field it produces is not negligible any more compared
to the externally applied field. If this is the case, the ions will be decelerated by the space charge
they create, and the potential inside the IEC will change.
The potential inside the cathode can be derived theoretically by assuming a collisionless plasma,
by neglecting the electrons and by taking mono-energetic ions. The system is fully described by
the equation of motion of the ions, the conservation of charge and the Poisson equation giving by
equation 2.25–2.27. Here, ϕ is the electric potential, ni the ion density, vi the ion velocity and mi
the ion mass.
dvi
dϕ
mi vi
= −e
(2.25)
dr
dr
Ii = eni vi
(2.26)


1 d
dϕ
eni
r2
=−
(2.27)
2
r dr
dr
ε0
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The equation of motion can be solved taking into account the boundary conditions vi (R1 ) = 0
and ϕ(R1 ) = 0. Combining the solutions with the charge conservation gives the ion density profile
as a function of the potential:
r
Ii
mi
ni (r) =
(2.28)
2
4πr e −2eϕ(r)
Together with the Poisson equation, the differential equation describing the electric potential of the
spherical IEC becomes:


r
Ii
mi
d
2 dϕ
r
=−
(2.29)
ε0
dr
dr
4π −2eϕ
To solve this equation, additional boundary conditions are required. These boundary conditions
will be different within the cathode and between the electrodes, so these cases will be treated separately.
Between electrodes
The boundary conditions between the electrodes are given by the potential at the electrodes, ϕ(R0 ) =
−V0 and ϕ(R1 ) = 0. The differential equation 2.29 cannot be solved analytically and therefore
numerical solutions are used. The differential equation is stiff near the anode, so it is difficult to
obtain full numerical solutions. Therefore, a perturbation method is used in which the vacuum
field is used to calculate the ion space charge distribution. Subsequently, the Poisson equation is
solved iteratively by calculating the ion space charge distribution based on the electric potential
profile obtained in the last iteration. Validation of this method has been performed by comparing
the numerical perturbation results with exact analytical solution of the parallel plate case, which are
given in Ref. [58]. It showed perfect agreement up to the point where the numerical method breaks
down.

(a)

(b)

Figure 2.12: Effect of the ion space charge on (a) the ion density distribution and (b) the potential
profile. The solutions are obtained with V0 = 100 kV, R0 = 0.05 m and R1 = 0.25 m. The
vacuum ion distribution is the ion distribution resulting from the vacuum potential. The perturbed
and vacuum potential do not differ much, so the vacuum potential is a good approximation.
In Figure 2.12 the resulting ion density and potential profile are shown. Comparing the potential
with the vacuum potential shows that the deviations are small even at large currents. The solution at
a current of 4 A is shown because it is close to the limiting current the perturbation method can solve.
The plot shows that it is close to space charge limited current, since the gradient in the potential at
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the anode is close to zero. Even at this maximum ion current the deviations from vacuum are small.
So, according to this model space charge effects can be neglected between the electrodes.
The ion density profile shows three effects: the ion density diverges near the anode due to the
zero ion energy boundary condition, the ion density sharply increases near the cathode due to the
convergence of the ions, and the ion density profile changes for high currents due to the deceleration
of the ions by space charge.
The same analysis can also be performed by only taking into account the influence of the electrons. Since the electrons are lighter, the electron density will be lower in general so it is expected
that their contribution to the space charge will be lower. Assuming all electrons are created at the
anode with zero initial energy, the potential profile can be found in a similar way as the ions. Solutions of the perturbation method are shown in Figure 2.13. At currents that are large for IECs, the
effect of electron space charge is indeed negligible. Only for a very large current, close to the space
charge limited current, the potential starts to change.

(a)

(b)

Figure 2.13: Effect of the electron space charge on (a) the electron density distribution and (b) the
potential profile. The solutions are obtained with V0 = 100 kV, R0 = 0.05 m and R1 = 0.25 m.
Clearly, the electron space charge is negligible for currents in the IEC range. The insert shows that
the current of 865 A is close to the space charge limited current.
In reality both ions and electrons will be present at the same time. However, considering both
species will only make the effective space charge smaller resulting in even smaller deviations from
the vacuum potential. Also, the ions and electrons will not be collisionless or mono-energetic in
reality. This will result in lower particle velocities, i.e. higher space charges, enhancing the deviation
from vacuum and changing the potential profile. Collisional simulation would be required to find the
real potential profile, but in this thesis it is assumed that the deviations from the vacuum potential
are small.
Inside cathode
The first boundary condition inside the cathode is trivial, it is the potential at the cathode, ϕ(R0 ) =
−V0 . The other boundary condition follows from the converging ion picture. Taking space charge
into account, there will be some radius at which the potential resulting from the converging ion
space charge will equal the potential at the anode, i.e. a virtual anode is created. The ions will
have zero kinetic energy at this radius and will stop converging. This gives the boundary condition
ϕ(Rva ) = 0, with Rva the virtual anode radius. The last boundary condition follows from the
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equilibrium condition, i.e. there cannot be an electric field at the virtual anode. The corresponding
va )
boundary condition is dϕ(R
= 0.
dr
The perturbation method fails inside the cathode because the initial perturbed ion density will
diverge at r = 0, which is not a small perturbation. No further attempts are made in this thesis to
solve this problem by other numerical methods. However, many numerical solutions are available in
literature. These studies also extend the model by simultaneously taking electrons and ions into account, by adding an angular momentum distribution of the particles and by implementing an energy
distribution of the ions and electrons, resulting in a more realistic potential profile. A good review
of all numerical solutions is given in Ref. [59].

Figure 2.14: Cartoon of the possible potential well profiles [60].
All the numerical solutions of the potential profile inside the cathode have one thing in common:
they show potential wells created by virtual electrodes. The potential wells allow for trapping of
charged particles, which can qualitatively be explained: First considering only ions, the potential
profile will result in an virtual anode at some radius. The ions are then confined between the real and
virtual anode. If then electrons are introduced inside the virtual anode, e.g. by ionization, the electrons are trapped inside the potential well with the virtual anode as boundary. Furthermore, electrons
introduced at the cathode will be accelerated inwards by the virtual anode. As the virtual anode is
100 % transparent, the electrons all converge to the center, up to the radius where the electron space
charge causes a virtual cathode to form. A double potential well is created which subsequently trap
ions. In this way, an infinite regression of virtual anodes and cathodes at progressively smaller radii
is the result.
Adding particle angular momentum and energy distributions to this picture often result in only
one or a few virtual electrodes. Figure 2.14 shows the potential profile corresponding to the single
and double potential well. The existence of potential wells has also been confirmed experimentally,
but the measurements do not agree on the depth of the well and on the number of wells. A short
review of experimental measurements of the potential well structure is given in Ref. [61, 59].
The potential wells have two consequences for the IEC reactivity. Firstly, the higher potential
inside the cathode slows down the converging ions, reducing the fusion probability. Secondly, the
ions can be trapped inside the double potential well. Neglecting collisions, the ions will be perfectly
confined in the potential well which greatly increases the fusion probability.
Other space charge effects
There are two additional effects which have not been considered up to now, which can also be attributed to space charge. They did not show in the previous analysis since they result from collisions.
The first is the Debye shielding effect, which could decrease the potential around the cathode wires.
Near the cathode there are ion and electrons which are respectively attracted and deflected by the
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grip wires. Therefore, the ion density near the cathode wires will be larger than the electron density
and the negative potential is partially screened.
The second is the creation of a plasma sheath, which re-arranges the space charge so that the
potential difference is set over only a part of the electrode gap. The remainder of the gap would be
essentially field free. The potential between the cathode and the flattening radius is than described
by the space charge limited potential profile between two concentric spheres.
Both effects have been measured by Thorson by probe measurements [54]. Thorson observed a
decreased potential between the electrodes and a flat potential profile over part of the electrode gap. It
should be noted that the measurements are performed at relatively low pressures of 13–27 mPa, while
both effects were observed to decrease in strength with increasing pressures. Additionally, based on
the Child law sheath theory, the sheath thickness will increase for increasing cathode potentials, so
at high potentials the sheath thickness could be in the order of the electrode separation. Therefore, it
is not known whether these phenomena will also affect the potential profile in glow discharge IECs.
Both effects would significantly influence the fusion reactivity. The cathode shielding would
result in lower energies of the ions, decreasing the reactivity. The sheath formation would decrease
the distance over which the ions accelerate, thereby decreasing the chance of charge exchange, increasing the fusion rates.

2.7.3

Microchannels

In section 2.4, the ion recirculation was calculated assuming that after each oscillation the ions are
uniformly distributed in angular direction so that at each pass through the grid a fraction equal to
the grid transparency is lost. The redistribution could be the result of scattering collisions with
background neutrals. However, at low pressures the mean free path of the ions increases and the
ions will not be uniformly distributed. The ions gain a preference to travel through the holes of the
grid, through the so called microchannels. During the ion oscillation, the ions that are on a path that
intersects with a grid wire will disappear. This leads to a self-selection process in which the ions
that remain are on a path without grid collisions. This also leads to an increased ionization along the
microchannel, enhancing the effects.
The microchannels have several influences on the IEC operation and the reactivity:
• The microchannels have a higher ion density and will therefore result in higher fusion reactivities along the channels. This was also experimentally observed [61].
• The self-selection process makes the ions flow primarily through the grid holes. Therefore, at
each pass through the grid, only the particles which are scattered out of the microchannel will
have a probability to collide with the cathode, i.e. the geometric transparency does not accurately describe the ion loss per pass. This could lead to substantial increase in the ion current
and thus an increase in the reactivity. Experiments have verified this effect by comparing the
discharges of grids with equal geometric but very different effective transparencies [47].
• Simulations have shown that microchannels are preferentially filled by high energy ions [47],
increasing the fusion reactivity. The reason for this effect is that high energy ions are less
deflected by the perturbation in the electric field near the cathode grid wires and thus stay in
the microchannel longer.

2.7.4

Ion charge

In the model it was assumed that the background gas consisted of D2 , the ions of D+ and the charge
exchange neutrals of D. However, in reality the types of particles inside the IEC is more rich. The
+
−
neutrals can consist of D and D2 and the ions can consist of D+ , D+
2 , D3 and D . Spectroscopic
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measurements in an IEC with hydrogen at 8 kV and 0.7–2.7 Pa have revealed a ion species mixtures
+
+
of 20 % H+
3 , 60 % H2 and 20 % H [62]. The mixture varied slightly with the applied voltage.
Similar distributions are expected for deuterium. Simulations have shown that negative ions can
cause 10 % of the fusion reactions at 90 kV and 0.4 Pa, with an increasing trend for higher pressures
[63].
There are two main consequence of the multiple particle species: First, the cross sections for
processes such as charge exchange and ion impact ionization will be different for different combinations of projectile and target particles. Some of these cross sections have already been included in
+
Figure 2.10. Second, the D+
2 and D3 beam ions and resulting fast neutrals have a lower energy per
nuclei than D+ ions. Therefore, the fusion probability for these ions and neutrals will be lower.

2.7.5

Conclusions

In this section, several effects have been considered that play a role in the IEC operation. The
relevance of these effects to the GD IEC has been considered and the influence on the IEC operation
has been described at least qualitatively. The models considered in section 2.6 clearly are too simple
to accurately predict the fusion reactivity. The most important conclusions for the fusion reactivity
model are:
• The beam ion mean free path is in most cases not limited by grid collisions, but by charge
exchange collisions. Only at low pressures, around and below about 0.1 Pa, the grid collisions
begin to play a significant role.
• The ionization source is dominated by ion impact ionization at low pressures. This will influence the ion birth radii and therefore the ion energy distribution.
• Space charge effects between the electrodes only result in small deviation from the vacuum
potential.
• Virtual anodes and cathodes inside the real cathode decelerate the ions and can create potential
wells confining the ions, with the potential to decrease and increase the fusion probability.
• Shielding and sheath effects decrease the maximum potential and effective acceleration distance, thereby decreasing the fusion probability and the charge exchange probability.
• Microchannel generation at low pressures can increase the ion recirculation. The geometric
transparency has to be replace by an effective transparency.
• A variety of atomic and molecular atoms and ions is present in the IEC, increasing the number
of possible reactions and thereby affecting the ion and fast neutral energy distributions.
In the next chapter a more realistic fusion reactivity model will be built up, which explicitly or
implicitly takes into account some of these effects to get a better agreement with experimental values.

2.8

IEC energy production

On first sight, the IEC seems to be an ideal candidate for energy production, with its engineering
simplicity and low building costs. However, as was stated in the introduction, it has been shown
that IECs are not suitable as energy generations devices. In short the fusion energy gains are never
sufficient to compensate for the ion energy losses. To make this more clear, a very optimistic calculation of the energy gain for the glow discharge IEC will be given. Also, more rigorous analysis will
shortly be reviewed which come to similar conclusions, but are more widely applicable.
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The energy gain factor, the Q-value, is defined as the ratio of the energy released by fusion
reactions to the energy added to the system by external energy sources. In the most optimistic
scenario, an ion is accelerated over the full potential and it only looses energy when it hits the
cathode grid after several recirculations. The energy loss per ion in this case is given by the initial
kinetic energy. The energy gain is given by the product of the fusion energy gain and the fusion
probability.
To optimize the Q-value, the reaction with the largest cross section and fusion energy is selected,
D+T→4 He+n releasing 17.6 MeV. The energy loss scales with the ion energy, so the most optimal
acceleration energy is at the inflection point of the fusion cross section–energy curve. This optimal
is at an energy of 90 keV, with a corresponding cross section σf = 4 × 10−28 m−2 .
For the fusion probability, the geometric mean free path is taken with a transparency of 0.99. This
is optimistic, as it was shown that charge exchange collisions are limiting the mean free path. The
gas pressure is selected from the typical operation range of glow discharges in the low collisionallity
regime, 0.1–1 Pa. The resulting Q-value becomes:
Q=

ngas σf Ef λg
= 1.9 × 10−3 R0
Ei

(2.30)

Therefore, energy gain is only reached for IECs with diameters of more than 500 m. Clearly, the
technical and economical advantages are lost in that case. Even without considering more important
loss mechanisms such as charge exchange, this analysis shows that energy gain is impossible to
reach. To put the analysis into perspective, the Q-values of the current IEC devices in Table 2.2
range from 10−7 to 10−10 .
A more general argument to show that an IEC cannot have energy gain was given by Nevins
[5]. Nevins calculated the rate at which the ion distribution function will relax towards a Maxwellian
distribution. By assuming a model ion distribution he also showed that the power required to keep the
anisotropic ion energy distribution exceeds the fusion power by which it was concluded that the IEC
cannot have energy gain. Rider expanded the analysis by considering any far from thermodynamic
equilibrium plasma [6]. He performed Fokker–Planck calculations to calculate the power required
to keep the plasma out of equilibrium. Rider concluded that no net power can be produced with out
of equilibrium plasmas.

2.9

Summary

In this chapter the IEC background and relevant theory has been discussed with the aim to find the
physics and the parameters relevant for the IEC performance modeling.
First, from the selection of IEC types available in literature, the glow discharge IEC was selected
because it was technically and economically most feasible and because the GD IEC design is flexible.
Based on the basic properties of this IEC type the main parameters of the design were selected: the
cathode potential V0 , the circuit current I, the cathode radius R0 , the anode radius R1 , the gas
pressure p and the grid transparency η.
Next, estimation of the fusion reactivity for all possible combinations of fusion reactions were
performed showing that the beam–background and fast neutral–background reactions are the dominant fusion reactions in the GD IEC. The IEC performance model of the next section will therefore
be based on these reactions.
Finally, additional physics that potentially influences the IEC operation were considered to see
what effects complicate the simple calculations considered previously. It was shown that the ion
mean free path was not limited by grid collisions but mainly by charge exchange collisions. Also,
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it was shown that the ideal assumption of mono-energetic ions is not valid because the electron
and ion impact ionizations take place over the total volume of the IEC and because the ion energy
distribution is affected by charge exchange collisions and space charge effects. In the next chapter a
more accurate model will be considered taking into account some of these effects on the ion mean
free path and the ion energy distribution.
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Chapter 3

Fusion reactivity optimization
In the previous chapter, several simple models of the fusion reactivity were given by which it was
concluded that beam–background and fast neutral–background reactions are dominant. However, it
was also shown that additional effects influence the IEC operation, significantly changing the reactivity. Therefore, the simple models are not sufficient for the optimization of the IEC performance.
Ideally, the IEC optimization is done on the basis of a complete model that takes into account
all relevant particle interactions and all external forces. However, due to large spatial variation in
particle species, energies and densities, this would require either particle collision simulations or
solving the Fokker-Planck equation, both computationally difficult. As it is the aim of the model to
find the design parameters which are in the correct range within which the true optimal parameters
can be reached by experimental optimization. It is not the aim to describe the IEC operation in full
detail. Therefore, no detailed and computationally expensive simulation will be performed. Instead,
a theoretical model will be made, taking into account the effects that affect the reactivity most.
In this chapter the details of the model will be given. Subsequently, the results of the model will
be presented and finally, the design parameters resulting in optimal performance will be determined.

3.1

IEC simulations efforts

In the past, several efforts have been made by others to simulate the IEC reactivity or specific IEC
effects, e.g. simulations that only include charge exchange energy losses [64] or models specifically built to simulate the microchannels [47]. Before the model of this thesis is presented, first the
most advanced and complete IEC simulation, performed by the University of Wisconsin–Madison
(UWM), will be discussed to get an impression of the results and accuracy obtainable.
The UWM simulation is created for neutron production rate (NPR) optimization in the moderate
mean free path regime at high cathode potentials. In the one dimensional collisional model, an
initial ion current is assumed and the evolution of the ion current due to collisions is calculated
iteratively. Charge exchange, dissociation, secondary electron emission and electron and ion impact
ionization collisions are taken into account. Initially, only two generation and only atomic ions
were taken into account [65] resulting in NPR prediction which were a factor 20 too low compared
to experiments [66]. Subsequently, upgrades of the simulation have been performed to include all
generations of ions [67] and to add negative and molecular ions [68, 69]. Validations now showed
that the updated model resulted in fusion reactivities which were about 30 % too low. Additional
validation measurements also showed that the deuterium energy spectra and neutron source density
were in approximate agreement with the model [70].
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The UWM simulation efforts show that it is hard to model the IEC reactivity in detail. Even
when a wide range of effects is taken into account the obtain reactivities are still 30 % off and only
obtain approximate agreement of the reactivity scaling. The most important reason for the difficulty
of modeling is that the particle mixture and the particle energy and density varies greatly along
the radial direction of the IEC. Also, these parameters vary greatly over the operation pressure and
cathode potential range. Therefore, in different operating regimes and different radii, the dominant
effects vary.
It is not expected that the model presented in this chapter, which only takes into account some
of the described effects, can reach the same level of accuracy as the UWM. However, as explained
in the introduction, this is not the aim of the model. In contrast to the Wisconsin simulation, the
model should be valid over a large range of parameters, it should describe a glow discharge IEC and
it should be computationally fast. Therefore, the model will lose some detail but by including the
most essential IEC characteristics the goal is to obtain order of magnitude agreement of the NPR and
sufficient agreement of the NPR parameter scaling, so that the determined optimal design parameters
are in the right range. Further experimental optimization could then be performed when the design
is kept flexible around the determined design parameters.

3.2

Neutron production rate model

In this section the fusion reactivity model for the glow discharge IEC will be built up. In the previous chapter various effects have been discussed that influence the reactivity. However, not all these
effects will be modeled since it would make the model to computationally intensive and too complicated. For example, the various ion and fast neutral species would greatly increase the number of
reactions to consider. Therefore, some assumptions and simplifications are made in the model:
• Only deuterium–deuterium fusion taken into account.
• Only beam–background and fast neutral–background fusion reactions are considered.
• The ions are accelerated over the vacuum potential, i.e. space charge and plasma effects, such
as Debye shielding, sheath formation and potential wells, are ignored.
• Ion losses only by charge exchange and cathode grid collisions.
• No ion energy losses are considered, i.e. ions are collisionless from ion creation to ion loss.
• All ions and fast neutrals are atomic D+ and D.
• All background gas is molecular D2 .
• The circuit current is assumed equal to the ion current, i.e. thermionic and secondary electron
emission currents not included.
• The geometric transparency is assumed to describe the ion losses by grid collisions, i.e. no
microchannel creation.
• Fast neutrals are considered lost when they reach the anode.
• Fast neutral only interacts by fusion reactions.
• Only radial motion of the ions is considered.
Two major improvements will be applied compared to the simple model considered last chapter.
First, an ion energy distribution will be introduced instead of assuming mono-energetic ions. Second,
ion losses due to charge exchange are taken into account, reducing the ion mean free path. In the next
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two sections the implementation of these changes will be explained. Subsequently, the full model
will be presented. The result and validation of the model will be presented in section 3.3.

3.2.1

Ion energy distribution

The ionizations of the background gas occur in the total IEC volume by electron and ion impact
ionization collisions. Therefore the ions will have different birth radii and consequently the ions
will have energies ranging from zero to the cathode potential. Furthermore, fast ion losses such as
charge exchange and ion impact ionization, space charge effects and inelastic collisions will change
the energy spectrum of the ions. Therefore, the model will be improved by implementing an ion
energy distribution function. In this section the distribution function will be determined.
Ion energy distribution simulation
To determine the energy distribution function, a simulation will be performed which estimates the ion
birth radii based on electron impact ionization between the electrodes. In the simulation the vacuum
potential is used to accelerate the electrons. The simulation iteratively calculates the ionization rates,
which are equal to the ion and electron source rates. First, the distance from the cathode to the anode
is discretized in n steps with equal energy differences between successive radii. Then, the number
of electron impact ionizations occurring between all radii are calculated for the first iteration by
assuming all electrons to start at the cathode. Subsequently, the calculated ionization rates are used
as the source of ionizing electrons in the next iteration. Additionally, electrons are created at the
cathode by secondary electron emission due to all the ions created in each iteration. Finally, the total
number of electrons is normalized at the electron current after each iteration.

(a)

(b)

Figure 3.1: Tests of the ion energy distribution simulation performed at 10 kV, 1 Pa, 0.1 A, 0.05 m,
0.25 m, 300 K. (a) Convergence test for the number of iterations. The model converges after about
14 steps. (b) Test of the number of radial discretizations. The simulation result does not strongly
depend on the number of discretizations.
For the electron impact ionization cross sections, the values for molecular hydrogen, shown in
Figure 2.11, are used are taken. To see if the simulation converges, the electron number in the
outermost radius has been plotted in Figure 3.1(a). The graph clearly shows that the simulation
code converges after several iterations. Another test of the simulation is plotted in Figure 3.1(b).
For various number of radial steps the resulting electron distribution is shown. The result does not
strongly depend on the number of steps. Therefore, 100 steps are selected as a trade-off between
simulation speed and accuracy.
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The result of the simulation is plotted in Figure 3.2. It shows that the ion birth radius varies
greatly as the potential is increased. At low applied potentials, the energy of the electrons is such
that it has a high probability of ionization at all radii, resulting in a relatively flat source distribution.
At higher potentials, the electron energy is only in the ionization range close to the electron birth
radius, resulting in a peak near the anode and the cathode. The peak near the cathode is caused by the
large amount of electrons emitted at the cathode by secondary electron emission. All these electrons
start with zero energy so they have a large ionization probability. The peak near the anode is caused
by the low gradient in the potential. The electrons created near the anode are only slowly accelerated
and therefore have a high ionization probability over a larger path length.

Figure 3.2: The ion source rate distribution, the number of ions created at each radius, for various
cathode potentials. Clearly, the distribution strongly depends on the cathode potential.
The ion energy spectrum at the cathode can be derived from the ion source rates by assuming
that the ions are accelerated over the vacuum potential. Three examples of ion energy spectra are
shown in Figure 3.3. All spectra show high frequencies in the high energy range, which is positive
for the fusion production.
There is one issue with the model, which is that the total number of electrons is normalised to
the circuit current. So even if only a few ionizations occur between the electrode, the simulation
still returns an ion source distribution. The outcome is only valid if the breakdown condition, one
new electron per initial electron, approximately holds. At 1 Pa the ionization fraction, the number of
ionizing collisions per initial electron, range from 3 × 10−2 at 10 kV to 3 × 10−3 at 100 kV. Clearly,
the results do not represent a discharge situation. Figure 3.4(a) shows that there is some pressure at
which the discharge condition hold, but at much higher pressure than predicted by the Paschen curve.
Either the simulation is incomplete or the derived Paschen curve in spherical geometry is incorrect
due to the incorrect use of the Townsend ionization coefficients, as explained in section 2.3.1.
To check what is the cause of the deviations, the ionization fraction for parallel plates is calculated and compared to the Paschen curve, which is definitely valid for parallel plates. In Figure 3.4(b)
the ionization fractions resulting from the simulation at the Paschen curve breakdown voltage are
given. It shows that the ionization fraction is too low at low pressures and too high at high pressures.
This is best explained by the lack of an energy loss mechanism, such as inelastic collisions, in the
simulation. At high pressures, inelastic collisions strongly reduce the electron energy to values close
to the minimum ionization energy, limiting the Paschen curve. With the same conditions, the simulation will result in higher electron energies and therefore higher ionization probabilities. At low
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(a) 1 kV

(b) 10 kV

(c) 100 kV

Figure 3.3: The ion energy spectra resulting from the electron impact ionization simulation at 1, 10
and 100 kV at 1 Pa. The spectra varies considerably with cathode potential.
pressures, the average electron energy is above the ionization cross section maximum at 40 eV and
therefore electron energy losses increase the number of ionizations in reality.
Addition of electron energy losses is not possible with the current model, as it would severely
complicate the simulation and make it computationally very intensive. No attempt is made to do
this.

(a)

(b)

Figure 3.4: Electron impact ionization model validation. (a) Ionization fraction scaling for spherical
geometry. The breakdown condition does not hold at the pressure predicted by the spherical Paschen
curve. (b) Comparison of the simulation and Paschen curve ionization fraction in parallel plate
geometry. Although ionization fractions of one can be reached, they are not reached at the correct
pressures.
The parallel plate validation shows that the electron energy is incorrect and therefore the ionization radii will be incorrect. This will also result in incorrect ion energies, but the magnitude the error
is unknown. Therefore, the ion energy spectrum will be compared with measurements, to see if the
results are accurate. It should be noted that also for the ions energy losses, e.g. charge exchange or
inelastic collisions, have not been added. Additionally, the model does not take ionizations inside
the cathode into account. Both will affect the ion birth profile and energy spectrum. But, before the
ion energy spectra are calculated, the ion impact ionization collisions are added, as it was shown in
section 2.7.1 that they could be relevant.
The ion impact ionizations are added to the simulation by calculating the ion and electron ionizations at each radius during each iteration. In the first iteration, only electrons are released at the
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cathode. In the next iteration these electrons cause ionization and both ions and electrons are introduced in the system. Both start to act as a source of ions and electrons in the next iterations. When
the ions reach the cathode they are lost, so no recirculation or ionization within the cathode is taken
into account. After each iteration the electron current is again normalized at the circuit current.

(a)

(b)

(c)

Figure 3.5: The importance of ion impact ionization. (a) The ratio of ionizations from ion to electron
impact. (b) The ionization fraction resulting from the simulation including ion ionization. Both show
that the ion impact ionization is only relevant at high cathode potentials above ∼ 25 keV. (c) The ion
energy spectrum at 100 kV.
The effect of the ion impact ionization on the ionization rate is shown in Figure 3.5. It shows that
ion impact ionization only plays an important role for cathode potentials above about 25 keV. The
ion energy spectrum will also only be affected at these high cathode potentials, as demonstrated in
Figure 3.5(c). Comparison with Figure 3.3(c) shows that ion impact ionization does alter the spectrum significantly at high potentials. As ion impact ionization dominates at high energies, ionization
mainly takes place near the cathode, resulting in mainly low energy ions.
Energy spectra validation
To see if the ion energy spectra resulting from the impact ionization simulation can be used for
the NPR model, the results are compared with ion energy distribution measurements obtained from
literature. Only two measurements have been found for which the conditions are somewhat similar
to the simulated GD IEC.
The first measurements were performed on an assisted glow discharge IEC. The ion energy
was deduced from Doppler shift measurements of the reaction products [71]. The comparison of
the simulation results and the measurements is shown in Figure 3.6. The simulation is made line
averaged by calculating the energy spectra at several radii and adding them. The agreement is very
poor: the shape is different and the spectrum ratio at low and high velocity, 0.6 × 106 and 1.6 ×
106 m/s, is very different, about 3 × 103 in the experiment and about 3 in the simulation. These large
deviations cannot be explained by the difference in experimental and simulation conditions, so this
strongly indicates that the model is not correct.
The second measurements were obtained by mass spectroscopy in a parallel plate geometry [46].
In this geometry the ions do not recirculate, which will result in a lower charge exchange probability
and therefore higher ion energies. However, in the model this is also not taken into account. To
make a good comparison, the simulation results are also calculated with the parallel plate geometry.
The measurements and corresponding simulation results are given in Figure 3.7. They do not agree.
Although the shapes of the spectra are similar, the high to low count ratio is very different.
In conclusion, the ion energy spectra resulting from the simulation do not agree with measurements. Adding the discrepancy of the simulation results with the Paschen curve theory, it is con40

(a)

(b)

(c)

Figure 3.6: (a) AGD IEC line averaged ion velocity spectra measurements by fusion ion Doppler shift
diagnostics at R0 = 0.05 m, R1 = 0.225 m, V − 0 = 50–100 kV, I = 30 mA and p = 0.33 Pa [71].
(b) Line averaged velocity spectrum resulting from ion and electron impact ionization simulation
at the same parameters. The simulation show no agreement with the measurement. (c) Energy
spectrum corresponding with the measurements at 90 kV.

(a)

(b)

Figure 3.7: (a) Ion energy spectra measurements by mass spectroscopy in a parallel plate geometry
at an electrode separation of 7.6 cm, a potential of 80 kV, a current of 0.8 A and a pressure of
7.8 Pa [46]. (b) Ion and electron impact ionization simulation of the ion energy spectrum at the same
parameters. The simulation and the measurements match in shape, but not in relative count at high
and low energy.
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cluded that the model used in the simulation is not complete and is insufficient to predict the ion
energy. The omission of electron and ion energy losses in the model are the most probable cause for
the lack of agreement.
Ion energy parameterization
The simulation is discarded as a method to predict the ion energy spectrum. Instead a parameterization will be used based on the measurements from literature. The advantage of this method is that ion
energy losses, such as charge exchange and space charge effects, will be taken into account implicitly. The disadvantage is that the parameterization is probably only valid over a limited parameter
range.
The ion energy measurements are only available over a very limited parameter range, so a simple parameterization will be used based on the general features of the spectra in Figure 3.6(c) and
3.7(a). Both measurements show a linear trend in the logarithmic plot for the middle to high energy range, corresponding to an exponential ion energy dependency. However, the slope of the two
measurements do not agree, 0.1 from Figure 3.6(c) and 0.02 from Figure3.7(a). Therefore, an exponential energy spectrum parameterization will be used with one free parameter, the slope. The
energy distribution is given by:


Ei
freal (Ei ) ∝ exp ln (κ)
(3.1)
eV0
With Ei the ion energy and κ the distribution parameter. As κ determines the slope of the energy
spectrum, it will be called the spectrum hardness. Physically, it is determined by the birth radius of
the ions and the ion energy losses. The spectrum hardness will be a free parameter of the NPR model
and in section 3.3.5 the value will be determined. For now, κ = 10−2 will be taken as this will turn
out to be the correct value.
To see how strongly the NPR result depends on the ion energy distribution function, two other
models will be considered which will serve as references. A mono-energetic ion distribution function
is taken, equation 3.2, corresponding to the ideal case. Also a linear energy spectrum is taken,
equation 3.3, which has no physical basis but could serve as a very simple representation of the
energy spectrum. In Figure 3.8(a) the ion energy spectra are plotted. Clearly, the energy spectrum of
the realistic distribution is the least hard.
fmono (Ei ) ∝ δ (Ei − eV0 )

(3.2)

flinear (Ei ) ∝ (eV0 − Ei )

(3.3)

The ion energy distributions are normalized by the ion current at the cathode:
Z eV0
Ii = e
fi (E)dEi

(3.4)

0

The NPR model does not require the energy distribution but the ion birth radii. The ion source
rate distribution function, the number of ions created per birth radius per unit of time, is calculated
from the ion energy distribution by F (Rb ) = F (Ei )dEi /dRb , with Rb the birth radius. This ion
source distribution function is plotted in Figure 3.8(b).

3.2.2

Mean free path

In the simple model, the geometric transparency of the cathode was used to calculate the recirculation, i.e. the mean free path, of the ions. However, it was shown that ion losses strongly influence
the ion mean free path. Therefore, the ion loss due to charge exchange will be taken into account.
42

(a)

(b)

Figure 3.8: (a) The ion energy distributions and (b) the ion source distributions for the different
parameterizations at V0 = 100 kV and I = 100 mA.
The ion losses by grid and charge exchange collisions will be taken into account by calculating
the effective ion mean free path. For each beam ion the fusion probability is then calculated by
integrating over the effective mean free path. The increased ion density due to ion recirculation
is not taken into account in the model, since ion density convergence does not increase the fusion
probability for fast particle–background reactions.
The geometric mean free path is determined by the transparency of the grid η and the birth radius
of the ion Rb :
η
λg = 2Rb
(3.5)
1 − η2
The charge exchange ion mean free path is given by 1/ngas σCX . However, the ion is accelerated
during its path, so the cross section varies. Therefore, the average cross section is used:
1
ngas hσCX i

λCX =

(3.6)

With:
1
hσCX i =
Rb

Rb

Z

σCX (Ei (r)) dr

(3.7)

0

The use of the average cross section is only valid for an oscillation of the ion from the birth radius
to the center of the IEC. If the mean free path is smaller than one oscillation the cross section value
at the center of the IEC is weighted too strong.
The ion energy of an ion born at radius Rb is given by:



V0 R 0 R 1
1
1

−
r < R0

 R1 −R0  R0 Rb ,
V
R
R
1
1
0 0 1
Ei (r) =
(3.8)
 R1 −R0 r − Rb , R0 < r < Rb


0,
r > Rb
Finally, the effective ion mean free path λef f is determined from:
1
λef f

=

1
1
+
λg
λCX
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(3.9)

The resulting geometric, charge exchange and effective ion mean free paths are plotted in Figure 3.9. This graphs clearly show that the charge exchange collisions are the dominant ion loss.
Also, it shows that there are various operating regimes in the IEC. At high pressures the mean free
path is totally dominated by charge exchange collisions and the mean free path is in the order of
the electrode separation, while at low pressures both collisions play a role and the mean fee path is
larger than the electrode separation, so recirculation of the ions occurs.

(a) 0.1 Pa

(b) 1.0 Pa

Figure 3.9: The ion mean free path at a pressure of (a) 0.1 Pa and (b) 1.0 Pa calculated with V0 =
100 kV, R0 = 5 cm, R1 = 25 cm and η = 0.95. At both pressures, the effective mean free path is
mainly determined by charge exchange.

3.2.3

Model

Now that the ion source distribution and the ion mean free path have been determined, the full model
can be built up. The model calculates the neutron production rate (NPR) separately for each birth
radius. The resulting neutron production rate, Θtot , is then given by:
Z
Θtot =

R1

Si (Rb )N (Rb )dRb

(3.10)

0

With Si the ion source rate at the birth radius and N the neutron production for an ion created at the
birth radius.
The calculation of the neutron production N starts with the calculation of the mean free path.
Based on the mean free path and the birth radius, the number of recirculations is determined. For each
recirculation the beam–background and fast neutral–background reactivity is calculated by equation 3.11 and 3.12. The first part of these equations corresponds to fusion inside the cathode, while
the second part corresponds to fusion between the electrodes. The fast neutral mean free path for the
fusion reactions is taken equal to the anode radius, i.e. no fast neutral losses. The factor 1/2 in these
equations takes into account that only half of the fusion reactions create a neutron.


Z Rb
1
Nb (Rb ) = ngas σf (R0 )R0 +
σf (r)dr
2
R0


Z Rb
1
Nf n (Rb ) = ngas R1 ngas σf (R0 )σCX (R0 )R0 + ngas
σf (r)σCX (r)dr
2
R0
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(3.11)

(3.12)

For the remaining path, after all full oscillations have been completed, similar expression are used
where the integral is cut off at the corresponding radius.
The model changes slightly when the effective mean free path is smaller than the distance from
birth radius to the cathode. In this case, the ion is lost before it has used all the potential energy.
Therefore, calculating the neutron production in a similar way would mean that not all the electric
energy is used. So, the accelerated ion is replaced by a stationary ion after each mean free path. The
integrals of equations 3.11 and 3.12 are then split up in integrals over distances equal to the mean
free path and at each integral the ion starts with zero energy. In this case the ions are lost when they
reached the cathode.

3.3

Model results

In the previous section the fusion model was built up. It resulted in a model with as input parameters
the cathode potential, the ion current, the cathode transparency, the pressure, the cathode radius and
the anode radius and as output the neutron production rate. In this section the results of the model will
be presented. If not mentioned otherwise, a cathode potential of 100 kV, an ion current of 100 mA, a
cathode radius of 0.05 m, an anode radius of 0.25 m, a pressure of 1.0 Pa and a transparency of 0.95
are used.

3.3.1

Convergence

To evaluate the model numerically, the distance from cathode to anode is discretized in n steps.
At each step the ion source is determined by integrating the source distribution over the step size.
Subsequently, the neutron production rate at that birth radius is calculated. The total NPR is then
given by the sum over all discretized birth radii. The number of radial steps is determined from the
convergence, which is plotted in Figure 3.10. Fifty steps are selected as a good trade-off between the
computation time and the accuracy.

Figure 3.10: Test of the convergence of the numerical implementation of the neutron production rate
model. With fifty steps, the results are within 10 % of the convergence limit.

3.3.2

Ion energy distribution dependence

In the previous section, three parameterizations for the ion energy distribution were given. The effect
of these distributions on the NPR is shown in Figure 3.11. The graphs show that both the magnitude
and the scaling of the neutron production rate strongly depend on the type of energy distribution.
The linear and realistic distribution show a similar scaling, only the linear distribution always has a
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significantly higher NPR. Therefore, the linear distribution cannot be used as an approximation of
the energy distribution and will not be used in the remainder of this thesis.

(a) 0.1 Pa

(b) 1.0 Pa

Figure 3.11: The neutron production rate scaling for the various ion distribution parameterizations
at (a) 0.1 Pa and (b) 1.0 Pa. The hardest energy spectrum, the mono-energetic distribution, does not
always result in the highest fusion reactivity.
The mono-energetic distribution results are quite different from the results of the realistic distribution. The NPR decreases for increasing pressures and shows a different cathode potential scaling.
Additionally, the mono-energetic distribution does not always result in the highest fusion reactivity.
Most likely this is caused by large charge exchange energy losses at some energies, which result in a
small ion mean free path. The NPR without charge exchange ion energy losses, given in Figure 3.12,
shows that the mono-energetic distribution without charge exchange losses does always result in the
highest fusion reactivity. Therefore, the mono-energetic NPR without charge exchange ion losses is
taken as the most optimistic NPR calculation.

(a) 0.1 Pa

(b) 1.0 Pa

Figure 3.12: The neutron production rate scaling without charge exchange ion energy losses at (a)
0.1 Pa and (b) 1.0 Pa. Without charge exchange losses, the mono-energetic distribution shows a
similar scaling and always results in the highest reactivity.

3.3.3

Neutron production rate scalings

Now the results of the model can be presented. For the moment the model parameters are taken
as independent to show the scalings. In reality they will not be fully independent but this will be
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investigated in section 3.3.7. In Figure 3.13 and 3.14 the scalings with all the model parameters are
shown. Only the current scaling is not shown, since the neutron production rate model scales linearly
with the current. For the anode radius scaling, the product of electrode separation and pressure pd,
is kept constant, as this is what determines the discharge regime.

(a)

(b)

Figure 3.13: The neutron production rate scaling with (a) the cathode potential and (b) the background gas pressure.
The following observation can be made from the scalings:
• Cathode potential: The NPR monotomically increases as a function of the cathode potential,
reflecting the increase in fusion cross section. This holds for all pressures, but the scaling is
not identical at all pressures, due to the difference in the mean free path resulting from charge
exchange ion losses.
• Pressure: The NPR shows an optimal pressure. The optimum is determined by a balance between the increase in fusion reactions and increase in charge exchange ion losses at increasing
pressures. The optimal pressure depends on the cathode potential.
• Transparency: At high pressures, the NPR is totally insensitive to the transparency, as the ion
mean free path is dominated by charge exchange. With decreasing pressure, grid collisions
become important and the NPR increases significantly with increasing transparency.
• Cathode radius: Except for at high pressures, the NPR monotomically increases with increasing cathode radius. In the model the ion has the maximum energy inside the cathode, so the
increase in NPR is the result of the increase in path length at maximum energy. At high pressures, the NPR has a minimum at some radius. This minimum is a result of the effect of the
spherical geometry on the electric potential. At smaller cathode radii the geometry effect increases the charge exchange losses for low to medium energy ions and decreases it for high
energy ions. The net result is a decrease in ion loss for a decrease in cathode radius. This
effect increases with increasing pressure.
• Electrode separation: This NPR scaling is the result of two effects: the increased fusion probability within the cathode due to the higher pressure for decreasing electrode separations and
an increase in ion loss by charge exchange due to a more parallel plate like electric field for decreasing electrode separations. Only at high pressures, where the small mean free path reduces
the effect of NPR increase inside the cathode, the second effects becomes visible.
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(a)

(b)

(c)

Figure 3.14: The scaling of the neutron production rate as a function of (a) the cathode transparency,
(b) the cathode radius at a fixed electrode separation of 0.1 m and (c) the electrode separation at a
fixed cathode radius of 0.05 m.

3.3.4

Dominant fusion reaction

The simple models considered in the previous chapter showed that beam–background reactions are
the dominant fusion reactions and that fast neutral–background reactions result in smaller but not
negligible reactivities. This is verified with the full model by calculating the ratio of beam and fast
neutral reactions. The result, given in Figure 3.15, shows that the beam–background fusion is only
dominant at low pressures. At higher pressure the fast neutral–background reactions are dominant
by up to an order of magnitude. The explanation is that at high pressures, the charge exchange mean
free path is smaller than or equal to the electrode separation. Therefore, each ion creates one to
several charge exchange neutral in their way to the cathode. Also, there will be no recirculation. The
number of fast neutrals will then be equal or exceed the number of ions, while their energy is similar
and their mean free path larger, resulting in more fast neutral fusion reactions.

Figure 3.15: Ratio of the fast–neutral background fusion reactivity to the beam–background fusion
reactivity. At high pressures fast neutral–background reactions are dominant.

3.3.5

Model validation

To validate the NPR model and to determine the best value for the spectrum hardness, the modeled
reactivities are compared with experimental values. For the validation both the magnitude and the
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scaling of the NPR are compared with several experimental results. The free parameter in the ion
energy distribution will be determined based on the best overall agreement with the measurements.
Two validations with measurements from Tokai and Kansai university are shown in Figure 3.16.
The results are typical for all validations: the model results are too low by orders of magnitude for
all energy hardnesses, while the scaling is approximately correct.

(a) Tokai

(b) Kansai

Figure 3.16: Validation of the NPR model with measurements from (a) Tokai university [17]: R0 =
1.25 cm, R1 = 5.0 cm, I = 40 mA, η = 0.8 and pressures ranging from 0.75 Pa at 10 kV to 0.35 Pa
at 30 kV (b) Kansai university [26]: R0 = 3.0 cm, R1 = 15.0 cm, I = 40 mA, η = 0.97 and
pressures ranging from 1.2 Pa at 20 kV to 0.65 Pa at 60 kV. The NPR model results are always too
low compared to the measurements.
For determining the optimal operation parameters the NPR scaling is most important. Therefore,
the energy hardness parameter will be determined based on the best agreement with the scaling of the
relative NPR measurements. All the model results will be scaled to the measured NPR at one cathode
potential. Subsequently, the causes for the disagreement in absolute value will be investigated in
section 3.3.6.
In Figure 3.17 the cathode potential scaling for the measurements and the scaled model results
are given. Several observations are made. First, although the IEC parameters are quite different
and the details of the experimental setups vary, the agreement with the model is similar in all cases.
Second, the graphs show that a more precise determination of the energy hardness is not useful, since
the it cannot improve the agreement with all measurements. Third, the best agreement is obtained
for κ = 10−2 –10−1 . With this energy hardness, the scalings agree over a large range in cathode
potentials.
Measurements of the pressure scaling were only found from the University of Wisconsin. The
pressure scaling comparison is shown in Figure 3.18. These measurements confirm the existence of
a pressure optimum which was found in the previous section. The best agreement is obtained with
an energy hardness of 10−2 , as it shows a similar optimal pressure and a reasonable agreement in
scaling over a large pressure range.
The University of Wisconsin also measured the cathode potential scaling for two cathode radii
with equal transparencies. They showed that the neutron production rate ratio for the two cathode
radii was equal over the used range of cathode potentials. This measurement is used to check the
cathode radius scaling. The result is given in Table 3.1. An energy hardness between κ = 10−2 –
10−1 now shows the best agreement.
Current scaling measurements can also be found in the literature. They show a linear current
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(a) Tokai

(b) Kansai

(c) Wisconsin

(d) Illinois

Figure 3.17: Comparison of the NPR cathode potential scaling of the model and various measurements. (a) Tokai university [17]: R0 = 1.25 cm, R1 = 5.0 cm, I = 40 mA, η = 0.8 and pressures
ranging from 0.75 Pa at 10 kV to 0.35 Pa at 30 kV, (b) Kansai university [26]: R0 = 3.0 cm,
R1 = 15.0 cm, I = 40 mA, η = 0.97 and pressures ranging from 1.2 Pa at 20 kV to 0.65 Pa at
60 kV, (c) Wisconsin university [72]: R0 = 0.05 m, R1 = 0.25 m, I = 30 mA, η = 0.9 and
p = 0.3 Pa, (d) Illinois university [19]: R0 = 0.0375 m, R1 = 0.24 m, I = 15 mA, η = 0.9 and
p = 0.4 Pa, estimated from the given Paschen curve. κ = 10−1 –10−2 gives the best agreement.

κ

Measurement ratio

Model ratio

10−1
10−2
10−3
10−4
10−5
10−6

1.8
1.8
1.8
1.8
1.8
1.8

1.94
1.71
1.51
1.35
1.20
1.05

Table 3.1: The neutron production rate ratio for a cathode radius of 0.1 m and 0.025 m for R1 =
0.25 m, I = 20 mA, η = 0.91 and V0 = 20–35 kV, p = 0.25 Pa and [37]. An energy hardness of
10−1 –10−2 results in the best fit.
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Figure 3.18: Comparison of the pressure scaling of the model and literature for R0 = 0.05 m,
R1 = 0.25 m, I = 20 mA, η = 0.9 and V0 = 30 kV [37]. κ = 10−2 shows that best agreement.
scaling [54, 37, 55], just like the model predicts. Therefore, they are not plotted.
The final choice of the energy hardness will be made by calculating the average relative deviation
between the model and the experimental values. The results are shown in Table 3.2. From the
average over the three scalings, it is concluded that κ = 10−2 shows the best agreement with the
measurements, with an average error of 14 %. Therefore, this energy hardness will be used to
evaluate the model and optimize the IEC in the remainder of this thesis.
κ = 10−1 κ = 10−2 κ = 10−3 κ = 10−4 κ = 10−5 κ = 10−6
Cathode voltage
Pressure
Cathode radius

0.20
0.25
0.08

0.25
0.11
0.05

0.41
0.19
0.16

0.68
0.31
0.25

1.1
0.42
0.33

1.6
0.52
0.42

Average

0.18

0.14

0.25

0.41

0.61

0.84

Table 3.2: The average relative deviation of the model. For the cathode potential scaling the average
of the four measurements is presented. An energy hardness of 10−2 has the best overall agreement
with the measurements.

3.3.6

Absolute NPR deviations

In the previous section the comparison of the model predictions with measurement results obtained
from literature showed that the scaling of the model agreed with the literature, but the absolute values
predicted by the model were too low. With the selected spectrum hardness, the average absolute
deviation between the model and the measurements from Kansai, Tokai, Illinois and Wisconsin
University were respectively 43, 41, 48 and 114. So, the model appears incomplete. In this section
several causes for the deviations will be investigated.
Figure 3.16 shows that the model with only grid ion losses results in an overestimation of the
NPR, while adding charge exchange ion losses results in a too low NPR. Therefore, it is probable that
the deviations in absolute values are caused by the charge exchange ion losses which too strongly
affect the ion mean free path. The following assumptions made in the model could affect the charge
exchange losses:
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• Potential wells: Reduce ion energy inside the cathode and possibly traps ions inside cathode. The former will reduce the fusion probability while the latter leads to acceleration and
deceleration inside the cathode, increasing the charge exchange losses.
• Debye shielding: Effectively reduces the ion energy, thereby changing the charge exchange
loss and fusion probability. In total it has a negative effect on the fusion rate.
• Sheath formation: Reduces the path length over which the acceleration takes place causing
less charge exchange losses between the electrodes.
• Gas species: Only D+ ion and D2 neutrals were assumed. The charge exchange cross section
for D+
2 are different and could lead to less charge exchange.
• Fast neutral losses: It was assumed that the fast neutrals either fuse or are lost at the anode.
However, the fast neutral could also re-charge exchange or be ionized, thereby reducing ion
losses. The former is unlikely, as the probability of re-charge exchange is small compared to
charge exchange as the neutral gas density is much higher than the ion density. Ionization by
collision with a background gas particle, similar to ion impact ionization, is more likely. It
will only be relevant for high energy ions, but these are the ions most relevant for fusion.
• Ion energy distribution function: The measured energy spectra on which the parameterization
of the ion energy distribution is based, are the result of all atomic and molecul interactions, so
they also include charge exchange. The ion energy losses during acceleration from the anode
to the cathode are already in the spectra. In the model the energy distribution is translated
to a birth radius profile, by which the ions again suffer charge exchange losses towards the
cathode. Therefore, the ion charge exchange losses are overestimated.
Of the listed assumptions, only four could have a positive influence on the charge exchange ion
losses. The model cannot easily be adapted to include the effects, but the change in the NPR result
can be estimated. The change in NPR is compared with the NPR experiments of Kansai University.
First, the effect of a sheath is investigated by setting the potential difference over only a part of
the electrode separation. For the potential in the sheath, the vacuum potential was taken with the
anode radius replaced by the sheath edge radius. The results are shown in Figure 3.19(a), where δ is
the ratio of the sheath–cathode distance to the electrode separation distance. It shows that the sheath
can significantly change the NPR result, but the NPR does not approach the experimental value.
The effect of the ion species is investigated by taking only D+
2 ions, i.e. the charge exchange
+
+
cross sections for D2 are used in stead of that of D . The results, given in Figure 3.19(b), shows
that the effect of D+
2 on the NPR is only minor, it does not solve the absolute value issues. In reality,
there will be a mix between D+ and D+
2 ions, so the result will be in between the two lines.
The third possibility, the ionization of the fast neutral in not modeled. However, based on the
ion impact ionization cross section, the fast neutral mean free path can be calculated. For the D+
2
ion resulting from charge exchange, the ion impact ionization mean free path is equal to the anode
radius for an energy of 10 keV. So, all fast neutrals with an energy larger than 10 keV have a larger
probability to re-ionized than to be lost at the anode. This could significantly increase the NPR due
to the increase in ion mean free path for the high energy ions.
Lastly, the effect of the ion loss overestimation due to the translation from energy spectrum to
birth radius is modeled. Only fusion and charge exchange inside the cathode are considered and
the energy distribution at the cathode is taken at all radii. The result is shown in Figure 3.19(c). It
clearly results in less charge exchange ion losses and in a significant increase in the NPR. However,
the result is still almost an order of magnitude off compared to the Kansai measurements.
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(a)

(b)

(c)

Figure 3.19: The effect of adding additional physics to the NPR model. (a) Effect of the plasma
sheath. The charge exchange ion losses are somewhat reduced, but the resulting NPR is not in
range of the experimental values. (b) The NPR model with D+
2 ion charge exchange. The change
of ion species does not result in a significantly improved NPR. (c) Effect of the charge exchange
losses between the electrodes. Strongly increased NPR, but not sufficient to be the cause for the
disagreement.
Conclusively, the three effects modeled to explain the disagreement in NPR magnitude between
the model and the measurements all decreased the deviation, but do not result in a close agreement
with the measurements. The best agreement was obtained by disregarding all charge exchange ion
losses outside the cathode, but this still resulted in order of magnitude disagreement. As the charge
exchange losses inside the cathode cannot be reduced, ion losses can only be reduced by not losing
the fast neutral, e.g. re-ionization of the fast neutral by collisions with background neutrals.

3.3.7

Model evaluation

Now that the energy distribution parameter has been fixed, the IEC performance can be optimized
based on the neutron production model. As noted earlier, the model parameter V0 , Ii , R0 , R1 , p and
η are not all independent. Therefore, some physical constraints will have to be taken into account
before optimizing the neutron production rate.
The first constraint is a limit in the current which can be achieved. The ion current is limited by
the space charge limited current. In the previous chapter it was shown that the space charge limited
current is about 1 A for the selected geometry. For a grid transparency of 0.95 and full geometric
recirculation this would results in a circuit current limit of 100 mA. However, charge exchange will
reduce the ion recirculation resulting in a current limit between 0.1 and 1 A. The NPR of the model
scales linearly with the current so the optimal current will be the maximum current achievable. For
the presentation of the results a value of 100 mA is selected.
The next constraint is given by the breakdown condition. The electric field, determined by
the cathode potential and the cathode and anode radii, and the pressure have to match, such that
each electron created at the cathode is replaced by one secondary electron in the next cycle. In
section 2.3.2 it was already explained that the relation is unknown during breakdown. Therefore, the
ignition condition, i.e. the Paschen curve, will be used. Although the Paschen curve only describes
the moment of discharge, the breakdown voltage at a certain pressure does indicate the collision
regime the discharge is in. During discharge similar electron energies, and thus potentials, will
be required. So for a given cathode and anode radius the approximate cathode potential during
breakdown at a fixed pressure will be determined from the Spherical Paschen curve.
For the presentation of the results a fixed anode radius of 0.25 m is taken, as it will be the radius
used in the experiments, and several cathode radii and transparencies are taken. With the selected
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Figure 3.20: The NPR model results taking into account the constraints. The circles show results for
a transparency of 0.8 and the triangles for a transparency of 0.95.
electrode separation, the pressure ranges resulting in cathode voltages above 1 kV are determined by
the spherical Paschen curve. The results are given in Figure 3.20.
The NPR increases for decreasing grid radius, and consequently increasing grid separations, as
explained in section 3.3.3. The effect of the transparency is only small, even though the geometric
mean free path is reduced by a factor of 4.4. Clearly, the ion mean free path is dominated by charge
exchange. The cathode potential should be as large as possible, in agreement with the increase in
the fusion cross section. With these parameters a typical neutron production rate of 105 –5 × 106 s−1
is predicted. However, the disagreement in absolute values will most likely also be observed in the
TU/e fusor.

3.4

TU/e fusor optimization

In the previous sections the NPR model has been presented and evaluated using only physical constraints. In this section the choice of the parameters of the IEC design at the Eindhoven University
of Technology are presented. Therefore, also the technical, practical and economical factors will
be taken into account. Furthermore, some flexibility will be built into the parameters to allow for
uncertainties in the model and experimental optimization. First, the design parameters included in
the model will be discussed and subsequently additional design issues are discussed.

3.4.1

Main design parameters

The power supply
The model shows that the NPR result is a monotonically increasing function of the ion current and
the cathode potential. The scaling with the cathode potential will eventually become negative when
the fusion cross section maximum is reached, but this will only occur around 1 MeV. Therefore,
the potential and the current are mainly limited by what is technically and economically possible.
For example, it becomes increasingly hard to couple high voltages through the vacuum boundary.
Commercially available high-voltage feedthroughs are available up to about 100 kV and come at
considerable costs. Therefore, the maximum voltage is technically limited to 100 kV. Power supplies
with a DC output voltage of 100 kV at 5–10 kW are widely available. However, the costs of these
power supplies far exceeds the available budget. Therefore, the choice of the power supply will be
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limited by the costs. In selecting the power supply, the output voltage should be weighted stronger
than current, since the scaling of the NPR with cathode potential is stronger.
Cathode transparency
The influence of the transparency on the fusion reactivity was shown to be small since the ion losses
were dominated by charge exchange. Therefore, the grid design will mainly be determined by what
is technically easily to manufacture. Within these technical and practical constraints, a high transparency will still be preferred. The argument is supported by measurements by Taniuchi et al. [17].
Taniuchi took four different grids with transparencies between 0.8 and 0.9, corresponding to a recirculation of respectively 2.20 and 4.74 and found that the relative neutron production rate, compared
to the grid with a transparency of 0.9, were between 1.0–1.2. Clearly, the ion current was not
increased as predicted by the recirculation. The scaling with grid transparency was even slightly
negative due to the increase in homogeneity of the electric potential.
Electrode radii
The model showed that the neutron production is high for small grid separation and large cathode
radii. But the anode size is limited by practical constraints, the IEC should fit the experimental
facility, and by the costs of the vacuum vessel that contains it. The latter is the most stringent
constraint, the costs of vacuum vessels with radii above about 0.25 m exceeded the budget. So the
maximum anode radius will be equal to the vacuum vessel’s inner radius. To keep the design simple,
the vacuum vessel itself is used as the anode.
The cathode radius should ideally be close to the anode radius. However, as the cathode radius
can easily be changed and optimized experimentally, in first instance the cathode radius will be
selected for convenience. A cathode radius slightly smaller than the vacuum vessel port radius is
taken so that it can easily be replaced.
The pressure
With a cathode potential range of 1–100 kV and an electrode separation range of 0.01–0.25 m, the
operating pressure range according to the Spherical Paschen curve is 0.7–18 Pa. Since the Paschen
curve is not fully accurate in the Spherical geometry, a wider range in pressures is selected. By
comparison with the operating pressure at other glow discharge IEC experiments, the lower bound is
set at 0.1 Pa. To avoid more than 1 % contaminations in the gas, a filling pressure of at least 10−3 Pa
is required.

3.4.2

Cathode design

The most important design parameters have been discussed in the previous section. However, there
are some parameters which do influence the reactivity but were not included in the model. These
all concern the exact cathode grid design. The cathode radius and transparency have already been
optimized, but also the cathode structure, cathode material and the cathode geometry need to be
determined. Although this is not a result of the NPR model, these design considerations are shown
here for completeness.
Grid shape
The choice for a spherical symmetry IEC was made at the start of the thesis as it suits with the
spherical ion convergence principle of the IEC. The model was also based on spherical symmetry.
However, it was shown that in the glow discharge IEC, the beam–beam fusion reactions were not
the dominant fusion mechanism. Therefore, the fusion reactivity does not benefit from the ion convergence, so other shapes could also be considered. Although they were not modeled, they will be
discussed here.
One alternative cathode geometry is a cylindrical IEC. The cylindrical IEC has as advantages that
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it will be easier to scale up, the deviation in the spherical electric potential due to grid discretization
will disappear and the effects of the high voltage feedthrough on the asymmetry of the potential will
decrease. Also, grid heating and space charge effects are reduced. However, the effect on the NPR is
unclear. For example, the decrease in asymmetries could increase the NPR, while the loss of potential
well ion trapping could decrease the NPR. Experimental neutron production measurements with
combinations of spherical and cylindrical cathodes and anodes showed that two spherical electrodes
substantially outperformed the other alternatives [72].
One could also consider to deforming the anode and cathode into ellipsoids. Collisionless simulations have shown that this reduces collisions with the grid and with the high voltage feedthrough,
thereby increasing the reactivity [73]. However, as the glow discharge IEC is mainly limited by collisions with the background gas, this is not expected to be relevant. Also, experiments have shown
that asymmetric cathodes are not favorable for neutron production [35].
In this thesis the spherical symmetry will be maintained, but the IEC design will allow for experimenting with different symmetries by changing the grid. Additionally, the anode shape can be varied
by inserting a second grounded grid inside the vacuum vessel. Based on the experimental evidence
it is not expected to increase the reactivity, but not all possible geometries have been considered in
the literature.
Grid structure
The grid structure determines the deviation from spherical symmetry in the electric potential. It is
assumed that small deviations are best as they increase the microchannel effect by avoiding angular
deviation of the ion paths. Ideally, the grid would then have to be a very fine mesh grid with small
holes. However, to maintain a high transparency, this would require very thin wires resulting in
high grid temperatures. Also, the grid holes would have to be perfectly aligned to maintain the
microchannels, which becomes harder for smaller holes.
Numerical studies of collisionless ions have indicated that less cathode wires result in higher ion
lifetime [73]. Clearly, in a collisionless model the increase in transparency is more important than
the loss in symmetry since particles that are on a grid free path will maintain on that path. On the
contrast, experiments have shown that the neutron production rate increase by a factor of two if the
number of wires is increased from two to seven [17]. The explanation of the improved reactivity in
spite of the reduced transparency was the decrease in ion angular momentum due to the decrease in
distortions of the electrostatic potential, and an electrostatic potential inside the grid which is closer
to the vacuum potential.
The choice is made to structure the grid in such a way that the asymmetries are equal for all
holes. This could be achieved by three rings, placed in the xy, xz and yz plane or by nine wires,
created by three grids of three wires, each shifted by 45 degrees in each plane, etc. In this way, each
hole is a triangle of equal size. This structure also enhances microchannels since all holes are aligned
in pairs on opposite faces of the sphere.
Grid material
The cathode grid is constantly being irradiated with a large flux of high energy ions. The grid
collisions will result in sputtering, electron emission and heating of the grid. Sputtering will result
in deposition of the metal on other surfaces, in particular the feedthrough, which could disrupt the
discharge. Electron emission is required for the discharge, but equation 2.10 shows that it also
reduces the ion current. The grid heating results in higher thermionic emission and a higher chance
of grid melting.
The sputtering yield is strongly dependent on the energy of the ions, the type of incident ion and
the target material. In general the sputtering rate will be higher when the ion energy is high and
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when the mass of the ion and the target material atoms are similar. As a high ion energy is required
and the incident ion is fixed, only the cathode material can be changed. Heavy materials have the
preference. No further investigation is made into sputtering effect or the sputtering rate.
The secondary electron emission depends on the ion energy and the cathode material. Although
there is some variation, the emission coefficient is about equal for most metals [42, 74, 43]. Nickel
has a relatively low secondary electron emission coefficient for all three hydrogen ions.
Other electron emission types, such as photo-emission and field emission, should also be avoided.
In general, a high work function is desirable to decreases both emission [48]. Furthermore, sharp
edges in the grid should be avoided to reduce field emission.

Figure 3.21: The thermionic emission current for various metals for a grid with η = 0.9 and R0 =
0.1 m. The work function of the metal is indicated in the brackets. Only at high temperatures the
thermionic emission becomes relevant.
The thermionic emission was already described in section 2.4 and is given by equation 2.9. The
exponential dependence of the thermionic current on the material dependent work function could
make the selection of the material crucial. Typical work functions of pure metals vary from 2.3 eV
(Rb) to 5.9 eV (Pt) [75]. The resulting thermionic emission currents for various metals are shown
in Figure 3.21. It is clear that at high temperatures the thermionic current can dominate the total
current. Metals with low work functions will have to be avoided and excessive grid heating should
be prevented in all cases.
The grid temperature can be estimated by assuming that the grid can only loose energy by radiation. This overestimates the grid temperature, but especially at high temperatures radiation is
expected to be the dominant energy loss for the grid. Calculations by Krupakar Murali have shown
that for grid temperatures above 1000 K and pressures below 0.3 Pa, convection by gas is indeed
negligible compared to radiation heat losses [76]. The radiating surface area depends on the grid
radius, grid wire thickness and grid transparency. Assuming cylindrical wires, the radiating surface
area is given by Arad = 4π 2 (1 − η)R02 . Assuming the surrounding temperature is negligible compared to the grid temperature and assuming that all the power is deposited to the grid results in a grid
temperature of:


V0 Ii 1/4
Tgrid =
(3.13)
Arad σε
Where, σ is the Stefan-Boltzmann constant, 5.67 × 10−8 Wm−2 K−4 , and ε is the emissivity of the
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grid, between 0.2 and 1.0 for most metals. For a grid with η = 0.95, R0 = 0.05 m and I = 100 mA
and V0 = 100 kV, the temperature becomes 2445 K, above the melting point of most metals. In
practice, not all power will be deposited to the grid, part of the power is transferred to the gas by
inelastic collisions and part is transferred to the anode by the electrons, resulting in a lower grid
temperature. However, the example calculation shows that the melting point of the grid material is
an important design criterium.
Measurements of the grid temperature for a grid with a radius of 5 cm and a transparency of
0.92 by Krupakar Murali showed a grid temperature of 1280 K at an input power of 1.2 kW. Calculating the temperature by 3.13, taking ε = 0.5, the theoretical temperature becomes 1522 K. So
equation 3.13 can be used as an pessimistic estimation of the grid temperature.
There is one last selection criterium for the grid material from construction perspective. The
grid has to be spot weldable. For metals with a low melting point such as nickel and stainless steel
experience has shown that spot welding is possible. Literature suggests that spot welding is also
possible for rhenium [48] and molybdenum [26], while it is not possible for tungsten [48].
In table 3.3 an overview of the properties of potential grid materials is shown. The effect of
sputtering is not shown. At low power operation, i.e. low grid temperatures, the emphasis is put on
a high work function. Nickel would then be a good material choice. For high input powers many
materials melt, so the emphasis has to be put on high melting point. Rhenium, molybdenum or
tantalum would then be good choices.
Material

Work function (eV)

Melting point (K)

Spot weldable

Cu
Fe
Ni
Stainless steel
Re
Ta
W
Mo

4.8
4.7
5.2
∼ 4.4
4.7
4.3
4.5
4.6

1357
1811
1728
1600–1800
3458
3290
3695
2896

yes
yes
yes
yes
yes
n.a.
no
yes

Table 3.3: Overview of cathode grid material properties. The values of stainless steel depend on
the exact composition. The work function and melting points have been taken from Ref. [75]. The
melting point should be compared with the maximum grid temperature of about 2500 K, calculated
with ε = 0.5, η = 0.95, V0 = 100 kV, I = 100 mA and R0 = 0.05 m.
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Chapter 4

Experimental setup
In the previous chapters the ideal IEC parameters were determined based on the optimization of the
neutron production rate resulting from the IEC model. In this chapter the actual implementation of
the design into the experimental setup, the TU/e fusor, is given. First, the experimental setup is given
and subsequently, the safety aspects are discussed.

4.1

IEC setup

The schematics of the IEC setup in Eindhoven is given in Figure 4.1. A picture showing an overview
of the vacuum system and the total IEC setup is shown in Figure 4.2. The IEC setup can be split up
in five parts: the gas inlet, the vacuum system, the high voltage, the cathode grid and the diagnostics.
The properties and choices for all these parts will be given next.

Figure 4.1: Schematics of the IEC setup including all the parts that are essential for the operation of
the IEC.
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(a)

(b)

Figure 4.2: (a) The IEC vacuum system. The vacuum vessel is shown with the vacuum pump
attached from below and the high voltage feedthrough on top. (b) Overview of the TU/e fusor setup.
The picture shows the safety fence on the front, the PSU on the left, the short circuit hammer in the
middle and the resistance and the vacuum system in the back.

4.1.1

The gas inlet

The gas inlet serves as the control of the amount and type of gas that flows into the vacuum chamber.
Together with the vacuum pump, the gas inlet gives a means to control the gas mixture and pressure
inside the IEC.
The gas is let into the vacuum vessel by an EVN 116 gas dosing valve from Pfeiffer with an
integrated shut-off valve. In Figure 4.1 they are indicated separately as valve and needle valve. The
gas flow rate with this valve can be controlled from 5 × 10−4 to 1 × 105 Pa l/s.
A pressure gauge is placed between the gas inlet and the vacuum vessel. The gauge used, an
active hot cathode transmitter IMR 265 from Pfeiffer, has a pressure range of 2 × 10−4 to 106 Pa
and a repeatability of 2 % between 10−3 and 10 Pa. The output signal of the gauge is connected to a
TPG 26 DualGaugeTM controller readout to display the pressure.
The IEC can be supplied with either nitrogen, argon, hydrogen, or deuterium. The hydrogen,
nitrogen and argon are drawn from gas pipes in the IEC room, while the deuterium is taken from a 2
liter cylinder supplied by Linde Gas Benelux B.V. The gas is connected to the gas dosing valve by a
Norgren nylon pneumatic tube with an inner diameter of 5 mm inner and a thickness of 1 mm.

4.1.2

The vacuum system

The vacuum system has two main components: the vacuum vessel and the vacuum pump. In the
previous chapter the pressure requirements were set. An operation pressure between 0.1 and 18 Pa
is expected, while a vacuum of at least 10−3 Pa should be reachable to reduce gas contamination.
Vacuum chamber
The vacuum vessel will serve as the vacuum boundary and as the anode of the discharge. So, it
influences two of the NPR model parameters. The design choices for the ultimate vacuum, geometry,
radius, material, vacuum ports and cooling will be discussed next.
The base vacuum is set by the pressure requirement, a pressure of below at least 10−3 Pa should
be reachable. This is not a very stringent requirement as CF or KF flanged vacuum vessels can easily
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sustain these pressures.
The geometry of the vacuum vessel is determined by its function as anode, the vessel has to
be spherical. Outside of the engineering simplicity of not having an additional grid, the spherical
grid has the advantages that all port are aligned to the center of the device, which is convenient for
diagnostics. From the NPR model it followed that the anode radius should be as large as possible,
and is therefore limited by the costs. As indicated in the previous chapter, this limits the radius to
about 0.25 m.
An other design constraint results from the scaling of the NPR with the cathode radius. According to the model, large cathode radii are preferable so it should be possible to insert the grid into the
vessel. Therefore, it is decided to make the vacuum vessel from two semi-spheres.
The vacuum vessel requires at least three ports to connect the high voltage feedthrough, the gas
inlet and the vacuum pump. Additionally, a viewing port is desirable to monitor the discharge. Next
to these ports there should be ports available for possible future diagnostics, e.g. laser diagnostics,
requiring two facing ports, probes or spectrometers, and for possible future upgrades, e.g. ion or
electron sources. Ten ports were selected: two 100 mm ports on the top of the two semi-spheres,
four 64 mm ports and four 40 mm ports. All equal ports are aligned and face the center of the IEC.
The 40 and 64 mm ports are placed on the line that makes an angle of 45 and 135 degrees with the
base of the semi-spheres.
The material of the vacuum vessel is usually either stainless steel or aluminum. It is assumed
that the IEC operation is not strongly affected by the anode material, therefore stainless steel is
selected based on costs. The chamber material could affect the IEC operation by the amount of
Bremsstrahlung generated, which increases for increasing atomic numbers. The Bremsstrahlung
could generate photo-emission at the cathode which decreases the available ion current. So, low
atomic number vacuum vessel materials are favorable. However, a coating can always be applied to
the inside of the vacuum chamber if Bremsstrahlung is found to be limiting the performance.
The vacuum vessel has to be able to sustain the heat load. All the PSU power will eventually be
transferred to the vacuum vessel, heating up the vessel. The CF flange with copper gaskets can be
heated to 450 ◦ C, while the KF flange has an allowed temperature between 150 and 180 ◦ C due to
the viton O-ring. A KF flange has to be used, since the two semi-spheres cannot be connected with
CF. So, the operating temperature is limited to about 150 ◦ C.
The temperature of the vacuum vessel is estimated by calculating the heating rate without taking
any cooling into account. Taking an input power of 12 kW, a specific heat of 500 J K−1 kg−1 and a
vessel wall thickness of 1 cm results in a heating of 0.4 K/s. So without cooling, the vessel is heated
above the temperature limit in minutes. Therefore, it is decided to apply water cooling to the vacuum
vessel.
The final vacuum vessel was manufactured by Vernooy Vacuum Engineering B.V.. The stainless
steel vacuum vessel has an inner diameter of 500 mm and an outer diameter of 526 mm. The vacuum
vessel is double walled to allow for water cooling. It has 10 ports: 2 CF 100, 4 CF 64 and 4 CF 40,
all aligned to the vessel center and placed in equal pairs on opposite faces. The semi-spheres are
connected with a viton O-ring while all the other ports are CF. The vacuum vessel has been cleaned
and glass bead blasted and finally leak tested. Experimentally, an ultimate vacuum of 4.5 × 10−4 Pa
was obtained with this system.
Vacuum pump
The vacuum pump is used to evacuate the vacuum vessel. For the selection of a suitable vacuum
system the following properties are important: the type of gas used, the volume of the vacuum vessel,
the required pump speed and the required minimum pressure. The IEC is aimed for deuterium, the
vessel volume is 65 L and the pressure minimum is 10−3 Pa. The pump speed is only constrained
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by practical considerations.
Based on the above design criteria the HiCube 80 Eco was selected. It consists of a HiPace 80
turbomolecular pump and a MVP 015 roughing pump. The HiCube has an ultimate pressure smaller
than 10−5 Pa. Probably with hydrogen or deuterium this ultimate pressure will be higher since the
turbomolecular pump is less efficient if the particle velocity is higher.
To test the pumping speed, the time required to obtain the ultimate pressure is estimated. Assuming a constant pumping speed S, the pressure decreases exponentially with time,
 
V
p0
t = ln
(4.1)
S
p1
with V the vessel volume and p0 and p1 respectively the start and end pressure.
The roughing pump has an ultimate pressure of 350 Pa and a nominal pumping speed of 0.9 m3 /h.
Starting at atmospheric pressure, the ultimate pressure is reached in 0.4 hours. The turbomolecular
pump has a pumping speed of 1.7 × 102 m3 /h for hydrogen. The ultimate pressure of 10−5 Pa is
reached in 24 s. These estimates show that initial pumping down by the roughing pump is slow,
while below 350 Pa, i.e. in the IEC operating regime, the pumping is very rapid. So the vacuum
pump suffices.

4.1.3

The high voltage

The high voltage consists of three components: the power supply unit (PSU), the high voltage vacuum feedthrough and the resistance. The selection of the components will be discussed next.
In the previous chapter it was found that the power supply unit (PSU) was limited by the costs.
Commercially available PSUs within the budget typically have voltages below 100 kV and currents
of tens of amperes. However, it was possible to obtain a used Heinzinger HCN power supply. With a
maximum negative output voltage 120 kV and a current range of 0–100 mA, this PSU outperformed
any PSU within our budget.
The PSU is connected to a resistance for stability of the gas discharge. The value of the resistance
is chosen by allowing a maximum voltage drop over the resistance of 20 kV. In this way still sufficient
voltage is available for the discharge. With a current of 100 mA this comes down to a resistance of
200 kΩ. The resistance should be able to continuously cool away 2 kW of heat. Therefore, the
resistance is made out of four parallel stacks of fifteen resistances in series, 56 kΩ each, resulting in
a total resistance of 210 kΩ. All the resistances are put in a stack with sufficient distance between
them for air cooling.
The resistance is connected to high voltage feedthrough with copper tubing. A commercially
available feedthrough was selected based on the highest available voltage. The EFT6012166A
feedthrough from Kurt J. Lesker was selected, a stainless steel feedthrough with the capacity to
couple 60 kV into the vacuum. For higher voltages, a feedthrough would have to be designed.

4.1.4

The cathode grid

In the previous chapter the considerations concerning the cathode grid were given. For high power
operation it was concluded that a spherical grid made of rhenium or tantalum, with a large radius
and constructed in a wire configuration which has equally shaped holes would be optimal. However, since the grid can be replaced easily and experimental optimization of the grid is required, the
emphasis in the grid design was put on manufacturing feasibility and convenience.
The cathode radius was selected to fit the largest vacuum vessel port. In this way the grid can
easily be replaced or small adjustments can be made by opening only one port. The largest port
inner diameter is 10 cm, so a cathode radius of 4.75 cm is taken. Nickel was selected as the cathode
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material as it can easily be spot welded. A 0.75 mm thick nickel wire was taken. The cathode was
constructed by spot welding nine rings together, this was the highest number of rings that could
be spot welded which satisfies the equal holes demand. This resulted in a grid with a geometric
transparency of 0.93.
The grid is connected to the high voltage feedthrough by a 0.75 mm thick nickel wire. The end
of the wire is bent into a hook which fits the grid wires. To prevent discharges from this wire to the
wall of the vessel port, a hollow cylindrical stalk made of quartz is put around the wire to shield the
electric field. The stalk runs from the suspension point of the grid to inside the feedthrough. The
cathode grid, the grid suspension and the stalk are shown in Figure 4.3.

(a)

(b)

Figure 4.3: (a) The cathode grid and the suspended in the vacuum vessel. (b) The quartz stalk
covering the suspension wire. Picture is taken during high pressure operation.

4.1.5

The diagnostics

Measurements of the basic IEC parameters, the voltage, current and pressure, are included in the
basic IEC setup as they are essential for the operation. Also, a Logitech C525 HD web camera is
always installed to monitor the gas discharge. Additionally, some dedicated diagnostics are used
and are being developed for the TU/e fusor to gain insight in the IEC operation. For example, a
spectroscope is developed for measuring the ion density and a probe is being developed to measure
the potential profile. In this thesis neutron detectors are used as an additional diagnostic to check the
NPR model.
Two types of neutron detectors are used. The first are two BD-PND Bubble Dosimeter of Bubble
Technology Industries. These bubble detectors consist of a cylindrical tube within which there are
tiny droplets of superheated liquid dispersed throughout a clear polymer [77]. The droplet vaporizes
and gets trapped in the polymer when it is hit by a neutron. The bubbles only disappear when the
detector is reset, which takes half an hour. Therefore, the detector can only be used to measure the
time integrated neutron production.
The advantages of the bubble detectors are that they have zero sensitivity for gamma radiation
and that the dose result is independent of the neutron rate and neutron energy. The detectors have
been calibrated by Bubble Technology Industries at respectively 2.6 and 2.7 bubbles/µSv.
To obtain the neutron production, the dose rate has to be converted. The detector is designed
such that the neutron energy sensitivity is equal to that of the human body. For mono-energetic
neutrons, the dose equivalent per neutron fluence can be used for the conversion. For neutrons with
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an energy of 2.5 MeV, the dose equivalent is 347.2 pSv·cm2 per neutron [78]. The neutron bubble
detector sensitivity then becomes 7.5 × 103 and 7.8 × 103 bubbles per n/cm2 .
Although the bubble detector is an ideal detector to show the creation of neutrons, it is not very
useful in quantifying the neutron production, as it becomes harder to read out for large number of
bubbles and it integrates over time over which the discharge conditions could change. Therefore,
a second detector is used, the AE 2202 D Neutron Dose Rate Meter of Studsvik AB Atomenergi
Sweden. This is a BF3 proportional counter tube surrounded by a boron and polyethylene shield.
The shield moderates and absorbs the neutrons, so that the sensitivity of the detector depends on the
neutron energy in the same way as the biological damage effect on human tissue [79].
The proportional counter is based on the reaction of the neutron with the boron, which creates a
lithium and alpha particle, which ionize the gas inside the counter, creating a current. Therefore, this
detector is not totally insensitive for gamma radiation, it discriminates against gamma radiation up to
2 Gy/h. The neutron dose rate meter has a measuring range of 10−6 –10−1 Sv/h. It is sensitive over
this range by changing the integration time, which is 2 s at 2.5 × 10−5 Sv/h and which is inversely
proportional to the dose rate.
The sensitivity of the detector, the neutron dose in Sv per n/cm2 as a function of the neutron
energy, is supplied with the detector. So, for mono-energetic neutrons, the neutron fluence can be
determined from the dose rate. For 2.45 MeV neutrons, the conversion factor is 3.5 × 10−10 Sv
per n/cm2 [79]. The neutron production rate can then be calculated from the neutron fluence by
assuming a spherically symmetric neutron production.
With both detectors, it is assumed that all the neutrons created inside the IEC reach the detector.
Therefore, it must be checked whether the neutrons are not absorbed or moderated by the vacuum
vessel by calculating the neutron mean free path in stainless steel. The composition and atomic
density of stainless steel are given in Appendix B. It is approximated by taking 10 % 58 Ni, 20 % 52 Cr
and 70 % 56 Fe. The total neutron cross section, including elastic scattering, inelastic scattering and
nuclear reaction, are obtained from the National Nuclear Data Center [80]. For 2.45 MeV neutrons
the total cross sections become respectively 2.52 × 10−28 , 3.82 × 10−28 and 4.67 × 10−28 m2 for the
three nuclei. The resulting neutron mean free path becomes 3.3 cm. With a vacuum vessel thickness
of 1.3 cm this comes down to an neutron attenuation of 33 %.
The neutron attenuation would significantly influence the measured neutron dose. However,
many of these reactions are elastic collisions, for which the neutron energy loss is very small due
to the high target mass compared to the neutron mass. These neutrons will therefore also reach the
detector and since their energy is similar, result in a similar dose. Excluding the elastic cross sections
of Fe, Cr and Ni of respectively, 2.16 × 10−28 , 4.1 × 10−28 and 2.18 × 10−28 m2 , the neutron mean
free path becomes 12.3 cm. So, only 10 % of the neutrons is attenuated. These neutron are either
lost, so not reach the detector, or reach the detector at a significantly different energy. In the latter
case, the neutrons could lead to a significant error in the result, as the detector is more sensitive to
lower energy neutrons. For example, if the neutron looses 90 % of its energy before reaching the
detector, the resulting dose is about 2.5 times larger. As the energy spectrum of these neutrons is
unknown and it is only maximum 10 % of the total neutron flux, the NPR will not be corrected by
the attenuation, nor will they be taken into account in the uncertainty in the measured dose.

4.2

Safety

There are three safety risks to be considered with the IEC: gasses, high voltage and radiation. In this
section these risks will be inventoried and the measures taken to monitor and minimize the risks will
be discussed.
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4.2.1

Gases

The IEC setup requires argon, nitrogen, hydrogen and deuterium inside the vacuum vessel and the
PSU has a SF6 gas tank. When there is a gas leak the gas is released into the air and can cause
asphyxiation risks and additionally explosion risks in the case of hydrogen and deuterium. To prevent the built up of gas, air recirculation is installed in the experimental room. Additional venting
channels are applied near the vacuum pump, the deuterium cylinder and the PSU.

4.2.2

High voltage

The IEC is operated at high voltages up to 120 kV, which brings considerable risks. Therefore, all
potential contacts with charged surfaces should be avoided. To make the setup high voltage safe,
a grounded cage is build which is protected with a interlock so that it is impossible to enter the
IEC cage while the high voltage is on. Details of the safety cage and the interlock are given in
Appendix A.

4.2.3

Radiation

The operation of the IEC brings along four types of ionizing radiation risks: neutrons, high energy
Bremsstrahlung, radio-active tritium and activation of the vacuum vessel and the cathode grid by
neutrons or protons. In Appendix B the dose equivalents resulting from the individual risks are
investigated in detail based on a worst case scenario approach. The results from the calculations are
summarized in Table 4.1. The dose equivalents should be compared with the allowed annual limit of
20 mSv for radiation workers. In this section only the methods used to quantize the radiation risks
and ways to reduce the dose are given.
Risk

Dose equivalent
Worst case

Tritium:
Continuous
Pulsed
Neutrons:
Dose conversion
Absorbed power
Neutron activation:
Short-term
Long-term
Bremsstrahlung:
Unshielded
10 mm lead

Realistic case

Dose rate
(µSv/h)

Annual
(mSv)

Dose rate
(µSv/h)

Annual
(mSv)

6.7 × 10−2
2.4

0.13
5.8 × 10−4

1.1 × 10−3
4.1 × 10−2

2.2 × 10−3
9.9 × 10−6

5.3 × 102
1.6 × 103

1.1 × 103
3.2 × 103

9.0
27

18
54

0.5
0.38

1.0
0.76

8.5 × 10−3
6.5 × 10−3

1.7 × 10−2
1.3 × 10−2

6.2 × 106
1.3

1.3 × 107
2.6

1.1 × 105
2.2 × 10−2

2.1 × 105
4.4 × 10−2

Table 4.1: Summary of the radiation risks calculation. The dose equivalents should be compared
with the annual radiation limit for workers of 20 mSv. For more details about the calculations see
Appendix B.
For the radiation risk calculations, two estimations for the number of fusion reactions are taken:
First, the fusion record by Wisconsin is scaled with the current and fusion cross section. Second, the
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NPR model is evaluated for a mono-energetic ion distribution. Although both are pessimistic from
radiation safety perspective, the first will be called the worst case while the second is called realistic.
The tritium risks was evaluated by calculation the inhalation or ingestion equivalent dose resulting from the release of tritium into the air in two ways: continuous release through the vacuum
pump, representing normal operation, and pulsed release of trapped tritium, representing release during maintenance. The continuous tritium radiation dose can be minimized further by improved air
circulation. This is realized by the ventilation discussed above for the gasses. The pulsed release risk
could be minimized by allowing time for air refreshing in the IEC lab after opening of the vessel, or
by evacuating the vacuum vessel before opening, thereby draining the tritium in the vessel through
the ventilated vacuum pump.
The neutron dose equivalent is calculated in two ways: from a conversion factor which gives the
dose equivalent resulting from a point source of neutrons and from the calculation of the absorbed
power of a human body. The neutron radiation risk can be minimized by slowing the neutron down
to decrease their dose per neutron, e.g. by concrete or paraffin, and by increasing the distance from
the source. But the most effective measure is to only perform measurements in deuterium when
neutron are required for measurements. Hydrogen will behave similarly to deuterium for all other
measurements, while it does not result in neutron.
The equivalent dose resulting from the decay of neutron activated vacuum vessel and grid materials is calculated by looking at the short-term radiation results of one experiment and the long-term
results of many experiments performed over a long period. The activation can be minimized by
minimization of the deuterium use as described above.
The proton activation cross section was shown to be about three orders of magnitude smaller than
the neutron activation cross section, while the dose equivalent per activation were similar. Therefore,
the dose equivalents are negligible.
The high energy Bremsstrahlung resulting from the collisions of the electrons on the vacuum
vessel is calculated by taking into account the Bremsstrahlung generated per electron and the shielding of the vacuum vessel and of additional lead shielding. The Bremsstrahlung radiation risk can
be minimized by coating the inside of the vacuum vessel with low atomic number materials, by
operating the IEC at the lowest power necessary for the experiments and be decreasing the cathode
potential.
In conclusion, it is clear that not all the dose equivalent resulting from the IEC are negligible.
The tritium and the material activation do not result in excessive dose equivalents compared to the
dose limit. The neutron risk calculations showed that the dose equivalents are comparable to or even
higher than the dose limit. The highest radiation risk is provided by the high energy Bremsstrahlung
radiation. Unshielded the Bremsstrahlung will exceed the limit within minutes. With lead shielding
the risks can easily be reduced.
For the radiation protection, the ALARA guideline, as low as reasonably achievable, will be
followed. In general this can be achieved by: keeping an as large as possible distance from the radiation source, minimize the time of exposure and apply shielding. Further suggestions for reducing
the radiation risk are indicated above.
The worst case radiation risk calculation show that shielding of the Bremsstrahlung and possibly
neutrons is required at high cathode potentials. However, no shielding is taken into account in the
first part of the design. Both the neutron and photon radiation dose will be measured. The former will
be done by the detectors described in section 4.1.5 and the latter will be measured by two Eberline
ESM FH 40 G-L digital survey meter from Thermo Scientific. Shielding measures will then be
applied if necessary.
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Chapter 5

Results
In this chapter the experimental results will be presented. The main goal of the experiments is to
determine and optimize the neutron production rate and to check the NPR model predictions. First,
the different operation modes observed in the IEC are given. These operation regimes strongly
change the plasma parameters, which is relevant for the neutron production. Then, the discharge
is characterized by the breakdown voltage and the voltage–current relation. These properties will
determine in which pressure regime the IEC should operate for high neutron production rate and
which current and voltage ranges can be obtained at these pressures. Finally, the neutron production
results are presented.
It should be noted that all results of the operation modes and the discharge characterization are
measured with different conditions than the neutron production results. The experimental setup was
built up in two stage to the setup described in Chapter 4 due to planning consideration. In the initial
stage, the setup used a PSU with a maximum voltage and current of 12 kV and 50 mA, a resistance
of 10 kΩ and hydrogen or argon gas. In this way, some measurements could already be performed
while the full setup was completed. The consequence is that the initial results do not one-to-one
correspond to the final measurements, as the plasma conditions are different. However, the trends
and observations will still hold, only at different operation parameters.

5.1

Modes of operation

During operation of the IEC, various types of discharges are observed as the pressure, and thereby
the electron and ion mean free path, is changed. At very high pressures (≥ 500 Pa), an azimuthally
non-uniform gas discharge is visible. Light is only emitted around the wires of the cathode grid,
indicating that the excitations, and most likely the ionizations, only take place locally around the
wires. Apparently, the breakdown condition can only be met locally due to the higher electric field
around the wires. This regime is not interesting for the IEC, since it does not exploit the transparency
of the cathode.
At high pressures (∼50 Pa), an azimuthally uniform glow discharge is observed. Plasma light is
observable both between the electrodes and inside the cathode. Apparently, the electron mean free
path is sufficient for ionization and excitation all over the IEC volume.
Decreasing the pressure to ∼10 Pa, the plasma changes to jet mode. In this mode, the discharge
is uniform in general, but exhibits a focussed jet of light through one of the grid holes. This jet
indicates that a large number of excitations takes place locally, from which it is deduced that the ions
and electrons are concentrated along the jet. Based on visual inspection, the jet appears to originate
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from the center of the largest grid hole. The grid has larger holes as it is not perfectly symmetric,
which will affect the symmetry of the electric potential. Measurements by Siem van Limpt confirmed
the jet origin by investigating a very asymmetric grid [81].
The last operation mode, the star mode, occurs at low pressures (≤1 Pa). The star mode shows a
non-uniform glow with characteristic spokes of light emanating from each grid holes, extending both
in- and outside of the cathode. The spokes indicate a preference of the electrons and ions to travel
through the holes of the grid, i.e. they form microchannels. Examples of the different modes are
shown in Figure 5.1. The observation of the operation modes in a glow discharge IEC are common,
see for example the distinction in operation modes by Ulmer [82].

(a) Glow (∼50 Pa)

(b) Jet (∼10 Pa)

(c) Star (∼1 Pa)

Figure 5.1: The different operation modes observed in the IEC in hydrogen. The colors and intensities in the pictures cannot be compared due to auto-corrections of the camera.
One possible explanation for the jet is presented by Miley [83]. Miley argues that the jet is the
result of the creation of a double potential well in combination with an enlarged grid hole. The
enlarged grid causes the distortions of the local potential created by the grid discretization to extend
deeper into the interior of the grid. The double potential well allows for the trapping of ions within
the cathode. Together these effects result in a asymmetric double well potential, i.e. the well depth
will be lower in the direction of the enlarged hole. Therefore, the ions will preferentially escape
through the enlarged hole. The ions subsequently electrostatically drag the electrons out, creating a
space charge neutral jet.
The mode exhibited by the discharge is not just a function of the pressure. At each pressure,
a glow or star mode is observed at low cathode potentials while at higher potentials the discharge
suddenly changes to a jet mode. Characterizations of the mode transitions have been performed in
argon. The results are shown in Figure 5.2. At low voltages there is no plasmas, then there is a glow
or star mode and finally jet mode is reached at high voltages. For hydrogen, similar transitions are
observed, but they have not been characterized. At least the fade out voltage will shifts to higher
pressures for hydrogen, due to the lower ionization efficiency.
As the jet mechanism is not fully understood, the cause of the transitions and the effects on the
neutron production rate are hard to predict. Following the argument of Miley, the high energy ions
will be able to escape the potential well in jet mode, which means a loss of ion confinement and a
decrease in neutron production rate. In contrast, the ion microchannels of the star mode decrease
the ion losses, so they increase the fusion rate. Therefore, the star mode is preferable for neutron
production.
Figure 5.2 shows that the difference in potential between fade out and jet transition increases for
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Figure 5.2: The discharge mode regimes. The black dots show the fade out voltage, the voltage at
which the discharge dies out, and the red dots show the transition to jet mode. The shaded area marks
the ideal operation regime for fusion, which consists of star mode at low pressure and glow mode at
higher pressures. It should be noted that the transition from jet mode to the operation regime shows
hysteresis, the transition back to the operation regime occurs at a lower voltage. The measurements
were performed by Siem van Limpt.
decreasing pressures. Extrapolation of this result show that the star mode in combination with high
cathode potentials, the optimal conditions for neutron production, is reachable at low pressures.

5.2

Discharge characterization

The operation of the IEC depends on the creation of a gas discharge. This means the breakdown
condition has to be met, so the pressure, the cathode potential and the current cannot be set independently. However, in the model it was assumed that the spherical Paschen curve describes the
voltage–pressure relation, while the voltage and current were taken as independent. Characterization
measurements are therefore performed to check the Spherical Paschen theory, to find the current–
voltage relation and to find the parameter regime for which high fusion rates can be expected.

5.2.1

Breakdown voltage

The first characterization is the measurement of the breakdown voltage as a function of the pressure. By comparison with the Spherical Paschen curve, derived in section 2.3.1, the NPR model
assumption can be checked.
The measurements were performed by increasing the cathode potential at a fixed pressure until a
plasma is created. The breakdown voltage is then taken as the cathode potential just before plasma,
to avoid the effects of the plasma on the potential profile. The results of the measurements are
shown in Figure 5.3. As a reference the fade out voltage, the cathode potential at which the plasma
disappears, is also given.
In general, the experimental breakdown voltage only shows qualitative agreement with the Spherical Paschen curve. Both curves show a minimum breakdown voltage at moderate pressure and increasing breakdown voltages at both small and large pressures. However, the gradient in breakdown
voltage at low pressures is much smaller experimentally and if the experimental breakdown voltage
has an asymptote, it will not be at the pressure predicted by theory. This indicates that in the IEC
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the creation of electrons at low pressures is more efficient than assumed in the theory. Possibly,
electron sources which are not taken into account in the theory, start to play a role. Two possible
candidates are ion impact ionization and ionization inside the cathode. The former requires ions
with keV energies. The latter requires ions with a large mean free path so that they can penetrate
to within the cathode. Once ionized inside the cathode, the resulting electrons ionize much more
efficient than between the electrodes, due to the low electric field. At low pressure both effects are
enhanced, as the ion energy and mean free path increase. Additionally, the microchannel formation
at low pressures also enhances both effects.

(a)

(b)

Figure 5.3: Breakdown characteristics in hydrogen. (a) The breakdown voltage as a function of the
pressure. As a reference the Paschen curve in the parallel plate and spherical geometry are plotted
with γ = 1.0. (b) Comparison of the breakdown and the fade out voltage.
The measured minimum breakdown voltage is an order of magnitude higher than predicted and
lies at a pressure which is an order of magnitude higher. This indicates that at moderate pressures, the
ionization efficiency is lower than in theory. Most likely, this is caused by the use of the parallel plate
Townsend ionization coefficients, which assumes the electron energy distribution to be independent
of the creation location of the electron, so that the ionization coefficient can be characterized by the
local field. However, in spherical geometry the electrons will always originate from a electric field
higher than the local value. Therefore, a higher electric field should be taken than the local electric
field in determining the ionization coefficient from the parallel plate parameterization by Townsend.
The breakdown voltage does show quantitative agreement with the theory at high pressures. At
these high pressure, the mean free path of the charged particles is very small, so the electric field at
the birth radius of the electrons will not deviate much from the local electric field. Therefore, the
local electric field is a good measure for the electron energy distribution and the Townsend ionization
coefficient characterization can be used.
In conclusion, the derived spherical Paschen curve does not accurately describe the breakdown
voltage at low to moderate pressures. Consequently, the optimal neutron production rate predicted
by the model is calculated with the incorrect combination of pressure and cathode potential. Extrapolating the result at low pressure, lower pressures will be required to reach the high voltages, thereby
decreasing the predicted NPR. The breakdown voltage measurements also determine the pressure
range in which high NPR is expected. Taking 1 kV as minimum cathode potential, the pressure
should be smaller than 2 Pa. In contrast to the theoretical curve, the measurements does not show an
asymptote that determines the minimum pressure. However, linear extrapolation of the slope at low
pressure shows that the power supply voltage limit will be reached at about 0.1 Pa. So a pressure
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between 0.1 and 2 Pa results in high fusion rates.
Comparison of the breakdown and fade out voltage in Figure 5.3(b) shows that there is hysteresis
at high pressures, but not a low pressures. Apparently, at high pressures the plasma influences the
electric potential distribution such that a more efficient ionization can be obtained. Possibly, this
is caused by the jet formation. As Figure 5.2 shows, the jet and fade out voltage coincide at high
pressure, but are different at low pressures. This has no effect on the neutron production, as it
requires low pressures.

5.2.2

Voltage–current relation

As mentioned in the introduction, the relation between the current and the voltage was not determined theoretically and therefore the parameters were assumed independent in the NPR model.
However, during a discharge the voltage is fixed at fixed current and pressure. Therefore, a characterization measurement is performed to find the relation between the cathode potential and the circuit
current during discharge.
The measurement was performed at varies pressures. As the discharge mode changes over some
of the measurements, several operating regimes are observed. Figure 5.4(a) shows the result of the
voltage–current relation for the pressures at which only a jet mode was observed. The measurements
show that an increasingly larger voltage is required to allow a larger current. The results suggest
that the voltage–current relation can be describes by a power law, which has an approximately equal
power at all the pressures. Fitting the curves with a power law, V = aI b , shows that the power
slightly decreases as the pressure increases from (0.390 ± 0.003) at 5 Pa to (0.27 ± 0.01) at 240 Pa.
The slope is smaller than one, so the resistance of the plasma decreases as the current increases. This
could be explained by an increase in ionization degree.

(a)

(b)

Figure 5.4: (a) Voltage-current characteristics of in the high pressure regime / jet mode. (b) Voltagecurrent characteristics comparison for the jet mode (triangles) and the star mode (squares).
Figure 5.4(b) shows similar results for pressures in which both the star and the jet mode were
observed. The current exhibits a jump at the star to jet transition, where the same cathode potential
results in a higher current. This indicates that the discharge shows hysteresis. The slope of the
voltage–current power law fitting is clearly not equal in both cases, so the jet mode changes the
resistance scaling.
In the previous section it was determined that the star mode was most interesting for fusion
purposes. High neutron production rates also require high cathode potentials at high current. However, based on the NPR model it cannot be determined whether these conditions can be reached.
71

The assumption in the model that the parameters are independent, is clearly not correct. Extrapolating the power scaling at 1 Pa to 100 mA shows a maximum voltage of 7.4 kV. However, both
the base voltage V (I = 0) = a as the power b increase for decreasing pressure from respectively a = (583.9 ± 0.1)V/A and b = (0.169 ± 0.005) at 10 Pa to a = (1616 ± 1)V/A and
b = (0.331 ± 0.001) at 1 Pa. So, it is expected that at lower pressures, higher voltage will be reachable. However, with the current results it is not possible to quantify the highest possible voltage.
The star mode voltage–current relation has another implication for the neutron production rate
measurements. As can be seen in Figure 5.4(b), a fixed voltage can only be reached over a small
pressure regime. Therefore, the pressure scaling of the NPR cannot be investigated experimentally.

5.3

Neutron production

In this section, the results of the neutron production rate measurements are presented. The aim is to
find the highest NPR possible with the current setup and to verify the NPR model of the previous
chapter. Additionally, comparison of the measurements with typical IEC results will be used to check
whether the goal of this thesis, construct an IEC with optimal fusion performance, is reached.

5.3.1

Neutron observation

The proportional counter which is used for the neutron production rate measurements, is not fully
insensitive for gamma radiation. As the IEC produces high energy Bremsstrahlung, these could possibly be detected by the proportional counter. Therefore, it has to be checked whether the measured
dose rates are indeed caused by neutrons and not by Bremsstrahlung. Three tests have been set up to
validate the observation of neutrons and to test the sensitivity of the proportional counter to photon
radiation created by the IEC.
The first test was performed by measuring the radiation dose with the proportional counter with
and without lead shielding. The lead shielding should drastically decrease the Bremsstrahlung, while
hardly affecting the neutrons. For example, in Appendix B it was shown that a 1 mm thick lead
shielding reduces the overall radiation dose by a factor 16. The dose rates measured with or without
a 2 mm layer of lead in between the detector and the IEC are shown in Table 5.1. With similar plasma
conditions, both measurements are equal to within their uncertainty, showing that the detector signal
is indeed caused by neutrons.
A second test of the proportional detector was the measurement of the dose rate at deuterium
and hydrogen. Only with deuterium neutrons can be created. To keep the Bremsstrahlung radiation
equal, similar cathode potential and current are taken. This does result is slightly different pressures.
To check whether the IEC Bremsstrahlung is indeed similar, also the photon dose rate measured by
the survey meters are compared. The results of the test are shown in Table 5.1. The results show
that the Bremsstrahlung dose is equal for hydrogen and deuterium, while the neutron dose is totally
different. The proportional counter only showed a detectable dose at high input power operation.
However, the signal was so low that it can be neglected compared to the dose with deuterium. It is
concluded that the proportional counter is sufficiently insensitive to the Bremsstrahlung radiation.
The third test is based on comparison with the second neutron detector, the bubble detector. The
bubble detector is totally insensitive to gamma radiations, so it only shows bubbles when neutrons
are created. Figure 5.5 shows a typical results of the bubble detector after a high voltage discharge
in deuterium. This again verifies the creation of neutrons in the IEC.
The bubble detector can also be used to roughly check the calibration of the proportional counter.
Direct comparison is not possible, since the proportional counter measures the dose rate and the
bubble detector measures the total dose. However, the total dose measured by the proportional
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Pressure
(Pa)

Cathode potential
(kV)

Current
(mA)

Photon dose
(µSv/h)

Neutron dose
(µSv/h)

D2 , no lead
D2 , 2 mm lead

0.24
0.24

39
40

22
22

n.a.
n.a.

17 ± 3
15 ± 5

D2 low
D2 high
H2 low
H2 high

0.24
0.24
0.15
0.15

44
48
43
46

20
40
20
40

34
130
38
100

30 ± 5
50 ± 10
0
1±1

Table 5.1: The discharge data for the tests of the neutron proportional counter tube. The lead shielding does not result in a significant change in neutron dose, so the detector signal is caused by neutrons. Operation with hydrogen results in a negligible amount of dose measured by the proportional
counter, so the counter is sufficiently insensitive to gamma radiation.
counter can be estimated by assuming constant NPR during each experiment.

Figure 5.5: Typical result of a bubble detector in the vicinity of the IEC during a high voltage
deuterium discharge. This indicates the creation of neutrons.
Before a measurement, a resetted bubble detector was placed at a distance of 27 cm from the
center of the IEC. Subsequently, there was a plasma during 5 minutes at 25 kV and 0.28 Pa and
during 9 minutes at 38 kV and 0.24 Pa, both with an average current of about 20 mA. After the
measurement, the bubble detector showed (11 ± 3) neutrons, were the error is determined based
on Poisson statistics. With a calibration factor of 2.7 bubbles/µSv this corresponds with a dose of
(4 ± 1) µSv.
The proportional counter, positioned at 41 cm from the IEC center, showed a dose rate of respectively (2 ± 0.3) µSv/h and (20 ± 8) µSv/h for the two measurements. Therefore, the total dose is
(3.2 ± 1.2) µSv. Finally, the dose rate can be corrected for the difference in distance to the IEC center, which determines the neutron flux, by assuming the neutron production is spherically symmetric.
The proportional counter then results in a corrected dose of (7 ± 3) µSv. Possibly the uncertainty
in this estimated total dose is larger than noted, as the measurement is a snapshot of the dose rate,
while the conditions vary in time.
The total neutron dose measured by both detectors agree to within their uncertainty. Therefore,
it is concluded that the proportional counter is calibrated correctly.

5.3.2

NPR measurements

Now the neutron production rate measurements obtained with the proportional counter are presented.
The operation parameters required for high neutron production rates were determined by the previous
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characterization measurements. They showed that operation at low pressures is required to reach
the star mode and to reach high voltages, both preferable for fusion. Although these results were
obtained at relatively low cathode potentials and with a different gas, the trends will still apply. Only
the numerical results, for example the pressure range determined by the breakdown voltages, will
change slightly.
The prediction in section 5.1, that operation in star mode and with high cathode potentials will be
possible at low pressures, is confirmed during the high voltage discharges, illustrated in Figure 5.6.
The low pressure operation showed that the operation mode was not a limiting factor for the cathode
potential.

(a)

(b)

Figure 5.6: The observed star mode during high voltage operation at low pressure at both minimum
and maximum current. (a) V0 = 29 kV, I = 6 mA and p = 0.25 Pa (b) V0 = 19.5 kV, I = 50 mA
and p = 0.33 Pa.
The neutron production rates measurements have been performed by making a discharge at a
fixed pressure and then incrementally increasing the current. In this way the cathode potential was
fixed by the current and the pressure. Ideally, this would be repeated over a wide range of pressure.
However, the pressure was limited by practical considerations. At low pressures, high voltages are
required to obtain a discharge which result in strong grid heating and large Bremsstrahlung radiation
during discharge. The former should be avoided to prevent grid damage. The degree of grid heating
was observed by looking at the emitted black body radiation. The latter cannot become too high
due to radiation safety. The experiments showed that the latter was the most stringent requirement,
limiting the pressure to 0.23 Pa.
The high pressure limit is determined by the sensitivity of the neutron detector. At high pressures,
the discharge results in relatively low voltages which gives neutron production rates that cannot be
detected by the proportional counter. Therefore, the pressure was limited to maximum 0.33 Pa.
The current scaling of the neutron production rate measurements are shown in Figure 5.7(a). For
all pressures, the neutron production rate shows a linear scaling with the current. This is in agreement
with the NPR model, which confirms that beam–background and/or fast neutral–background fusion
reactions are dominant, and not beam–beam fusion which would result in a I 2 scaling. It should be
noted that the strong pressure dependence is mainly caused by the change in cathode potential.
Figure 5.7(b) shows NPR scaling with cathode potential. The measurements are compared with
the NPR model, but since the model results are too low, the model results are scaled with the measured NPR at V0 = 26 kV and I = 30 mA. On average, the model predictions and the measurements
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(a)

(b)

Figure 5.7: The neutron production rate measurements. The error is based on the fluctuations in the
neutron dose rate. (a) The NPR current scaling. The cathode potential strongly varies with pressure
and slightly with current. For example, at 0.23 Pa the potential is 47–49 kV while at 0.33 Pa it is
25–26 kV. The current scaling is linear, indicating beam–beam reactions are not dominant. (b) The
NPR voltage scaling compared to the NPR model scaling. The pressure is between 0.23 and 0.33 Pa.
All model results are scaled to the measurement at V0 = 26 kV and I = 30 mA.
are off by a factor (46 ± 4), which is similar to the disagreement that was observed in the NPR
model validation described in section 3.3.6. Only the measurements of Wisconsin show a larger
disagreement with the model, which is probably caused by the fact that it is a AGD IEC.
The measurements are performed at pressures between 0.23 and 0.33 Pa, so the NPR model
should take this into account. However, the modeled NPR changes only 10 % over this pressure
regime, so the model results are presented at a fixed pressure of 0.28 Pa. The model shows good
agreement in scaling for all three currents.
In conclusion, the NPR predicted by the model is more than an order of magnitude off, but it
shows good agreement with the current and cathode potential scaling. Therefore, it can be used as
a method to extrapolate the neutron production rate. Doing so for the current setup shows that a
maximum NPR of 2 × 107 s−1 can be obtained at the maximum current and potential.
The fusion production by the TU/e fusor can be compared with the results from other IECs
given in Table 2.2. The neutron production rate record obtained in this thesis was (8.5 ± 1.7) ×
105 s−1 at a pressure of 0.23 Pa, a potential of 48 kV and a current of 40 mA. Since the operation
parameters, especially the input power, vary for all the IEC experiments, a direct comparison is
difficult. However, looking just at the NPR record shows that the TU/e fusor is already in the range
of the best glow discharge IECs. The extrapolated NPR shows that at full input power, the TU/e fusor
will outperform all of the GD IECs. Only the assisted glow discharge operated IEC of Wisconsin
would in that case still have a better performance.
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Chapter 6

Conclusions & outlook
In this thesis the optimization, design and realization of the TU/e fusor, an inertial electrostatic
confinement device (IEC), was described. The aim was to set up a theoretical model to predict the
neutron production rate. On the basis of this model the IEC design parameters were selected to
obtain a maximum neutron production rate. The two main conclusions of this thesis are that the
developed neutron production rate model shows good agreement in scaling with the measurements,
and that the constructed IEC can compete with the best IECs worldwide.

6.1

Neutron production rate model

The neutron production rate (NPR) model of this thesis was based on the fusion reactions between
neutral background gas particles and either the beam ions or the fast neutrals resulting from charge
exchange of the beam ions. The NPR model describes the ions by an energy distribution function.
The ion mean free path is calculated by a combination of ion losses due to grid collisions and charge
exchange collisions. The neutron production rate is determined by integrating the probability of
fusion after charge exchange and the probability of direct fusion for an ion starting at its birth radius
and traveling over a distance equal to its mean free path, both determined by the ion energy. The
total NPR is calculated by integrating over the ion energy distribution.
To determine the ion energy distribution, a simulation was performed to calculate the ion birth
radius profile based on electron and ion impact ionization. The simulation was validated by comparing it with theory, the Spherical Paschen curve, and with experimental results from literature,
measurements of the ion energy distribution. Both validations showed large disagreements with the
simulation due to a lack of electron and ion energy losses in the simulation. It was concluded that
the simulation could not be used to determine the ion energy distribution. As an alternative, the ion
energy distribution was determined by a parameterization of the literature measurements.
The only free parameter of the ion energy spectrum parameterization, the spectrum hardness,
was determined by comparing the NPR model results with several NPR measurements obtained
from literature. This validation showed that the absolute NPR predicted by the model was off by
more than an order of magnitude for all spectrum hardnesses. However, for a spectrum hardness
of 10−2 , a good agreement with the scaling in cathode potential, pressure and cathode radius was
observed. With this spectrum hardness, an average relative deviation of 14 % was found. As the
agreement in scaling is much more important for the goal of determining the optimal parameters,
that spectrum hardness was used for the model optimization.
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6.2

Model results & optimization

Evaluation of the model showed that the neutron production rate:
• Increases linearly with the current.
• Strongly increases with the cathode potentials.
• Has an optimum in pressure.
• Increases for increasing cathode radii.
• Increases for decreasing electrode separations.
• Only weakly depends on the cathode transparency.
The optimal design parameters were determined based on these scalings. However, in reality
not all parameters can be set independently, so some physics constraints were taken into account.
Additionally, some technical and economical constraints had to be taken into account. The final IEC
design was fixed by taking all constraints into consideration, resulting in the TU/e fusor setup with a
power supply of 120 kV and 100 mA, an anode radius of 25 cm, a cathode radius of 4.75 cm and a
cathode transparency of 0.93.

6.3

TU/e fusor characterization

In order to find the optimal operation regime and to verify part of the NPR model, some characterization measurements were performed.
Based on measurements of the different operation modes observed in the TU/e fusor, it was
concluded that the star mode was preferred for high fusion performance. The microchannels that
cause the star mode reduce the ion losses by grid collisions, which is beneficial for fusion. Operation
in star mode does limit the operation pressure range, as it is only observed at low pressures.
Next, the derived spherical Paschen curve was check by measurements of the breakdown voltage. The measurements only showed agreement with the theory at high pressures. The disagreement
at moderate and low pressures are most likely caused by the omission of ionizations inside the cathode and the invalid use of the Townsend ionization coefficients. It was concluded that the spherical
Paschen curve does not apply. So, the predicted pressure range for operation at high cathode potential, required for fusion, will also be invalid.
The above explanations for the disagreement with the Paschen curve can be verified experimentally by applying different types of grids. A grid with a radius close to the anode radius could be
used to minimize the deviations from the parallel plate geometry, so that the use of the Townsend
ionization coefficients should be valid. A solid spherical cathode could be used to eliminate the
effect of ionization inside the cathode.
In conclusion, the characterization measurements show that for high neutron production rates,
the IEC needs to be operated at low pressures and that the spherical Paschen curve cannot be used to
predict the required pressure regime.

6.4

Neutron production rate measurements

The TU/e fusor performance was determined by measuring the neutron production rate. To check
the model, the dependence of the NPR on the current and the cathode potential was measured. The
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current scaling showed that the neutron production rate was proportional to the current, in agreement with the NPR model, indicating that the assumption that beam–background and fast neutral–
background fusion reactions are dominant is valid.
The measured cathode potential dependence agreed with the model scaling, showing that the
model at least includes the most essential ingredients. However, to reach this agreement the modeled
NPR had to be scaled as the results disagreed in absolute value, showing that the model is not
complete.
To see if the goal of this thesis, obtaining a high neutron production rate, is reached, the neutron
production rate is compared with other IECs. The maximum NPR obtained with the TU/e fusor was
(8.5 ± 1.7) × 105 s−1 . This result is already in range of the best glow discharge IECs. Extrapolating
the measurements by the model scalings shows that the TU/e fusor would be capable of reaching a
NPR of 2 × 107 s−1 at maximum input power, thereby outperforming all other glow discharge IECs.

6.5

Outlook

The main conclusions of this thesis are that an IEC was constructed that can compete with the worlds
best IECs and that a NPR model was developed that correctly predicts the current and cathode potential scaling. However, the model disagreed in absolute value and the NPR measurements performed
in this thesis were only the first characterizations of the performance of the TU/e fusor, so there is
ample opportunity for optimization of both the model and the experiment.
Model improvements
In general, the NPR model can be improved in accuracy by taking into account more details. For
example, one could include all atomic and molecular ions and neutrals, their mutual interactions and
the effect of their space charge on the electric potential. However, more focussed improvements
should resolve the two main issues of the model.
First, the ion energy parameterization should be replaced by a simulation of the ion birth radius
profile, so that it is representative of the real profile over a wider range of operation parameters. The
simulation would have to include electron and ion energy losses by inelastic collisions. Also, space
charge phenomena should be included to accurately determine the ionization rate inside the cathode.
An additional advantage of such a simulation would be that it is also able to predict the breakdown
voltage.
Second, the deviations in absolute value of the NPR should be resolved. It was found that an
overestimation of the charge exchange ion losses is the most likely cause of the deviations. However,
the cause for this overestimation was not determined. The only possibility that was not yet excluded
is the effect of re-ionization of the fast neutral before it is lost.
Experimental improvements
Experimentally, the neutron production rate can be improved in three ways. First, it could be improved by performing measurements that increase the understanding of the IEC, thereby allowing
for better modeling and better optimization of the NPR. Most relevant would be to measure the electric field or the electron and ion density to determine the influence of space charge effects, and to
measure the ion energy spectrum, to study the influence of the operation parameters in more detail.
Second, the experimental setup itself can be improved. The most drastic improvement would
be to change the type of IEC system. For example, by adding electron and or ion sources near the
anode, the ion creation can be decoupled from the ion acceleration, resulting in harder ion energy
spectra and independent control of the cathode potential and the pressure. However, as the other
types of IECs were outside of the scope of this thesis, they will not be discussed further. Within the
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current glow discharge IEC type, possible experimental improvements are:
• Upgrade to a high-voltage feedthrough that can support up to the maximum power supply
voltage of 120 kV.
• Apply photon and possibly neutron radiation shielding around the IEC in order to decrease the
dose rates, so that operation at maximum input power is allowed.
• Replace the cathode grid by one which is made by a high melting temperature material to
avoid grid melting at high input power.
• Insert a separate grounded anode grid inside the vacuum vessel so that the anode radius can be
used as an experimental parameter.
• Allow for pressure control during operation, by controlling either the gas flow or the vacuum
pump valve. In the current setup these can only be changed in between discharges. With pressure control, possibly even a control loop, a more stable pressure can be maintained, increasing
the reproducibility.
• A dedicated neutron detector that has a higher sensitivity and measures the neutron count
instead of the neutron dose rate. In this way the NPR can be measured over a larger operation
range and the uncertainties resulting from neutron moderation can be avoided.
• Apply an automatic data collection of the measured pressure, current, voltage and neutron
production rate. In this way there is a better overview of the discharge conditions, increases
reproducibility. Furthermore, it allows for better error determination.
Third, the TU/e fusor fusion rate could be optimized experimentally, which was not attempted in
this thesis. First of all the model showed several optimization options that could be checked. On top
of that, there are some parameters, not included in the model, of which the influence is unknown.
The following optimization parameters are available:
• Transparency: The model predicts a weakly increasing NPR for increasing cathode grid transparencies. By making grids with strongly reduced or slightly increased transparencies and
equal size and structure, the model could be verified and the NPR optimized.
• Electrode radii: The model predicts an increased NPR for increased cathode radii at fixed
electrode separation and for decreased electrode separations at fixed cathode radius. Both
could be tested separately by adding an anode grid, or they could be tested together by only
increasing the cathode radius. In that case the electrode separation decreases, which should
both lead to an increased NPR.
• Pressure: The model predicts an optimal pressure between 1 and 10 Pa for most potentials.
However, the potential cannot be determined independently from the pressure so this cannot
be verified.
• Cathode and anode: The structure, shape and material of the electrodes influence respectively
the electric potential symmetry, the electric potential shape and the grid electron emission,
which all affect the discharge. The effect on the NPR was not modeled.
Of course, the most easiest way to increase the fusion rate is to use a mixture of tritium and deuterium. This would increase the NPR by at least two orders of magnitude due to the increase in
fusion cross section. Operation with tritium is possible with the current setup, if additional radiation
safety measures are taken. However, even by using tritium the IEC is far from producing energy, the
Q-value, i.e. the energy production efficiency, is still 3 × 10−7 . Nonetheless, in combination with
further optimization of the TU/e fusor, this would bring possible IEC application closer.
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Appendix A

IEC high voltage safety
The operation of the IEC requires the use of high voltage which are dangerous. Therefore, a
grounded cage is built around the IEC. Entrance to the cage is controlled by an interlock. In this
appendix the details of these high voltage safety measures are discussed.
The IEC setup is built up on top of a grounded conducting floor created by two layers of 0.5 mm
thick aluminum plates and one layer of plywood riveted together to make sure all plates make contact.
The plates are connected to the central ground by means of earth strips. All the equipment that need
to be grounded, such as the vacuum vessel, are connected to the floor. A fence is positioned at the end
of the grounded floor on the side of the experimental room entrance to close off access to the setup.
All high voltage equipment is positioned such that it cannot be reached from outside the fence. Two
access doors, one in the fence and one on the other end of the room, are connected to the interlock
so that one can only enter the setup when the high voltage is off.
The layout of the experimental room is schematically shown in Figure A.1(a). The grounded
floor (HV cell), the fence and the two access doors are shown. Furthermore, the high voltage layout
is shown. The setup starts with the three phases power which is fed to the Heinzinger PSU. The PSU
is connected to a resistor by a coaxial cable to shield the high voltage coming from the PSU. After
the resistor, the high voltage connections to the short circuit switch and the IEC itself are connected
with 15 mm copper pipes. The short circuit switch is a pneumatic hammer which connects the high
voltage copper pipes to ground as soon as the interlock circuit is broken.
The schematics of the high voltage and the interlock for operating the high voltage is set out in
Figure A.1(b). To obtain high voltage the following steps have to be taken:
• The 3 phase power has to be turned on. The power will then be supplied to the PSU.
• The Heinzinger PSU should be switched to preparation mode ”Gerät ein”. If the interlock
circuit is closed and the internal SF6 pressure is sufficient, the capacitors inside the PSU are
now charged. The yellow lamp will be switched on, indicating the PSU is armed.
• The switch ”HV ON” has to be turned. The high voltage is than connected to the output of the
PSU. The red lamp will be switched on, indicating the high voltage is on.
The interlock circuit is only closed if the following conditions are met:
• The main access door (S3) has to be closed.
• The emergency door (S4) has to be closed.
• The earthing stick, used to ground the HV connections during work or maintenance inside the
HV cell, has to be attached to the resistor.
89

(a)

(b)

Figure A.1: The high voltage safety measures. (a) The layout of the IEC experimental room. (b)
Schematics of the interlock.
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• The air pressure in the short circuit switch is sufficient to raise the hammer and open the short
circuit.
• The operator key has been put into its place.
Upgrades of the interlock system, for example for adding radiation limits, will possibly be implemented in the future.
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Appendix B

IEC radiation safety
In this appendix the radiation safety is considered for the IEC setup built at the Eindhoven University
of Technology. The following parameter values will be used: V0 =0–120 kV, I =0–100 mA,
R0 =0.05 m, R1 = 0.25 m, η = 0.95 and p =0.1–20 Pa. First, all the possible ionizing radiation
risks are inventoried. Subsequently, these risks are quantified based on worst case scenarios.

B.1

Ionizing radiation

In the IEC there are two sources of radiation: fusion reactions and high energy charged particles.
The resulting ionizing radiation risks of these two sources will now be considered.

B.1.1

Fusion reactions

The possible deuterium fusion reactions are given by:

D+D

T (1.01 MeV) + p (3.03 MeV)
(0.82 MeV) + n (2.45 MeV)

3 He

(B.1)

Both of these reaction will occur with about equal probability. In the above equation the energy of
the fusion reaction products is given in brackets assuming that the reactants have no initial kinetic
energy. The energy range of the reaction products including the reactants kinetic energy can be
found by conservation of energy and momentum. Figure B.1 shows the energy range of the reaction
products for beam–background reactions. For the typical ion energies in the IEC the energy spread
in the reaction spread is small so the values given in equation B.1 will be used.
To estimate the risks resulting from these reactions, first the number of fusion reactions has to
be known. The record fusion rate of an IEC is kept by the University of Wisconsin. With deuterium
fuel they obtained a neutron production rate of 2.4 × 108 s−1 with a cathode potential of 190 kV and
a current of 75 mA at continuous operation and 5 × 109 s−1 with a cathode potential of 120 kV and a
current of 6 A at pulsed operation [27]. Other IECs from universities or research institutes typically
reach neutron production rates in the range 105 –108 s−1 .
The, from safety point of view, pessimistic fusion reactivity can be estimated in two ways. First,
by evaluating the model of chapter 3 with a mono-energetic ion distribution, resulting in a NPR
of 3.4 × 106 s−1 . Second, the result of Wisconsin could be scaled to the TU/e fusor by assuming a
linear scaling with the current and a cathode potential scaling proportional to the fusion cross section,
resulting in a NPR of 2 × 108 s−1 . The discrepancy between the two values has two reasons: 1. the
Wisconsin results was obtained using an AGD IEC and 2. the scaling of other parameters, e.g. the
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(a)

(b)

Figure B.1: Energy distribution of the reactions products for the (a) D(d,p)T and (b) D(d,n)3 He
fusion reactions as a function of the reactant beam ion energy. The red lines indicates the boundaries
of the proton and neutron energy and the blue lines that of tritium and helium.
cathode radius, is not taken into account. Although both number are optimistic estimates, the NPR
model result will be referred to as the realistic while the Wisconsin scaling will be referred to as
worst case.
Of all the reaction products, the neutron is the only high energy particle that escapes the vacuum
vessel. It can cause a radiation risk in two ways: directly by interaction with human tissue or
indirectly by activating materials, e.g. the vacuum vessel. The other reaction products also have two
potential radiation risks: the decay of the unstable tritium and the activation of materials by high
energy ions.
Tritium
The tritium atoms created in the IEC are unstable and decay by negative β emission:
T → 3He + e−

(B.2)

Tritium has a half-life time of 12.3 years and the reaction releases an energy of 18.6 keV. Tritium
decaying inside the vacuum vessel will not give safety risks since the electron flux and electron
energy are very low compared to that of the electrons created during the IEC operation. However,
some of the tritium will leak through the vacuum vessel into the air. This could give health risks in
case of inhalation or ingestion. Especially the inhalation or ingestion of tritiated water, HTO, is risky
since it is absorbed into the body.
To quantify the risks of the ingestion or inhalation of radio-active materials conversion factors from activity to dose equivalent have been defined. For tritium this conversion factor is 1.8 ×
10−11 Sv/Bq [84]. To find the activity, the production rate, the release rate into the air, the volume
it is released in and the air refresh rate need to be determined. To estimate the activity, two scenarios will be considered: a continuous leaking of tritium into the air and a sudden release of all
trapped tritium. The first scenario corresponds to the normal operation of the IEC, where the leaks
are caused by the pumping of the vacuum vessel. The second scenario models the opening of the
vacuum chamber, e.g. for maintenance.
The analysis of the first scenario will be based on the worst case: the leak rate equals the production rate. It is assumed that the tritium is released in a room with a volume of 100 m3 with a very
low refresh rate of 10 m3 /day.
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The equilibrium tritium concentration sets in when the average tritium production equals the
tritium removal by air refreshing, i.e. the equilibrium concentration is equal to the amount of tritium
created in ten days of continuous operation. The resulting tritium activity is given by:
AT =

ln 2
NT
t1/2

(B.3)

Where t1/2 is the tritium half-life time and NT the amount of tritium atoms.
The resulting activity is 3.1 × 105 Bq with the worst case NPR. With a lung throughput of
1.2 m3 /h [85], a worker in rest receives an activity of 3.7 × 103 Bq/h. The equivalent dose that the
worker receives is 6.7 × 10−8 Sv/h or 0.13 mSv/year based on 50 weeks a year and 40 hours a week.
Compared to the effective dose limit for workers of 20 mSv [86], the tritium dose stays well below
the limits in this worst case scenario.
The second scenario will be analysed by assuming the vacuum vessel is opened after one year
of continuous operation. Neglecting decay, 6.3 × 1015 tritium atoms are created. Under the same
conditions as in the first scenario, this results in a dose equivalent for workers of 2.4 µSv/h. Over
the ten day air refresh period the annual reactivity is 0.58 mSv, well below the dose limit.
Neutron radiation
To assess the risks of the neutrons, it is assumed that all the produced neutrons penetrate through
the vacuum vessel and that the neutron flux is equal in all directions. A minimum distance from the
center of the IEC of two meter will be taken, realised by the safety cage. The worst case neutron flux
at this distance than becomes 4.0 × 106 s−1 m−2 and the power load is 7.8 µW/m2 .
The equivalent dose from the neutrons can be evaluated in two ways. First, the neutron dose can
be calculated with the dose equivalent for mono-energetic neutrons. Values of this dose equivalent
can be obtained from the U.S. Nuclear Regulatory Commission [87]. For 2.5 MeV neutrons the
dose equivalent factor is 29 × 1012 m−2 Sv−1 . However, the neutron from the IEC could be slowed
down and therefore it is better to take the minimum dose equivalent which is 27 × 1012 m−2 Sv−1
for 1 MeV neutrons. Therefore, the worst case neutron production rate results in 0.53 mSv/h. The
radiation limit is reached after about 40 hours of operation.
The equivalent dose can also be obtained by assuming all the neutron energy is absorbed by the
human body. Taking an exposed surface of 1 m2 , a uniform absorption over the body, a body mass
of 70 kg and a radiation weight factor for neutrons of 20, the equivalent dose is 1.6 mSv/h.
The same calculations can also be performed with the realistic NPR, resulting in dose equivalents
of respectively 9.0 µSv/h and 27 µSv/h.
Neutron activation
The second risk with neutrons is the activation of the vacuum vessel and the cathode grid. Neutron
activation calculations will be performed with the following simplifications and assumptions:
• The neutron activation cross section is taken to be the largest of either the thermal cross section
or the resonance integral. Therefore the activation is overestimated.
• Double activation of the same atom will be neglected because the once activated atom density
is small compared to not activated material density.
• Reaction decay chains of the activation products are considered.
• A uniform neutron source is assumed.
• Constant neutron beam flux, i.e. the activations do not decrease the neutron flux.
• Only activation to unstable nuclei will be considered because only they result in radiation.
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The activation rate Aac,i for isotope i is given by:
Aac,i = Sn ni σac,i d

(B.4)

With Sn the neutron production rate, ni the target density of element i, σac,i the activation cross
section and d the vacuum vessel wall thickness.
For the grid this expression has to be adjusted slightly because not all neutrons hit the grid:
Aac,i = Sn ni σac,i d (1 − η)

(B.5)

Subsequently, the number of daughter isotopes d created by neutron capture of isotope i, Nd,i , is
calculated from the activation rate. The time evolution is given by:
dNd,i
1
= Aac,i − Nd,i
dt
τd

(B.6)

With τd the decay constant of the daughter isotope. The solution to this differential equation with no
initial daughter isotopes is:


h
i

Aac,i τd 1 − exp − τtd ,
t ≤ tend

h
i



(B.7)
Nd,i (t)
 Aac,i τd exp − t − 1 exp − tend , t > ttend
τd
τd
With tend the duration of the irradiation.
The activity of the daughter is given by:
Ad (t) =

1
Nd,i (t)
τd

(B.8)

Now the activity of the various unstable isotopes that can be created in the vacuum vessel and
the grid are evaluated. Data of the vacuum vessel and grid materials and the neutron capture cross
sections are given in Tables B.2–B.4. The maximum of either the thermal or resonance activation
cross section is taken for the calculations.
The short-term activity resulting from the decay of neutron activation reaction products is now
presented for the grid and the vacuum vessel. A grid transparency of 0.9, grid wire thickness of
1 mm, vacuum vessel thickness of 1 cm and neutron production rate of 2.0 × 108 s−1 are taken.
The time dependence of the activity of the vacuum vessel and the grid for an experiment run for two
hours are given in Figure B.2.
To obtain the radiation risks these decay rates have to be converted to dose equivalents. The
decay of the isotopes results in two types of radiation: photons and electrons. The latter have a
relatively low energy and loose their energy after a short distance in air. Therefore, they pose no
radiation risk. The former have high energy, mostly gamma rays, and have a large mean free path in
air. Therefore, they could form a radiation risk. To quantify the risk, the gamma ray constants are
used to convert the activity of a material into a dose equivalent rate at one meter distance. The values
of the gamma ray constants for the relevant isotopes are given in Table B.3.
The short-term dose equivalent rate resulting from the vacuum vessel and the grid are shown in
Figure B.3. All the isotopes not shown have a negligible gamma ray constant. Stainless steel is not
shown as a grid material since it can be derived from the vacuum vessel case. Formulas B.4 and B.5
show that the stainless steel grid dose is two orders of magnitude lower than the vacuum vessel.
The long-term neutron activation risks are calculated by assuming 500 experiments with a length
of 2 hours are performed in five years time. This is implemented in the model by calculating the dose
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(a) Vacuum vessel

(b) Grid

Figure B.2: Short-term activity of the vacuum vessel and the grid resulting from the decay of the
neutron activated materials.

(a) Vacuum vessel

(b) Grid

Figure B.3: Short-term equivalent dose rate from the vacuum vessel and the grid resulting from the
decay of the neutron activated materials.
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rate for one experiment, with a scaled down neutron production rate. The result of the long-term
reactivity is shown in Figure B.4.
On short-term the radiation risk in the vacuum vessel originates from manganese. With a dose
equivalent rate of 0.5 µSv/h, the annual dose for a worker is 1 mSv. The other isotopes form a
negligible radiation risk. For the cathode grid all the heavy elements have a high dose equivalent
rate. However, for all materials, the dose equivalent is lower than that of the vacuum vessel. In short,
there are no short-term neutron activation radiation risks.

(a) Vacuum vessel

(b) Grid

Figure B.4: Long-term equivalent dose rate from the vacuum vessel and the grid resulting from the
decay of the neutron activated materials.

On long-term the vacuum vessel risk is still dominated by manganese. However, the dose is even
an order of magnitude lower. Also, the long-term radiation risks strongly decrease as soon as the
IEC operation is ceased. For the grids, tantalum shows the largest long-term radiation risks. But the
dose rate is under the short-term manganese rate, so there is no radiation risk. Except for tantalum,
the long-term grid radiation risks strongly decrease after the IEC operation is ceased. Clearly, also
in the long term there are no neutron activation radiation risks. Note that the long-term radiation
risk reaches an equilibrium after about one year of operation for all isotopes. So even operating the
IEC for a longer time does not increase the risk. Only if the time per experiment or the number of
experiments would increase drastically, a radiation risk could be created.
Proton activation
For proton activation of the vacuum vessel and the grid materials, the energy of the protons is important. In contrast to neutrons, protons can only activate materials at high energies because they
need to overcome the Coulomb repulsion of the target nucleus. The threshold value at which the
activation cross section becomes substantial is mostly in the MeV range but it depends on the isotope considered. With a maximum proton energy of 3.5 MeV, the cross section for most isotopes is
very small. For example, in Figure B.5 the cross section for iron is given. It is below 10−31 m2 at
the relevant proton energy. If this cross section is compared with the typical neutron activation cross
section, it is about three orders of magnitude lower. Because the gamma ray constants of proton
activated isotopes are approximately equal to the ones of neutron activated isotopes, the resulting
dose from proton activation will also be three orders of magnitude lower. So it is negligible.
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Figure B.5: The proton activation cross section of iron [88] for various daughter isotopes.

B.1.2

High energy charged particles

The power supply transfers the energy to the charged particles by the electrostatic potential. Eventually, these particles loose their energy by collisions with other particles or solid materials. During each collision they will emit Bremsstrahlung which potentially forms a radiation risk. The
Bremsstrahlung is largest for light particles, so the risk is largest when all the power is transferred to
the electrons. In the worst case scenario, all the electrons are accelerated over the full 120 kV potential with an electron current of 100 mA. Subsequently, the electrons collide with the vessel wall and
generate a photon with an energy ranging from 0 to 120 keV, mostly x-rays. However, some of the
radiation is shielded by the vacuum vessel, which will be calculated next.
Vacuum wall attenuation and shielding
The effect of the attenuation of the photon intensity due to solid materials can be calculated with:
I(x) = I0 exp (−µρ ρx)

(B.9)

Here I0 is the original beam intensity, µρ the mass attenuation coefficient and ρ the material density.
Equation B.9 is only valid in case of good geometry, e.g. a concentrated beam. For the IEC that is
clearly not the case and the intensity attenuation has to be corrected for scattering, which is done by
introducing the build up factor B. The attenuation is now given by:
I(x) = I0 B exp (−µx)

(B.10)

With µ = ρµρ the attenuation coefficient. Both the build up factor and the attenuation coefficient are
strongly material dependent. Furthermore, they strongly depends on the energy of the photons and
the build up factor additionally depends on the number of photon mean free paths in the material.
Both parameters have been tabulated for various materials and photon energies [89, 90, 75]. For
stainless steel the attenuation factor will be calculated by a superposition of the coefficients of the
composite elements weighted by their abundance in stainless steel. For the buildup factor, the values
of iron will be taken, as the data for other materials was not available.
Before the radiation risks can be calculated, the Bremsstrahlung generated inside the IEC has to
be calculated. It is assumed that all the energy is transferred to the electrons, and that the electrons
have a flat energy distribution. Furthermore it is assumed that the Bremsstrahlung energy created
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by the electron is equal to the electron energy. The intensity of the Bremsstrahlung created depends
on the electron energy and the atomic number of the target nuclei. The ratio of the radiative to
collisional energy losses is approximately given by [91]:
(dE/dr)rad
ZE
=
(dE/dr)col
800

(B.11)

Where Z is the atomic number of the target, for which the value of iron is taken, and E the electron
energy in MeV.
The energy distribution of the electrons and the Bremsstrahlung created from those electron is
shown in Figure B.6(a). Most of the power is already lost: of the 12 kW of electron power, only
23.4 W of Bremsstrahlung is created. Subsequently, the Bremsstrahlung photons are shielded by
the vacuum vessel and possibly by adding a layer of lead. The result of the shielding is shown in
Figure B.6(b). The sharp peaks in the graph are due to discretization in the buildup factor, they are
artificial. Both shielding layers are very effective. Of the 23.4 W Bremsstrahlung radiation, only
1.5 W remains after the vacuum vessel and respectively 94 mW, 94 µW, 3.1 µW and 3.2 × 10−16 W
remain after 1, 5, 10 or 20 mm of lead.
With only the vacuum vessel as shielding the power load at one meter distance is 0.12 W/m2 .
With an exposed surface area of 1 m2 , a uniform absorption over the body, a body mass of 70 kg
and taking the radiation weight factor for photons of 1, the equivalent dose rate is 6.2 Sv/h. With a
10 mm lead shielding the dose rate would become 1.3 µSv/h. This worst case analysis shows that
Bremsstrahlung radiation could form a potential radiation risk, especially without lead shielding.
However, in reality the equivalent dose will be lower since the not all the energy is carried by the
electrons and the electron energy spectrum will probably be less hard. It can also be noted that for
electron energies, i.e. voltages, below about 50 keV, even the unshielded Bremsstrahlung radiation
is of no risk.

(a)

(b)

Figure B.6: (a) Energy spectrum of the electron and the unshielded Bremsstrahlung resulting from
the electrons. (b) Bremsstrahlung energy spectrum resulting from the shielding of a 1 cm thick
stainless steel vacuum vessel and the shielding of the vacuum vessel in combination with a 1 mm or
5 mm thick layer of lead.
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Element

Atomic weight
(u)

Density at 25 ◦ C
(g cm−3 )

Atom density
(1028 m−3 )

Ni
Stainless steel
Re
Ta
W

58.69
55.01
186.21
180.95
183.84

8.90
7.9
20.8
16.4
19.3

9.14
8.65
6.73
5.46
6.32

Table B.1: Properties of the potential grid materials [75].

Composition in
stainless steel
(%)

Composition
in model
(%)

C
Si
Mn
P
S
N
Cr
Ni
Fe

≤ 0.07
≤ 1.00
≤ 2.00
0.045
≤ 0.015
≤ 0.11
17.5–19.5
8–10.5
67–71

Stainless
steel

100

Element

Atomic weight

Atom density

(u)

(1027 m−3 )

0.07
1.00
2.00
0.045
0.015
0.11
18.5
9.25
69.01

12.01
28.09
54.94
30.97
32.07
14.01
52.00
58.69
55.85

0.061
0.865
1.73
0.039
0.013
0.095
16
8.0
59.7

100

55.01

86.5

Table B.2: Composition and density of the vacuum vessel made of stainless steel grade 304 [92, 75].
Atomic density determined from the density of stainless steel at 20 ◦ C, which is 7.9 g cm−3 . All
other atomic densities determined from the density of stainless steel.
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Isotope

Daughter isotope

Half-life time

DCF-gamma

DCF-gamma +d

13 C

14 C

50 Cr

51 Cr

5715 y
27.7 d
3.5 m
2.58 h
2.73 y
44.5 d
14.3 d
2.62 h
87.2 d
7.6×104 y
100 y
114 d
74.8 d
23.9 h
3.718 d
17.0 h

0
0.0054
0.000102
0.235
0
0.168
0
0.000123
0
0
0
0.19
0.0000114
0.0795
0.00382
0.00946

0
0.0054
0.000102
0.235
0
0.168
0
0.000123
0
0
0
0.19
0.0000114
0.0795
0.0795
0.00946

54 Cr

55 Cr

55 Mn

56 Mn

54 Fe

54 Fe

58 Fe

58 Fe

31 P

32 P

30 Si

31 Si

34 S

35 S

58 Ni

59 Ni

62 Ni

63 Ni

181 Ta

182 Ta

184 W

185 W

186 W

187 W

185 Re

186 Re

187 Re

188 Re

Table B.3: Gamma ray constants (DCF) for the unstable daughter isotopes. The gamma ray constants
are given in mSv/h per GBq at one meter distance [93]. The DCF +d stands for the dose conversion
factor for the full decay chain. For Cr-54 the DCF data was not available so the value of Cr-50 was
scaled by the gamma ray energy and gamma ray intensity.
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Natural
abundance
(%)

Thermal cross
section
(10−28 m2 )

Resonance cross
section
(10−28 m2 )

Daughter
stability

98.93
1.07

3.5 × 10−3
1.4 × 10−3

1.6 × 10−3
1.6 × 10−3

Stable
Unstable

54 Cr

4.34
83.8
9.50
0.36

15.1
0.8
18
0.25

8
0.6
8
8.0

Unstable
Stable
Stable
Unstable

55 Mn

100

13.3

14

Unstable

54 Fe

58 Fe

5.84
91.75
2.12
0.28

2.3
2.8
1.4
1.3

1.3
1.4
0.8
1.3

Unstable
Stable
Stable
Unstable

31 P

100

0.17

0.08

Unstable

28 Si

92.2
4.7
3.1

0.166
0.17
0.12

0.12
0.11
0.08

Stable
Stable
Unstable

94.3
0.76
4.3

0.55
0.46
0.25

0.25
0.21
0.05

Stable
Stable
Unstable

99.64
0.36

1.93
≤ 1 × 10−3

0.87
≤ 1 × 10−3

Stable
Unknown

62 Ni

68.1
26.2
1.14
3.63

4.6
2.9
2.5
15

2.3
1.5
1.5
6.8

Unstable
Stable
Stable
Unstable

181 Ta

100

(0.012+20)

(0.4+650)

Unstable

182 W

26.5
14.31
30.64
28.43

20
10.5
(0.002+2)
37

600
340
15
510

Stable
Stable
Unstable
Unstable

37.4
62.6

(0.33+110)
(2+72)

1700
(9+310)

Unstable
Unstable

Isotope

12 C
13 C
50 Cr
52 Cr
53 Cr

56 Fe
57 Fe

29 Si
30 Si
32 S
33 S
34 S
14 N
15 N
58 Ni
60 Ni
61 Ni

183 W
184 W
186 W
185 Re
187 Re

Table B.4: Isotope properties and neutron absorption cross sections [75].
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