
 Eindhoven University of Technology

BACHELOR

Influence of the cathode size and shape on neutron production rates in IEC devices

Oudijk, A.E. (Esmée)

Award date:
2019

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/8567abdd-ef4a-458e-9057-c57d1c16e303


Influence of the cathode
size and shape on neutron
production rates in IEC

devices.

Bachelor Thesis

A.E. Oudijk

Department of Applied physics
Fusion Research Group

Supervisors:
R.J.E. Jaspers

M.C.C. Messmer

Eindhoven, 26th March 2019



Abstract

Medical isotopes can be created by neutron capture. One possible way to create these neutrons
is in inertial electrostatic confinement (IEC) fusion devices. IEC devices are easy to utilize and
relatively cheap, but are not producing enough neutrons yet to compete with other technologies,
e.g. linear accelerators.

In IEC devices deuterium ions are accelerated towards a cathode. Collisions of deuterium particles
can result in fusion reactions where neutrons are created. The plasma configuration influences the
neutron production rate (NPR) of the fusor (TU/e’s IEC device). The size and shape of the
cathode influence the shape of the electric field and therefore the plasma configuration. This
thesis explores the influence of the cathode size and shape on the NPR of the fusor.

To investigate the influence of the cathode shape two spherical (3- and 5-rings) and a cubic
cathode, with the same diameter and space diagonal, were fabricated. To investigate the influence
of cathode size on the NPR a smaller 3-ring spherical cathode, with a configuration similar to the
original 3-ring spherical cathode, was fabricated.

Experiments with different voltages and currents were performed for all cathodes. In the shape
category the 5-ring cathode has the highest NPR overall and the cubic cathode the lowest NPR.
The 5-ring cathode produced 5 to 15 times more neutrons than the cubic cathode, depending on
the experimental settings. In the size category the smallest 3-ring cathode achieved the highest
NPR within all experimental settings. The small 3-ring cathode produced 2 to 3 times more
neutrons than the big 3-ring cathode, depending on the experimental settings.

Definitive conclusions of the cathode performance cannot be deduced from these results because
large deviations of the background noise were observed during the experiments, for which the
experiments could not be corrected. Therefore the results only give the indication that a more
symmetrical and smaller cathode results in a higher NPR. The background noise must first be
investigated further to be able to draw any conclusions.
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Introduction

1 Introduction

Skin cancer can be treated by branchytherapy, with for example the medical isotope Iridium-192.
Iridium-192 does not occur naturally on earth, but is created by neutron capture of Iridium-191.
One possible way to produce these neutrons is with help from fusion reactions, for example with
an inertial electrostatic confinement (IEC) device. The University of Technology in Eindhoven
(TU/e) has an IEC device in use, the TU/e fusor, which can be seen in figure 1.

to pump

stalk

stalk support
and HV feedthrough

to pump

to power supply

grid at 
neg. potential

webcamdiagnostic 
port

ion 
source

Figure 1: Schematic drawing of the fusor with minor adjustments, originally made by Messmer [1].
The power supply is connected to the fusor from the top of the fusor. The cathode grid is mounted
on the stalk, connecting it with the power supply. The neutron detector is attached in the mid
plane of the fusor. The diagnostic ports are used to attach the ion source and the webcam used
to monitor the experiments. A vacuum pump is attached to the bottom of the fusor. In normal
operation, a negative potential is applied at the grid, accelerating ions towards it and electrons
towards the vacuum vessel.

The fusor consists of a grounded, spherical vessel (inner diameter of 500 mm). The vessel
contains a low-pressure deuterium gas. Inside the vacuum vessel a grid is attached to a stalk, which
is connected to the cathode of an external power supply. If the grid potential is high enough, plasma
breakdown occurs. Ions get accelerated towards the grid (cathode), electrons towards the wall.
The accelerating electric field depends on the shape of the cathode, for which two distinctions are
made: the cathode size and shape. Both influence the symmetry. Collisions of ions (beam-beam
fusion) or ion with a particle in the background gas (beam-background fusion), can result in a
fusion reaction which produces kinetic energetic neutrons. The neutrons are detected by neutron
detectors. The efficiency of the fusor can be established by looking at the neutron production
rate (NPR). IEC devices are not producing enough neutrons yet to compete with other neutron
creating technologies, e.g. linear accelerators.

Influence of the cathode size and shape on neutron production rates in IEC devices. 4



Introduction

Since IEC devices are easy to utilize and the purchase costs are estimated to be 10 to 50
times cheaper than linear accelerators, it is interesting to do research on increasing the neutron
production of IEC devices.

One way to influence the NPR of an IEC device is to alter the cathode size and shape. Both
have been studied in literature. Wehmeyer [2] studied the influence of latitude and longitude
configurations of spherical cathodes, where no difference was found. Simulations by Bernards
[3] suggest a favourable influence of cubic or 3-ring spherical cathodes on the ion trajectories.
Furthermore, Wehmeyer [2] and Wijnen [4] showed a favourable scaling of the NPR with increasing
radii, which is explained by simulations made by Alers [5] by a more homogeneous field for larger
cathodes.

The first hypothesis that is investigated in this project is that a cathode shape with either a high
symmetry or a high transparency could increase the NPR. To investigate if a higher transparency
or more symmetry is more beneficial to the NPR is the dependence of the NPR of different
cathode shapes (cubic, spherical with 3-rings and 5-rings) on experimental parameters (p, U,
I) is evaluated. The second hypothesis, investigated in this project, is that the NPR increases
with increasing cathode radii. The ion energy is highest inside the cathode, a bigger cathode
could therefore result in an larger volume where ions have a high energy, possibly resulting in
an increase in the NPR. To investigate this hypothesis spherical cathodes of different radii, but
otherwise identical configuration, are used to measure the dependence of the NPR on the cathode
radius.

In this report firstly the theory needed to understand the topic is described. Secondly, the
experimental set-up is explained along with the error estimations. The cathode design is motivated
in chapter 5, followed by the experimental results. Lastly a summary of the results are given along
with the final conclusion.

Influence of the cathode size and shape on neutron production rates in IEC devices. 5



Theory

2 Theory

2.1 Introduction to fusion in IEC devices

Nuclear fusion is the process where light nuclei collide with each other and release energy. The
release of energy is caused by the binding energy per nucleon after the reaction being greater than
before the reaction. Elements with small masses, up to iron-56 have a large binding energy per
nucleon. Due to this high binding energy an exothermic reaction occurs for the formation of atoms
up to iron-56. Deuterium is a hydrogen isotope commonly used in IEC devices. If two deuterium
nuclei collide there is by approximation a 50% chance of either happening reaction 1 or 2 [6].

2
1D + 2

1D −→ 3
2He + 1

0n + 3.27MeV (1)

2
1D + 2

1D −→ 3
1T + 1

1H + 4.03MeV (2)

In chapter 1 a brief introduction to the working principle of an IEC device is given. By
accelerating deuterium nuclei (ions) towards the cathode, an attempt is made to achieve a collision
between nuclei, in order to make reaction 1 or 2 happen and create neutrons. More oscillations of
the nuclei result in a longer interaction length for the nuclei, which results in a higher chance of
collision. One way to make an estimation whether a particle oscillates is to analyze the potential
structure inside the fusor. Figure 2 is simulated by Messmer [1] and the red arrows show the
direction of the Coulomb force experienced by ions. In figure 2b only the ions that have a starting
location in the mid plane of the fusor, are in a region where a symmetric potential distribution
exists. The ions located above this mid plane experience a Coulomb force which attracts them
directly towards the stalk, these ions stop oscillating.

(a) (b)

Figure 2: These figures, simulated by Messmer, show a spherical cathode in an IEC device. The
red arrows show the direction of the Coulomb force experienced by ions. The influence of the stalk
can be observed by comparing figure a and b.
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Theory

The oscillations of ions in the fusor are simulated by Alers [5]. In his simulation there is an
indication that the number of passes a particle makes depends on the starting position of the
particle. Only the ions that are located in the mid plane of the fusor, when applying a voltage,
are able to make more than 5 passes before colliding with the stalk. The influence of the stalk on
the oscillations is therefore assumed to be huge.

The oscillating ions can be observed during experiments. The accelerated (deuterium nuclei)
ions that oscillate in and out of the cathode, are forming ion microchannels [7]. The bright beams
in figure 3, which are characteristics for this so called star-mode, are believed to be the formed
ion microchannels. The light is mostly created by the electrons of hydrogen atoms being excited
by other electrons. The ion oscillations result in a longer interaction length for the ions, which
results in a higher chance of collision. The fusor is therefore operated in star-mode in this work.

Figure 3: Picture taken while the fusor was operated with the 5-ring spherical cathode in star
mode. The formation of ion channels can be seen in the light beams. The light is mostly created
by the electrons of hydrogen atoms being excited by other electrons. The colors in this picture
are enhanced for clarification of star mode.

2.2 Fusion reaction rate

The amount of produced neutrons is related to the total amount of fusion reactions. The fusion
reaction rate depends on which type of fusion is taking place in the fusor. In chapter 6 it is shown
in figure 8 that the NPR does not show variations over time. It is further discussed in detail in
chapter 6 that this is an indication that embedded fusion effects can be neglected for the cathodes
investigated in this project.

Influence of the cathode size and shape on neutron production rates in IEC devices. 7



Theory

The NPR has a linear relationship with current for beam-background fusion and a quadratic
relationship with current for beam-beam fusion. Later in chapter 6 it can be seen in figure 10 that
the NPR has a linear relationship with current, therefore it is assumed that beam-background
fusion is dominant over beam-beam fusion in this work.

In the estimation of the amount of beam-background reactions, the number of nion and ngas,
and the average reactivity play an important role. The average reactivity depends on the fusion
cross section (σ) and the velocity (v) of a particle: 〈σv〉. The fusion cross section describes the
effective surface particles have, which depends on the center of mass energy a particles has. The
fusion cross section gives an indication for the probability per pair of particles for the occurrence
of a reaction. An approximation of the total fusion reaction rate per volume area is given by
equation 3.

Rfusion ≈ nionngas
〈
σ(v)v

〉
(3)

The ions are not formed at the same location or distance from the center of the fusor, resulting
in a deviating final ion velocity and cross section. The fusion reaction rate, equation 3, therefore
depends on the locations of birth of the ions.

To determine ngas, the ideal gas law can be applied which results in ngas = pV
RT . From this it

can be seen that the ngas particles scale linearly with the pressure and therefore linearly with the
fusion reaction rate.

The amount of ions passing through the cathode depends on the amount of ions (nion) and
the amount of oscillations the ions make (NRecirculation). The amount of ions passing through
the cathode scales linearly with the ion current. Only the total current over the cathode can
be measured (I). A large contribution to the total current is secondary electron emission, the
process of an electron leaving a metal upon ion impact. The number of electrons emitted is energy
dependent and described by the secondary electron emission coefficient γ(E). The total current
is described by equation 4.

I = Ii + Iγ (4)

In Chapter 4 an approximation of the value for γ(E), for this project is discussed. The
secondary electron current depends on γ and is expressed as Iγ = Iiγ. Combining with equation
4 gives the final result for the approximation of the ion current given in equation 5.

Ii =
I

1 + γ
(5)

From equation 5 it can be seen that the nion scales with the total current. In order to obtain
a higher ion current, a low secondary electron emission factor is preferred. The ion current (Ii)
scales linearly with the ions passing through the cathode times the number of passes an ions make
(Ii ∝ nion·CRecirculation). If more ions are present or more ion oscillations take place, the ion
current is higher.

During the experiments performed for this thesis, an ion source is used in order to perform
experiments at constant values of current, voltage and pressure. Constant values are preferred in
order to compare the cathodes performances fairly. The influence on the fusion reaction rate of
the ion source is researched by Huisman [8]. In his research an influence of the ion source on the
NPR was found, while the ion source was used on high power. In this research the ion source is
used with minimum power. The influence of the ion source on the neutron production rate (NPR)
is tested and no influence on the NPR was found. Therefore are the ion source settings not taken
into account for the estimation of the total fusion reaction rate.

Influence of the cathode size and shape on neutron production rates in IEC devices. 8
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3 Experimental set-up

A brief description of the experimental set-up is written in Chapter 1, along with a schematic
picture of the experimental set-up. In this chapter firstly the relevant specifications of the
equipment used in the experiments is discussed. A list with details of the exact equipment used
during the experiments can be found in the appendix. Secondly. the preparations needed before the
experiments are described. Thirdly, the actions performed during the experiments are described.
Lastly, it is described how the neutron production rate for each cathode is determined.

3.1 Equipment experimental set-up

The lowest pressure possible to make in the fusor with a vacuum pump is 0.06 Pa. This pump is
attached to the bottom of the fusor see figure 1.

Hydrogen and deuterium gas bottles are connected to a gas pipe network. Either hydrogen or
deuterium gas is let into the fusor with a gas regulating valve. One difference between the set-up
when using either deuterium or hydrogen is that in the deuterium gas bottle a rubber membrane
ring is used to close the bottle, whereas in the hydrogen bottle a metal ring is used. The tubes
that connects the bottles with the membrane are made of the same type of rubber as the ring in
the deuterium gas bottle. The metal ring is more sensitive to the formation of vapor than the
rubber ring.

A Heinzinger power supply is used to apply a high voltage (0-120 kV) and current (0-100 mA)
firstly to a hollow copper rod. The hollow copper rod is connected through a ceramic high voltage
feedthrough to the stainless steel stalk of the fusor, see figure 1. The Heinzinger and fusor are
connected in series with a resistance of 210kΩ to stabilize the discharge. The system is, in this
research, operated with a maximum of 60 kV and 25 mA over the fusor.

A neutron detector is placed in front of the fusor. The settings of the power supply of the
detector influence the filtering of neutron counts. The working principle of the neutron detector is
described in the appendix, along with a picture of the settings used during the experiments. Two
identical neutron detectors are installed on top of the fusor room and at the bottom, underneath
the floor. The results obtained by these neutron detectors are not used in this report.

On one of the bottom diagnostic ports in figure 1, is the ion source attached. The ion source
is, in this research, only operated at voltages < 2.5kV and at currents < 2.5mA. The settings of
the ion source are notated manually.

To monitor the cathodes during the experiments and to take pictures a webcam is installed at one
of the top diagnostics ports.

3.2 Preparations before experiments

In order to reduce the radiation exposure to the persons present in the fusor room, a polyethylene
wall is built around the fusor. To determine which cathode has the highest neutron production
rate (NPR), the same experiments have been conducted for all three cathodes. A cathode is
attached to the stalk and the fusor is closed. After this, the turbo-setting of the vacuum pump is
fully opened and is used to lower the pressure until the pressure stops decreasing. The pump is
now set half-open.

After replacing a cathode, impurities in the fusor and at the cathode are present, resulting in
arcing at the cathode during the first experiments conducted. To reduce radiation exposure for
persons present in the room, first hydrogen experiments, where neutrons are not produced, are
conducted. Different voltages, currents and pressures are applied, until the arcing stops and

Influence of the cathode size and shape on neutron production rates in IEC devices. 9



Experimental set-up

settings of voltage, current and pressure can be found that remain stable. In this report a stable
experiment is defined as an experiment where the voltage, current and pressure over the fusor are
constant over a contiguous period of time.

3.3 Experiment strategy

Once the preparations are done, a 15 minute stable experiment with hydrogen is performed.
These settings can be used as an indication for the settings with deuterium experiments. The
stable settings are achieved with the ion source. The influence of the ion source to the background
noise will be determined in this experiment. The settings of the ion source are adjusted and noted
manually.

The same vacuum pump procedure is repeated, and deuterium is let into the fusor. First dummy
experiments are performed with deviating voltage and current to make sure the impurities of
the hydrogen gas are gone. Then, a stable 10 minute experiment with deuterium in the fusor is
performed. According to theory, change in current and voltage over the fusor influence the NPR.
Because of this, it is decided that the voltage and current over the fusor are kept constant with help
from the ion source. Without the ion source the voltage and current are deviating. During this
time-scan it can be observed what the effect of the ion source is on the NPR. In this experiment
also the effect of time on the NPR can be investigated.

In the following experiments the NPR is determined for multiple stable voltage and current settings
to compare the NPR of each cathode for each setting. In between every experiment the fusor is
turned off for at least 10 minutes, to reduce temperature effects on the NPR of each experiment.
The first experiment series consists out of 10 mA, 19.6 mA, 22 mA. To investigate the relationship
of the NPR with the voltage for each cathode shape and radius, different voltage settings are
used. Different voltages result in different ion energies. The fusion reaction rate depends on the
kinetic energy of the ions, which depends on the location where the ions are created. A different
relation between voltage and NPR for the cathodes could indicate that the cathode influences the
location where ions are created, or that background noise or impurities in the fusor influence the
experiment. For each current setting the voltages were attempted to be kept at 22 kV, 27 kV,
33 kV and 39 kV. For each experiment it is tried to have a constant value for at least 8 minutes.
Next, more stable experiments are conducted for a constant voltage of 38 kV and 46 kV. Now
for each voltage, the current series of 10 mA, 15 mA and 22 mA are attempted to be applied.
These experimental values are chosen to determine the relationship between the current and the
NPR. A quadratic relationship is an indication for beam-beam fusion and a linear relationship is
an indication for beam-background fusion. No relation between the NPR and the current could
be an indication that impurities or background noise dominates the experiment.

3.4 Determination of the neutron production rate

The NPR of each cathode is determined with the neutron detector attached at the fusor. The
neutron detector outputs for every one tenth of a second the number of counts it detected. When
operating with deuterium it is typically observed that each time frame alternately consists of 0
or in the order of 1 to 10 counts. The output also gives high peaks (>100 counts), for example
just after the counter is turned on. These are false positive measurements, because at this point
there are no neutrons produced. It is not excluded that false positive measurements take place
during a stable experiment. In the master thesis of Huisman (2017) [8], the neutron counters
attached on the ceiling and at the floor are used to identify false counts. It is stated that if all
neutron counters show a relatively high peak at the same time, that particular measurement will
be discarded. During the experiments for this bachelor project, it is observed that the ceiling
and floor detector give deviating simultaneous and non-simultaneous signals. It is not possible to
discard the measurements the way Huisman did.

Influence of the cathode size and shape on neutron production rates in IEC devices. 10
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The calibration factor used for the neutron counts in this report are determined by Chennakeshava
and Messmer in 2018. The calibration factor for the neutron counter attached to the fusor, NPR
4, is equal to 6.3 · 104 ± 0.3 · 104 [9]. Due to inexplicable behaviour of the neutron counters above
(NPR 5) and below (NPR 3) the fusor, it is decided that in this report only the data gathered
with detector NPR 4 will be used.

To minimize the influence of possible false positive measurements, an average NPR will be calculated
for each experiment. The NPR is averaged over time where the stable experiment took place.
Almost all experiments are conducted over a period of about 5 minutes.

Each experiment is repeated for every cathode. However, since the cathodes deviate in shape
and symmetry, it is not possible to use the exact same settings for U, p and I. To be able to
compare the NPR of each cathode, the pressure is adjusted until a setting with the same current
and voltage is found. To investigate the effect for this deviating pressure, experiments with the
cubic and spherical 3-ring cathode are performed at stable voltage and current, at a varying
pressure.

Influence of the cathode size and shape on neutron production rates in IEC devices. 11
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4 Error estimations

4.1 Standard deviation of sample mean

During each experiment in the order of thousand data points are gathered. In order to reduce
accidental deviations in neutron production of these data points the average neutron production
rate (NPR) is calculated. The standard deviation of the sample mean (SDM) of the average NPR
is calculated for each experiment to determine the error. The SDM is chosen over the standard
deviation because in this report it is focused on how specific the average NPR is and not on the
individual data points. Some results are normalized to the pressure, the SDM is corrected for the
normalization within a 68% interval. The same procedure is conducted for the SDM of voltage,
current and pressure. These error estimations are used for the final error bars presented in chapter
6.

4.2 Errors in equipment

According to the manufacturer the voltage and current output of the power supply can be read
with 2% accuracy. The voltage and current output is transferred to an external computer. To
take into account that this transfer decreases the accuracy, an overestimation of the error in the
voltage and current output is set at 1 kV and 1 mA. The error in the equipment is higher than
the typical SDM. To visualize the stability of an experiment of the averaged results, the SDM is
used for the final error bars. For results that are not averaged the error in the equipment is used.
For this report no actions have been performed to determine systematic errors of the voltage and
current.

Significant background noise is observed during experiments with hydrogen. Since the background
noise seemed to deviate from experiment to experiment, an estimation of this systematic error
was not possible. The data results are not corrected for the background noise. Because of
this the absolute NPR values remain questionable. The relative NPR give an indication for the
performances of the cathodes.

To measure the pressure an ion gauge is used which measures up to 10 Pa with 2% accuracy.
For this report no actions have been performed to determine systematic errors of the pressure
system.

Influence of the cathode size and shape on neutron production rates in IEC devices. 12



Cathode design

5 Cathode design

The cathodes in this research are made of nichrome (80% nickel and 20% chromium). For the
optimal research results the cathode material should have a a high melting point. Nichrome has
a melting point at 1773 K. Furthermore, practical considerations have been taken into account:
The material has to be deformable and weldable for the production of different cathode shapes.
Both requirements are met by nichrome. As briefly discussed in chapter 2, secondary electron
emission coefficient of the material of the cathode is preferred to be as low as possible. There are
indications that the secondary electron emission coefficient γ of nichrome is about 3 for 4 keV [10].

(a) Cubic cathode with space
diagonal of 8.40 ± 0.05 cm

(b) Spherical cathode with radius
4.20 ± 0.05 cm made from 5 rings

(c) Spherical cathode with radius
4.20 ± 0.05 cm made from 3 rings

Figure 4: In the figures above the 3 different cathodes that are researched are shown. To compare
the influence of cathode size on the NPR, a 3 ring spherical cathode with r = 2.50 ± 0.05 cm,
but otherwise similar configuration as the 3 ring spherical cathode is fabricated. The cathodes are
made from a nichrome wire (d = 0.70 ± 0.05 mm).

In order to determine the influence of the cathode shape on the NPR one cubic cathode and
two spherical cathodes, see figure 4, are researched. The spherical cathodes are symmetric and
the openings radially face each other. This design is chosen to support the formation of ion
microchannels [7], by which ions can be confined on oscillatory trajectories through the device.
Particles at the right starting location can oscillate through the cathode, by which ion channels are
formed. More oscillations through the cathode result in a longer interaction length, which results
in a higher beam-background reaction rate. Specifically the 3-ring design is chosen since it has a
high transparency, which makes more oscillations possible because the particles are less likely to hit
the cathode. The 5-ring ring design is researched since it is more symmetric than the 3-ring design,
to support the formation of more ion channels. The spherical cathodes both have the same size
and radius. To compare the influence of cathode size on the NPR, a 3-ring spherical cathode with
r=2.50 ± 0.05 cm, but otherwise similar configuration as the 3-ring spherical cathode is fabricated.

The cubic cathode is not symmetric with the fusor, however, a simulation showed that a cubic
cathode can lead to more ion oscillations than the spherical cathodes [3]. To our knowledge no
experiments with cubic (or rectangular) cathodes have been performed, making this an interesting
candidate. The space diagonal of the cubic cathode is the same as the diameter of the spherical
cathodes. Sharp edges at the cathode can cause strong field elevation, leading to unwanted electron
emission. To reduce the field emission of the cubic cathode, the edges are rounded, as can be seen
in figure 4(a).

Influence of the cathode size and shape on neutron production rates in IEC devices. 13
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5.1 Fabrication of cathodes

For the construction of the spherical cathodes, a cylindrical tube is secured in a vise. Next,
multiple windings of the nichrome wire are wrapped around the tube. After the wire is cut, a
spring is formed. The most symmetric circles are chosen to be used for the final design. The
circles are welded together with a point welder. A detail of a welded point can be seen in figure 5.

Figure 5: A detailed welding point can be seen
here.

For the cubic cathode, a cubic tube is
used to form wire squares. The rest of
the procedure is identical. The procedure is
executed manually and with as much precision
as possible. However, deviations in size
and shape are not preventable during this
procedure.

The final shape designs that are used in this
research can be seen in figure 4. Two spherical
cathodes with the same radii of 4.20 ± 0.05 cm
and one cubic cathode with a space diagonal of
8.40 ± 0.05 cm are shown here. One spherical
3-ring cathode with r = 2.50 ± 0.05 cm, but
otherwise similar shape as the 3-ring spherical
cathode shown in figure 4c is fabricated.

Influence of the cathode size and shape on neutron production rates in IEC devices. 14
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6 Results and discussion

In this chapter the results obtained during the experiments are presented and discussed. The
experiments with the cathodes are performed with different pressures. To be able to compare
the cathodes, it is at first investigated how the pressure influences the NPR. A correction factor
is calculated to normalize the results. Secondly, an example of the NPR that is observed while
performing experiments with hydrogen is discussed. This NPR is regarded as background noise.
Lastly, the results of experiments with deuterium are presented, where firstly the influence of the
ion source and time on the NPR are evaluated. Finally, the influence of the different cathode
configurations on the NPR are investigated.

6.1 Pressure dependence of the neutron production rate
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Figure 6: The pressure dependency of the NPR (s−1), for the cubic cathode and small 3-ring
cathode (r = 2.50 ± 0.05 cm). The error-bars represent the standard deviation in sample mean.
To compare the NPR of experiments with different pressures, all measurements are normalized to
p = 0.22 Pa, with help from a normalization factor determined from this graph. The cathodes
show opposite results for p = 0.22 Pa. The normalization factor for the spherical cathodes is
determined from the results of the 3-ring sphere. The normalization factor for the cubic cathode
is determined from the results of the cubic cathode.

The experiments with the different cathodes could not be performed with the same pressure
settings. The majority of the experiments were carried out at p = 0.22 Pa, for the remaining
experiments the pressure was changed to p = 0.15 Pa or p = 0.18 Pa in order to obtain a stable
discharge. To compare the NPR of experiments with different pressures, all measurements are
normalized to p = 0.22 Pa. The normalization factor for the cubic cathode is determined from
the results of the cubic cathode presented in figure 6. The normalization factor for the spherical
cathodes is determined from the results of the spherical cathode. In figure 6 the NPR of the cubic
cathode and the small 3-ring spherical cathode, for different pressures at constant currents and
potentials is shown. For each experiment in figure 6 the voltage and current are kept stable at a
voltage of 39.0 ± 1 kV and a current of 10 ± 1mA.
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First, the results of the cubic cathode are discussed. The results show that the NPR depends
on the pressure settings. Notable is that the NPR is not the same for the different settings.
Outstanding is that 0.22 Pa gives a lower NPR than the NPR of 0.18 Pa and 0.15 Pa.
The same effect is found in previous experiments performed by Huisman [8].

Assuming beam-background fusion takes place, it might seem counter intuitive that a higher
pressure gives a lower NPR. After all, a higher pressure would mean more deuterium particles,
possibly resulting in more beam-background fusion. However, one possible explanation could be
the length of the mean free path (MFP) of deuterium ions. The MFP of deuterium ions is shorter
if more particles are present, since the chance for a collision is higher. So an ion can reach a lower
velocity, which results in lower energy, in turn reducing the fusion cross section.

Another possible explanation for the deviating NPR could be the impurities present in the gas.
The lowest pressure possible to achieve with the experimental set-up is 0.06 Pa, which means
for example that at 0.18 Pa, 1

3 of the gas present in the fusor are impurities. At lower pressure,
relatively more impurities are present in the gas leading to more beam-background fusion, which
does not necessarily result in the production of neutrons.

The results of the spherical cathode also show that the NPR depends on the pressure settings.
The spherical cathode shows at p = 0.22Pa, compared to the cubic cathode, the opposite result.
It is not possible to ascertain the cause of this result from this figure only. The cathodes have
a different geometry and size and both could influence the NPR. A bigger cathode results in a
smaller distance between cathode and anode (fusor wall), which influences the uniformity of the
electric field created. Also the geometry of the cathode influences the uniformity of the electric
field created. One possible explanation for the different results of the cathodes could be that due
to the different uniformity of the electric field each cathode achieves a different optimum pressure,
where the ratio between the chance of collision due to the length of the MFP and a high enough
velocity is optimal.

To compare values the NPR achieved with 0.18 Pa and 0.15 Pa, a general correction factor is
used to determine the NPR as if 0.22 Pa would have been used. The pressure correction factors
for 0.15 Pa and 0.18 Pa obtained from the cubic cathode from figure 6 are equal to 0.74±0.05 and
0.69±0.04, respectively. The pressure correction factor for 0.15 Pa and 0.18 obtained from the
spherical cathode from figure 6 is equal to 1.17±0.05.
For the usage of the spherical correction factor it is assumed that a similar scaling with pressure is
observed for the other spherical cathodes. The cubic correction factor is used for the cubic cathode
results. Unfortunately, no calibration curves for the other spherical cathodes are available.

To have the same current and voltage settings at the experiments with different pressures, the ion
source is used. Different settings of the ion source are used for each different pressure. The ion
source does change the plasma composition because a different amount of ions is created, so it
is expected that the ion source influences the NPR. In subsection 5.2 Dynamic graphs, it will be
briefly discussed that there is not an immediate dependency of the NPR on the ion source. While
determining the pressure correction factors, no correction was made for the varying settings of the
ion source.

The current used to measure the pressure correction factor is set relatively low. Lower currents
give a lower NPR than higher currents, possibly resulting in a bigger influence of the background
noise.
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6.2 Time dependence of background noise in hydrogen experiments
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Figure 7: Comparison of background noise for hydrogen discharges of different cathodes over time
is shown. These experiments are performed to check for a systematic error caused by background
noise in the measurement of the NPR and to check whether this background noise is caused by
the ion source. The average settings of U, I and p during the experiments can be seen in table
1, along with the average values of the background NPR. For the 3-ring sphere (r = 4.2 cm) the
ion source was not used. The ion source was set at different values for the other cathodes, it was
observed that changing the ion source settings does not influence the background noise, as can
also be seen in the appendix in extensive figure 14. No systematic error for the background noise
can be found since the background noise is observed to be deviating for each experiment.

The first experiments for each cathode are performed with hydrogen. During these first
experiments, a significant neutron production rate (NPR) was observed. In order to investigate
this background noise it is decided to record a time scan with hydrogen. The results are shown
in figure 7, where a moving average filter, over 90 seconds, is applied to the NPR. In figure 7 it
can be observed that the background noise is deviating for each experiment, therefore it is not
possible to determine one constant background noise correction factor.

Cathode Voltage (kV) Current (mA) Pressure (Pa) NPR (s−1)

5-ring 30 10 0.18 1.8 · 103 ± 3 · 102

3-ring 30 10 0.22 1.7 · 104 ± 1 · 103

Cubic 38 10 0.17 1.37 · 104 ± 9 · 102

Table 1: This table shows the settings of U, I and p and the average background noise for the NPR
for the experiments performed in figure 7. The background noise deviates for every experiment.
The values of the NPR for deuterium experiments are in the order of 1 · 104 to 5 · 105, depending
on the settings of the experiments.
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The background NPR when the system is turned off is in the order of 5 · 102 ± 1 · 102 s−1,
which is significantly lower than the background NPR observed during the hydrogen experiments,
see table 1. This results in the assumption that the fusor system influences the outcome of the
neutron detectors.

In figure 14, for one experiment the ion source was not used, which could indicate that the
influence of the ion source to the background NPR is negligible. The values of the ion source and
the settings of U, I and p are given in the appendix in extensive figure 14.

6.3 Time dependence of the NPR in deuterium experiments

In research from Bowden-Reid et al [11] the material dependence of the fusion rate in a deuterium
discharge is investigated. These experiments are performed in a similar experimental set-up as
the experiments in this bachelor project. In the experiments rectangular samples are attached to
the stalk, in this bachelor project a cathode is attached. An interesting finding in Bowden-Reid’s
paper is that all metal samples show a decreasing NPR over time, explained by a decrease in the
absorbed deuterium density in the target for increasing target temperatures. The finding raised
curiosity to see if the results can be reproduced at our set-up with cathode grids. To check time
dependence, the NPR was recorded over more than 15 minutes with constant voltage and current
settings for three different cathodes. In the experiments, Ucubic = U5ring = 35 kV, Icubic = I5ring =
10 mA, U3ring = 26 kV and I3ring = 19 mA, the ion source is used to stabilize the discharge. The
set pressure was pcubic = p5ring = 0.17 Pa and p3ring = 0.22 Pa. The results for the NPR are in
this graph not normalized to the pressure. The results are shown in figure 8. A moving average
filter, over 30 seconds, is applied to the NPR.

The experiments show no variations of the NPR over time, one explanation could be that the
NPR for the 5-ring and 3-ring sphere is in the order of magnitude of possible background noise,
however, in experiments with a higher NPR the same effect is observed. One possible explanation
could be that the temperature of the cathode remains stable during an experiment.

With help from the ion source, maintenance of a stable voltage and current during experiments
can be achieved. The results from figure 8 are used to investigate what the influence of the ion
source is on the NPR. In section 4.2 it is already concluded that the ion source does not influence
the background noise. It is observed that changing the settings of the ion source is not influencing
the NPR. An explanation could be that the changes of the ion source are too small to have an
observable effect on the NPR.

The experiments in figure 8 are conducted within 16 minutes. The following experiments are
not conducted longer than 16 minutes, but have a 10 minute break between each experiment
where the cathode can cool down, to insure that temperature does not effect the experiments.

6.4 Performance comparison of the cathode shapes

In figure 9 the NPR is compared for all three cathodes for an average constant current of 10 ±
0.4 mA, 19.6 ± 0.2 mA, 22 ± 2 mA. Varying voltages are applied. The data points are obtained
from experiments that approximately lasted 8 minutes. Most data points are obtained after stable
settings are achieved, which is approximately after 2 minutes. After concluding from subsection
6.3 that the NPR is not changing over 16 minutes, some data points are obtained from experiments
that achieved stable settings after a longer period of time. A 10 minute break was held in between
every experiment to exclude the influence of a longer period of time (>20 minutes) on the NPR.
In the figures a correction for deviation in pressure is applied, as discussed in Chapter 6.1. As
discussed before in chapter 6.2 , during the experiments large deviations of the background noise
are observed, for which the experiments could not be corrected. For every experiment the standard
deviation of the sample mean is visualized with error bars in the figures.
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Figure 8: Time dependence of the NPR for long discharges for three different cathodes. As
mentioned in Chapter 4, the error of the pressure is 2%, and the errors of the voltage and current
are 1 kV and 1 mA. The NPR graph is presented on a logarithmic scale. The background noise
could be in the order of 1.7 · 104, which is the same order of magnitude as observed in these
experiments. It can be seen that the NPR is not changing over a period of 16 minutes. The
results of Bowden-Reid [11] are not reproduced. It can also be seen that the changes in the ion
source settings are negligible for the NPR.

In figure 9 for 10 mA it can be seen that for low voltages (27 kV), the NPR is similar for all
cathodes. For the 3-ring sphere an extra data point is shown for 22 kV. Even though a lower
voltage is applied, the NPR did not decrease compared to the 27 kV experiment. A possible
explanation is that the NPR could be in the order of the background noise. Except for this data
point, the data points show an increase in NPR for increasing voltages. For the 3-ring sphere a
small increase is observed. For higher voltages, the NPR of the 5-ring sphere shows the highest
NPR.

Figure 9 similarly shows for 19.6 mA and 22 mA an increased NPR with increasing potentials,
which is expected from theory. The NPR of the cubic cathode shows only a minor increase
comparing 29.5 kV and 40.8 kV, which can be seen in figure 9 for 19.6 mA. In figure 9 for 22 mA,
a decrease in NPR for 33 kV compared to 23 kV, is observed for the cubic cathode. Overall, the
cubic cathode has the lowest NPR. The 5-ring sphere has the highest NPR for each setting.
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Figure 9: Comparison of the NPR for a cubic, 3- and 5-ring spherical cathode, with the same
diameter and space diagonal, for three different currents at varying potentials. For 10 mA the
cubic cathode shows a higher NPR than the 3-ring cathode. For 19.6 and 22 mA it shows a decrease
in performance and it is also outperformed by the spherical cathodes. The 5-ring spherical cathode
performs overall best. The horizontal grey line shows a background noise approximation at 1.7·104.

For 10 mA the cubic cathode shows a good performance. For 19.6 and 22 mA it shows a decrease
in performance and it is also outperformed by the spherical cathodes. The 5-ring spherical cathode
performs overall best.

In figure 10, it is shown that for each cathode, for a higher current, a higher NPR is observed.
It is expected that the NPR increases with an increasing voltage. An increasing voltage results in
higher energetic ions which is beneficial for the fusion reaction rate, which is also observed in the
figure. From this figure it can be concluded that both the cubic and 3-ring sphere cathode have a
lower NPR than the 5-ring sphere.

Pictures of the cathodes were taken during the experiments. An example of the cubic cathode
can be seen in figure 11. In this figure there is no formation of ion channels observed. During the
experiments with the 5-ring cathode, it was observed that formation of ion channels took place, see
figure 3. The formation of these ion channels could be supported by the cathodes symmetry. From
these observations it can be deduced that the plasma configuration of the experiments performed
with the 5-ring sphere is different than the plasma configuration of the experiments performed with
the cubic cathode. The formation of the ion channels results in a higher NPR which indicates
that this plasma configuration increases the NPR. In chapter 2 it is explained that the fusion
reaction rate and therefore the NPR depends on the velocity of the ions, which depends on the ion
formation location. An explanation for the higher NPR for experiments where ion microchannels
are formed could be that due to the different plasma configuration the ions are formed at a more
beneficial location for the velocity. Furthermore it could also be possible that more ion oscillations
are possible due to the micro ion channels, resulting in a higher chance of meeting another particle,
which results in a higher NPR.
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Figure 10: Comparison of the NPR for a cubic, 3- and 5-ring spherical cathode, with the same
diameter and space diagonal, for two different voltages at varying currents. The 5-ring spherical
cathode performs overall best. A linear relation can be observed between the NPR and the current,
which is an indication for beam-background fusion. For the 3-ring spherical cathode unfortunately
no stable discharge could be achieved at 46 kV and 15 mA. All data points are obtained at a
pressure of either 0.18 Pa or 0.15 Pa and are normalized to 0.22 Pa with the pressure correction
factor. The horizontal grey line shows a background noise approximation at 1.7 · 104.

Figure 11: A picture of the cubic cathode taken with the webcam while operating the fusor. No
formation of ion channels can be seen, in the middle of the cathode a bright spot of light can be
seen, which is mostly created by the electrons of hydrogen atoms being excited by other electrons.

6.5 Performance comparison of the cathode radii

In figure 12 the NPR as a function of voltage is shown for two spherical 3-ring cathodes. The
current is remained stable in the first experiment series at 10± 1 mA, secondly at 22±3 mA. The
radii of the cathodes are rsmall = 2.50 ± 0.05 cm and rbig = 4.20 ± 0.05 cm. It can be seen that
for both cathodes, as explained in chapter 2, the NPR is higher for a higher current.
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Figure 12: Comparison of the NPR for two spherical 3-ring cathodes with varying radii. Two
different currents and varying potentials are applied. For 10 mA the NPR of the big cathode
remains almost stable for the varying voltages and is outperformed by the small cathode above 30
kV. The small cathode performs overall best. The horizontal grey line shows a background noise
approximation at 1.7 · 104.

The smaller cathode has an overall higher NPR than the bigger cathode, which is conflicting
with the hypothesis for this project. Two points of discussion for these results are given, first the
cathode temperature and secondly the experimental procedure.

The first point of discussion is the cathode temperature. In earlier experiments for this report,
see figure 8, no influence of temperature was found on the NPR. However, according to earlier
research [11], the cathode temperature could influence the NPR. The cathodes possibly achieve
a different maximum temperature. At the experimental set-up it is not possible to measure the
temperature of the cathode. An estimation of the cathode temperature is made by a simple
model made by Witsen [12]. In the model, the maximum temperature is estimated by equating
electrical power with heat radiation according to Stefan Boltzman’s law. According to this model
the temperature of the small cathode has a maximum of 1880 K and the big cathode of 1638 K.
The actual temperature is probably lower because the stalk absorbs a large part of the power and
has a big surface to cool down. Still this model indicates that a smaller cathode has a higher
maximum temperature, however the opposite effect of the results is expected compared to earlier
research [11].
The second point of discussion is that the experimental procedure for the experiments of the two
cathodes is dissimilar. The big 3-ring cathode was installed in the fusor only for three days,
whereas the small 3-ring cathode was installed for two weeks without reopening the fusor. Which
results firstly in a possibility that during the experiments with the small 3-ring cathode less
impurities were present in the fusor. Secondly, experiments with a pulse-source were conducted
during these weeks, where the cathode experienced short pulses high currents (> 1 A) within 1
ms. A speculation could be that during these experiments ions embedded into the cathode, which
supports possible embedded fusion reactions during the experiments performed for this report. It
can be argued that this is not a correct assumption, since the small cathode performs better for all
measurements conducted, not only the first experiments where the embedded ions would influence
the NPR most.
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7 Summary and Conclusion

7.1 Summary and discussion of results

Due to significant high NPR during the hydrogen experiments, drawing conclusions from these
results should be done carefully. By estimation a tenth of the recorded NPR in the deuterium
experiments for high settings (I ≥ 19mA and U ≥ 35kV ) can be caused by background noise
created by the fusor. It is emphasized that this is an estimation because it is unpredictable what
the value of the background noise exactly is for each experiment. In regimes with lower voltages
(≤30 kV) and currents (≤ 10 mA) the deviation in NPR of different cathodes and settings is
minor. The signal produced could be dominated by background noise, resulting in minor NPR
deviations. For higher voltages and currents, more deviation in NPR is observed which indicates
that in this regime the NPR overrules the background noise.

Overall, the 5-ring sphere has the highest NPR of the different cathode shapes. This corresponds to
the theory where due to oscillating ions, ion channels are formed. This is also supported by figure 3,
where a star-mode discharge is seen. The ion channels are an indication for a plasma configuration
beneficial for the NPR. The cubic cathode has the lowest NPR of the different cathode shapes.
The favourable influence of cubic or 3-ring spherical cathodes on the ion trajectories suggested by
simulations by Bernards [3] was not observed. In earlier research performed by Weymeyer [2] no
difference in NPR for longitude and latitude configurations was observed. It could be that these
configurations are equally symmetric and therefore support equally the formation of ion channels.

The small 3-ring sphere cathode has the highest NPR of the different radii. This contradicts
the results obtained in earlier research by Wijnen [4] and Wehymeyer [2]. The points of discussion
for these results described in chapter 6, the cathodes temperature and different experimental
procedure, are unlikely to increase the NPR for the small cathode. The fusor stalk effects could
have an influence on the NPR. In chapter 2 it is described that the stalk influences the symmetry of
the electric field inside the fusor, and therefore the location where ions are formed and the pathway
the ions follow. After the experiments for this report were completed, experiments are performed
where the fusor stalk is insulated with a glass cover. These experiments showed brighter beams
and a brighter star-mode for the 3-ring sphere cathode. It would be interesting to reproduce the
same experiments for the different cathode sizes with this experimental set-up, to indicate what
the influence of the fusor stalk was in these experiments.

7.2 Improvements experimental set-up

To draw conclusions about the absolute NPR numbers the background noise of the neutron detector
should be further investigated. One way to investigate this, is by changing the settings of the
neutron detectors power supply (shown in the Appendix). By changing these, the signal is filtered
differently.

Secondly, calibration of all three neutron detectors should be performed again. In this research
the results from the neutron detectors at the bottom and top of the fusor are not used, because
the calibration for these detectors was not sufficient. The results of these neutron detectors could
be used to exclude false positive measurements the way Huisman [8] did as described in chapter
3. New calibration of all neutron detectors improves the reliability of future results.

To give more insight on the results of the different cathode sizes, the temperature influence on
the NPR should be measured and investigated. The higher NPR production of the small cathode
might not be only caused by the cathodes size but also by temperature differences.
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Lastly, as described in chapter 6, measurements performed at higher pressure have relatively
less impurities. Experiments performed for all cathodes with higher pressures could give more
insight on the influence of impurities on the NPR present in the fusor.

7.3 Conclusion

To investigate if a cathode shape with either a high symmetry or a high transparency could increase
the NPR, three cathodes were fabricated (cubic, spherical 3-ring, spherical 5-ring). The final
results indicate that a cathode more symmetric (5-ring sphere) with the fusor, results in a higher
NPR. This result is supported by the observation that ion channels are formed at experiments
conducted with the 5-ring sphere. This plasma configuration possibly supports ion oscillations,
resulting in a higher NPR. A second possible explanation could be that this plasma configuration
supports different, more beneficial locations, where ions are formed, resulting in a higher NPR.

To investigate if the NPR increases with increasing cathode radii, two 3-ring cathodes with different
radii were fabricated. The final results of these experiments indicate that the usage of a smaller
cathode results in a higher NPR, contradicting findings in earlier research [4] [2] and the hypothesis
for this project. More thorough research on the changing of the cathode size has to be performed.
The stalk has an effect on the electric field symmetry in the experimental set-up. The stalk could
be insulated and the experiments with different cathode radii could be reproduced. Comparison
of these results and the results obtained in this project could give more insight on the effect of
the stalk on the NPR. If more is known about the effects of the stalk on the electric field and the
NPR, a more definitive conclusion on the influence of the cathode radius on the NPR could be
given.

If more insight is given by future research about why the cathodes radius results in deviating
NPR, this research indicates that changing the cathode size and shape can improve the NPR of
the fusor.
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Appendix

8 Appendix

8.1 Brief description of working principle of the neutron detector

A boron trifluoride neutron detector is used to determine the amount of neutrons. The active
gas in this neutron detector is boron-10, the reaction of a neutron with boron-10 can be seen in
equation 6.

10
5B + 1

0n −→ 7
3Li + α (6)

The kinetic energy of the α and lithium-7 particles creates ion pairs in the detector gas, resulting
in energy pulses that er measured in the detector. These pulses (> 2MeV ) are a benchmark for
the amount of neutrons produced.

Pulses can also be created by gamma rays, however these pulses are relatively small (< 0.84MeV )
and can be rejected by setting a correct threshold. The settings of the operating voltage of the
power supply should not be set too high, because this increases the electronic noise and pulses
due to background gamma rays, which could result in false counts.

The settings used during the experiments performed for this project are shown in figure 13. During
the experiments for this report background noise was observed. The settings of the power supply
were adjusted after the experiments for this project were completed, and a decrease in background
noise was observed at the first conducted experiments.

Figure 13: A picture of the settings of the power supplies of the neutron detectors.
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8.2 List of experimental equipment

Pressure control:Pfeiffer Vaccuum Hicube pump is used in combination with a Pfeiffer (Vacuum
HiPace 80 1500Hz) turbo pump.
Pfeiffer Vacuum (EVR 116), which is controlled by a Vacuum RVC-300 controller. The controller
is operated by external software, which is used to set a desired pressure.

The fusor power supply: Heinzinger HNCs 120 000- 100 neg power.
The signal is read by the NI PXIe-6361 series, which delivers the final data points

The neutron detectors: Studsvik 5310C neutron detector

Ion source: The ion source used in this project is made by the design of Seltzman [13] and
is installed by Huisman [8]. The ion source makes use of the high voltage power supply of FuG
with type number HCN700-12500.

Webcam: The webcam type used is Logitech HD C525.
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8.3 Time dependence of background noise in hydrogen experiments -
all parameters

Since the settings of the ion source are changed and recorded manually the values given in 14 are
only an indication of the values used.

Figure 14: Comparison of experimental parameters for hydrogen discharges of different cathodes
over time is shown. For the 3-ring sphere (r = 4.2 cm) the ion source was not used. For distinctness
the error bars of the values are not shown in this figure. As mentioned in Chapter 4, the error of
the pressure is 2%, and the errors of the voltage and current are 1 kV and 1 mA. This experiment
is performed to check for a systematic error caused by background noise in the measurement of
the NPR and to check whether this background noise is caused by the ion source. In the graph
it can be observed that the influence of the ion source settings in this range are negligible to the
NPR background noise. No systematic error for the background noise can be found since the
background noise is deviating for each experiment.
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