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Abstract

Neutron sources are being used for all kind of purposes, ranging from scientific research
to isotope production and material composition detection. Conventional neutron sources
have severe drawbacks when it comes to their practical use. Often mobility of the source is
limited or the source cannot be switched off. An Inertial Electrostatic Confinement(IEC)
device could be a solution to overcome these problems. In an IEC device a Deuterium
plasma is formed. Ions in the plasma are accelerated radially inwards, gaining sufficient
energy such that fusion can occur. The output, of these devices, is still lacking compared
with conventional neutron sources. In order to make them commercially interesting the
neutron output has to be increased. To do this, understanding of the physics inside is
required. The neutron output is mainly produced by ions hitting background molecules.
The energy of these incoming particles, due to long mean free paths, is mainly determined
by their birth radius. In addition the total current in the device, thus the number of ions,
depends on the cathode temperature. Two models are used in order to investigate this. The
first model utilizes a Particle in Cell Monte Carlo Code (PIC-MCC) and the second model
uses an analytical current balance at the cathode(cathode model). The PIC-MCC code
in its current form is incapable of producing a discharge. The analytical model combined
with a heat balance gives qualitative results which show the effect of a change in pressure,
voltage and cathode radius on the birth radius of ions. In addition, the temperature of the
cathode can be modelled with the cathode model.
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Chapter 1

Introduction

Neutron sources are of importance for a broad range of studies and applications. Some of
these are: baggage scanning, material testing, source for a sub critical nuclear reactor and
nuclear waste treatment. Each application requires a different neutron flux, ranging from
107 neutrons per second to 1016 neutrons per second. An overview can be seen in figure
1.1.

Currently, producing neutrons, for commercial applications, is primarily done via two
ways. Most neutron sources are either based on radioactive decay of Californium-252
or are linear accelerators, both techniques have severe drawbacks. The former process
cannot be switched off, e.g. radiation is always present, which brings storage costs and
increased safety issues. Moreover, the production of Californium has decreased over the
years, increasing the price per gram[2][3]. Linear accelerators, on the other hand, generally
cannot be moved, are expensive and have a short lifetime due to the use of targets. Ideally,

Figure 1.1: Application for neutron sources and their required neutron production rate[1].
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for commercialization, one would like to have a neutron source which can be switched off,
is low in costs(both in construction and maintenance), easy to maintain and preferably
moveable.

The methods, previously mentioned, use natural decay and nuclear fusion to produce the
neutrons. In addition to those processes photo nuclear reaction or nuclear fission could
also be used to produce neutrons. A promising way to potentially meet the previously
mentioned requirements is via nuclear fusion. Nuclear Fusion is the process responsible for
the energy production in our Sun and other stars. This process occurs when two lighter
nuclei have enough energy to overcome the repulsive electrostatic force and fuse into a
heavier one, with a lot of excessive energy. A common example of a fusion process, used
to demonstrate fusion on Earth and to create neutrons via this process, is [4]

2
1D +2

1 D − >3
2 He+1 n+ 2.45MeV, 50% (1.1)

− >3
1 T +1

1 p+ 3.02MeV, 50% (1.2)

The process of interest in this reaction, where two deuterium nuclei, hydrogen isotopes,
fuse together, is the creation of a 3He atom together with a neutron and 2.45 MeV of
kinetic energy, distributed over the reaction products. Achieving fusion requires relative
high amounts of collision energies of the particles. Collision energies, several tens of keV,
are required such that the coulomb repulsion can be overcome and fusion can occur. These
energies occur naturally in our Sun, but on Earth designated machines are needed to
achieve this.

To achieve fusion on Earth several types of devices have been proposed and constructed in
order to induce this process. Some examples are Magnetic Confinement devices, Inertial
Confinement devices and Inertial Electrostatic Confinement devices (IEC). The latter of
these devices, the IEC, is simplest in design. In an IEC, electrostatic fields are used to
accelerate ions, from a plasma inside the device, towards energies such that fusion processes
are initiated. The device itself cannot be used as an net energy producing source, it has
been shown that losses exceed the fusion power [5]. However, due to its small and simple
design it can be built as a mobile and cost effective device compared to other devices,
utilizing fusion to produce neutrons. Opening the door for a potential commercially viable
neutron source.

Eindhoven University of Technology has an Hirsh-Farnsworth type of IEC device[6]. A
semi transparent metallic grid is used as a cathode inside a spherical vacuum chamber
which serves as anode. A schematic overview of the configuration can be seen in figure 1.2.
The cathode, subject to temperatures high enough that it emits black body radiation, is
made from a material which can support these temperatures. In addition, in the ideal case
this material also has a low sputtering yield, to increase the lifetime. Materials possibly
serving as a cathode are for example tantalum, molybdenum and tungsten. The vessel
wall, the anode, is made from stainless steel. Due to the configuration of the system it is
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Figure 1.2: A schematic of an Hirsh-Farsnworth type of IEC device. Deuterium gas is let
into the spherical anode, which also serves as a vacuum chamber. A high negative voltage
is applied to the semi transparent spherical cathode. A plasma is initiated and ions within
the plasma are accelerated towards the center. Doing so, they reach energies capable of
initiating fusion processes.

possible to replace the cathode and therefore change the parameters of the cathode, i.e. the
cathode radius and/or cathode material. Deuterium gas is let inside the vacuum chamber
at pressures ranging from 0.5 Pa to several Pa. A high negative potential is applied to
the cathode, up to 80 kV, such that a plasma is formed. In general, the applied voltage
accelerates ions radially inwards, gaining kinetic energy which enables them to undergo
fusion processes with other particles in the device. Different pressure regimes resemble
different plasma states, e.g. glow discharge, jet mode or star mode [7]. The most common
plasma state used to achieve fusion is star mode. The TU/e IEC device has achieved
a neutron production rate of 107 neutrons/second, observed in star mode with a typical
pressure of 0.5 Pa, 60 kV voltage difference over anode and cathode, a discharge current
of 100 mA and a cathode radius of 0.05 m. However, making it a commercially viable
product the neutron production has to be increased beyond 109 − 1010 neutrons/second.

The neutron production rate Γn can be expressed as[8]

Γn =

∫∫∫ ∫∫∫
f1(v1)f2(v2)σfusion(|v1 − v2|)|v1 − v2|dvx1dvy1dvz1dvx2dvy2dvz2 , (1.3)

with Γ [m−2],σ [m2] , v1[m
s

], v2, f1(v) and f2(v) being respectively the neutron production
rate, the cross section of the given reaction, the particle velocity per species and the
distribution function of the first and second reaction species. In case of a homogeneous
distribution and density functions the total reaction rate can be simplified to
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Γn = n1n2 < σfusionv >, (1.4)

with n1 and n2 the number density of the first and second species. In the case of an IEC
device three different processes could potentially produce fusion reactions in the plasma:
ion-ion collisions, ion-neutral collisions(neutrals from the background gas) and neutral-
neutral collisions. Equation 1.4 can be used to calculate the fusion production per process,
providing the correct distribution functions. Previous work at TU/e expected the ion den-
sity in the IEC device is to be in the order of 1013 ions m−3 while the expected background
density is in the order of 1020 particles m−3 [9]. Seven orders of magnitude difference in
density make ion-background collisions the dominant fusion process. The preferred rela-
tive velocity distribution in head on ion-ion collisions cannot overcome this factor. The
neutral-neutral collisions benefit from higher densities but the energy distribution of the
bulk of those particles is not high enough to achieve fusion.

The last term in equation(1.4) depends on the relative velocity of the two species and
reaction cross section at those velocities. The cross section for fusion processes, producing
neutrons, has a steep incline in the energy range of ions, several tens of keV, generally
found in an IEC device. Five orders of magnitude difference are found between particle
energies ranging from 1 keV to 100 keV, see figure 1.3. The cross section for this specific
reaction, for the energy range concerned, increases with higher energies and thus would
increase the chance of producing a neutron per incoming ion. Therefore, higher relative
ion energies are desirable.

For an IEC device to be commercial viable the neutron output has to be increased. The
neutron production strongly depends on the energy distribution of the ions and the amount
of ions in the tail of the distribution. The ion energy distribution depends on the electric
field distribution, the origin of the particles, their birth position, and the chance of de-
struction of such a particle along its path. New particles can be generated via ionization
processes, ion and electron induced ionization of neutral particles. In addition, charge
exchange reactions of ions with neutral particles will also lead to the formation of new
ions. Validated modelling of this behaviour could assist in the optimization of the neutron
production of a IEC device. To maximize the energy distribution of the ions in the cath-
ode region of the device they should be born at larger radii, increasing their energy when
passing the center region. The aim of this thesis is to model the variation of the ion birth
radius with respect to three main variables: voltage, pressure and cathode radius. The
variables accessible by the experimenter.

A known method to increase the neutron production is to simply increase the voltage and
current applied to the device, the input power. However, increasing deposited power in the
device also increases the heat load on the cathode, increasing its temperature. A rise in
cathode temperature has effects on erosion and on the overall plasma state due to enhanced
electron emission. Faster erosion of the cathode could potentially limit the output of the
neutron production and lower the life cycle of an IEC device. The cathode temperature

5



Figure 1.3: Fusion cross section for 3 reactions. Deuterium Tritium (DT), Deuterium
Deuterium (DD) and proton Boron (p-B)[10].

therefore is an important factor when operating the device near its limits. The goal is to
maximize the neutron output of an IEC device. Since the cathode temperature influences
the operation of the device it is also modelled with respect to three main variables: voltage,
pressure and cathode radius.

Two approaches will be followed in order to obtain a model, capable of modelling the
birth radius of ions and the cathode temperature. The first method, a numerical one, is a
Particle In Cell Monte Carlo Collision(PIC-MCC) method, which is often used in order to
solve problems with lower pressure plasmas. PIC-MCC models are generally used in order
to obtain information about the energy distribution of particles. The advantage of this
method is that it has a feedback loop such that the electric potential can be altered by
charged built up inside the plasma. Moreover, reactions are enabled and thus marking the
birth place of ions. The downside is that it lacks the capability to calculate the cathode
temperature. Moreover, the simulation can be computational heavy, even for low time
scales. The general method of this model is described in chapter two, together with the
reactions which can occur inside the plasma. Chapter three presents an analytic model in
order to calculate the cathode current and temperature. This model has the advantage to
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include several surface processes needed to calculate the cathode temperature, but misses
the feedback loop such that the potential profile is altered by charged particles inside the
plasma. This model is also capable of modelling the ion birth radius. The results of
both models can be seen in chapter four, where several key parameters of an IEC device,
pressure, voltage and cathode radius are changed in order to see the effect on the origin
of the particles birth location and their effect on the neutron production. Chapter five
contains the discussion of the results and recommendations for further work. Finally, the
conclusion is given in chapter 6.
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Chapter 2

PIC-MCC

The goal of this thesis is to obtain information about the ion birth radius and its impact
on the neutron production rate. To do this a numerical and an analytical model will be
used. This chapter describes the internal working of and applied boundary conditions on
the numerical model.

Plasma numerical codes can be divided into three main categories: fluid models, statistical
models and kinetic models [11]. Fluid codes calculate the properties of the plasma by
following the plasma behaviour through macroscopic quantities of the plasma, such as
density and velocity, through time. Statistical codes use distribution functions in order to
calculate the properties of the plasma. Kinetic codes use individual or bunch of particles
and follow them through space and time, the forces acting on these particles are calculated
via Maxwell’s equations[8].

The expected density of electrons and ions in an IEC device is to be of the order of 1013m−3

[9]. The expected density is too low for fluid codes but too high for a fully kinetic code.
In addition it is not known how the distribution function in an IEC device looks like,
ruling out pure statistical codes. Therefore, a model is used based on a kinetic type of
code named Particle In Cell (PIC). Since the initial distribution and density of the ions
inside the device is unknown, a breakdown inside the gas needs to be initiated. To do this,
ionization reactions between particles has to be enabled. This is simulated by a Monte
Carlo Collision method (MCC): Null collision. Combined with the PIC part, the complete
model becomes a PIC-MCC model. To give a general overview of such a model, a flowchart
of the PIC-MCC model can be seen in figure 2.1.

This chapter is divided into two halves, each halve corresponding with a model module.
The first half gives an outline of the PIC module. This is discussed by giving a general
overview of the model and then going into detail by going into operating conditions. The
second half discusses the MCC module in a similar way. The last part of the chapter ends
with a benchmark of the module in order to verify it. In chapter four these modules are
applied to the IEC geometry as described in chapter one.
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Figure 2.1: Schematic overview of the general PIC-MCC scheme. Starting with the
initialization of particles and computational domain(grid) in the top left corner. After this
the main loop is started. Time is incremented with fixed sizes. For each time step the
position and velocity of the particles is updated with the PIC model. During this process,
collisions are governed and executed by the MCC model. Output, such as electric field
configuration, can be given at desired time step intervals.

2.1 Particle in Cell Codes

PIC codes are kinetic type of plasma simulation codes. Ideally one would like to simu-
late every particle in the plasma separately. However, due to the vast amount of charged
particles in a plasma and limited computing time this is impossible. A solution for this
problem is grouping particles together. Particles with the same velocity, charge and weight
are bunched together in what is called a super particle. The collection of super particles
is then a representation of the whole plasma. Super particles are free to move through
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Figure 2.2: Basic Particle in Cell scheme, executed every time step.

the computational domain. This is the volume of interest, in this case all which resides
inside the anode, is divided into equidistant cells.Particle-particle interaction and particle-
background interaction is calculated via fixed points in the center of the cells, called nodal
points. Each cell has one nodal point. To calculate the electric field, in the computational
domain, the charge of the particles is first distributed on the nodal points. Having calcu-
lated the charge distribution and the vacuum potential, the new electric field on the nodal
points can be calculated. This electric field is then interpolated from the nodal points
to the particle’s position. The electric field distribution allows for force calculation on a
particle. It is then possible to calculate the position and velocity of a super particle for
the next time step. The entire process of charge deposition, electric field calculation and
particle displacement is then repeated for each time step. This is the basic construction of
a PIC model, of which a schematic overview can be seen in figure 2.2.

The PIC part of the code can be divided into several key elements: computational domain,
super particles, Poisson solver and particle mover. In the upcoming sections these elements
are discussed in more detail to give a better overview of the method. Starting with the
computational domain, followed by the super particles creating the basics of the PIC model,
the force calculation via the Poisson solver is discussed. Thereafter, the simulation settings
are discussed.

2.1.1 Computational Domain

The first key element is the computational domain. The computational domain is the
backbone of PIC model. In this domain the super particles, discussed hereafter, can move
freely. The domain is spanned by a computational grid. The computational grid consists
of fixed points, representing a physical space of interest, at which the electric and potential
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profiles are calculated. Advanced pic codes can generate 3D computational grids consisting
of tetrahedrons and even adaptable computational grids [12]. The code used in this thesis
is an in-home code which is capable of creating a grid with one spatial dimension. The
velocity of the super particles on the other hand has three dimension. Which makes the
code a 1D3V code, capable of creating an equidistant grid between the two boundary
points. At the first and last nodal point the distance is only half a lattice size between
succeeding nodal points. This enables the possibility to apply boundary conditions to the
grid. The width of the cells, ∆x, can be calculated via

∆x =
xN − x0

npoints
, (2.1)

where xN is the end point of the domain, x0 the starting point of the domain and npoints
the number of nodal points requested, excluding the boundary points. An additional nodal
point is placed at the start and the end of the domain, on the boundary of the cell, to
be able to apply boundary conditions. The position of each other nodal point can be
calculated via

xnp = nnp + 0.5, nnp = 0, 1, 2, ... (2.2)

The nodal points are equidistant of each other, with the exception of the first and last
nodal point. The location of the border of each cell is in between two nodal points. Except
for the first and last pair of nodal points, here the additional outer boundary shares the
same location as these nodal points. The point of cell crossing can be calculated by adding
half a cell width to the position of a nodal point. Together this is the formation of the
computational domain. In order to simulate a plasma the particles themselves have to be
simulated as well, which is done via super particles.

2.1.2 Super Particles

With the physical space spanned by the computational grid the properties of the particles
inside the plasma have to be simulated. Since it is not possible to simulate the trajectory of
every individual particle in the plasma a simplification has to be made. This can be done
by representing the plasma with collections of real particles, called super particles. Super
particles represent a number of real atoms or molecules with the same velocity, mass and
charge. The total mass of the particle can be calculated with the mass of a real particle
and the weighting factor.

The weighting factor of a super particle is the amount of real particles per super particles.
The mass and charge of the super particle is simply the weighting factor times the mass or
charge of one real particle. This transformation ensures that the force calculation on the
super particle is invariant [13]. Unlike the electric and potential fields, which are defined
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on the nodal points of the grid, the super particles can freely move between the boundary
points of the computational grid. To move the particles they have to be subject to a force.
The force on a super particle can be calculated via the electric field at the super particle’s
position using an interpolation method on the electric field values at the nodal point.

To calculate the force on a particle, the electric field at the particle’s position has to be
known. To do this an interpolation scheme is used in order to calculate the electric field
contribution from the nodal points. The simplest form of the schemes is the Nearest Grid
Point scheme. In this scheme the electric field value of the nearest nodal point is taken as
the electric field strength at the particle’s position [13]. Another, more accurate, scheme
is the so called Cloud in Cell (CIC) scheme. In this scheme the electric field of a particle
is calculated by averaging over the two nearest grid points via a linear weighting[13]. For
consistency the same scheme is also used to calculate the charge distribution from the super
particles to the nodal points. The same process is used in order to calculate the electric
field from the nodal points, which is the reverse process and required for the electric field
calculation.

If the position of the nearest nodal points, corresponding to the particles position is xw
and xe then the charge contribution of a particle on its west point xw is [11]

Jxw =
xe − xp
xe − xw

(2.3)

In which Jxw is the charge contribution of the super particle at xp. Similar for the charge
deposited on the east boundary point as

Jxe = −xw − xp
xe − xw

(2.4)

This is a much more stable scheme with respect to the nearest neighbour approach and
will be used as the scheme of choice in the PIC code[11].

2.1.3 Poisson Solver

With the electric charge deposited on the nodal points of the mesh it is possible to calculate
the electric potential. The potential profile can be calculated via the Poisson equation.
This has to be done by discretizing the Poisson equation[11]. A 1D case is considered with
equidistant cell sizes, an example can be seen in figure 2.3.

In the cell P the electric field just inside the border, thus not counting the charge located
exactly on the border can be found via Gauss’ theorem

∫
A

ε ~E · ~nd2A = Q. (2.5)
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Figure 2.3: Layout of the basic 1D grid from the perspective of cell P with a cell on the
west(w) and on the east(e).

~E is the electric field at the volume of the cell, with surface area A and Q is the total
charge residing inside the volume. Assuming that the normal component of the electrtic
field is uniform over the boundary region and applying a discritisation scheme on eqaution
2.5 leads to

εPAeEeP − εPAwEwP = ρPνP (2.6)

where the subscripts denote a specific cell, ε the permittivity and ν the volume of that
specific cell and ρ an uniform charge density. In order to calculate the electric field at
the boundary of the cell Gauss’ theorem has to be applied on the boundary of the cell
resulting. for the east boundary, in

εEEeE − εPEeP = σe. (2.7)

Where σ is the surface charge located on the boundary. Together with the following relation

δPE
2
EeP +

δPE
2
EeE = −(VP − VE) (2.8)

δPE is the distance between point P and point E. After merging these equations the fol-
lowing is found

εPEeP = −εe
VE − VP
δPE

− εP
εP + εE

σe, (2.9)

εEEeE = −εe
VE − VP
δPE

− εE
εP + εE

σe, (2.10)
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A similar approach can be taken for the other boundaries in the cell which in the 1D case
can then be simplified to the following solution equation

aPVP = aeVe + awVw + b. (2.11)

With the following coefficients

ae = εe
Ae
δPE

, (2.12)

aw = εn
Aw
δPW

, (2.13)

aP =
∑
nb

anb, (2.14)

b =
εP

εP + εE
Aeσe +

εP
εP + εW

Awσw + ρPνP , (2.15)

From 2.11 the Voltage in cell P can be calculated. Which is needed in order to find
the electric field at the nodal points and the particle positions. The electric field at the
particle position can then be used in order to calculate the force on the particle and enable
movement of the particles with the particle mover.

2.1.4 Particle Mover

The Poisson solver enables the force calculation at the particles location. With the force
calculated the particles can be moved. The particle mover alters the position of the indi-
vidual particles on the grid and, hence, is capable of moving them around. To do this, the
acceleration of a particle, ap, is calculated using the local electric field via

ap =
qE(xp)

m
. (2.16)

E[ V
m

] is the electric field from the particles position calculated with the inverse of equations
2.3 and 2.4. Doing so limits the error in the self force, a fake force exerted on a particle
caused by numerical errors in the calculation of a particle’s own electric field at the particle
position. This acceleration can then be used in order to calculate the position and velocity
of the super particles at the next time step.

To calculate the position and the velocity of a super particle through time a particle mover
is used. There are different types of particles movers, the two basic ones are basic Verlet
and Boris Leap frog [13], having similar accuracy. The Verlet scheme is computational
more heavy, with respect to the Boris Leap frog scheme, because the position and velocity
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are calculated each time step, compared with an update every other time step. However,
since a MCC method will be implemented with the PIC code, the velocity of the particle
is required to be known when a collision process takes place. Therefore, the Verlet scheme
is a better choice.

The basic Verlet scheme calculates the particle’s position and the velocity for the next time
step at the same time. The position for each succeeding time step is calculated via

xn+1 = 2xn − xn−1 −
qE(xp)

m
∆t2, (2.17)

where x the position of the particle on the respective time step in the subscript. The
velocity for the next time step calculated with the Verlet scheme is

vn+1 = vn +
qE(xp)

m
∆t (2.18)

For completion the Boris Leap frog method is also stated. Here the displacement and
velocity update are done at different time steps.

xn+1 = xn + ∆tvn+ 1
2

(2.19)

and

vn+ 1
2

= vn− 1
2
−∆t

E

m
, (2.20)

using the same notation as with the basic Verlet Scheme. The difference, as one can see,
is the fact that the basic Verlet has both the velocity and the position updated in the
same time step, where the Boris Leap-frog alternates between updating the velocity and
the position of a super particle. The latter method is faster if no collisions are taken into
account. However the MCC scheme, which is used in order to calculate collision events,
requires the velocity to be updated when a collision takes place. The necessity of calculating
the velocity in additional time steps cancels the advantage of the Boris Leap frog scheme.
Therefore, the basic Verlet scheme is used to update the super particle’s position, equation
2.17, and the velocity, equation 2.18.

2.1.5 Boundary Conditions

The basic components of the pic model have been explained above, in order to make a
simulation boundary conditions have to be applied. Boundary conditions are used in order
to specify places where the plasma comes in contact with the vacuum chamber or the end
of the computational domain, i.e. to impose symmetry. In the first case the limitation is
the fact that the plasma actually ends due to contact with the wall, a sink. The second
case is used to limit the computational domain, e.g. a singularity in the center of a disc or
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the perpendicular sides of a one dimensional parallel plate geometry. On these places the
plasma is simulated with a repetitive or reflective boundary condition. The IEC specific
geometry contains three of such places in the 1D spherical grid where boundary conditions
have to be applied: the anode, the cathode and the center of the domain. These will now
be discussed in detail.

Sinks and Sources

The anode is located at the last nodal point of the computational grid. In the experiment
this corresponds to the vacuum chamber, which is grounded. This means that the anode
is at a fixed potential. Fixed potentials are applied via Dirichlet boundary conditions,
implying a fixed value on the boundary condition nodal point. For the IEC’s case this
means maintaining a zero potential throughout the entire simulation time at the location
of the wall, the last nodal point.

The boundary condition for the potential is applied via the Dirichlet boundary condition.
However, super particles can also reach the anode position. For each time step the position
of the super particles is checked with the position of the anode. In case the super particle
crosses the boundary it reacts with it. Electrons will be picked up by the wall and ions
will neutralize at the wall, in both cases the super particles are erased from the system.
Which leads to a net current flow through this surface. Super particles interacting with the
surface can also cause the ejection of new particles by secondary particle emission causing
the anode to be a particle source at the same time as being a sink.

The secondary particle emission is governed with the secondary emission coefficient which
is taken from a file. The data corresponds with the used gas and materials. If the secondary
emission coefficient is below one then a random number is generated and compared with
the secondary emission coefficient. If higher, a new particle is injected, if it is lower nothing
happens. In the case the coefficient is higher than one, a particle is ejected and a random
number is generated again. The random number is then compared with the secondary
emission coefficient minus one and the selection process is repeated. Newly created particles
are given a random velocity chosen from a Maxwellian distribution function with an average
energy of the work function of the material. The velocity components are directed away
from the anode. The particle is then placed in the last cell.

In an IEC device the cathode is also a particle sink and source. The cathode potential is
also at a fixed value, as is the anode. Unlike the anode, however, the cathode resides inside
the computational domain. In order to apply a boundary condition, the base value of the
cell, which corresponds with the cathode position, is set to −V0, the voltage difference over
the anode and cathode. For particles the cathode appears to be semi transparent. To
implement this in the program the geometrical transparency is calculated via;
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η =
2πRcdN

4πR2
c

=
Nd

2Rc

(2.21)

With η being the geometrical transparency of the grid, Rc [m] the cathode radius, d[m]
the thickness of the wires used and N the number of rings the cathode consists off. The
geometrical transparency for most grids is higher than 0.9.

Particles passing this immersed boundary point can be absorbed by the grid. In order to
calculate this particular event a random number, between 0 and 1, is generated when a par-
ticle passes the grid location. This random number is then compared with the geometrical
transparency. If the newly created random number is higher than the geometrical trans-
parency, the super particle is considered to be lost and can produce secondary particles
with the same process as described earlier in this section.

Neumann Boundary Condition

In a Cartesian grid the volume of a computational grid cell is a constant. In the case of a
1-D spherical and or cylindrical grid this is not the case. In the spherical case the volume
of a cell scales with r2. The volume becomes increasingly smaller for smaller radii, which
eventually leads to a singularity in the centre. To avoid this the computational domain
starts at a small non-zero radius. The potential at this point is considered to be a Neumann
boundary point. The derivative of the variable in question is zero at a Neumann boundary
point. Implying that the 2 closest nodal points of the Neumann boundary have to be at
the same value. This is done by applying the same potential to these two nodal points.
For particles these boundaries often involve exiting on one side and entering on another or
resemble a symmetry boundary causing particles to be reflected or injected at an opposite
side. In case of the IEC geometry this is governed by a change in sign in the radial velocity
component of the particle, at the center of the device.

All boundary conditions are set beforehand and do not change during a simulation. To-
gether, the boundary conditions imposed on the computational domain, the super particles
and the computational domain itself govern the working of the model. However, there are
some parameters which have to be chosen in order to keep the simulation runtime limited
while still producing interpretable results.

2.1.6 Numerical Conditions

The model is defined by the computational domain, the super particles and the boundary
conditions. However, numerical conditions have to be set in order to make the system
stable such that it converges instead of diverging. The use of numerical condition criteria
as described in [14] are used to set our numerical conditions required for stable operation

17



given certain plasma properties. In case these conditions are not implied the solution
will certainly not converge to a steady state due to excessive errors in, i.e. the particle
movement. In total three forms of numerical conditions are identified, these are time
resolution, spatial resolution and the particle weighting size. All of these will be treated
separately in the following sections.

Integration Time Step

The integration time step should be limited such that super particles are prohibited from
passing an entire cell during one time step. Moreover, the time step should be related to
the characteristic time lengths of the system in order to make it stable. For the electrons
the main time scale is the electron plasma frequency[8]

ωpe =

(
nee

2

ε0me

)1/2

, (2.22)

where ne[m
−3] is the expected electron density, e is the elementary electron charge, ε0[ F

m
]

is the permittivity of free space and me[kg] the mass of an electron. A general stability
criterion would mean that the product of the lowest frequency, required to be resolved,
by the time step should be lower than two. For a better accuracy, but still a manageable
simulation time, the following criterion is followed[14].

ωpe∆T < 0.72 (2.23)

With an expected density of 1013m−3 a time step of 4 · 10−9s is found. If the density
is increased, compared to the reference value, the time step size is different according to
equation 2.23.

A similar approach can be done for the ions. However, because they are heavier than
electrons the required time step is larger. Meaning that the electron time step is also
sufficient for ions. Nevertheless, if one wants to save computation time it is possible to
reduce the time step size of the ions with respect to the electrons with an appropriate
factor. Such that equation 2.23 holds for the ion plasma frequency.

Computational Grid Spacing

Typical length scales are chosen for the spatial resolution . The main length scale is the
Debye length which is defined as

λd =

√
εrε0kbT

nee2
(2.24)
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With kb[
eV
K

] the Boltzmann constant, T[K] the temperature of the electrons and e[C] the
charge of an electron.

The amount of particles in each Debye sphere must be large; λ3
dne >> 1. Which leads to

λd >>
1

3
√
ne
. (2.25)

For the estimated density and an estimated plasma temperature of a few eV the Debye
length becomes in the order of 10−3 m. This then corresponds to the distance between the
nodal points in the computational grid. If the density increases, the length size decreases,
resulting in a smaller grid spacing. Again, to take accuracy into account the following
criterion have to be met [14]

∆x

λd
< 0.23 (2.26)

With the typical Debye length calculated, via equation 2.24, a length of 2.3 · 10−4 m for
∆x is found. Taking into account that the computational domain is limited between the
center, at 0.01 meter, and the anode, at 0.25 m, the number of cells chosen equals 600.
Resulting in a sufficient small cell size.

Particle Weighting

The maximum current in the experiment is of the order of 0.1 A. This corresponds to
6 · 1017 electrons per second hitting the anode, not taking electron emission in account.
With a time step of about 10−9 seconds. This becomes 6 · 108 electrons per time step. To
have an average of roughly 1 super particle per time step reaching the anode the particle
weighting is chosen to be 106.

2.1.7 Heating Time

Due to the discrete nature of both particle position and electric field, energy in a PIC code
is not conserved. However, it is necessary to have an idea of the error which is made during
each time step. A way to do this is via the so called heating time. This is defined as the
average time needed for an average particle to increase its kinetic energy by 1

2
kBT [14].

< h(τh) >=
1

2
kBT+ < hi > (2.27)

Where < h(t) >[J] is kinetic energy of the ensemble at time step t, < hi >[J] is the initial
average kinetic energy of the ensemble and τh[s] is the heating time.
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If all errors are converted into a single error field, hence a field which determines the
magnitude of the error, and is applied to all particles then this can cause a change of
momentum equal to the impulse. This leaves

mδv = qδE∆T (2.28)

where m is the mass of the particle, δv the change in velocity of the particle, q the charge
of the particle, δE the error field in a random direction and ∆T the chose time step. The
average difference in velocity for an ensemble consisting of particles with the same velocity
is

< ∆v >= 0 (2.29)

However as time progresses, with n steps, the error grows and so does < |∆v(t)|2 > as[14]

< ‖∆v‖2 >= n(
q

m
∆T |δE|)2 (2.30)

Per particle the average change in kinetic energy becomes

< h >=
1

2
m(2v0· < δv >) +

1

2
m < |∆v|2 > . (2.31)

By using equation 2.29 and 2.30 this then transforms to

< h >=
q2

2m
∆T 2|δE|2n (2.32)

Thus independent of the initial velocity v0[14]. In order to calculate the error field, |δE| a
non radiative, non collisional bounded plasma is created. Numerical conditions previously
calculated are assumed. Particles leaving one side of the domain are injected at the other
side. This way no particle or energy can leave the system and it is possible to calculate the
error. A close system was simulated using the previously obtained time step size and mesh
size. Figure 2.4 shows the results, the kinetic energy is doubled after 1.7 · 102 simulation
time steps.

The computational domain, super particles, boundary conditions and numerical conditions
are defined, completing the PIC part of the model. The PIC part of the model will be run
with these conditions. If a non convergent solution is found the numerical conditions will
be adjusted.

Solely the PIC part of the model would not produce a discharge, since the interaction
between the plasma and the wall is primarily a sink for particles. The particles density
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Figure 2.4: An increase in kinetic energy is observed for a closed system with the min-
imum resolution, 10−9s/timestep. After 1.7 µs the kinetic energy of the closed system is
doubled.

would not reach a steady state solution. The biggest source of charged particles, thus apart
from particles created via plasma wall interaction, is inside the plasma itself. To create
new particles inside the plasma, plasma chemistry has to be added. This is done via a
Monte Carlo Collision process and is discussed hereafter.

2.2 Monte Carlo Collision

The previous part of this chapter describes the inner workings of the PIC module of the
model. This enables particles to follow paths through the computational domain. However,
a plasma differs from a normal gas, in a way such that inelastic collisions are far more likely.
Some examples of these inelastic collisions are ionization and excitation collisions between
molecules and ions. From these collision processes new particles can be born. Modelling
this with only the PIC solver is not possible, an extension needs to be used. A common
method to model the chemistry in a plasma is called a Monte Carlo Collision model(MCC).
The rate of collisions is governed by the cross section of a particular process. Since IEC
devices generally are operated with deuterium in order to produce neutrons, these reactions
are used. The reaction cross sections are discussed in this section. Whether or not a new
super particles has to be generated is determined by the MCC method. This section gives
an overview on the inner workings of this part of the model. Lastly, a benchmark is added
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in order to verify the correct workings of this part of the model.

2.2.1 Cross Sections

New particle formation in a plasma is governed by collision processes inside it. Each
collision process has its own cross section, as used in equation 1.3. The cross section gives
an area of impact corresponding to a probability of a specific collision event to happen.
The cross sections for reactions in the plasma are given per ev/amu of the projectile in the
rest frame of the target. Thus for each projectile energy a particle has a different collision
cross section with respect to the target. This, on its turn determines the mean free path,
l, of a particle undergoing reaction r via

l(E) =
1

nσr(E)
, (2.33)

where n[m−3] is the density of the background gas and σ[m2] the cross section of the
relevant reaction. Both l and σr depend on the collision energy.

The gas commonly used in IEC devices is deuterium. deuterium is a hydrogen isotope, with
Z=2, and part of one of the most common used fuel for fusion reactions on Earth. Besides
deuterium, tritium is also used as fusion fuel. However, since this isotope is radioactive,
costly and extremely harmful it is rarely seen in IEC devices. In the upcoming sections
the cross sections of hydrogen reactions will be treated. Deuterium is twice as heavy as
hydrogen, in the model all cross sections for hydrogen will be used for the same ev/amu
compared to deuterium, e.g. a hydrogen cross section at 50 keV is equal to the deuterium
cross Section at 100 keV.

Mono atomic gasses have the least amount of degrees of freedom. Hydrogen, normally
found in its natural diatomic state, has more degrees of freedom compared to mono atomic
gasses. Moreover, hydrogen, as an atom, has only half of its outer electronic shell filled,
which makes it reactive with other atoms. These two things combined give rise to additional
processes which can lead to the formation of new ions. Two models will be treated, the
first one approaches the plasma as an atomic plasma. Only atomic processes are taken
into account. The second one takes molecular species into account.

2.2.2 Atomic Cross Sections

Initially the background gas is approached as an atomic gas. In reality, hydrogen is a
molecular gas. However, due to the increased complexity and unknown cross sections a
simplification is necessary. This means that only the cross sections involving interactions
between electrons and atomic hydrogen and the cross sections of reactions between atomic
hydrogen and hydrogen ions are considered.
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It is beneficial if it is possible to model for energies up to 100 keV, since this is the working
range of a typical IEC device. One can see, for example in figure 2.5, some cross sections
are not comprehensive in the full energy range, e.g. the elastic scattering cross section in
the same figure. Since no data is available in this domain, extrapolation is used. A linear
extrapolation in the double log domain is made up until energies of 100 keV. This same
approach is done for all the cross sections for which no data exists on the high energy
range. In the lower energy range, a few eV, the extrapolation is sometimes also necessary.
However, in this region one has to take into account possible energy thresholds, i.e. the
ionization energy. The extrapolation is the done such that the cross section below the
ionization energy is zero. A distinction is made between electron and ion impact cross
sections, both are treated hereafter.

Electron Impact

In the atomic model two types of particles are taken into account: electrons and ions.
Electrons can undergo various interactions with the background gas. Such as electron
impact ionization is, the process of electrons impacting on a neutral particle. Electrons
from any energy can undergo scattering events on a background atom. Excitation on the
other hand requires a certain threshold energy such that the electron is capable of exciting
the hydrogen atom, going either from ground state to an excited state or from an excited
state to an even higher excited state. The energy difference between the excited states is
transferred from the kinetic energy of the electron.

If the energy is high enough, higher than the ionization energy, electrons can cause an
ionization process. In this process the attached electron, belonging to the hydrogen atom,
is completely removed from the atom. The pre-collision state of the Hydrogen atom can
be any state, ground or excited. The higher the electronic state of the hydrogen atom the
less energy is needed to ionize the atom.

The cross sections of these reactions can be seen in figure 2.5[15].At the low energy range,
below several tens of eV, scattering events dominate. At higher energies excitation and
ionization collisions dominate. In general, the cross sections of excitation aare lower when
the neutral is excited to higher levels.

Ion Impact

The other particles modelled are ions. Ions themselves undergo all kind of reactions with
the background gas. The same basic collision processes as with electrons can occur, on top
of this ions can cause charge exchange, with neutrals. When an ion interacts with an atom
it can scatter, excite the atom, ionize the atom or undergo a charge exchange process.

During a charge exchange process the electron of a neutral background atom is transferred
to the fast ion with whom it interacts. The new neutral ion resides in an excited state and
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Figure 2.5: Electron impact cross sections for atomic hydrogen in its ground states to
various other electronic states[15].

will quickly decay to ground state by emitting a photon, average time scales are given by
the Einstein coefficients of the atom which decays to its ground state[16]. Resulting in an
effective momentum transfer between atom and ion.

The cross sections of the interaction between ions with neutral Hydrogen atoms can be
seen in figure 2.6. Charge exchange processes have the highest chance to occur over a
long range of particle energies. Only at high particle energies, roughly over 100 keV, other
processes, like ionization and excitation, dominate over charge exchange. Combining a
high probability and the fact that effectively nearly all momentum is lost makes charge
exchange a dominant energy loss mechanism.

2.2.3 Molecular Cross Sections

The reactions of charged particles with atomic hydrogen were discussed in the previous
section. However, during normal operation the background gas consists not of H but H2. In
addition to the interactions previously described, not only electrons are transferred between
particles, e.g. charge exchange, but particles can exchange particles. This gives rise to even
more types of species in the plasma. Besides H+ also H−, H+

2 and H+
3 are created and

are present in a hydrogen plasma. Together with the electron this gives five species able
to undergo reactions with the background gas, H2. Only particle-background reactions
are taken into account because the background density is expected to be several orders
of magnitude higher than any ionic or atomic species, thus excluding ion-ion interactions.
Moreover, the background gas is in the ground state because the collision time of these
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Figure 2.6: Hydrogen ion impact cross sections impacting on atomic Hydrogen[15].

excited atoms is longer than their decay time which is given by their Einstein coefficients
[16].

With the addition of an extra atom in the molecule the problem becomes more and more
complex. A good example of this is, not only can a particle excite a neutral atom in its
electronic state it can also excite it to a vibrational and rotational state. In the end this
results in a lot of reactions with cross sections not well known, at least not for the 0 to 100
keV energy range regarding the IEC application. These results could potentially influence
the outcome by a large margin, not only differ the produced particles H−, H+, H+

2 and
H+

3 in weight and in sign but this will also introduce a lot more decay channels for each
reaction. The most prominent one in normal plasmas is electron impact ionization which
is discussed first. Besides electrons, four types of ions are considered to be present in the
plasma, namely H+, H+

2 , H+
3 and H−. These will be discussed afterwards.

Electron Impact on H2

In this type of reaction electrons impact on the background gas,H2. As in the atomic case
elastic scattering, excitation and ionization can take place. In addition to those, there is
also a possibility for the electron to dissociate the H2 molecule. The following reactions
can occur
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Figure 2.7: Electron impact cross sections for collisions with H2[15].

e+ H2 → 2e+H+ +H, (2.34)

e+ H2 → e+H +H, (2.35)

e+ H2 → H− +H (2.36)

The last reaction is responsible for the production of negative ions. The known cross
sections involving electrons impacting on the background gas can be seen in figure 2.7.

Ion Impact on H2

One of the four ion species which can be formed in a hydrogen plasma is H+. The pro-
duction of this ion is governed by the dissociation of H2 and H+

3 . When colliding with
the background gas the ion causes ionization, excitation, charge exchange and dissociation.
Moreover H+ is capable of attaching to H2 to create H+

3 . Some known cross sections of
ionic hydrogen interacting with the background gas can be seen in figure 2.8.

The product from direct ionization of the background gas is H+
2 , this ion can also un-

dergo reactions with the background gas, including excitation, elastic scattering, ioniza-
tion, charge exchange and dissociation of either the ion or the neutral. The relevant cross
sections, which are known, can be seen in figure 2.9.

H+
3 is created by attaching H+ onto H2. For this reaction only the total production

processes are known, e.g. the production of fast H+ due to H+
3 dissociating on H2. For
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Figure 2.8: Cross sections of H+ impacting on H2[15].

all these reactions only the total production of a single term is known. The MCC code,
discussed later on in this chapter, needs all separate reaction channels in order to work.
Since the specific cross sections of H+

3 are not known, a complete molecular PIC model
cannot be build.

For the negative ion H− only two cross sections for collisions with H2 were found. Both

Figure 2.9: Known cross section data for H+
2 on H2.[15]
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Figure 2.10: Known cross section data of H− impacting on H2[15].

reactions involve the detachment of the electron. In the first case an extra electron of the
Hydrogen atom is detached, effectively leaving behind a H, H2 and e. In the second case
the energy transferred to the incoming H− ion is enough to ionize the hydrogen atom. The
cross sections of these reactions can be seen in 2.10.

The physical situation involves H2 as an background gas. However, due to the increase
in complexity of the target the overall amount of reaction channels increases. Since the
method described hereafter is an all or nothing process, e.g. a process happens or it
doesn’t, it is not possible to model the molecular processes with reaction channels missing,
which is the case for molecular hydrogen. Instead, it is chosen to model the interactions
inside the plasma with atomic background gas. This limits the amount of ion types and
interaction channels. The cross sections of the loss mechanisms for atomic and molecular
hydrogen have roughly the same order of magnitude, but due to more reaction channels in
the molecular version a one to one comparison cannot be made. However, considering an
atomic gas opens up the possibility to use helium or argon as a background gas, which can
also be used in experiments, providing that the cross sections are changed towards that
gas.

The implementation of the chemistry via the cross sections is done via a null collision
method, which is discussed next. The cross section data used in the code is obtained from
.dat files which are prepared before simulation.

28



Figure 2.11: Example of cross sections being added up to a total cross section.

2.2.4 Null Collision

In the PIC-MCC model the chemistry is provided by the MCC part. This Monte Carlo
code is governed by a null collision method, based on a random number generator. The
model uses all cross sections of the separate processes. This section explains the basis
principles of the null collision method [11].

In the previous sections it was shown that each process, occurring in the gas, has a separate
cross section. For a certain particle the chance that a reaction happens with the background
gas can be calculated using the total cross section, σtot, which is the sum of all individual
cross sections via

σtot = σ1 + σ2 + σ3 + ...., (2.37)

where σ1, σ2 and so on are different processes which can happen to the parent particle.
All cross sections have a certain maximum at a certain energy. Thus, this must also hold
for the total cross section. Since there is a maximum, it is possible to define a constant
maximum cross section. Defining this cross section enables one to calculate the collision
time from the collision frequency

ν0 =

√
2ε

m

∑
i=1

NT

∑
j=1

Npiσij(ε)ni(r). (2.38)

Together with the probability of the particle not undergoing a collision,
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Figure 2.12: Example of a null collision cross section for a set of cross sections. The
chance that a certain collision process is picked over another is equal to its contribution to
the total null collision cross section.

p(t) = e−ν0t, (2.39)

this results in an equation for the collision time,

∆collision = − 1

ν0(ε)
ln(1−R1). (2.40)

where R1 is a random number generated. While doing so, it is possible to give a super
particle, as defined in section 2.1.2, a characteristic collision time when it needs to collide.
A computational efficient way to incorporate a collision scheme is to let the particle collide
at this time stamp. If the energy of the particle is not at the maximum cross section an
error is made. Due to a relative lower cross section the reaction process is triggered too
soon. To compensate the over representation of reactions the particle is allowed to undergo
a null collision proces, e.g. it does not react.

The null collision allows for nothing to happen even though the particle is selected to
undergo a collision process. The cross section of the null collision equals the constant
maximum cross section minus the total cross section, as a function of the incoming particle
energy. When a particle is due to undergo a collisional process the energy of the particle
is read and the corresponding cross sections are read from files. Each separate one is a
certain percentage of the total cross section, which includes the null collision cross section.
A random number between 0 and 1 is generated in order to compare this to the fraction
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of reaction cross section compared to the total. In case the number is lower than the first
fraction, relative to the total cross section, this process is selected. If not, the relative
fraction of the next cross section, compared to the total cross section, is added to last
fraction and compared again with a random number. If the random number is smaller,
the corresponding process is taken, if not it isn’t and so on. If, in the end, no process is
selected the null collision is selected and a new collisional time is chosen [11].

Background Gas

During the calculation the background gas is assumed to be at a constant temperature.
The velocity of the particles which will be used during the collision process is calculated
by giving the particle an energy in each direction with a total maximum energy of kbT .
We assume that all particles are in the ground state when an interaction occurs, this is
because the interaction time scale for the assumed density is lower than the time scale of
decay. If this is not the case, one can assign a random number generator and compare
this with a threshold number. This way a part of the background gas can be in its excited
state.

This concludes the section describing the inner workings of the MCC part of the model.
In order to verify the working of the chemistry a benchmark test is performed, which is
discussed in the next section.

2.2.5 Benchmark: Collision Frequency

The previous section explains the internal working of the MCC part of the model. In order
to verify it is working a benchmark test is conducted. The benchmark of the MCC solver
is done with a routine which calculates the number of reactions gained in a certain period
of time. Knowing the density of both the background gas and the number of particles
it is possible to calculate the reaction rate which is obtained from the code, obtained by
dividing amount of reactions by the time elapsed.

In parallel to this, it is possible to compute the reaction rate from the cross section of a
given selection and a Maxwellian ion distribution. The average of the product of these two
equals the reaction rate constant for a given temperature as in equation 1.4. Which can
then be expressed as

Γ =< σv >, (2.41)

with Γ being the reaction rate constant for the reaction with cross section σ and v being
the particle’s velocity. The MCC part of the model works correctly when the computed
reaction rate and the analytical calculated reaction rate are comparable.
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The charge exchange reaction of H with H+ is used as a test case, see figure 2.6. A
Maxwellian ion distribution is used,for testing purposes, by using the cumulative distribu-
tion function

F (v) = erf

(
v√
2a

)
−
√

2

π

ve−v
2/2a2

a
(2.42)

with a being

a =

√
m

kbT
(2.43)

To create the ion velocity distribution, for each particle it is necessary to pick a random
number between 0 and 1. The corresponding velocity from the cumulative distribution
function F(v) is then used as the particle’s mean velocity. The PIC part of the code is
disabled such that only the MCC part is active and the velocity distribution of the particles
stays constant. All collisions governing from charge exchange reactions are counted. The
amount of time passed is registered together with the number of reactions. From this, the
reaction rate can be computed via

Γcx =
Nr

∆tnHNS

, (2.44)

with Nr the number of reactions that occurred in the time period ∆T [s]. NS is the number
of super particles and nH [ 1

m3 ] the density of the background gas. A comparison is made
between the data from equations 2.41 and 2.44, which can be seen in figure 2.13.
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Figure 2.13: Comparison between calculated and modeled reaction rates.

2.3 Conclusion

The PIC-MCC code is split up into two modules, the PIC part and the MCC part. The
PIC model describes the physical space and governs the motion of the super particles and
their long range interaction with both the background electric field and the electric field
of other super particles. The MCC part of the model executes the chemistry in order to
produce new particles inside the gas. The inner workings of both parts and their relation
to the experiment have been discussed. The separate modules have been tested and are
working, with respect to the test cases. However, a possible limitation in the chemistry
processes for hydrogen, with respect to the experiment was found. This is caused due to an
incomplete cross section set of Hydrogen reactions when choosing molecular Hydrogen as
a background gas. The exact implication, by choosing atomic above molecular processes is
unclear, due to the difference in cross sections. However, the usage of atomic reactions does
open a way for further research by using Argon or Helium as a background gas, changing
the cross sections accordingly.
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Chapter 3

Current model

3.1 Introduction

The performance of an IEC is characterized by the total neutron production. Increasing the
neutron output of such a device could open up commercial exploitation. The simplest way
to increase the output is to increase the current, thus putting more power into the device.
This increase in power heats up the electrodes, mainly the cathode. Already undergoing
erosion via sputtering and evaporation, the cathode lifetime will be even further reduced
due to both processes being enhanced by higher cathode temperatures. This eventually
leads to a short duty cycle.

An optimization of the neutron production rate and the lifetime of the cathode is needed.
The lifetime of the cathode depends on the temperature of the cathode, which on its turn
is influenced by the energy deposited and carried away by incoming and outgoing particles.

The neutrons, coming from the IEC device, are assumed to be mainly produced by fast-ion
background interactions[9]. The neutron production contribution due to fast-ion fast-ion
interaction is assumed to be lower due to lower ion densities with respect to the background
density. If the ion velocity distribution remains the same with increasing ion current one
should simply increase the ion current in order to maximize the neutron output. Part of
these accelerated ions reach the cathode and are neutralized. Making up a part of the total
current which is deposited into the device. The total current could then be used in order
to estimate the ion current in an IEC device.

The total current is a fixed value for certain operating conditions, of which one of the
contributions is the neutralization of the incoming ions. Other current contributors also
contribute to the total current, e.g. ion induced secondary electron emission, field emission,
thermal electron emission and photon induced secondary electron emission. Some of these
processes depend on the incoming ion flux and others do not. The goal of this chapter is to
combine these separate processes in order to investigate the dependency of the ion current
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on the total current and, with it, derive the radial position at which ions are born.

Thus the ion current contribution following from a model, containing these production
terms, applied to an IEC device in order to yield the ion flux to the cathode for a spherical
IEC device, for a given set of input parameters, applied voltage, cathode radius, anode
radius and operating current has to be found.

From this, the birth radius of the ions is in the process obtained via this analytical model.
In this analytical model the total current is divided into several contributions. The different
current contributions will be considered in detail. A separate model is needed in order to
determine the incoming ion current, which will be explained. The current model is extended
with a cathode temperature model which could be helpful in future cathode erosion studies
in order to estimate the lifetime of the cathode. The cathode temperature is then compared
with values from experiments in literature in order to have a validation of the model.

3.2 Current Contributions

The general idea behind the current model is that the cathode of the IEC device is con-
sidered to be a Kirchhoff node[17]: the sum of all currents is zero. The total current
through the cathode can be split in non-emissive and emissive currents. The first consists
of ion implantation and ion neutralization. The latter consists of thermionic emission, field
emission, Electron Secondary Electron Emission(ESEE), Ion Secondary Electron Emis-
sion(ISEE) and Photon Secondary Electron Emissions (PSEE). Combined with Kirchhof’s
current law this becomes

Itot − IImp − In − IESEE − IISEE − IT − IF − IPSEE = 0. (3.1)

Where Itot[A] is the input current characterized by the current provided by the power sup-
ply. IImp is the current due to neutralization of ions which are implanted in the cathode
surface. In comes from electrons that attach to an ion near the surface, these ions how-
ever, in contrast to implantation, have no influence on the material properties. IT is the
current due to thermionic emission of the electrons, becoming ever more dominating at
temperatured in exess of 1000K. The current contribution from field emission, IF , arises
when strong electric fields extract electrons from a surface. IESEE, IISEE and IPSEE are
emissive currents due to electrons leaving the surface after respectively electron impact,
ion impact and photon impact. Ions created by electron impact ionization also reach the
anode, however, because the cross section of this production term decreases rapidly with
increasing electron energies, see figure 2.7, it i assumed that due to fast acceleration of
electrons in the inter electrode space the ion production term from this process is low.

The ion current is determined by examining all separate current contributions for a set
of input parameters, i.e. voltage, pressure and cathode radius. The residual or non ion
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induced currents are subtracted, the remaining current is the ion current. Each current
contributor will be treated separately in the upcoming sections, starting with the non
emissive currents: ion neutralization and electron absorption. The emissive currents which
are considered; thermionic emission, field emission and secondary electron emission are
induced by various processes. Lastly, a small note on the implication of material properties
changing due to operation of the device is given.

3.2.1 Non Emissive Currents

The first current contribution comes from non emissive currents, currents which do not
imply charged particles being ejected from the surface. All ions reaching the surface are
assumed to be neutralized in the process, either via implantation or by picking up an
electron from the surface which neutralises the ion. Ion implantation can change properties
of the surface, e.g. changes in surface roughness and work function of the material are the
most noteworthy. This is especially the case when a device is operated for longer periods.
However, the precise effect of these processes on material properties is unknown. In the
scope of this project perfect conditions are assumed.

In first instance non emissive currents do not lead to a particle flow from the cathode.
Ion reflection is neglected in these processes, which could be significant at lower energies,
several eV, but becomes less and less important at higher energies [15]. Since an IEC is
operated at high voltages particles, ions coming from the inter electrode space have high
energies. It is therefore assumed that all particles reaching the surface are neutralized.
In addition to the the neutralization these processes often go hand in hand with emissive
processes, mostly electron emission. Possible electron emission due to the neutralization
process or secondary electron emission due to ion impact is covered in the likewise named
section further on in this chapter.

3.2.2 Emissive Currents

Besides non emissive currents, emissive currents are also present. These currents are the
result of either the impact of particles on the cathode, an electric field impeding on the
cathode surface or an increase in cathode temperature. The latter two do not depend on
the presence of other particles and are discussed first. The process of electrons, ions and
photons impacting on the cathode and ejecting electrons in the process is called secondary
electron emission. These processes are governed in the second half of this section.

Thermionic Emission

The first process not requiring initial particles interacting with the cathode surface is
thermionic emission. Thermionic emission current occurs when a material is hot enough
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Figure 3.1: Thermionic current for different cathode materials target at different tem-
peratures without an impeding electric field on the cathode surface.

such that some electrons in the material have energies higher than the work function,
enabling them to leave the surface of the material. This is quantified by the Sommerfeld
formula[18]:

J =
4πme

(2π~)3
T 2(1−R)e

(
− W
kbT

)
. (3.2)

In which J[A/m2] is the current flux from the surface, m[kg] the mass of an electron, e[C]
the electron charge and T[K] the temperature of the material. R is a material dependent
internal reflection coefficient which arises from electrons reflecting of the electrical boundary
of the surface. W[eV] is the work function of the material. Molybdenum is taken as the
cathode material of choice in the calculation of the ion current for the reference case. For
a Molybdenum cathode the work function is 4,5 eV [19]. Operation of the IEC device
will, over time, enhance its surface roughness. Due to this, all crystalline orientations are
introduced to the surface, changing the overall work function of the material. Molybdenum
is one of the materials of which the work function does not change much, in the order
of tenths of eV, with respect to the surface orientation[19]. As a first approximation the
average work function of the different crystallographic surfaces is taken as the work function
of the material, thus assuming a random orientation of the surfaces.

To show the effect of the thermionic current, the current density is plotted for a Molybde-
num surface at different surface temperatures in figure 3.1 with R equalling 0 in equation
3.2.

If the input current is of the order of several tens of mA thermionic emission becomes
important, for IEC purposes, at cathode temperatures beyond 1300 K. Limiting this current
can be done by an optimal choice of work function, an higher work function is desired.
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Field Emission

Field emission occurs when strong electric fields are incident on a material surface. The
effect has two regimes of operation regarding to different electric field strengths. In the
lowest regime, electric fields can change the work function of a material via the Schottky
effect [18]. The change in work function, ∆W is given by

∆W = W0 − C
√
E, (3.3)

where W0[eV] is the original work function of the material, C a constant equalling 3.8 ·10−3

eV
m

and E[V/m] the electric field strength. For electric field strengths beyond 108V/m the
electric field is not only able to modify the work function of the material but also enables
electrons to tunnel through the potential barrier. This effect is quantified by the Fowler-
Nordheim formula[18]

J =
q2

4π2~
1

W0 + εF

√
εF
W0

e

[
−

4
√
2mW

3/2
0 υ

3e~E

]
, (3.4)

where J[Am−2] is the current density through the surface and εF [eV] the Fermi energy of
the metal. E[V/m] is the electric field strength at the surface. To estimate in which regime
the electric field near the cathode in the neutron generator is located the 1-D spherical case
of two conducting spheres with different radii R1[m] and R2[m] is considered. With R2 >
R1, and a voltage applied to the inner sphere of −V0[V] and the outer sphere grounded the
following Laplace equation has to be solved

−∆V = 0. (3.5)

The solution for this equation in spherical coordinates is

V (r) =
R1(−r +R2)V0

r(R1 −R2

, R1 ≤ r ≤ R2 (3.6)

−V0, 0 ≤ r ≤ R2 (3.7)

If the dimensions of the neutron generator are applied, with a typical electric field of 10s
of keV, an electric field at the boundary of the cathode in the order of ·106 V/m is found.
Therefore it is assumed that the electric field only modifies the effective work function of
the material via the Schottky effect. The current at the wire surface could increase this
effect if very thin wires would be used, this is due to increased curvature for smaller wire
radii. This depends on the design of the cathode itself and should be calculated for each
design in designated analysis. For further calculations it is assumed that the impact of the
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wire curvature does not impact the electric field strength, because this depends on specific
cathode designs. Modifications to the surface E-field strength could be made.

Secondary Electron Emission (SEE)

Secondary Electron Emission occurs when incoming particles transfer their energy to elec-
trons of the material. Which on their turn can gain enough energy to overcome the work
function. In doing so, these particles can leave the surface and be accelerated by the applied
electric field. There are multiple types of particles capable of inducing this effect, electron,
ions and photons. All of these processes could be potentially important contributors to
the total current. In the following sections each individual process is treated separately.

Electron Induced SEE
Secondary electron induced electron emission is induced via incoming electrons transferring
their energy to the electrons in the metal. During the interaction with the cathode the
incoming electron transfers its energy to the electrons from the material. Part of these
electrons are capable of leaving the surface where they are then considered being lost. A
semi-empirical formula[20] can be obtained such that a relation between the amount of
secondary electrons per primary electron which is

δ

δm
= 1.28

(
EPE
Em
PM

)−0.67
1− e

[
−1.614

(
EPE
Em
PM

)1.67
] , (3.8)

where δ is the secondary electron emission coefficient,δm the maximum secondary electron
coefficient for a given maximum energy Em

PE[eV] and EPE[eV] is the energy of the incoming
particle. For molybdenum δm equals 1.14 and Em

PE 0.5 keV [21].

However, in an IEC device the high negative potential of the cathode limits the incoming
electron current from the inter electrode space and is considered to be a very small con-
tribution and thus neglected for the cathode and inter electrode region. The contribution
from electrons from within the anode region, which have on general a low energy, is also
assumed to be negligible compared to the total current. Because the cathode is the most
negative part of the device, electrons are rather ejected from the center region towards the
anode, through holes in the cathode.

Secondary electrons produced by primary electrons could be potentially important at the
anode region, in the case where there is no external plasma source is available, e.g. electron
emitters. The electron ionization cross section, as can been seen in the previous chapter,
falls at higher energies. The mean free path of these particles is multiple device sizes
and, therefore, unlikely to produce ionization events. However when these particles hit the
solid anode they create slow, up to several hundreds of eV, secondary electrons, capable of
ionizing the gas[22], which can be of importance for keeping the plasma state.
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Figure 3.2: The secondary electron coefficient of Hydrogen impacting on Molybdenum
and Nickel for different energies of the incoming hydrogen ion[21].

Ion Induced SEE

Ions, however, do reach the cathode. By doing so they are not only neutralised but can
also cause an emissive current, ion induced secondary electron emission(ISEE). ISEE is the
process in which electrons are emitted from the surface due to ions hitting the surface. Due
to the large mass difference between these particles the energy transfer between collisions
is low. For low energy ions, below 1 keV, the secondary emission coefficient is defined
as a constant and is mainly caused by potential emission. The ISEE coefficient differs
per material and incoming ion type, thus is device and operating conditions generic. No
general type of equation was found which could be taken into account in order to calculate
this coefficient. However, for impact energies between 0 and several 100 keV, a data base
[21] with experimental obtained coefficients which have been measured for various incoming
ions and cathode materials. A selection can be seen in figure 3.2. The energy distribution of
these ISEE depends on various factors, for example on the species involved and the impact
energy. Generally speaking, the maximum of the secondary electron energy distribution
should not exceed several tens of eV.

In the lower energy regimes, below 1 keV, incoming ions have a chance to produce an auger
electron: if an electron is absorbed by the ion the released energy is transferred to another
electron in the conduction band, this specific process is called Potential Emission. These
electrons will have enough energy to overcome the work function of the material and leave
the material[23]. The coefficient for this effect can be determined by the empirical law[24]:
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γau = 0.016(Ei − 2W ) (3.9)

In which the secondary electron emission coefficient is γau for auger electrons, Ei[eV] the
ionization energy of the incoming species. For hydrogen ions impacting on a molybdenum
target γau = 0.07.

It has to be said that all the used data is only viable for a perpendicular angle of incident
with respect to the surface. The coefficients alter if the angle of incident changes. The
surface roughness will be increased during operation which introduces different angle of
incidents. However, due to the lack of quantitative information of the magnitude of this
effect it is impossible to implement this. Therefore it is assumed that all ions reach the
surface with an angle perpendicular with respect to the surface. In this case the assumption
will give a lower boundary value for the current contribution by this effect. Maximizing
the possible ion current, the most idealistic case.

Photon Induced SEE

When a photon exceeds the energy of the work function of a material, it can, upon impact,
cause electron emission from the surface of a material. To calculate the amount of photons
causing electron emission the amount of de excitations in the gas has to be known.

The total number of molecules per volume gas can be derived from the ideal gas law. The
pressure of the gas is low enough to assume that the gas behaves as an ideal gas according
to

n

V
=
Pna
RT

(3.10)

The gas is weakly ionized. Assuming an ionization degree estimated at 0, 01, it is possible
to calculate the amount of electrons in the gas. To find the excitation degree we have to
know the temperature of the electrons. Considering that the gas has no uniform global
Maxwellian distribution and even if it had one, the electron temperature would not be
known. Therefore, in order to make an estimation, the electron temperature is estimated
as typical for a ”normal” gas discharge to be about 1 to 6 eV. In this regime excitation rate
coefficient can be found in literature. Figure 3.3 displays the excitation rate coefficients of
electron impact in a hydrogen gas for various electron temperatures.

From figure 3.3 and the respectively expected densities of neutrals and electrons in the
gas the amount of excited states that de-excite will be about 1 × 1018 m−3s−1. However
not all photons produce an electron. The photon emission coefficient for molybdenum is
about 0.1 [16]. Moreover, most of the photons will hit the anode due to the large ratio
between the size of the surfaces. When all possible places have equal probability of being
hit by a photon the total amount of photons interacting with the cathode is simply the
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Figure 3.3: Excitation rate coefficients of H2 due to electron impact, for the first three
excited states of H2 which emit photons having energies in excess of 10 eV.[15]

ratio between the cathode surface and the total surface, in this case about 0.79m2 (anode
+ cathode surface). The total current, Iphoton from this effect then becomes

Iphoton =
nnne
NA

Γenγpe

(
Aano −

Acat
2

)
V. (3.11)

NA is Avogadro’s constant, nn[m−3] the density of the neutral atoms, ne[m
−3] the density

of the electrons and Γen[m3s−1] the excitation rate constant of the excitation process. γpe
the Photon induced electron emission coefficient Acat , Atot and V are respectively the
cathode area, the total area of the device and the volume of the device.

If these parameters are used for the IEC device an expected current of about 1 × 10−5 A
is found. Compared to currents of tens of mA this can be assumed to be negligible. The
contribution due to bremsstrahlung has not been investigated in this theses and could be
addressed in further research.

3.2.3 Material Degradation

During the operation of the device the cathode undergoes changes due to all kind of
effects. Some of these come from heating the device, others come from the impact of
high energy particles on the surface. The latter one is most prominently present by ion
implantation. Ion implantation occurs when ions hit the surface and get buried in it. Some
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studies have shown that the work function of a material can be lowered by as much as 0.5
eV [25]. However, this depends on the material, the type of particles implanted and the
amount of particles that remain implanted over time. Heating the material can cause these
particles to be emitted again, leading to an increase of work function. Moreover, the surface
roughness of the material changes due to implantation, which has an influence on the angle
of incident and the local electric field. No specific data is available for these effects to our
knowledge. Therefore, it is assumed that every ion has a normal angle of incidence and
that the work function equals the average of the work function of all crystal orientations.
Nevertheless, to take into account changes in work function and angle of incident variable
correction factors are introduced, with a standard value of 1, such that the effect of these
contributions can be observed. The correction factor is capable of effectively changing
the work function. Setting both corrections factors to one, correspond to the ideal case,
resulting in the minimum amount of electrons released from the surface due to Secondary
emission processes.

3.3 Ion Current

Since ISEE depends on the energy of the incoming ions, the energy distribution of the
incoming ions has to be known. Since the applied voltage is much larger than the expected
ion temperature a maxwellian distribution is not guaranteed. Therefore, the distribution
function has to be calculated separately.

To calculate the ion flux towards the cathode an approach by Emmert and Santarius is
followed [26]. The model can be split up into two different models. The first one is an
atomic model, where the background gas is H and the only ions considered are H+ ions.In
the second model the background gas is H2 and the ions considered in the production are
H+, H+

2 and H+
3 . Both models will be discussed in the following section. The atomic model

is taken into account to see the effect of only considering hydrogen atoms as the background
gas with respect to H2, as is done in with the PIC-MCC model. In addition a possible
translation to experiments with other gases can be made, e.g. helium and argon. The model
considering H2 as the background gas serves as a more physically correct representation of
the device. Validation and comparison is scarce due to the fact that separate currents are
hard to measure. Therefore, both models are discussed, first the atomic model and then
the expansion to molecular hydrogen.

3.3.1 Atomic Ion Flux

The distinct feature of the atomic model is that it uses atomic species as a background
gas. Be it argon, helium or hydrogen. The advantages of this model is the possibility to
check certain results with measurements done for helium and argon. A clear disadvantage
is that, when it comes to hydrogen, the model is physically incomplete. For this thesis
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only hydrogen was concerned due to its similarity with the PIC-MCC model. For future
comparisons the cross sections used later on can be replaced with cross sections for argon
and helium in order to make the model compatible with these gases.

In both the atomic and molecular approach each ion species is divided in two classes. The
first class, further called class I ions, are ions that come from the anode region of the device.
These ions are considered to pass through the device and meanwhile undergo reactions, e.g.
charge exchange and ionization. Only ion-background interactions are taken into account,
because the ion density is expected to be far less than the background density. Ion-ion
interaction cross sections would be of the same order of magnitude as the cross sections
of ion-background reactions. Compared to ion-background reactions the ion-ion reactions
would only have a very small chance of occurrence. If an ion does not interact at all during
a complete pass through the device, it is added to the bulk ions, originated near the anode,
again.

The second class of ions, class II ions, are products of class I ions. These ions are born due
to charge exchange and ionization processes of class I ions. Class II are created with zero
initial energy. Both particles in the process have roughly the same mass, hence momentum
transfer is efficient. However, since ionization is a rare process with respect to for example
charge exchange it is, for now, not taken into account and should be a topic for further
investigation.

Moreover, the assumption is made that the ions do not distort the local potential profile
φ(r), which is the vacuum potential, see equation 3.7. This is only true for high voltage
differences between cathode and anode and small distances between the two. Resulting in
high electric fields, in which the plasma is unable to maintain quasi neutrality.

For each type of ion an attenuation function can be defined. For class I ions, travelling
from the anode towards the cathode, this is

f(r) = exp

(
−
∫ R2

r

ngσcx[E(r′)]dr′
)
, (3.12)

where f(r) is the fraction of class I ions reaching the radial position r[m], R2[m] the anode
radius, ng[m

−3] the gas density, σcx[m
2] the cross-section of charge exchange processes at

the energy E(r’)[eV]. The function E(r’) defines the energy of a class I ion at position r’
via:

E(r′) = E0 − φ(r′) (3.13)

where E0 is the energy of ions in eV with which they leave the anode. φ(r′) is the potential
at position r via equation(3.7).The energy of class I ions can be seen in figure 3.4. For class
II ions the survival function g(r, r′) is:
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Figure 3.4: The radial distribution of the energy of class I ions for a spherical design for
a total voltage difference of 90 kV.

g(r, r′) = exp

(
−
∫ r′

r

ngσcx [E(r′′, r′)] dr′′

)
(3.14)

with

E(r, r′) = φ(r′)− φ(r) (3.15)

being the energy of the particle in eV. For a cylindrical IEC device at a pressure of 0.5 Pa
the functions g and f can be seen in figure 3.5.

To calculate the current at the cathode the flux of both ion classes has to be calculated.
The non directional flux of class I ions for a spherical design can be calculated via

Γ(r) =
R2

2Γ0

r2

[
f(r) + T 2

c

f 2(0)

f(r)

]
. (3.16)

Where Γ(r)[m−2] is the flux of particles at the radial position r, R2 is the anode radius and
Tc is the geometrical transparency of the cathode. The first term in equation 3.16 is the
contribution of incoming ions, the second term is the contribution from outgoing ions. To
calculate the contribution of class II ions the source rate by class I and class II ions has to
be calculated. For class I ions this is
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Figure 3.5: Survival function for class I ions, f(r) and for class II ions, g(0, r). at a
pressure of 0.5 Pa, cathode radius of 0.05 m and anode radius of 0.25 m.

A(r) = ngΓ(r)σtot(E(r)), (3.17)

with

σtot = σcx + σion (3.18)

being the total cross section consisting of the ion impact ionization cross section σion and
the charge exchange cross sectionσcx. A similar function as equation 3.16 for the flux of the
first generation of class II ions can be found by multiplying the production term of class
II ions due to ionization and charge exchange of class I ions with their survival functions

dΓ(r) =
R2

2A(r′)dr′

r2

[
g(r, r′) + T 2

c

g2(0, r)

g(r, r′)

]
, r < r′ (3.19)

However since class II ions can also undergo charge exchange and ionization a summation
has to be made for all the passes. With each pass the contribution of that generation is
lowered by T 2

c g
2(0, r′). Summing over all passes the contribution then becomes

1 + T 2
c g

2(0, r′) + (T 2
c g

2(0, r′))2 + (T 2
c g

2(0, r′))3 + ... =
1

1− T 2
c g

2(0, r′)
, (3.20)
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Multiplying equation 3.20 with 3.19 gives the flux in a shell r from ions created at r’. This
enables the calculation of the source function for the pth +1 generation via

Sp+1(r) =

∫ R2

0

K(r, r′)Sp(r
′)dr′ (3.21)

with K(r, r′) being the kernel of the Volterra function which for spherical coordinates
equals:

K(r, r′) =

{
ngσtot[E(r, r′)]( r

′

r
)2
[
g(r, r′) + T 2

c
g2(0,r′)
g(r,r′)

]
1

T 2
c gcp(r

′)
if r < r′

0 if r > r′

with S0 equals equation 3.17. Each generation produces another generation, which on its
turn produces another and so on. In order to take into account all generations a summation
has to be made over all of them. This results in

S(r) = A(r) +
inf∑
p=1

Sp(r). (3.22)

Since K(r,r’) in each Sp does not change with different generations, an operator K being
the integral operator with the Kernel K(r,r’) can be introduced which has the following
property in Sp

Sp+1(r) = KSp, p = 1, 2, 3, ...., inf . (3.23)

Doing so, equation 3.22 can be written as

S(r) = [I +K +K2 +K3 + ...]A(r) =
1

I −K
A(r). (3.24)

Rewriting again gives

S(r) = A(r) +

∫ R2

R1

K(r, r′)S(r′)dr′, (3.25)

a Volterra integral of the second order. The solution of S(r) can be found using a Neumann
series with S0(r) = A(r) [27]. In this approach A(r) is inserted as a first estimate of S(r),
which is inserted in equation 3.25. The solution of this equation is then again assumed
to be the value of S(r) and inserted in 3.25. This is then repeated in order to obtain
convergence. Four iterations are used in order to find a convergent integral, see figure 3.6.
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Figure 3.6: An example of different iterations of the source function of class II ions for
system at 0.5 Pa. A steady solution can be found after 3 iterations.

With all this information the ion currents can be computed. Encapsulating the secondary
electron emission in these equations a total of six current contributions can be found

Ic1 = 4πqΓ0R
2
2

[
f(R1) + Tc

f 2(0)

f(R1)

]
, (3.26)

Ic2 = 4πq(1− Tc)Γ0

∫ R2

R1

S(r′)

1− T 2
c gcp(r

′)

[
g(R1, r

′) + Tc
gcp(r

′)

g(R1, r′)

]
r′2dr′, (3.27)

Ic3 = 4πqng
σtot(Emax)

σcx(Emax)
R2

2Γ0Tcf(R1)(1− exp[−2ngσcx(Emax)R1]), (3.28)

Ic4 = 4πqTcΓ0

∫ R2

R1

r′2
σtot[E(R1, r

′)]S(r′)g(R1, r
′)

σcx[E(R1, r′)](1− T 2
c g

2(0, r′))

×(1− exp[−2ngσcx(E(R1, r
′))R1)]dr′, (3.29)

Ic5 = 4πqΓ0R
2
2

[
f(R1) + Tc

f 2(0)

f(R1)

]
γ(V0), (3.30)

Ic6 = 4πq(1− Tc)Γ0

∫ R2

R1

S(r′)

1− T 2
c gcp(r

′)

[
g(R1, r

′) + Tc
gcp(r

′)

g(R1, r′)

]
γ(r′))r′2dr′.(3.31)

Here Ic1 is the contribution of class I ions hitting the cathode grid, Ic2 the contribution of
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class II ions being intercepted by the cathode grid, Ic3 is the contribution of ions created in
the cathode region by class I ions and Ic4 is the contribution of ions created in the cathode
region by class II ions. Lastly, Ic5 and Ic6 are the current contributions due to secondary
electron emission.

These contributions make up for the final current contribution required to complete the
current model. All current contributions can now be added up in order to calculate the
ion contribution, using equation (3.1). From this Γ0 can be derived, which on its turn is
used to calculate the separate currents.

3.3.2 Multiple Species Current Model

In the previous section an atomic gas was considered. In an IEC device the temperature
of the gas is not sufficiently high such that the gas solely consist of atomic hydrogen.
To correct for this the same approach can be done for a molecular gas system. Another
approach by Emmert and Santarius is again followed[28]. The ionization is expected to be
low, thus only background reactions are included.

The ion species considered are H+, H+
2 and H+

3 . All interact with the background gas, H2.
The different reaction channels will be discussed first. This is done with a short notation
for the cross section, in the form of σzxy. The x stands for the number of atoms in the
parent molecule, the y stands for the amount of atoms in the daughter molecule. Lastly z
can take four different notations: f, fn, s and d. A cross section with f or s in the notation
governs the creation of fast or slow ions of the type y. When fn is in the superscript fast
neutrals of type y are created. Lastly when d is in the superscript of the notation the
parent molecule is destroyed all together. For example, the creation of slow H ions by
impact of H+

2 is noted by σs21.

Molecular Reactions

Since the reactions with molecular hydrogen are more extensive than the reactions of atomic
hydrogen it is worth noting them in detail. In the experiment deuterium is used, in order
to correct for this all cross sections presented here are in ev/amu.As a result, in the final
model the energies inserted in the cross sections are divided by the atomic mass of the
used hydrogen isotope in atomic mass units. An overview of the interactions between the
different hydrogen ions and the background gas is given in the upcoming sections.

H+ impact on H2

When H+ interacts with H2 the following reactions can occur[21]
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Figure 3.7: Cross sections of various interactions between H+ and H2.

H+ +H2 → H +H+
2 , (3.32)

H+ +H2 → H+ +H+ +H+ + 2e, (3.33)

H+ +H2 → H+ +H +H+ + e, (3.34)

H+ +H2 → H+ +H +H, (3.35)

H+ +H2 → H− +H+ +H+, (3.36)

H+ +H2 → H+ +H+
2 + e. (3.37)

This includes charge exchange, dissociation, dissociative ionization and ionization. Equa-
tion 3.32 is the only reaction in which the original H+ ion is destroyed, in the other
reactions the H+ creates new particles in the form of H+, H+

2 and even H−. All reaction
products are assumed to have no kinetic energy after their creation. Unfortunately, the
cross section data for each channel is not available and it is necessary to introduce the
total destruction cross section of H+, called σd1 and the total creation cross sections of slow
H+ and H+

2 , which are known, respectively σs11 and σs12. It should be noted that the total
destruction cross section of H, σd1 is the same as the fast neutral creation of H, σfn11 . The
included cross sections with the necessary correction for Deuterium are listed in figure 3.7.

H+
2 Impact on H2

The reaction channel of H+
2 is complicated due to the fact that both the ion and the

neutral can undergo dissociation. Thus, this interaction can produce both slow and fast
ions. Unfortunately, again, not all the reaction channels are known for this interaction.
Therefore the following channels are only considered
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Figure 3.8: Cross Section of H+
2 on H2.

H+
2 +H2 → H+

2 , (3.38)

H+
2 +H2 → H+ + ..., (3.39)

H+
2 +H2 → H+ + ..., (3.40)

H+
2 +H2 → H2 +H+

2 , (3.41)

H+
2 +H2 → H + ... (3.42)

the first two and the last cross sections are known, σd2 , σf21 and σs22=σfn22 . In order to
calculate σs21 we use the following reaction channel:

H+
2 +H2 → H +H+ + 2H+ + 2e (3.43)

Transforming equation 3.43 to cross sections this becomes:

σs21 = σd2 −
1

2
(σfn21 + σf21) (3.44)

The total cross sections for H+
2 colliding with H2 are depicted in figure 3.8.

H+
3 Impact on H2

It has been shown that H+
3 can be formed near the anode region of the IEC device [28],

therefore the destruction processes of H+
3 are also taken into account. Again, for H+

3

the complete set of reaction channels cross sections is not known. Therefore, the total
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Figure 3.9: Cross Section of H+
3 on H2.

destruction and the total creation of the different products is taken together. The following
reactions are taken into account:

H+
3 +H2 → H+

3 , (3.45)

H+
3 +H2 → H+ + ..., (3.46)

H+
3 +H2 → H+ + ..., (3.47)

H+
3 +H2 → H+

2 + ..., (3.48)

H+
3 +H2 → H+

2 + .... (3.49)

Unfortunately, the cross sections of both the creation of slow H+
2 and H+ are not directly

known. However, this gap can be filled by calculating the slow ion production from the
total destruction cross section of H+

3 and the production of fast neutrals. Assuming that
the only reaction channel producing these terms is the dissociation of H+

3 on H2 and that
the production of slow H+

2 is negligible in this process at high energies. It is then possible
to calculate σs31 via[28]

σs31 = σd3 − σ
f
31 − σ

f
32 (3.50)

The relevant cross sections can be seen in figure 3.8.

3.3.3 Molecular Ion Flux

With the cross sections defined, the portion of cathode current due to ion impact can be
calculated. First, the same approach as in [28] is followed. The attenuation function for
the ith species class I ions, created at the anode, can be written as
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fi(r) = exp

(
−
∫ R2

r

ngσ
d
i [E(r′)]dr′

)
. (3.51)

Where ng is the gas density, σdi the total destruction cross section of the ith species and
E(r’) the energy of the particle defined as:

E(r) = E0 − φ(r) (3.52)

Where φ(r) is the vacuum potential as in equation 3.7. For each class I species leaving the
anode region a source term can be defined. The source term gives the average amount of
particles created by class I ion at radius r of the IEC device. However, some contributions
to the source term are fast ions produced from dissociation of the parent molecule. These
daughter molecules have the energy per amu of the parent molecule and therefore have a
different velocity, this is covered later in this chapter. The source function of class I ions
for the production of slow ions of species i is

Asi (r) = ng

3∑
j=1

Γj(r)σ
s
ji[E(r)] (3.53)

with

Γj(r) =
R2

2hiΓ0

r2

[
fi(r) + T 2

c

f 2
i (0)

fi(r)

]
. (3.54)

Where R2 is the anode radius, Tc is the geometrical transparency of the grid, hi is the
fraction of ith species in the near anode plasma and Γ0 the ion flux from the anode region.
To compute the contribution of fast ions their born radius is shifted to a radius rmn. This
is the point where they would have 0 kinetic energy. To do this, the kinetic energy of the
daughter ion is calculated via

Ed(r
′′) =

n

m
(φ(r′)− φ(r”) + E0) , (3.55)

m is the atomic number of the parent molecule and n that of the daughter molecule. The
birth point of the daughter ion can then be calculated as function of the turning point r
and the birthplace of the parent ion r’ resulting in

r”mn = φ−1

(
mφ(r)− nφ(r′)− nE0

m− n

)
(3.56)
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Where φ−1 is the inverse of the potential function. For class I parent ions r’ equals R2

and for class II parent ions E0 equals 0. Fast ions created in a shell at a radius of r” and
thickness dr” per unit time can be moved to a shell at radius r and thickness dr:

Af1
1 (r)(4πrdr) = ngΓ(r′′)σf21[E(r”)]4πr′′dr′′. (3.57)

Af1
1 then equals:

Af1
1 (r) = ng

R2
2

r2
h2Γ0

[
f2(r′′) + T 2

c

f 2
2 (0)

f2(r′′)

]
σf21[E(r′′)]

dr”

dr
(3.58)

dr′′

dr
can be found by differentiating equation 3.56, resulting in

dr”

dr
=

mEf (r)

(m− n)Ef (r”)
. (3.59)

This only accounts for daughter ions created in the inter electrode space. All daughter
ions created in the cathode region have the same turning point, which can be found by
substituting the cathode potential as φ(r) in equation 3.7. The contribution of fast ions
created in the cathode region is

Af2
1 (r) =

R2
2

r2
h2ngΓ0Tc

∫ R1

0

[
f2(r′′) +

f 2
2 (0)

f2(r′′)

]
σf21[E(r′′)]dr′′δ(r − rt21). (3.60)

The Dirac delta function ensures that fast ions created in the cathode region are placed
in a shell dr”. In addition, the integral in 3.60 can be simplified since the energy of the
parent ion is constant in the cathode region. The integral can be rewritten as

∫ R1

0

[
f2(r”) +

f 2
2 (0)

f2(r”)

]
σf21[E(r”)]dr” = σfij[E(R1)]

√
f 2

2 (0)

ngσdi [E(R1)]

×
[
exp(ngσ

d
i [E(R1)]R1)− exp(−ngσdi [E(R1)R1])

]
. (3.61)

By adding equation 3.58, 3.60 and 3.61 together the total source function, Ai(r), for class
I ions producing H+ is, per class I ion[28]:
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A1(r) =
R2

2

r2
ng

[
h1[f1(r) + T 2

c

f 2
1 (0)

f1(r)

]
σs11[E(r)] + h2

[
f2(r) + T 2

c

f 2
2 (0)

f2(r)

]
σs21[E(r)]

+h3

[
f3(r) + T 2

c

f 2
3 (0)

f3(r)

]
σs31[E(r)]

+h2

[
f2(r”21) + T 2

c

f 2
2 (0)

f2(r”21)

]
σf21[E(r”21)]

2Ef (r)

Ef (r”21

+ h3[f3(r”31)

+T 2
c

f 2
3 (0)

f3(r”31)
]σf31[E(r”31)]

3Ef (r)

2Ef (r”31)

+h2Tc

∫ R1

0

[
f2(r”) +

f 2
2 (0)

f2(r”)

]
σf21[E(r”)]δ(r − rt21)

+h3Tc

∫ R1

0

[
f3(r”) +

f 2
3 (0)

f3(r”)

]
σf31[E(r”)]δ(r − rt31) (3.62)

The source function of class I ions producing H+
2 is defined in a similar way as

A2(r) =
R2

2

r2
ng(h1

[
f1(r) + T 2

c

f 2
1 (0)

f1(r)

]
σs12 + h2

[
f2(r) + T 2

c

f 2
2 (0)

f2(r)

]
σs22[E(r)] + h3[f3(r)

+T 2
c

f 2
3 (0)

f3(r)
σs32[E(r)] + h3

[
f3(r”32) + T 2

c

f 2
3 (0)

f3(r”32)

]
3Ef (r)

Ef (r”32)

+h3Tc

∫ R1

0

[
f3(r”) +

f 2
3 (0)

f3(r”)

]
σf32[E(r”)]dr”δ(r − rt32)] (3.63)

These functions represent the birth places of class II ions. In order to calculate the forma-
tion of class II ions by earlier passings of class I and II ions the source function of these
ions has to be calculated. The same approach is used as with the atomic species. Doing
that, in this case it produces two coupled Volterra integrals, for both H+ and H+

2 . H+
3 is

not created by any process involved and therefore is not included in. The source functions,

S1(r) = A1(r) +

∫ R2

r

K11(r, r′)S1(r′)dr′ +

∫ R2

r

K12(r, r′)S2(r′)dr′ (3.64)

and

S2(r) = A2(r) +

∫ R2

r

K21(r, r′)S1(r′)dr′ +

∫ R2

r

K22(r, r′)S2(r′)dr′. (3.65)

The kernels used here are obtained in a similar manner as in the atomic species case.
Except that in this case also fast ions are created. This leads to the Kernels being split
into two terms, fast and slow ions born from parent ions
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Kij(r, r
′) = Ks

ij(r, r
′) +Kf

ij(r, r
′) (3.66)

Both incoming H+ and H+
2 slow ions create both types of new ions. Thus, for the slow

production the Kernels can be generalized:

K2
ij(r, r

′) = ngσ
s
ji[E(r, r′)]

(
r′2

r2

)[
gi(r, r

′) + T 2
c

g2
i (0, r

′)

gi(r, r′)

]
1

1− T 2
c g

2
i (0, r

′)
(3.67)

The only fast ion created by class II ions is due to H+
2 dissociation on H2. The kernel for

this process equals

Kf
12(r, r′) = ngσ

f
21[E(r′′′21, r

′)]

(
r′2

r2

)[
g2(r′′21, r

′) +
T 2
c g

2
2(0, r′)

g2(r′′21, r
′)

]
1

1− T 2
c g

2
2(0, r′)

2Ef (r)

Ef (r′′21

+ng

(
r′

r

)
Tc

∫ R1

0

[
g2(r′′, r′) + g2

2(0, r′)
]
σf21[E(r′′, r′)]dr′′

× 1

1− T 2
c g

2
2(0, r′)

δ[r, rt(r
′)]. (3.68)

The Dirac delta function is introduced to shift the fast ions born in the cathode region
to their corresponding turning point, rt(r

′), which can be found by using equation 3.56.
For class II ions the contribution of daughter ions created by class II parent ions E0 is 0.
The integral in the last term of the equation (3.68) can be evaluated numerical. Since the
attenuation function is an exponential function in the cathode region, the integral reduces
to

∫ R1

0

[
g2(r′′2, r′2) +′

g2
2(0, r)

g2(r′′, r′)

]
σf21[E(r′′, r′)]dr′′ =

σf21[E(R1, r
′)]

|g2(0, r′)|
ngσd2(E(R1, r′))

[e(R1ngσd2(E(R1,r′)))

−e(−R1ngσd2(E(R1,r′)))]. (3.69)

With the kernels in place the coupled Volterra equation can be solved via a generalized
method as described before, see appendix B. This approach is done by discretizing the
integration region and integrating equation 3.69 from R2 towards R1.
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3.3.4 Current Calculations with Molecular Species

The total current can be divided into several parts. The first part is due to Class I
ions hitting the cathode and being neutralized. These ions also cause secondary electron
emission, γ, at the cathode. The magnitude of this effect depends on the energy of the
incoming particles, therefore γ is energy dependent. The total, species dependent, current
resulting from class I ions is

I1
i = 4πq(1− Tc)Γ0hiR

2
2

[
fi(R1) + Tc

f 2
i (0)

fi(R1)

]
(1 + γi(V 0)), i = 1, 2, 3, (3.70)

where the subscript i corresponds to the species number. In the program this current
contribution is considered in two parts. The first part is the direct current from neutral-
ization of the incoming ions and the second part is the creation of secondary ions by the
process. This process can also induce secondary electrons being emitted from the cathode.
For the secondary emission coefficients of H+

2 and H+
3 a multiplication with the secondary

emission coefficient for H+ impacting on molybdenum is taken. The multiplication factor
is the ratio between the secondary electron coefficients for the different species[29], which
equals the amount of H nucleus in the core. The second contributing term are class II ions
hitting the cathode. This current is

I2
i = 4πq(1− Tc)

∫ R2

R1

Si(r)

[
gi(R1, r) + Tc

g2
i (0, r)

gi(R1, r)

]
r2(1 + γi[V0 − Φ(R1)])

1− T 2
c g

2
i (r)

dr, i = 1, 2.

(3.71)

There is no contribution from class II H+
3 ions because they are not created as class II ions

in this model, since creation of H+
3 is only viable via slow H+

2 . The H+
3 ions however do

create secondary ions in the cathode region of the IEC device. The current due to slow
ions produced by class I ions interacting with the background gas created in the cathode
region is

I3
i = 4πqR2

2hiΓ0Tcfi(R1)
σtoti (qV0)

σdi (qV0)
(1− exp[−2ngσ

d
i (qV0)R1]), i = 1, 2, 3. (3.72)

In addition, there is a possibility of ions created in the cathode region by class II ions

I4
i = 4πqTc

∫ R2

R1

r′2
σtoti [E(R1, r

′)]

σdi [E(R1, r′)]

[
Si(r

′)gi(R1, r
′)

1− T 2
c gcpi(r

′)

]
(1−exp(−2ngσ

d
i [E(R1, r

′)]R1), i = 1, 2.

(3.73)

These current contributions make up the current due to ion impact in the IEC device
according to
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Iion =
3∑
i=1

(I1
i + I3

i ) +
2∑
i=1

(I2
i + I4

i ) (3.74)

Where Iion is the total ionic current through the device, this parameter is normally set in
the experiment. With these and all other current contributions it is possible to calculate
the ion flux, Γ0. All the previous current terms are linear with respect to Γ0.

The flux to the cathode can then be calculated with

Γ0 =
Itot − Inoion∑3

i=1(I1
i + I3

i ) +
∑2

i=1(I2
i + I4

i )
, (3.75)

where Itot is the total current through the device giving an expression for the initial flux
term. Inoion are all currents that are not induced by ions interacting with the cathode.

3.4 Cathode Temperature Model

With higher cathode temperatures thermionic current is an important contributor to the
total current. Which has both an effect on the neutron output and on the lifetime of
the device. Therefore, it is important to know the cathode temperature, the current
model gives the possibility to calculate this. In order to do so a similar approach, like the
current model, is used. A heat balance for the cathode is created in order to calculate the
equilibrium cathode temperature. To do so, all heat fluxes to and from the surface have to
be known, which are represented different physical processes. The following sections will
give an overview of these different processes.

3.4.1 Heat Fluxes

In order to calculate the cathode temperature a similar approach as in the current model is
used. First of all, the current through the cathode heats the material due to the resistance
of the cathode. Other heating effects are class I and class II ions hitting the cathode.
Cooling effects are governed by convection and the emission of particles. The emission
of particles is done by electrons, which are emitted by secondary electron emission and
by thermionic field emission. In addition to cooling by electron emission, cooling of the
cathode is enhanced by radiative cooling. Lastly, the cathode can be cooled by convection
of the background gas in an IEC device. All these effects are combined the sum of all fluxes
must be zero in equilibrium.

PΩ + PIon + Pn + PISEE + PTFE + PRad + PC = 0, (3.76)
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where PΩ[W] is the power delivered to the cathode due to resistive heating of the cathode,
Pn is the energy deposited due the neutralization of the ion and PIon the power delivered due
to ions hitting the cathode. PISEE is the power exchanged due to electrons being emitted
at the cathode due to ISEE, PTFE is the power which is involved with the emittance of
thermionic field emission of ions. PRad is the power radiated away due to black body
radiation and PC is the power carried away by convection processes.

Ohmic Heating

The ohmic heating of the cathode can be calculated with Ohm’s law. However to do
this we need to know the resistance of the cathode, which is temperature dependent. A
temperature dependent parametrization of the NIST data base is used [30],

ρmob = −1.7021 + 2.3319 · 10−2T + 2.5507 · 10−6T 2− 2.5930 · 10−10T 3, 250K < T < 2894K
(3.77)

where T[K] the temperature of the material is in [K] and ρmob[Ωm] is the resistivity of
molybdenum. Equation 3.77 shows that even at high temperatures 1500 K the total
resistivity of a typical cathode is quite low. The total power contribution can then be
calculated via

Pr =
lcathρmob
Awire

I2
tot (3.78)

where lcath[m] is the total length of the cathode wires in m and Awire[m
2] the area of the

cross section of a wire, both depend on the cathode design. To calculate the order of
magnitude an example spherical cathode is taken consisting of 8 wires each 0.3 meter in
length and a wire diameter of 1 mm. Using 3.78, a temperature of 1500K and a current of
0.1 A. This results in a power, due to ohmic heating, is deposited in the material on the
order of 1 · 10−2W . This value is taken as a representable value for a comparison between
the separate heating terms.

Ion Impact Heating

To compute the energy transferred to the cathode by ions hitting the cathode, a difference
is made between class I and class II ions. The current model is used in order to find the
ion fluxes of both classes of ions to the cathode. The energy per particle delivered to the
cathode, assuming when an interaction with the cathode occurs all the energy is transferred
to the cathode, is qV0. Where V0 is the total acceleration voltage. The total power due to
class I ions hitting the cathode is then the energy per particle times the number of particles
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P i
ionI = 4πqV0(1− Tc)Γ0hiR

2
2

[
fi(a) + Tc

f 2
i (0)

fi(R1)

]
(1 + γi(V 0)), i = 1, 2, 3, (3.79)

where P i
ionI the power transferred to the cathode is due to ith class I ions, which is basically

the current due to class I ions times the acceleration voltage.

For class II ions, the energy delivered to the cathode is not constant, but equal to q times
the energy of the ion, given in 3.52. The current due to these ions is given in 3.71. The
total power of these ions is then

P i
ionII = 4πq(1−Tc)

∫ R2

R1

E[r]Si(r)

[
gi(R1, r) + Tc

g2
i (0, r)

gi(R1, r)

r(1 + γi[V0 − Phi(R1)])

1− T 2
c g

2
i (r)

]
dr, i = 1, 2.

(3.80)

With P i
ionII being the power contribution of the ith species of class II ions. Both class I

and class II ions create slow ions in the cathode region of the IEC device. The temperature
of these slow ions produced in the cathode region, which are not accelerated any more, is a
representative for the average energy they carry. Two assumptions can be made regarding
the temperature of the ions. As a first assumption, the temperature of the slow ions
is equal to the background temperature, about 0.026 eV. However, the ion temperature
could be much higher. The average energy delivered by the slow ions created inside the
cathode region the background temperature, the energy with which they are created. The
total energy is calculated by multiplying the average energy with the current due to these
processes then

P i
slowion = 3/2kbTgas(I

3
i + I4

i ) (3.81)

Where I4
i has a zero term for i=3 and P i

slowion[W] is the total power deposited on the
cathode by this effect.

The total power due ion impact on the cathode is then

Pion = P i
ionI + P i

ionII + P i
slowion (3.82)

Neutralization

If an ion reaches the cathode an electron is absorbed. This process can occur via different
channels. In the most probable channel energy released by the transition is absorbed by the
lattice of the metal, possibly together with the emission of an electron. These processes
are treated separately. Therefore, the contribution due to neutralization is only due to
the neutralization of the process and is not caused by any effects triggered due to it. On
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average the total energy released in this function is Eion−W0 where Eion is the ionization
energy of the incoming molecule. The total power transferred to the cathode due to this
process is then

Pneut = (Eion −W0)Iion (3.83)

ISEE Cooling

ISEE cooling is due to secondary electrons leaving the electrode and which are replenished
with less energetic ones. The average energy per particle which leaves the anode due to
this effect depends on several factors. Among these factors are the material upon which
ions impact, the species of ions that are impacting, the energy with which they impact
on the material, the angle of impact and the temperature of the target. This is highly
specific. Unfortunately, no specific data was found for D+, D+

2 and D+
3 impacting under

these circumstances on molybdenum with energies ranging from 0-200 keV.

In order to calculate an upper limit an estimate is made for the average energy of ISEE
electrons. From [31] an maximum of 100 eV is estimated as the average energy. The total
energy lost by this process will then depend on the amount of ISEE electrons times the
average energy. However, in order to make the calculation more accurate more data is
required for this effect.

Thermionic Field Emission Cooling

For Thermionic field emission the average amount of energy released per electron is de-
scribed by the Nottingham effect[32]. Which for each electron equals

Ee = W0 + 2kbT (3.84)

Where Ee the average energy per electron is in J and T the temperature of the cathode.
The total amount of energy contained in this effect is given by the amount of electrons
generated due to thermionic field Emission equation (3.2) times the average energy released
per particle

PTFE = Ee
ITF
q

(3.85)

In which ITF the thermionic field emission current is given by equation 3.2 with the reduced
work function described by the Schottky effect, see equation 3.3.
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Radiative Power

Cathode temperatures over 1000 K are expected, therefor it is valid to represent the cathode
as a black body radiator. The power radiated away from these objects is given by the Stefan
Boltzmann Law

Prad = εσAeff (T
4
sur − T 4

cath) (3.86)

Where ε is the material dependent emissivity, for molybdenum these can be found in [33],
σ is the Stefan Boltzmann constant equalling 5.6703 · 10−8 W

m2K4 , Aeff [m
2] is the effective

area of the cathode emitting. Tcath and Tsur are the temperature of the cathode and
the surrounding respectively in [K]. The surrounding temperature is equal to the anode
temperature.

Since some parts of the cathode radiate on other parts of the cathode the net energy flux
for this effect is zero. To estimate this an effective area is chosen. The cathode surface is
divided into two parts. The first part, facing towards the anode and consisting of 50% of
the total area, will completely radiate towards a surface with T = Tsur. The other part,
also 50% of the total area facing inwards, will have a chance hitting the cathode again.
The chance to hit the anode is equal to the geometrical transparency Tc. The effective
Area of the cathode then becomes

Aeff =
(1 + Tc)A

2
. (3.87)

In which A is the real area of the cathode. Then the total power radiated away can be
calculated with equation (3.86).

Convection

The last cooling effect is considered cooling by convection of the background gas. This
cooling effect is expected to be small at the low operating pressures of 1 Pa, but could be
significant when the pressure is increased. The same approach as in [34] is used. Resulting
in an overestimation assuming that the gas is collisional. The total power lost via this
effect equals

Pc = 2kng

√
kTg
2πm

[Tcath − Tg]Ac, (3.88)

where Pc[W] is equal to the power carried away from the cathode by convection in [W/m2],
k and m are atomic specific for D2 this is respectively 1.38 · 10−23 J/K and 4 · 1.67 · 10−27
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kg. This then multiplied with the cathode area gives the power carried away through
convection.

In an example case the gas pressure is assumed to be 0.5 Pa and a cathode temperature
of 1500 K. Then, if, the temperature of the gas is 400 K Pc is 797 W/m2.

3.4.2 Benchmark

So far the model is not compared against any experimental data. In order to validate the
model, a comparison with an experiment has to be made. Sadly no experimental data was
found to compare the different current terms in the device. However, only one data set was
found in order to compare the cathode temperature of the model with an experiment. In
this experiment [34], a spherical IEC device is operated at different pressures at a constant
input power and voltage.

The experiment consists of a transparent anode and cathode sphere at a radius of re-
spectively 5 and 22.5 cm. Outside the anode an external plasma is generated using
electron emitters. This way a plasma is created with a composition of H+/H+

2 /H
+
3 of

0.06/0.21/0.73, which will be used as values for h1, h2 and h3. The cathode area is never
explicitly stated. It can be derived by inverting their cathode temperature model proce-
dure. Unfortunately the cathode area is not a constant by doing this and averages around
0.2 m2. This value will be used in the cathode model as the cathode area. Finally the
current is kept constant at 30 mA and the voltage between the anode and cathode is 40
kV.

All of this is implemented in the model and then run at the different pressures. The result
can be seen in 3.10.

Unfortunately the amount of data points is rather summary. Moreover, there is no error
in the measurements. The data produced by the model seems to be generally within 5% of
the experimental data. It performs poorer at the higher pressures compared to the lower
pressures. Which is expected since the assumptions of the model are more valid at lower
pressures. It is also expected that the model will perform better at higher voltages.
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Figure 3.10: Experimental data of the cathode temperature for different gas pressures
[34] and the cathode temperature from the model.

3.5 Conclusion

In this chapter the outlines of the current and temperature model are explained. A current
model has been made both for an atomic as well as for an molecular background gas. For
both models a source function can be distilled which represents the birth radius of new
ions. In addition to the current model a cathode temperature model is constructed. No
experiment was found that calculated the different currents terms. This way validation
of the current model directly was impossible. However a data set for the temperature as
function of the pressure in an IEC device was compared with modelled data. The values
modelled came within 5% of the experimental value. Both the current and the cathode
temperature model will be used in the next chapter in order to see the behaviour of the
ion birth rate and the neutron production with respect to changes in voltage, pressure and
cathode radius.
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Chapter 4

Results

4.1 Introduction

The ion birth radius is of important for the velocity distribution of the ions inside the
IEC device. The velocity distribution, on its turn, influences the neutron production. In
the two previous chapters the inner workings of two different models are explained such
that the birth radius of new ions can be simulated. The model described in chapter 2, a
PIC-MCC model, models the plasma particles by super particles, a group of particles with
the same basic properties, i.e. velocity, mass and charge, under the influence of an electric
field. The super particles experience a force due to the electric field and are accelerated
throughout the simulation domain. Whilst doing so, they can create new particles, by the
MCC part of the solver. The position at which these processes occur corresponds to the
birth radius of the ions.

The second model, a current model, described in chapter 3, exploits the steady state
conditions of the steady state operation of the device. In steady state both the sum of all
currents and the sum of all energy fluxes towards the cathode has to be zero. One of the
current terms is the ion induced secondary electron current. The total current depends,
among others, on the total amount of electrons emitted by this process. However, since
the secondary electron coefficient for ion impact is not a constant the total amount of
electrons emitted depends on the energy distribution function of the incoming ions at the
cathode surface. The energy distribution of the incoming ions depends, in a high electric
field, predominately on the birth radius. Since all other current terms can be calculated
one can find the birth radius of the ions via this method.

In this chapter both models are applied in order to find the ion birth radius in a spherical
design as specified in chapter 1. Voltage, pressure and cathode radius are changed in order
to find qualitative information of the effect of variation of these parameters on the birth
radius. One parameter is changed at a time, while all others are held constant. Firstly, the
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PIC-MCC code will be used in order to obtain this information, secondly the current model
will be split in two parts, the atomic and molecular part, both will be used to simulate the
birth radius. Each model will be evaluated separately. From this model the distribution
of the current terms will be given.

4.2 PIC-MCC: Single Species

The PIC-MCC model explained in chapter 2 is applied to the standard set-up described
in chapter 1. The goal is to simulate the ion birth radius and the effect of the ion birth
radius on the neutron productions. The first simulations carried out are at lower voltages
were a typical profile as seen in figure 4.1 is found. A shell of plasma with a small positive
potential is formed near the anode. Ions from this shell are leaked towards the cathode.
Inside the cathode a low potential peak is observed, several hundred of volt above the
vacuum potential. This does not lead to a neutron production because the energy of the
particles is too low. Hence, an increase in voltage is needed.

When the voltage is increased to voltages over 10 kV, with the same electrode distance,
no discharge is observed. This does not happen at any pressure in the regular operating
range of the IEC device (0.1-50 Pa). If the seed electrons in the inter electrode space are
followed through time the creation of new paricles can be tracked. However, in the case of
a higher applied voltage they do not create enough charge in order to cause a breakdown.
The eventual result of the simulation will be the loss of all charged particles. This stops the
simulation since continuation would not create new charged particles. Overall this means
that the ion birth radius cannot be resolved with the model in its current state.

A possible explanation for this could be ill chosen numerical conditions. Decreasing the
time step size and cell size does not improve the capability of inducing an avalanche of
charged particles, nor does decreasing the particle weight and or increasing the amount of
initial particles. This was done to make sure that statistics could not have affected the
creation of an avalanche. In addition, this is undesired due to the high computational cost
in the case a breakdown would occur. Particle weights down to 1 ∗ 104 do not create a
breakdown.

Since changing the parameters does not provide any discharge result, physical processes
were added to the system. The first thing included was energy depending secondary elec-
tron effects at the anode to create more slow electrons. These electrons on their result
would be beneficiary for the production of new ions at the side. However, in the avalanche
process the initial seed electrons are accelerated towards the anode, were they collide with
the wall. The seed electrons will arrive at the anode in a short time period. These incom-
ing electrons produce an enormous amount of secondary electrons inserted near the anode,
which are injected in the same cell. This vast increase in local density causes a pile up of
space charge which cannot be resolved by the model in its current state.
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Figure 4.1: Potential profile of a simulation where 5 kV is applied over an inter electrode
space of 0.20 m. The pressure was 1 Pa.

Lastly, an attempt has been made to recreate the results by K. Tomiyasu et al.[35]. An
external plasma source is introduced just outside the anode. This is done by injecting 5A
of 0-100 eV electrons in a region between r = 0.25m and r = 0.30m. This resulted in a
high potential peak in the center of the IEC, several times the applied voltage leading to
the creation of ions in this region. In addition the 5A of electrons made the computation
enormous computational heavy. The same time constant, as in the reference case, of 100
ps, a grid spacing of 0.1 mm and a particle weight of 2 107 particles per super particle
was used. However, there was a difference between the two simulations. In the simulation
of K. Tomiyasu et al particle recombination was introduced in the center. This leads to
no potential hill in their simulation, while in ours a potential hill much higher than the
applied potential would form which also is unstable, i.e. it would rise over time.

4.3 Current Model

The PIC-MCC model did not result in ignition at higher voltages, the region of interest
for neutron production calculation. Hence the ion birth radius could not be resolved. The
second model is the current model, which is divided into two parts. The first part is
the single species model, which original purpose was to be compared with he PIC-MCC
model. The second part of the model is used as an independent model, since the molecular
interactions could not be simulated with the PIC-MCC model due to the all or nothing
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behaviour of the implementation of the chemistry module. Both models are used in order to
find a qualitatively relationship between the birth radius and voltage, pressure and cathode
radius. A source function can be obtained which is the amount of particles created by a
single class I ion at a radius r. Current is not one of the parameters which is being varied,
this because in the current model state the current has no effect on the source function of
the ion current.

4.3.1 Current model: Single Species

The single species method is used in order to do a parameter scan. Most parameters can be
changed, except for the cross sections, which only depend on the type of gas which is used.
The type of gas is Deuterium. The most controllable parameters for the experimenter are
the applied voltage over the electrodes, the pressure of the background gas and the cathode
radius. In itself this would limit the current in the device but due to the way the current
is modelled this cannot be varied. The vessel wall is the anode radius which cannot be
varied in the experiment and will also be held constant during all simulations.

Materials

For all the experiments in this section a nickel cathode will be used. The material of the
cathode determines the secondary electron emission and the work function, which is set
to 5.20, the average of the nickel work functions, found by [36]. All cross sections were
obtained from the ALADDIN database [15]. In order to get the Deuterium cross sections,
Hydrogen cross sections are used and scaled scaled towards their energy per amu ratio.
This is then rescaled to Deuterium in order to make them usable for a Deuterium mixture.

The material for the anode wall does not need to be chosen. The material properties of the
anode are only of importance when an interaction between the anode wall and the plasma
is taken into account. However, this is not the case in the current state of the current
model. The production of class I ions is assumed to occur near the anode. However, the
exact origin of class I ions is outside the scope of this thesis.

Transparency

The effective transparency of the cathode grid is unknown, the effect of micro channels on
the effective grid transparency is unknown and outside the scope of this thesis. Therefore
the geometrical transparency is taken. Which is the percentage of area not covered by the
cathode with respect of the total area a sphere with the same diameter, in the all following
simulations this will be kept at 98%.
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Figure 4.2: Source function of D+ particles with D as a background gas. Rc is held at
0.05 m and the pressure is 0.5 Pa in all cases.

Voltage

One of the main parameters which can be set by the experimenter is the voltage difference
over the electrodes. During the simulation pressure is kept constant at 0.5 Pa, which is
around the normal operating pressure for the Tu/e device. The cathode radius is chosen to
be 0.05 m. The source function can then be calculated, see figure 4.2, for different Voltages.

The source function shows the number of particles created per incoming class I particle,
as one can see in figure 4.2. The amount of particles created at a certain radius increases
with decreasing radial position. This is due to the fact that more particles are passing
that point and contribute towards the creation of new ions. The exception being near the
anode radius. Due to a flat potential profile and slow ion velocity near the anode radius the
chance on a charge exchange reaction is creating more ions. A steep drop is experienced
right after and then an increase in new ions with respect to decreasing radius. A voltage
increase lowers the production of new ions per radius, let it be from charge exchange or
ionization. This can be seen over the entire domain, which means that the total amount
of particles per incoming class I ion is also reduced when the applied voltage is increased.
The relative change per 10 kV increase is lowered due to the fact that the cross section is
lowered and other loss mechanisms, such as grid losses, become more important, which are
independent of applied voltage in the model.
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Figure 4.3: Source function of D+ particles with D as a background gas. Rc is held at
0.05 m and the Voltage is 50 kV Pa throughout the simulation.

Pressure

The pressure is another common varied parameter in an IEC device. All material constants
are kept the same as in previous tests. The voltage difference over the electrodes is set to
50 kV. The pressure is varied between 0.3 and 2 Pa. The model requires a particle density.
In order to obtain the particle density from the pressure the ideal gas law is used. During
the simulation the cathode radius is held constant at 0.05 m. The simulation results can
be seen in figure 4.3.

The same effect at the anode can be seen as was observed when the voltage was changed.
The difference this time is that due to the increase in pressure the amount of new ions
born is higher when the pressure is increased. This increase of particles created at different
radii for higher pressures is expected due to the increased background density. The total
amount of particles created per class I ion increases with decreasing radius. The increase in
particle formation when increasing the pressure, is found throughout the entire domain. A
little flattening can be seen near the cathode, where new ions do not gain enough energy in
order to reach the other side of the cathode without undergoing an interaction. The total
amount of particles per class I particle increases as the pressure increases. The overall effect
of this is that fewer class I particles are needed to get the same current. In addition for
lower pressures, with respect to the total amount of particles more particles are originated
from the anode region. Which is in favour of the energy distribution function of ions at
the center of the IEC device. As expected since the increased background pressure results
in an increased reaction rate which on it’s turn results in a higher production and a lower
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Figure 4.4: Source function of D+ particles with D as a background gas. The voltage is
held at 50 kV and the pressure is 0.5 Pa throughout the simulations.

mean free path.

Cathode Radius

The anode vessel wall is at a fixed radius. The cathode can besides pressure and voltage,
be changed. The cathode radius can be altered by replacing the cathode with another
one with a different radius. The pressure during the simulation remains at 0.5 Pa and the
applied voltage was 50 kV. The simulation results can be seen in figure 4.4.

An increase in cathode radius led to both a decrease in the amount of particles being
created near the cathode and a decrease in the total amount of particles per class I ion.
The number of particles created near the cathode is decreased due to, fast acceleration
which results in fewer particles created during a full round trip. In addition the losses in
the cathode space are enhanced due to an increased cathode volume. The acceleration
depends on the electric field in between the electrodes which is enhanced when the inter
electrode space gets smaller. Cross sections decrease with increasing particle energy such
that fewer new particles are born. Particles undergoing an charge exchange reaction in
the cathode volume are lost to the cathode and do not create new particles in the inter
electrode space. The total amount of particles created in the inter electrode space decreases
with increase cathode radius which on its turn requires the need for more class I particles
to sustain the plasma. According to [37] it becomes harder to ignite the plasma at higher
cathode volumes. The need to create more class I particles could be the case.
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4.3.2 Current Model: Multiple Species

The current model can also be used with multiple species. In the case of Deuterium this
means that the background gas is considered to consist of Deuterium molecules. as it is
in reality when the IEC device is operated with Deuterium. Leading to the production of
multiple species, D+,D+

2 andD+
3 . The interaction between each specie with the background

gas can produce the other species, increasingly complicating the chemistry.

The electrode is again made of Nickel with the same properties as in the atomic model,
a work function of 5.2 eV. The background gas this time however consists of D2 as a
result not one but two source functions are obtained. Moreover another parameter must
be set, the initial distribution of the species, i.e. what is relation between D+, D+

2 and
D+

3 concerning class I ions. The values used are from an experiment conducted at the
university of Wisconsin [34], 10% D+, 30 % D+

2 and 60 % D+
3 . The vessel wall is again

used as the anode. One parameter is varied at any given time while all others are held
constant. The geometrical transparency is again taken as the simulation transparency. Due
to the design of the current model it is not possible to calculate the breakdown voltage.
Therefore it is not known whether or not the plasma would actually ignite. Nevertheless,
qualitative information about the effect of a parameter can be obtained. In the upcoming
section the results of the parameter variation are discussed with respect to the multiple
species current model.

Voltage

Similar to the atomic model the voltage across the electrodes can be changed. During the
simulation the pressure is kept constant at 0.5 Pa. The cathode radius equals 0.05 m in
these simulations. The source function of D+ can be seen in figure 4.5a, while the source
function of D+

2 can be seen in figure4.5b.

For both D+
2 and D+ the source function increases near the cathode. There an increase of

particle formation is obtained. However, due to the fact that the initial distribution of ions
contains D+

3 particles the total formation of new D+
2 and D+ is enhanced when voltage

is increased. In addition the same amount of these particles are already created at larger
radius. The main difference with the atomic model is that due to the coupled behaviour
of the Volterra equations also the destruction of molecules leading to the creation of other
ions is taken into account. This results in only a small net positive formation of D+

2 and
D+ near the anode.

Pressure

The pressure inside the device is an important parameter. The gas density is calculated
via the pressure with the ideal gas law, the temperature of the gas is kept constant at 300
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(a) (b)

Figure 4.5: Source function of a) D+ particles and b) D+
2 particles with D+

2 as a back-
ground gas. The pressure is held constant at 0.5 Pa and the cathode radius remains 0.05
m.

K. The voltage drop over the electrodes is 50 kV during the simulations. The cathode
radius is kept at 0.05 m and the outer radius at 0.25 m. The geometrical transparency of
the grid is the geometrical transparency. The source function of Hydrogen atoms in these
configurations can be seen in figure 4.6a, the source function of Hydrogen molecules can
be seen in figure 4.6b.

An increase in pressure results in an increased formation of new ions near the cathode.
For both ion types the amount of ions created at a certain radius per class I particle is
increased when the pressure is increased. For D+ particles the creation has a peak near the
cathode. The creation of D+

2 particles on the other hand keeps increasing with decreasing
radius. Since the amount of total particles increases with the pressure increase less class I
particles are needed in order to sustain the discharge.

Cathode Radius

The cathode radius is the last parameter changed in order to see the effects on the source
function for the multiple species current model. The pressure is kept at 0.5 Pa and the
voltage span over the electrodes is 50kV. The radius is varied between 0.03 m and 0.15 m
while the anode radius is kept constant at 0.25 m. The temperature of the gas is 300 K.
The source function of D+ can be seen in figure 4.7a, the source function of D+

2 as a result
of different cathode radii can be seen in figure 4.7b.

A larger cathode radius results in fewer total particles created by a class I particle, for
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(a) (b)

Figure 4.6: Source function of a) D+ particles and b) D+
2 particles with D2 as a back-

ground gas at different pressures. A voltage of 50 kV is applied over the electrode space.
The cathode radius is held constant 0.05 m.

both the formation of D+ and D+
2 . In addition, the curves show a similar behaviour for an

increase between the two ion types. The main contributor to this event is the formation
of slow ions inside the cathode region. This will take up a large fraction of the current.
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(a) (b)

Figure 4.7: Source function of a) D+ particles and b) D2 particles with D2 as a back-
ground gas for different cathode radii. The pressure is held constant at 0.5 Pa and the
voltage difference at 50 kV is applied over the electrodes.

4.4 Current Composition

The total current cannot be changed due to the setup of the current model however the
contribution of the different current terms can be investigated for parameter variation.
Qualitative behaviour of the current contributions can be found. For this purpose the
currents are characterized into four major contributions, which are the current due to class
I ions, the current due to class II ions, the current due to secondary emission and the
current due to slow ions formed at the center, with the assumption that all of them reach
the cathode.

Three parameters are individually changed while all others meanwhile remain constant. In
the first case the current contribution is moddeled as function of pressure, see figure 4.8.

As one can see in figure 4.8, starting at the low pressure regime most of the current consists
of secondary emission and slow ions formed inside the cathode region. The amount of class
I and class II ions hitting the cathode is roughly the same and together make up about 25%
of the current. Increasing the pressure from this point increases the amount of slow ions
in the cathode region. This is expected since the reaction rate of the ionization and charge
exchange processes are proportional with the gas density. As a result the total current
from fast class I and class II ions decreases and with them the secondary electron emission
contribution. The amount of fast ions hitting the cathode is directly proportional to the
amount of ions that pass through it. Since this current is decreasing and the formation of
slow ions is increasing means that the with fewer ions one creates more slow ions in the
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Figure 4.8: Incoming ions, class I and class II, secondary electrons and slow ions from
the center for a spherical configuration with R1 = 0, 05 m, R2 = 0, 225 m and a voltage
difference of 50 kV, a grid area of 0, 02m2 and a cathode emissivity of 0.2.

center.

Besides the pressure being varied while all other parameters were held constant, a voltage
sweep can also been made, see figure 4.9.

Starting again at the low side, at 40 kV, one can see that the main contribution of the
current is the secondary electron emission. This can be explained with the cross section
from figure 3.9. The main reason is that at low voltages the contribution of D+

3 hitting the
cathode is high. If the voltage is increased, a quick increase in the production of slow ions
in the cathode region is observed. Increasing the voltage difference even further leads to a
steady incline of the amount of slow ions created in the cathode region, at the expense of
the fast ions. The slow ion producing cross sections are not at their maximum at 100 kV
yet, this combined with the fact that the distribution function per incoming ion shifts to
the high energy part results in more slow ions created in the cathode region, making it an
ever dominating effect.

Lastly, the cathode radius is varied while all other parameters are kept constant, see figure
4.10.

Again, increasing the parameter results in an higher contribution of the slow ion created
in the center. However in the cases where the pressure and voltage was changed the
contribution of class I ions and class II ions equally decreased. When the cathode radius
is changed however, the relative class I ion contribution remains relatively constant. The
class II ions do decrease though, and with them the secondary ion production.
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Figure 4.9: Incoming ions, class I and class II, secondary electrons and slow ions from
the center for a spherical configuration with R1 = 0, 05 m, R2 = 0, 225 m a pressure of
0.45 Pa, a grid area of 0, 02m2 and a cathode emissivity of 0.2.

0 , 0 2 0 , 0 4 0 , 0 6 0 , 0 8 0 , 1 0 0 , 1 2 0 , 1 4 0 , 1 60 , 0

0 , 2

0 , 4

0 , 6

0 , 8

1 , 0

 

 

 C l a s s I
 C l a s s I I
 S e c o n d a r y  E m i s s i o n
 S l o w  i o n s  i n  c a t h o d e

Cu
rre

nt 
fra

ctio
n (

a.u
)

C a t h o d e  r a d i u s  ( m )

Figure 4.10: Incoming ions, class I and class II, secondary electrons and slow ions from
the center for a spherical configuration with R2 = 0, 225 m a pressure of 0,45 Pa and a
voltage difference of 50 kV, a grid area of 0, 02m2 and a cathode emissivity of 0,2.

77



4.5 Neutron Production

With the current and cathode model, using molecular hydrogen, it is possible to compute
the neutron production from he ion fluxes interacting with the background, this part of the
program has not been validated nor does it involve all the neutron producing processes.
Nevertheless, it can be used to show trends when it comes to neutron production versus a
change in voltage, pressure or cathode radius.

Voltage

When the voltage is varied, as in figure 4.11, an incline in the amount of neutrons can be
observed. This is in line with the earlier found observation that an increase in voltage is
beneficial for the neutron production.

Pressure

When the pressure is varied and the ion distribution is found the neutron production
increases with increasing pressure, even though the ion distribution is more favourable for
higher energies at lower densities. This is most likely because the increase in pressure is
not in favour of the ion distribution function nor the amount of class I ions needed to get
the discharge, but this is outweighed by the increase in background pressure, which scales

Figure 4.11: Neutron production for several pressures radii, the following from the model
considering ion-background reactions. Pressure is kept at 0.5 Pa, 50 mA of current is used,
the transparency of the grid is 95% and the cathode radius is 0.05 m.
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Figure 4.12: Neutron production for several pressures radii, the following from the model
considering ion-background reactions. Voltage is kept at 50 kV, 50 mA of current is used,
the transparency of the grid is 95% and the cathode radius is 0.05 m. It has to be noted
that the validity of the model with higher pressure becomes more questionable.

linear with the neutron production. In addition it has to be said that, for pressures above
1 Pa the model becomes less accurate due to the assumptions made before hand.

Cathode radius

The neutron production rate increases with increasing cathode radii. This is in line with
the birth radii found earlier for increasing particles. The amount of fast ions increases with
increasing cathode radii, which leads to a higher neutron production rate.
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Figure 4.13: Neutron production for cathode radii, the following from the model consid-
ering ion-background reactions. Voltage is kept at 50 kV, 50 mA of current is used, the
transparency of the grid is 95% and the pressure radius is 0.5 Pa.

4.6 Conclusion

In this section both models have been applied to the IEC configuration described in chapter
1. The PIC-MCC model did not perform as expected and was unable to provide a stable
discharge. In addition when compared to another PIC model the absence of recombination
processes led to an unstable discharge. The current model was split up in an atomic
and molecular part. For both models voltage, pressure and cathode radius were varied.
In addition a comparison between four major current contributors where made for these
parameter variations.
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Chapter 5

Discussion and Recommendations

5.1 Introduction

The aim of this study is find influence of the radius at which new ions are born, for an
IEC configuration described in chapter 1, with respect to the variation of basic experiment
parameters and its effect on the neutron production rate. In order to do so two methods
have been explored, a PIC-MCC model and a current model.

The first method, explained in chapter 2 is a PIC-MCC method. The PIC method makes
use of particles which can freely move within a computational domain, inside the anode in
this case. The forces on these particles are exerted by discrete electric fields, calculated on
this computational domain. The MCC part of the model creates new particles by enabling
collision processes. The radii at which these collisions produce new ions is the birth radius
of new ions. Together the PIC-MCC model should be able to simulate a plasma.

The second method, which is used, is a current model based on the work of Emmert
and Santrius[28][26] and is explained in detail in chapter 3. In this approach the IEC
device is considered to be in steady state operation. Steady state operation ensures that
the sum of all current and energy fluxes towards the cathode has to be 0. One of the
current terms involves the ion current. The ion current reaching the surface depends on
both the birth radius of the ions and the survival of the ion from its birth radius towards
the point where it hits the cathode. This is modelled with both atomic and molecular
deuterium as a background gas. The results of these models are discussed below. In
addition recommendations for future research are given.
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5.2 Discussion of the results

5.2.1 Single Species

In the single species model, the plasma was modelled using having only D atoms as a
background gas. With respect to the multiple species model this model has the advantage
that the cross sections are well known. A clear disadvantage is the fact that doing this is
not correct, since the background gas consists of H2. In addition, this model can be used
for noble gasses like helium and argon. Argon and helium have multiple electrons which
enables their single ionized ions to be excited, which can be measured. Enabling the model
to be compared with experiment. Single species are considered by both the PIC-MCC
model as well as the current model.

5.2.2 Multiple Species

With multiple species considered an actual deuterium plasma can be simulated. With D2

as background gas it is possible to calculate the creation of D+ and D+
2 particles in the

plasma. There is no creation of D+
3 particles except at the very edge, due to the H+

3

creation cross section being most effective at particle energies of several eV. Therefore D+
3

particles are only accounted for as class I ions. A distinction is made between class II D+

and D+
2 ions, this is because in most cases when one want fusion to occur the optimization

of D+ is the most important. This is because their energy per amu for particles born at
the same radius as a D+

2 particle is twice as large. Multiple species are only considered in
the current model, this because the set of cross sections in is not complete enough in order
to use it with MCC.

5.3 Discussion of Simulation Methods

5.3.1 PIC-MCC Model

The PIC-MCC model shows great problems converging to the regions of interest. Most
notable is the inability to create a discharge when the voltage is increased above 10 kV.
The inability to resolve the plasma sheath at the anode edge nor the center of the sphere
leads to problems concerning obtaining results with the current state of the code. The
large differences in local density, i.e. center compared with the inter electrode space and
again with the plasma sheath at the anode, makes it impossible to use a pic code with a
rigid cell size. Moreover, due to the nature of the code, when a discharge is simulated with
secondary electron emission at the anode, a charge build-up can be observed in the first
few time steps of the simulation. In these first few time steps all initial electrons hit the
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anode, creating secondary electrons. All these secondary electrons are injected in a very
small time step window and spatial window, creating a build up of local space charge, due
to their relative low velocity. Increasing the time steps is not an option due to heating
of the gas and increased simulation times. New ions created in the inter electrode space
seem to come primarily from ion-background induced processes. No discharge was obtained
when secondary electron emission was disabled and all electrons in that case are lost to
the wall. This is especially the case when the voltage applied was high, above 10kV. In the
case of low potentials, several kV, plasma is sustained in a slightly positive area near the
anode which leaks ions towards the center. This changes the potential profile from vacuum
potential.

5.3.2 Analytical Model

There are three main uncertainty issues with the current model: potential profile, trans-
parency and initial species distribution.

Potential Profile In the current model the vacuum potential is used in order to calculate
the electric field inside the IEC device. For the inter electrode space this only holds when
the plasma is not able to maintain quasi neutrality, which might not be the case at larger
inter electrode distances, higher pressures and/or lower applied voltages. Moreover, there
is no leaking of electric field inside the cathode. Hence, the cathode is thought to be a
perfect sphere with transparency Tc, not including any form of potential hill. Adding a
potential hill may alter the source functions in such a way that more slow ions are created
in the center and fast ions created in the cathode region have different turning points.

Transparency The transparency of the cathode is not well understood. The cathode
transparency also changes the source function by limiting the amount of recirculating ions.
Currently the transparency is a constant for all particles passing the cathode. But the
transparency could very well be energy dependent or azimuthal position dependent, i.e.
particles that pass once, are more likely to pass another time and particles with a lower
energy might see a higher effective transparency than high energy particles. This could
potentially have a big impact on the source function of both D+ and D+

2 . Moreover, the
effect of micro channelling on the transparency is unknown. Leaving no other option than
using the geometrical transparency.

Initial Species Distribution The initial species distribution has an impact on the source
function, which is not known for most devices, including the Tu/e set-up. This is most likely
not the same for all set-ups but actually depends on it. In all the simulations conducted
with the current model a distribution of 10/30/60 for D+/D+

2 /D+
3 is assumed, taken from

a reference source. In that specific case the plasma was ignited via an external source
and not via a glow discharge. No data was available where the concentration of ions was
measured in a device where the anode is used in order to create class I ions via Secondary
Electron Impact. Thus the initial species distribution for class I ions this might differ from
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the findings reported in the experiment and is used in the simulations in this thesis.

5.4 Recommendations

In both models, assumptions have been made in order to simplify the problem. Both
models also used simplifications which make constraints on the actual outcome and can
generally be improved. In this section recommendations will be given for both models in
order to improve the models in future work.

5.4.1 PIC-MCC Code

The PIC-MCC model only shows breakdown at lower voltages, in the order of kV. The
cause of not causing breaking down is not fully understood, however, a couple things could
be improved which could prevent this. The first thing which could be changed is the
computational grid. An adaptable grid, or a grid less PIC code, is favourable. In both
options the cell size will be variable over the domain. Making it possible to resolve different
plasma densities. Increasing the voltage reduces the volumetric size of the positive potential
region until this becomes nearly zero. In the inter electrode space almost no charged
particles are present. In this region, the cell size does not have to be that small, however,
in the region near the anode and inside the cathode the charge density is significantly
higher such that a much smaller cell size is required. Since the current program can only
create equal cell sizes this gives a strain on the choice of cell size. A possible solution would
be either cell sizes according to an amount of particles, i.e. a tree code, or an adaptable
mesh.

The same holds for time steps and particle sizes. While the ion time step has already been
made different than the electron time step it should also be possible for the time steps to
be changed according to the local density and the velocity of the super particles. Since the
chemistry models for D, D2 and D3 and its ions is incomplete it is impossible to work with
the cross section of these particles and the MCC model in the current state. Since only one
reaction process can be executed resulting in the need to conserve the mass of the particles
via the weighting of a super particle. A possible solution could be to make the mass of
a super particle variable such that several reactions at once can occur at the same time,
limiting the need of reaction specific cross section but possibly introducing new problems
like an increased amount of super particles and the loss of momentum conservation during
a collision.

Another problem is the 1D environment, in this way there is probably no possibility of
simulating important effects of an IEC device, such as micro channel formation and the
effect of it on the transparency of the grid. Moreover, due to the 1D environment, the grid
potential is perfectly closed at the cathode radius, i.e. perfect confinement for particles
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inside the cathode. A solution would be to either add a dimension or to ensure some sort
of tunnelling chance for particles near the cathode radius.

Lastly, the chemistry and surface interaction is far from optimal. These processes are
far from trivial and a thorough investigation should be made to see what the effect of
surface processes and material choice has on the behaviour of the plasma in an IEC device.
It could very well be the case that effects such as electron reflection, Electron Induced
Electron Emission and the formation of a sheath near the anode have a significant effect
on the discharge properties of an IEC.

5.4.2 Current Model

Several improvements can be made in order to improve this model. The first logical
improvement would be to add the neutron production, both from fast ion-background
and fast ion-fast ion contributions.The current validation can only be performed with
temperature measurements of the grid. Neutron prodcution could be used in order to
validate the model.

At this moment, the initial distribution of class I ions is chosen from literature, which is
taken from a measurement with an external plasma source. However, in the TU/e IEC
device there is no external plasma source. The class I ions, in the case that the housing
is the andode, are most likely created by electrons that have their origin due to secondary
electron emission. The ion energy distribution can be calculated by inserting a spectrum
of Electron Induced Secondary Electron Emission electrons at the anode edge. And then
following the same procedure as with the ions in a reversed integration order, except with
the corresponding cross sections of electron ionization and dissociation of H2. This however
does not produce a H3, which is only produced by the dissociative attachment of H+

2 to
H2 which is dominant at low energies, less than 10 eV. The most likely way to solve this is
by adding a corresponding class II H+

2 contribution to calculate the amount of H+
3 being

produced.

Having done this, the model could become a self consistent model. At this present moment
the plasma always ignites, regardless of the initial condition, this is because of the assump-
tion of having an external plasma source. Since the Tu/e IEC device does not have such an
external plasma source a coupling between the production of the class I ions at the anode
and the amount of secondary electrons produced should be made. To do this, the electrons
which are created due to secondary electron emission and the electrons produced due to
ion ionization of the plasma should be added to the program into separate self consisting
classes. These electrons are then accelerated in the electric field towards the anode, where
they produce secondary electrons, which on their turn produce the class I ions. With this
coupling in place it should be possible to find an equilibrium situation where the plasma
is ignited and stable.

By applying all and validating the model it is possible to do an optimization routine. The
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model at this point should be able to produce the neutron production, which needs to be
maximized. In addition, it is then able to tell the user if the plasma ignites. One possible
method could be a Monte Carlo method in which the boundaries of a given parameter set
are given, for example V, I, R1, Pgas and Tgas. The Monte Carlo would pick a random
set of variables out of the possible choices and run the model. Running the model would
tell the neutron production of the given set-up, obviously 0 for plasmas which cannot be
ignited. It should be mentioned that when the boundaries are applied the model’s domain
should be taken into account.

While the above parts are a crude way of producing an optimization scheme, there are also
other things which could be improved.

The cross sections of deuterium are only known in certain regions, moreover some cross
sections are not available at all. Experiments are rather hard to perform when it comes to
understanding these processes. Several quantum mechanical calculations have been made
for the atomic gas but are not accurate when it comes to interactions of H2. Finding a
complete set of cross sections for deuterium would massively improve the model.

Another lower limit at this point is the effective transparency of the grid. In each model only
the geometrical transparency was taken in order to calculate the chance of particles hitting
the cathode. However, in the experiment, at the pressures the IEC device is operated in a
so called star-mode occurs. Micro-channels are formed, raising the effective transparency
of the grid. It is not precisely known how this effect works. In addition, there is no clear
relationship between this plasma state and its effect on the effective transparency.

Besides the cathode transparency, the electric field inside the cathode could be higher than
expected in the model. This is especially true when the grid holes become large compared
to the area of the cathode. When the holes in the cathode become larger, the potential
inside the cathode can deviate from the potential applied to the cathode. This results in
lower energetic ions in the cathode region which limits the fusion production. In addition,
plasma phenomena like potential hills are not taken into account and can have effect on
the overall plasma state.

A possible effect, which accompanies the effect described here for, is the possibility that
the cathode can catch low energetic ions. The ions will then hit the cathode in an early
stage of their life, limiting the amount of other low energetic ions they produce. This on its
turn has the effect that low energetic ions contribute less to the total current which flows
through the device. Leaving more room for high energetic ones. This could especially be
significant in IEC devices where most of the ions are created near the cathode.

To solve these problems it is necessary to find a relation between the geometry of the
grid and its effective transparency and the potential in the cathode region. A valuable
parameter in this could be the average hole size. Making it too small micro channels
cannot be formed, if this is made too big the confinement is lost. Moreover, one can
wonder if there is a relationship between the inner cathode potential and the relative size
of the holes.
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5.5 Technology Assessment

The IEC technology could be an excellent form of creating safe neutrons for an acceptable
price. Unfortunately the amount of neutrons produces is not sufficient to break through in
commercial markets. This study is relevant in order to understand the processes inside the
device better in specific the influence of the ion birth radius on the neutron production.
This can then be used in order to increase the neutron production for set devices. In
addition, a common way to increase the neutron production is to apply more power which
leads to life time issues of the cathode. One of the decisive parameters for the lifetime
of the cathode is the cathode temperature. Which can modelled and studied for various
parameters and device configurations.
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Chapter 6

Conclusion

The main goal of the IEC experiment at Eindhoven University of Technology is the max-
imization of neutrons per second. A major influence on the neutron production is the
velocity distribution function of ions and the cathode temperature. The velocity distribu-
tion function on its turn depends on the ion birth radius for cases where the mean free
path of these ions is several devices sizes, thus high electric fields and low pressures. A
birth radius closer to the anode generally means a higher ion energy in the rest of the
device. In contrast, an increasing cathode temperature increase the amount of secondary
electrons decreasing the amount of ions available limiting the neutron production. Both
the ion velocity distribution function and the cathode temperature are influenced by the
parameters set by the experimenter and influence the neutron production of an IEC. This
thesis investigated the behaviour of these two parameters with respect to the main ex-
perimental variables and on the corresponding neutron production rate. To do this, two
methods have been explored, a PIC-MCC method and a current and cathode temperature
model.

The basic components of the PIC-MCC have been show to work under the assumptions
made beforehand. However, when put together the specific PIC-MCC model has proven to
be ineffective in converging to a solution for the discharge at voltage differences bigger than
5 kV. Problems arise due to large local density difference and possibly the discretization of
the time dependent boundary conditions and hence render this method in its current state
non-viable to calculate the birth radius of new ions. Moreover, a limited cross section data
set with respect to the MCC model limits this model to an atomic background gas only.

A current and cathode temperature model has been made for both atomic and molecular
species. Validation of the model is difficult due to experimental difficulty in measuring
current. Only the molecular species model could be validated, this was done with respect
to the cathode temperature. Further validation is needed with more data sets and different
set-ups such that a wider operation range can be investigated.

The current and temperature model is incapable of producing a discharge on its own. It is
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therefore impossible to say something quantitatively. However, qualitatively trends can be
observed. For a maximum neutron production rate ions should, preferably, have a birth
radius close to the anode. This also means that the total amount of particles created per
class I ion should be minimized, this way the amount of total particles is the highest.
The increase of amount of class II particles per class I particle for an increase in voltage
is marginal. The increase in energy results in a fusion cross section orders of magnitude
bigger at 40 kV than at 100 kV, thus generally an increase in voltage is good for the neutron
production, which is also seen in the simulation of the neutron production. It is noted that
the current distribution on the cathode increasingly consists of more ions created in the
cathode region, thus less high energy ions create more neutrons.

The influence of the cathode radius has also been investigated. In general, the amount
of ions created in the inter electrode space decreases with an increased cathode radius,
which should be beneficial. However, with an increase in cathode radius, also the amount
of slow ions in the cathode increases, which becomes an evermore bigger part of the total
current, limiting the amount of class II ions. In addition, a bigger cathode can increasingly
be violating the assumptions made in the cathode model. When the neutron production
is modelled for different cathode radii it shows indeed an increase in neutron production
rates for increase cathode radii. It must be noted that the model does assume perfect
symmetry, which becomes increasingly hard to maintain at bigger cathode radii, which
makes the verification of this part hard due to other factors changing as well.

Increasing the pressure shows a clear increase in the amount of particles created near the
cathode region, which should be lowering the neutron production. However, the neutron
production also scales with the density. The amount of ions created near the cathode,
thus with relative low energy, increases greatly when the density is increased. In addition,
due to an increase pressure will create more slow ions in the center of the device. Yet,
when computing the neutron production with respect to a change in pressure the neutron
production increases with increasing pressures. Thus the increase of pressure outweighs
the negative effects of a lower amount of fast ions.

Overall, an average ion birth radius closer to the anode is beneficial for the neutron pro-
duction rate. Although an increase in pressure leads to more ions formed near the cathode
it does not outweigh the increase in background density, increasing the neutron production
overall. In order to increase the neutron production the voltage should be maximized for
a bigger cathode radius with a higher pressure, which corresponds to a maximum current.
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Appendix A

Appendix

A.1 Numerical Solution to single volterra equation

For the numerical solution of the volterra equation a procedure as depicted in []is fol-
lowed. In which the second order non coupled volterra equation is solved using trapezoidal
integration.

The equation

S(r) = A(r) +

∫ a

r

S(r′)K(r, r′)dr′ (A.1)

is then

Si = Ai +
∆

2
KiiSi + ∆

N−1∑
j=i+1

KijSj +
∆

2
KiNSN (A.2)

Bringing all Si terms to one side gives

Si =
Ai + ∆

∑N−1
j=i+1KijSj + ∆

2
KiNSN

∆
2
Kii

(A.3)

The solution can then be found by letting i go from N to 0 and using the previous deter-
mined solutions as input for the ith solution.
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A.2 Numerical Solution to coupled volterra equation

The numerical solution of the volterra equation can be extended to solve the coupled
volterra equation [28]. This is done by discretizing the following coupled volterra equation

S1 = A1 +

∫ a

r

S1(r′)K11(r, r′)dr′ +a
r S

2(r′)K12(r, r′)dr′ (A.4)

S2 = A2 +

∫ a

r

S1(r′)K21(r, r′)dr′ +a
r S

2(r′)K22(r, r′)dr′ (A.5)

This is again done using trapezoidal integration. Obtaining

S1
i = A1

i +
∆

2
K11
ii S

1
i + ∆

N−1∑
j=i+1

K11
ij S

1
j +

∆

2
K12
iNS

1
N +

∆

2
K12
ii S

2
i + ∆

N−1∑
j=i+1

K12
ij S

2
j +

∆

2
K12
iNS

2
N

(A.6)

S2
i = A2

i +
∆

2
K21
ii S

1
i + ∆

N−1∑
j=i+1

K21
ij S

1
j +

∆

2
K22
iNS

2
N +

∆

2
K22
ii S

2
i + ∆

N−1∑
j=i+1

K22
ij S

2
j +

∆

2
K22
iNS

2
N

(A.7)

Again the ith term of each S is collected.

S1
i

(
1− ∆

2
K11
ii

)
−∆

2
K12
ii S

2
i = A1

i +∆
N−1∑
j=i+1

(K11
jj S

1
j +K12

jj S
2
j )+

∆

2
(K11

iNS
1
N +K12

iNS
2
N) (A.8)

and

S2
i

(
1− ∆

2
K22
ii

)
−∆

2
K21
ii S

2
i = A2

i +∆
N−1∑
j=i+1

(K21
jj S

1
j +K22

jj S
2
j )+

∆

2
(K21

iNS
1
N +K22

iNS
2
N) (A.9)
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