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Abstract

The aim of this thesis is finding a geometric configuration that allows electron insertion into
a Gabor plasma lens in order to increase the density of the confined electrons and provide
ignition conditions at parameters where ignition is not possible. First, simulations using CST
and bender were conducted to investigate several geometric configurations in terms of their
performance of inserting electrons manually. One particular design has been chosen as a basis
for an experiment. In order to prepare the experiment, further simulations using the code bender
have been conducted to investigate the density distribution that is formed inside the Gabor lens
when inserting electrons transversally in compliance with the chosen design. Additionally, bender
was used to investigate the impact of the initial electron energy on the distribution inside the
lens. Simulations with and without space charge effects have shown a significant impact of the
space charge effects on the resulting density distribution. Therefore, space charge effects have
proven to be the major electron redistribution process.

A given electron source was characterised in order to find the performance under the con-
ditions inside a Gabor lens. In particular, a transversal magnetic field that will be present in
the experiment has to be compensated by shielding the inner regions of the source by a µ-metal
layer. Using a µ-metal shield, transversal magnetic fields are sufficiently tolerable to perform
measurements in a Gabor lens. Additionally, operating close to 100 eV electron energy yields a
maximum in the emitted current. Adding a Wehnelt cylinder to the electron source furthermore
improves the extracted current to roughly 1 mA.

A test stand consisting of a newly designed anode for the Gabor lens, as well as a terminal
for the electron source, was constructed. The electron source was thoroughly characterised in
the environment of the Gabor lens and the ignition properties of the new system were evaluated.
In further experiments, electron beam assisted ignition by increasing the residual gas pressure
was observed and the impact of the position of the electron source on the ignition properties
was investigated. In addition, ignition of a sub-critical state, that is a state consisting of poten-
tial, magnetic field and pressure that did not yet perform ignition by itself, was performed by
increasing the extracted current from the electron source. Finally, the electron source was used
to influence a pre-ignited plasma. The density was measured, which was increased by the use of
the electron source in most cases.

This project is part of the EDEN collaboration (Electron DENsity boosting) of the NNP
Group at IAP Frankfurt with INFN institutes in Bologna and Catania.
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Motivation

Ion beams offer a magnitude of applications in science, engineering and astronautics. In many
implementations, a good beam quality is desirable. If left to their own dynamics, low energy ion
beams diverge, since the positive or negative charge of the ions acts repulsively on themselves
while at higher energies, the magnetic field created by the current in the beam aids in focusing.
Therefore, focusing devices are developed with the intention of preserving beam quality as the
beam has to be transported in a Low Energy Beam Transport (LEBT) section. The distances a
beam travels in an accelerator structure varies between a few meters or less in small devices up
to several kilometres in the largest structures. The larger the covered distance is, the better the
beam quality has to be.

One among many focusing devices is the Gabor plasma lens. It was developed during the
mid-20th century by Dennis Gabor [1]. Unlike similar devices, the Gabor lens does not directly
use magnetic or electric fields to achieve a focusing effect on an ion beam. Instead, the fields are
used in order to create a confinement for electrons, which form a non-neutral plasma inside the
Gabor lens. The electric field created by the space charge of the enclosed electron cloud is used
for focusing.

A disadvantage of the Gabor lens is that it relies on a certain amount of residual gas inside the
vacuum cavity, so that the electrons forming the non-neutral plasma can be created by ionization
of the gas. In a LEBT section of a given accelerator, the residual gas pressure tends to be larger
than in other parts of the accelerator structure. Therefore, Gabor lenses can be utilized in the
LEBT, while operating a Gabor lens in later accelerator stages is increasingly difficult due to the
improving vacuum conditions. Unfortunately, this potentially prevents the use of Gabor lenses
in accelerator structures that need a very high quality vacuum, for instance storage rings or high
energy sections.

As a solution, the application of electron emitters has been proposed so that a Gabor lens can
be operated in ultra-high vacuum. Some accelerator structures use superconductive materials
for magnets or resonators. These need to be cooled down close to absolute zero in order to
achieve superconductivity. Using cheap thermal electron sources in such a milieu would deposit
unnecessary heat into a cryostat. Therefore, the use of field emission electron sources is highly
encouraged. Furthermore, this would allow the Gabor lens to be directly part of an cryostat,
simplifying the construction of accelerators. Electron sources that rely on field emission and use
carbon nano tubes (CNT) in order to achieve a very slim and sharp tip for the field emission
seem to be the most promising technology for this project.

The aim of this Master’s thesis is to find a geometric configuration that allows the filling of
non-neutral electron plasma into a Gabor lens from external electron sources in order to increase
the confined density and to achieve ignition at parameters where classical ignition is not possible.
Furthermore it has been shown before that electron sources can be used to boost the plasma
density in ECR ion sources [2]. Therefore, a second possible benefit from electron sources could
be an increased density in the Gabor lens, resulting in a superior focussing performance.

The following problems arise: First, electrons that are injected longitudinally will pass the lens
almost completely, as the electric potential used for confinement in this direction is symmetric.
The applied magnetic field prevents transversal injection, as the resulting Lorentz force acts
azimuthally and thus provides the electron confinement in radial direction. Presumably, electrons
that are injected transversally will not be able to move radially inside the lens and form a
homogeneous distribution.

In the course of this thesis, simulations will show useful positions of the electron emitters
inside the Gabor lens. Furthermore, measurements with a Gabor lens based on a Helmholtz
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configuration will test the results of the simulation. The density of captured electrons is expected
to increase due to the electron emitters. As a next step, but not in the scope of this thesis, the
entire lens could be investigated in a cryostat, so that a high-quality vacuum in the magnitude
of 10−9 mbar can be achieved. In this case, the electron production by residual gas ionisation is
suppressed and the electron emitter becomes the major source of electrons. Since the experiments
shown in this thesis are not performed in a cryostat, a thermal electron source was used for the
measurements.

The goal of the EDEN collaboration is to investigate the possibility of boosting the electron
density in a plasma trap and provide ignition conditions in a system that is not able to ignite
naturally by using an external electron source. Apart from the application in a Gabor lens, these
principles are also interesting for boosting the electron density in ion sources. Our partners in
Italy are, amongst other things, experienced in the field of electron sources in general and CNT
sources in particular. The NNP Group provides expertise in Gabor lens systems and advanced
simulation codes.
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Chapter 1

Theory

1.1 Some historical designs of Gabor lenses

As early as 1947, the physicist Dennis Gabor, who invented the Gabor lens, raised the question of
how electrons could be filled into a lens volume[1]. He proposed a setup with two coils generating
a cusp-shaped magnetic field. In this area, he installed a circular filament providing electrons.
A sketch of this design is shown in figure 1.1a. Other experiments used a similar design. John
Palkovic [3] also used two coils to create a cusp shaped field, compare figure 1.1b. He found that
the cusp increases the stability of the plasma, along with the losses, but he did not utilize an
electron-providing ring in the cusp.

These are two examples of historical Gabor lens design. Far more prototypes have been
developed and tested in experiments. Various prototypes were designed at IAP, compare figure
1.2. In these designs, the shape of the anode is varied and the second coil present in the design
by Gabor and Palkovic has been removed. Furthermore, both a solenoid and a Helmholtz coil
configuration were tested and additional concepts were investigated, such as a segmented anode
in order to control the potential distribution inside the plasma chamber or an array of three
Helmholtz coil pairs in a row in order to vary the magnetic field along the symmetry axis of the
system. Varying the potential distribution was found to be of little use and was discarded in [3].
In spite of these results, a 90◦-segmented anode was installed and is currently being tested in a
Gabor lens prototype in Frankfurt [4].

1.2 Basic principles of the Gabor lens

1.2.1 Construction

A space charge lens designed by Gabor consists of a magnetic field in beam direction, which
may be provided by a solenoid or a pair of Helmholtz coils. Furthermore, a cylindrical electrode

© 1947 Nature Publishing Group

(a) Design by Gabor [1].
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Figure 1.1: Fermilab Gabor lens.
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up to 200 Amps with water cooled conductor wires. We later found that it was

not necessary to use this large a solenoid to trap the Gabor lens plasma. At the

time our first lens was constructed it was not understood what the relationship

is between the plasma density and the magnetic field strength. The Brillouin

limit gives the maximum nonneutral plasma density that can be contained by a

magnetic field Bo:
2£oB2n=--.
m

(1.6)

Using this equation, one finds that to trap an electron plasma with n rv 1016m-3

a magnetic field of strength at least equal to 7.1 X 10-3 Tesla = 71 Gauss is

needed. In laboratory experiments one finds that the density n is well below the

Brillouin limit. In the experiments done at Fermilab, n for the Gabor lens plasma

was typically .07 of the limiting value. Thus to trap the electron plasma with

n rv 1016m-3 one would use a field of approximately 300 Gauss (rv 71/-...ffff).

(b) Design by Palkovic [3].

Figure 1.1: Different historical designs of the Gabor lens.
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Figure 1.2: Schematics of a Gabor lens. Both a solenoid and a pair of Helmholtz coils can be
used to create the magnetic field. Furthermore, the anode stucture can be complex or a simple
cylinder. Taken from [5].

system comprising an anode and two ground electrodes is applied. The magnetic field pro-
vides confinement in radial direction, while the electric field provides confinement in longitudinal
direction.

1.2.2 Confinement of electrons

Radial confinement

The radial confinement is achieved by a solenoid or Helmholtz coil structure, which provide
an almost homogeneous magnetic field in beam direction. In order to deduct the theoretical
confinement conditions, we assume a cylindrical uniform distribution of the electrons without
any other charge carriers, so that the diamagnetic field caused by the rotation of the electrons
can be neglected. Furthermore, it is assumed that the ensemble is cold such that the thermal
velocity is small against the drift velocity.

Davidson [6] outlines the theoretical confinement similar to the following calculations. We
consider the force equilibrium of an electron at a certain radius from the symmetry axis. The
centrifugal force acts because of the circular trajectory of a charged particle in a magnetic field.
Furthermore, the electrostatic force of the uniform non-neutral plasma acts outwards. Finally,
the Lorentz force of the magnetic field itself has to be considered. The centrifugal and the
electrostatic force both act outwards, while the Lorentz force acts inwards, which leads to the
force balance equation:

0 = eEr − evθBz +
mv2

θ

r
(1.1)

We calculate the electric vector field E of the electrons enclosed by a cylinder with normal vector
on the lateral area a with the Gaussian method:∮

Eda =
qenc

ε0

qenc(r) = enlπr2

da = 2lπdr

First, both E and a are parallel, so the integral simplifies to a one dimensional calculation. Since
the magnitude of the electric field E is constant on the cylinder surface, the electric field and the
integral commute, thus the integral can be solved and yields the lateral surface of the cylinder.
Assuming a homogeneous electron density, the enclosed charge qenc can be expressed in terms of
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the radius of the cylinder:

2Erlπr =
1

ε0
enlπr2

Er =
ne

2ε0
r

Here, n denotes the numerical density of electrons measured in 1/m3. Furthermore, the electric
field can be expressed by the plasma frequency:

ω2
p =

e2n

ε0m
(1.2)

Er =
mω2

p

2e
r (1.3)

Using the definition of angular velocity ω = vθ
r of a single particle around the symmetry axis and

the cyclotron frequency Ω = eB
m , equation 1.1 can be rewritten in terms of the various angular

frequencies:

0 = ω2 − ωΩ +
ω2
p

2

Here, ωΩ results from the Lorentz force which points inwards. Therefore, it has a negative sign.
This is a quadratic equation and it is solved by:

ω± =
Ω

2
±
√

Ω2

4
+
ω2
p

2
=

Ω

2

(
1±

√
1−

2ω2
p

Ω2

)
(1.4)

The result shows two possible angular frequencies of rotation around the symmetry axis. ω−
corresponds to a slow rotation, while the rotation mode with ω+ is faster. Note that neither
of these frequencies depend on the radius. Therefore, they both correspond to a rigid rotation.
Nevertheless, although both frequencies are valid roots of equation (1.4), for a system with given
electron initial velocities, either ω+ or ω− is present depending on the initial conditions and
therefore the whole plasma column rotates uniformly.

Considering a single electron that is not part of the ensemble discussed up to this point
inserted into the system. Assuming a rigidly rotating electron background, the electric field
created by the electrons is given by 1.3. Then, the equation of motion for the inserted electron
can be solved as shown in [7], leading to spiral-shaped trajectories for various starting conditions
as shown in figure 1.3. If the angular velocity of the electron is chosen to be ω+ or ω−, a circular
trajectory is obtained, so the single electron is performing rigid rotation with the other electrons
responsible for the electric field. Arguably, such a state is supposed to be stable in time. If
electrons are inserted that perform other spiral rotations, feedback effects of these electrons onto
the rigid ensemble might lead to instabilities - in particular, a rotation state with the angular
frequency ω 6= ω± is probably unstable.

In order to simplify equation (1.4), we define:

κr =
2ω2

p

Ω2
≤ 1 (1.5)

As we are interested in real solutions of equation (1.4), the fraction in the root needs to be
smaller or equal to one. Furthermore, the value of κr in equation 1.5 can be written in terms of
the enclosed electron density, by inserting the definitions of ωp and Ω:

κr =
2ω2

p

Ω2
=

2e2n

ε0m

m

eB
=

2e

ε0B
n (1.6)

So κr depends only on the density, if the magnetic field is kept constant. κr therefore cannot be
negative, as none1 of the constants and parameters can be negative. Hence, equation (1.6) can be

1Nevertheless, the magnitude B will always be positive, regardless of the direction of the magnetic field.
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Figure 1.3: Centre: Frequencies with respect to trapping efficiency. Note that with respect to
κr either two, one or no valid solutions are allowed for the rotation frequencies. Left and right:
Illustration of the oscillations depending on the plasma parameters and the initial condition of
the angular velocity of the test electron. Depending on the value of ωp and ωc = Ω, various
rotation modes are possible. If ω is chosen as ω±, rigid rotation is observed as in the states 2, 5
and 6 and circular trajectories are obtained. Otherwise, the trajectories are shaped like cycloids.
Taken from [7].

interpreted as a mapping of the possibly achievable density values under the assumptions in this
derivation on an interval between 0 and 1. Therefore, κr is called trapping efficiency in radial
direction corresponding to [5]. This parameter has been chosen in exactly this way because the
condition of κr = 1 represents the Brilouin flow limit of the system. We solve equation (1.4) for
κr and obtain the vertex form of a quadratic equation:

ω± =
Ω

2

(
1±
√

1− κr
)

2ω±
Ω
− 1 = ±

√
1− κr

κr = 1−
(

2ω±
Ω
− 1

)2

(1.7)

This function is illustrated in figure 1.3. The state of the system is given by the trapping
efficiency. With respect to the trapping efficiency, equation (1.7) has either two, or exactly one
solution, as κr > 1 is forbidden by the Brilouin flow limit. If κr is varied between 0 and 1, the
system undergoes a bifurcation, as the number of solutions changes with κr. These solutions all
correspond to rigid rotations of the plasma column, i.e. the electrons are confined on circular
orbits. Nevertheless, a plasma may perform a non-rigid rotation, so the state of the plasma is
not described by equation (1.7), depending on the starting conditions of the electrons. Figure
1.3 furthermore illustrates the trajectories of a sample electron in a symmetric electric and
homogeneous magnetic field in the form of:

Er ∝ r Bz = const.

Hence, only the starting conditions that correspond to 2, 5 and 6 are solutions that are true for
all electrons in an ensemble that forms the plasma and the resulting radial electric field. In this
case, the derivation of the trajectories is in analogy to the derivation presented here. In order to
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Figure 1.4: The axial potential. The captured electrons fill the potential until fast electrons are
able to escape the potential well. The potential of the electrons is denoted by Φr. Image taken
from [4].

observe solutions 1, 3, and 4, an electron background that is rotating homogeneously (comparable
to solution 2, 5 or 6) has to be assumed. In this case, the observed electron is the only one
with a different starting condition, while all other electrons have to perform a rigid rotation.
Optimal electron confinement is achieved, if the lens operates at the parameters corresponding
to the apex of the parabola from figure 1.3, as the apex corresponds to κr = 1 which represents
the theoretical maximal density that can be enclosed by a homogeneous magnetic field. So, the
apex is given by:

κ =
2ω2

p

Ω2
= 1

2ω2
p = Ω2

2
e2n

ε0m
=
e2B2

m2
e

This leads to an expression of the highest electron density that can be confined radially by a
Gabor lens.

n =
B2ε0
2m

(1.8)

Longitudinal Confinement

The longitudinal confinement of electrons in a Gabor lens is achieved using an electrode system,
creating an electric potential that applies an inward force on the electrons that are about to escape
the Gabor lens in longitudinal direction. In most applications, three cylindrical electrodes are
used. Two electrodes on ground potential are located on either side of the lens. A third electrode
in the centre of the lens is put on positive potential [5].

In order to calculate the maximal density of electrons that can be captured in this potential,
it is necessary to estimate the potential of the electrons. As the number of confined electrons
increases, their space charge reduces the positive potential, compare figure 1.4. If the anode
potential is decreased fully, the enclosed electrons are no longer confined.

In these calculations, we assume that the longitudinal boundary condition is independent of
the electron temperature [5]. The potential of the enclosed electron cloud can be derived by solv-
ing the Poisson equation in cylindrical coordinates. Here we assume a cylindrical homogeneous
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electron cloud with constant density.

∆Φ = −%(r)

ε0

1

ρ

∂

∂ρ

(
ρ
∂Φ

∂ρ

)
+

1

ρ2
�
�
�7

0

∂2Φ

∂φ2
+
�
�
��

0

∂2Φ

∂z2
= −en

ε0

1

ρ

∂Φ

∂ρ�
�
�7

1
∂

∂ρ
ρ + ρ

∂

∂ρ

∂Φ

∂ρ

 = −en
ε0

1

ρ

∂Φρ
∂ρ

+
∂2Φρ
∂ρ2

= −en
ε0

Considering the fact that this equation can be solved by using the ansatz φ(r) = αr2 + c.

−1

ρ
2αρ− 2α =

en

ε0

α = − en
4ε0

We find the potential:

→ Φρ = − en
4ε0

ρ2 + c (1.9)

By solving for the density and assuming a constant radius that is equal to the radius of the anode
RA this resolves to:

n(Φr) =
4ε0
eR2

A

Φr (1.10)

Alternatively, the electric field can be integrated in radial direction as shown in [4]. The electric
field can be found by using the Gaussian theorem.

Φr = −
∫ RA

0

E(r)dr

Φr =
neR2

A

4ε0
+ c

As the Maxwell equations have gauge symmetry, the electric field is invariant if the potential is
transformed by an arbitrary scalar field χ(r, t) in the following way:

Φ→ Φ′ = Φ− ∂

∂t
χ

Therefore, the integration constant may be chosen as c = 0, which leads to equation (1.10).

The linear dependency between density and potential can be verified by measurements, see
[8]. In general, the Gabor lens potential will not be filled completely with electrons, so there is
a remaining potential depression. Therefore, the trapping efficiency in longitudinal direction is
introduced in conjunction to the trapping efficiency in radial direction [5]:

κl =
Φr
ΦA

(1.11)

From measurements and observation it is known that the volume the plasma is trapped in is
limited not by the radius of the anode, but the radius of the ground electrode. Therefore,
equation (1.10) needs to be modified.
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Improved calculation of the longitudinal confinement

Previously, it was assumed that the anode potential is completely filled with electrons, such
that ΦA = Φr. Due to loss mechanisms, this is not necessarily fulfilled [4], [5]. So the previous
calculation is repeated, assuming a plasma radius Rp that is smaller than the radius of the anode.
Then, the potential inside the electron cloud in the case of r < Rp is obtained using the Gaussian
theorem and assuming that Φr < ΦA:

Φin =
ne

4ε0
r2 + C1

The potential outside the electron cloud can be calculated analogously:

Φout =
neR2

p

2ε0
ln(r) + C2

In order to determine the resulting constants, we use the condition that Φ(RA) = ΦA. Using
this condition we find C2:

Φ(RA)out = ΦA =
neR2

p

2ε0
ln(RA) + C2

Solving for C2:

C2 = ΦA −
neR2

p

2ε0
ln(RA)

From here, C1 can be calculated by inserting C2 and using the continuity condition Φin(Rp) =
Φout(Rp):

Φin(Rp) = Φout(Rp)

ne

4ε0
R2
p + C1 =

neR2
p

2ε0
ln(Rp) + C2

ne

4ε0
R2
p + C1 =

neR2
p

2ε0
ln(Rp) + ΦA −

neR2
p

2ε0
ln(RA)

ne

4ε0
R2
p + C1 = ΦA −

neR2
p

2ε0
ln

(
RA
Rp

)
So we find C1:

C1 = ΦA −
neR2

p

2ε0
ln

(
RA
Rp

)
− ne

4ε0
R2
p

As a result, we find the equations for the potential in their final form:

Φin(r) =
ne

4ε0
r2 + ΦA −

neR2
p

2ε0
ln

(
RA
Rp

)
− ne

4ε0
R2
p

Φout(r) =
neR2

p

2ε0
ln(r) + ΦA −

neR2
p

2ε0
ln(RA)

After simplification the set of equations describes the potential distribution, which is visualized
in figure 1.5.

Φin(r) = ΦA −
neR2

p

2ε0
ln

(
RA
Rp

)
− ne

4ε0
(R2

p − r2) (1.12)

Φout(r) = ΦA −
neR2

p

2ε0
ln

(
RA
r

)
(1.13)
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Figure 1.5: Theoretical potential distribution in the Gabor lens. Here, the plasma streches only
to Rp, while there are no charge carriers between Rp and RA. In order to see the effect of the
smaller electron column, Rp = 1/2RA has been chosen.

Considering Φin at the edge of the plasma cloud at Rp, we can derive an equation for the charge
carrier density:

Φin(Rp) = ΦA −
neR2

p

2ε0
ln

(
RA
Rp

)
Under the assumption that Φin(Rp) = Φρ =

neR2
p

4ε0
, which is the result obtained in equation (1.9),

we find:

neR2
p

4ε0
= ΦA −

neR2
p

2ε0
ln

(
RA
Rp

)
ΦA =

neR2
p

4ε0

(
1 + 2 ln

(
RA
Rp

))

n =
2ε0ΦA

eR2
p

(
1 + 2 ln

(
RA
Rp

))

1.2.3 Operation function of a space charge lens

As observed in the previous sections, the confinement and therefore the confined electron density
is dependent on the spatial direction. Confinement in axial direction depends on the electric
potential only, while the magnetic field is used to prevent electrons from escaping transversally.

As the maximum densities that can be confined with respect to the magnetic field and the
potential, we can equal both densities and find a relation between the potential and the magnetic
field. If potential and magnetic field satisfy this relation, the densities confined are equal. As this
state is believed to be stable, the aforementioned relation is called operation function, compare
[4]:

ΦA =
eR2

p

8me

(
1 + 2 ln

(
RA
Rp

))
B2
z (1.14)

Here, RA is the radius of the anode, Rp the maximal radius of the plasma cloud. Experiments
show that the maximal radius is generally the radius of the ground electrode. The operation
function can be simplified by assuming that Rp = RA:

ΦA =
eR2

A

8me
B2
z (1.15)
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Figure 1.6: Sketch of the radial electric field of two electron distributions. Left: Homogeneous
and focussing distribution. Right: Torus distribution. A torus dustribution focusses only at radii
between R’ and R, leading to disturbances in the phase space distribution of an ion beam.

The operation function provides the user of a Gabor lens with guidance in choosing the experi-
mental parameters. Using a Gabor lens requires the choice of two primary parameters in terms
of electron confinement: the potential of the anode and the current in the coils, effectively the
magnetic field. By using the operation function, these two parameters are linked and the choice
of parameters becomes one-dimensional. It has been shown that plasma instabilities can arise if
the operation function is not applied [9]. In addition, the occurrence of instabilities depends on
the pressure [10]. In addition, plasma instabilities result in increased emittance growth if an ion
beam is supposed to be focussed by the Gabor lens [4].

1.2.4 Electron production and losses

Electrons in the Gabor lens are produced mostly by residual gas ionization [11]. With finite
probability, there is a free electron inside the lens volume that is accelerated by the fields and
ionizes residual gas molecules. The resulting electrons will cause further ionization of the residual
gas, as they are accelerated by the potential of the anode as well, while the ions are emitted
by the Gabor lens. As mentioned in [11], there has to be a second process generating electrons
next to the residual gas ionization. For instance, secondary electrons can be created by ion or
electron impact on surfaces. Hereby, a few free electrons are created per lost electron that posses
a relatively small energy of several eV, compare [12]. If the secondary electrons are created on
grounded surfaces, they are accelerated away from the surface by the anode potential and can
support electron generation by residual gas ionization in a Gabor lens.

Electrons gyrate around magnetic field lines. Therefore, they follow the field lines until they
are repelled or until the electrons impact on the lens chamber walls. In the latter case, secondary
electrons are generated. These electrons have a very low kinetic energy with respect to the
electron that got lost on the wall previously, compare [12]. So in most cases, the secondary
electrons are not able to leave the surface they emerged from.

Measurements show that the losses are independent of the magnetic field. Furthermore, the
emitted x-rays indicate that most losses are on the anode [11].

1.2.5 Electron density

While performing theoretical calculations with a Gabor lens, a homogeneous electron density in
cylindrical form is often assumed, as the geometry of the experiment often resembles a cylindri-
cal symmetry as well. Simulations show that the electrons are distributed via the Boltzmann
distribution, compare [4], figure 4.5 and [6], if a finite temperature is allowed.

ne(r) = n0e
− eΦ(r,ne(r))

kT (1.16)

This distribution strongly depends on the temperature T . In the limit of T → 0, a homogeneous
density distribution that drops to zero at the plasma edge is obtained. At finite temperatures
there is a sigmoidal transition in the density at the plasma edge, compare figure 2.27 in [4]. It
is highly non-trivial to find the density distribution function, as the potential Φ(r) depends on
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Figure 1.7: Sketch of two possible electron density distributions. The density is encoded in colour
shading. An ion at A will not be affected by a force by the space charge of the electron in this
plane due to symmetry. An ion at B will be affected by a resulting force pointing inwards. (b):
A hollow distribution may lead to a Diochrotron instability. Here, an ion at C or D will not
encounter a force by the space charge of the electron in this plane due to symmetry. Nevertheless,
an ion at E will be affected by a resulting force pointing inwards.

the local density as well, see [6], so equation (1.16) is recursive. In the theoretical description of
the Gabor lens, the density at small radii is almost constant and forms a plateau. So for small
radii, the approximation of a cylindrical homogeneous electron cloud is feasible.

1.2.6 Focusing of an ion beam by a space charge lens

The focussing principles of a space charge lens can be discussed assuming a homogeneous and
constant electron density distribution, compare figure 1.7a and 1.6. Note that only positive ions
can be focussed using a Gabor lens that confines electrons, compare [13]. Let a single ion be
positioned perfectly on the symmetry axis at position A. In this case, the ion will see the same
amount of space charge in all directions. Therefore, it’s trajectory will not be influenced by the
space charge of the Gabor lens. If an ion is off-axis, for instance at position B, this symmetry
is broken. It will see more charge in the direction of the symmetry axis than in any other
direction. The resulting force will guide the ion towards the centre. Therefore, a Gabor lens
with a homogeneous or nearly homogeneous electron density distribution focusses an ion beam
in radial symmetry.

If the shape of the density distribution is similar to a torus, the Gabor lens will not focus an
ion beam linearly. Consider figure 1.7b. Again, an ion at position C or D will not be influenced
by the space charge due to symmetry. Nevertheless, an ion at position E will encounter an
attractive force from the electrons in the torus at smaller radii. Therefore, the ion at E will be
accelerated inwards. Here, the Gabor lens is focussing only the outer parts of an ion beam. This
leads to aberrations in phase space and an increase in the emittance of the ion beam. Therefore,
this configuration is not useful for focussing. This effect has been measured and is discussed in
[4].

1.2.7 Electron drifts

Lorentz force

The electrons confined in a Gabor lens are subjected to several drifts that can be derived in
plasma physics. A simple effect involving a magnetic field on charged particles is described
by the Lorentz force. In a homogeneous magnetic field, charged particles that have a velocity
component perpendicular to the magnetic field are forced on to circular orbits by the Lorentz
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force. If the particles have a non-vanishing velocity component parallel to the magnetic field,
the resulting trajectory is a spiral. The radius of the circular orbit is called Lamor radius or
gyroradius, compare [14], and can be calculated in the following way:

rl =
m

q

v

B
=

√
2m

qB

√
E (1.17)

If we intend to leave B constant and under the assumption of a non-relativistic regime, we can
only adjust the electron energy in order to increase or decrease the Lamor radius. In general,
the Lamor radius should be smaller than the radius of the inner structure of the Gabor lens.
This condition imposes a theoretical limit on the energy of the electrons inserted by the electron
source. Nevertheless, the effect of the other drifts and the electric field is neglected. Furthermore,
the magnetic field in the experiment will not be perfectly homogeneous. Therefore, this limit
may not relevant in a future experiment.

ExB-Drift

As an electric field is present along with the magnetic field, the E × B drift, compare [14], has
to be considered:

vExB =
E×B

B2

Here, the drift velocity is perpendicular to the electric and magnetic field and furthermore, it is
independent of charge or energy. The only parameters that influence this velocity directly are
the fields themselves. In the field configuration of a Gabor lens, the E×B drift corresponds to a
rotation in the xy-plane which can be interpreted as an azimuthal drift in cylinder coordinates.
Hence, the E × B drift velocity does not influence the confinement efficiency directly. Note
that a standard right handed Cartesian coordinate system is used. The E × B drift will be a
mathematically positive rotation around the z-axis, as the electric field points radially outwards.

Gradient B drift

The coils that are used to generate the magnetic field of the Gabor lens available at IAP are not
in Helmholtz configuration. They have been moved apart, causing a gradient in the magnetic
field illustrated in figure 2.10. The gradient in the magnetic field causes a drift corresponding to:

vd =
mv2
⊥

2qB3
B×∇B (1.18)

A proper derivation of this expression can be found in [14]. Checking the geometry, both E ×B
and gradient B drift point in the same direction for electrons.

Diffusion

Diffusion across magnetic field lines is another possibility for electrons to move in a confining
magnetic field. Details on the diffusion processes can be found in [5]. The total transversal
loss current is modelled as a sum of currents. First, the loss current that arises when the
transversal confinement capacity is exceeded has to be considered. Furthermore, a charge density
gradient due to losses at the surface of the electron plasma can lead to a radial drift movement
as the remaining electrons try to reduce the gradient. In addition, coulomb interactions between
electrons performing E × B drift and the background electron field create an energy exchange
with the remaining electrons, resulting in an increase in mean orbit of the E×B drifting electron.
This drift is proportional to ω− and κr.

1.2.8 Density measurement

The density of the electrons captured in a Gabor lens cannot be measured directly, but it is possi-
ble to estimate a mean density and get an impression of the density distribution. In order to find
the mean density, it is necessary to measure the energy of the ions that are emitted by the Gabor
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lens longitudinally by an impulse spectrometer. Ions are supplied via residual gas ionization.
While the electrons are confined, the ions are accelerated by the potential longitudinally out of
the lens volume. By measuring the maximal energy, the potential depression due to the space
charge of the electrons is measured. The space charge of the electrons can easily be connected to
a mean electron density, see [8], [10] and the derivation of the longitudinal confinement in section
1.2.2. Therefore, the potential in equation (1.10) can be substituted by the potential depression
due to the electron cloud, which yields the mean density in the Gabor lens:

ne =
4ε0∆Φ

eR2
A

Here, ∆Φ is the potential depression, corresponding to the difference between the maximum
energy of the emitted ions and the anode potential. Furthermore, we can observe the light
emitted by the residual gas.

The residual gas atoms are excited by collisions with the electrons or ions and emit a charac-
teristic light spectrum. The intensity of the light can be measured spatially using a CCD camera
that is observing the lens volume longitudinally, compare figure 3.12. Unfortunately, the light
intensity depends on electron density and electron energy, because the cross-section for a residual
gas excitation depends strongly on the energy. Therefore, a bright spot on the CCD image cor-
responds to an area with large electron density or it indicates an area of certain electron energy,
so that the cross-section for residual gas excitation is very large or we observe a mixture of both
effects. Using both the CCD image and the mean density measurement, it is possible to obtain
a qualitatively good idea of the density distribution in a Gabor lens.

The electrons can only gain energy via the electric field. If the electrons are inserted by an
electron source, the initial energy is known as well. Therefore, regions in the Gabor lens with
energies that correspond to the high cross-sections could be identified and the CCD image could
be rescaled according to this effect, so that the real density distribution can be measured via the
CCD camera and the impulse spectrometer. This should be subject to further investigations,
which are not in the scope of this thesis.

1.2.9 Residual gas pressure

The previous calculations assumed a situation with perfect vacuum. However, experiments have
shown that it is possible to find an optimal pressure for all settings of magnetic field and potential
that maximises the confined electron density while other pressure values lead to small densities
or instabilities [8] and that the properties in general depend on the residual gas pressure [4]. So
it is possible to see a very good electron distribution that is changing into a Diocotron instability
only by increasing the pressure.

1.2.10 Ignition

The process that leads to a filling of the Gabor lens is called ignition, although it is not comparable
to the situation is gas discharges. Here, it is assumed that a free electron exists in the plasma
volume. Due to the electric field, it is accelerated until it most likely will ionize a residual gas
atom, thereby supplying a further electron. This leads to a cascade which is balanced by electron
losses due to the confinement limit. In an experiment, ignition can be detected by measuring
the emitted light by the plasma or by observing the current of the anode power supply. The
anode current is very low if the plasma is not yet ignited. Upon ignition, the resistance between
the anode and ground decreases, as the plasma causes loss electrons to travel towards the anode
and positively charged ions to travel longitudinally towards grounded surfaces. Both effects
contribute to the anode current. If the anode current shows a step-like increase as a result of a
variation of potential, magnetic field or pressure, ignition is achieved.

1.3 Concepts of electron emitters

There are several concepts of electron emitters in existence. One proven concept is to use a hot
filament. In this case, due to thermionic emission, free electrons are able to leave the solid and
are available for further use. The disadvantage of these so called hot emitters is that the hot
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filament is prone to ageing and thus the electron emitter has to complete rather short service
cycles.

Electrons that are emitted by a cathode are typically accelerated using an electric field be-
tween cathode and an anode. If the cathode and anode are both plates, the emission can be
described by the Child Langmuir law, compare [15]:

I = PV
3
2

Here, I is the current extracted from the electron source, V the potential used for extraction and
P is called perveance, a constant that depends on the geometry of an electron source only.

Electrons emitted by the cathode of an electron source reduce the potential at the cathode. If
the potential depression is not large enough to reduce the potential to zero, the current emitted
by the cathode is limited by the rate electrons are supplied by the heating of the cathode. Here,
we speak of thermionic emission. Increasing the heating will also increase the electrons available
for extraction, thus increasing the potential depression. If the potential at the cathode reaches
zero, electrons are no longer accelerated towards the anode, so the current that can be extracted
is limited. This is the space charge limited operation, compare [15]. In thermal electron sources,
the electrons are supplied by a heated filament.

Electrons are able to leave conductors at any temperature below 0 K. Increasing the temper-
ature of the conductor also leads to an increased amount of electrons available for extraction.
The velocities of the electrons in the conduction band are distributed stochastically, therefore,
few electrons have a very large velocity and thus a large energy compared to the other electrons.
Few electrons are therefore able to leave the solid. Increasing the energy by heating the filament
leads to a larger amount of electrons that are able to leave the solid.

Alternatively, electrons can be provided by field emission. High electric fields at surfaces
are able to extract electrons, because they supply the energy necessary to leave the lattice in
the solid. As electric fields are much stronger at small tips, such a configuration can be used
to create sources for free electrons. Conventionally, small tips are created by etching and can
be produced with a thickness of several atom layers. A different approach that emerged with
increasing expertise in nanotechnology is to use carbon nano tubes (CNT) grown on a substrate
in channels of alumina, offering a very small tip and a very long shaft. As the multiplier for the
electric field depends on the length of the shaft and the size of the tip itself, CNT-based electron
emitters promise a very good performance [16].
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Chapter 2

Simulations

2.1 Configurations

In order to organise the results of the simulations and the different geometries, four configurations
are defined. Some share similarities, such as the cusp and Gabor cusp, but all configurations
represent a different approach of introducing an electron source to the Gabor lens system. The
configurations to study the electron injection are:

Auxiliary coil
The first attempt to insert electrons into a Gabor lens is using a small auxiliary coil to create
a depression in the magnetic field in the central section of the lens. Electrons could then be
inserted transversally into the lens. The auxiliary coil has been investigated with and without
an additional µ-metal shield. µ-metal is a general term for an alloy of iron and nickel that can,
depending on the composition, show varying permeability. Therefore a vast amount of materials
can serve as magnetic shielding for the electron emitters.

Cusp structure
Here, the magnetic confinement is abrogated in the centre by reversing the polarity of one of the
Helmholtz coils. This leads to a cusp shaped magnetic field. In the central section of the lens,
the magnetic field lines will point in radial direction, effectively breaking the confinement. Here,
electrons will be able to be inserted radially but they are not magnetically confined. Therefore,
large currents are necessary to achieve a decent electron density (see figure 2.20) and thus a
sufficient focusing performance. On the other hand, the electron distribution in the lens is
mostly on the symmetry axis which is the desired distribution.

Gabor cusp structure
Gabor himself proposed in [1] a cusp configuration by placing an electron emitting ring in a cusp-
shaped magnetic field. The electrons are supposed to travel to another area where the actual
plasma is confined by a second solenoid. The setup can be realized with almost any given Gabor
lens by adding the electron sources and a coil creating the cusp with respect to the magnetic
confinement already in place.

Internal source
Another concept to insert electrons in the Gabor lens is placing the electron source inside the
lens. Therefore the electrons do not have to travel past the anode which led to many losses in
the auxiliary coil setup. In order to shield the source from the magnetic field, a µ-metal shield
is applied around the electron emitter. This shield attenuates the magnetic field locally without
breaking the symmetry like the auxiliary coil does.

In figure 2.1, we see an attenuation of the magnetic field by the µ-metal of about 97.27 %.
The attenuation factor is calculated in the following way:

a =
Bout −Bmin

Bout
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Figure 2.1: Depression effect of the µ-metal shielding. The outer radius of the cylinder is 13 mm,
the inner radius is 11 mm. The dimensions of the cylinder are indicated by the blue area. The
centre of the cylinder is at z = 0.

Here, Bout is the magnetic field outside of the shield, Bin is the maximal field on the inside.

2.2 Preliminary simulations using an arbitrary structure

As a first step, simulations will investigate the possibilities of injecting electrons transversally
into a Gabor lens. The first simulations will be conducted using CST Studio Suite, a commercial
simulation software used for particle tracking, EM-wave simulations and other applications.

In order to understand space charge effects, a second in-house simulation software, bender
[17], is used in a second stage. Bender is a particle-in-cell code with advanced features, such
as residual gas ionization, space charge effects, various solvers and mover algorithms and many
possibilities to configure the output of the simulation.

An arbitrary structure was used for the first simulations in order to find a general configuration
that may allow a filling of the Gabor lens. Comparing figure 2.3b, the larger radius of the
ground electrode compared to that of the anode is visible. This is not a typical design of the
electrode system, but it was simulated in order to check for positive effects. In a first step, several
configurations of electron emitters have been tested and are evaluated.

2.2.1 Electric and magnetic properties

The potential and the electric and magnetic fields are shown in figures 2.2a, 2.2b and 2.3a. If
the electron source is grounded, the electrons will not be confined by the anode potential, since
their energy is larger than the confining potential. Therefore, the source should be put on a
positive potential with respect to ground. This is supposed to reduce the potential difference
between anode and electron source. Other than that, it might be a possible alternative to put the
anode and the source on ground potential and provide the longitudinal confinement by applying
a negative voltage on the former ground electrodes. Considering the composition of the Gabor
lens test stand, it is troublesome to reverse the polarity of the high-voltage confinement in a
way described above, as at least one ground electrode is flange-mounted to the vacuum vessel.
Furthermore, this potential distribution prevents the emission of residual gas ions out of the
Gabor lens. Since the ions are used for diagnostics, choosing the potential distribution in the
aforementioned way is not useful. Therefore, it was decided to put the electron source and the
adjacent power supplies on a high-voltage terminal that may be connected directly to the anode
power supply.

2.2.2 Comparison of µ-metal shield and auxiliary coil

When utilizing a µ-metal shield in order to attenuate the magnetic field close to the electron
source, some electrons that are repelled by the magnetic field can be observed moving backwards
to the source. They are absorbed by either the shield or the emitting surface, compare figure 2.4,
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(a) Potential (b) Electric field

Figure 2.2: Electric potential and electric field of the electrodes in the yz-plane. Here we see
the electron source inside the auxiliary coil on ground potential, disturbing the local potential
distribution.

(a) Magentic field (b) Electron trajectories

Figure 2.3: Particle flow using a shielded auxiliary coil. Here, most of the electrons get lost on
the anode. Secondary electrons will probably be absorbed by the anode rapidly, as their energy
is not large enough to escape several kV potential, compare [12]. No electron escaped through
the Helmholtz coils. IHC = 20 A, 300 windings each, Bmax = 17.37 mT; Iaux = 100 A at 20
windings, Baux = 70.87 mT. The potential is Φ = 10 kV and the initial electron energy is 100 eV.

top. Furthermore, an auxiliary coil could be used to perturb the magnetic field locally, compare
figure 2.3a. As a result, the electrons may be able to enter the inner region of the Gabor lens.
The simulations reveal that the electrons move only in one direction, e.g towards the positive
or negative z-axis, because the magnetic field lines are turbulent in the opposite direction. This
may lead to an asymmetric electron column in the Gabor lens. Comparing these simulations, the
µ-metal shield seems to be the superior method, but the coil could nevertheless be an important
asset in the experiments. Introducing the anode and electrode system we observe a problem: due
to the large potential on the anode, the electrons are attracted by and lost on the inner anode
surface, compare figure 2.3b.

2.2.3 Multiple tests with the correct anode setup and nearly homoge-
neous magnetic field

In the following simulations, the anode system has been changed in order to fit the system
already installed in an experiment test stand at the IAP. Afterwards, different geometries have
been tested simultaneously in order to optimize the extraction of electrons out of the electron
source. First and foremost, an electron source with µ-metal shield has been placed outside the
anode. An auxiliary coil is used to match the electron beam through the gap in the anode.
Additionally, two sources have been placed inside the anode volume: one is located at the radius
of the ground electrode, the other one is located at a slightly smaller radius, both are not shielded.
All sources are on ground potential. Trajectories of the electrons emitted by these sources are
shown in figure 2.5a. To check for the effect of a homogeneous field on the electron source
performance, the Helmholtz coils have been chosen with a larger radius.
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(a) Shielded electron source (b) Auxiliary coil

Figure 2.4: Using a shielded source, the electrons that are able to exit the source structure move
through both solenoids. Due to turbulences in the magnetic field created by the auxiliary coil,
the electrons can only escape in one direction of the lens. By changing the current direction in
the auxiliary coil, the electrons will escape through the solenoid in negative z-direction.

(a) Three different source configurations,
Φin,source = 0 V

(b) Low energy electron beam, Φin,source = 7.9 kV.

Figure 2.5: Impact of the electron energy on the electron trajectories. IHC = 3 A, 300 windings
each, Bmax = 2.7 mT; Iaux = 20 A at 100 windings, Baux = 70.87 mT. The potential is Φ = 8 kV
and the initial electron energy is 2 keV.

A basic problem during the simulations is that the anode potential accelerates the electrons
to high energies. It is desired that enclosed electrons have a kinetic energy around 100 eV, so
that the cross-section for ionization of the residual gas is maximal, compare figure 2.21. Hence,
the electron sources should be put on a positive potential. The source potential should be in the
same order of magnitude as the anode potential, because of the local disturbing effect on the
potential close to the electron source, shown in figure 2.2a. Furthermore, the extraction energy of
the electron sources should be far smaller than the anode potential, as longitudinal confinement
is not given for electrons with sufficiently high energy.

2.2.4 Applying a potential on the electron sources

As mentioned before, it is not convenient to put the electron source on ground potential. In case
of a source outside of the anode, the anode potential will accelerate the electrons tremendously.
If the electron source is put on potential as well, the electron energy inside the Gabor lens
can be controlled and smaller acceleration voltages than the anode potential can be achieved.
Furthermore, it might be useful to set the electron source on a slightly smaller potential ΦS than
the anode, especially if the source is located inside the Gabor lens.

ΦS = ΦA −∆Φ (2.1)

As a result, the electron energy inside the lens can be reduced to several hundred eV or less. ∆Φ
corresponds to the energy which the electrons gain in addition to the extraction energy. It is
now possible to observe an electron confinement with much larger gyration radii in figure 2.5b.
Because the trajectories lead to the anode walls fairly quickly, a fourth source is introduced at
a smaller radius in the simulations. As a result, it is more suitable, in this regime, to place the
source at a small radius.
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Figure 2.6: Top: Position of the internal and external auxiliary coil assisted source.

(a) Trajectories emitted by the internal source. (b) Internal source and external source trajec-
tories.

Figure 2.7: Most of the electrons emitted by the external source are lost on the anode, while the
internal source provides confined electrons. All sources in these figures are constructed with a µ-
metal shield and an auxiliary coil. IHC = 40 A, 300 windings each, Bmax = 34.73 mT; Iaux = 20 A
at 100 windings, Baux = 70.87 mT. The potential is Φ = 8 kV and the initial electron energy is
2 keV.

2.2.5 Internal and external auxiliary coil assisted source

In order to increase the performance of the electron source, an auxiliary coil is implemented
along with a shielding cylinder composed of µ-metal. No drift of electrons in radial direction has
been observed yet, so the electron source needs to be located at the smallest radius possible. On
the other hand, putting an electron source at a small radius will influence the confined plasma.
Therefore, the performance of the external auxiliary coil setup is compared to an identical setup
inside the anode. Simulations show that the extraction from the external source is difficult since
losses occur at the anode gap. Furthermore, the internal source inserts electrons at a smaller
radius.

Trajectories for the internal source are shown in figure 2.7a. An azimuthal E × B drift
over 180◦ is observed, which is promising already. Nevertheless, there is no radial movement.
Removing the other internal sources and extending the simulation runtime leads to a full 360◦

drift as seen in figure 2.7b.

In order to find the optimal source potential, a parameter sweep on the potential difference
between the electron sources and the anode potential has been performed. As mentioned before,
the sum of the potential difference and the initial energy of the electrons yields the kinetic
energy that is relevant for propagation in the Gabor lens. The anode potential is 8 kV. Very
small differences in the potentials lead to relatively small penetration depths of the electrons,
so they remain at large radii. If the electron energy is very large, for instance in the magnitude
of the anode potential, the electrons get lost at the anode or escape the lens longitudinally and
perform a very slow E × B drift. The optimal potential difference between anode and electron
source is 3.2 kV, as it is a good trade-off between increasing losses and smaller radii of electrons.
Here, “optimal” denotes electrons closest to the centre. The results of the simulations are shown
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(a) Φsource = 0.8 kV (b) Φsource = 8 kV

(c) Φsource = 3.2 kV

Figure 2.8: Sweep of the potential difference between electron source and anode using the in-
ternal and external source with auxiliary coil and µ-metal shield. Neither a small potential
nor the anode potential deliver an optimal penetration depth of the electrons, which is obtained
at Φsource = 3.2 kV. Parameters: Φ = 8 kV, IHC = 40 A and Bmax = 34.73 mT.

(a) Iaux = 0 A, Baux = 0 mT (b) Iaux = 200 A, Baux = 717.72 mT

(c) Iaux = 100 A, Baux = 353.86 mT

Figure 2.9: Sweep of the current in the auxiliary coil. Trajectories from internal and external
source with auxiliary coil are plotted in this figure. If the current in the auxiliary coil is increased,
more electrons are trapped near the sources. ΦA = 8 kV, IHC = 40 A, Bmax = 34.73 mT.
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Figure 2.10: Left: Simulation of the magnetic field intensity in z direction along the z-axis. The
depression in the centre is almost 50 % of the maximum magnetic field. Right: Simulation of the
magnetic field along the positive x-axis.

in figures 2.8a, 2.8b and 2.8c.

Note that the trajectories predominantly belong to electrons from the inner source. The
outer source generates losses on the anode, compare 2.8b. In a next step, the current through
the auxiliary coil has been varied in order to make a transition of the electrons to the inner area
possible. Unfortunately, the magnetic field used up to this point was already relatively large.
The possibility of constructing a coil capable of providing even higher fields is questionable. The
current in the auxiliary coil was increased from 0 A to 200 A. Some of the simulation results
are shown in figures 2.9a, 2.9b and 2.9c. Varying the auxiliary coil current produced no more
than a marginal effect on the penetration depth of the electrons. On the other hand, increasing
the current led to accumulation of electrons near the sources. The higher the current, the fewer
electrons were inserted into the lens volume. Decreasing the current to zero led to an electron
distribution comparable to the optimal penetration depth achieved at 40 A in figure 2.8c, compare
2.9a. Therefore, using the auxiliary coil does not seem to provide a significant advantage for the
system, so the coil might be removed in the final experiment.

2.3 Simulations of the Gabor plasma lens available at IAP

The lens available at the IAP is composed of two narrow coils that create the magnetic field.
They were moved out of the Helmholtz configuration, because the Gabor lens used for these
experiments was specifically designed in terms of the ratio between the anode radius, RA, and
the radius of the ground electrodes, Rp, as well as the ratio between RA and the length of the
anode [4]. Therefore, the coils had to fit the anode and thus had to be positioned with a larger
distance between the centre of the coils as usual. As a result, the magnetic field in the lens
is not homogeneous. Instead, the magnetic field strength along the z-axis has a depression in
the centre, compare figure 2.10. A visual representation of the structure is displayed in figure
2.11. For convenience, the coils will be referred to as Helmholtz coils below. Both coils have 300
windings and an aperture of 300 mm.

2.3.1 Potential, electric and magnetic field

As the radius of the anode and electrodes is smaller than in the preliminary simulations, the
potential is different, compare figures 2.2a and 2.12. Especially if the electron source is put on
a different potential than the anode potential, the potential difference will cause local pertur-
bations. This can be observed in figure 2.13. Here, the potential drops significantly close to
the source. Furthermore, the potential of the source can be chosen with respect to the source
position in order to minimize the disturbance of the potential distribution, compare the potential
distribution for a source potential of 7.5 kV (red).

The electric field of the Gabor lens is generated by the potential difference between the anode,
typically several kV positive, and the two ground electrodes. The structure is similar to the field
of an einzel lens. The electric vector field is displayed in figure 2.14.
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Figure 2.11: Design of the Gabor lens available at the IAP.
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Figure 2.12: Left: The potential distribution in the Gabor lens that is available for experiments
at the IAP. The potential in the centre of the lens is just slightly lower than the anode potential.
This increases the longitudinal trapping efficiency corresponding to the previous setup. Due to
its gaps, the anode is not visible in this image as two gaps are at the position of the cut in the
yz-plane. Right: Potential distribution along the z-axis.

Comparing figure 2.3a and 2.15, the magnetic field changed a lot due to moving the Helmholtz
coils out of ideal configuration, as discussed previously. Now, there is a more significant drop in
the central magnetic field that was not visible in the previous configuration. Figure 2.16a contains
the plots for the tangential magnetic field along the x-axis. Here, the position of the inner source
can be observed at x = 75 mm. Note that the tangential field created by the auxiliary coil is
larger than the Helmholtz coil field by one order of magnitude. The tangential magnetic field
along the y-Axis is shown in figure 2.16b. Here, the external source is located at y = 90 mm.

Figure 2.16c shows the tangential magnetic field in z-direction. The effect of the auxiliary
coil with 5 A current is insignificant. In order to demonstrate the effect of the auxiliary coil, a
current of 100 A has been simulated. As shown in figure 2.15 the symmetry of the magnetic field
is broken, which explains the shift in the magnetic field distribution to the right.

2.3.2 Auxiliary coil

Using an external source with an auxiliary coil in order to inject electrons into a the Gabor lens is
troublesome, since the losses at the anode gap and the area where the auxiliary coil field merges
with the Helmholtz field are significant. Furthermore, electrons that are injected into the inner
anode volume are located at very large radii close to the anode surface. Most of these electrons
are lost on the anode afterwards. The trajectories in figure 2.17 represent the best injection
possible in these simulations.

2.3.3 Cusp and Gabor cusp structure

The basic idea of using a cusp configuration is to enable the electrons to penetrate to the inner
region of the lens. Once the electrons are inside, the polarity of one Helmholtz coil could be
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Figure 2.13: Influence of the electron source potential on the potential distribution along the
y-axis in the auxiliary coil configuration. As the source is introduced(red), the potential is
disturbed. If the source is put on a smaller potential with respect to ground (orange, blue,
green) this effect increases.

reversed, creating a confining magnetic configuration. Unfortunately, this approach is restricted
by a very short time that electrons stay in the lens and a relatively long time that is required to
reverse the polarity of a coil.

It is possible that the original design by Gabor [1] offers a well-behaving electron cloud.
Therefore, this design is used as a basis for the following simulations. A third coil has been
added to create a cusp like magnetic field in the area of the electron sources, while the other coils
create the magnetic confinement as usual. The electrons are expected to enter the internal region
of the lens via the cusp and then propagate towards the region where magnetic confinement is
provided.

The anode is therefore extended towards the cusp, as is seen in figure 1.1a, and the ground
electrode is extended further away. The changes to the design can be observed in figure 2.19.
Furthermore, a ring-shaped electron source consisting of two half rings is added to the setup at a
slightly smaller radius than the anode radius in order to simulate the heated ring that was used
in Gabor’s experiments.

Necessary electron current in a cusp structure

Concerning the cusp-shaped magnetic field it has been observed that all simulated electrons
injected orthogonally to the lens axis will propagate towards the ground electrodes on both sides
and finally they will drift the same way back they came in. It is expected that most electrons are
lost at the position of the cusp, unless they are lost in other loss channels, for instance the anode
or ground electrodes. Comparing the trajectories shown in figure 2.19, the losses occur at the
cusp position only. The current of electrons injected multiplied with the average time an electron
stays in the cloud yields the number of electrons inside the lens. This fact can be used to find
the electron density. The average time that electrons remain inside the lens is approximately
τ = 9.44× 10−8 s, which is estimated from the simulation results shown in 2.18.

τI = Q

Q

Vpe
= ne

ne =
τI

Vpe

t is the time that electrons remain in the volume Vp, I is the current of the electron emitters, Q
is the total charge of the electrons in the volume. In this way, ne yields the density of electrons
per volume. It is important to note that Vp is the volume of the plasma cloud, which is smaller
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Figure 2.14: The electric field in non-Helmholtz configuration.

Figure 2.15: Top: The magnetic field in non-Helmholtz configuration. The intensity in the centre
of the lens is smaller than in the area of the coils. Bottom: Close to the auxiliary coil, the field
is perturbated and the symmetry is broken.
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Figure 2.16: Tangential magnetic field along the cooordinate system axes. Compare figure 2.11
for the position of the electron source and the coordinate axes with respect to the Gabor lens.
The origin is in the centre of the lens. Black: no current, red: 5 or 100 A in auxiliary coil.
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Figure 2.17: Trajectories using an external electron source with an auxiliary coil. Two electrons
show an E × B drift movement, but only the electron on the left is inside the anode. The
trajectory on the right is located outside the anode. Parameters: ΦA = 8 kV, ∆Φ = 500 V,
Eel = 1000 eV, IHC = 40 A at 300 windings, Bmax = 34.67 mT; Iaux = 12 A at 100 windings,
Baux = 42.53 mT.

(a) Magnetic field (b) Trajectories

Figure 2.18: On one hand, the filling of the lens seems to be quite good, on the other hand, losses
are dramatically large. Parameters: Φ = 8 kV, Ee = 100 eV, Helmholtz-Current: IHC = 40 A
at 300 windings, Iaux = 20 A at 100 windings, Baux = 70.87 mT. The electron sources are on a
6 kV potential.

than the lens volume. Hence, the current that is needed to produce a desired density can be
calculated:

I =
Vpe

τ
ne (2.2)

This dependency is shown in figure 2.20. It is assumed that the volume of the plasma is slightly
smaller than the lens volume. Therefore, we assume a radius of 70 mm instead of 75 mm and a
cylinder length of 280 mm instead of 370 mm. Assuming a plasma volume of about (0.07 m)2π ·
0.28 m = 0.0043 m3 and a desired density of approximately 1× 1014 1/m3 , compare [8], we get:

I = 0.73 A

Effects of the residual gas on the necessary current in a cusp configuration

The residual gas in a Gabor lens is ionized by free electrons and acts as the main electron supplier
in the lens. Therefore, the residual gas may provide many electrons even under good vacuum
conditions when the electron emitters are in operation. Therefore, the effect of the residual gas as
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(a) Side view (b) Front view (c) Back view

Figure 2.19: Trajectories of the Gabor cusp setup used in [1]. The electrons propagate towards
the region where magnetic confinement is given, but they are able to return to the electron
sources, probably getting lost on walls. The parameters in this simulation are: Φ = 8 kV,
Ee = 2000 eV, Helmholtz current: Ih = 40 A with 300 windings, Bmax = 34.67 mT. The electron
sources are kept at Φs = 7.9 kV.
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Figure 2.20: Theoretical current of the electron emitters with respect to the desired density. The
current is restricted by the energy deposition of the loss currents, which rise with the elecron
source current. The losses at the walls in the cusp zone would be devastating for the materials.
Equation (2.2) is linear, nevertheless the magnitude of the density is important.

supplier for electrons is estimated. The mean free path of the electrons depends on the ionisation
cross-section σ and the density ng of the residual gas.

λ =
1

ngσ

As we are interested in ionizing the nitrogen gas, we use the cross-section for ionization of nitrogen
with electrons. This cross-section depends on the electron energy and is plotted in figure 2.21.
As the cross-section is at it’s maximum at 100 eV, the electron source should be operated close to
100 eV energy in order to increase the amount of electrons introduced by residual gas ionization.
If the electron source is not put on the anode potential, the electron energy has to be chosen
according to the expected energy inside the Gabor lens. Nevertheless, as the emission from an
electron source depends on the extraction voltage, the extraction voltage has to be balanced
with the energy in the lens in order to observe many ionizing events. The electrons injected
from the side into the Gabor lens in cusp configuration travel to the centre of the lens, then
continue to the ground electrodes. Afterwards, they return to the area of the electron emitters
using almost the same path. We approximate the length of this path by the following calculation.
Assume that the length of travel without gyrations in the cusp structure is given by the distance
between electron source and centre of the cylinder and the distance an electron is able to move
longitudinally. The distance between electron source and centre of the cylinder is 75 mm and the
distance from the centre to the position of the electron that travelled furthest is 150 mm. These
values have been obtained from the simulation results shown in figure 2.18. As the electrons first
travel from the electron source to the centre, secondly continue along the symmetry axis until
they are repelled by the potential and move back to the centre and afterwards to the electron
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Figure 2.21: N2 ionization cross-section, taken from [18].

source, the total distance covered can be estimated:

lr = (2 · 75 mm + 2 · 150 mm) = 450 mm = 0.45 m

In the following, it is assumed that this path is travelled in a homogeneous magnetic field parallel
to the magnetic field lines without measuring the effect of the gyration. In this case, the velocity
is split into components parallel (vz) and perpendicular (vφ) to the magnetic field. Both are
connected via the initial kinetic energy of the electrons, which allow us to find the azimuthal
velocity in terms of the velocity in z-direction:

v2
φ =

2E

m
− v2

z

Using the Pythagorean theorem, the total distance travelled by the electron can be estimated, as-
suming that the radius of the gyration is constant. Here, lφ can be expressed as the circumference
of a circle with the Lamor radius:

L2 = l2z + l2φ

= v2
z∆t2 +

4π2v2
φ

e2B2

= v2
z

(
∆t2 − 4π2m2

e2B2

)
+

8π2m

e2B2
E

This can be simplified by expressing vz with the measured length lz and solving for L.

L =

√
8π2mE

e2B2
+

(
1− 4π2m2

e2B2∆t2

)
l2z

Inserting the variables, especially lz = 0.45 m, ∆t = 9.44× 10−8 s and B = 22.4 mT, the total
distance travelled in such a system resolves to L = 0.58 m. Now, the number of ionizing collisions
during the path of one electron Ni, assuming that N2 is the only residual gas, can be estimated
using the mean free path λ:

Ni =
L

λ

As we know the average number of ionization processes for one electron, we can calculate the
total number of ionizations by multiplying with the number of electrons N :

Ni,tot = NNi = neVp
L

λ
= neVpLngσ

Or written in dependency of the current of the electron sources:

Ni,tot =
τI

e
Lngσ
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Now, it is possible to calculate the total number of ionization processes:

ne = 1× 1015 1/m3

p = 1× 10−6 mbar = 10× 10−4 Pa

pV = NkbT

→ ng =
N

V
=

p

kbT
=

10× 10−4 Pa

1.38× 10−23 J K−1 · 293 K
= 2.47× 1016 1/m3

σ = 1× 10−16(0.01 m)2 = 1× 10−20 m2

→ λ =
1

ngσ
=

1

2.47× 1016 1/m3 · 1× 10−20 m2 = 4048.58 m

L = 0.58 m

→ Ni =
L

λ
= 0.000143

Vp = 0.004 308 m3

→ Ni,tot = neVpLngσ

= 1× 1015 1/m3 · 0.004 308 m3 · 0.58 m · 2.47× 1016 1/m3 · 1× 10−20 m2

= 61716408 ≈ 6.17× 107

Both, electrons introduced by an electron source and electrons from residual gas ionization (RGI),
can provide further electrons via RGI. Therefore, each electron could be described in terms of
the amount of RGIs that were necessary in order to supply the respective electron. Therefore,
electrons that are supplied by RGI with an electron directly from the electon source are referred
to as first-order electrons. Hence, second-order electrons are supplied by RGI with a first order
electron.

The number of electrons created by ionization of the residual gas in first order is several
magnitudes smaller than the number of electrons injected. Nevertheless, with these results, we
can calculate the required current of electrons producing a desired electron density in the lens
again. Therefore, we start by solving equation 2.2 for the electron density:

ne =
τI

Vpe

The electrons that are produced by first-degree RGI can be calculated by comparing the total
number of expected ionization processes Ni,tot to the volume of the plasma cloud:

ne,i =
Ni,tot

Vp
=

τI

Vpe
Lngσ

Ne is the number of electrons. ne,i is the electron density that is added to the inserted electron
density through ionization of N2 gas. Therefore, we find:

n∗e = ne + ne,i =
τI

Vpe
(1 + Lngσ) (2.3)

Here, the correction factor Lnσ is of magnitude 10−4. Therefore, the effect of the correction is
supposed to be small. This leads to the corrected current:

I∗ =
Vpe

τ(1 + Lngσ)
n∗e (2.4)

Although the correction of the current is small, the secondary electrons created through ioniza-
tion are prone to be accelerated and create tertiary electrons and so forth. As the cross-sections
are small, the number of the tertiary electrons is expected to be much smaller than the number
of secondary electrons. This can be understood by writing the added density in kth order of
residual gas ionization as a geometric series. The kth grade density can be written iteratively,
compare equation 2.3:

nk+1 = nkLngσ

n0 = ne
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Figure 2.22: The corrected theoretical current I∗(ne). As the correction to the previously calcu-
lated current I(ne) shown in figure 2.20 is insignificant, the difference between both currents is
plotted in red.

Here, ne is the density of electrons introduced by the electron beam. The total amount of electron
density accumulated in the Gabor lens, ni,tot, can be expressed as the limit of the series:

ni,tot = lim
j→∞

j∑
k=0

nk

= ne lim
j→∞

j∑
k=0

(Lngσ)k

This is a geometric series that converges, since Lngσ < 1:

ni,tot =
1

1− Lngσ
ne = 1.00014 · ne

The impact of this correction is shown in figure 2.22. Since the correction is small, further
iterations can be neglected with small error and equation 2.4 yields a good approximate of the
necessary electron current, taking residual gas ionization into account.

On the other hand, these simulations have been carried out with a rather short simulation
time. The time that is simulated is much shorter than a second. In a real application, times
in the magnitude of several minutes matter. Therefore, the effect of secondary electrons due to
residual gas ionization may be significantly larger in a real experiment.

2.3.4 Internal shielded source

Also for this setup, a set of parameters can be found that allows for an E × B drift so that
the electrons are able to be confined. Sample trajectories are shown in figure 2.23. The second
picture does not show the trajectories of electrons that were lost during the simulation. Most
of the electron trajectories from the first image are also present in the second one, therefore,
most electrons are inserted into the Gabor lens and are confined with minor losses. Further
effects, such as space charge, that are not simulated by CST, could provide a radial drift or
diffusion, allowing the electrons to distribute in the entire volume. Most of the other sources
do not show promising trajectories at these parameters, which are: Φ = 8 kV, Ee = 100 eV,
Helmholtz-Current: Ih = 40 A with 300 windings, Iaux = 20 A with 100 windings. The electron
sources are on a 7.5 kV potential, so ∆Φ = 500 V.

Because of the promising results, the simulation was repeated with 4 kV anode potential
and 8.97 A current in the Helmholtz coils, as these parameters are possible to be achieved in the
experiment and the magnetic field corresponds to the given potential according to the work func-
tion, compare equation (1.15). Therefore, the simulation results may be compared to subsequent
measurements. Figure 2.24 displays the resulting trajectories. First, all trajectories are plotted
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Figure 2.23: E ×B drift of the electrons in the Gabor lens. This state forms a basis for further
simulations, as electrons are confined. Top: all trajectories, bottom: no crashed particles are
drawn. Parameters: ΦA = 8 kV, ∆Φ = 500 V,Eel = 100 eV, IHC = 40 A at 300 windings,
Bmax = 34.67 mT.

Figure 2.24: Left: Simulation with all trajectories. Right: Only trajectories that did not collide
with a wall or boundary are drawn. Parameters ΦA = 4 kV, ∆Φ = 0 V, Eel = 100 eV, IHC =
8.97 A, 300 windings, Bmax = 7.77 mT.

(left) and second, only the trajectories that did not lead to electron loss are shown (right). In
this case, far more electron losses occur than in the simulation with 8 kV anode voltage and 40 A
Helmholtz current. An important difference between the two simulations is the value of ∆Φ
between anode and electron source. In the present simulation, ∆Φ = 0 was chosen since many
measurements were conducted with the electron source being on the anode potential.

2.4 Simulations using bender

Bender is a particle-in-cell (PIC) simulation code written at IAP by Daniel Noll [17]. This
non-relativistic code is designed for the investigation of low-energy beam transport in various
configurations, taking account of space charge effects.

Written in C++, bender has many comfortable features for operation including input files
defining the details of the simulation, supporting SI units for physical magnitudes, and the
ability to import field configurations from other simulation codes such as CST studio suite.
Several algorithms for integrating the equation of motion for the charged particles that may be
defined to the user’s desire are implemented in the code. The bender code is furthermore able
to simulate the interaction between charged particles due to their space charge and implement
residual gas ionization via the electrons that are in the system. Both effects are analysed in the
upcoming sections.

If space charge effects are simulated, three solvers are available in order to solve Poisson’s
equation, each showing different assets and drawbacks, specializing in a defined discipline. For
instance, a Cartesian solver using the Shortley-Weller finite difference method can be utilized if
the problem contains a complex geometry with no symmetry that can be exploited. Here, the
drawback is the increase in computation time. If a radial symmetry is available, the rz finite
difference solver can be used, being much more efficient due to the symmetry. Finally, the 3D
xyz Fourier solver can be implemented, if a equidistant grid suffices to describe the problem.
Although the simulation of inserting electrons into a Gabor plasma lens contains geometries on
a very small scale, such as the electron source, and geometries that are on a larger scale, such as
the plasma volume, the Fourier solver has been chosen to calculate the space charge simulations
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Figure 2.25: Here, a torus-shaped electron cloud is observed for the internal source configuration.

due to its simple use and increased efficiency with respect to the 3D finite difference solver.
In the following simulations, the bender code calculates a certain influx of electrons at a

given current by inserting a user-desired number of macro particles into the Gabor lens each
time step. This number of macro particles does not necessarily equal the number of electrons
that are supposed to be inserted in order to achieve the given current. Instead, the macro
particles represent a collection of electrons. The number of electrons represented by a single
macro particle can be calculated in the following fashion, starting with the current out of the
electron source that is divided into macro particles and electrons:

n =
It

em

Here, m is the number of macro particles inserted in each time step, ne is the charge of a single
macro particle. m is specified by the user while n is calculated.

2.4.1 Electron density

A short Java code is used to evaluate the radial electron density in the simulated Gabor lens.
Hereby, the number of particles on concentric rings with a given width in radial direction around
the centre of the Gabor lens is calculated. Finally, the particles are multiplied by a factor as
discussed above to find the number of electrons and plotted versus the radius. In this visualiza-
tion, the electrons are integrated in z-direction. The electron density was simulated in vacuum
and with a residual nitrogen gas at 10−5 mbar and 300 K. The density evaluated with simulated
residual gas is plotted in black, the results for vacuum are displayed in red, compare figure 2.25.
The difference between both density distributions is very small. Probably the simulation with
residual gas did not run long enough for ionization effects taking place, as their cross-sections
are rather small. These observations match the results obtained by CST, compare figure 2.23,
as the electrons are located at a large radius. Both simulations show a torus-shaped electron
distribution.

In order to investigate the structure of the electron density further, the density distribution
is evaluated two-dimensionally, compare figure 2.26. In the following pictures, the colour scale
reflects the density of electrons in units of 1/m3. The density is evaluated inside the lens only;
therefore, electrons that were able to escape the confinement in the simulations are ignored.

The two dimensional density evaluation reveals that the electrons form a rather large cloud
at the source. The source is located on the x-axis at y = z = 0, which can be seen in figure 2.23,
compare the µ-metal ring in blue located on the right. The density distribution in figure 2.26
indicates that most of the electrons are confined near the electron source, which has been been
observed in CST before, as many losses are located near the electron source.

2.4.2 Time-dependent density distribution

With the help of these simulations, we are able to observe the evolution of a fixed amount
of electrons that are inserted into the Gabor lens at a certain place. In this case, the electron
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Figure 2.26: Two-dimensional density distribution of the electrons in the Gabor lens using the
internal source configuration with a residual N2 gas (left) and in vacuum (right). The density
is encoded in colour and is measured in 1/m3. This has been calculated with 4 mA electron
current. Again, simulating the residual gas ionization has a very small effect on the outcome of
the simulation, as both images are very similar.

source is only active in the first time step and is shut down afterwards. Therefore, we observe the
development of an initial electron distribution in the shape of a thin circular plate. The images
2.27 and 2.28 show snapshots of the density distribution of the electrons, whereby the time that
has passed in the simulation is noted at the top of each image. The initial electron energy is
100 eV We can observe the xy- and the zy-planes. The view on the xy-plane corresponds with
the CCD images we are able to take in an experiment. If we place the camera transversally with
respect to the symmetry axis of the Gabor lens, we could observe the density distribution in
the yz-plane. Because of the hardware necessary to operate a Gabor lens, especially the anode
system and the coils, taking images transversally is very difficult in an experiment and requires
a special anode and Helmholtz coil system.

2.4.3 Energy

The energy of the electrons emitted by an electron source is easily adjustable and has a major
effect on the experiment. The shape of the density distribution may depend on the initial energy
of the electrons, as figure 2.8 suggests. Furthermore, other parameters, such as loss distribution
on the anode, will probably depend on the energy. Therefore, simulations with various energies
will unveil optima in terms of losses and electron distribution.

It is desirable that a homogeneous electron distribution is achieved in order to use the lens
as a focussing optic. Therefore, it is necessary for the inserted electrons to be able to reach
the centre part of the lens. As the structure is similar to a teltron tube experiment, it can be
assumed that the radius the electrons show during their propagation through a magnetic field is:

r =

√
2Um

eB2

Here, U is the potential accelerating the electrons. Increasing the energy should yield a larger
radius of the electron beam; therefore, the beam should be able to penetrate closer to the centre
of the Gabor lens as it is injected transversally into a magnetic field. Furthermore, the electron
beam has to overcome a potential difference between the anode and the central part of the lens,
compare figure 2.12. Again, increasing the energy should enable the electrons to reach the central
part of the lens; probably, some hundred eV should suffice.

Multiple bender simulations in the internal source configuration in vacuum with varying
energies from 0 eV up to 2000 eV in steps of 10 eV have been analysed in terms of the radial
position of the density maximum (black) and the smallest radial position of any electron in the
simulation (red). The results are shown in figure 2.29a. Increasing the energy shows only a
marginal effect on the position of the mean radius. Comparing figure 2.26, this may be explained
by the aggregation of electrons close to the electron source. Nevertheless, modifying the energy
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Figure 2.27: Two-dimensional density distribution after 1 ns, 20 ns, 60 ns, 100 ns. After a short
time, the electrons split into two symmetric clouds in z-direction. After 60 ns, we can observe a
small cloud of electrons that starts to perform an E ×B drift.
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Figure 2.28: Two-dimensional density distribution after 200 ns, 500 ns, 700 ns, 1000 ns. After
some time, more electrons aggregate in the cloud, which performs an azimuthal drift. The
electrons that remain close to the position of the source get lost. Furthermore, the electron
distribution continues to form a torus cloud. As there are losses in the system, the mean density
decreases over time.
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Figure 2.29: Plot of the mean radius of all electrons at a given energy and the position of the
electron that is located at the smallest radius. Φ = 8 kV, ∆Φ = 0.5 kV and IHC = 40 A.
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Figure 2.30: Plots of the maximum achievable density during the energy sweep simulations with
respect to the given energy. Left: Without space charge, right: with space charge. Φ = 8 kV,
∆Φ = 0.5 kV and IHC = 40 A.

has some effect on the radius of the electron closest to the centre of the Gabor lens, rmin. A
maximum can be observed at approximately 200 eV. Between 750 eV and 2000 eV, rmin does not
show a clear dependency on the electron energy but resembles a noisy signal. In general, it could
be useful to choose 750 eV as electron energy.

As the density in the Gabor lens is a very significant quantity, it is important to analyse the
maximum density that is achieved with respect to the electron energy, which is performed in
figure 2.30. In the case of the simulations without space charge, the density is decreasing with
increasing energy after showing a narrow maximum close to a few eV. In general, the maximum
density is in the magnitude of 106 1/m3.

2.5 Space charge simulations using bender

Simulation of the space charge - in this case the electric field of the electrons and the interaction
between electrons - is rather difficult. As discussed previously, several solvers for Poisson’s
equation are implemented in bender. The scenario in a Gabor lens is difficult, because none of
the advantages of the three solvers can be exploited fully. The space charge simulation is therefore
conducted utilizing the Fourier transformation algorithm to find the electric field created by the
electrons, because it is the solver most suited for this difficult scenario. If the electron density
is low, this algorithm may introduce statistic noise to the electric field with increasing intensity
the longer the simulation is running [19]. Furthermore, it has been shown that a very small
grid size is needed to resolve the electron beam or any ion beam. In addition, the envelopes of
the simulated beams are not perfectly described by a simulation because of the relatively small
density compared to the centre of a beam, compare [19]. As the simulation of the Gabor lens is
merely a simulation of an electron cloud and not of a laminar ion or electron beam, the problems
that arise with the simulation of beam edges can be expected here throughout the entire ensemble
of electrons. As the simulation of space charge is complex, a dramatic increase in computing
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time can be expected.

2.5.1 Energy

In order to evaluate the previous simulations, the energy sweep simulations are repeated with
space charge effects taken into consideration while all other parameters are kept constant. In this
configuration, at least single electrons are able to reach a very small radius if their initial energy
is in the range of roughly 50 to 300 eV, compare figure 2.29b. As the simulations are using space
charge effects, they are supposed to be more realistic than the previous simulations, which is why
choosing the electron energy in the range of 50 to 300 eV is preferable over larger energies. In
addition, space charge effects introduce a new radial force to the ensemble of electrons; therefore,
the electrons are more likely to distribute inside the lens by drifting in radial direction.

2.5.2 Density distribution

As mentioned before, a homogeneous density distribution is often assumed in theoretical work
concerning space charge lenses. A homogeneous density distribution offers the best focussing
performance. As the density distribution does most probably depend on the method of injecting
electrons with an electron source, simulations are used to indicate the resulting density distri-
bution at given parameters. Concerning previous simulated density distributions comparable to
figure 2.26, the space charge effects should be taken into account in the simulations, as first,
they represent a better approximation of reality than ignoring the electric field created by the
electrons and second, space charge effects seem to be key for electron distribution in the Gabor
lens and therefore should be taken into account. This can be observed in figure 2.29, showing
indicators for a dissolved torus density distribution for energies up to 400 eV.

The chance to observe an equilibrium of the system is only given if the simulation has enough
time to reach it. Therefore, the system was prepared and the simulation was set to run for a very
large number of simulation steps. The results shown in the scope of this section were achieved by
running the simulation for several weeks, covering a simulated time of 5× 10−5 s at a resolution
of 5× 10−11 s each step.

This simulation can be characterised by three phases. First there is a tuning phase (see figure
2.31) that forms a torus-shaped electron density very similar to the results obtained in figures
2.27 and 2.28. The second phase shows the build-up of an instability. It starts with a thickening
of one part of the torus that forms a plasma wave propagating around the torus and finally
dissolving the structure, compare figure 2.32. Finally, the electron density distribution converges
to an almost homogeneous density distribution with an asymmetric hole that rotates around the
symmetry axis. See figure 2.33.

2.6 Conclusions of the simulations

After investigating different geometries in CST and bender, several results have been obtained.
First, the geometries have different strengths and weaknesses. Especially all geometries utilizing a
cusp shaped magnetic field suffer increased electron losses that can only be balanced by increasing
the current out of the electron source by several orders of magnitude.

Furthermore, it is important to put the electron source on a potential, as the potential
distribution in the plasma volume is heavily disturbed otherwise. In addition, installing a small
coil with a magnetic field in electron beam direction breaks the symmetry of the magnetic field,
leading to decreased emission characteristics of the electron source. The transversal magnetic
field should be dampened by a µ-metal shield only.

Additionally, the results shown in the long term simulation in figures 2.31, 2.32 and 2.33
show that a state comparable to the desired homogeneous density distribution can be achieved
by inserting electrons with an electron source transversally. Nevertheless, only a timespan of
50 µs is covered in the simulations. Although it appears that the final state shown in figure 2.33
is stable, this might not be the case for time scales up to a second.

In conclusion of the simulation results, it was decided to realize the internal source configu-
ration and test the emission properties, as well as the impact of an electron beam in terms of
ignition behaviour and density boosting of the enclosed plasma in an experiment.
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Figure 2.31: First simulation results of a long simulation. These images show the tuning phase
of the system, where the toroidal elecron density is being built up. This is very similar to the
simulations in figure 2.27 and 2.28. The colours represent the densit in 1/m3
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Figure 2.32: Second simulation results. In these images, the buildup of the instability is shown.
First the torus becomes thicker in one region. This leads to a density wave that propagates in
azimuthal direction.
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Figure 2.33: Third simulation results. After the torus-shape is dissolved by the instability, a
new state is reached that appears to be stable for long times. The final state appears to be a
nearly homogeneous density distribution with a hole that rotates around the symmetry axis with
a frequency of approximately 1.5 MHz.
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Chapter 3

Experiment

3.1 Characterisation of the electron source (at INFN Bologna)

The electron source was provided by the collaboration partners from INFN Bologna. In order to
prepare the injection experiments the existing electron source was rebuilt and characterized.

Since it was decided to build the internal source design, the electron source is going to be
exposed to a large transversal magnetic field. In the same way the magnetic field of a Gabor
lens serves as transversal confinement, the electron beam could be deflected by the Lorentz force
and the emitted electrons may get lost at the walls of the electron source.

In order to compensate for the negative effect of the transversal magnetic field, two strategies
are discussed. First, a small magnetic coil close to the electron source is supposed to add a
longitudinal magnetic field to the transversal one, effectively turning the magnetic field vector
towards the electron beam axis. As a small sized coil with few windings of thin wire is not
capable of carrying very large currents and therefore the generated magnetic field is limited, this
coil is only able to compensate small transversal fields compared to the maximum fields a large
Helmholtz coil structure delivers. Hence and second, the transversal field in the auxiliary coil
and electron source has to be reduced. This can be achieved by adding a µ-metal shield to the
source capsule. This way, the transversal field inside the source is very small. Both methods
combined should ensure a working condition for the electron source in a Gabor lens environment.

As discussed before, the simulations revealed that adding an auxiliary coil in this way is
not helpful, as the symmetry in the magnetic field is broken in the area of the electron source.
Nevertheless, it was decided to conduct measurements with a small coil in order to verify the
simulations.

During the measurements, a minimal pressure of 1.3× 10−5 mbar was achieved. It was nec-
essary to open the vacuum chamber several times to perform optimization in the quality of the
contacts, so the maximum pumping period was limited to a few hours. Nevertheless, it was
possible to achieve about 2× 10−5 mbar after every modification. This was very close to the
limit of the pumping system.

3.1.1 Auxiliary coil

The auxiliary coil is constructed with a special copper wire that provides a significant heat resis-
tance. The manufacturer specifies the nominal current with 0.45 A. Therefore, all measurements
conducted with an auxiliary coil current of 0.45 A or less can be conducted over a long time.
Sometimes, 0.60 A have been applied in order to check the effects of a higher auxiliary coil field,
but this state may only be used for a limited time of several minutes to prevent the wire from
melting, as there is no cooling in any form applied to the coil.

The maximal field in the coil at 0.45 A was measured and yields 14 mT. Simulations of the
coil predicted a maximal field of 18.28 mT. From these simulations and this measurement, it was
estimated that the field at the tip of the filament is about 5.3 mT, as the filament is not in the
centre of the small coil, compare figure 3.3.
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Figure 3.1: Left: Setup of the transversal field measurements in Bologna. The electron source is
located inside the vacuum system inside the Helmholtz coils. Right: Calibration diagram of the
Helmholtz coils.

Figure 3.2: Left: old aperture of 4 mm diameter. The contamination on the surface is silver paint
that was used as adhesive in order to prevent the coil holder from turning during the assembly of
the source. Right: the widened aperture of 8 mm. Here, the filament and the grid have already
been assembled.

3.1.2 Structure of the source

The electron source consists of a heated filament that is used as an electron supplier. The filament
is put on a negative potential, or bias, up to 200 V. The electrons are extracted towards a grid
that is grounded. Afterwards, they propagate through the internal coil that acts as a focusing
solenoid. After a short drift of about 2 mm after the front aperture of the auxiliary coil, the
electrons are captured by a pickup that is polarized by approximately 18 V positive potential
against ground. The current that is captured by the pickup is measured. Compare figure 3.3 for
a circuit schematic and a sketch of the electron source. Note that in the first experiments the
filament chamber wall was composed of macor. The electron source can be introduced into a
magnetic field created by two Helmholtz coils which can be applied transversal as shown in figure
3.1. The maximal field inside the Helmholtz coils was measured using a Hall probe with respect
to the current that is applied to the system. Increasing the current by 1 A, the field increases by
6.614 mT.

Once the electrons leave the aperture of the electron source, they are strongly influenced by
the transversal magnetic field. They start moving on circular orbits, defined by the Lamor radius
in equation (1.17). If the Lamor radius is larger than 2 mm, electrons that may be directed back
on the electron source are captured by the pickup instead. While a transversal magnetic field is
present, a higher pickup current than the extracted current is expected.

The current that is emitted by the source can be measured not only by using the pickup,
but also by measuring the bias current and estimating the efficiency at the given parameters.
If the filament is heated, but the extraction potential is zero, there is a residual bias current,
because the filament is emitting electrons and some are leaving the source through the grid or are
collected by the chamber walls. The resistance of a new filament is approximately (0.8± 0.1) Ω,
depending on the individual filament.
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Figure 3.3: Setup of the electron source with the auxiliary coil and the pickup.
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Figure 3.4: Finding optima in the pickup current by varying the bias voltage under different
intensities of the internal coil magnetic field. No external magnetic field is applied to the system.

In this context, “bias” describes the fact that a component is on a different potential than
the rest of a given structure. Hence, “bias voltage” stands for the potential difference between
component and structure and “bias current” is the current necessary to keep the potential dif-
ference.

3.1.3 Aperture

First measurements yielded a maximal current of 225 µA at UBIAS = 31 V. In this measurement,
the auxiliary coil was installed but the magnetic field B = 9.75 mT was delivered by a large pair
of Helmholtz coils. This field is equivalent to applying 0.45 A to the auxiliary coil. In order to be
more flexible in the injection measurements later on, the main priority is to increase the current
delivered by the electron source. Therefore it was decided that roughly 1 mA should be achieved.

Hence, it was decided to widen the aperture of the source, compare figure 3.2. Before the
alteration, the setup had an aperture of 4 mm in diameter, which was widened to 8 mm. This was
supposed to give a factor of four in the total area that can be used for emission. As the current
density might not be constant on this surface, we may expect at least a factor of two in pickup
current increase. Increasing the aperture only leads to an increase in current if the filament is
able to deliver sufficient electrons. If the electron source is operated in thermionic emission, that
is when the current is limited by the thermal electron emission from the filament, increasing the
aperture of the electron source will lead to a quick depletion of the electrons inside the filament
chamber. The filament used with this electron source is operated in the space charge limit if the
heating current is 2.5 A or higher, compare figure 3.18, because in this case, increasing the bias
voltage leads to a higher current. Hence, the electrons in the filament chamber are not depleted
by increasing the aperture and the extracted current is increased.

Comparing the measurement for 0.45 A in the auxiliary coil in figure 3.4, the change in
aperture did improve the current extracted from the electron source.
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Figure 3.5: Left: Measurement of the transversal magnetic field impact on source performance.
During the measurement, the heating of the filament was adjusted so that 115 µA were mea-
sured in the pickup without the transversal field. Afterwards, the current was measured with a
transversal field. Right: Measurement of the reduction factor of a given piece of µ-metal with
respect to the applied magnetic field.

3.1.4 Characterisation measurements

In the first measurements, the bias voltage was varied in order to find maxima in the pickup
current. Furthermore, the current in the auxiliary coil was set to four different values. The
results are shown in figure 3.4. The heating current was held constant over time by adjusting
the voltage of the filament heating in order to compensate for the change in resistance due to
heating. As a result, the power changed slightly over time, with different levels for each bias
voltage. Furthermore, the current in the pickup was not constant in time, probably because
the source was not operated in a thermal equilibrium. This was necessary in order to keep
the temperature of the housing and the wires low, so that the soldered connections would not
de-solder due to the heat.

The curves show unexpected behaviour at small voltages and a nearly constant current at
larger voltages. In theory, all curves should show similar characteristics. Instead, some are in-
creasing, others are decreasing. At low voltages, there is sometimes a maximum or minimum.
Therefore, this measurement is probably influenced by effects that are not desired. The first
measurement was conducted with 0.15 A current in the internal coil, the last measurement used
0.60 A in the internal coil. This measurement was repeated some time later. For low bias volt-
ages, highly unusual behaviour was observed. For larger bias voltages, saturation was expected.
However, the measurement with 0.45 A internal coil current showed a decreasing trend.

It is essential to check if the internal coil is able to compensate for the disadvantageous effect
of the transversal magnetic field in a Gabor lens. Therefore, a transversal magnetic field was
applied using two Helmholtz coils and observed the current in the pickup with and without
transversal field.

The efficiency of the electron source was measured with respect to a transversal magnetic
field for different settings of the auxiliary coil. The efficiency was calculated by dividing the
current with transversal field by the current without a transversal field multiplied by 100 in
order to yield a percentage. In this way, the effect of a temporal variation of the pickup current
was compensated by normalizing the measurements. The result are depicted in figure 3.5. If the
auxiliary coil is operated at 0.6 A, the efficiency loss due to the transversal magnetic field can
be reduced. Since these measurements were taken without the magnetic shield, larger magnetic
fields can be tolerated.

In this setup, it is possible to simulate the effect of a µ-metal shielding, as the transversal
magnetic field may be decreased. Furthermore, a chassis made of µ-metal was introduced into
the magnetic field and the dampening factor η was measured. Hence, the dampening factor of
the shield in the final configuration can be estimated. η is defined as the ratio of the magnetic
field shielded by the µ-metal shield and the unshielded magnetic field.

η =
Bshielded

Bunshielded
(3.1)

The results are shown in figure 3.5. A reduction factor of around 0.1 can be achieved almost
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Figure 3.6: Left: Repeat pickup current measurement. Filament: 2.412 V, 2.612 A. Right:
Hysteresis effects in the repeated measurement. Aperture of the electron source extraction grid:
8 mm.

independent of the magnetic field. As a result, a transversal field almost 10 times stronger than
measured here can be tolerated in a Gabor lens environment. Additionally, the measurements
with lower magnetic field can be compared to setups with a high magnetic field and shielding of
the electron source, so it can be concluded which magnetic field corresponds to a point in figure
3.5.

Hence, if 0.6 A are applied to the auxiliary coil and a transversal magnetic field of approxi-
mately 4 mT is present, the electron source retains 70 % extraction efficiency. Considering the
dampening effect of the µ-metal shielding as discussed before, the tolerable transversal magnetic
field increases to 40 mT.

As mentioned before, fluctuations in the pickup current in terms of a tendency to increase or
decrease over time were observed. Therefore, the measurement of the pickup current with respect
to the bias voltage was repeated. Furthermore, the sequence of the measurements was inverted,
starting with 0.6 A internal coil current and ending on 0.15 A. The order of these measurements
made a difference, as the results of the repeated measurement shown in figure 3.6 differ from the
previous results shown in figure 3.4. Both measurements were conducted two days apart.

Comparing the results, unexpected behaviour in the regime smaller than 150 V can be
observed. The pickup current now falls with rising bias in almost every measurement, unlike
before. The plot for 0.15 A, shows the most differences. Maybe this is due to the fact that
the 0.15 A measurement was the first one in the initial measurement sequence shown in figure
3.4 and the last one during the repetition measurement shown in figure 3.6, left. Therefore,
the properties of the filament changed between the measurements and the characteristics of the
filament also change in the scope of a measurement session during the heating process. These
effects can also be observed in figure 3.6. Here, the measurements of 0.15 A and 0.30 A coil
current have been conduced by first increasing the bias voltage up to 500 V and decreasing to
zero afterwards. In the case of 0.30 A, a very small hysteresis effect can be observed, which may
be explained by the change in filament conditions due to continuous heating. A more significant
hysteresis effect can be observed for 0.15 A. Concluding the measurements in Bologna several
problems have been observed. First, the extracted current is small. In this case, the pickup was
located very close to the aperture of the electron source, so the extracted current is measured
under optimal conditions. In a different setup, such as the Gabor lens configuration, probably a
smaller current is extracted than is measured in this preliminary test. Furthermore, applying a
transversal magnetic field decreases the performance of the electron source further. Therefore,
some modifications of the electron source system were introduced:

• The material of the filament chamber wall is changed from a ceramic insulator to aluminium
and put on a negative potential larger than the bias potential. This was done in order to
collect electrons that would hit the chamber wall instead of being emitted by the source.
The inner cylinder that forms the filament chamber wall is called gate ring.

• Aluminium melts at 660.2 ◦C, while the filament is heated to a temperature well above
1000 ◦C. Therefore, the aluminium gate ring needs to be monitored in terms of temperature,
which is provided by a thermocouple that is inserted into a feedthrough of the gate ring.
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The bias voltage was fixed at 100 V.

• The external µ-metal shield is completed and added to the electron source. In order to
attach the shield, the chassis of the source is extended.

• Mounting the small coil onto the electron source used to be very challenging, since it is
secured by a cap that is screwed onto the electron source casing. The small coil used to
rotate during the mounting process, which led to the connectors being misaligned. Bolts
are added to the coil holder and small holes are drilled into the front of the electron source
in order to fix the coil in place.

Simulations conducted by INFN researchers [20] have shown that an optimal ratio between gate
and bias voltage that optimizes the extracted current can be found. This ratio is independent
of the absolute value of the bias voltage. Furthermore, the gate voltage should always be larger
than the bias voltage in order to prevent electrons from reaching the filament chamber wall. The
available power supply delivered up to 200 V for the gate ring. A potentiometer was used to
deliver a lower bias voltage. Hence, only one power supply is needed and the ratio between gate
and bias voltage is fixed while manipulating the gate or bias voltage. The circuit schematics of
the measurement setup are shown in figure 3.7.

In order to investigate the performance of the electron source, the current in the pickup for
several bias voltages was measured and by varying the gate voltage, a maximum for each given
bias voltage was found. First, it was investigated whether there is a ratio of gate and bias voltage
that maximizes the current in the pickup independent of the bias voltage. The results shown in
figure 3.8 suggest that the current is maximal at a ratio of gate and bias voltage between 1.45 and
1.46. In order to prepare the injection measurements, it is necessary to characterise the electron
source so that the optimal operation parameters are known. As the source will be installed in
a transversal magnetic field, it is required to measure these parameters with a transversal field
present. Of particular interest in these measurements are sets of parameters that maximize the
current that can be extracted out of the source. In order to get a qualitatively good overview of
the performance, the source will be tested at several transversal magnetic fields and the position
of the µ-metal shield will be varied. During these measurements, not only the current in the
pickup is recorded, but also the efficiency of the source and the ratio that delivers the maximal
current.

As a first step, the magnetic field has been varied and the current in the pickup has been
recorded for various bias voltages in the range between 30 and 150 V. The results are shown
in figure 3.9. Apparently, there is a maximum in the extracted current in the range of 100 V
to 130 V for any transversal magnetic field in the range of 100 to 15 mT. This maximum also
appears if the efficiency of the electron source is plotted, refer figure 3.9b. Therefore, the electron
source should be used in this configuration. No clear maximum can be observed in the ratio that
delivers a maximal current. It has to be considered that the grid has a transparency of only 64 %,
which is therefore the theoretical maximum of the efficiency. Nevertheless, the ratio spreads on
a small range between 1.3 and 1.44 and the optimal ratio does not show a sharp maximum in
the pickup current, but a plateau. Therefore, any value between 1.3 and 1.44 should suffice in
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order to maximize the pickup current.

Considering the ratio between gate and bias voltage, it was postulated before that there is
a given ratio for all voltages and magnetic fields, because the ratio should only depend on the
geometry. The results of figure 3.8 suggest that there is indeed one optimal ratio in the range
between 1.44 to 1.48. Measurements of the optimal ratio at different bias voltages show that the
ratio only varies in a rather small interval, compare figure 3.9c. Therefore, it can be concluded
that the ratio is not perfectly constant, but the measurements suggest that a very small range
of the ratio will contain the maximum current with respect to bias and the transversal magnetic
field.

In order to characterise the electron source with respect to the position of the µ-metal shield-
ing tube, the transversal magnetic field has been fixed to 12.5 mT and three positions of the shield
have been compared in terms of absolute current in the pickup, the efficiency of the extraction
system and the ratio between gate and bias voltage. The position of the shield is defined by the
distance between the front of the electron source and the front of the shielding tube. So at a
position of 7 mm, the shield emerges 7 mm from the front of the electron source. The results are
shown in figure 3.10.

Looking at the top image, there is still a maximum for any configuration of the shielding
tube in the pickup current in the range between 100 and 130 V. Furthermore, using the 12 mm
position yields the largest current measured in the pickup. Again, the efficiency in figure 3.10b,
is rather high in this range of the bias voltage.

The measurement of the optimal ratio between gate and bias voltage shown in figure 3.10c,
yields a rather narrow range of the ratio between 1.3 and 1.4 that will be suitable for bias voltages
in the regime of 100 to 130 V. Changing the position of the shield does not impact the optimal
ratio in this regime. If lower bias voltages are to be considered, the position of the shield is more
important. Nevertheless, the optimal ratio was not unique. Choosing a ratio close to the one
plotted yielded again a very similar current in the pickup. As a conclusion, a ratio close to these
plotted here should suffice to yield a optimal current of the electron source.

Due to the modifications, the characteristics of the electron source changed. For a bias current
between 100 V and 130 V and a ratio between 1.3 and 1.44, both the current extracted from the
electron source and the efficiency of current extraction are maximal. This is true for multiple
magnetic fields between 10 mT and 15 mT. Therefore, the electron source is ready to be used
in an experiment. In a last measurement, the current that could be extracted from the electron
source with and without auxiliary coil attached was measured and is compared in figure 3.11.
Here, the pickup current is first very similar for both cases, with and without coil. At voltages
larger than 130 V bias voltage, both configurations show a major difference. The structure with
the auxiliary coil shows a maximum in the extracted current, while the measurement without
the coil does not show any maximum in the range of UBIAS up to 200 V.

Solenoids operating at a given magnetic field allow good transmission of charged particles
of a given impulse. If the impulse is changed, transmission decreases, because the focal length
depends on the impulse of the beam particles, compare [21]. Therefore, it is necessary to adjust
the focussing strength of the solenoid if the beam energy is changed. This was not done in this
measurement, which is why the pickup current shows a maximum at UBIAS = 130 V while the
auxiliary coil is used. Furthermore, the solenoid channel acts as a loss surface for the electron
beam. Hence, additional losses could explain the lower transmission while using the auxiliary
coil. In addition, the pickup used for measuring the current was not positioned equally for both
measurements. Therefore, the current measured after transmission through the auxiliary coil is
expected to be much lower than the current measured by placing the pickup directly in front
of the electron source. Considering the position of the pickup, it is remarkable that using the
auxiliary coil, a current comparable to the measurement without coil can be detected.

It was decided to conduct the measurements in the Gabor lens configuration without the aux-
iliary coil for a first test, because this eliminates an additional variable in the system, simulations
indicate that using the coil generates local disturbances in the magnetic field that may lead to
an asymmetric electron distribution and finally, the electrons are expected to distribute in the
lens volume. Therefore, a high electron beam intensity was expected to be more important than
conducting measurements with a focussed electron beam at the cost of additional losses in the
electron source.
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Figure 3.9: In these measurements, the shield was spaced 2 mm from the front of the electron
source. (a): The gate voltage has been adjusted for each measurement to achieve the maximum
current. (b): The efficiency is plotted. We see a maximum between 100 V and 130 V for any
magnetic field. (c): The ratio that yields the maximal current at a certain bias voltage is plotted.
The ratio oscillates in a very small interval between 1.3 and 1.44, so choosing any value in this
regime should suffice in a further experiment.
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Figure 3.10: A similar setup to the measurement shown in figure 3.9, but the magnetic field has
been fixed to 12.5 mT and the position of the shielding tube has been varied. (a): The current in
the pickup can be maximized at the 12 mm position of the shield. (b): Again, a high efficiency
in the range between 100 and 130 V is observed. Furthermore, the efficiency does not depend on
the position of the shield in a wide range. (c): The ratio is not constant, but limited to a small
range.
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Measured by [20].

3.2 Setup of the injection measurement, characterisation
of the electron source and ingition measurements with-
out electron source

3.2.1 Setup of the measurement test stand

In order to install an electron source to the Gabor lens test stand, the anode had to be redesigned.
Four ports have been welded into a cylinder of inner radius 88.5 mm. The electron source is
mounted to a horizontal port, while a small pickup is mounted to the other horizontal port
across from the electron source. The upper port contains a small window, so that the position
of the electron source can be observed with respect to the inner anode surface. The bottom port
is sealed and used for the high-voltage connection. The setup is depicted in figure 3.12.

In order to characterise the plasma inside the Gabor lens, three diagnostic tools are available
at IAP. First, a CCD camera can take images of light emitted by the plasma. In this way, a
visual representation of the plasma state can be obtained and can be characterised [4]. Second,
a Faraday cup (FDC) is placed longitudinally in front of the Gabor lens plasma. An oscilloscope
is used to read the current on the cup over time. Hence, periodical oscillations in the plasma
that manipulate the ion current emitted by the Gabor lens can be observed and detected. It
has been shown that fast oscillations with a large amplitude correspond to an instability, while
a rather constant current usually indicates a stable distribution of electrons [4].

Finally, a momentum spectrometer is measuring the energy of the ions that are extracted
from the plasma by the anode potential, compare section 1.2.8. A 90◦ dipole magnet bends
the ion beam into a Faraday cup, allowing for current measures with respect to the magnetic
field. As the magnetic field corresponds to the momentum of the ions that are able to pass the
curvature, it is possible to find the ion energy that is present with the highest intensity, because
the mass of the ions is known. As mentioned before, this energy is generally smaller than the
anode potential and can be used to calculate the mean density confined in the Gabor lens.

The power supplies that are not part of the electron source system and the diagnostics with the
exception of the CCD camera are connected to a control system running a version of MNDACS
[22], a digital control software written in Java. Using MNDACS, the measurement process can
be fully automated. During the measurements with the electron source, the control software
simplifies the usage of the momentum spectrometer.

Due to a special vacuum flange, the electron source can be moved longitudinally with respect
to the electron beam axis. The measurement conducted in figure 3.30 indicates that the position
of the electron source influences the potential distribution inside the Gabor lens and therefore
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Figure 3.12: Left: Gabor lens test bench at IAP with the diagnostic equipment. Right: Cross
section of the new four port design of the Gabor lens. Blue: insulator, gray: Helmholtz coils,
dark gray: anode and ground electrodes.

electron source

L

KF 40 flange KF 40 flangeManipulator

to anode →← to terminal

Figure 3.13: Sketch of the position parameter of the electron soruce. The manipulator is used to
move the electron source with respect to the anode by moving the vacuum system attached to
the left KF 40 flange. The electron source is indicated by the dashed lines. Parts moving with
respect to the fixed anode are drawn in blue.

the plasma properties. Hence, a length parameter L is introduced defining the position of the
electron source with respect to a flange illustrated in figure 3.13. If L = 97 mm is chosen, the
electron source is planar to the anode surface. This leads to the following conversion formula
from L to the radius of the tip of the electron source rg in polar coordinates:

rg = L− 8.5 mm (3.2)

At L = 40 mm, the electron source is positioned as close to the centre of the anode as possible.
The distance from the front of the electron source to the centre of the Gabor lens at this position
is approximately 31.5 mm.

The operation of the electron source on a potential of up to 8 kV is enabled by the use of a
high-voltage terminal illustrated in figure 3.14. In this setup, an insulating transformer is used
in order to transfer power to the power supplies in high-voltage terminal. It offers a three phase
electric power connector and a standard 230 V power outlet. If the electron source is on the
same potential as the anode of the Gabor lens, the anode power supply can be used to provide
high-voltage for the electron source as well by connecting the chassis of the electron source to
the anode. In a second operation mode, the electron source is insulated against the anode and
a second high-voltage power supply is used to provide a potential to the electron source system.
This circuit schematic is independent of the operation modes discussed above. On the high-
voltage side of the insulating transformer, there is no difference between reference ground and
neutral conductor, as both are connected in the transformer and the power outlet. The potential
of this terminal is limited by the dielectric strength of the insulating transformer. As a result,
the maximum voltage may not exceed 8 kV.
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Figure 3.16: Left: Temperature during the measurements. Right: Pressure during the measure-
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revision of the 2.2 A measurement than in the original data set shown in red. Therefore we can
conclude that degassings significantly decline after several minutes of operation.

3.2.2 Steady state measurements

Preliminary measurements with the electron source system have been conducted. The heating of
the filament has been kept constant through each measurement. Furthermore, the ratio between
gate and bias had been fixed to 1.4 for the first measurements. Afterwards, the measurements
have been repeated with a ratio of 1.28, since measurements in Bologna revealed that a ratio of
1.28 is more appropriate for using the electron source without the auxiliary coil [20]. Furthermore,
measurements in Bologna suggested that a higher current is achievable if the coil is not used,
compare 3.11. In order to evaluate the effect of changing the ratio, the current on the pickup has
been recorded with a ratio of 1.28 at the same heating settings that were used with a ratio of 1.4
and the results are compared to the previous measurements in figure 3.17a. These preliminary
measurements were performed at L = 97 mm.

Apart from these changes, the data in all of these measurements was taken in the same way.
The bias voltage has always been increased from 30 V to 150 V with the gate voltage increased
respectively. Thus, the UBIAS-axis can be interpreted as a non-linear time axis as well. The
currents were not measured with high precision in these preliminary experiments, but for the
future the experimental setup may be extended to enable a high precision measurement of bias
and gate current. Furthermore, the emitting surface of the electron source was approximately
in 12 cm distance to the circular pickup with a diameter of roughly 1 cm, so it is only possible
to measure a very small fraction of the divergent electron beam, compare 3.27. As the electron
source and the pickup may be slightly misaligned, this effect may be increased further. In order
to measure the current in the pickup, a picoamperemeter is used.

Considering figure 3.15, we can see that the current is decreasing with the bias. This is
unexpected and my be due to a general decreasing current over time during these measurements.
Maybe the current decreased faster than the bias and gate voltages were changed, so the increase
in current by increasing bias is too small to be visible. This could be explained by the generally
larger temperature (compare figure 3.16) of the electron source during the last two measurements.
Comparing figure 3.15 (right), we can see that the first measurement with 2 A shows the expected
behaviour.

After these measurements, it was noticed that the anode and pickup were floating and there-
fore they were charged slowly by the electron beam. As the current from the electron source was
measured between pickup and anode, this measurement was influenced by the charge accumula-
tion on the anode and pickup. With increasing accumulated charge, electrons were repelled from
anode and pickup, thus decreasing the amount of electrons that were detected by the pickup.
Therefore, the measurement with 2.2 A was repeated with the anode grounded. Compare the
green measurement in figures 3.15 and 3.16. It is visible that grounding the anode did not change
the overall behaviour of the current but increased the measured current on the pickup with re-
spect to bias. Furthermore, the pressure increase shown in figure 3.16 during the measurement
was much lower than before. So it could be concluded that these two effects are due to the
improving conditioning of the filament over time.
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Figure 3.18: Current measured by using the anode as pickup. During these measurements, the
heating current of the filament was increased from 2.2 A to 2.7 A. By increasing the heating
current, the maximum current measured by the pickup is increasing, while the position of the
maximum is shifting towards larger bias values.

As the currents measured by the pickup are very low, the complete anode has been connected
to the pickup and thus both can be used as a singe large pickup. In order to implement this
modification, the anode power supply has to be disconnected so that a single well-defined connec-
tion from anode to ground is used to measure the current. Using this configuration, the current
measured by pickup and anode increased dramatically compared to the current measured by the
pickup only. The current on the anode coupled with the pickup has been recorded with varying
heating currents and the results are shown in figure 3.18. Using the anode as a pickup increases
the measured current significantly, compare figure 3.17b.

3.2.3 Time dependent measurements

A drift in the pickup current over time has been observed during previous measurements. One
explanation for this feature could be that the electron source was not operated in a thermal
equilibrium due to the temperature limit. As the filament reaches temperatures well above
1000 ◦C [20], it is possible for the aluminium gate ring to melt, destroying the electron source.
The melting point of aluminium is at 660.3 ◦C. Furthermore, the insulating alumina layer might
be damaged at temperatures above approximately 200 ◦C. Therefore, the temperature of the
system is limited and has to be monitored. In addition, the electron source has to enter a
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Figure 3.19: Measurement of several electron observables parameters over time. The filament
was heated with a constant current of If = 2.3 A. The heating was turned off after roughly
11.5 min.
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Figure 3.20: Measurement of several electron source observables over time, similar to figure 3.19,
but using a heating current of If = 2.65 A, which was deactivated after roughly 10 min.
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Figure 3.21: Exponential fit of the decreasing temperature over time after the electron source was
operated. 2.3 A, 2.5 A and 2.65 A of heating current were applied. The last fit did not converge
if the equilibrium temperature T0 is fixed. Nevertheless, the resulting value is close to 20 ◦C,
which was the temperature of the laboratory due to air conditioning.

cooldown state after a few minutes of operation in order to keep the temperature below 180 ◦C,
compare figure 3.21.

In order to observe the effects of the non-equilibrium state and the changes over time, the
source has been operated at fixed settings of UBIAS = 100 V, UGATE = 128 V, If = 2.3 A,
L = 97 mm. The changes in the measured parameters have been analysed. In figure 3.19a, the
pickup current and the bias current can be observed with respect to time. The pickup current
is decreasing over time, while the bias current shows a maximum after 4 minutes. Comparing
this observation to the power consumption by the filament shown in figure 3.19b, we can see
that the emission of the filament reaches a peak shortly after the heat up phase is complete and
the power draw of the filament increases only slightly. Afterwards the emission worsens. The
emission efficiency shows a similar behaviour, as it is dropping exponentially by about 60 % and
saturating at a very low level, compare figure 3.19d. Measurements were taken for more than
15 minutes after the filament heating had been turned off. Therefore, the temperature and the
pressure changes can be observed during the heating and the cool-down phase. The measure-
ments have been repeated at a higher heating current of 2.6 A while all other parameters kept
constant, compare figure 3.20. Concerning the temperature, pressure and power consumption of
the filament, the observations are similar to the previous measurement. In contrast, while the
currents showed a decreasing trend using 2.3 A heating current, an increasing trend in the bias
current can be observed in figure 3.20a. Furthermore, the efficiency obtains a maximum 2 to
4 min after the heating is deactivated, compare figure 3.20b.

As the whole anode was utilized as pickup, minor differences in the measurements aside from
the increase in pickup current result in a change in efficiency. In this case, the drift in the pickup
current is not as strongly visible as in figure 3.19a.

The temperature drop measured in the gate ring has been recorded for various heating cur-
rents and at several temperature levels, compare figure 3.21. The exponential decay of the
temperature was fitted by the Newtonian law of cooling:

T (t) = T0 + T1e
−kt

Here, T0 is the equilibrium temperature, T1 the difference between start and equilibrium tem-
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Figure 3.22: Since the electron current on the pickup is significantly larger than the difference
between the diode current curves, electrons impacting on the diode do not influence the diode
current and therefore the brightness measurement.

perature and k describes the decay from the start temperature to the equilibrium temperature.
The results of the fit are summarised in table 3.1. The fit of the measurement utilizing 2.3 A
filament current uses the most data points, therefore the fit is expected to be the most precise.
As T0 = 20 ◦C for all measurements due to air conditioning in the laboratory and T1 can be read
from the graphs in figure 3.21, these variables are fixed for the fit, leaving only the decay con-
stant k as a variable. It was necessary to leave T0 variable for the third fit because the algorithm
would not converge to the correct solution if T0 = 20 ◦C was chosen as a constant. As a result,
we find the decay parameter k = (25± 2)× 10−3 1/min and the half life of the temperature
T1/2 = (29± 2) min.

If we assume a maximal temperature during operation of the electron source of 150 ◦C, an
increase in temperature due to operation from 75 ◦C lasts between approximately 7 min for
2.3 A to 6 min for 2.65 A After this period, 35 to 40 minutes are necessary to achieve the start
temperature of 75 ◦C. This leads to a duty cycle of maximal 15 % with an operation time of
6 min.

3.2.4 Diode measurements

During the measurement sessions, the small pickup was replaced with a photo diode. In the scope
of the NNP group, different arrays of photo diodes are tested as an optical detector for plasma
densities due to residual gas light emittance. A photo diode builds a given voltage with respect

Ifilament [A] T0 [◦C] est T1 [◦C] est T0 [◦C] fit k [1/min] T1/2 [min]

2.3 20 105 - 0.0215± 0.0002 32.2± 0.2

2.5 20 133.2 - 0.0270± 0.001 26.0± 1

2.65 20 135.5 18.1± 0.2 0.0260± 0.0002 26.6± 0.2

Table 3.1: Overview of the temperature fits of figure 3.21.
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to the light intensity that impacts on the semiconductor. The voltage is detected as a current
that is formed in a closed circuit with a given resistance. It was proposed that exposure of the
semiconductor to an electron beam is influencing the diode current. Therefore, the light emitted
by the filament has been measured with the photo diode while the emission of the electron source
is first inactive and active afterwards. In order to increase the current on the diode, the electron
source has been moved all the way in, to the position L = 40 mm. The results are displayed
in figure 3.22a. Activating the extraction and therefore the electron beam has no significant
influence on the measurement of the diode current, since the current deployed on the diode is
much larger than the difference in current between the measurements with and without electron
beam, compare figure 3.22c. It is important to note that the electron current on the diode is
not constant for all values of If. Note that the area used to record the current on the diode
is a metal ring positioned symmetrically in front of the electron source. The ring contains the
semiconductor and a circular glass plate covering the semiconductor.

In conclusion, the performance of the tested photo diode does not depend on the influx of
sub 10 µA of electrons. Furthermore, the extraction of electrons from the filament matches the
theoretical prediction and 2.7 A of heating current is a suitable regime of operation for this type
of filament, since the bias current saturates at a higher heating power, compare 3.22b. On the
other hand, the current measured on the diode casing shows a different behaviour. This indicates
that other effects might contribute to the extraction of electrons and the density profile of the
resulting electron beam. Therefore, the extraction out of the electron source should be improved
in the future.

3.2.5 Ignition parameters

It is necessary to measure the ignition parameters of the Gabor lens with respect to the new setup,
especially with respect to the position of the electron source. Ignition in this context describes
a chain reaction of residual gas ionization that increases a large amount of free electrons. When
the confinement is saturated and the Gabor lens is filled, more losses are generated due to the
potential depression because of the space charge of the electrons and the system reaches an
equilibrium. This equilibrium may be the stable operation mode or an instability, depending on
potential, magnetic field and pressure.

Two measurements with respect to the position of the electron source were conducted. First,
the source was moved out of the system as far as possible at L = 135 mm. In the second
measurement, the front surface of the source has been aligned with the anode surface.

During the measurements, a given magnetic field was applied to the system. In a second step,
the potential was increased until ignition was observed. Afterwards, the pressure was recorded.
The results of these measurements can be found in figures 3.23 and 3.24.

The operation of the Gabor lens is a three-dimensional problem, as the potential, the magnetic
field and the residual gas pressure are significant for the confinement and plasma properties in
an experiment. For simplicity, it is possible to observe ignition along the work function, thus
coupling the potential and magnetic field, and increasing the pressure to obtain the ignition
point. The results of this measurement are illustrated in figure 3.25. The observable ignition
region in the present experiment is limited by two factors. If a potential of 6 kV or more is
applied with the appropriate magnetic field, the Gabor lens will ignite at base pressure of the
system of approximately 1× 10−7 mbar. Therefore, the described measurement is impossible for
potentials equal or above 6 kV. Below 3 kV, no ignition can be observed for pressures below
1× 10−4 mbar. As it is unhealthy for the turbo molecular pumps to operate in regimes above
1× 10−4 mbar, this pressure marks the limit for the measurement.

3.3 Effect of a present electron beam on ignition behaviour

3.3.1 Characterization of the electron source

The emission characteristics of the electron source were measured again, since the filament had
been changed in the meantime. Since both the anode and the pickup are used to measure the
current emitted by the electron source , these measurements were conducted with a potential
of 8 V that was applied to the anode in order to prevent corruption of measurements due to
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Figure 3.23: Ignition parameters of the Gabor lens without the electron beam. The electron
source was positioned as far outwards from the centre as possible. During the measurements, the
magnetic field given by the current was set, then the potential was increased until the plasma
ignited. The red line shows the pressure recorded after the lens was ignited. No residual gas was
added to the system.

secondary electrons. The results are displayed in figure 3.26. Using a bias of 8 V on the anode
roughly doubles the current measured on the anode and pickup.

In favour of having a better understanding of the properties of the electron source, CCD
images of the interior of the Gabor lens were taken in order to observe residual gas light emittance
caused by the electron beam. In order to improve the signal-to-noise ratio, a background image
was taken and the intensity subtracted from a second measurement image. As the filament of
the electron source emits intense light and the residual gas light is rather dim, the signal-to-noise
ratio in these optical measurements is poor, although background images were taken. In order to
improve the image quality, the beam intensity was increased to roughly 1 mA, as measured using
the anode and pickup. Furthermore, the residual gas pressure was increased to p = 1× 10−4 mbar
using Argon. Figure 3.27, left, shows an image of the electron beam in the Gabor lens without
any anode potential or magnetic field. The electron source is located to the left. The intensity
pattern resembles a strongly divergent beam. Due to saturation of the CCD chip while taking
the background and measurement image, the flange is clearly visible, as the intensity on most of
the flange surface is zero after subtracting both images.

To check whether the observed residual gas light emission is caused by the electron beam, a
transversal magnetic field of 7 mT (12.5 A in the coils) was applied and a second set of pictures
was taken, see figure 3.27, right. With magnetic field active, the electrons are exposed to the
Lorentz force and the emitted light concentrates at the left edge of the image. As the image of
the beam changed substantially when introducing a magnetic field, it can be concluded that the
structure visible in figure 3.27 is the electron beam.

Additionally, it is necessary to evaluate if electrons are confined in the Gabor lens. Therefore,
it is useful to detect the loss currents on different surfaces. The measurement setup was expanded
by several ampere meters which are measuring the loss currents on different surfaces, compare
figure 3.28. Here, Il, s measures the electron losses on the grid, the source casing and the vacuum
vessel before the insulating flange. Il, a measures the losses on the anode. Il, o is calculated from
the bias current, IBIAS, and the previously mentioned loss currents. The sum of all currents in
equilibrium should be zero, therefore we can note the current balance:

IBIAS = Il, s + Il, a + Il, o

If electrons are inserted into the Gabor lens, there should not be instantaneous losses in longitu-
dinal direction. Once the maximum electron density is reached, the confining potential will be
shielded by the electrons, so that longitudinal losses become possible. In an equilibrium state,
Il, o > 0 should be fulfilled. As losses on the electron source system and losses on the anode are
measured separately, the only possibility for electrons to contribute to Il, o is by escaping the
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Figure 3.24: Here, the ignition parameters have been recorded again with the electron source
located planar to the inner anode surface. The electron beam was not used in this measure-
ment. The potential necessary to ignite the lens at a given magnetic field is higher than during
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Figure 3.25: Ignition parameters along the work function with He as residual gas. L = 97 mm.
The electron source was not used.

confinement longitudinally. Measuring the currents with different configurations revealed that
Il, s is predominantly in the order of magnitude of IBIAS, while Il, a is roughly the difference
between IBIAS and Il, s. As a result, Il, o is in the range of a few µA and, depending on the
experimental parameters, may change signs.

On the independence of electron source loss current and anode current
Calculating Il, o from the other loss currents and the bias current in this way is independent of the
condition of the Gabor lens and independent of the plasma. This can be measured for instance
by increasing the electron current out of the electron source without confinement at a pressure
of 2× 10−7 mbar, which does not modify the anode current. Additionally, the loss currents in
figure 3.28 form closed circuits on the anode and the electron system. Aside from Il, o, they do
not interact with ground and therefore have no influence on the anode current. As Il, o was found
to be very low compared to the other loss currents, compare table 3.2, the electron beam does
not influence the anode current directly in a significant magnitude. Instead, if beam electrons
are confined and aid in residual gas ionization, the resulting ions and loss electrons on the anode
contribute to the anode current. Both ions and electrons contribute in the same way to the loss
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Figure 3.27: CCD image of the electron beam. Left: without magnetic field, right: transversal
magnetic field of 7 mT. p = 1× 10−4 mbar (Argon)

current, since positive ions are extracted by the anode potential out of the Gabor lens towards
ground and electrons are drawn towards the anode. Both effects can be understood as a current
from anode to ground. Therefore, any response of the anode current due to a modification in
the electron beam in this setup corresponds to the confinement of electrons.

Nonetheless, the transient time of the system until an equilibrium is reached might be very
short, so that only the equilibrium state is observed. In an equilibrium, the longitudinal loss
current may be close to zero, as the electrons have to gain roughly:

Eescape ≈ eΦA −
e2R2

A

2ε0
n− eUBIAS

Eescape ≈ 4000 eV − 705 eV − 200 eV = 3095 eV

Here, an enclosed electron density of 1× 1013 /m3 was assumed in compliance with the measure-
ment results in table 3.2 in order to achieve a rough estimate of the escape energy. The second
term in the escape energy takes into account that the potential is reduced by a cloud of electrons
of density n. Therefore, the losses that balance the electrons inserted by the electron source
are probably located on the anode. Furthermore, it has been observed that by increasing the
magnetic field, Il, a decreases and Il, s increases in such a way that both changes cancel out and
the longitudinal loss current is not modified within the limits of resolution.
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Figure 3.28: Circuit diagram: Measurement of loss currents.

3.3.2 Results

One of the intentions of this thesis is to investigate the effect of an electron source on the ignition
behaviour of the Gabor lens. For the following description of the measurement process, compare
figure 3.29. First, a fixed point on the work function of the lens is approached in terms of
potential ΦA = 4 kV and magnetic field B = 5.02 mT, but a very low residual gas pressure
around 2× 10−7 mbar prevents natural ignition. Then, the pressure is increased using He gas
until ignition is observed as a step in the current of the anode power supply (point 1). Afterwards
the electron source is activated and set to a state of high current (If = 2.5 A, UBIAS = 100 V,
UGATE = 128 V, L = 85 mm). Then the pressure is increased, until a change in the anode current
is observed.

Contrary to the previous measurement, no step in the anode current is measured, but a linear
increase is observed. The data is taken at the beginning of the linear segment of the current
increase (point 2). The pressure is increased further until the pressure of natural ignition is
reached (point 3). At a higher pressure than before, a step in the anode current is observed
(point 4). Afterwards, the conditions (potential, magnetic field and pressure) at point 3 were
implemented with the electron beam and therefore without the ignited plasma in the Gabor lens.
Following that, the potential has been increased in steps of 100 V until ignition was observed.
The results are collected in table 3.2.

Contrary to previous expectations, the electron source prevented ignition at the parameters
of point 3. A halo of electrons similar to 2.8c could shield the inner region of the Gabor lens
from the potential of the anode, so that at the given parameters of point 3, not enough energy
could be supplied by the anode potential in order to provide ignition conditions. Increasing the
anode potential should compensate this shielding effect. Furthermore, ∆Φ = Φpoint 5 − Φpoint 2

should be equivalent to the depression of the anode potential due to a confined electron density,
so an electron density could be calculated from this potential difference similar to the evaluation
of the impulse spectrometry measurement with the use of equation (2.1).

The ignition measurement shows that an electron beam suppresses ignition in the classical
interpretation. Instead, a new slow type of ignition is observed. With the electron beam active,
the anode current begins to rise at a lower pressure than the pressure at the classical ignition
point, so the conductivity between anode and ground is non-zero. In this case, some charge is
transported from anode to ground, which is an indicator for free ions and electrons confined
in the volume of the Gabor lens. Note that most electrons inserted by the electron source do
not contribute directly to the anode current, as they form a closed circuit from electron source
to anode, which are again connected via the HV supply for the electron source system in the

64



 0

 50

 100

 150

 200

1x10-5 2x10-5 3x10-5 4x10-5 5x10-5 6x10-5

1
2

3

4

5

I A
 /
 µ

A

p / mbar

egun on, 4700 V
egun on, 4000 V
egun off, 4000 V

Figure 3.29: Sketch of the measurement events during the ignition measurements. 1: Natural
ignition without electron source active. This point is identified by the step in the anode current.
2: If the electron source is active, the anode current begins to rise slowly at a smaller pressure than
the natural ignition. 3: The anode current continues to rise until the parameters of the natural
ignition are reached. 4: A step in the anode current occurs at a higher pressure than before.
Also, the anode current is higher. 5: With the electron source being active, the parameters of 3
are applied and the anode potential is increased, until a step in the anode current is observed.

configuration shown in figure 3.28. Only Il, o contributes to the anode current.

Comparing table 3.2, the resulting longitudinal loss current Il, o is negative. This could be
explained by positive ions impacting on the electron source, since they might be attracted by the
negative potential of the electron beam. Ions impacting on the electron source increase Il, s. The
measurement results at point 4 indicate that ions could be the reason, since Il, s is larger than
IBIAS. As IBIAS is the current extracted from the filament, it is expected that no loss current
can be larger than IBIAS.

In conclusion, the ignition process with a electron beam shows large differences to a con-
ventional ignition process. Due to the electron beam, accumulation of electrons starts at lower
pressures than classical ignition. There is no peak in the anode current until the classical igni-
tion pressure is reached. Instead, the anode current is increasing monotonously. At the classical
ignition pressure, the confined electron density with and without electron source are equal within
the precision of the density measurement.

Since the measurement of the impulse spectrum had to be conducted within a very short
time, the density of samples in the spectrum is comparably low, leading to a uncertainty in the
density measurement of roughly 1× 1012 1/m3.

Increasing the pressure past the classical ignition point led to a further increase of the anode

# UA [V] p [mbar] (He) IA Pf [W] IBIAS Il, s Il, a Il, o ne [1/m3]

1 4000 3.95× 10−5 12 0 0 0 0 0 7.70× 1012

2 4000 1.72× 10−5 1-2 6.52 2763 2720 43 0 5.55× 1012

3 4000 3.94× 10−5 13 6.58 2668 2640 47 -7 7.70× 1012

4 4000 5.75× 10−5 150 6.54 2849 2970 91 -212 1.39× 1013

5 4700 3.94× 10−5 103 6.58 2730 2750 10 -30 1.36× 1013

Table 3.2: Results of the ignition measurement at 4 kV and 8.91 A/5.02 mT, compare figure 3.29.
The electron source is operated at UBIAS = 100 V, UGATE = 128 V. As IBIAS is the current
emitted by the filament, measurement 4 indicates a large error in measuring the other currents,
because the loss current in the source is already larger than the bias current. All currents are
measured in µA.
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Figure 3.30: Ignition pressure with respect to the position of the electron source.

current until a step in the current was observed. Since the simulations indicated that the electrons
would form torus shaped clouds it was postulated that such a formation is shielding the anode
potential, so that not enough energy for the ignition process is available in the plasma. Starting
with classical ignition pressure and increasing the potential led to ignition at 4700 V. This
indicates, that the shielding effect of a torus cloud indeed suppresses ignition at the classical
parameters.

Nevertheless, since the anode current is larger than the base current, using the electron
source introduces electrons that are confined in the Gabor lens. Furthermore, the ions used tor
the density measurement indicate residual gas ionization processes in such a configuration.

3.4 Influence of the position of the electron source on the
ignition behaviour

During the diode measurements, it was observed that the Gabor lens is unable to ignite at
potentials below 8 kV with a magnetic field of B = 7.1 mT and pressures below 10−4 mbar if the
electron source is penetrating deep into the plasma chamber, for instance at L = 40 mm. In order
to examine the effect of the position of the electron source on the ignition properties, the potential
was fixed to 4 kV and the magnetic field to 5.02 mT on the work function. Then the pressure
was increased using He until ignition was observed. This was repeated for various positions of
the electron source. The results are displayed in figure 3.30 with respect to the position of the
electron source rg. The position parameter L is proportional to the radial position of the front of
the electron source rg, compare equation (3.2). As the source is inserted into the plasma volume,
the volume available for confinement is truncated.

In order to understand the effect of the electron source, the ideal gas law for the inner volume
that is not yet truncated by the electron source has to be considered.

pV = NkBT

Assuming that in order to perform ignition, the number of residual gas particles in this volume
has to be kept constant, and further assuming that there is no change in temperature, the ideal
gas law can be written as:

p =
const.

V
=

const.

lπr2
g

Here, rg is the radius of the electron source. This function is fitted to the data and the result is
shown in figure 3.30. Following this theory, the decrease in volume available for plasma ignition
can be compensated by increasing the residual gas pressure. Therefore, a given absolute amount
of residual gas particles has to be present so that the system can be ignited. It has been shown
at IAP by conducting measurements on several Gabor lens systems that decreasing the volume
of a Gabor lens leads to an increase in ignition pressure [23].
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Figure 3.31: Response of the anode current on the electron beam. For each value of L, the
pressure has been adjusted to a value slightly before ignition, compare figure 3.30. It was not
possible to adjust the pressure accordingly for L = 60 mm, since the pressure would have exceeded
the upper limit of the pumping system.

3.5 Electron beam induced ignition

As mentioned before, the positive effects of electrons inserted into a Gabor lens in terms of
ignition behaviour and increase of the electron density enclosed in the plasma trap are subject
to investigation in this thesis. Before, the classical ignition behaviour has been investigated with
respect to the presence of an electron beam in section 3.3.2. Now, the electron beam is supposed
to be the driving force behind ignition. The Gabor lens is operated at a state close to ignition,
thus, 4 kV potential and 5.03 mT magnetic field are applied. The electron source was moved to
several positions and a slightly smaller pressure than the corresponding ignition pressure was
applied to the system, compare figure 3.30. The electron source was operated at UBIAS = 170 V
and UGATE = 218 V. During the measurements, the current of the anode power supply IA was
recorded with respect to the heating of the filament (figure 3.31) and with respect to loss current
on the anode Il,a (figure 3.32).

It can be observed that during the measurements, IA is increased up to 35 µA, which can be
identified as ignition. This is the maximum current for all tested positions and is limited by the
current that is inserted by the electron source, which is kept constant. As a result, ignition of
the Gabor lens utilizing an electron beam in order to compensate a lower pressure than usually
required is possible. Comparing figure 3.32, the current extracted from the electron source is
larger than the anode current. Therefore, in theory, the anode current may be a part of the
source current and not the result of ignition. The bisectrix indicates that the anode current is
larger than the loss current for L = 60 mm and L = 70 mm, so for these results, the anode current
is larger than the electron loss current. Thus, ignition is observed. Concerning the remaining
measurements, the independence of loss current and anode current is furthermore thoroughly
discussed at the end of section 3.3.1.

Repeating this experiment at the minimal pressure of 2× 10−7 mbar does not yield any
increase of IA with respect to Il,a. Therefore, the response in the measurement described by
figures 3.31 and 3.32 is due to residual gas ionization via the electron beam.

The black curve in figure 3.31 was recorded with a much lower pressure relative to the ignition
pressure than the other measurements, as the pumping limit was reached. Therefore, this curve
shows the onset of the ignition via the electron source. If the pressure was larger, the curve
would be congruent with the other measurements in this figure.

3.6 Density boosting

Besides aiding the ignition process, the electrons inserted by the electron source are supposed to
increase the electron density inside the Gabor lens during conventional operation. In addition,
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Figure 3.32: In comparison to figure 3.31, the same measurement results are plotted against the
electron source loss current on the anode Il,a.
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Figure 3.33: Comparison between the densities in the Gabor lens with and without electron
beam with respect to the potential difference between anode and electron source.

the simulations presented in this thesis indicated that a potential difference between the anode
and the electron source is beneficial for the resulting amount of confined electrons. The electron
source was positioned at L = 90 mm and He was used as residual gas at a pressure of 6.5 to
6.7× 10−6 mbar.

A second high-voltage power supply was used to adjust the voltage of the electron source
separately from the anode. Therefore, the anode and electron source system were disconnected.
As a result, it is not possible to measure Il,a in this configuration. The density was measured by
obtaining a momentum spectrum of the residual gas ions, finding the maximum and calculate
the potential depression due to confined electrons. As discussed before, the potential difference
corresponds to the density of the electrons confined in the Gabor lens. The results of this
measurement are shown in figures 3.33 and 3.34.

The potential difference is chosen in such a way that the potential of the anode is 4 kV and the
potential of the electron source system is lower than the potential difference. The electron source
was operated at UBIAS = 170 V and UGATE = 218 V with If = 2.6 A. During the measurements,
the points for both curves were measured in an alternating pattern by switching the heating of
the filament on or off. In this configuration, the potential difference contributes to the kinetic
energy of the electrons as well as the extraction out of the electron source. Therefore, this effect
can probably not be replicated by increasing the energy of the electrons by modifying UBIAS.

It can be shown that a potential difference of 100 V between anode and electron source
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Figure 3.34: Percentual difference between the density measurement with and without electron
source. Positive values indicate a density increase with the electron beam.

leads to a density increase of approximately 14 % independent of the density boosting effect
of the electron beam. Comparing the boosted density with the non-boosted density, there is
only a minor difference in the measured density of 5 % at most, compare figure 3.34. In certain
configurations, the density is lower with the electron beam active. Especially in the regime of
∆Φ > 100 V, the presence of the electron beam does not make a noticeable difference, as the
density measurement is at the limit of precision in this case. In order to increase the precision,
the momentum spectrum has to be sampled with a smaller step size in the magnetic field of the
dipole, which could be done in a future experiment.

3.7 Ageing effects

If a filament is in use over a longer period of time, a degrading effect can be observed which will
eventually lead to breaking of the filament wire. During operation, the surface of the filament
is severed, leading to a thinner wire over time, observable by the increasing resistance. Hence,
the resistance is plotted against the number of measurements the filament has been used in in
figure 3.35. Furthermore, the maximal temperature that was recorded in the gate ring during
this measurement is plotted for reference as well. As most measurements have a similar duration,
the axis of abscissas in this plot can be interpreted as a non-linearly scaled time axis.

If the temperature increases between two measurements, the resistance in the following mea-
surement is predominantly higher. Nevertheless, sometimes the resistance is lower. Noticeable is
the large peak close to measurement no. 20. The sharp increase in resistance could be explained
by a very large temperature in the measurement just before, which was not the case. Instead, a
short connection cable between filament and power supply had been swapped with a long cable.
This could explain the sudden rise of the resistance as well.

Furthermore, the alumina layer of the gate ring seems to suffer deterioration, as the resistance
between gate ring and electron source casing vanishes after approximately 10 to 20 hours of
operation. Possibly, the oxygen is reduced in a very slow chemical reaction due to the heat of
the filament, and the resulting oxygen molecules are removed from the system by the vacuum
pumps. A comparison between two gate rings at two different times is shown in figure 3.36.
Both gate rings lost the resistance towards the electron source casing at one point during the
experiments. After some time, the resistance recovered but the gate ring was prone to a new
breakdown of the insulation towards ground afterwards. Changing the gate ring, that is swapping
ring 2 with ring 1, ring 2 being the ring that produced a breakdown and was in operation before
swapping, did provide approximately 10 to 20 hours of operation without errors. Afterwards,
ring 1 failed during the measurement. As the gate voltage dropped from 218 V to zero, the bias
current increased tremendously to a little above 8 mA. During normal operation with the gate
ring polarized, 3 to 4 mA of bias current are expected.
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Figure 3.35: Resistance of the filament at the end of each measurement. During the different
measurements, the resistance is increasing. This is an indicator of ageing of the filament. The
maximum temperature measured in the electron source is plotted in red.

Figure 3.36: Comparison between a gate ring 1 (left) and 2 (right). Top: image taken after
ring 2 lost insulation towards the chassis. Ring 2 was replaced by ring 1 in the electron source.
Bottom: image taken after ring 1 lost insulation. The orentation of the rings with respect to the
camera is the same in both images.

3.8 Conclusions of the experiments

During several measurement sessions in Bologna and Frankfurt, the electron source was optimized
for the environment in a Gabor lens by adding a magnetic shield and a gate ring that acts as a
Wehnelt cylinder. If the electron source is operated at a moderate heating power of 6.45 W, 0.8
to 1 mA electron current can be extracted. If the heating power is increased up to 7.15 W, up to
1.4 mA can be provided. Increasing the bias and gate voltages can supply up to 1.3 mA at 6.5 W
heating power.

Furthermore, the electron source suffers from ageing and deterioration effects, as the resistance
of the filament increases over time, which is displayed in figure 3.35. In addition, the gate ring
suffers from breakdowns of the insulation towards the electron source casing after several hours
of operation, compare figure 3.36. As the gate ring is composed of aluminium, the temperature
inside the electron source has to be monitored in order to prevent a meltdown of the gate ring
due to the hot filament. Due to the sensitivity to high temperatures, the continuous operation
time is limited. Measurements of the decaying temperature after operation show that a duty
cycle of at most 15 % can be achieved.
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The electron source has no focussing device after the extraction grid. Therefore the emittance
of the electron beam is presumably immense, compare figure 3.27. For this reason, it is very
difficult to detect the electron beam with the CCD camera. Inserting a focussed beam is very
interesting, as it would allow for easier observation of the way that electrons are inserted into
the volume. Additionally, the bright light emitted by the filament leads to a disadvantageous
signal to noise ratio when taking images with the camera. Therefore, neither the electron beam,
nor the confined electron plasma could be observed precisely.

A photo diode was used in order to measure the brightness inside the Gabor lens with respect
to the heating current of the filament. The brightness distribution, symbolized by the diode
current, did not change with respect to the gate and bias voltages. As a result, diodes may be
used in the future for optical diagnostics of the electron source or the electron plasma, since they
are immune to electron beam exposure up to 0.9 µA.

Concerning the Gabor lens, the ignition parameters pressure, potential and magnetic field
have been examined without the electron source in operation in order to obtain a guideline for
further experiments. Here, only potential and magnetic field values that are part of the work
function were utilized in order to simplify the measurement. These measurements determined
the potential, magnetic field and pressure ranges for the further experiments. Since the ignition
behaviour is dependent on potential, magnetic field and residual gas density and composition,
more measurements than presented in this thesis have to be conducted in order to perform a
proper characterization of the ignition behaviour.

Additionally, the ignition parameters on the work function have been examined with respect
to the position of the electron source. For these measurements, potential and magnetic field
have been held constant and the ignition pressure was measured with respect to the position of
the electron source. Inserting the electron source into the plasma volume hinders ignition. This
effect can be compensated by adding more residual gas atoms to the system by increasing the
pressure. Finally, it was shown that the electron source can be used to supply enough electrons
in order to perform an ignition without the need to increase the potential, magnetic field or
pressure.

Furthermore, the density of the enclosed electron plasma was measured with respect to the
potential of the electron source. Here, applying a potential to the electron source of 3.9 kV with
respect to ground, while the anode is operated at 4 kV with respect to ground, improves the
density of the enclosed electrons by roughly 14 %. Applying the electron beam is also beneficial,
but only improves the density by a maximum of 5 %. In certain conditions, the density “boosted”
by an electron beam is smaller than the density measured without electron beam.
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Summary

During the course of this thesis, several simulations were conducted in order to evaluate four
strategies of injecting an electron beam into a Gabor lens. First, an auxiliary coil was investi-
gated, which was supposed to bend the magnetic field lines so that injection was possible. This
configuration breaks the symmetry in the magnetic field. Since it was shown later simulations
that the auxiliary coil was not necessary, it was not installed during the injection experiments.

Second, a cusp-shaped magnetic field was investigated, breaking the transversal confinement
of the Helmholtz coils. This led to increased electron losses. A third coil was added in cusp
configuration in order to achieve a configuration close to the original one used by Gabor. Here, a
confining region was supposed to act as an reservoir for electrons, while the cusp region was meant
to allow easy insertion of electrons. Due to the cusp, electron losses were immense. The fourth
configuration utilized a µ-metal shield in order to attenuate the transversal magnetic field by
the Gabor lens. This strategy delivered promising results. Therefore, the shielded configuration
was further investigated with the help of the particle-in-cell code bender. Adding space charge
effects to the simulations revealed confined electrons that were filling the plasma volume nearly
homogeneously.

With the help of the simulations, a new anode with four ports was designed and integrated
into the Gabor lens test stand in Frankfurt. In order to prepare an electron source for the
conditions in the Gabor lens, measurements in Bologna were scheduled and revealed necessary
modifications to the electron source, such as adding a Wehnelt cylinder to the filament chamber.
After the electron source was ready for the experiments, it was installed into the newly designed
anode and a high-voltage terminal was designed to carry the power supplies necessary for the
operation of the electron source.

In the following experimental period, the electron source was thoroughly characterised, es-
pecially the electron current with respect to several parameters. During a joint measurement
session with the researchers from Bologna and Frankfurt, measurements concerning the electron
beam assisted ignition behaviour were commissioned and various interesting results obtained,
which will be the subject of further investigations. Additionally, the effect of the electron source
on the ignition properties has been examined, especially the effect of the position of the electron
source and the potential difference between source and anode on the ignition behaviour.

Finally, it was shown that the electron source can be used to ignite a sub-critical plasma
and that the electron beam is increasing the number of electrons in the enclosed plasma, thus
boosting the plasma density in certain regimes. Furthermore, it was shown that a potential
difference between anode and source is beneficial to the enclosed electron density regardless of
the electron beam being present or not.

Although promising results were obtained, further measurements need to be conducted in
order to characterise the new system. The aforementioned measurements have to be repeated at
different points on the work function, for example 4.5 kV and 5 kV with corresponding magnetic
fields. Furthermore, the electron source needs to be upgraded in order to withstand higher
temperatures and allow for a long, continuous operation. Therefore, a cooling system may be
integrated into the electron source. Small scale water cooling systems are available commercially,
but the integration of water cooling into the tiny electron source will prove to be challenging.
Alternatively, the gate ring may be replaced by an insulating macor ring with metallised interior
which is put on gate potential. If performed correctly, the metallisation is stable up to the
melting temperature of the processed metal. A different strategy involves a smaller outer ring
crafted from macor for the insulation and an inner ring composed of stainless steel for the gate
potential. A cheaper and faster alternative could be replacing the alumina layer with a layer
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of lacquer that is heat resistant up to 300 ◦C, which is commercially available. While this is
probably not a long term solution, applying the lacquer is less complicated and elaborate than
renewing a broken alumina layer. Therefore, the lacquer can deliver an intermediate solution.

In addition, the extracted current needs to be increased in order to check if the plasma can be
ignited at a lower pressure than shown in these measurements. It is also interesting to investigate
the effects of a focussed electron beam; therefore, some kind of focussing device should be added
to the electron source.
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