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ABSTRACT

Fusors may be used for commercial neutron generation, but competing technologies are
currently more efficient. Identifying the dominant source of neutrons in fusors can help to
increase the efficiency. Fusors use a high voltage to accelerate deuterium ions towards
a metal grid, but there is no consensus on whether most fusion reactions occur with
deuterium nuclei in the gas or at the grid.

The aim of this research is to identify the dominant fusion mechanism the TU/e fusor,
so that its neutron production efficiency can be improved. This is done by investigating
the research question: ’Does the temperature dependence of the neutron production rate
support the hypothesis that fusion at the grid surface is the dominant source of neut-
rons?’ A pulsed power supply is constructed to obtain the required control over the grid
temperature: Variations of the pulse frequency affect the heating power to the grid, while
other pulse parameters can be kept identical.

The results indicate that fusion at the grid is dominant when a titanium grid is cooled
to a temperature of about 400 ◦C. Fusion with the gas seems to be dominant at higher
temperatures andwith a nichrome grid. The neutron production efficiency with a titanium
grid can be improved by a factor of 21.5± 7.3 by operating at the optimal temperature.



1. INTRODUCTION

1.1. NEUTRON GENERATORS

Most fusion research is focussed on energy production, but fusion has another applica-
tion, that is already profitable: Fusion based neutron generators serve a wide variety of
purposes, such as neutron-based diagnostics and medical isotope production[1].

The market for commercial neutron generators consists of two segments, shown in
figure 1.1: Large nuclear facilities achieve the highest Neutron Production Rate (NPR), but
they also require a large investment and much space. Neutron tubes on the other hand
are more compact and affordable, but they also deliver a much lower NPR.

Phoenix Nuclear Labs is the first company to operate in the gap between these seg-
ments, with a large facility that has an efficiency comparable to neutron tubes. Inertial
Electrostatic Confinement (IEC) fusion devicesmay be able compete in this new segment,
but their efficiency is now orders of magnitude lower than that of the other technologies.
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Figure 1.1.: Between small neutron tubes (orange) and large nuclear facilities (green) is
a gap in the neutron generator market, IEC fusion devices (blue) may hava a
good chance of filling this gap if their efficiency can be increased sufficiently
(figure based on data from [2, 3, 4, 5, 6, 7, 8, 9, 10]). IEC fusion devices currently
have a lower gain (Q) than the competing technologies.
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The TU/e fusor (figure 1.2), from here on referred to as the fusor, is such an IEC fusion
device: it uses an electric field to control the motion of ions, so that they may take part
in fusion reactions. A large voltage is applied to the cathode (negative electrode) in the
middle of a vacuum chamber. The chamber is filled with a gas, typically the hydrogen
isotope ’deuterium’. The high voltage causes the gas to break down and form a plasma.
Positive ions in the plasma are accelerated towards the cathode, where theymay produce
neutrons as they fuse with other deuterium nuclei.

Power Supply

Wall (anode)

Grid (cathode)

Feedthrough

Figure 1.2.: A power supply applies a negative voltage to the cathode, while the anode
remains grounded. This leads to the formation of a plasma, in which positive
ions are accelerated towards the cathode. These ions may fuse with other
atoms or nuclei in the cathode region.

IEC fusion was invented during the 1960’s by Farnsworth and Hirsh, but there was little
IEC research until Bussard an Miley from the university of Illinois started to investigate it
in the early 1990’s[11]. Several other universities have since then joined the IEC research,
mostly in Japan and the United States.

Optimising the NPR of IEC fusion devices has been difficult because much of the phys-
ics is still not fully understood, despite significant revisions of earlier assumptions[12].
One of the most fundamental obstacles for progress is the lack of consensus among IEC
researchers when it comes to the exact location of the fusion reactions.
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1.2. FUSION MECHANISMS

It is clear that fusion reactions between the fast ions are not the dominant source of
neutrons. Instead the deuterium ions seem to collide with stationary targets. Some re-
searchers claim to have indications that these targets are molecules in the background
gas[13, 14], but others have published indications that many of the fusion reactions oc-
curs at the metal surfaces[15, 16, 17], where deuterium atoms are embedded, adsorbed
or absorbed.

The aim of this project is to provide clarity on the dominant source of fusion neutrons
from the fusor: Is the dominant source of neutrons ’background fusion’ with the gas, or
’surface fusion’ at the cathode?

The density of absorbed deuterium depends very strongly on the cathode temperature
and material, as can be seen in figure 1.3. This is is strong contrast to the gas density,
which has a much weaker temperature dependence, according to the universal gas law.

Figure 1.3.: The concentration of hydrogen isotopes inside solids is strongly dependent
on the material and its temperature [18]. Observing this same temperature
dependence for the NPR would be a strong indication that surface fusion is
dominant.

The NPR is proportional to the density of the target nuclei and will therefore show the
same temperature dependence. This thesis will try to answer the following research ques-
tion: does the temperature dependence of the NPR support the hypothesis that fusion at
the cathode surface is the dominant source of neutrons?
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1.3. PULSED POWER

Studying the temperature dependence of the NPR requires some form of temperature
control. Water cooling of an IEC cathode has been demonstrated successfully at the
university of Wisconsin [19], but the high voltage on the cathode and the high vacuum
inside the vessel make such a system an extreme challenge.

For this project it was decided to instead control the cathode temperature with a pulsed
power supply: Varying the repetition rate allows control of the heating power to cathode,
while all other parameters of the pulses can be kept the same. The amount of neutrons
per pulse will therefore only change because of the cathode temperature.

The university of Illinois has been exploring pulsed IEC operation since 1996[20, 5, 11,
8]. Since then pulsed IEC research has been done at the universities of Tokyo[6, 21],
Wisconsin[22, 8], Kansai[23], Kyoto[21, 24, 25] and Sydney[26, 27, 28].

The motivation for this pulsed IEC research has been to increase the peak currents
without overheating the cathode. This has led to record neutron production rates of up to
6.8× 109 /s[21], but there has been little attention for the overall efficiency or temperature
dependence.

Obtaining and interpreting a pulsed measurement of the NPR and the cathode temper-
ature requires preparations that are discussed in the following chapters of this thesis:

Chapter 2 develops such a model, that predicts how the NPR of the different fusion
mechanisms scales with current, voltage, pressure and cathode temperature.

Chapter 3 explains how the fusor is operated and how measurement data is obtained
using the available diagnostics. This includes a discussion on the calibration of the neut-
ron detectors and the newly added thermal imager.

The design and construction of the pulsed power supply and its connection to the fusor
are discussed in chapter 4. The different pulse shapes are also discussed in this chapter.

All othermeasurement results are presented and interpreted in chapter 5. These results
range from the basic behaviour of plasma inside the fusor to the temperature dependence
of the neutron production rate.

This thesis is concluded with chapter 6, where the results are discussed and the re-
search question is answered.
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2. NEUTRON PRODUCTION MODEL

This chapter derives a theoretical model for the scaling of the NPR as a function of the
fusor settings.

Section 2.1 derives a general expression for the NPR that depends on the density of
the ion beam, the energy distribution of the ions and the density of the target nuclei. The
remaining sections show how each of these parameters depends on the settings of the
fusor: Section 2.2 shows how the density of the beam depends on the current. Section
2.3 shows how the voltage influences the reactivity. Section 2.4 discusses how the target
densities depends on both pressure and temperature.

2.1. NEUTRON PRODUCTION RATE (NPR)

The hydrogen isotope deuterium is typically used as fuel for IEC devices. The fusion reac-
tion between deuterium nuclei is a second order reaction with three possible products[29]

D + D →


T + p
3He + n
α + γ

(2.1)

The first two processes account for about 50 % of the reactions each and the last one
is negligible. Only the second process produces a neutron.

The accelerated ions can be regarded as a beam, that may interact with various target
particles. The total fusion rate for beam-target fusion is given by equation 2.2

R f us =
∫

V
nD,beamnD,target〈σf usvrel〉 dV (2.2)

〈σf usvrel〉 =
∫ ∞

0
σf usvrel f (vrel) dvrel (2.3)

Where nD,beam and nD,target are the beam and target density respectively, σf us is the
fusion cross-section, vrel is the relative velocity between the beam and the target, V is the
reaction volume and f (vrel) is the velocity distribution function.

The fusor will be modelled as a spherically symmetric device of radius ra, in which a
mono-energetic beamof ionsmoves in the radial direction only. Under these assumptions
equation 2.2 can be rewritten to equation 2.4.
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R f us =
∫ ra

0
πr2nD,beamnD,targetσf usvrel dr (2.4)

Three neutron producing mechanisms are considered: beam-beam fusion in the core,
beam-background fusion in the entire volume and beam-target fusion at the cathode.

The following sections will derive how the elements in equation 2.4 depend on the set-
tings of the fusor for each of these mechanisms.

2.2. ION CURRENT

The density of the deuteriumbeam nD,beam in equation 2.4 can be related to the ion current
inwards Ii,in and outwards Ii,out through a surface πr2 by the relation

ni(r) =
Ii

qivi(r)πr2 (2.5)

The density products for surface, background and beam fusion can therefore bewritten
as respectively

nD,beamnD,target,sur =
Ii,in − Ii,out

qivi(r)πr2 nsur (2.6)

nD,beamnD,target,bg =
Ii,in + Ii,out

qivi(r)πr2 ngas (2.7)

nD,beamnD,target,bm =
Ii,in

qivi(r)πr2
Ii,out

qivi(r)πr2 (2.8)

The fusor will be modelled as an ideal IEC device, in which positive ions are formed or
injected near the wall and the interactions with the gas are negligible.

The inwards and outwards ion current can then be expressed as a function of the total
ion current Ii from the anode to the cathode and the cathode transparency η. Inside the
cathode Ii,in,r<rc = Ii,out,r<rc = η Ii,in = Ii,out/η. Outside the cathode the currents are
given by

Ii = Ii,in − Ii,out (2.9)
Ii,out = η2 Ii,in (2.10)

Ii,in =
1

1− η2 Ii (2.11)

Ii,out =
1

1/η2 − 1
Ii (2.12)
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The ion current to the cathode Ii is the total current minus all current carried by elec-
trons as given by[30]

Ii =
I − Ith − Ip − I f

1 + γ
(2.13)

Where Ith, Ip and I f are the thermionic-, photo- and field-emission currents respectively
and γ is the secondary electron emission coefficient.

The thermionic emission is given by the Richardson’s law. The secondary electron emis-
sion coefficient is related to the stopping power dE/dx [30]

Ith = AGT2e−W/kBT (2.14)

γ =
Λ

cos(α)

(
dE
dx

)
(2.15)

Where T is the temperature, kB is the Boltzmann constant, W , AG and Λ are material
constants and α is the angle of incidence.

Field-emission, photo-emission and thermionic emission are typically small, so theywill
be neglected in this analysis. The temperature dependence of the thermionic emission
and secondary electron emission are also not included in the calculation in this thesis. A
secondary electron emission of γ = 2 is used, since this seems to be a typical value for
the conditions in a fusor[30].

This results in the following density products, that can be inserted into equation 2.4

nD,beamnD,target,sur =
I/(1 + γ)

qivi(r)πr2 nsur (2.16)

nD,beamnD,target,bg =
1 + η2

1− η2
I/(1 + γ)

qivi(r)πr2 ngas (2.17)

nD,beamnD,target,bm =

(
η

1− η2

)2 ( I/(1 + γ)

qivi(r)πr2

)2

(2.18)

These density product result in a linear scaling with current for two of the three fusion
mechanisms. This is illustrated figure 2.1, which also uses theory from other sections
in this chapter. The efficiency only improves if the NPR increases faster than the input
power (V · I), so extra current will not benefit the efficiency of background and surface
fusion.
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Figure 2.1.: Background and surface fusion scale linear with current, while beam fusion
scales with the current squared. Model settings: 22 kV, 0.22 Pa, 150 C.

2.3. ION ENERGY DISTRIBUTION

The chance for reactions to occur depends on reaction cross-sections. This section dis-
cusses these reaction cross-sections depend on the ion energy and how the ion energy
is determined by the applied voltage.

First, the definition of the stopping power is used to rewrite the expression for surface
fusion to equation 2.20.

dE
dx
≡ ntotSstop (2.19)

Rsur =
Ii

qi

∫ E0

0

nsur

ntot

σf us(E)
Sstop(E)

dE (2.20)

Where Sstop is the stopping cross-section (which actually has dimensions area squared
times energy). Other IEC researchers have used the Bethe formula to determine the stop-
ping cross-section[30]

Sstop =
K1

E
ln (K2E) (2.21)

K1 = 2πk2
e Z2

1q4
e

ne

ntot

mi

me
, K2 =

4
Φ

me

mi
(2.22)
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But this equation is only valid for high energies (>200 keV)[31], while the voltage in the
fusor does not exceed 60 kV. At low energies (<50 keV) the LSS formula can be used
instead[31]:

Sstop = χE8πq2
e a0

Z1Z2

(Z2/3
1 + Z2/3

2 )3/2

v
v0

, v0 =
q2

e
h̄

(2.23)

= KeE1/2 (2.24)

Where Ke = 26.6 (for titanium) gives a value in keV cm2 mg−1 for energies in keV[31].

10
0

10
1

10
2

10
3

Energy (keV)

10
32

10
31

10
30

10
29

10
28

10
27

R
ea

ct
io

n 
cr

os
s-

se
ct

io
n 

(m
^2

)

DD n
DD p
DT
DHe

Figure 2.2.: The reaction cross-section for fusion between deuterium nuclei (DD) in-
creases by several orders of magnitude between 10 and 100 keV. The reac-
tion cross-sections for the deuterium-tritium reaction (DT) and the deuterium-
helium-3 reaction (DHe) are given for comparison. Cross-section data from
[32].

The cross section for fusion depends on the following three factors[29]: the size of the
interacting nuclei (πλ̄2 ∝ 1/E), the penetration factor (ρpi ∝ e−

√
E/EG ) and the structure

of the nuclei (χ(A, E)).

σf us = πλ̄2 ρpi χ(A, E) ≡ S(E)
E

e−
√

EG/E , EG = 2mrc2(παZ1Z2)
2 (2.25)

where EG is the Gamow energy. The S factors for the cross-sections of the reactions
in equation 2.1 are close to 56, 54 and 4.2× 10−3 respectively at low energies[29]. There-
fore about half of the reactions produce neutrons. Figure 2.2 shows several fusion cross-
sections, based on a parametrization[32].
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Other relevant reactions in the plasma include ionisation and charge exchange, shown
in figure 2.3. These cross-sections can be used to calculate the Mean Free Path (mfp)
λm f p according to

λm f p =
1

σn
(2.26)

Filling in the gas density (p = 0.3 pa, T = 300K) and the charge-exchange cross-section
(≈ 10−19 m2 around 20 keV) gives about 10 cm before ions are neutralised. Therefore the
effect of recirculation will not be taken into account in the calculation: ions do not travel
far enough to be confined by the electric field.
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Figure 2.3.: Reactions like charge exchange (CX) and electron impact ionisation aremuch
more likely to occur than fusion reactions. They are energy dependent and
may have a large impact on the plasma behaviour. Cross-section data from
[33].

The velocity vi of a ion that is created at the fusor wall can be written as a function of
the local electrostatic potential V(r)

vi(r) =
√

2E(r)/mi =
√

2qiV(r)/mi (2.27)

The vacuum solution for the potential between two concentric shells (cathode radius
rc and anode radius ra) is

V(r) = V0
1− ra/r
1− ra/rc

(2.28)
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The potential inside the cathode grid is V0. It is assumed that the current is sufficiently
low that the charge of the ions and electrons does not result is a significant deviation
from the vacuum potential.

The electric field in the radial direction Er is

Er(r) = −
dV(r)

dr
= V0

ra/r2

1− ra/rc
(2.29)

The ion energy distribution can be modelled based on the potential profile and the rel-
evant reaction cross-sections, but such a model is beyond the scope of this project.

The velocity of fast hydrogen atoms can also be measured directly with Doppler spec-
troscopy. The reactivity may then be calculated based on this velocity distribution.

Here, the ions are assumed to have an effective velocity that is about 70% of the max-
imum velocity, corresponding to the position the large H+

2 peak in the spectrum (see
section 3.2, figure 3.5). This corresponds to an effective energy that is about 50% of the
maximum energy.

The ion energy is calculated based on the potential in equation 2.28 and reduced by
50%, as discussed above. This energy is then used to calculate the ion velocity (equation
2.27), the fusion cross-section (as shown in figure 2.2) and the stopping cross-section
(equation 2.24). These values are then inserted into equations 2.4 and 2.20, together
with the results from the other sections, to obtain the NPR values.

10
1

10
2

10
3

Voltage (kV)

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

N
PR

 (/
s)

Background
Surface
Beam

Figure 2.4.: Beam fusion is the least dependent on voltage in this energy range, since it
reaches the peak of the fusion cross-section earlier. Surface fusion has the
strongest voltage dependence. Model settings: 10 mA, 0.22 Pa, 150 C.
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This results in the voltage scaling that is shown in figure 2.4. These curves show some
resemblance to the scaling of the fusion cross-section (figure 2.2). The NPR of surface fu-
sion scales approximately with voltage to the fourth power around 20 kV (a typical setting
used in the fusor).

The voltage for the peak efficiency differs per mechanism: beam-beam fusion is most
efficient around 20 kV, beam-background has an optimum near 300 kV and the optimum
for beam-surface fusion is near 1 MV. Going from 15 kV to 200 kV increases the efficiency
of surface fusion with a factor of 600, while going from 200 kV to 1 MV only doubles the
efficiency.

2.4. TARGET DENSITY

The number density of deuterium atoms in a pure deuterium gas is twice the number
density of molecules in the gas, which can be calculated based on the ideal gas law:

ngas =
p

kBTgas
(2.30)

At the lowest possible pressure in the fusor pmin ≈ 0.05 Pa, there is only air that has
leaked into the fusor and no deuterium gas. At higher pressures the contribution of deu-
terium is estimated as pD = p− pmin. This pressure is used in the calculations instead
of the measured pressure p.

The concentration relevant to surface fusion may be a combination of embedded, ad-
sorbed and absorbed deuterium. However, the flux of ions to the surface will be much
smaller than that of gas to the surface[34] and the adsorbed density is governed by the
same relations as absorbed density. It is there assumed that the ’surface fusion’ is de-
termined by the absorbed hydrogen density.

The equilibrium concentration of absorbed gas scales with deuterium pressure accord-
ing to Sievert’s law for solubility and with temperature according to Arrhenius’s equation:

C =
nsur

ntot
=

√
p
p0
· e−∆Snc/kB · eqe∆H/kBT (2.31)

Where p0 = 1 atm (101325 Pa), p is the gas pressure, nsur is the deuterium number
density in the surface, ntot is the total number density of the metal, kB is the Boltzmann
constant and qe is the elementary charge (added here, because ∆H is given in eV instead
of J). The non-configurational entropy of solution ∆Snc and enthalpy of solution ∆H are
given in table 2.1.

Equation 2.31 is extrapolated to high densities until the concentration is cut off at the
saturation concentration (2 for titanium). The density of titanium ρTi = 4.506g/cm3 and
the standard atomic weight is ATi = 47.867g/mol. Therefore the number density of
titanium is nTi = (4.506/47.867)NA = 5.67× 1022cm−3 or 5.67 ×1028m−3.
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Metal ∆H (eV/atom) ∆Snc/kB T (◦C)
Ti (hcp) 0.55 7 500− 800
Ti (bcc) 0.62 6 900− 1100
Ni −0.17 6 350− 1400
Fe (bcc) −0.25 6 < 900
W −1.1 5 900− 1750

Table 2.1.: Enthalpy and entropy for hydrogen solution in low concentration limit [35]

Exothermic material like titanium can lower their energy state by absorbing deuterium,
while endothermic materials require energy to absorb deuterium. This is illustrated in
figure 2.5. The concentration of absorbed deuterium decreases with temperature in exo-
thermic materials, while it increases with temperature in endothermic materials. This
difference in behaviour can also be observed in figure 1.3.

Figure 2.5.: Exothermicmaterials like titanium can lower their chemical energy by absorb-
ing hydrogen, while endothermicmaterials like nickel require energy to absorb
hydrogen beyond their surface[36].

The entropy and enthalpy of solution change as amaterial undergoes phase transitions.
Most data on solubilities is only valid at atmospheric pressure. Figure 2.6 gives a theor-
etical estimate of the concentration as a function of temperature for various lower pres-
sures. Several phase transitions are expected around 350 ◦C for typical fusor pressures
between 0.1 Pa and 1 Pa.
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Figure 2.6.: The concentration of absorbed hydrogen in titanium is given by this phase
diagram. A pressure of 1 Pa corresponds to the k = 5 line, which starts in the
delta phase at low temperatures and moves to the beta and alpha phase at
higher temperatures. These theoretical curves may differ from experimental
values[37].

Equations 2.30 and 2.31 provide the densities for equations 2.4 and 2.20. This com-
pletes the model for the NPR as a function of current, voltage, pressure and cathode tem-
perature. The resulting pressure and temperature dependencies for a titanium cathode
are shown in figures 2.7 and 2.8.

The NPR of all fusion mechanisms is expected to scale no more than linear with pres-
sure. However, the temperature dependence shows a significant difference between sur-
face fusion and the other mechanisms. This difference in temperature dependence of
the NPR will be used to identify the dominant fusion mechanism in the fusor.
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Figure 2.7.: Background fusion scales linear with pressure, surface fusion with the square
root and beam fusion is independent of pressure. The NPR of all mechanisms
decreases at low pressures when the gas becomes less pure. Model settings:
10 mA, 22 kV, 150 C.
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Figure 2.8.: The temperature scaling of the NPR is strongly dependent on the dominant
fusion mechanism: beam fusion is independent of temperature, background
fusion slowly decreaseswith gas temperature, but surface fusion in a titanium
cathode drops sharply once a critical cathode temperature is reached. Model
settings: 10 mA, 22 kV, 0.22 Pa
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3. THE FUSOR

This chapter discusses the fusor and the diagnostics used to perform themeasurements.
Section 3.1 discusses the main components and operation of the fusor. Section 3.2 dis-
cusses the spectrum analysis, 3.3 discusses photography and thermal imaging and sec-
tion 3.4 discusses the neutron detection system.

3.1. SETUP AND OPERATION

Figure 3.1.: Picture of the fusor, showing the vacuumvessel, the high voltage feed-through
with bushing on the top and access port for diagnostics on the sides. The
position of the rubber duck varies between experiments.
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The fusor (figure 3.1 and figure 3.2) consists primarily of a high-voltage cathode inside a
spherical vacuumvessel. The inner diameter of the vessel is 50 cmand the outer diameter
is 60 cm.

Figure 3.2.: A Power Supply Unit (PSU) applies a voltage that is devided between a 210
kΩ resistor stack and the fusor. A pressure gauge controls the gas flow into
the fusor, while a combination of two pumps removes gas. Several ports are
available for diagnostics. This schematic was created by Hermans[9].

The cathode is typically a spherical grid made out of several metal wires. The cath-
ode geometries used in this project can be seen in figures 3.3a, 3.3b, 3.4a and 3.4b. The
following cathode materials were used during this project: a 1 mm diameter grade 2 ti-
tanium wire, a 0.67 mm diameter nichrome wire and a sheet of grade 1 titanium foil with
a thickness of 0.05 mm.

A feed-through with a stalk connects the cathode to a cable from the ’Heinzinger NHCs
120 000-100 neg power’ Power Supply Unit (PSU). This PSU can deliver voltages up to
120 kV and currents up to 100 mA.

The voltage that is applied to the fusor is lower than the PSU voltage, because of a
voltage drop over the 210 kΩ resistance stack. The feed-through is only rated for 60 kV,
which is therefore the maximum voltage that is used in experiments.

A combination of a pre-pump (Pfeiffer Vacuum Hicube) and a turbo-pump (Pfeiffer Va-
cuumHiPace 80 1500 Hz) is responsible for the low pressures. The pressure is regulated
by limiting the flow of gas (typically hydrogen or deuterium) into the vessel. This is done
by a Pfeiffer Vacuum EVR 116, with a Vacuum RVC-300 controller.

Access ports around the vesselmake it possible to attach experiments and diagnostics.
Several of these ports have windows that are used to monitor the plasma with an optical
camera, spectrometer or infra-red camera.
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(a) Small 3 ring, 2.5 cm radius grid (b) Large 5 ring, 4 cm radius grid

Figure 3.3.: Wire grids are commonly used as cathodes for the fusor. The large 5 ring grid
was the default cathode for measurements during this project.

(a) Foil sheets, 2.5 cm radius (b) Foil disks, 2.5 cm radius

Figure 3.4.: Titanium foil was used for the construction of several cathodes. Thismaterial
is easy to cut with scissors, spot weld and/or fold into the desired shape.

Another port is used for an ion source, that has its own power supply (FuG HCN700-
12500). Varying one of the fusor setting (current, voltage or pressure), while keeping the
others constant can only be done by changing the power of the ion source, to effectively
control the plasma conductivity by adding charged particles.

The pressure is controlled through a MATLAB-program on a computer in the fusor
room. The power supply and pressure controller provide measurement data of the cur-
rent, voltage and pressure directly to this program. The other sources of measurement
data are discussed in the remaining sections of this chapter.
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3.2. DOPPLER SPECTROSCOPY

Doppler spectroscopy on the Balmer-alpha line (figure 3.5) is a valuable diagnostic tool
for hydrogen plasma’s. Information on the energy of particles can be extracted from the
shifts in wavelengths and collisional radiative modelling makes it possible to obtain abso-
lute densities of the fast ions. Such a collisional radiative model has been developed by
Kipritidis et al. [38, 39, 40, 41] and a variation on this model was used on the fusor (figure
3.5).

Figure 3.5.: The Doppler shifted peaks in the spectrum show peaks for different velocit-
ies, corresponding to different ion species. An attempt was made to identify
peaks originating from different parent particles. Themeasurement data was
collected byHuisman [10] and the interpretationwasdone by the author of this
thesis.

The wavelength λ0 of emission lines from the hydrogen atom is given by the Rydberg
formula:

1
λ0

= R

[
1

n2
f
− 1

n2
i

]
, R ≡ mr

4πch̄2

(
q2

e
4πε0

)2

, mr ≡
memH

me + mH
(3.1)

The emission lines to the final energy level n f = 2 are known as the Balmer series; the
transition from the initial energy level ni = 3 is the Balmer-alpha line. The wavelength that
corresponds to this transition is λ0 = 656.28 nm for normal hydrogen and λ0 = 656.10
nm for deuterium.
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Emission lines are subject to several broadening mechanisms. Natural and collisional
broadening, due to the finite decay rate of excited atoms results in a Lorentzian function.
However, the magnitude of these effects is negligible compared to Doppler broadening,
due to thermal motion.

The Doppler effect causes a shift in frequency when atoms move towards or away
from the detector. This gives a blueshift or a redshift of the frequency respectively. The
non-relativistic Doppler effect is given by

∆λ

λ0
= −∆ω

ω0
=

vx

c
, ∆λ ≡ λ− λ0 (3.2)

Where λ is the wavelength, λ0 is the unshifted wavelength of the transition, c is the
speed of light and vx = v cos θ is the velocity towards the detector, which is at an angle θ
relative to the direction of the ions.

This can be related to the kinetic energy of the particles E according to

∆λ =
λ0 cos θ

c

√
2E/m (3.3)

The emission from a hydrogen atom at 30 keV can be shifted up to ∆λ = 5.2 nm.

Usable spectra can be obtained during pulsed operation, with the same ease as during
continuous operation. These spectra are averaged over multiple complete pulses, so the
Doppler shifts can not simply be interpreted as the ion velocities during the peak of the
pulses.

3.3. (THERMAL) IMAGING

The inside of the fusor can bemonitored continuouslywith awebcamof the type ’Logitech
HD C525’.

All pictures in this thesis are taken with a Panasonic GX80 camera, that is owned by the
author. An OlympusM.Zuiko 60mmmacro lens was used for pictures of the cathode and
a Panasonic Lumix G Vario 12-32mm lens was used for most other pictures. The camera
and the view port were covered (usually with a jacket) to avoid reflections in the window.

A Testo 868was acquired and installed during this project, in order tomeasure cathode
temperatures up to 650 C.

A piece of ZnSe window is attached to one of the optical ports using TorrSeal, to allow
infrared light to pass through. Several adapters are used to place the 50 mm diameter (5
mm thickness) window in front of a CF63 access port. This setup can be seen in figure
3.6 and an example picture of the cathode is shown in figure 3.7b.
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Figure 3.6.: A tripod is used to place the thermal imager in front of a ZnSe window that
has be attached to a vacuum port using TorrSeal. The inside of the fusor can
be monitored remotely using a wifi connection to a smart-phone.

(a) Thermal image of the fusor after opera-
tion at high power (around 1 kW) without
water-cooling. Yellow indicates a tem-
perature around 45 ◦C.

(b) Thermal image of the cathode after op-
erating at high power (around 1 kW). The
shape of the grid wires is clearly recog-
nisable.

Figure 3.7.: Thermal images can bemade of the outside and, more importantly, the inside
of the fusor.
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The fusor has a water cooling system that was used during the temperature meas-
urements, because the wall heats up significantly without cooling (figure 3.7a). The tem-
perature of the cooling water is displayed and typically around 17 ◦C. It is assumed in
calculations that the fusor wall also has this temperature.

A first attempt to determine the emissivity of the grid wires was done by dipping the
wires in cold and boiling water, after which the emissivity setting in the thermal imager
was adjusted such that it displayed the correct temperature for the wire. However, the
resulting emissivity (≈ 0.5) was not used, because it was probably affected by the layer
of water on the surface of the metal.

The emissivity of the wires was therefore determined by heating them with an elec-
tric current. The temperature of the wire was measured with a thermocouple and the
emissivity setting in the thermal imager was adjusted to display the same temperature.
The resulting emissivities were εNiCr = 0.11 and εTi = 0.17 for nichrome and titanium
respectively.

It was noticed that wires that have been inside the fusor are darker, which might also
lead to a difference in the infrared emissivity. The wires also appeared cooler when ob-
served from larger distances, especially in the case of the thinner nichrome wire. The
distance between the imager and the wires during the calibration was estimated to be
similar, but not identical to the distance during measurements in the fusor.

Temperature readings from the imager were observed during operation of the fusor by
use of the Testo thermography app, which communicates with the imager using a wifi
connection. The measured temperature is that of the hottest point in the image, which
was displayed in the app.

The equilibrium temperature for a given combination of settings can be found by wait-
ing a very long time, but a quicker method was used for the measurements in this thesis:
The power is alternately set to values above and below the target settings, to provide
an upper and lower limit to the equilibrium temperature. The power differences are de-
creased until the limits are within 20 ◦C from each other, providing a temperature value
with an error of ± 10 ◦C. For the pulsed measurements the error was reduced to ± 5 ◦C
with the same method.

3.4. NEUTRON DETECTION

Three Studsvik 5210C neutron detectors are used (also named the Studsvik 2202 D, when
combinedwith a display): one is placed directly next to the fusor and the others are on the
ceiling of the fusor room and the ceiling of the room below the fusor. These units are con-
nected to an external power supply (either a Canberra model 3002 or a Canberra model
3005) that delivers the required 2200V; the signal is sent to anOrtecmodel 590Aamplifier
and single-channel analyser, that amplifies the signal by a factor of 10 and discriminates
by transmitting only pulses above 2 V. The remaining pulses are counted, digitalised and
sent to the computer that displays and logs the values through the fusor software.
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Prior to this project, the settings of the power supplies and discriminators were incor-
rect, which made the detectors over-sensitive to noise and less reliable in general. The
detectors were also not properly calibrated.

The two detectors that are furthest from the fusor give lower neutron counts than the
one closest to the fusor and the shape of their pulses was not as described by the docu-
mentation. The cause of the abnormal behaviour of these detectors is not known. Only
the detector closest to the fusor was calibrated and used for measurements during this
project.

Figure 3.8.: Neutron sources were used for the calibration of the neutron detectors. Both
metal cylinders were suspended in the center of the fusor for one hour.

The 241Am/Be sources AMN30/1672 and AMN30/5613 had an original activity of 1.1
GBq or 30 mCi, which corresponded to 9.4× 104 n/s. Due to the 432 year half-life time of
241Am, the current activity (60 years after 1959) will be 0.560/432 = 0.91 times the original
values: 8.5× 104 n/s per source and 17× 104 n/swhenboth sources are used. The neutron
energy from this source is around 5.485 MeV, which is higher than the 2.45 MeV from the
deuterium fusion reaction. However, the sensitivity of the detector does not vary much
with energy in this range and will be assumed to be identical.

During a calibration measurement, the neutron sources were suspended in the center
of the fusor. An average of 1.7365 counts per second was measured during a period of
58minutes that did not include the placement and removal of the sources. This results in
a calibration factor of 1.0× 105 neutrons per count on the main detector, which is about
50% above the previously used value of 6.613 × 104 that was calculated based on the
detector manual and the inverse square law.

It was determined during a two hour measurement that a typical background signal
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corresponds to about 93 neutrons per second. This value of the background signal was
subtracted from all measurements.

The length of a neutron measurement is chosen such that a significant amount of
counts is registered (at least several tens of counts). This may range from a fewminutes
to a few hours depending on the NPR during the measurement.

The NPR is then calculated based on the mean value of the counts per second and the
calibration factor that was determined in this section. The error consists of the standard
deviation of the mean plus a relative error of 5%, to account for remaining measurement
uncertainties.
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4. THE PULSED POWER SUPPLY

A pulsed power supply has been constructed as part of this project.
The design of the pulse source is discussed in section 4.1. The connector to the fusor,

that contains the electrical diagnostics is discussed in section 4.2. The resulting pulse
shapes inside the fusor are discussed in section 4.3.

4.1. PULSE SOURCE DESIGN

The pulsed power supply (figure 4.1) consists of a capacitor bank to store energy, a spark
gap to trigger the release of the energy, the fusor which uses the energy and some dia-
gnostics to monitor this process (not shown in figure 4.1). The system has to meet the
design requirements that enable the desired measurement of NPR as a function of the
cathode temperature.

Transmission line

 -20 kV  20 nF

Spark gap

 1 GΩ
Fusor

Figure 4.1.: The pulsed power supply consists of a 20 kV charging power supply, a 20 nF
capacitor bank, a sparkgap, a transmission and the fusor itself. A bleeder res-
istor is included for safety. The connector and diagnostics between the trans-
mission line and the fusor are not included in this figure. The sparkgap triggers
automatically when the capacitor is charged to a sufficiently high voltage.

The first requirement of the pulsed power supply is that it has to give a statistically sig-
nificant neutron production rate. Experiments with continuous power indicate that useful
measurements may be possible at 10 kV, but this may require measurement times of up
to an hour and there is no guarantee that pulsed operation will be at least as efficient as
continuous operation. Therefore, an operating voltage of 20 kV is chosen, which gives us-
able continuous measurements within 5 minutes. Even higher voltages are desirable, but
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these would require new high voltage connectors to be purchased, while 20 kV connect-
ors were already available for this project. A charging current in the order of at least 10
mA is required to get an input power that is comparable to the continuous experiments.

A FUG HCK 1600M-20000 capacitor charging power supply was used, that can deliver
currents up to 160mA at 20 kV, without the use of a charging resistor. A THT 20 connector
combination consisting of an R331405000 receptacle and an R331018000 clamp allows
an RG214 cable to transmit the 20 kV pulse from the source to the load.

Figure 4.2.: Picture of the pulsed power supply showing the 10 ceramic capacitors that
form a modular capacitor bank, the sparkgap that is held in place with a 3D
printed support structure, a bleeder resistor (red) and connectors inside an
EMC cabinet.

The second requirement concerns the pulse length: Pulses on the order of the ion
transit time τi could lead to lower ion energies, since the ions will not have time to be
accelerated over the full potential. It is therefore desirable to stay above the ion transit
time.

The electrostatic force F accelerates the ionwithmass mi and charge qi over a distance
d during the ion transit time τi.
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F = mia = qiE = qi
V
d

, d =
∫ τi

0
v dt =

∫ τi

0
at dt =

1
2

aτ2
i =

qiV
2mid

τ2
i (4.1)

τi = d

√
2mi

qiV
≈ 0.20

√
2 · [2× 1.66× 10−27]

[1.60× 10−19] · [20× 103]
≈ 288 ns (4.2)

Where V is the potential that is applied over the distance d, resulting in the electric field
E. The acceleration a is the derivative of the velocity v with respect to time t.

A pulse length of 1 µs is expected to be sufficiently far above this limit. The 1 µs pulses
require a 20 nF capacitor in combinationwith the 50 Ω transmission line, since τ = RC =
1µs:

C =
τ

R
=

10−6

50
= 20× 10−9 F (4.3)

This gives 4 J of energy per pulse and therefore 4 W of average power when operated
at 1 Hz.

Figure 4.3.: The EMC box is closedwhen the pulse source is on. The grounding stickmust
be picked up before the lock can be accessed.

Ten identical N4700 2 nF ceramic capacitors are connected in parallel to form the ca-
pacitor bank. These capacitors are rated for a sufficiently high voltage (40 kV) and use
in pulsed applications. The modular design of the capacitor bank makes it possible to
remove or replace individual capacitors in order to change pulse duration.
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A custom-built sparkgap was modified for this project. It consists of two electrodes at
an adjustable distance from each other inside a chamber that can be flushed with air.

A large (1 GΩ) resistor combination is added for safety reasons, since it slowly drains
the capacitors when the pulsed power supply is not in use.

The components are housed in an EMC box (40 x 40 x 21 cm) that limits electromag-
netic interference with sensitive equipment. The EMC box is closed and locked before the
power supply is turned on. A grounding stick has to be picked up before the lock can be
used. The constructed pulse source is shown in figures 4.2 and 4.3.

4.2. CONNECTOR AND DIAGNOSTICS

A customconnector is constructed to attach the coax cable from the pulsed power supply
to the fusor, while also measuring the voltage and current (figure 4.4).

(a) The connector consists of a conducting
channel to the feedthrough, surrounded
by a layer of insulation, a layer of shield-
ing and electrical diagnostics.

(b) The connector is placed on top of the
feedthrough, as seen here. During ex-
periments cables are connected to the
probes and HV connector.

Figure 4.4.: A custom made connector is placed on top of the fusor. It has a built-in cur-
rent and voltage probe, as well as a layer of insulation and shielding material
around the connection.

The electrical insulation around the conducting connection ismade out of PVC. A brass
tube provides forms a partial Faraday cage, that is completed by the shielding of the
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voltage probe on top and the fusor wall at the bottom. The shielding is grounded through
the outside of the coax cable and through a conducting wire to the fusor wall. A Northstar
PVM-5 voltage probe and a Pearson model 6600 current monitor are integrated in the
design.

The voltage probe is rated for pulsed voltages up to 100 kV, measured at a ratio of
1000:1. A 4.5 m cable must be used between the probe and the oscilloscope. The current
probe is rated for a peak current of 2 kA. This current was exceeded during some of the
pulsed measurements, where the signal was attenuated by a factor of 10 to protect the
oscilloscope. A R& SHMO2024Oscilloscopewas used, that has a bandwidth of 200MHz.
The voltage and current probe have a bandwidth of 80 MHz and 120 MHz respectively.
This is sufficient to accurately measure the pulses in this project, even during rise-times
in the order of 0.1 µs (which corresponds a frequency in the order of just 10 MHz).

4.3. PULSED DISCHARGES

A sufficiently high voltage with respect to the size of the sparkgap (3 kV/mm in air) leads
to the formation of a conducting plasma channel in the sparkgap. This triggering of the
sparkgap applies the potential of the capacitor bank to the fusor cathode. However, ini-
tially the power is reflected since the gas inside the fusor is not yet conducting. Break-
down in the fusor occurs when random ionisation events set in motion an avalanche of
charged particles. At low pressures (typically < 0.5 Pa) it may take well over 10 µs before
this happens and at even lower pressures (typically < 0.2 Pa) the breakdown criterion
may not be met. Figure 4.5 shows the initial oscillations that occur once the voltage of
the capacitors is applied to the cathode.
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Figure 4.5.: Initially the voltage over the fusor jumps to the desired value (-15 kV in this
case), followed by a fast oscillation. At low pressure (< 0.5 Pa) no breakdown
occurs and the voltage remains at this level.
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The delay may be reduced by using the ion source to pre-ionise the plasma. Figure 4.6
shows such a discharge, that is enabled by the use of the ion source. The power supply
of the ion source introduces oscillations, as it tries to achieve the set voltage or current.

This often leads to electromagnetic interference with the neutron detectors: the detect-
ors show false neutron counts, which prevents meaningful measurements of the NPR.
The ion source is therefore not used for NPR measurements with the pulsed power sup-
ply.
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Figure 4.6.: The ion source may be used to pre-ionise the gas. This allows a discharge at
lower currents and largely removes the delay at higher currents. This often
introduces an oscillation as the ion source tries to regulate the current. The
effect on the total current is very small.

At sufficiently high pressures (typically > 0.2 Pa) breakdown will occur without the ion
source, but after a small delay in the order of 10 µs. The behaviour that follows is closely
related to that of a damped harmonic oscillator. It may be overdamped or underdamped
depending on the plasma conductivity.

The time-dependence of the current can be derived analytically for a constant resist-
ance: Kirchhoff’s voltage law for a series RLC circuit gives

VR + VL + VC = V(t) (4.4)

RI(t) + L
dI(t)

dt
+

1
C

∫ t

0
I(τ) dτ = 0 (4.5)

Taking the time derivative gives

d2

dt2 I(t) + 2α
d
dt

I(t) + ω2
0 I(t) = 0 (4.6)

Where
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α ≡ R
2L

, ω0 ≡
√

1
LC

(4.7)

The current in an overdamped (α > ω0) series RLC circuit is given by

Io(t) = B1es1t + B2es2t , s1,2 ≡ −α±
√

α2 −ω2
0 (4.8)

The initial conditions for a step response with a capacitor charged at V0 give

Io(t) =
−V0

(s1 − s2)L
(
es1t − es2t) (4.9)

This behaviour is observed in the breakdown shown in figure 4.7.
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Figure 4.7.: After a short delay the gas breaks down. The current may spike several times
before stabilizing around several A. The current and voltage then drop as the
capacitors are drained in approximately 1 ms (or until the sparkgap closes).

An interesting phenomenon occurs at the start of the pulse, where one or more spikes
in the current are accompanied by dips in the voltage (figure 4.8). This may be due to the
capacitance of the transmission line: The stored charge from the cable may be drained
quickly, while the charge from the main capacitor bank first has to pass through the
sparkgap.

The current in an underdamped (α < ω0) series RLC circuit is given by

Iu(t) = A1e−αt cos(ωdt) + A2e−αt sin(ωdt) , ωd ≡
√

ω2
0 − α2 (4.10)
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Figure 4.8.: Close-up of the current spikes around the time when the plasma starts to
conduct. There might be a small capacitance (possibly in the coax cable)
that is quickly drained before main capacitors are drained.

The initial conditions for a step response with a capacitor charged at V0 give

Iu(t) =
V0

ωdL
e−αt sin(ωdt) (4.11)

Initially the circuit appears overdamped, but as the plasma conductivity increases, it
may start to behave like an underdamped circuit instead (figure 4.9). This sudden change
in behaviour is most likely to occur at higher pressures.
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Figure 4.9.: At higher pressures (> 1.0Pa) a second plasma statemay be formed, that has
a higher conductivity. This results in a current around several kV, that drains
the capacitors in approximately 1 µs, after which the current and voltage os-
cillate for several µs.
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The actual current during the pulses differs from the the current that is derived in the
equations above: The plasma impedance makes the equations non-linear and therefore
hard to solve exactly.

The fast pulses with high currents appear to be a form of arcing, that causes false
counts on the neutron detectors. The experiments that involve neutron measurements
are therefore carried out under conditions where the high current discharges do not oc-
cur.
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5. MEASUREMENT RESULTS

This chapter discusses the phenomena that are observed in the fusor.
Section 5.1 first presents the basic plasma behaviour when operating the fusor continu-

ously. Section 5.2 then discusses the limits to the combination of parameters that can
be measured.

Next, continuous measurements are presented for the cathode temperature and the
neutron production rate, in sections 5.3 and 5.4 respectively. The pulsed temperature
and neutron measurements are finally presented in section 5.5.

5.1. PLASMA CHARACTERISTICS

A discharge will only start once the breakdown criterion is met. Otherwise, the fusor is
just a chamber filled with poorly conducting hydrogen (or deuterium) gas.

The breakdown criterion is often given in the form of Paschen’s law, but this only ap-
plies to parallel plates and low voltages. The electric field distribution is different in the
spherical geometry of the fusor and ion impact ionisation becomes significant at the high
voltages that are typically used.

Figure 5.1.: The breakdown voltage depends on the pressure. The voltage required for
1 mA is just above the breakdown curve and higher currents require higher
voltages. The curves for deuterium are shifted compared to regular hydrogen.
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Figure 5.1 shows the experimental breakdown curve for hydrogen, as well as several
constant current curves for both hydrogen and deuterium. The breakdown curve is very
close to the curve for the lowest current with this cathode.

A discharge can also be started by using the ion source, in which the breakdown cri-
terion is met at the ion source. This reduces the cathode voltage that is required to drive
a given current. It is especially effective when the current through the ion source is large
compared to the total current.

In this project the ion source was used to enable measurements where the current,
voltage and pressure in the fusor could be set independent from each other. Other IEC
groups routinely use electron sources for this same purpose. The ion source is thus
regarded as a tool that only alters the plasma conductivity and its other effects on the
plasma behaviour are not considered in this project.

Figure 5.2.: The ion source (blue lines, set to 1 mA) lowers the required voltage for any
specific current (original voltages in orange). The effect is small when the
total current is large compared to the current from the ion source.

Evenwith the ion source, not every combination of current, voltage and pressure can be
achieved: The voltage for any given current (blue lines in figure 5.2) can only be lowered
by using the ion source. The highest voltage for any given pressure can not be above the
100 mA line (dark orange in figure 5.2), since this is the maximum current that the power
supply can deliver. The high voltages that are typically required for fusion experiments
can therefore only be achieved at a sufficiently low pressure.

There is already some conduction in the gas prior to the breakdown, but this current is
several orders of magnitude lower than at similar voltages after breakdown has occurred.
The regimes before and after breakdown are clearly distinguishable in figure 5.3.

The region where current increases almost independent of the voltage is known as the
normal glow regime and the regime at higher currents, where the voltage does increase
noticeably is the abnormal glow.
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Figure 5.3.: Small currents occur in the dark discharge regime on the left, but the current
increases a lot after breakdown, when the glow discharge regime on the right
is entered. An ion source allows a current to flow, even when the primary
power supply does not meet the breakdown criterion.

Figure 5.4.: The current-voltage characteristics of the slow pulses appears to be an ex-
tension of conductivity during continuous operation, which seems to scale
roughly with the voltage to the third power. The behaviour of the high current
pulses is fundamentally different.

The current-voltage characteristics in figure 5.3 only shows the low current regime that
is accessible with continuous power. Pulsed operation allows an extension of this graph,
shown in figure 5.4. The slow discharge (overdamped, several A current) appears to be
an extension of the plasma behaviour with continuous power, but the fast discharges
(underdamped, several kA current) behave very different. The plasma conductivity can
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not be determined directly, since the voltage and the current are out of phase.

At high pressures the fusor behaves much like other glow discharges, with the ex-
ception ’jets’ that sometimes come out of an opening in the grid. At low pressures ion-
recirculation starts to play a role. Here the plasma can enter ‘star-mode’: a regime unique
to IEC devices. These two characteristic modes are shown in figure 5.5

(a) Star mode. Camera settings: f/2.8, ISO-
200, 2 seconds.

(b) Jet/Halo mode. Camera settings: f/2.8,
ISO-200, 4 seconds.

Figure 5.5.: The fusor has two distinct modes of operation: ’star’ mode occurs at low
pressures and gradually transforms into ’jet’ or ’halo’ mode as the pressure
increases.

The standard modes of operation are also observed during pulsed operation, although
they appear slightly more diffuse (figure 5.6). Arcing is much more common in pulsed
operation, as is discussed in section 5.2.

(a) Star mode. Camera settings: f/2.8, ISO-
200, 1.3 seconds.

(b) Jet/Halo mode. Camera settings: f/2.8,
ISO-200, 4 seconds.

Figure 5.6.: The star and Jet/Halomodeare observed in pulsed operation too. The plasma
appears more diffuse, but otherwise identical to continuous operation.
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5.2. OPERATIONAL LIMITS

Not every desirable combination of settings results in a stable discharge and usablemeas-
urement data. Some combination are impossible with the fusor setup, while others lead
to instabilities, unreliable data or even damage to the equipment.

The possible combinations of voltage current and pressure are dictated by the plasma
conductivity, as discussed in section 5.1. The maximum current of the power supply is
limited to 100mA and the connector is rated for amaximum voltage of 60 kV. The voltage
on the fusor is lower than the voltage from the power supply, due to the 210 kΩ resistor
stack. The total power to the cathode must also not be so high that the cathode starts to
deform or even melt.

Poor performance of the pressure controller limits experiments that require a stable
pressure to pressures below approximately 1 Pa. The vacuum pump does not enable
pressures below approximately 0.05 Pa and it must be noted that at this pressure the
gas inside the fusor consists purely of air that has leaked in. Higher pressures should be
used to get an acceptable fraction of deuterium.

(a) Arc spots are common in both continu-
ous and pulsed experiments. Camera
settings: f/2.5, ISO-200, 4 seconds.

(b) A large arc around the stalk often forms
during pulsed operation. Camera set-
tings: f/2.8, ISO-200, 1 second.

Figure 5.7.: Examples of arcing, observed during pulsed operation. The large arc needed
a shorter exposure time due to its high brightness.

Several types of high current arcs are observed in the fusor, as shown in figure 5.7. They
often coincide with electromagnetic interference on the neutron detection system, which
registers false neutron. The interference is picked up by the amplifier of all three neutron
detectors. An occasional peakmay be filtered out of the data, based on the extreme rarity
of all three detectors giving a valid reading at the same time. However, this method can
not be used when arcs are frequent, since then valid measurements will also be lost.

It is hard to overstate the challenge formed by electromagnetic interference on the
neutron detectors. A large part of the time spend on this project has been dedicated
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to understanding and reducing the sources of interference and no meaningful neutron
measurements were possible until the interference was sufficiently suppressed.

A type of arcing known as ’arc spots’ often occurs at high voltages and high currents.
The arc spots can be reduced by subjecting a cathode to a conditioning procedure: the
discharge voltage is gradually increased, while staying below the level where arc spots
become frequent. The effect of conditioning is typically significant at first, but it becomes
less effective at higher voltages. Suppressing most of the arcs up to 40 kV in continuous
operation usually takes several hours. This does not guarantee arc-free pulsed operation
at 15 kV, but it was sufficiently effective on several occasions, which made it possible to
perform the measurements in section 5.5.

Another type of arc occurs along the insulator surrounding the stalk, possibly because
the surface has become conducting due to effects like sputtering, ion implantation or oxy-
gen extraction. This type of arc seems to bemuchmore common during pulsed operation
at higher pressures. It is often, but not always accompanied by arc spots.

5.3. CATHODE TEMPERATURE

The temperature of the cathode is determined by the received power Pin and the lost
power, here assumed to be radiated heat Prad.

C
dT
dt

= Pin − Prad (5.1)

C = mcm = ρVcm (5.2)

Where C is heat capacity, which can be calculated from the specific heat cm and the
mass m. Themass can be expressed as the product of themass density ρ and the volume
V.

The volume and surface area of a cathode with radius rc that consists of N rings with
a wire radius rw is given by

Acat = N × 4π2rwrc (5.3)
Vcat = N × 2π2r2

wrc (5.4)

The default titanium cathode (figure 3.3b) for the experiments in this project therefore
has a volume of 5× 2π20.00120.04 = 4 cm2, a mass of 18g (ρTi = 4.506 g/cm3) and a heat
capacity of 10J/K (cm,Ti = 0.544284 Jg−1K−1). Its temperature is therefore only expected
to fluctuate 0.4 K between pulses once the equilibrium temperature is reached.
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The radiated power is given by the Stefan-Boltzmann law:

Prad = εσAT4 (5.5)

Where σ = 5.67× 10−8 J · m−2 · s−1 · K−4 is the Stefan-Boltzmann constant, ε is the
emissivity, A is the surface area and T is the temperature.

It is assumed that conductive heat loss through the long and narrow stalk is negligible,
just like convective loss by the low density gas.

The radiated heat from the fusor wall may become significant at lower cathode tem-
peratures:

Prad =
σ(T4

cat − T4
wall)

1−εcat
Acatεcat

+ 1
Acat Fcat→wall

+ 1−εwall
Awallεwall

≈ εcatσAcat

(
T4

cat − T4
wall

)
(5.6)

Where Fcat→wall is the view factor between the two surface areas Acat and Awall .
It is assumed that most of the electrical power that is put into the fusor eventually goes

into heating of the cathode: Pin = IV.
The steady state temperature can therefore be approximated by

Tcat =

(
IV

εcatσAcat
+ T4

wall

)1/4

(5.7)

This model is compared to temperature measurements at different currents, voltages
and pressure in figures 5.8, 5.9 and 5.10 respectively. This shows a quantitative difference
between the model and the measurements, that can be several hundreds of degrees.
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Figure 5.8.: Temperature as function of current with a nichrome cathode, based on an
emissivity of 0.11. Settings: 3.3 kV, 0.22 Pa.
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Figure 5.9.: Temperature as function of voltage with a nichrome cathode, based on an
emissivity of 0.11. Settings: 10 mA, 0.22 Pa.
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Figure 5.10.: Temperature as function of pressure with a nichrome cathode, based on an
emissivity of 0.11. Settings: 3.3 mA, 4.7 kV.

The time to cool from temperature T0 to temperature T is found by solving equation
5.1:

t(T) =
∫ T0

T

C
Pin − Prad

dTi (5.8)

In the absence of input power this reduces to
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t(T) = − C
εcatσAcat

∫ T

T0

1
T4

i − T4
wall

dTi (5.9)

=
C

εcatσAcat4T3
wall

(ln (T + Twall)− ln (T − Twall) + 2 arctan (T/Twall)

− ln (T0 + Twall) + ln (T0 − Twall)− 2 arctan (T0/Twall)) (5.10)

Figure 5.11 shows how the cathode cools after the power is suddenly turned off. The
general behaviour is similar to the model, but there is again a quantitative mismatch.
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Figure 5.11.: Cooling of the cathode over time with a nichrome cathode, based on an
emissivity of 0.11. The power supply is turned off at t=0.
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5.4. NEUTRON MEASUREMENTS

The difference between fusion mechanisms is the most obvious in the scaling with the
cathode temperature, which will be discussed in section 5.5, but the scaling with other
settings might already provide some information.
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Figure 5.12.: NPR dependence on current indicates some form of beam-target fusion is
dominant. Settings: 22 kV, 0.22 Pa, 150 ◦C.

The scaling of neutron production with current (figure 5.12) is almost linear, indicating
beam-target fusion (background or surface) is dominant at currents around 10 mA. At
larger currents the NPR seems to deviate form the linear trend, well beyond the small
error bar.
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Figure 5.13.: NPR dependence with voltage is close to the surface fusion model, but also
to the background fusion model. Settings: 10 mA, 0.22 Pa, 150 ◦C.
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The NPR has a strong voltage dependence (figure 5.13). The scaling seems most
closely matched by the surface fusion model, but the model for background fusion will
become a better fit if the effective ion energy turns out to be a smaller fraction of the
applied potential.

The NPR roughly increaseswith the voltage to the fourth power, making it amuchmore
favourable parameter to change than the current, which only gives a linear increase.

There appears to be an optimal pressure for neutron production (figure 5.14). This was
also observed in different measurement series. The decrease at lower pressures can be
understood by a decrease in target density. The decrease at higher pressures might be
due to lower ion energies, due to energy loss in collisions with the gas. This last effect
was not included in the models.
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Figure 5.14.: The NPR depends weakly on pressure. There appears to be an optimum
around 0.2 Pa. Settings: 10 mA, 22 kV, 150 ◦C.

Two cathode grids were constructed with the shape shown in figure 3.3a: one made of
nichrome and the other out of titanium. The results in figure 5.15 show a slightly better
performance for the titanium cathode, but this is not nearly as large as the difference in
solubility between the materials (figure 1.3).

It was also investigated whether the surface area and radius of the cathodewould have
a large impact, by comparing four titanium cathodes shown in figures 3.3a, 3.3b, 3.4a and
3.4b. The surface area of the cathode determines the efficiency of radiated heat, which is
assumed to be the dominant cooling mechanism. Figure 5.16 shows that the difference
between the cathodes is minimal: some of the data points even overlap and only the
cathode in figure 3.4b seems to give a slightly different (lower) NPR.

The small effect of cathode properties led to the idea that perhaps the wall could be
contributing to the neutron production when neutralised ions hit nuclei that are absorbed
in the wall. A piece of titanium foil was shaped, in such a way that it could be placed
at the surface of the spherical wall (figure 5.18). Two comparative measurements were
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Figure 5.15.: A titanium cathode gives a higher neutron production than a nichrome cath-
ode of similar dimensions. The effect is clearest at higher voltages. Settings:
10 mA, 0.22 Pa, 150 ◦C.

10
1 2 × 10

1
3 × 10

1
4 × 10

1
6 × 10

1

Voltage (kV)

10
2

10
3

10
4

10
5

10
6

N
PR

 (/
s)

Scaling model
3 ring, 5 cm, wire
3 ring, 5 cm, foil
3 ring, 5 cm, foil disk
5 ring, 8 cm, wire

Figure 5.16.: The dimensions of the cathode have little effect on the neutron production.
All cathodes in this comparison have the shape of a grid. Settings: 10 mA,
0.22 Pa, 150 ◦C.

done with the cathode from figure 3.4b. The hypothesis was that the titanium would
absorb more deuterium, which would lead to a higher NPR due to surface fusion at the
wall. However, the exact opposite effect is observed in figure 5.17.

The foil consists of 8 segments that are 9 cm high, 4 cmwide at the bottom and 10 cm
wide at the top, giving it a total surface area of 504 cm2, which is only 6% of the total 7854
cm2 of the wall. The decrease in NPR is about 20%.

It is possible that the foil was getting hotter, because of its limited contact to the wall,
but this does not fully explain the results. The shapes and materials inside the fusor may
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Figure 5.17.: Placing a sheet of titanium at the wall of the fusor leads to a reduction of the
neutron production. Settings: 10 mA, 0.22 Pa, 150 ◦C.

Figure 5.18.: A sheet of titanium foil was made to cover part of the wall at the bottom of
the fusor. Settings: 10 mA, 0.22 Pa, 150 ◦C.

have also influenced the ion current and ion energy distribution of the plasma.

Most notable from these results is the goodmatch by calculations that were independ-
ent of the cathode temperature. Section 5.3 showed large variations in the cathode tem-
perature, which should influence the NPR of surface fusion. The absence of a drop in
NPR at higher powers, compared to the temperature independent model indicates that
surface fusion is unlikely to be dominant under the measurement conditions used here.
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5.5. TEMPERATURE DEPENDENCE OF THE NPR

The cathode temperature is controlled by the settings of the pulsed power supply, but
it can not be set directly. Instead, the charging current is set, which changes the pulse
frequency. This pulse frequency changes the heating power to the cathode, which results
in a different temperature, as shown in figure 5.19.

0 10 20 30 40 50
Frequency (Hz)

100

200

300

400

500

600

700

800

900

1000

Te
m

pe
ra

tu
re

 (C
)

Measurement
Model

Figure 5.19.: The pulse frequency is set by changing the charging current. Data andmodel
for a nichrome cathode with an emissivity of 0.11. Settings: 15 kV peak, 0.5
Pa, ≈ 2 A.

The neutron production rate was measured at a sparkgap trigger voltage of 15 kV and
charging currents from 1 mA to 10 mA, for a titanium and a nichrome cathode of the
design shown in figure 3.3b. Figure 5.20 shows all the collected data points.

Two additional data points were collected with the titanium cathode, after a full series
of measurements was completed. The purpose of these measurements was to check if
the NPR had changed after the high cathode temperatures were reached. This appeared
to be the case for the measurement at 1 mA, but not at 6 mA. For the rest of the analysis,
the second measurement at 1 mA is used and the first measurement is used for 6 mA.
The excluded measurements are purple in figure 5.20.

Pulse traces were recorded at each of the charging voltages, from which the pulse
frequencies were determined. These frequencies were used to convert the neutron pro-
duction rate to neutrons per pulse. All data from these measurements can be found in
appendix A.

The total measurement time was several hours for each of the cathodes. The thermal
imager was powered by a battery during these experiments; The battery does not last
long enough when it is maintaining a wifi connection, as is the case for these temperat-
uremeasurements. Therefore, the cathode temperatures were determined with a second
measurement, where identical charging currentswere used. These temperaturemeasure-
ments were combined with the values for the neutrons per pulse, which resulted in figure
5.21.
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Figure 5.20.: The pulsed NPR is measured at difference values of the capacitor charging
current. Each current corresponds to a different pulse repetition rate, that
can be determined from the recorded pulse traces. Settings: 15 kV peak, 0.5
Pa, ≈ 2 A.
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Figure 5.21.: The main result of this research: neutron production as a function of the
cathode temperature. The NPR is converted to neutrons per pulse using the
repetition rate and plotted against the temperature measurements.

For titanium the amount of neutrons per pulse starts around 250 at low temperatures.
It then increases to 945± 158 at 401± 5 ◦C, before dropping to 44± 13 at 472± 5 ◦C: a
factor 21.5± 7.3 lower.

For nichrome the amount of neutrons per pulse starts and ends around 60. It peaks
around 125± 33 at 456± 5 ◦C.
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Figure 5.22.: A comparison with the models for the scaling of neutron production with
temperature shows that the drop in neutron production was qualitatively pre-
dicted by the surface fusion model for titanium.

Figure 5.22 shows how themeasurements compare to the data. There is a clear drop in
the neutron production of the titanium cathode, but not at the expected temperature. This
drop is also visible in figure 5.20: the NPR decreases bymore than an order of magnitude,
while the power to the fusor is actually increased.

The difference between the neutron production of titanium and nichrome is significant,
but not as large as would be expected if the neutron production was determined only by
the difference in solubility shown in figure 1.3.

The initial rise in neutron production with temperature was not predicted by the model
and the apparent peak in neutron production for the nichrome cathode was also not anti-
cipated.

An NPR of 26.52± 4.46× 103 /s was found for titanium (figure 5.20), when the capa-
citors were charged with 6 mA and an average voltage of 12 kV (72 W). A continuous
measurement at 15 kV (the peak voltage in the pulsed measurement) and 10 mA (150 W)
resulted in only 6.94± 1.55× 103 /s: a 6.8± 1.9 times lower efficiency.

Dividing by the pulse length of roughly 0.25 ms, gives a peak NPR that is 1.06± 0.18×
108: More than four orders of magnitude above the continuous NPR at the same peak
voltage.
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6. DISCUSSION AND CONCLUSION

This chapter discusses the results obtained in the previous chapters.
Section 6.1 discusses the limitations of the measurement methods used in this thesis.

Section 6.2 discusses the results in relation to the research question. Section 6.3 dis-
cusses the implications of these results and gives recommendations for future research.
This chapter ends with a conclusion in section 6.4.

6.1. (PULSED) OPERATION OF THE FUSOR

The NPR drop with temperature temperature in figure 5.22 occurs about 200 ◦C higher
than in the model and the NPR of the titanium cathode initially increases with temperat-
ure. A large inaccuracy of the model may result from the phase transitions that occur in
titanium: Figure 2.6 implies that high density delta phase may occur at higher temperat-
ures than the lower density beta phase. The different phases also have a different entropy
and enthalpy of solubility. The error in these quantities may be further increased by using
values from the low density limit for calculations in the high density limit.

A similar large difference between themodel and themeasurementswas also observed
during temperature measurements; The emissivity of the nichrome wire was also much
lower than expected. Discolouration of wires that have been inside the fusor may have
shifted the emissivities. It is also possible that the width of the wires is less than a pixel
on the imager, which therefore displays a value between the wire temperature and the
background temperature.

A systematic error in the absolute temperature does not affect qualitative conclusions
on the scaling of NPR with temperature.

The models for both background and surface fusion give a good prediction of the NPR
scaling during continuous operation, while assuming a constant cathode temperature.
These experiments were all in a regimewith high cathode temperatures: the cathode was
typically glowing in the visible part of the spectrum and usually out of the measurement
range for the thermal imager.

The highest data point for the current dependence of the NPR seemed to be above the
linear trend. Achieving high currents at the same voltage and pressure as the other data
points in the measurement series required more power from the ion source. The peaks
in the Doppler spectrum move outwards as the power of the ion source is increased,
indicating an increase of the average ion energy.

At sufficiently large currents, ionswill accumulate in the center of the cathode and form
a potential well, also referred to as a virtual anode. A large virtual anode could also make
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the scaling of NPR with current non-linear. A significant contribution from beam-beam
fusion seems unlikely at this current: The assumption of a perfect ion beam that moves
through the center of the cathode seems overly optimistic and still predicts NPR values
that are far below the data points.

The cathode temperature of 150 ◦C that is typically used in themodel is not considered
to be realistic. It was chosen, so that the surface and background fusion model give
values of a similar magnitude, which makes it easier to compare the scaling. The actual
NPR due to surface fusion is expected to be much lower.

The fusor is modelled as a spherically symmetric device of radius r0, in which a mono-
energetic beamof ionsmoves in the radial direction only. The shape of the vacuum vessel
and the cathode grids may be considered approximately spherically symmetric, but the
stalk is known to break the symmetry of the electric field.

The resulting reduction in the ion flux towards the cathodewill result in a lower NPR and
cathode temperature, but it does not affect the scaling of theNPRwith fusor settings. The
same applies to the reduction in the ion recirculation, which was assumed to be negligible
anyway.

The spread in the ion energy distribution will affect the scaling of the NPR with voltage.
It may be possible to predict the ion energy distribution by calculating the ion birth radius
from the ionisation cross-section, but the complexity of such a model makes it vulner-
able to mistakes. Doppler spectroscopy enables a direct measurement of the velocity
distribution of hydrogen atoms.

The use of an ’effective energy’ instead of an energy distribution introduces a shift in
the scaling with energy, but no error in the scaling with other settings, unless they change
the velocity distribution.

6.2. THE DOMINANT FUSION MECHANISM

Now it is time to discuss the research question: ’Does the temperature dependence of the
NPR support the hypothesis that fusion at the cathode surface is the dominant source of
neutrons?’

The pulsed neutronmeasurements show a sudden decrease in the neutron production
of the titanium cathode with temperature. This supports the hypothesis that surface fu-
sion is dominant below this cathode temperature. However, the neutron measurements
at higher cathode temperatures and with a nichrome cathode do not follow the expected
density of absorbed deuterium.

The scaling of NPR with current and voltage during the continuous measurements is
close to the models for both background and surface fusion, when a constant cathode
temperature is assumed. This accurate scaling without accounting for the cathode tem-
perature makes it unlikely that surface fusion was dominant, since the actual cathode
temperatures would have changed significantly. The difference between cathode shapes
andmaterialswas also smaller than expected for surface fusion, based on the differences
in surface area and solubilities. Surface fusion at the wall also seems unlikely, since a
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sheet of titanium foil at the wall did not increase the NPR. This all indicates that the dom-
inant neutron production mechanisms during these experiments with continuous power
is not strongly dependent on the cathode temperature.

There are no indications that beam-beam fusion has a significant role in the fusor and
the small charge exchangemean free path makes it unlikely that ions experience amean-
ingful degree of confinement.

There appears to be a transition from background dominated fusion to surface domin-
ated fusion as a titanium cathode is cooled to a temperature of about 400 ◦C.

6.3. THE FUTURE OF NEUTRON GENERATORS

The neutron production efficiency of fusors can be increased by a factor of 21.5± 7.3 by
using a titanium cathode that is kept at an optimal temperature.

It was calculated in section 2.3 that the efficiency can be increased with a factor of 600
by operating at 200 kV instead of 15 kV and with an additional factor of 2 by going to 1
MV. This last step may be challenging, but (pulsed) voltages of 200 kV have already been
achieved in IEC devices[24].

The current scales roughly with V3, as is indicated in figure 5.4. The current is therefore
expected to be 2.4× 103 times higher at 200 kV than at 15 kV, resulting in a total increase
of the power by a factor of 3.2× 104. The NPR will increase with this amount times the
efficiency increase (a factor of 600 from the voltage and a factor of 21.5 from the cooling).

The combined effect of temperature and voltage optimisation will give fusors an effi-
ciency that is comparable to some neutron tubes, as can be seen in figure 6.1.

These neutron production rates are sufficient for medical isotope production (> 1010),
but not yet for sub-critical reactors (> 1013) [8]. However, even this application is achiev-
able when themore efficient deuterium-tritium reaction is used, which would improve the
efficiency with another two orders of magnitude (see figure 2.2).

The prospect of short term commercial applications may boost the funding for re-
search into fusors, which could lead to further improvements in their performance.

Fusors hold several advantages over neutron tubes, thatmight give them a competitive
advantage, when equal efficiencies can be achieved:

Fusors generate ions in a plasma discharge, while neutron tubes generate an ion beam
that requires a very clean vacuum chamber in which a high vacuum is maintained. The
lower demands make fusors simpler, cheaper, more flexible and more durable.

Fusorsmay also have a better scalability, allowing for neutron generators that aremore
powerful than neutron tubes, but still more compact than a thermonuclear reactor.

The following recommendations for follow up research are intended to facilitate the
development of commercial applications based on the fusor concept:

Optimizing the cooling of the cathode is a priority for the advancement of surface fusion
technology. Pulsed temperature control has a limited efficiency due to finite rise and fall
times of the pulses; it limits the average power that can be delivered and it is vulnerable to
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Figure 6.1.: The peak NPR of the fusor was increased during this project, while the voltage
was lower than during earlier continuous measurements. Extrapolating the
new results to 200 kV gives an efficiency that is comparable to some neutron
tubes and a total NPR that is higher than that of neutron tubes.

problems with arcing. It is therefore recommended that instead a liquid cooling system
is developed, similar to what was used in Wisconsin[19]. Alternative geometries of the
cathode and the vacuum chambermay be considered in the design of the cooling system.
A linear design, similar to neutron tubes may have benefits over the spherical design of
the fusor.

Increasing the voltage of the fusor is expected to greatly improve the efficiency. The
feed-through of the fusor will have to be replaced for voltages above 60 kV and a new
power supply is needed for voltages above 120 kV, but the usable voltages are mostly
limited by electromagnetic interference due to arcing. Future research should try to better
understand arcing mechanisms in order to develop preventive measures and effective
conditioning procedures. A literature study on arc spots can be a good start.

The influence of other factors on the efficiency of surface fusionmay also be of interest.
Experiments similar to those from section 5.5 can be performed using different cathode
materials, cathode geometries and gas pressures.

It is most of all recommended to investigate the profitability of commercial applica-
tions, that might have become feasible due to the additional efficiency with a cooled cath-
ode. Other IEC research groups have already developed commercial applications, despite
the lower efficiency of their devices [8]. Feasibility studies can be performed for various
applications of neutron generators, including the ones already investigated by other IEC
research groups.
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6.4. SUMMARY AND CONCLUSION

There appears to be a transition frombackground dominated fusion to surface dominated
fusion as a titanium cathode is cooled to a temperature of about 400 ◦C. Background
fusion seems to be dominant at higher temperatures and in a nichrome cathode.

The NPR efficiency of a titanium cathode can be improved with a factor of 21.5± 7.3
by operating at the optimal temperature. The efficiency during pulsed experiment was
6.8± 1.9 times higher than during a continuous experiment with similar settings, which
presumably had a higher cathode temperature.

The efficiency of fusors is predicted to increase by an additional factor of 600, when
operating at 200 kV instead of 15 kV. The input power is expected to simultaneously in-
crease by a factor of 3.2× 104, allowing neutron production rates that are sufficient for
medical isotope production and sub-critical nuclear reactors.
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A. MEASUREMENT DATA

The data collected during the pulsed neutron measurement is given in tables A.1 and A.2.

I (mA) f (Hz) T (◦C) NPR (×103/s Neutrons per pulse
1 5.7 197± 5 1.26± 0.54 222± 95
2 11.5 282± 5 3.57± 0.64 310± 56
3 16.1 320± 5 4.15± 0.81 257± 50
4 20.2 358± 5 5.59± 0.98 277± 49
5 24.4 380± 5 15.75± 2.45 645± 101
6 28.0 401± 5 26.52± 4.42 945± 158
7 33.0 423± 5 28.16± 4.48 853± 136
8 37.7 445± 5 3.53± 0.82 94± 22
10 47.6 472± 5 2.07± 0.60 44± 13
1 5.7 197± 5 0.24± 0.10 41± 18
6 28.0 401± 5 23.49± 4.02 838± 143

Table A.1.: Measurement data titanium

I (mA) f (Hz) T (◦C) NPR (×103/s) Neutrons per pulse
2 11.5 378± 5 0.68± 0.24 59± 21
4 20.2 456± 5 2.53± 0.67 125± 33
6 28.0 504± 5 2.72± 0.70 97± 25
8 37.7 535± 5 1.73± 0.54 46± 14
10 47.6 564± 5 2.88± 0.63 60± 13

Table A.2.: Measurement data nichrome
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