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Abstract

Plasma is the forth state of matter after solid, fluid and gas and consists of ionized gas.
Most experiments in plasma physics study systems in which one species (the positively
charged ions) is significantly more massive than the other (the negatively charged elec-
trons); this results in different fundamental length scales and timescales for the dynamics
of the different species. This means in contrast, a quasi neutral pair plasma, where the
opposite charges have the same mass, is expected to behave fundamentally differently.
Even though such a system appears to be intriguingly simple, its creation is demanding.
Theoretical research on this topic has been published for over four decades, but the ex-
perimental demonstration of a long–lived cold magnetized pair plasma is still pending,
mainly because of the low availability of positrons, the anti–particles of electrons which
have identical mass but opposite charge.

The work presented here describes novel techniques en route to confining such a system.
Positrons provided by the high–intensity source NEPOMUC (NEutron induced POsitron
source MUniCh) are injected and trapped inside the confining field of a prototype ma-
gnetic dipole trap. Following the demonstration of lossless injection and long confinement
times, the next step is to establish a combined system of electrons and positrons, which
is the main focus of this thesis.

The confining volume is surrounded by a number of electrodes that tailor the electro-
static potential landscapes and a pair of E×B plates induces the required drift motion
that allows the particles to transition from the guiding field lines onto the closed fields
lines of the confining magnet, where they become mirror–trapped. Two approaches were
demonstrated to combine electrons and positrons.

The first strategy establishes an electron beam parallel to the positron beam, and both
particle species propagate alongside each other towards the confining field. While the E×B
drift direction is independent of the sign of charge, the electric fields ensuring efficient
positron injection are attractive to electrons and therefore disruptive for the injection of
the electron beam. Nevertheless, it was demonstrated that such a simultaneous injection
is feasible and both particle beams were measured after a 180° toroidal drift around the
magnet. Since the particle densities using this approach are too low to observe interactions
between the particles, the second approach instead creates a dense electron cloud. With
a Debye length of (2± 1) cm directly inside the confining field. This establishes a space
charge as low as −58 V. Using the same principles as before, the positrons are injected
into this electron cloud. Newly implemented diagnostics allow the detection of both spe-
cies. It was demonstrated that even though this electron cloud significantly changes the
electrostatic potential landscape, the efficient positron injection was not only maintained
but the range of possible injection parameters was also extended.



Abstract

These findings advance our understanding of the confinement in dipole traps and re-
present an important proof–of–principle demonstration towards the confinement of a
low–energy laboratory pair plasma.
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Zusammenfassung

Der vierte Aggregatszustand nach fest, flüssig und gasförmig wird als Plasma bezeichnet
und besteht aus ionisiertem Gas. Die meisten Experimente der Plasmaphysik untersu-
chen Systeme in denen die eine Ladungsträgerart (positiv geladene Ionen) eine signifi-
kant höhere Masse als die andere (negativ geladene Elektronen) besitzt. Dies führt zu
fundamental unterschiedlichen Längen und Zeitskalen in der Dynamik der Teilchenarten.
Im Umkehrschluss bedeutet dies, das bei einem neutralen Plasma, dessen Ladungsträger
die gleiche Masse besitzen vollkommen andere Eigenschaften zu erwarten sind. Obwohl
ein solcher Zustand faszinierend einfach erscheint, gilt dies nicht für dessen Erzeugung.
Theoretische Forschungsergebnisse auf diesem Gebiet wurden über vier Jahrzehnte hin-
weg veröffentlicht, allerdings stehen experimentelle Ergebnisse zu kalten Paar Plasmen mit
langer Lebensdauer noch aus, was zum Großteil and der geringen Verfügbarkeit der Po-
sitronen, den Antiteilchen der Elektronen, welche die selbe Masse aber die Gegensätzliche
Ladung haben, liegt.

Diese Arbeit beschreibt neuartige Techniken die zu einem solchen System hinführen
werden. In unserem Fall wurden die positiven Ladungsträger in der hoch intensiven
Positronenquelle NEPOMUC (NEutron induced POsitron source MUniC) erzeugt und
schließlich in das Magnetfeld eines Dipol Permanentmagneten eingeschossen und einge-
schlossen. Nach der Demonstration der verlustfreien Injektion sowie langer Einschlusszei-
ten, war der nächste Schritt die Kombination von Elektronen und Positronen. Letzteres
stellt den Hauptfokus dieser Dissertation dar.

Das Volumen des Einschlussfeldes ist von Elektroden umgeben, welche eine optimier-
te elektrostatische Potentiallandschaft erzeugen. Ein Paar E×B Platten erzeugt den
benötigten Drift der es den Teilchen erlaubt von den Feldlinien des Führungsfeldes auf die
geschlossenen Feldlinien des Einschlussfeldes zu queren, in dem sie schließlich durch das
Prinzip eines magnetischen Spiegels gefangen werden. Es wurden zwei Ansätze verfolgt
um die Teilchen zu kombinieren.

Beim ersten wird ein Elektronenstrahl erzeugt, der sich parallel zum Positronenstrahl
in Richtung Dipolfeld bewegt. Während der E×B Drift unabhängig von der Ladungsart
ist, wirken die Felder die auf eine effiziente Positronen Injektion optimiert sind anziehend
und somit störend. Trotzdem konnte gezeigt werden dass das zeitgleiche Einschießen
beider Teilchenarten möglich ist indem beide nach einem 180° Drift um den Magneten
detektiert wurden. Allerdings sind die Teilchendichten bei diesem Ansatz zu niedrig um
Wechselwirkungen zu beobachten. Beim zweiten Ansatz wird daher eine Elektronenwolke
mit einer Debye Länge von (2± 1) cm direkt im Einschlussfeld erzeugt, die eine Raum-
ladung von bis zu −58 V erzeugt, während Positronen weiterhin auf die gleiche Weise
eingeschossen werden. Es wurden neue Diagnostiksysteme implementiert, die in der Lage
sind beide Teilchenarten zu detektieren. Ferner wurde gezeigt, dass diese Elektronenwol-
ke, obwohl sie die elektrostatische Potentiallandschaft signifikant verändert, die effiziente



Zusammenfassung

Injektion von Positronen nicht nur erhalten hat, sondern den Parameterbereich der diese
ermöglicht, sogar erweitert hat.

Diese Ergebnisse erweitern unser Verständnis vom Teilcheneinschluss in Dipol Fallen
und stellen einen wichtigen Zwischenschritt auf dem Weg zu einem Niedrig-Energie Labor
Paar Plasma dar.
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1 Introduction

A state of matter which appears to be rather exotic in our daily lives, in-fact makes up
around 99% of the visible mass in the universe. This fourth state of matter, besides
solid, fluid and gas, is called plasma. The atoms are ionized and the charged particles
are separated from each other. Conventionally, the positive charges are constituted of
atomic nuclei, while the negative charges are the much lighter electrons. The largest
fraction of research projects in plasma physics are engaged in the study of such electron-
ion plasmas. During the past decades, knowledge in this field has made a tremendous
amount of progress which was driven in large part by the pursuit of nuclear fusion for
electric power production.

In such a plasma, the mass ratio of the two types of charged particles is very large
(at least a factor of mp/me ≈1836 when considering protons and electrons), which is the
origin for many of its complex properties. Consequently the question arises ”how are
these properties changed, when the particles in the plasma have the same masses?”.
Attempts to answer these questions motivate the still comparatively unexplored field of
pair plasmas. An outstanding system, consisting of electrons and positrons is predicted to
possess unique characteristics [1] in terms of plasma oscillations, waves and interactions
with electromagnetic waves, and confinement. Figuratively, a perturbation induced to a
pair plasma causes both charges to react with the same response time, while the heavy
ions in a classical plasma respond in a delayed manner. The effects of electromagnetic
waves exerted on plasmas are diverse and dependent on the mass ratio of the particles,
the charge density and the frequency of the incoming waves. The Clemmow-Mullay-Allis
(CMA) diagram [2] illustrates an overview of these effects by representing wave types,
boundaries of resonances and cutoffs of waves in relation to the applied magnetic field
and the particle density. The vertical axis represents the magnetic field (ωce/ω ∝ B0) and
the horizontal axis the density (ω2

pe/ω
2 ∝ ne). Figure 1.1a shows such a CMA diagram

for an electron-ion plasma and Figure 1.1b shows how the number of distinct plasma
modes is drastically reduced when the mass ratio of the charges is unity [3]. Theroetical
investigations for such pair plasmas indicate that electrostatic instabilities resulting in
turbulences and transport in classical plasmas, are mostly absent [4] and that the stability
properties still hold true if applied to geometries that are experimentally significant, such
as a dipole magnetic field [5].

One of the motivations for investigating this special type of plasmas with equal mass
particles is their relevance to astrophysics. It is expected that such pair plasmas are
confined in the magnetospheres of astronomical objects, such as pulsars or black holes,
being the origin of gamma ray bursts [6]–[8]. Such radiation phenomena consist of an
optical flash that originates from synchrotron radiation of the relativistic plasma, and
a flash in the GeV spectrum that is produced by pairs of annihilating electrons and
positrons [9].



1 Introduction

Figure 1.1: CMA diagram to illustrate the variety of plasma properties in the case of
an electron-ion plasma (a) or a pair plasma [3].

Various experiments to create laboratory pair plasmas have been performed so far. In
one implementation the plasma is formed by positively and negatively charged fullerene
ions [10]. A different approach uses relativistic electrons and positrons that are pro-
duced through pair production from the Bremsstrahlung of laser accelerated electrons
[8], [11]. For our purposes of exploring magnetized pair plasmas however, the masses of
the fullerenes are too large and the lifetime of a relativistic plasma too short. Conse-
quently, we aim for the confinement of low energy electrons and positrons. Establishing
a long-lived, magnetically confined version of such an electron-positron pair plasma in
a laboratory is a challenging task and its experimental demonstration is still pending.
Especially creating a sufficiently large amount of positrons to establish a plasma is a
very demanding process, even though positrons are the lightest anti-matter particles and
therefore the easiest to come by. However, if this venture succeeds, numerous novel fields
of research open up.

Since their prediction by Paul Dirac [12] and their discovery by Carl D. Anderson [13],
who was awarded the Nobel Prize for this finding, positrons are already widely used as
non-destructive probes to investigate the electronic structure and lattice defects of solids.
To get as close to the required numbers of positrons as possible with the currently available
system, our experiment is fed by the world’s most intense positron source NEPOMUC
(NEutron induced POsitron source MUniCh) [14] that delivers a continuous positron
beam with (for us relevant) particle fluxes in the range of 107 e+ s−1 when set to an
energy of 5 eV.

The APEX (A Positron Electron eXperiment) collaboration aims to magnetically con-
fine an electron-positron pair plasma [15], [16]. The overall strategy to obtain this is
partitioned into a number of sub-experiments (see Figure 1.2) that will ultimately be
merged. The first component is the high-flux NEPOMUC positron beam. To allow a
pulsed beam with an increased positron number per pulse, it will be guided into a buffer
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gas trap system (BGTS) that slows down the positrons through collisions with neutral gas
before storing them in a Penning-Malmberg trap [17]. The amount of positrons that can
be stored in one trap is restricted by the space charge potential created by the trapped
particles. To allow the accumulation of even higher positron numbers (1010 e+), the in-
tense pulsed positron source (IPPS) excites diocotron modes of the incoming positron
pulses to store those in a number of parallel Penning-Malmberg traps. From here, the
positrons will be injected in the field of either of the two confinement devices that are
currently parallel under development: an optimized stellarator (EPOS) [18] or a future
levitated superconducting dipole of APEX.

Figure 1.2: Overview of the complete APEX/EPOS project. Positrons from the reactor-
based NEPOMUC source will be injected into a buffer gas trap system (BGTS), where the
continuous beam will be stored using a buffer-gas trap and an accumulator. A high-field
multicell trap (Intense Pulsed Positron Source, IPPS) stores large quantities of positrons
(up to 1010 e+). Subsequently, the intense pulsed beam will be injected either into the
field of a levitated superconducting dipole (APEX) or an optimized stellarator (EPOS)
[16].

Currently however, a prototype trapping device is used to investigate the required
techniques in a simplified environment. Hereby, the continuous NEPOMUC positron
beam is injected directly into the confining field established by a cylindrical permanent
magnet using a cross field E×B drift. Tailored magnetic and electrostatic fields permit a
lossless injection of positrons [19], long confinement times [20], the radial manipulation of
their orbits [21] and the injection of beams with various energy distributions and spatial
extents [22]. These milestones were achieved as a group effort of the APEX (A Positron
Electron eXperiment) collaboration that the author is part of. The main focus of the
present thesis was to extend the capabilities of the APEX setup towards the next step
en route to a pair plasma, the combination of electrons and positrons.

3



1 Introduction

The thesis is structured as follows: In Chapter 2, a brief introduction is given to the
theoretical background concerning the behavior of charged particles in magnetic and elec-
tric fields, basic plasma properties and the creation of positrons. Chapter 3 describes the
physical implementation of the various instruments used for acquiring the experimen-
tal data, such as the positron source and the working principles of the diagnostic tools.
Chapter 4 shows in detail the experimental setup including the individual components
and provides a brief overview of the capabilities of the custom made data acquisition soft-
ware. Chapter 5 describes the first successful attempt at injecting a mixture of electrons
and positrons in APEX. Hereby, an electron source is placed inside the beam line, in close
vicinity to the positron beam to create a second, parallel particle beam [23]. The two
beams are co-injected into the confinement region using the fields, tailored for lossless
positron injection. In Chapter 6, an alternative route to combine both particle species is
pursued. Rather than using the inefficient parallel electron injection process, an alterna-
tive electron source, made of a tungsten coil, serving as a thermionic electron source is
placed directly inside the confinement region. This leads to a significantly higher electron
number in the trap, that even qualifies as a non-neutral plasma, and establishes a negative
space potential with a Debye length in the cm region. The positrons are then injected
into this electron cloud. Extensive measurements on the parameters relevant for the
positron injection, while using novel diagnostic tools are presented. It was demonstrated
that the space potential does not inhibit the lossless injection of positrons, but enhances
for certain configurations the injection parameter range. As the permanent magnet de-
vice temporarily serves as a prototype trap to develop the required techniques, at last,
chapter 7 summarizes the main results of this thesis and describes the next steps that
will be pursued to achieve the final goal of a confined, long-lived, cold electron-positron
pair plasma.

4



2 Theoretical Background

2.1 Dipole Magnetic Field

A dipole magnetic field is a simple configuration that can serve as a confinement device.
In this work, a cylindrical permanent magnet provides the magnetic field, that confines
both electrons and positrons. Due to its simplicity, it is the optimal prototype test device
to explore the techniques of particle injection, confinement and orbit manipulation in a
dipole magnetic field. Figure 2.1 shows an image of such a magnet. The colored lines
represent the equipotential surfaces of an electrostatic bias applied to the magnet, while
the red line shows the trajectory of a magnetically confined particle. The movement of
particles is dominated by magnetic mirroring, the curvature and gradient of the static
magnetic field and due to the presence of an electrostatic potential, E×B drift and elec-
trostatic reflection. An analytical description of these effects is provided in the following
section.

Figure 2.1: Illustration of a permanent magnet (gray cylinder) with its magnetic poles
on the flat sides, providing a confining field. It is set to a potential (colored equipotential
surfaces) with a sample trajectory of a trapped particle (red line).



2 Theoretical Background

2.2 Single Charged Particles in Electric and Magnetic Fields

Although the ultimate goal of the APEX collaboration is to produce a confined pair
plasma, the positron particle densities are so low that they do not interact with each
other and their movement in vacuum is dominated by the interaction with electric and
magnetic fields. Therefore, the trajectories of the positrons in this work are best described
by focusing on the individual trajectories of single particles. The following section shall
summarize the physics background of such interactions and is mainly based on Plasma
Physics, by A. Piel [24].

2.2.1 Cyclotron Motion

When placing a particle with the charge q in an electric field E, it experiences the force
FE ,

FE = q ·E. (2.1)

Further, when placed in the magnetic field B, the force FB is exerted onto same particle
while moving with the velocity v,

FB = q(v ×B). (2.2)

By superposing this magnetic and electric force, one gets the Lorentz force

F Lorentz = mv̇ = q(E + v ×B). (2.3)

Depending on the configuration of the electrostatic and magnetic fields and the charge
and velocity of the particle, its motion exhibits various characteristics.

First, we assume a purely magnetic scenario (E = 0) with the homogeneous magnetic
field oriented in z direction B = (0, 0, Bz). After calculating the cross product in (2.3),
the Lorentz force in cartesian coordinates is

v̇x = +vy
q

m
Bz

v̇y = −vx
q

m
Bz

v̇z = 0.

(2.4)

Here, the z component vanishes, while the components in x and y direction can be merged
into the differential equation of a harmonic oscillator

v̈x,y = −
(
qBz
m

)2

vx,y. (2.5)

This means the particle with charge q exhibits periodic motion with the cyclotron fre-
quency ωc

ωc =
|q|
m
Bz. (2.6)
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2.2 Single Charged Particles in Electric and Magnetic Fields

Therefore, a particle with a velocity component perpendicular to the magnetic field di-
rection v⊥ performs a circular motion in the x-y plane, with Larmor radius rL.

rL =
v⊥
ωc

(2.7)

Assuming the particle velocity owns both a perpendicular and a longitudinal component,
its trajectory is shaped as a helix, with its rotational direction depending on the parti-
cle charge. Such a movement around a magnetic field line is called gyromotion with a
gyroorbit (Figure 2.2). If such a particle performs a complete circular orbit such that
it does not suffer collisions during such and this orbit is smaller than the scale of the
system, it is referred to as magnetized.

Positron

Electron

B

B

rL

Figure 2.2: Gyromotion of a positron (red) and an electron (blue) with Larmor radius
rL. The rotational direction is inverted when the sign of the charge is changed.

2.2.2 ExB Drift and Guiding Center Approximation

The motion of a (positively charged) particle in a combined electrostatic field that is
perpendicular to a static magnetic field, exhibits an E×B drift. As a simple model, let’s
first assume the two fields to be perpendicular to each other. In this case, the electric field
accelerates the particle during one half circle of its gyroorbit, and decelerates it during the
other half. Consequently, the Larmor radius is different for the two half circles, namely
larger for the accelerating half and a smaller for the decelerating half. This results in a
motion perpendicular to the two fields.

7



2 Theoretical Background

More generally, assume two homogeneous fields in the x-z plane (E = (Ex, 0, Ez) and
B = (0, 0, Bz)). Inserting these fields into Eq. 2.3, the equations of motion for cartesian
coordinates become

v̇x =
q

m
(Ex + vyBz)

v̇y =
q

m
(−vxBz)

v̇z =
q

m
Ez.

(2.8)

The motion in z direction (along the magnetic field) is accelerated. However, the motion
in the x− y plane is independent this and can be regarded separately. By differentiating
the first line from Eq. 2.8, inserting it into the second line and vice versa, the motion in
the x− y plane is written as

v̈x = −ω2
cvx

v̈y = −ω2
c (vy + Ex/Bz).

(2.9)

Here, the motion in x direction represents a harmonic oscillator, while the y component
shows a differential equation for the variable ỹ = vy +Ex/Bz, that propagates constantly
with the velocity −Ex/Bz. The harmonic motion can be re-written as

¨̃vy = −ω2
c ṽy (2.10)

Solving this differential equation for a particle that is initially at rest leads to

vx =
Ex
Bz

sinωct

vy =
Ex
Bz

[cosωct− 1]

(2.11)

While both the directions of the electrostatic force qE and the Lorentz force qv × B
depend on the sign of the charge q, the E ×B drift direction is the same for both signs.
To calculate the drift velocity in vector notation from Eq. 2.3, the left side is set to zero.

0 = E + v ×B (2.12)

multiplying both sides with ×B, one gets

0 = E ×B + (v ×B)×B

0 = E ×B +−vB2 + B(vB)
(2.13)

the last part is zero, as the drift direction is perpendicular to the magnetic field. Therefore,
the equation for the E ×B drift velocity is

v =
E ×B

B2
(2.14)

The calculation of the E ×B drift shows that motions of magnetized particles consist
of two combined types of motion: a gyro- and a drift motion. For our application, we are
mainly interested in knowing the direction the particle moves to and not on its gyration.
As the Larmor radius is generally small and the gyration frequency is high compared to
other spatial and frequency scales of interest, we can neglect the gyromotion and focus
on the motion of the guiding centers of the particles.
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2.2 Single Charged Particles in Electric and Magnetic Fields

2.2.3 Gradient, Curvature and Toroidal Drift

When the magnetic field posseses a gradient, another type of drift motion occurs. Again
we assume a cartesian coordinate system with a charged particle moving in the x-y plane,
a static magnetic field in z-direction and additionally, a graduated magnetic field in y-
direction. The Lorentz force, given for the y component is:

Fy = −qvxBz(y) (2.15)

The magnetic field at the actual position of the particle is Bz(y) and can be approximated
through Taylor expansion with respect to the guiding center

Bz(y) = B0 + y(t)
∂Bz
∂y

. (2.16)

Inserting into Eq. 2.15 leads to

Fy = −qv⊥ sin(ωct)

[
B0 ± rL sin(ωct)

∂Bz
∂y

]
(2.17)

with v⊥ denoting the velocity of the gyrating particle perpendicular to B. The x-
component of the velocity is in-phase with the y-component of the displacement to the
lowest order. This allows expressing both as sin(ωc). The positive solution represents
positively charged particles, while the negative corresponds to negative particles. By
moving B0 outside the bracket, we get

Fy = −qv⊥ sin(ωct)B0

[
1± rL(∂Bz/∂y)

B0
sin(ωct)

]
(2.18)

As the average of the sine function is 0 when applied over one complete period, and the
average of sin2(θ) is 1/2, the function becomes

〈Fy〉 = ∓qv⊥rL
∂Bz
∂y
〈sin2(ωct)〉 = qv⊥rL

∂Bz
∂y

1

2
(2.19)

This averaged force shows that the sign of the charge does not have an influence. This is,
however not the case in the presence of an electric field (E = (1/q)〈Fy〉). Inserting this
into equation 2.14 we obtain for the drift velocity:

v∇B =
1

q

〈F 〉 ×B

B2
= ±1

2
v⊥rL

B ×∇|B|
B2

(2.20)

As the drift velocities show opposite directions for oppositely charged particles, the gra-
dient drift leads to a charge separation.

Another type of drift occurs when the field lines are curved. It can be regarded as a
centrifugal force F c that is exerted on the particle while following a curved field line with
the radius of curvature Rc.

〈F c〉 =
mvz

2

Rc
eR (2.21)
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2 Theoretical Background

eR is the unit vector in direction of the radius of curvature, and vz is the particle’s parallel
velocity. As before, we regard the averaged force over one gyration period. The resulting
curvature drift velocity is

vR =
1

q

〈F c〉 ×B

B2
=
mvz

2

qB2

Rc ×B

Rc
2 . (2.22)

When combining both a curvature and a gradient drift, a toroidal drift results. A
magnetic field inducing such a motion can be obtained for instance through a curved
solenoid or a dipole. The field lines become curved when bending the solenoid, but as the
current leading windings are packed closer on the side of the solenoid with the smaller
radius, a field gradient in radial direction occurs. As the currents inducing the magnetic
field are separated from the considered volume, the magnetic field can be regarded as
irrotational

(∇×B)z =
∂Br
∂s
− ∂Bθ

∂r
= 0 (2.23)

s is the circle segment of the curved field and Rc the radius of its curvature, as shown in
Figure 2.3. Further, we can get from this figure the relation

ds

Rc
= −dBr

Bθ
⇔ 1

Rc
= − 1

Bθ

∂Br
∂s

(2.24)

the last term can be re-written as

1

Rc
= − 1

Bθ

∂Bθ
∂r

(2.25)

by using Eq. 2.23. Further, the magnetic field gradient can be re-written by intruducing
Rc, leading to

∇|B|
|B|

= − Rc

Rc
2 (2.26)

inserting this into the curvature drift equation 2.20 and writing the Larmor radius in full,
we obtain

v∇B =
1

2

m

q

v2
⊥

R2
cB

2
Rc ×B. (2.27)

Finally, the toroidal drift or the total drift in an inhomogeneous curved magnetic field is
represented by the sum of Eq. 2.22 and Eq. 2.27:

vR + v∇B =
m

q

(
v2
z +

1

2
v2
⊥

)
Rc ×B

R2
cB

2
(2.28)
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2.3 Conservation of Magnetic Moment and the Mirror Force

Figure 2.3: Sketch showing the geometric relation between the radius of the field cur-
vature and the field gradient. Figure taken from [24].

2.3 Conservation of Magnetic Moment and the Mirror Force

Magnetic Mirror

When a charged particle propagates into a region with a sufficiently strong magnetic
field, its longitudinal velocity decreases until it is reflected in the opposite direction. This
effect is called a magnetic mirror. When combining the fields of two magnetic devices,
the field is strongest in their vicinity and lowest in the region midway between them.
Charged particles inside such a field, are repeatedly mirrored, and therefore confined.
Such a device is called a magnetic bottle can be implemented as two separated, collinear
field coils with the same magnetic orientation (see Figure 2.4).

Another possibility of implementing such a device uses a single coil or a cylindrical
permanent magnet, as the field lines connect one pole to the other. The field gradient
is hereby similar. Such a device is capable to trap particles as it is shown in Sections 5
and 6. In our application, it combines gradient, curvature, toroidal and E × B drifts.
For simplicity, we now assume the magnetic field to be straight, and the guiding center
of particles to move along a central field line. Further, field lines that are curved due to
a longitudinal increase of the field strength and would therefore induce a curvature drift,
are neglected.

Longitudinal Gradient

When assuming a magnetic field with a longitudinal gradient, the Lorentz force exerted
on a charged particle following this field is parallel to its motion and points from the
stronger to the weaker field. Consequently, the particle slows down until it is eventually
mirrored so that it propagates towards the weaker field. The field in our approximation

11



2 Theoretical Background

Figure 2.4: Sample trajectory of a charged particle (red line) that is reflected multiple
times between two field coils in a magnetic mirror setup. The orange lines represent two
magnetic field coils, the blue arrows show the direction of the magnetic field, their length
represent the strength of the field.

has a longitudinal (z-direction) and a radial r component. Gauss law for magnetic fields
requires its divergence to be zero

0 =∇ ·B =
1

r

∂

∂r
(rBr) +

∂

∂z
Bz. (2.29)

By assuming the last term to be constant at r = 0 and integrating Eq. 2.29, the radial
component of the magnetic field can be approximated as

Br ≈ −
1

2
r

[
∂Bz
∂z

]
r=0

. (2.30)

For a particle with the gyroradius rL, the average Lorentz force exerted on the ring
current in z-direction is then

〈Fz〉 = −1

2
qv⊥rL

[
∂Bz
∂z

]
r=0

. (2.31)

The force on the particle results in an accelerated motion only along the magnetic field
vector. For particles with a guiding center following the field lines, a longitudinal field
gradient does not lead to a drift.

Magnetic Moment

A particle performing a circular orbit can be regarded as an electric ring current. The
product of this current I (charge q with a gyroperiod Tc) and the area of a circle with
radius rL is defined as the magnetic moment µ. The kinetic perpendicular energy of the
particle is W⊥.

|µ| = IA =
|q|
Tc
πr2

L = |q|ωc
2π
π

(
v⊥
ωc

)2

=
mv2
⊥

2B
=
W⊥
B

. (2.32)
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2.3 Conservation of Magnetic Moment and the Mirror Force

According to Lenz’s rule, the magnetic moment is antiparallel to the magnetic field. This
means, that a gyrating particle exhibits diamagnetic properties, as it weakens the ambient
field. Consequently, equation 2.31 can be re written as

〈Fz〉 = −µ∂Bz
∂z

. (2.33)

Adiabatic Invariants of the Magnetic Transport

The previously listed correlations explain the behaviour of a charged particle in signifi-
cantly strong field gradients. The integral over the action of a periodic orbit is a conserved
quantity. If this action is weak, and we are therefore assuming the field gradients to be
small, the orbits are nearly periodic and the action interval becomes an adiabatic invariant

Magnetic Moment

In the concept of a guiding center, there is no radial magnetic field. Further, a time-
invariant magnetic field does not change the kinetic energy. Therefore, the magnetic
moment is conserved in an adiabatically altered magnetic field

dµ

dt
= 0. (2.34)

Mirror Effect

As mentioned before, the dipole trapping concept employed during this work involves the
effects of a magnetic mirror. In this particular case, the field of a cylindrical permanent
magnet is used. Following its magnetic field lines from the equatorial plane to one of the
poles, the magnetic field strength increases. A similar type of field is established by the
earths magnetic field. Two field coils on an axis can also create a field with comparable
trapping characteristics, as the field strength is lowest in the center between those coils

B0 and highest at the coils Bm. A trapped particle owns the velocity v⊥ =
√
v2
x + v2

y

perpendicular to the field line and vz along the field line. Using the conservation of energy
we can write

v2
⊥ + v2

z = v2
⊥0 + v2

z0 = v2
0. (2.35)

The conservation of the adiabatic invariance, using Eq. 2.32 leads to

v2
⊥
B

=
v2
⊥0

B0
(2.36)

A particle approaching a higher magnetic field region, increases its gyrofrequency, while
the parallel energy is reduced because of its diamagnetic behavior. If the parallel en-
ergy vanishes before the particle reaches the point of maximum magnetic field Bm, it is
reflected. Inserting this point of vanished parallel energy vz = 0 and the initial perpen-
dicular velocity at the symmetry plane v⊥0 = v0 sin θ into Eq 2.36, we get

0 = v2
z = v2

0

(
1− B

B0
sin2 θ

)
. (2.37)
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This implies that the point where the particle is reflected only depends on its starting
angle with respect to the magnetic field θ. Consequently, all particles with a starting
angle θ > θm are reflected, while particles with θ < θm are lost and form the so called
loss cone in velocity space:

θm = arcsin(
√
B0/Bm) (2.38)

The argument of the square root is called the mirror ratio Rm = Bm/B0. Large mirror
ratios result in small loss-cone angles and a high confinement quality of the magnetic
mirror.

Longitudinal and Flux Invariant

The motion of a confined particle in a magnetic mirror is dominated by three invariants.
First, the already explained magnetic moment that is associated with a high frequency
periodic gyromotion. Second, the longitudinal invariant J which is integrated along the
connecting line l of the reflection points and linked to the particle bouncing between the
magnetic poles at a lower frequency.

J =

∫
v‖dl (2.39)

The third flux invariant represents the total magnetic flux Φ along the particle trajectory.
This results in a slow toroidal drift motion of the bouncing particles.

2.4 Plasma Properties

Besides solid, fluid and gaseous, the fourth state of matter is called plasma and describes
a system where the atoms are ionized and electrons and ions therefore exist separated
from each other. To illustrate the differences, we first engage with a natural gas. The
variables used to describe the state of a gas are the particle density n, the temperature
T , the occupied volume V and the pressure p. Together the ideal gas equation can be
written as pV = nkBT , where kB is the Boltzmann constant. The same nomenclature is
transferred to describe the properties of a plasma. However, a plasma can be seen as a
combination of two different gases, one consisting of the negative, and one of the positively
charged species. This separation is necessary, as the two superimposed systems can have
different densities ne for electrons and ni for ions and different temperatures Te and Ti.
A plasma can be generated through different processes, such as collisional ionization,
photoionization and two/three body recombinations. This section shall provide only a
brief overview on a few aspects in plasma physics (based on [24]), as the generation of a
plasma was not the primary goal of this work.

2.4.1 Debye Shielding and Definition of Plasma

Boltzmann and Saha Equation

The population of different energy states is described through the Boltzmann equation

ni =
1

Z
exp

(
− Wi

kBT

)
(2.40)
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Where ni = Ni/N is the relative population of an energy state Wi and Z is a normalizing

factor called the partition function. The exponential exp
(
− Wi
kBT

)
is called the Boltz-

mann factor, that defines the internal energy states of an atom. Based on this factor,
an additional equation can be derived that describes the thermodynamic equilibrium
between electrons and ions, namely the ionization grade as a function of the tempera-
ture. This equilibrium state is balanced through reciprocal processes of ionization and
recombination.

nenA+

nA
=

2ZA+

ZA
e

(
−Wion

kBT

)
(2.41)

ne is the electron density, nA the neutral atom-, and nA+the ion density, ZA and ZA+ are
the partition functions respectively. The exponent stands for the probability to overcome
the energy barrier i.e. the ionization energy. The Saha equation therefore states, that
the atoms, whose thermal energy surpasses their ionization energy, are ionized.

Collective Behaviour

Except for the presence of neutral atoms compared to charged particles, another differ-
ence between a plasma and a neutral gas are the inner-particle coupling processes. The
trajectories of particles in a neutral gas are short range. In a plasma however, the coupling
is further dominated by the long range Coulomb force of the charged particles, meaning
that one particle interacts with many others. Consequently, external perturbations on a
plasma result in a synchronous response by numerous particles, which is called collective
behaviour.

Debye Shielding

An important example of collective plasma behavior is Debye shielding. The free charges
in a plasma have the ability to shield electric fields. If for instance a positively charged
perturbation, such as an extra point-charge Q or a charged target probe, is inserted into
a plasma, particles with the opposite charge are attracted, while the other particles are
repelled. This leads to a weakening of the electric field. The trajectories of particles that
pass this perturbation are bent, depending on their charge and kinetic energy. The higher
the energy of the particles, the lower this bending effect. This means that a cold plasma
shields the effects of such perturbations more effectively than a hot plasma. The electric
potential is given by the Debye Hückel potential:

Φ(r) =
Q

4πε0r
er/λd (2.42)

Where Q is the perturbing charge, ε0 the vacuum permittivity and λd the Debye shielding
length, that is the combined shielding effect of the positive and negative charges. It can
be decomposed for the two species and is given (for electrons) as

λd =

√
ε0kBT

ne0e2
(2.43)

Higher particle energies result in longer shielding lenghts, i.e. low particle energies provide
better shielding capabilities.
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Quasineutrality

Common experiments in plasma physics take place when the complete system appears
neutrally charged to the outside. As mentioned in the previous section, one characteristic
of a plasma, is that its spatial extent exceeds its Debye length, often multiple times. This
means that irregularities in the system are shielded by the movement of particles if the
numbers of positive and negative charges are the same. This property of plasmas is called
quasineutrality.

2.4.2 Non-Neutral Plasmas

Systems where a quasineutral state is not present, are called non-neutral plasmas. Exam-
ples are pure electron [25]-, ion [26]- and positron plasmas [17], or the application shown
in Chapter 6, where positrons are injected into a volume filled with electrons. Such non
neutral plasmas are subject of investigations of their equilibirum and stability properties
as well as plasma waves [27]. Plasmas consisting of only one sign of charge offer superior
confinement possibilites compared to neutral plasmas, in which the oppositely charged
particles have equal masses. Electrostatic fields in combination with magnetic fields can
be employed for confinement, as there are no oppositely behaving species present. A com-
mon device for non-neutral plasma confinement is the Penning trap [28]. In a cylindrical
geometry, it uses an axial magnetic field for confinement in radial direction and repulsive
electrostatic potentials for the axial confinement. If the design is optimized to store a
plasma with large spatial axial extents and further uses cylindrical electrodes, it is called
a Penning-Malmberg trap (see Figure 2.5) [17].

Plasmas confined in such traps are subject to various electrostatic modes. Diocotron
modes for instance are rotational modes that are independent of the axial position and
are excited through an E×B drift induced by the trap potentials. Such modes comprise
of a low frequency rotation around the trap axis. An important feature of diocotron
modes is, that an increased distance to the trap axis, in fact reduces the plasma energy.
Therefore, a plasma confined off-axis, has a lower total energy compared to its on-axis
counter part, as both energy and angular momentum are removed from it when exciting
such a mode [29]. This is used for diagnostics and for plasma manipulation.

Another approach of confining non-neutral plasmas is pursued at the RT-1 experi-
ment [30]. Here a levitated superconducting coil establishes the confining field for a
high-temperature, pure electron plasma. This magnetospheric dipole field allows long
confinement times of electrons, as no physical obstacles intersect the magnetic field lines
[31]. The findings obtained in this experiment are of major importance for our future
implementation of a levitated dipole trap for electron-positron pair plasmas.
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Figure 2.5: Diagram of a Penning-Malmberg trap for positive charges. The green elec-
trodes provide the axial confinement through a potential exceeding the kinetic energy of
the trapped particles. The plasma is confined in the center region through an axial mag-
netic field. By segmenting the electrodes of this region and applying a rotating electric
field, the plasma can be compressed [17].

2.4.3 Pair Plasmas

A particularly interesting type of plasma is called pair plasma [1]. Like a conventional
plasma, it comprises of both positive and negative charges, and similar to a non-neutral
plasma, the mass ratio between the particle types is equal. This means that properties
from both types appear in a pair plasma. The results presented in this work represent
an important step towards the creation of such a novel system.

The properties of electron-ion plasmas are dominated by the mass imbalance of the
particles [2]. One example are ion acoustic waves that induce the electrons to oscillate,
while the ions remain mostly stationary (see Figure 2.6). The symmetrical mass ratio in
a pair plasma however, would result in an immediate reaction of both particles. Let’s
consider a dense accumulation of electrons and ions with the same particle temperature.
The electrons leave this high-density region much faster than the heavy ions, leading to
a charge separation and therefore an electric field, that drives the electrons back into the
high density ion region. This results in an oscillatory movement of the electrons, called
an ion acoustic wave. In the scenario, where the particles are electrons and positrons
however, they leave the high-density region with the same rate. Consequently, in this
scenario no acoustic wave is generated and the particle accumulation is dissolved [16].
Analytical treatments of such magnetically confined plasmas [4], [32] expect classical
plasma features such as Faraday rotation, drift waves, sound waves and turbulences driven
by microinstabilities to be absent.

In some way, such a system can be regarded as the hydrogen atom of plasma physics and
therefore represents a new experimental field of research with rich potentially new plasma
physics investigations. As the experimental demonstration of a confined pair plasma in
a laboratory is far from being trivial, the largest quantity of published work comprises
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Figure 2.6: An accumulation of electrons and ions (a) results in an ion acoustic wave
(b), as electrons leave the high density region faster than ions, that leads to a charge
separation that drives an ion acoustic wave. An accumulation of electrons and positrons
however, does not result in a charge separation and therefore no wave (Figure taken from
[16]).

therefore theoretical studies. Different strategies of approaching and understanding this
unique system exist, the most significant are listed in the following.

Astrophysics

It is assumed that cosmic rays partially originate from charged particles travelling with
high velocities in vacuum, producing magnetic fields. The interactions of such particles
with objects in space such as collisions, reflections, accelerations or magnetic fields result
in cosmic radiation [33]. Gamma-ray bursts were first detected in 1976 detected by
the Vela satellite program that was supposed to detect nuclear detonations [34]. One
explanation of their origin are electron-positron pair plasmas that are suspected to exist
in the magnetospheres of various astrophysical entities such as black holes, pulsars or
neutron stars and are the origin of gamma-ray bursts [6]–[8]. Hereby, the electron-positron
pairs are created either by one-photon pair production (interaction of a photon and
the magnetic field) or two photon interactions that can occur for both magnetized and
unmagnetized plasmas. Synchrotron radiation is a major source for the photons required
for pair production [35]. As these astrophysical phenomena are not fully understood,
creating such pair plasma systems in laboratories, may result in new insights and a
better understanding.

Fullerene Pair Plasmas

There is one approach of creating a laboratory pair plasma that does not rely on anti-
matter. It employs positive and negatively charged C60 [36] molecules, called fullerenes
or bucky balls. The ionization process is generated by a hollow electron beam that is
guided into C60 vapor. The positive ions are created through electron impact ionization

18



2.4 Plasma Properties

with high energy electrons, while the counter parts are established by capturing slow
electrons. The achieved densities of both species are each 2× 107 cm−3. The Debye
length was measured as 2× 10−3 m while the gyroradius was 1.6× 10−2 m [37]. Further,
by exciting density fluctuations induced through an alternating electrode bias, studies on
electrostatic modes in such plasmas were conducted [10].

Relativistic Electron-Positron Pair Plasmas

Studies on laboratory, relativistic charge-neutral electron-positron pair plasmas with high
densities are conducted in laser facilities. By focusing a laser into a helium jet, relativistic
electrons are obtained through laser wakefield acceleration [38] and guided into a solid
target. Electrons and positrons (generated through pair production) leave the target on
the rear side [8], [11]. Further studies on collimating such laser generated charge neutral
beams using magnetic fields resulted in particle densities of 2× 108 cm−3 [39].

Low Temperature Electron-Positron Pair Plasmas

So far, a confined low temperature electron-positron pair plasma has not been demon-
strated yet. One attempt uses a magnetic mirror trap with two potential wells, established
through a series of electrodes. First, 107 electrons are injected, followed by 105 positrons,
with each species confined in its own well. Subsequently, the trapping potentials are
modified, so that electrons and positrons are mixed. So far, trapping times of 70 ms were
achieved [40], [41]. The approach discussed in this work, uses a dipole magnetic field to
confine both species. During tests using the prototype permanent magnet trap, plasma
densities were only observed for electrons [42]. Nevertheless, extensive measurements on
the injection and trapping of the reactor based NEPOMUC positron beam were con-
ducted, resulting in a lossless, electron injection [19], long confinement times [20] and a
thorough understanding on the injection of various beam energies, intensities and energy
distributions [22], [43], [44] (see section 4.4).
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2.5 Physics with Positrons

This section briefly describes fundamentals of the physics with positrons, including their
generation, interaction with matter and some of their most prominent experimental ap-
plications.

After Paul Dirac formulated the equation named after him in 1928 [12], he predicted
the existence of the positron in 1930 [45]. Two years later in 1932, Carl D. Anderson [46]
published photographs of cosmic ray tracks detected in a cloud chamber operating in a
strong magnetic field, showing tracks of charged particles. During the scope of similar
measurements, tracks were observed that showed particles with a positive charge having
the same mass as an electron. This finding was published in 1933 in the publication
”The Postive Electron” [13]. For the discovery of the positron, Anderson was awarded
the Nobel prize in Physics in 1936 [47]. Positrons are now understood to be the lightest
charged antimatter particles and applications using those opened up various new fields
of research.

2.5.1 Positron Sources

Radionuclides

The most widely used source of positrons in laboratories are radionuclids which exhibit
β+ decay. Unstable nuclei with an excess of protons, can convert to a stable atom either
by electron capture or by converting a proton into a positron, a neutron and a neutrino.
Schematically, this means that the atom X with proton number Z, is converted into
element Y with proton number Z-1, a positron and an electron neutrino νe.

A
ZX −−→ A

Z−1Y + e+ + νe (2.44)

Such a β+ decay is a three body process, meaning that a proton is converted into a
neutron, a positron and a neutrino. Hereby, the difference between the binding energy of
the proton and the neutron of the mother nucleus is converted into the binding energy
of daughter nucleus, the positron, the neutrino and their kinetic energies. This results
in a continuous energy spectrum for the positron up to a maximum ”end point energy”
determined by the difference of the masses of the parent nucleus compared to the daughter
and the positron [48] (assuming the neutrino has negligible mass).

The most prominent radioisotopes used in laboratories as positron sources are 22 Na
with a half life of τ1/2 =2.6 a, 58 Co (τ1/2 =70.8 d) and 64 Cu (τ1/2 =12.7 h) [49]. 22 Na is
especially interesting due to its commercial availability and relatively long half life. It
emits a prompt 1275 keV γ-quanta during its β+ decay, which can be used as the start
signal for positron annihilation lifetime spectroscopy [50].

Pair Production

A different possibility to generate positrons is pair production, meaning the conversion
of a high energy γ-photon into an electron-positron pair [51]. When high-energy photons
irradiate a target material, three different interaction mechanisms are dominant in the
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vicinity of the nucleus: The photoelectric effect [52], compton scattering [53] and electron-
positron pair production. From the conservation of energy, it follows that the last of these
processes requires a minimum γ energy of two electron (positron) rest masses Eγ(min) =
2 ·mec

2. Pair production in the vicinity of an electron (triplet production) requires an
elevated threshold of 4mec

2. The probability to induce pair production is proportional
to the square of the atomic number of the target.

Pair production is a widely used process if large numbers of positrons are required.
The different types of such facilities mostly differ by the technique employed to create
the initial γ radiation.

Electron Accelerators
A classic approach to generate strong γ radiation is Bremsstrahlung. Hereby, elec-
trons accelerated through an electric field are guided onto a target that converts
kinetic energy into photons. Examples for such facilities are the ELBE accelerator
near Dresden with the EPOS positron beam [54] or the slow positron facility in
Tsukuba, Japan [55].

Laser Plasma Accelerators
Electrons can also be accelerated through laser plasma acceleration. In this pro-
cess, a strong laser first ionizes the atoms in a gas or a solid target, and a second
accelerates the electrons via the ponderomotive force [11], [38], [56], [57]. Further,
positrons can also be directly produced in the target [58].

Reactor Based Sources
In contrast to the previous two examples, fission reactor based positron sources do
not require an initial electron beam. One approach is to use directly the fission
γ radiation for pair production as applied in Delft at the POSH facility [59]. The
other approach converts the neutron flux into photons through neutron capture in
113 Cd. This concept is implemented at NEPOMUC (NEutron induced POsitron
source MUniCh) at TUM [60], at KUR in Kyoto, Japan [61] or at the PULSTAR
reactor in the USA [62]. It is this method that is used for the work presented here.
Specifically, the NEPOMUC beam that is described in section 3.1.

2.5.2 Positrons in Matter

When positrons are guided onto a solid, a number of different processes can occur before
their annihilation. This section only gives a brief overview on these processes, a more
detailed summary can be found in [63]. These processes are dependent on both the energy
of the incoming beam and the material properties of the solid. The most important are
depicted in Figure 2.7. One fraction of the incoming beam can be reflected by the
material. The probability of such reflection increases for higher positron energies and
higher Z materials [64]. This backscattering is used experimentally to study the surface
of a material. Analogous to the well-established technique of RHEED (Reflection of
High Energy Electron Diffraction) [65], this principle is also applicable with a higher
surface sensitivity using positrons. In (Total) Reflection High-Energy Positron Diffraction
((T)RHEPD) [66], [67] the beam impinges on the sample surface below the critical total

21



2 Theoretical Background

reflection angle. The diffraction pattern imaged on a phosphor screen represents the two
dimensional reciprocal projection of the atomic surface of the sample.

When reaching the surface (Figure 2.7), positrons can either annihilate instantly or
form positronium [68], the hydrogen like bound state of an electron and a positron.
Upon penetrating the material, they rapidly thermalize (∼10−10 ps) by losing their kinetic
energy through ionization and excitation of plasmons or phonons (zig-zag lines). After
this, a fraction might leave the material as moderated positrons (red line) (section 2.5.3).
Positrons leaving the material before being fully thermalized are called epithermal (green
line) [69] (t <10−12 s). A large fraction of the implanted positrons annihilate inside the
material (blue lines). The penetration depth for the positrons increases with increasing
energy, and the depth distribution is defined by Makhovian profiles [70]. As the electrons
possess a higher momentum than the thermalized positrons, the two annihilation γ rays
are emitted in a slightly deviated angle compared to the 180° separation expected when
there is no net momentum for the electron-positron pair. This Angular Correlation of
the Annihilation Radiation (ACAR)[71], [72] is investigated to obtain information on the
electronic structure of the material.

Further, the energy of the electron with which a positron recombines, also induces a
Doppler shift of the photon energy. This is analyzed in (Coincident) Doppler Broadening
Spectrometers ((C)DBS) and enables to measure the electron momentum, which gives
information about the open volume defects and their chemical surroundings [73].

The lifetime of implanted positrons differs whether they annihilate in a defect free bulk
material (t <10−10 s) or after being trapped in vacancies [74] t <10−7 s. Vacancy-type
defects, such as a missing ion, act like a potential well for the positrons. This results in a
longer liftetime compared to a defect free material. This phenomenon is used in Positron
Annihilation Lifetime Spectroscopy (PALS)[75]. Long lifetimes indicate vacancies with
a low electron density, while the intensity of the according lifetime measurement gives
insights to the density of vacancies.

2.5.3 Moderation of Positrons

Irrespective of the origins of the positrons, namely whether they are created through
radioactive decay or by pair production, their energy distribution is usually broad. The
radionuclide 22 Na for instance, has a continuous positron spectrum up to 545 keV [76].
Beam facilities providing positron beams through pair production yield energies up to
the MeV range [77]. Figure 2.8 shows the comparison of the continuous spectrum of a β+

source before and after its moderation. Most applications in the field of positron physics
benefit from a narrow distribution of the kinetic energy. For the applications of PALS or
DBS measurements, a slow positron beam can be accelerated electrostatically to adjust
the implantation depth of the beam to the required value.

The principle of reducing the energy distribution while preserving a significant frac-
tion of the available positrons is called moderation (see Figure 2.7). As mentioned be-
fore, positrons implanted in a solid thermalize quickly while diffusing inside the material
(∼10 ps). Positrons close to the surface can leave the solid, in the particular case that the
work function for positrons Φ+ in the respective material is negative. Hereby a positron
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Figure 2.7: Sketch of possible positron-matter interactions. A positron beam impinges
on a solid from the left. The green line represents epithermal positrons, that leave the
material after a a short moderation time (T <10−12 s). The blue lines depict thermalized
positrons, that either annihilate in the defect free bulk material (T <10−10 s) or afer being
trapped in vacancy (T <10−7 s). The red line shows moderated posirons that leave the
material (T <10−7 s).

is re-emitted into the vacuum with a kinetic energy close to Φ+. The workfunction has
the value |Φ+

W| =2.7 eV [78] for tungsten and |Φ+
Pt| =1.95 eV [14] for platinum .

This approach to moderate positrons in solids with a negative positron work function
was first (unsuccessfully) presented in 1950 [79] and successfully applied and continuously
improved since [80]. These moderated positrons leave the solid normal to the surface
within a small deviation angle of ∼ 20° and a remoderation efficiency in the range of 20%
[81], [82]. The efficiency of a positron moderator has manifold dependencies, such as the
geometry of the assembly (reflection or transmission [63]), implantation energy, tempera-
ture and the moderator material. For the work presented here, the primary positron beam
from the reactor-based NEPOMUC source is re-moderated using a tungsten moderator.
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Figure 2.8: Positron energy spectrum of 58 Co, with and without moderation. It can
be seen that the intensity of positrons is increased significantly for one narrow energy
interval compared to the option of chopping this very same interval [63].

2.6 Electron Sources

In the scope of this work, in addition to a positron source, an electron source is required.
Compared to positron sources, the possibilities of creating electron beams are more nu-
merous and often significantly less demanding. The most common implementation of an
electron source uses thermionic emission through Joule heating. By sufficiently increasing
the temperature of a metal, electrons at the surface gain enough energy to overcome the
work function of the material, allowing them to escape the source [83]. Through applying
an accelerating voltage (negative potential on the emitter and/or a positive potential in
its vicinity), the emission of electrons is further increased by lowering the work-function
barrier. One popular material used for thermionic emission is tungsten (its high melting
point of 3695 K allows an exceptionally high emissivity (see Figure 2.9)). A second pop-
ular emitter is La B6. Its comparatively low work function of 2.7 eV [84] (compared to
4.5 eV for tungsten, table 2.1)[85] at lower temperatures allows a higher brightness and
longer operation lifetime than tungsten.

Another widely used approach of creating electron beams, especially in the application
of electron-microscopy are field-emission sources or field-emission guns (FEGs) [83]. The
underlying principle is the increase of the field-strength E at sharp tips, because of the
correlation between the applied voltage V and the radius of r: E = V/r. Hereby the
potential at the tip of an emitter is set to a high voltage, which lowers the work-function
barrier sufficiently so that electrons can tunnel through. The crystal orientation affects
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the emission efficiency. For La B6, the (310) orientation is best [83], while the (001)
orientation is best when using tungsten [86].

For applications that require polarized, extremely low emittance or high brightness
electron beams, the principle of photoemission is used [87], i.e. electrons are emitted
by illuminating a photocathode material using a laser. Hereby, the number and energy
of emitted electrons is precisely set through the laser intensity. An established example
using this principle are Ga As photocathodes with negative electron affinity (Ga As-NEA)
[88]. Following the emission of electrons, the particles or particle bunches are accelerated
and formed into beams using various techniques [89], such as electrostatic electron guns
[83], linear RF accelerators or circular accelerators such as cyclotrons and synchrotrons.

Thermionic Emission

In many scientific applications, electron sources relying on thermionic emission were re-
placed. The cost efficiency and flexibility in shaping such emitters, are the reasons why
we rely on tungsten as the emitting source in APEX. Therefore, only this type shall be
explained more thoroughly in this context.

The Richardson-Dushman equation quantifies the electron emission through thermionic
emission [85], [90]. The electron current density is

I = AT 2e−ϕ/kT (2.45)

I represents the emitted current per area, A the Richardson constant, ϕ the materials
work function, k the Boltzmann constant and T the filaments temperature.

Because of their high melting point two materials are particularly interesting: tung-
sten and thoriated tungsten. Heating tungsten doped with a small percentage of thorium
(1−2%) results in a diffusion of thorium to the surface, which reduces the work function,
increases the free electron yield by four orders of magnitude and therefore decreases the
required temperature (see Figure 2.9). The characteristics of these emitters are listed
in table 2.1. Ideally, thorium covers the tungsten wire completely, which is achieved
by heating the filament. During operation, the temperature can be optimized in a way
that minimizes the evaporation of thorium, such that there is an equilibrium between
evaporation and surface diffusion. If the filament is overheated, and more thorium evap-
orates than can be restored by diffusion, or there is a depletion of thorium, the filament’s
electron emission capabilities decay.

Material work function ϕ Richardson constant A

tungsten 4.54 eV 60.2 A cm−2 K−2

thorium on tungsten 2.63 eV 3.0 A cm−2 K−2

La B6 2.70 eV 29.0 A cm−2 K−2

Table 2.1: work function and Richardson constant for emitting materials of interest
[83]–[85]
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Figure 2.9: Dependence of the emission current density to the temperature of the emitter
for pure and thoriated tungsten. Figure taken from [85].
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3 Experimental Methods

The following chapter will explain the working principle of the tools used within this
work to create, shape and characterize the positron beam. Further, the experimental
installation, utilized to inject positrons and electrons into the confining magnetic field of
a permanent magnet will be explained as well.

3.1 The NEPOMUC Positron Source

One of the major preconditions in confining electron–positron pair plasmas is the avail-
ability of sufficiently large numbers of positrons. Most research projects worldwide in the
field of positron physics use the β+ emitter 22 Na, which provides particle fluxes up to
the order of 106 e+ s−1. Both the mean energy as well as the energy distribution of such
β+ emitters lie in the order of several 100 keV. Moderating the high–energy e+ of such
sources will reduce the positron yield further to ∼106 e+, making it nearly unusable for
our purposes.

A reactor–based positron source such as NEPOMUC (NEutron induced POsitron
source MUniCh) [91] offers a variety of advantages. The positron yield is much higher
(109 e+ s−1) [92] for keV particles created and moderated directly in the beam tube inside
the reactor pool or in the range of 107 remoderated positrons per second with mean ener-
gies down to 5 eV and an energy distribution as low as 2 eV. In the current configuration
of APEX, the creation of a plasma is still few steps away, but the high positron flux still
offers many benefits in developing the techniques that will be crucial in the future.

3.1.1 Positron Source

The NEPOMUC source is placed inside the heavy water neutron moderation tank of the
research fission reactor FRM II, in the vicinity of its uranium fuel element (see Figure
3.1) [93]. The tip of the beam tube contains a cap of enriched 113 Cd, with a thickness of
3 mm that acts as a n-γ converter through the nuclear reaction:

113 Cd + n −−→ 114 Cd + γ (3.1)

The Cd cap is followed by a structure of Pt foils. The high atomic Z number and the
negative work function of platinum |Φ+

Pt| =1.95 eV [14] results in the efficient generation
of mono–energetic positrons. Platinum was chosen as moderator material as its pair–
production cross section is higher than for tungsten. Neutron and gamma irradiation
induced vacancies can be self–annealed through the high ambient temperature in vicinity
of the reactor core and the low annealing temperature of Pt. The shape of the platinum
foils is optimized for a maximum positron yield and they are further used as electrostatic
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lenses. A combination of tailored electric and magnetic fields accelerate the positrons and
allow the formation of the so–called primary beam, that is adiabatically guided towards
one of the five instruments.

Figure 3.1: Cross section of the NEPOMUC positron source at the research reactor FRM
II. Gamma radiation is generated through neutron capture in the Cd cap. The photons
are converted through pair–production in the platinum foil which also moderates the
positrons as well. Electric and magnetic fields form the primary beam. Figure taken
from [94].

3.1.2 Positron Remoderator

The primary beam provides a high flux of ∼109 moderated e+ s−1 with a kinetic energy of
∼1 keV and a diameter of d+

FWHM =9.3 mm [92]. For most instruments however, a positron
beam providing a narrower spatial distribution and lower kinetic energy, is beneficial. This
is realized through a second moderation step implemented in reflection geometry using
a device called positron-remoderator (see Figure 3.2). Hereby, the primary keV beam
passes a magnetic field termination and is subsequently guided and focused onto the
W(100) remoderation crystal. Its negative positron work function allows the remoderated
positrons leave the crystal with a kinetic energy, matching the work function level of
|Φ+

W| =2.7 eV [78]. Depending on the requirements on the beam, the crystal can be set to
positive potentials that accelerate the particles to the desired kinetic energy (we mostly
used 5 eV). This is then referred to as ”remoderated” beam. Its lower kinetic energy
(compared to the incident primary beam) allows the two beams to be separated using
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3.1 The NEPOMUC Positron Source

a magnetic dipole. The remoderated beam leaves the assembly through a different port
and is coupled into the magnetic field of the beam line .

Figure 3.2: Cross section of the NEPOMUC positron remoderator. The primary beam
enters the assembly from the right side (red lines) through a magnetic field termination
and is focused electrically onto the tungsten remoderation crystal. The positive bias
potential of the crystial defines the kinetic energy of the remoderated beam. Its signifi-
cantly lower energy allows the beams to be separated by a magnetic dipole and to leave
the assembly through a different port, where it is coupled into the beam line magnetic
guiding field. Figure taken from [60].

3.1.3 Beam Guiding

Either the primary or the remoderated beam are transported through the NEPOMUC
beam line towards one of the installed instruments. The beam properties, such as the
high brightness and the narrow energy distribution established through the remoderator
are sustained by an adiabatic beam transport, meaning that the field gradients are small
compared to the gyration lengths. The guiding field of approximately 4 mT provides the
longitudinal beam transport field and is established through two–layer solenoids wrapped
around the (straight or curved) beam tubes. The beam transport in bent sections is
established through a combination of curvature– and gradient– drifts (see section 2.2).
To allow further adjustments on the beam position, transverse magnetic fields, created
through two pairs of perpendicular steering coils are attached to each of the vacuum
tubes. The continuity of the guiding fields is ensured by additional coils covering the
flanges. This combination of numerous vacuum tubes of different sizes and shapes allows
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the positron beam to be adapted to the space restrictions in the FRM II experimental
hall and allows all five currently commissioned instruments to be provided individually
with positrons using a beam switch.

3.2 Diagnostic Tools

To successfully inject the positron beam into a magnetic confinement field, it is necessary
to understand the peculiarities of the beam, namely the beam flux, how the transport
mechanism works, how the different magnetic fields along the beam line affect the beam
shape and positioning and finally how well the injection process works. These infor-
mations can be obtained by using appropriate diagnostic tools, which will be explained
within this section.

3.2.1 Beam Monitor

After its remoderation, the positron beam is coupled into the guiding field of the beam
line. The first diagnostic stage is referred to as ”beam monitor”. It is placed downstream
the remoderator and consists of a movable assembly carrying a microchannel plate, two
apertures and a target plate. Their positions are adjusted using a stepper motor. The first
step of optimizing the beam is monitoring the annihilation counts from particles hitting
the target plate using a NaI gamma detector that is placed behind a collimating lead
aperture. The potentials applied to the electric lenses in the remoderator assembly and
the currents establishing the magnetic guiding and steering fields along the beam tubes
are optimized both by hand and through a computer controlled algorithm to achieve a
maximum count rate. The positioning and the shape of the beam can be visualized using
the microchannel plate.

In an optimal scenario, the beam is centered throughout the beam line within the tubes,
which fulfills best the conditions for adiabatic guiding. This beam centering cannot be
verified at every position in the beam line. However, by inserting the small aperture,
the beam centering is assured at this position. Further, a number of additional optional
apertures can be inserted further downstream to verify the centering.

3.2.2 Target Plate

A target plate is a diagnostic tool where positrons or electrons are guided onto. It needs
to be conducting and non insulated to prevent it from charging up electrostatically. Even
though such a plate seems to be a trivial device, its capabilities are very valuable. A
positron beam induces annihilation radiation that can be measured using gamma detec-
tors placed outside the vacuum chamber. For our purposes three of those plates are used.
One is used at the beam monitor, mainly for adjusting the extraction and guiding of the
beam after its remoderation. The second is required to optimize the beam guiding into
the APEX setup while the MCP target plate is fully intercepting the incoming beam.
The annihilation signal is processed by to the beam line computer that optimizes the
transport procedure through a downhill simplex algorithm [95] to maximize the positron
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yield. The third plate is placed within the confinement chamber to evaluate the injection
efficiency.

Further, we use such plates in combination with an electrostatic retarding field. The
beam passes through a cylindrical electrode (deflector) that is charged positively to repel
the fractions of the beam with a longitudinal energy below the deflecting potential. By
scanning this deflecting potential, the particles that pass through are therefore detected
dependent to their perpendicular energy. When plotting the count rate as a function of
the retarding potential, the resulting error function, indicates the energy distribution of
the beam [43]. Its derivative is a gaussian, that illustrates the energy distribution more
intuitively (see Figures 3.3 and 6.12).

Figure 3.3: Annihiliation counts showing the energy distribution of the 5 eV beam as a
function of the retarding field potential in a homogeneous guiding field of 4.8 mT. Figure
taken from [43].

Another useful functionality of a target plate is its current measuring capability. When
irradiated with an electron beam, the impinging current can be measured using an am-
meter. The positron beams flux is orders of magnitudes too low to be directly measured
with such devices, therefore a charge integrator is used instead (see section 3.2.5).

3.2.3 Apertures

Apertures are a versatile and simple diagnostic tool to verify the beam position. Particu-
larly relevant for us are two sets of each two apertures, namely at the beam monitor and
the MCP diagnostic assembly (see section 4.1.4). While the beam is adjusted, the small
beam monitor aperture is inserted, guaranteeing a centered initial beam position. After-
wards, the large aperture is inserted that allows both the primary and the remoderated
beam pass unperturbed.

The apertures at the MCP assembly have diameters of 3 mm and 15 mm, both are
retractable along the central axis of the vacuum chamber. Stepwise inserting them while
monitoring the annihilation counts or the impinging charge current of positrons that
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passed through and positrons hitting the plate give insights of the beam position and its
centering. As in our instrument, the MCP is the main tool to check these characteristics,
the apertures become especially important in case of a malfunctioning MCP.

3.2.4 Gamma Detection

The annihilation gamma radiation is quantified using scintillation detectors consisting of
bismuth germanate (Bi4 Ge3 O12) [96] crystals, attached to photomultiplier tubes. This
type of scintillator provides a high γ-ray absorption due to its high atomic number and
density. For our application a high detection efficiency is more valuable than a precise
time or energy resolution, which makes BGO crystals ideal. The main detector uses a
cylindrical crystal with a diameter of one inch, which is equipped with a tungsten–copper
collimator, leaving only the circular side of the crystal exposed to incoming radiation.
A set of lead cuboids is further restricting the field of view of the detector as later
explained in Chapters 5 and 6. The photomultiplier output is connected through a signal
amplifier to a single channel analyzer (SCA) [97] to restrict the detection energy window
to ∼511 keV. The resulting signal is a 5 V pulse for each registered annihilation event.
These events are then integrated using a counter device.

3.2.5 Charge Integrator

The gamma detection allows a versatile, convenient and fast option to measure the an-
nihilation signal. Nevertheless, the acquired signal is affected by the settings applied
to the photomultiplier power supply, the signal amplifier, the SCA and the collimator
geometries. Because of these numerous dependencies, this type of measurement provides
rather qualitative than absolute results.

To validate the information embedded in the annihilation signal, the exact positron flux
is measured. As this current is below the detection threshold of a conventional ammeter,
a charge integrator is used instead. Such a device converts low amounts of charges into
a proportional voltage. The circuit (see Figure 3.5) is placed inside a grounded metal
housing. Because of its sensitivity, the signal cable must not be moved while measuring
and the cable lengths are chosen to be as short as possible. The version used during
the scope of this work was built by a former group member. To measure the current, a
target probe is inserted into the positron beam. The oscilloscope is connected through
the charge integrator to it. During operation (see Figure 3.4), a constant voltage decay
is observed (sections 1 and 3 in Figure 3.4), its slope becomes steeper with increasing
positron current at the target (section 2). For the measuring process, the positron beam
is first blocked through the potential applied to a deflecting electrode, while the idle slope
is recorded for 10 s. After this, the electrode is switched off (grounded), and the signal
generated by the positron beam hitting the target probe is recorded for 10 s as well. The
slopes are subtracted from each other and multiplied with the calibration factor of the
charge integrator to obtain the exact positron flux. Even though this process of switching
the deflecting electrode, resetting the charge integrator, recording the oscilloscope data
and fitting the data is fully automated, the time requirement for one measurement point
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amounts to 23 s. Because of this time consumption, in most cases the increased signal
quality does not outbalance the advantages of the much faster gamma detection.

Figure 3.4: Charge integrator output from the oscilloscope. During the first section,
the beam is blocked through a repelling potential on the deflector electrode. In the
second section the beam is collected on a target, which leads to a falling slope, which
is then blocked in section 3. The differences in the slopes multiplied with a device
specific calibration factor, is the positron flux. In this case 1 mV s−1 corresponds to
3.1× 107 e+ s−1. Figure taken from [43].

Figure 3.5: Circuit of the charge integrator as used during experiments (Documentation,
H. Saitoh).

3.2.6 Emissive Probe

Depending on the properties of a plasma, different techniques for its characterization
exist, such as collective Langmuir probes [98], electron emissive probes [99] or Thomson
scattering [100]–[102]. In the scope of this work, exclusively the principle of an emissive
probe in the configuration of large emission is used [103] (Chapter 6).
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Irving Langmuir presented the first concept of an electron emitting probe in 1923 [104].
The standard procedure of measuring the potential of a plasma using such probes is to
record the current that is collected or emitted on the probe as a function of the bias applied
to this probe. Lets imagine the probe to consist of a heated wire, that is placed inside
a plasma. If the potential of the probe is more negative than the surrounding volume,
electrons are emitted. If if it is more positive, electrons from the plasma are collected.
The corresponding plot shows a knee at this position (Figure 3.7), that represents the
plasma potential.

Figure 3.6: Collected and emitted current by a plasma probe as a function of its bias
potential. The crossing point of the different branches at ∼ 20 V corresponds to the
plasma potential [103].

There are different ways of measuring this [103]. The method used in the context of
this project, uses a floating emissive probe with high emission currents [99]. The probe
filament is placed inside the electron cloud and heated sufficiently high to allow thermionic
emission, while the potential on this filament is measured across a large resistor of 10 MΩ
[105] (Figure 3.8). If the surrounding cloud owns a more negative potential than the
filament, electrons are collected until the two potentials are balanced. Similarly, if the
potential on the filament is more negative, it emits electrons, until this balance is achieved.
This method allows the probe to continuously adjust to the outer potential.

While placed inside a magnetic field, the effective emissive area is changed, as electrons
can only be emitted longitudinal to the field lines (electrons emitted perpendicularly
will be trapped in gyro-motion). In order to secure sufficient electron emission, in our
application a five-turn tungsten coil is used instead of a single loop [99], as this increases
the filament’s surface (section 4.2.4). Further, as the expected gyroradius of electrons
in this system lies in the order of rL ∼1 mm, which is significantly larger than the wire
diameter, perturbations on the electron cloud are expected to be negligible.
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Figure 3.7: Floating potential as a function of the emission current. A sufficiently
high emission current from the emissive filament, results in a saturation of the measured
potential [99].
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Figure 3.8: Measuring circuit of the emissive probe. The filament is heated through
a floating power supply. While placed in a plasma, the emitted and collected electron
current are balanced until the filament reaches the potential of the surounding space
charge. This potential VPl can be measured across a large resistance RL.
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4 APEX - Experimental Setup

After providing a basic overview of the measuring techniques required for this project in
the previous section, the following will explain in detail how these methods are applied in
APEX. The experimental setup is divided into two vertically stacked vacuum chambers,
the diagnostic and the confinement chamber. The incoming horizontal positron beam
is magnetically redirected into the vertical APEX setup using a vacuum tube with a
90° bend. The positrons are then either intercepted for diagnostic purposes in the top
chamber (diagnostic chamber), or passed through it towards the bottom chamber, where
it is injectected into the confining field (confinement chamber). Figure 4.1 shows the
complete setup, its individual components are explained in detail within this section.

For radiation safety reasons, most of the setup is surrounded by a wall, built out
of interlocking lead bricks during measurement campaigns. This reduces the gamma
radiation exposure for the experimenting staff significantly below the legally allowed dose
rate limits.
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Figure 4.1: CAD drawing of the APEX setup. The positron beam enters vertically the
top diagnostic chamber (top dashed rectangle) that is equipped with the beam diagnostic
assembly consisting of a micro channel plate, a target plate and an electron gun. Prior
to entering the bottom, confinement chamber (bottom dashed rectangle), two pairs of
steering coils adjust the initial beam position. The confinement chamber is equipped with
the permanent dipole magnet in its center, surrounded by a set of cylindrical electrodes
in two layers, and E×B plates that provide the drift field, required for the injection
process. Three positions on the equatorial plane allow the insertion of tools that serve
for diagnostics or the creation of an electron cloud.
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4.1 Diagnostic Chamber

The diagnostic chamber (Figure 4.2) is the first section of the APEX assembly into which
the positron beam is guided. It is placed at the very top of the instrument (top dashed
rectangle in Figure 4.1) and is connected to the horizontal NEPOMUC beam line through
a 90° bend (not shown in the figure).

Positron Beam

Diagnostic Assembly

Guiding Field Coils

Figure 4.2: CAD drawing of the diagnostic chamber. The orange rings are Helmholtz
like coils providing the magnetic guiding field. A turbo pump is connected to the right
side of the sketch. A multi–purpose diagnostic assembly is placed inside the chamber.
It consists of a MCP mounted on a cuboid structure with a 45° mirror and a target
plate containing two apertures. An electron gun is attached underneath this plate. The
structure is mounted on a linear translator acting through the flange on the left side of
the picture. The red arrow depicts the position of the positron beam, when it is passes
through towards the confinement chamber.

4.1.1 Vacuum Chamber

The diagnostic chambers vacuum vessel is an axially symmetrical, stainless steel, six way
cross, with three different flange sizes, each placed opposite to each other (flange to flange
distances mentioned in brackets), namely two CF100 (260 mm), two CF63 (200 mm)
and two CF40 (300 mm) flanges. The positron beam propagates along the vertical axis
defined by the CF63 flanges while the other two axes with their four flanges are oriented
horizontally.
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4.1.2 Magnetic Configuration

The magnetic guiding field is connected to the incoming beam line field and established
through the superposition of the magnetic fields induced by five individual copper coils
(see Figure 4.4). Following the positron beam direction, these can be described as follows:

� A CF63 vacuum tube (outer diameter of 70 mm), bent by 90° with a radius of
360 mm connects NEPOMUC to APEX. It is wrapped by two layers of copper
wire (diameter of 2 mm) and a current of 8 A is inducing the magnetic field of
approximately 5 mT.

� A two layer coil wound onto an aluminum tube covers the flange between the bend
and the diagnostic chamber.

� two identical stacked coils with an outer diameter of 280 mm, inner diameter of
234 mm and height a of 23.4 mm on top of the chamber serve as one half of a
Helmholtz–like coil arrangement (Figure 4.2).

� A third coil of the same dimensions is mounted on the bottom of the chamber, while
a forth is placed inbetween the two chambers. They serve as counter parts of the
Helmholtz–like arrangement. All these coils are provided a current of 12 A.

� Between the two chambers, on the height of the bottom Helmholtz like coil, two
pairs of steering coils, oriented perpendicular to each other provide the magnetic
field to adiabatically position the beam ideally between the E×B plates (Figure
4.3). The applicable current ranges between −10 A to 10 A.

The correct direction of the currents inducing the magnetic fields is crucial. Following
the orientation of the beam line guiding field, each coil induces a magnetic field pointing
downwards. An oppositely applied current in one of the coils would create a separatrix
that strongly affects the beam guiding and would greatly deteriorate the beam quality
and injection capability.

Steering Coils
Iθ

Ir

Diagnostic Chamber

Con�nement Chamber

Positron Beam Guiding Field Coils

Figure 4.3: Photograph of the magnetic coil configuration between the two vacuum
chambers. The positron beam is guided by the field of the horizontal guiding field coils.
The two pairs of vertical steering coils provide the field to adiabatically position the beam
in between the E×B plates.
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Diagnostic chamber
with MCP, electron gun
and target plate

steering coils

ExB plates

shield plate
top outer
electrodes

bottom outer
electrodes

guiding �eld coils

permanent magnet

target probe

Con�nement chamber

NEPOMUC positron beam

Figure 4.4: Image of the experimental setup with the magnetic field lines. It can be
seen that the field line that is centered in the diagnostic chamber, connects to the top of
the permanent magnet. As particles following this field line would be subject of magnetic
mirroring and further intersects the shield plate, the outward E×B drift is necessary for
a successful injection [23].
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4.1.3 Deflector Electrode

Inside the chamber, at the entry point of the positron beam, a copper cylinder serves as
a deflecting electrode when set to (positive) potentials exceeding the longitudinal energy
of the beam. It is also used to obtain the energy distribution of the incoming beam by
measuring either the annihilation or current signal of incoming positrons as a function
of the repelling electric field, using the principle of a retarding field analyzer. Further,
it serves as a beam chopper when pulsed potentials higher than the beam energy are
applied.

4.1.4 Beam Diagnostic Assembly

The main component inside this chamber is an insertable multi–purpose device, serving
both for beam diagnostics and as a support for one of the electron sources (Figure 4.5).
It consists of a cuboid made of aluminum and PEEK, with a microchannel plate (MCP)
module mounted on top of it. The top side of this cuboid contains a hole that is slightly
larger than the MCP’s phosphor screen, that is placed on it, to allow an optical access.
The image of the horizontal phosphor screen is reflected towards the viewport at the
side of the chamber by a polished aluminum prism, serving as a 45° mirror, where it is
recorded by a camera.

Electron Gun

Micro Channel Plate Target Plate with
Apertures

45° Mirror

Figure 4.5: Photograph of the assembly consisting of the MCP, the target plate with
its two apertures and the electron gun on the right side. The positron beam is supposed
to pass the assembly with few millimeters distance to the vertical section of the copper
target plate, onto which the electron gun is mounted. The current leading cables are
mounted underneath the target plate and connected to the filament with two copper
cylinders. The wire used for biasing the Wehnelt electrode is connected to the screw seen
on the left side in the middle of the stainless steel cylinder. The hole in the upper third
of this cylinder is used as a viewport to facilitate checking the filaments operation and to
estimate the temperature by observing the glowing color.
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Microchannel Plate

The MCP module installed at APEX consists of two microchannel plates in chevron
configuration mounted onto a phosphor screen with a diameter of 25 mm. The assemblies
outer diameter measures 44 mm. It is electrically connected to the power supplies via
three PEEK insulated high voltage cables using copper / stainless steel screw connectors.
One cable is connected to the MCP entry (MCP in, −100 V), the second connects the
bottom side of the channel plate (MCP out, 1100 V) while the last is connected to the
phosphor screen (4200 V).

During operation, the cables generate electrostatic stray fields that perturb the incom-
ing positron beam, interfering with the possibility of measuring its positioning. This effect
is avoided using a copper shield plate (diameter 65 mm) mounted on top of the MCP,
and connected to the ”MCP in” electrode, that is sufficiently large to shield these fields
against the incoming beam (Figure 4.5). It is shaped as a hollow circle, its outer diameter
is maximized to cover as much of the cables as possible without touching the inside of
the chamber. On two sides, 90° apart from each other the circular shape was flattened by
removing each a secant. One flattening prevents the positron beam to be blocked when
intended to hit the target plate. Without the second flattening, the plate would collide
with the cable connecting the deflector electrode while inserting the assembly.

During operation it is centered in the diagnostic chamber (Figure 4.2). The beam
guiding process to transport the positrons from their source into the APEX instrument
aims for conditions that result in a centered and circular beam shape on the MCP.

MCP Target Plate

A copper plate is attached to one side of the cuboid holding the MCP, measuring 40 mm
in width and 81 mm in length (Figure: 4.5). It has three successive segments: a 15 mm
and a 3 mm aperture followed by a solid target area. Its length is chosen so that it can be
retracted far enough to allow the beam to pass unperturbed, and not to collide with the
turbo pump on the other side of the chamber when the fully inserted position (centered
MCP) is set. The completely retracted position is shown in Figure 4.2. Because of its
positioning, this target plate is named ”MCP target plate”. Underneath the solid target
area, the cylindrical MCP electron gun is placed.

MCP Electron Gun

Numerous possibilities for implementing an electron source exist, each optimized for its
purpose. Many use thermionic emission from tungsten filaments. The primary aim of
the design for this electron gun, named because of its positioning – ”MCP electron gun”,
is not to achieve large numbers of electrons or to emit beams with very small radii. Its
intention is investigating whether the injection of electrons into our dipole trap works
similar to the injection of positrons, if the two particle species affect each other, if the
injection is feasible using conditions optimized for positron injection and whether this
injection scenario will be applicable in the future for the creation of a pair plasma.

One of the most common setups used to shape emitted electrons into beams is the
Einzel lens, which consists a number of consecutive cylindrical electrodes [106]. The most
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reduced system consists of three electrodes with the second being set to a negative poten-
tial and the others on ground level. The electric fields in the space between the cylinders
shape the beam by bending the electron trajectories, allowing a focusing effect. Another
commonly used part in an electron gun is a Wehnelt cylinder. While it is usually used in
combination with further cylindrical electrodes, it also allows beam shaping functionali-
ties when used alone. These were confirmed by magnetic field free numerical simulations
using ”Comsol” [23]. However, as the electrons are emitted from within the magnetic
guiding field, that already suppresses diverging beams, the best bias configuration was
found experimentally to be a grounded Wehnelt electrode (see Figure 4.7). A Wehnelt
electrode is a negatively charged aperture, placed in close vicinity to the filament. Its
electrostatic field owns a ”dip” at the position of the aperture. This suppresses electron
emission from filament sections that are off center.

The result is, that electrons are predominantly emitted from the center of the source.
This effect is further enhanced through the shape of the filament. The electron source
used in this application is a commercial electron microscope filament made of thoriated
tungsten, shaped as a ”V” and mounted onto a circular ceramic plate (Agar A054 [107]).
It is mounted onto a hollow stainless steel cylinder with an outer diameter of 30 mm, a
wall thickness of 3 mm and a height of 27 mm. A Wehnelt electrode with a thickness of
5 mm is placed onto a 5 mm thick macor spacer. As the tip of this type of filament is
sometimes not perfectly centered, the top of the electron gun to which the filament is
mounted allows some slack to fine adjust the position of the filament holder. The electrons
leave the gun through 3 mm holes in the Wehnelt electrode and the stainless steel case.
The electrical connection is realized through two Kapton insulated cables connected to
the vacuum feed through using push on connectors and to the filament using copper screw
connectors. These connectors are made of copper cylinders with a diameter of 4 mm, with
each an axial hole for the cable and two perpendicular M2 threads to fix both the cable
and the pin of the filament holder using screws (see Figure 4.6).

The main focus on the design of this source was to prevent electrostatic stray fields
as they might affect the positron beam. This is realized by mounting the electron gun
electrically connected underneath the (grounded) MCP target plate. Because of its lo-
cation, this electron source is referred to as ”MCP electron gun”. The cables connecting
the filament are fixed to the rear side of the (grounded) target plate, so that the positron
beam is not affected by their negative electrostatic potential.

Due to its positioning in the beam line magnetic field and the design of the vacuum
chambers, it was not possible to characterize the emitted electron beam directly by using
instruments such as a target plate, a Faraday cup, or a retarding field analyzer. The
beam energy can be estimated through an applied accelerating potential (in Chapter 5,
this potential was set to Vacc =−14 V).
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Tungsten Filament

Stainless Steel
Case

Wehnelt Electrode

Aperture

Ceramic Spacer

Figure 4.6: CAD drawing of the MCP electron gun. The commercial filament (red line)
assembly is mounted onto the top plate of the stainless steel case. The Wehnelt electrode
(middle) offers some beam adjustment capabilities and is placed through a macor spacer
5 mm away from the hole in the cylinder through which the electrons leave towards the
confinement chamber.

Wehnelt Electrode Case

-2 0
Electric Potential [V]
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Figure 4.7: MCP electron gun particle trajectory simulation (white lines) of 5 eV elec-
trons without a present magnetic field. The Wehnelt cylinder (blue rectangle) is biased
to −3.0 V, the case is grounded. This setup allows rudimentary beam shaping. Further,
the case shields stray fields completely to avoid perturbations on the positron beam [23].
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Mass Spectrometer

Further, a quadrupole mass spectrometer is mounted to the diagnostic chamber. It is used
to quantify the gas molecules in the chamber, either to estimate the source of possible
vacuum leaks, or to evaluate the effects of (residual– or intentionally added buffer–)
neutral gases on the confinement time of positrons.

4.1.5 Air Side Infrastructure

To one side of the diagnostic chamber, a CF100 Pfeiffer turbo molecular pump is attached;
the associated roughing pump is placed on the ground next to the APEX setup. Attached
to the opposite CF100 flange through a 20 mm extension ring, is a flange equipped with a
CF16 and a CF40 connector. The CF40 flange is equipped with an electrical feed-through,
required for the connections of MCP, target plate and electron gun. A magnetically driven
linear/rotary feed through providing a travel range of 200 mm is attached to the CF16
flange. This device moves the diagnostic assembly on a fixed axis in and out and allows
rotations around its axis, adding additional degrees of freedom in adjusting its position.

To further increase the reproducibility of the positioning, a motorized linear drive frame
is mounted outside the chamber. It consists of an ”IGUS drylin” linear guide rail, two
supporting rods and an adapter plate. The latter connects the air side magnet of the
feed through to the linear rail. A stepper motor actuates the assembly by means of
a trapezoidal spindle. When the intended rotational angle of the driving magnet (and
therefore the MCP diagnostic assembly) is set, it is fixed to the adapter plate. This limits
the degrees of freedom to a linear motion along its axis.

By means of a T-piece, one of the CF40 flanges serves both as a mounting port for the
quadrupole mass spectrometer and a window, required to record the MCP image using
an air-side camera. The opposite CF40 flange is used to electrically connect the deflector
electrode.

4.2 Confinement Chamber

The confinement vacuum chamber is a symmetrical six way stainless steel tube cross
consisting of CF250 flanges (bottom dashed rectangle in Figure 4.1). During the scope
of this project, numerous changes inside and outside of this chamber have taken place.
In this section, its latest stage will be described. For measurements that were conducted
using a previous setup, the differences will be explained in the associated sections.

One vertical flange is equipped with a CF100 window used as a view port. The optical
access is required for precisely adjusting the BGO gamma detectors and to verify the
positions and the functionality of the insertable tools. The opposite side is equipped with
a motorized linear feed–through carrying a copper tube that is used as a target plate.
Attached to the other two vertical flanges are each one linear feed–through with a travel
range of 200 mm. Mounted to a CF100 T-piece, one of these flanges carries a second
turbo pump, to enable the individual maintenance on each chamber without venting the
other.

46



4.2 Confinement Chamber

The top lid of the chamber has one CF60 and two CF40 connectors. The CF60 connec-
tor is aligned with diagnostic chamber and beam line and connects to it using a vacuum
bellow and a gate valve. One CF40 port on the lid carries the electrical connections for
the shield- and the E×B plates (see section 4.2.3).

The bottom of the confinement chamber is equipped with eight circularly arranged
CF16 connectors and one central CF40 connector. The vacuum side of this flange has two
M3 threads associated to every CF16 flange, used to mount the electrodes via L-shaped
aluminum brackets. Each of these CF16 flanges, provides the electrical connection to at
least one electrode. Further, a precision leak valve, allowing experiments with buffer gas
is attached as well.

As large numbers of electrons are injected into this chamber, much care has been taken
to avoid insulating materials in areas that could come in contact to those particles, as they
might charge up. Previous evolution stages used ceramic or PEEK parts for insulated
mechanical connections. Now, these materials are either shielded or removed from inside
the confinement region.

4.2.1 Magnet

The cylindrical permanent magnet is the central piece of the experimental setup (Figure
4.8). It has a diameter of 28 mm, a height of 40 mm and a magnetic field strength of 0.6 T
at the surface of its poles. Its orientation is chosen to connect to the magnetic guiding
field of the beam line, and therefore its north pole is facing downwards (see Figure 4.4).

The capability of applying an electric potential is realized by placing it inside a cylindri-
cal copper case (height of 46 mm and diameter of 33 mm), mounted onto a M4 threaded
rod that connects to its supporting CF40 flange using a BNC feed through to apply po-
tentials to the magnet’s case. The total height of this assembly measures 220 mm. The
connection between the magnet and the flange is implemented through a PEEK adapter
to ensure an electrically insulated mounting.

Permanent MagnetInsulated Connection

Figure 4.8: Photograph of the magnet assembly. The permanent magnet is placed
inside the copper case (right side). It is mounted onto a threaded rod, that is electrically
insulated from the supporting flange through a PEEK adapter. It is biased through the
BNC connnector.
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4.2.2 Cylindrical Electrodes

The efficient injection process requires an optimized electrostatic potential landscape.
This is realized through a cylindrical wall, that is concentric with the magnet and its
confining field. This wall is built of perforated stainless steel sheets (to allow an optical
access), that are bent to a radius of 90 mm. In total ten electrodes, set up in two layers
are used. The electrode configuration is depicted in Figures 4.9 and 4.10. The bottom
layer consists of eight equally sized plates, three of them are equipped with a larger hole
(diameter of 25 mm) centered at the height of the magnet’s equatorial plane to allow
the insertion of various instruments. The top height of the bottom layer of electrodes
corresponds with the top of the magnet’s case.

The original purpose of this segmented electrode structure was to apply a rotating
electric field to compress the positron orbits towards the magnet and therefore increase the
positron density. Although this has been demonstrated successfully [21], it is not part of
this work. Because of this capability, the bottom electrodes are all abbreviated with ”RW”
(rotating wall) and numbered from 1 to 8, where 1 is defined as the electrode closest to
the injection area of positrons. While drifting toroidally, the positrons pass consecutively
electrodes 8 through 2. In other words, when seen from above, the numbering is ascending
counter-clockwise starting from the injection side electrode RW1 (bottom electrode in
Figure 4.9).

The top layer consists of three plates, forming two electrodes. One electrode (Top1) is
placed close to the injection area (next to the E×B plates, above RW1) and covers 1/8 of
the circumference while the other two plates are electrically connected to form the Top2
electrode and cover the remaining circumference.

4.2.3 E×B Plates

Figure 4.4 shows the centered magnetic field line connecting the beam line to the per-
manent magnet. Particles following this line cannot be injected, as they would be either
magnetically mirrored, or lost, as they would reach the magnet within its loss cone. To
facilitate the injection process, the incident beam must transit from this central field line,
onto field lines that connect the two magnetic poles of the permanent magnet and that do
not intersect constructional elements in the chamber (i.e. wall electrodes). The required
drift is induced by a pair of oppositely charged electrodes, creating an E×B field (Figure
4.11). These electrodes are mounted to the bottom side of the confinement chamber’s
lid, one on each side of the hole the positrons pass through. The plates are both 118 mm
long and 50 mm wide. Stray electric fields from these two electrodes negatively affect the
confinement of positrons. This is minimized using a shield plate, placed perpendicular
to the E×B plates above the magnet. It has the same height as the E×B plates, but a
width of 100 mm. As all plates are electrically insulated from the chamber, they can all
be biased through an electrical feed through. When the E×B plates are set to ground
potential, incoming particles follow the magnetic field lines that connect from the beam
line to the permanent magnet and are intercepted by the shield plate. This circumstance
allows to measure the flux of incoming particles using this electrode as a collector plate.
During injection experiments however, it is always set to ground potential.
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Figure 4.9: Top view into the confinement chamber. The perforated stainless steel plates
surrounding the volume are the cylindrical electrodes. They consist of 10 electrodes in two
layers. The magnet is placed in the center of the chamber, its uppper height corresponds
with the top edge of the bottom set of 8 electrodes.
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Figure 4.10: Side view into the confinement chamber through the (removed) RW 7
electrode. The two layer electrode structure can be seen, as well as the RW 5 space
charge filament and the RW 1 emissive probe.
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ExB -

ExB +

Shield Plate

Figure 4.11: Photograph of the electrode assembly consisting of the two E×B plates
(front) and the shield plate (back) on the diagnostic chambers top flange (upside down).

4.2.4 Insertable Instruments

The large holes in three of the bottom electrodes (RW1, RW5, RW7) placed at the
equatorial plane of the chamber that can be seen in Figure 4.9, enable the insertion of
various instruments for diagnostic purposes, or to create an electron cloud inside the
confining field. The types of insertable tools that are attached, are chosen according to
the special requirements of each experimental campaign. To better distinguish between
the tools, the electrode number they go through is used for their identification.

� RW5 Target probe: 1 cm2 plate mounted on a rod, used to measure positron cur-
rents, to induce annihilation events and is also used during simultaneous electron
positron experiments using parallel particle beams.

� RW5 Space charge filament: large tungsten filament, emitting electrons directly
into the confinement field, located 180° apart from the positron injection site.

� RW1 Copper target probe: copper rod with 10 mm diameter, used for measuring
electron current emitted by the large filament.

� RW7 Copper target probe: copper rod with 15 mm diameter, inserted from the side
to both measure electron currents from the space charge filament and the injected
positron beam.

� RW1 Emissive probe: insulated copper rod with 15 mm diameter, holding a heated
tungsten wire to measure the space potential created by the space charge filament.
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RW5 Target Probe

The main tool for positron diagnostics within the confinement chamber is an insertable
target probe that intersects the trajectories of successfully injected particles after having
performed a toroidal drift of 180° (Figure 4.12). As this probe is inserted through a hole
in electrode RW5, it’s named ”RW5 target probe”. The total length of this assembly
measures 573 mm and is mounted on a CF40 flange that is actuated through a linear
translator. The tip of the stainless steel probe is shaped as a square with the side lengths
of 1cm. This plate is mounted onto a L-shaped holder, that is attached to a M3 threaded
rod. As this assembly is very long, its structure is reinforced to prevent it from bending
by other rods in the section that remains outside the confining region at all times.

As the positron currents measured with the charge integrator are very small, the device
is sensitive to signal noise, which is enhanced when components like cables are moved.
For this reason attached cables are as short as possible and measures are taken that these
are not moved during measurements. As this type of feed through moves the assembly
as a whole, the cable connecting the probe to the BNC connector on the vacuum side
remains steady during operation.

RW5 Target Probe

Magnet

Figure 4.12: Photograph of the partially inserted RW 5 target probe, next to the per-
manent magnet.

RW5 Space Charge Filament

The filament assembly (see Figure 4.13) is mounted onto a CF40 to CF16 adaptor flange,
which is attached to a linear feed-through with a moving range of 20 cm. It is supported
by four M4 rods. The section of each rod that is screwed into the flange is equipped
with an axial slit across the thread windings to prevent trapped air volumes. The rods
are guided through three square aluminum plates with a thickness of 10 mm which also
posses the same pattern of four evenly spaced holes matching the CF40 flange to enable
a parallel and stiff alignment of the overall assembly. Each plate is held in place on the

51



4 APEX - Experimental Setup

rods using M4 nuts. These aluminum plates are further equipped with two additional
holes with a diameter of 4.2 mm to incorporate the two current leads for the filament.
One hole is placed in the center of the plate, while the other one is placed 10 mm away
from the center. The position of the current leads is fixed by tapped screws inside M3
threads, intersecting their mounting holes.

The current leads for the filament each consist of one stainless steel rod with a diameter
of 2mm, equipped with M2 threadings on each end. Each rod is embedded in an aluminum
oxide (alox) tube with an outer diameter of 3.9 mm. M2 nuts on each end of the steel rod
fix its axial position relative to the tube. A Kapton insulated cable is connected through
a barrel connector to the rod and through a push on connector to a CF16 two pin flange
establishes the electrical connection to the outside of the chamber.

The overall length of this assembly is 575 mm. It is insertable into the confinement
region through a hole in RW5, placed on the equatorial plane of the permanent magnet.
The aluminum spacers need to be carefully aligned parallel to each other using the M4
nuts on the rods. Little deviations can cause different mechanical strains on the rods
which lead to a curved overall assembly, resulting in an uncentered filament which can
cause damages on RW5 or the filament when these two parts touch each other during the
insertion.

Figure 4.13: Photograph of the complete space charge filament assembly: The support-
ing M4 rods are mounted into the CF40 flange on the left side, connected to each other
with three aluminum spacers and fixed with M3 washers. The current leads are embedded
in aluminum oxide tubes, which are guided through two additional holes in the aluminum
spacers and fixed to them using M3 tapped screws. The thoriated tungsten filament is
visible on the very right side.

RW1 Copper Target Probe

To measure the electron current emitted by the space charge filament, a target probe
was installed at the electrode RW1 position (injection side of positrons), to measure
the electron current from the RW5 filament after a 180° drift. Simulations for positron
trajectories have shown that the distance between midplane crossings of positrons [108]
lie in the order of 10 mm. This means that positrons could pass the M3 support rod used
for the RW5 target probe. To avoid this, a different design was chosen, consisting of a
copper tube with an outer diameter of 10 mm. It is insertable with the same type of feed
through as used for the RW5 target. Because of the geometry of the parts attached to
the confinement chamber, its length is longer and measures 84.5 cm. Analogous to the
RW5 target, the connecting cable between rod and electrical feed through is chosen to
be as short as possible, while this type of feed through ensures that the in–vacuum cable
connection remains static, regardless of the probe position.
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RW1 Emissive Probe

An important quantity of interest that is created by the large amount of injected electrons
is their space charge. To measure this potential, an emissive probe (see section 3.2.6) is
installed at the RW1 position, replacing the previously used copper target probe (Figure
4.14).

The complete assembly comprises a total length of 845 mm. The emitter of the emissive
probe in our setup (Figur 4.15) is a (non thoriated) tungsten wire with a diameter of
0.1 mm, shaped as a five turn coil, with a winding diameter of 1.5 mm and a coil length
of 5 mm. The wire at both ends of the coil is bent towards the supporting structure
which consists of two stainless steel rods with a diameter of 2 mm equipped with each a
M2 thread on one side. The filament is connected to these rods using M2 nuts. These
rods are mounted parallel with a distance of 5 mm inside a copper tube with an outer
diameter of 15 mm and a thickness of 1mm. Three PEEK spacers inside this tube hold
the stainless steel rods in place, so that they cannot sag and touch the copper tube. A
tapped screw, mounted perpendicular to the copper tube, mechanically fixes the positions
of the two spacers located at each end of the copper tube, while the two stainless steel
rods are held in place using nuts on the spacer closest to the filament (see Figure 4.15).
The copper tube with its internal compounds is supported similar to the space charge
filament’s mount using four threaded M4 rods mounted into a CF40 to CF16 flange and
held in parallel positions by PEEK spacers to connect the threaded rods to the copper
tube. The electrical connections are realized by Kapton insulated cables, two connecting
the filament to a CF16 2-Pin flange, and one connecting the copper tube to a CF16 BNC
flange.

The tip of the copper tube, which is inserted into the space charge region is covered
with insulating Kapton tape, in order to minimize perturbations to the electron cloud
caused by the presence of a conducting element, which electrically connects the electron
currents confined on their individual magnetic field lines.

Figure 4.14: Photograph of the RW1 emissive probe assembly. The electrical connec-
tions using CF16 components mounted onto a CF40 to CF16 adaptor can be seen on the
left side. The copper tube containing the current leads for the emitting probe filament
on the right side is connected to this flange using four parallel M4 threaded rods which
support the copper structure using two PEEK spacers.

RW7 Copper Target Probe

Due to their construction using insulating materials, neither the space charge filament
assembly on RW5 nor the emissive probe on RW1 can be used to measure electron or
positron currents . Therefore, another probe with the same mechanical setup as used for
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Figure 4.15: Photograph of the tip of the emissive probe assembly. The copper tube has
an outer diameter of 15 mm To prevent shorted field lines, its tip is covered with Kapton.
The five turn emissive tungsten filament (0.1 mm wire diameter) sticks out of it.

the emissive probe is used. This probe is insertable using a motorized linear translator
through a hole in RW7. Electrons emitted at the space charge filament are magnetically
guided towards this probe. When this is fully inserted, 10% of emitted electrons reach
this structure and the current can be measured using a Keithley 2000 multimeter [105].
Additionally, it can be used to measure the injected positrons using the charge integrator.
As the magnetic drift causes the electrons and positrons to perform a toroidal drift around
the magnet with opposing directions, the inserted probe blocks the electrons from reaching
the positron injection port and affecting them through establishing a space charge, as
well as it would block positrons of reaching the space charge filament where the gamma
detection takes place. Although this probe is also equipped with a filament, its emissive
probe functionality has not been used in the experiments described here. The space
potential near the injection area was of significantly larger interest and the RW7 filament
was intended to serve as a backup device if the RW7 filament breaks.
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4.3 LabView Controlled Software

To efficiently use the limited measuring time during the reactor cycles, a control software
program was implemented during this work. It was continuously extended and improved
in its capabilities over years, resulting in further enhanced versions for each beam time,
reaching its latest stage to acquire the data shown in Chapter 6. It is implemented in
”National Instruments – LabView 2016” [109]. Over time, various individual programs
were implemented for different types of measurements, responding to the continuously
expanding requirements. For example, a program to monitor the compression of positron
orbits towards the magnet through applying different frequencies to a rotating RF field,
both with an incoming continuous beam [21] and with a pulsed beam synchronized to
the rotating walls’ electro–dynamic phase. Another example is the measurement of the
confinement time of injected positrons, where the beam is pulsed and numerous series of
injection–hold–dump cycles are performed [22].

All the measuring and adjustment functionalities that are required to inject a contin-
uous positron beam are merged into one program called ”5D Scan”. In this section, the
last version of this software is briefly explained.

4.3.1 Controlled Devices

Most devices at APEX are connected using the RS232 communication protocol. To
supply a sufficient number of serial ports, a Moxa NPort 5650 16-port ethernet to serial
adapter [110] is connected to the network, addressed by the measuring computer. The
following devices are controlled through this serial connection:

� 2 counters each with 2 channels to acquire the annihilation events registered through
the BGO detectors using signal amplifiers and single channel analyzers (SCA).

� 10 Korad power supplies (5 A, max 30 V/60 V) to either bias electrodes or to heat
the filaments.

� 4 EA power supplies connected through a digital to analog converter, to provide
the magnetic coil current required to establish the guiding and steering fields.

� 1 16 channel polarity switcher, to automatically reverse the applied potentials or
currents.

� Keithley 2401 source meter, to measure (emitted or injected) electron currents or
floating potentials of the filaments.

� 2 Keithley 2000 multimeter, to measure (emitted or injected) electron currents or
floating potentials of the filaments.

� ISEG NHQ, high voltage supply, capable of biasing the E×B plates (formerly used).

Devices controlled through a USB connection:
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� Tektronix oscilloscope, used to measure the voltage drift of the charge integrator to
derive the positron flux. Further it is used to measure the annihilation dump signal
during confinement measurements [22].

� Arduino Leonardo, to provide timed 5 V pulses to trigger the switching of the
electrodes during confinement measurements.

� 2 Nanotec SMCI 33 stepper controls/motors, that linearly translate the insertable
tools in the confinement chamber, to motorize the MCP diagnostic assembly in the
diagnostic chamber.

� Tektronix function generator, used to provide sinusoidal voltage slopes for rotating
wall experiments.

� ISEG NHR, high voltage 4–channel bi–polar supply, to apply the E×B potentials.

4.3.2 User Interface

During measuring campaigns, up to seven people conducted the beam times in shifts,
often 24/7, some of which visited just for this purpose. Therefore, one major requirement
on the software is a minimal training period for its operation. This is easiest achieved
through a graphical user interface (see Figure 4.16).

The connected devices can be individually initialized and set to the required output
value using this interface. Further, all the manually set values can be inserted into a
table, such as potentials applied to the electrodes, currents flowing through the magnetic
field coils or the filaments, the pressure inside the chamber, the position of the probes,
etc.

Before starting a measurement, the devices required to perform measuring operations
need to be selected, counter channels, ammeter, volt meters, charge integrator. The
values, intended to be applied to the individual components are selected, for example
scanning the magnet’s potential from 0 V to 10 V in steps of 1 V using power supply 1
while recording annihilation counts with two counter channels and the emission current
of the filament with an ammeter.

One measurement allows to select up to five different scanning parameters. For every
possible configuration of these, the values are set and the measurement is performed.
Depending on the devices in use, setting and measuring one of those points (in the 5D
space) requires between 2.5 s and 3.5 s (23 s when using the charge integrator) of measuring
time. As the required time to perform such a parameter scan can reach very large values,
especially when performing multi-dimensional scans, the step width selected for each
parameter needs to be carefully chosen to guarantee that mainly the parameter range of
interest will be measured with a useful resolution while the required time is minimized.
Typical scanning durations are 45 min for an Ir–Iθ scan or 12 h when using 5 scanning
parameters (Ir, Iθ,Ifil, VAcc, VE×B) as utilized for the measurements described in Chapter
6.
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4.3.3 Output File

A completed (or aborted) parameter scan is saved as a tabulator separated text file, which
provides for each point every adjustment that was set manually or automatically (scanned
parameters), the measured data and a time stamp. If the measuring devices perform more
than one operation for each parameter combination, both their arithmetic average and
the individual values are saved. As the measurement time required by the counters, which
integrate the annihilation signals over one second, is much longer than the required time
per measurement of the multi meters, these devices are read out multiple times (3 times
for the ammeter, 5 times the volt meter) during the same period to improve the statistics.
This file format that includes time stamps, information of the chamber configuration, lab
book pages and many more is prepared to be integrated into a database in the future,
that will largely simplify recalling past measurements.

4.3.4 Data Vizualization

The parameter scans performed during beam times build upon each other, meaning that
a succeeding scan is chosen after discussing the outcome of its predecessor, which requires
a quick way of vizualizing the acquired data. For our application, two dimensional heat
maps / histograms have proven to be extremely useful, as measurements with two scan-
ning parameters were used predominantly due to their beneficial ratio between a tolerable
time consumption and a high gain of information. These heat maps are generated by a
”Wolfram Mathematica” code, which partly uses graphical user interface elements like
drop down menus to increase its usability during beam times. After importing a new
file, the user selects on these menus the measuring parameters that shall be plotted as
a color code (counts, emission current, space potential, positron flux) and the scanning
parameters that represent the horizontal or vertical axes as well as for three or more
dimensional scans, up to three other scanned parameters.

As plotting more than two dimensions of such a data set becomes confusing, the data
set is divided into multiple 2D data sets, where the other (up to 3) parameters are fixed.
This means that for plotting purposes, the values visualized in one 2D heat map represent
slices with fixed values of the many dimensional data set. Examples for those 2D heat
maps are shown in Chapters 5 and 6.
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Figure 4.16: Screenshot of the 5D scan program as used for the measurements described
in Chapter 6. It can be divided roughly into four columns. The first column is used
to select, initialize and set the required devices. The second is a table that can be
manually filled with numerous values or constants (type of beam, pressure in the chamber,
fixed potentials...). The third column is used to set up the scanning parameters for
the measurements, namely selecting the device, setting their parameter ranges and step
widths (probe moving range, electrode potentials, heating and steering currents). Further
the setup for the counter channels is included in this column. The fourth column is used
to set up measuring devices such as the multi meters and the charge integrator, or to
monitor incoming annihilation counts live.
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4.4 APEX Positron Experiments

The APEX collaboration aims for the ultimate goal of a confined electron-positron pair
plasma in a levitated superconducting dipole trap. A second approach of creating such
a system, embedded within the very same collaboration will be implemented in the near
future in a stellarator, called EPOS (Electron Positron Optimised Stallarator) [18]. This
project has been proposed by T. Sunn Pedersen et al. in 2012 [15], based on expertise
obtained through experiments carried out at the Columbia Non Neutral Torus (CNT)
[111], [112].

4.4.1 APEX Overview

The grand scheme of this project (Figure 1.2) contains a number of individual instruments
that will ultimately be merged. The largest challenge en route to confine such a plasma
and probably the main reason why the demonstration of such is still pending accounts
to the availability of large numbers of positrons. Consequently, the experiment is set
up at the world’s most intense slow positron beam NEPOMUC (section 3.1). It was
characterized at the position of the open beam port, where the APEX experiments take
place, by replacing the confinement chamber with a retarding field analyzer (RFA) [43].
This allowed to thoroughly characterize two primary beam energies and three different
remoderated beam energies, in terms of their positron fluxes, their spatial extents, the
efficiency of the magnetic guiding and the fraction of the parallel and perpendicular
energy components.

Despite the high positron flux, the particle numbers do not suffice to establish the
required particle densities that lie in the range of 1010 e+ trapped positrons [15] to fulfill
the requirements qualifying as a plasma. The strategy to increase the number of trapped
positrons is using a Buffer Gas Trap System (BGTS) [113]. In a first stage, positrons from
the NEPOMUC source are decelerated through collisions with a buffer gas (usually S F6

or C F4) in three differentially pumped stages, after which they are trapped. Subsequently
the particles are guided to the second stage, a Penning Malmberg trap [114] where they
are accumulated and spatially compressed [17] until their density is high enough to be
released into the beam line towards the experiment in bursts of up to 109 e+.

To further increase the number of positrons, a high-field multicell trap [115], the Intense
Positron Pulse Source (IPPS) will be integrated. As the amount of stored positrons inside
one storage cell is limited through its own space charge (≈2× 1011 e+ cm−3 [115]), up to
21 storage cells will be set up in parallel. They are filled with positrons by exciting
diocotron modes in the trap stage prior to the multicells. These modes can be tailored
through the applied electric fields, so that the positrons are radially displaced, allowing
them to load the off-center storage cells. Once filled, all confined positrons can be ejected
simultaneously to supply a burst in the range of 1.5× 1015 positrons to the dipole trap.

At the current stage however, the required techniques for establishing a pair plasma,
are developed and tested in a prototype setup that uses a permanent magnet to provide
the confining magnetic field. As its magnetic field configuration is similar to the one
of its successor, namely the levitated coil, it provides an excellent test field to optimize
the injection process to learn how the confinement time can be extended and what type
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of diagnostic systems proof to be invaluable. The BGTS and the IPPS are currently
being developed and optimized in different locations, meaning that the currently installed
system injects positrons from the NEPOMUC source directly into the prototype dipole
trap.

4.4.2 Milestones in the APEX Project

Since 2016, I was actively participating in all APEX measuring campaigns conducted
within our collaboration. Our experiments were performed as a group effort with the
main responsible person for such a beam time publishing the results as first author. A
list of these papers can be found in Chapter 8. Some important results are presented
briefly in this section. While most of these results do not relate directly to this work,
they represent the foundation to understand the underlying processes and therefore the
experiments conducted by myself. The main contributions to the overall project as a
team member were focused in assembling and modifying the experimental setup, the
beam diagnostics by designing, building and operating the MCP/target plate assembly,
adjusting the positron beam in the last section of the beam line before the diagnostic
chamber and most importantly, implementing the control software.

Lossless Positron Injection

As the availability of large numbers of positrons is most likely the main reason why
establishing a cold electron–positron plasma wasn’t demonstrated yet, one major goal of
the collaboration was the optimization of the injection process. In the past, efficiencies of
38% were achieved through biasing the magnet to Vmag =−15 V and the complete outer
wall to a repulsing potential above the positron energy of 5 eV to Voe =5.5 V [116]. Later,
through numerical analysis [108] and measurements across a larger parameter space, it
was found that biasing the complete outer electrode is counter productive. An injection
efficiency of 100% is however reached by dividing the outer electrode into the setup
explained in section 4.2.2 and having a localized repulsive potential set to the electrodes
near the injection area while the rest remains grounded (Figure 4.17). Further, it was
found that the positive bias on the Top1 electrode allows positrons to be reflected multiple
times back towards the confinement field while performing the E×B drift injection [19].

Long Positron Confinement Times

Additionally to the efficient injection, a long confinement time of the injected positrons
is also a crucial prerequisite for the ultimate goal of a pair plasma. After injection, the
positrons perform three types of motion (section 2.3): a gyromotion around the field lines,
a bounce motion between the poles of the magnet, and a toroidal drift motion around
the magnet induced by the curvature and E×B drift. Asymmetries in the potential
landscape of the trap, as produced by the E×B plates, limit the confinement time to 18 μs,
which corresponds to one toroidal transit [116]. By removing these asymmetries, through
switching the plates off (grounding) after the injection process, allows the particles to
remain confined for hundreds of thousands of precessions [20], which corresponds to 1 s.
To reach this time, the magnet was biased positively to close the loss cone of the trapped
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Figure 4.17: 2D plots of measured and simulated positron injection as a function of the
E×B and Ir settings. a) shows the efficient injection process with only the wall electrode
section in the vicinity of the E×B plates. b) shows the injection, with the all electrodes
set to the same potential. c) and d) show the corresponding simulations which are in
good agreement to the measurements. It can be seen that the injection process in a)
allows positron injection for a much larger parameter region with an efficiency reaching
100% instead of 40% (b) [19].

positrons. The confinement time was determined through a series of injection–hold–
dump cycles, meaning that after the injection, the E×B plates were turned off they
were switched on again, and after a certain time, terminating the trapping process by
introducing a large electrostatic perturbation. The intensity of this annihilation signal,
is plotted as a function of the hold time. An exponential fit then derives the confinement
time (Figure 4.18).

Primary Positron Beam Injection

A different approach to increase the number of injected and confined positrons was tested
by injecting the primary NEPOMUC beam with energies of 5 eV and 20 eV [22]. While the
5 eV beam comprised a significant electron component and an intensity not much higher
than its remoderated counterpart, the 20 eV primary beam had a significantly higher flux
((13± 1)× 107 e+ s−1 instead of (5± 2)× 107 e+ s−1) but also a larger spatial diameter (8
- 13 mm compared to 3 - 4 mm) (see Figure 4.19). Due to this larger diameter, the injection
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Figure 4.18: Annihilation signal as a function of the hold time. The top image shows
the exponential fits representing the measured confinement times. Cond A shows the
scenario with the magnet biased positively, cond B the case with the unbiased magnet.
The lower image is a magnified view on cond B [20].

efficiency was reduced to ∼60 %. The measured confinement times were significanlty
shorter ((31± 5) ms) than in the previous section, as the measurement technique was
different. Even though the injection efficiencies for the primary beam are significantly
lower than for the remoderated beam, these measurements using the 20 eV primary beam
represent to this date the highest flux of injected positrons in APEX.

Figure 4.19: MCP images of the 20 eV remoderated (left) and primary (right) beam as
normalized false color image. [22].
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4.4.3 Evolution Timeline

During the past years, numerous beam times were conducted, each of which lead to new
insights and understandings. In conclusion, most findings, also resulted in an upgraded
version of the experimental setup. As a thorough explanation of every step would exceed
the scope of this work, Figure 4.20 provides a brief overview of the main changes.

2020

2015

2016

2017

2018

2019

Initial Status:
•	 Magnet supporting rod inside a ceramic tube
•	 RW electrodes: symmetrical setup, electrically connected 

in adjacent pairs, full height
•	 manually operated RW5 target
•	 added steering coils
•	 added shield plate
•	 manual data acquisition
•	 first	positron	injection	observed
•	 confinement	observed	using	ExB	switching

•	 MCP	target	plate	assembly	with	camera
•	 two	layer	design	of	the	RW	electrodes	(8	bottom,	1	top	

electrode)
•	 first	automated	data	acquisition	with	one	scanning	param-

eter

•	 Motorized RW5 target
•	 2D	parameter	scans	including	ExB	plates	and	target	

probe
•	 first	unmanned	experiments
•	 segmented	top	electrode	(1/8,	7/8)
•	 automated	confinement	measurements	using	an	Arduino	

as trigger

•	 e-gun	behind	RW1
•	 first	attempt	to	create	an	electron	space	charge
•	 removed	all	insulators	inside	the	confinement	region
•	 MCP e-gun
•	 automated charge integrator measurements

•	 no positron beam times
•	 extensive	electron	only	measurements	(Chapter	5)
•	 new	RW1	electrode	to	enable	the	insertion	of	tools
•	 new	motorized	RW1	target	probe
•	 new	space	charge	filament	assembly
•	 shorter	ExB	plates
•	 5D parameter scans

•	 extensive	measurements	using	the	space	charge	filament	
(Chapter	6)

•	 RW1	emissive	probe
•	 new	magnet	(previous	damaged	through	overheating)
•	 upgraded	space	charge	filament	with	radiation	shield
•	 new	RW7	electrode	to	enable	the	insertion	of	tools
•	 RW7	target	probe
•	 4 counter channels
•	 new	side	BGO	detector	position
•	 new	bottom	BGO	detector

Figure 4.20: Timeline of the main changes to the experiment.
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The injection of positrons into the permanent magnet setup evolved over years within the
APEX collaboration [15]. To this date, this process is well understood [117] and injection
efficiencies of 100% [19] as well as confinement times exceeding 1 s [20] were demonstrated.
The consecutive logical step towards a confined pair plasma is to establish a combination
of electrons and positrons inside this confining field. As a first attempt, an electron gun
was added to the MCP/target plate assembly in the diagnostic chamber (section 4.1.4).
The underlying idea is to apply the known injection methods for an electron beam using
the very same injection conditions and geometries that have already been successfully
tested using positrons.

The following chapter first describes the characteristics of the electron beam using two
different sets of E×B plates and second, the simultaneous injection of both species into
the dipole trap.

5.1 Electron Measurements

The feasibility of injecting electrons into the confining field using the parameters opti-
mized for positron injection is tested using the MCP electron gun [23]. The measurements
explained in the following sections were all performed with the electron source centered
in the diagnostic chamber, at the approximate position the positron beam would be.

5.1.1 Pure Electron Injection

Analogous to the positioning of the positron beam, the electrons are emitted in the center
of the diagnostic chamber, in the magnetic guiding field of the beam line which transports
the particles towards the confinement chamber. The particles follow the magnetic field
lines, that connect to the top surface of the permanent magnet. The comparatively high
magnetic field of 0.6 T at the poles of the magnet would lead to a magnetic mirroring back
into the beam line, or their collision with the magnet’s case if their trajectory lies within
the loss cone. A prerequisite of a successful injection requires the particles to drift across
field lines, onto ”closed” lines that do not intersect with other structures in the chamber
except for the magnet. This drift is induced through the pair of E×B plates, located above
the magnet. The two electrodes RW1 and Top1 are optimized for positron injection and
therefore biased positively. This allows positrons to be elecrostatically reflected from the
outer wall, which increases the injection efficiency [19]. As the availability of electrons
is orders of magnitudes higher, the electrode potentials remain optimized for positrons,
even while performing pure electron injection. Once trapped, they perform a gyro-motion
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around the field lines, a drift around the magnet induced through curvature and gradient
drifts and a bounce motion between the two faces of the magnet (Figure 5.1).

Ir 

Iθ 

ExB Plates

RW5 Target

Steering Coils

Magnet

Positron Beam

Top1 Electrode

RW1 Electrode

Figure 5.1: Sketch of the injection process for positrons. The initial position of the
particles is set by two pairs of steering coils, the E×B plates induce a cross field line drift
and the positive potentials on the injection side outer wall electrodes create a repulsive
potential. For electron injection, the E×B drift direction remains the same, however the
drift direction around the magnet is opposed.

The filament is connected to the floating output of a power supply and heated by a
current of Ifil =2.3 A; the Wehnelt electrode and the case are set to ground, while the
acceleration voltage on the filament is generated by a second power supply that biases
the heating supply to Vacc =−14.0 V. The electron source is shown in Figure 4.6.

The electrode potentials in the confinement chamber are set to values that demon-
strated 100% injection efficiency in previous measurements for the 5 eV positron beam,
namely VTop1 =14.0 V, VRW1 =20.0 V, and Vmag =8.0 V.
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Dependency on the E×B potentials

Complementary to our established method of finding the optimal settings for positron
injection, the first step is placing the beam on its ideal position within the E×B plates, by
measuring the current of the injected electron beam on the RW5 target probe as a function
of the magnetic steering fields. These are set by applying currents through the two pairs
of perpendicular steering coils, Ir and Iθ. Such an ”Ir–Iθ map” shows displacements on
the initial beam position. The radial component on the horizontal axis (closer or farther
away from the magnet) is adjusted through the Ir current. Perpendicular to this (moving
the beam closer or farther from one or the other E×B plate), the effect of the Iθ current is
shown on the vertical axis. Successfully injected electrons propagate around the magnet,
where a target probe collects the current by intersecting their orbits. This is quantified
using the current measuring functionality of a Keithley 2401 source meter and displayed
as a color coded heat map in the Ir–Iθ plot. When injecting positrons, such a plot shows
a large range of steering currents along both axes where injection is practicable (Figure
5.15).

For electrons in contrast, this area changes significantly depending on the E×B po-
tentials. Settings optimized for positrons (VE×B = 150 V to 350 V) result in a T-shaped
area (Figure 5.2) which rotates clockwise with increasing E×B bias until the originally
vertical component vanishes and the horizontal component becomes vertical (Figure 5.3).
The highest electron current (2.49× 10−7 A) and therefore best injection condition for
electrons was found for an E×B bias of VE×B =650 V. At VE×B =300 V which is the
region of interest for positron injection, the injected current decreases to 4.75× 10−8 A.
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Figure 5.2: Ir–Iθ scan across the complete available parameter range for the steering
coils. The area of feasible electron injection appears T-shaped in the top left quadrant.
The color scaling represents the measured current at the target probe in A. The successive
measurements focus on this area of interest.
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(d) VE×B =450 V

-9 -8 -7 -6 -5 -4
4

5

6

7

8

9

10

Ir [A]

I θ
[A

]

0

5.0×10-8

1.0×10-7

1.5×10-7

2.0×10-7

(e) VE×B =550 V
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(f) VE×B =650 V

Figure 5.3: Ir–Iθ plots for different VE×B biases. The parameter range for Iθ and Ir, as
well as the potentials applied to the electrodes are the same throughout the plots. The
color scaling represents the electron current measured on the target probe in A.
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Dependence on the Magnet Bias

The measurements to distinguish the effect of various E×B biases were conducted using
fixed potentials on the remaining electrodes that were optimized for positron measure-
ments and therefore positive. One would expect oppositely charged particles to be opti-
mally injected using oppositely charged electrode potentials. The following measurements
illustrate the findings on this matter.

The maximum electron current was measured in the previous section for VE×B =650 V.
At this value however, the steering coil current was set to Iθ =10 A, which is the maximum
value for the according power supply, so it is not clear whether this truly is the optimal
value for this E×B potential. For VE×B =550 V, the highest electron current is not at the
maximum setting of the steering coils power supply (Iθ =9.4 A) and still provides 90% of
the maximum electron current, namely Ie− =2.24× 10−7 A, which is the reason why this
setting was chosen for the preceding scans.

The following parameters for electrode biases or coil/filament currents are either applied
constantly or scanned:

� VE×B =550 V

� Ir =5.0 A

� Iθ =9.4 A

� Ifil =2.3 A

� Vacc =−14.0 V

� VTop1: 30 V to −30 V

� VRW1: 30 V to −60 V

� Vmagnet: 20 V to −20 V

The measured data is plotted as a 2D heat map, with the color coding representing
the electron current measured at the target probe in Ampere. The horizontal axis shows
the potential range set to the Top1 electrode while the vertical axis shows the voltage
set to RW1. The different electrostatic potentials applied to the magnet are illustrated
as individual VTop1–VRW1 plots.

The potential on the magnet has a nearly negligible effect on the appearance of the
plots, as can be seen in Figure 5.4. The similarities of this data set can be described as:

� All plots show a roughly L-shaped area in the scanning parameter range of possible
electron injection.

� The injection process favors strongly negative VRW1 and positive VTop1 values.

� The highest electron current is injected in the parameter range of VTop1: 0 V to
12 V and VRW1: −30 V to −60 V, that we refer to as ”sweet spot”.

� The plots show in the top left a square where electron injection does not take place:
VRW1: −22 V to 22 V and VTop1: −30 V to 2 V.

� VTop1 biases that are higher than 22 V do not allow electron injection.

� Throughout the parameter range of interest for positron injection (positive wall
biases), electron currents are reduced by an order of magnitude compared to the
”sweet spot”.
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As a next step, only distinctive plots of interest shall be regarded. First, the two
measurements with the highest absolute values for the magnet biases: Vmag =±20 V
(Figure 5.4 a and b). Neither of those cases are of interest for positron measurements,
but they illustrate the effect of the electrostatic magnet bias. The overall parameter
range for possible injection is only slightly affected (reduced for positive Vmag). The
sweet spot area owns approximately twice the size for negative magnet biases, which can
be explained by the repulsive potential applied to the magnet that closes its loss cone. For
the positive bias, the sweet spot is reduced to VRW1 <−42 V. Nevertheless, the maximum
electron current lies in the same order of magnitude and is even higher for the positive
magnet bias.
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Figure 5.4: Comparison of electron injection for two different electrostatic magnet po-
tentials Vmag on the VTop1–VRW1 plane for fixed steering coil currents and fixed E×B
voltages, with the color indicating the measured current.

The other pair of magnet potentials of interest is Vmag = ±8 V (Figure 5.4 c and d), as
the positive scenario is the mostly used magnet bias during positron injection experiments.
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5.1 Electron Measurements

The features seen here are similar to the 20 V case, but the effect on the sweet spot is
less dominant. The reduced sweet spot in the VRW1 range is only reduced from −22 V to
−40 V. For all of these measurements, the measured maximal electron current remains in
the same range of around Ie− =1.6× 10−6 A. The shape of the feasible injection parameter
range in this type of plot is hardly changed, which leads to the conclusion that the magnet
bias does not have a significant effect on this type of electron injection.

5.1.2 Comparison Between two Different Sets of E×B Plates

Even though the general experimental setup of the APEX prototype trap remained un-
changed, some details improved over time. One of these concerns the physical length of
the E×B plates. The original version pursued a conservative design comprising long E×B
plates to maximize the drift region of the positron beam. The length of these plates was
chosen to cover most of the distance between the lid of the confinement chamber and the
permanent magnet, leaving a 5 mm distance to its copper case (Figure 5.6).

Simulations however showed, that this configuration negatively affects the confinement
capabilities as the plates intersect magnetic field lines that would allow particle trapping
[117] (Figure 5.5). Another finding of these simulations indicate that the confinement
properties are enhanced by installing shorter E×B plates while preserving 100% injection
efficiency [19]. Consequently, the set of electrodes consisting of the pair of E×B plates
and the shield plate was replaced by versions that increased the distance to the magnet
case from 5 mm to 25 mm. The effect on particle injection between the two types of
electrodes was tested using the electron beam.

To access the interior of the confinement chamber (in order to replace the electrodes),
the steering coils including their positioning mechanism must be completely removed.
Precisely restoring the original position upon re-installing these coils cannot be assured.
This might result in a displacement of the Ir–Iθ maps when using the same particle beam.
As these coils provide the functionality of shifting the beam in a horizontal 2D plane, a
displaced installation can be fully corrected by adapting the steering coil currents within
the range of the power supplies. The quality of the measurements is not worsened by
this, even though the required currents may change. The displacements (rotation and
translation) in the Ir–Iθ plane shown in the measurements illustrate the difference of the
injection processes between the two electrode lengths and can be explained by this.

Degrading Filament

The measurements using the MCP electron gun described in this chapter were conducted
with the same tungsten filament, reaching accumulated operation times of numerous days
or weeks. While being heated, tungsten is continuously evaporated from the wire which
reduces its diameter and therefore lowering the electron emission (for a fixed heating
current). Coating of tungsten inside of the electron gun is shown in Figure 5.7. Further,
while venting the vacuum chamber, contaminants such as water or oxygen are deposited
on the filament, which increases the aging process of the tungsten wire when heated the
next time. In the past, we have observed a significant decrease of lifetime or even an
immediate breaking of filaments at their first re-commissioning after venting the corre-
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5 Simultaneous Injection of Electrons and Positrons

Figure 5.5: Simulated comparison of the injection process for two different lengths of
E×B plates. The shorter version reduces the electrostatic stray fields in the trap and
therefore allows the positron beam to propagate further while being trapped [117].

sponding vacuum chamber. The lowered electron current in the measurements seen for
the configuration with shorter E×B plates can be justified by the degrading process of
the filament over time and its accelerated aging while venting the chambers.

Effect on the Ir–Iθ vs VE×B Parameter Space

Complementary to the established order of finding the optimal injection conditions, the
difference in the parameter space spanned by Ir–Iθ and VE×B shall be compared. The
filament is set to the same operation parameters: Heating current of Ifil =2.3 A and
filament bias of Vacc =−14.0 V. The potentials applied to the two wall segments in
the vicinity of the injection area are set to VTop1 = +14.0 V and VRW1 = +20.0 V. The
current range applied to the steering coils is not identical for the two configurations, but
selected to cover a similar area of interest (chosen by the shape of the plot). The plots on
the left side represent the original configuration with the long electrodes, while the plots
with the shorter version are placed on the right side (Figure 5.8).

72



5.1 Electron Measurements

Figure 5.6: Photograph of the Assembly consisting of E×B plates and the shield plate.
To illustrate the changes, the left plate is the new version, while the other two plates
show the original dimensions. The old versions were extended in the past towards the
flange by adding a piece of steel, the new version consist only of a single piece.

Plate potential 250 V (a)
Comparing the two electrode configurations for an E×B bias of VE×B =250 V one
can see that the shape on the Ir–Iθ maps are showing a similar T-shaped structure.

Plate potential 400 V (b)
For lower E×B potentials, the structures appear very sharp. When increasing this
voltage, the structures remain sharp for the long E×B plates, but start smearing
out for the shorter plates. Further, the region of high current, is shifted towards
lower Iθ values. Again the collected electron current is significantly lower for the
shorter E×B plates.

Plate potential 700 V (c)
When further increasing the E×B potentials, the smearing out of the collected
electron current for the short E×B plate measurement increases, but the rotation
of the shapes continues.

Comparing qualitatively the appearance of the injected electron beam on the Ir–Iθ plane
between the two electrode configurations using potentials optimized for positron injection
shows the same characteristic features for the same E×B voltages. Three differences can
be observed:

� the electron current is lower for the configuration with shorter E×B plates due to
the aging filament.
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5 Simultaneous Injection of Electrons and Positrons

Figure 5.7: Photograph of a damaged MCP electron gun filament. The white cylindrical
ceramic disk has been coated (grey) by evaporated tungsten, except for the white collar,
that was shadowed by its support. The wire thickness is reduced with increasing distance
to the pins and is interrupted close to the tip of the ”V”, the position with the highest
temperature.

� the structures on the Ir–Iθ plane are shifted and rotated due to a different mounting
position of the steering coils.

� the structures appear sharper for the case with the longer E×B plates.

� most importantly, the injection is still possible and still works as expected for shorter
plates.

Dependence on the Electrostatic Potential Applied to the Magnet

Similar to the measurements explained in section 5.1.1, the electrostatic potential of the
magnet does not affect this type of particle injection significantly. This is also the case
for the shortened E×B plates. When comparing the two electrode configurations however
(Figure 5.9), a significant difference is visible: The parameter range permitting successful
injection is reduced, mainly to the area described as ”sweet spot” before. The plot on
the left side (a) shows the injection using the long plates, the right side (b) shows the
short configuration. It needs to be mentioned that the lower electron current is most
likely caused by the decaying filament. The color scaling, however is set individually to
the parameter range of the acquired data, allowing a direct qualitative comparison.

The most relevant finding when comparing these two configurations is, that the shorter
E×B plates do not allow an efficient electron injection when the wall electrodes are set
to the values known to be optimal for positron injection.
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Figure 5.8: Ir – Iθ plots for different E×B biases and both electrode configurations with
the coloring representing the collected current in Ampere. The measurements using the
long plates are on the left, while the short plates are on the right. The lower currents
for the short plate configurations can be explained by the aging of the filament. The
injection side electrodes are biased to Vtop = +14.0 V and VRW1 = +20.0 V
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Figure 5.9: VTop1–VRW1 plot with Vmag = +8 V for both E×B plate configurations.
The coloring stands for the collected current on the RW5 target in Ampere.

Effect on the VTop1 vs VRW1 vs Vacc Parameter Space

The results discussed in the previous sections were obtained using the the same electron
gun parameters, namely Ifil =2.3 A and Vacc =−14 V, as they seem to be an optimal
compromise between the steadiness of the filament, kinetic energies close to the known
positron energies and a sufficiently high electron current for the utilized measurement
devices (see Figure 5.10) . The electron currents measured for these acceleration voltages
are in the range of Ie− =1.6× 10−6 A. Even though the maximal currents showed dif-
ferent optimal Vacc values for the short electrode configuration, the potential remained
unchanged to allow better comparison.

Nevertheless, the beam energy certainly affects the injection process. To visualize this,
a number of measurements was conducted using both E×B plate configurations (long and
short) in the VTop1 vs VRW1 plane with the same potentials on the E×B plates and the
magnet. The values for Ir and Iθ were chosen to yield the highest electron current.

long plates

� VE×B =550 V

� Vmag =8.0 V

� Ir =−5.0 A

� Iθ =9.4 A

� VTop1: 30 V to −30 V

� VRW1: 30 V to −60 V

short plates

� VE×B =550 V

� Vmag =8.0 V

� Ir =−8.0 A

� Iθ =8.8 A

� VTop1: 30 V to −30 V

� VRW1: 30 V to −60 V
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5.1 Electron Measurements

Again, as seen in the previous section, the shorter plates reduce the injection efficiency
along the VRW1 axis significantly in the range of VRW1: 30 V to −20 V. For acceleration
voltages below VAcc < −12 V, the measured electron current at the target probe using
the long plates was very low, therefore measurements using these values shall not be
discussed any further. In general, for both electrode configurations, it can be seen that
increasing the (absolute) value of Vacc results in a sweet spot that is compressed towards
lower, more negative RW1 potentials, and moved towards lower Top1 values (Figure
5.10). In the short electrode configuration, this behavior results in an increase of the
feasible injection parameter range, as the larger electron energies (-30V) can be injected
in the square of VTop1: 28 V to −30 V times VRW1: −20 V to −60 V, while this square
for VAcc =−12 V only ranges in the interval VTop1: 2 V to −22 V times VRW1: −10 V
to −60 V. The configuration with the long plates allows electron injection generally
throughout the same wall potential range, while only the size and position of the sweet
spot is affected.

Uncertainties During Target Probe Measurements

The RW5 target probe (see Figure 4.12 used during all electron–only measurements de-
scribed in this section consists of a 1 cm × 1 cm stainless steel square (Steel 1.4404),
mounted onto a M3 stainless steel threaded rod using a holding structure. Simulations
[108] have shown that the trajectory of a 5 eV positron beam has a distance of up to
10 mm between its mid plane crossings (where the target probe is located). This means
that a fully inserted target probe will intersect all particle trajectories in the area of
the square plate, but particles confined farther away from the magnet might pass the
threaded rod and therefore do not contribute to the measured electron current. Within
our measuring uncertainties this effect can be neglected as we demonstrated repeatedly
the 100% injection efficiency using positrons. However, with the electron energies being
larger than 5 eV, the distance between the mid plane crossings increases. This might
result in a significant number of successfully injected particles that might not be regis-
tered due to this thin supporting rod. Nevertheless, even though this possible negative
effect needs to be mentioned, the purpose of the measurements described in this section
is rather gaining qualitative knowledge in injecting electrons using conditions optimized
for positron injection than obtaining the exact values.

5.1.3 Summary of Electron Injection using the MCP Electron Source

A compact, electron source using a commercial tungsten filament was installed on the
MCP support structure within the beam line. Its purpose is to investigate the feasibility
of injecting electrons using potentials optimized for positrons and to co-inject for the first
time both particles at the same time into the confinement chamber. It was demonstrated
that despite the opposite charge, electrons can be injected using positron conditions, even
though this process is inefficient. It was found that the electrostatic potential applied to
the magnet has very little influence in the injection process.

Based on simulations that indicate shorter E×B plates to have advantages for positron
confinement (Figure 5.5), without impairing the injection efficiency, a shorter version
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Figure 5.10: Effect on the injected electron current (color scaling), measured at the
target probe for different acceleration potentials on the filament in the VTop1 (horizontal
axis) vs VRW1 (vertical axis) map. The measurements for the long plates are on the left
side, the right side shows the short plate configuration.
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5.1 Electron Measurements

was installed and the differences in the injection process were characterized using the
MCP electron source. When regarding the Ir–Iθ map, the shorter plates exhibit a less
sharply defined parameter range of possible injection, while the VTop1–VRW1 map shows
a smaller range of injection parameters. This indicates that electron injection is not
possible using the MCP electron gun when using the short E×B plate configuration,
while potentials optimized for positron injection are applied to the wall electrodes. These
types of measurements, scanning across a very broad range of the multi dimensional
parameters have not been conducted using positrons, as the required time exceeds the
availability of positron beam time.
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5.2 Positron Measurements

The following section describes the results of co-injecting electrons and positrons using
the same beam line and injection parameters. During the first attempt for such a co-
injection in March 2018, we did not use an ammeter to measure the electron current and
the positron injection was negatively affected by ceramic components placed within the
confinement chamber that were charged up by the electron current. Due to numerous
improvements in the data acquisition and the experimental setup, only the beam time
between 25.07.18 and 28.07.18 will be taken into account in this section. During this
beam time, the original configuration comprising the long versions of shield- and the
E×B- plates were installed (Figure 5.6).

The beam flux measured on the target plate mounted on the MCP assembly using the
charge integrator was (3.8± 0.3)× 107 e+ s−1. The positron beam was fairly centered on
the MCP (Figure 5.11), and showed an elliptical shape. Determining the correct size is
not possible as the high voltage cable connected to the phosphor screen crossed the field
of view between phosphor screen and camera (grey, blurry vertical line).

The exact longitudinal beam energy wasn’t measured using the retarding field ana-
lyzer technique in the diagnostic chamber during this experimental campaign. The beam
energy provided by NEPOMUC was 5 eV with an energy distribution most likely in the
range of later experiments as shown in Figure 6.12.

Figure 5.11: MCP image of the positron beam as used during beam time 07/2018. The
blurry vertical line is a high voltage cable intersecting the field of view.

80



5.3 Combined Electron Positron Injection

5.3 Combined Electron Positron Injection

5.3.1 Electron Source Positioning

The measurements discussed in section 5.1 were obtained with the electron gun placed
in the center of the beam line, at the position where the positron beam would be. To
enable the successful co-injection of both particle species and due to the comparably low
numbers of positrons, this beam was centered at its optimal position, while the electron
gun is retracted to the side, allowing the positrons to pass. Because of the assemblies
geometry, the position of the electron source can only be varied linearly, parallel to the
E×B plates, to one side of the positron beam, namely shifted outwards, towards the
Top1 electrode. The current setup does not allow a positioning on the other side of the
positron beam, even though this might be beneficial as this would increase the distance
to the positively biased outer wall electrodes.

The appropriate position is chosen using a BGO gamma detector, placed outside the
diagnostic chamber, monitoring annihilation events induced by positrons hitting the tar-
get plate /electron gun assembly. While observing the count rate, the electron gun is
retracted until the positron beam passes it completely and the count rate therefore de-
creases to the background level.

Due to its geometry, the spatial distance between the positron beam and the exit
aperture of the electron gun lies in the range of 1.5 cm to 2.0 cm. When recalling Figure
4.5, this means the beam passes the assembly vertically on the right side while it is shielded
from electrostatic stray fields generated by the filament and its connecting cables. As both
the electron gun case and the copper target plate are grounded, no significant stray fields
should affect the positron beam.

Figure 5.12 illustrates that the range of possible electron gun positions, which geomet-
rically allow both beams to pass towards the confinement chamber, is very narrow, as
moving the electron gun further outside, would result in the electron beam hitting the
chamber, while moving it further inside would intercept the positron beam.

5.3.2 Diagnostics for Co-Injection

Positron Detection

The diagnostic tool used to measure annihilation of the injected positron beam, is a BGO
gamma detector placed on the equatorial plane of the magnet, pointing towards the RW5
target plate. Its field of view is adjusted in a way that annihilation events originating from
the magnet or the RW5 electrode are not registered (see Figure 5.13). This is realized by
an aperture established by two pairs of lead cuboids which each set either the size of a
horizontal or a vertical slit. This ensures that only annihilation events originating from
positrons hitting the target plate or the region of the outer wall electrodes along the line
of sight are detected.
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5 Simultaneous Injection of Electrons and Positrons

Figure 5.12: CAD drawing of the diagnostic chamber. The red arrow indicates the
centered positron beam, while the blue arrow illustrates the electron beam. It can be
seen that the electron gun can be retracted in a way that both the positron beam and
the electron beam can propagate alongside each other in the beam line.

Electron Detection

The electron current is measured by a multimeter connected to the target plate as de-
scribed in section 5.1.1. It was demonstrated that the count rate of annihilation events
does not change when connecting the multimeter to the plate.

5.3.3 Injection Process

To determine the optimal positron injection conditions, potentials are applied to the
electrodes that are known to allow efficient injection and the currents through both pairs
of steering coils are scanned across the available parameter range. The coordinates with
the highest annihilation count rate are considered as optimal values. In this scenario, as
we have two types of particles, two Ir–Iθ maps are measured simultaneously, one showing
the annihilation events and the other showing the electron current as color coding. This
means, when both an annihilation signal as well as an electron current is measured at the
same Ir–Iθ coordinates, settings which allow both species to be injected using the same
conditions, are found.

Figure 5.15 shows such a simultaneous measurement. The parameters set to the cham-
ber components are VE×B =300 V, VTop1 = +14 V, VRW1 = +20 V, VAcc =−12 V while
the positron beam is centered on the MCP (measurements using other VE×B biases are
shown in the Appendix 9.1). It is noticeable that the plots for the two different particles
exhibit completely different injection characteristics. As the potential landscapes with
the positive wall electrode biases are optimized for positrons, a large parameter range of
steering coil current allows a successful injection process. The electrons in contrast, are
injected off-center, with non-optimal, attractive wall biases and a higher energy. Conse-
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Figure 5.13: Top view of the diagnostic chamber. The two beams are injected be-
tween the E×B plates. The gradient and curvature drift induces the two species to drift
toroidally in opposite directions around the magnet. After a 180° drift, both beam are
intercepted by the inserted RW5 target plate. Positrons are detected by a BGO gamma
detector, placed outside the chamber, monitoring the target plate with the approximate
field of view shown by the yellow triangle.

quently, the range of feasible steering coil currents is reduced drastically, especially in the
Iθ direction. This pair of coils moves the beam perpendicular to the E×B plates. The
setting of Iθ =3.0 A seems to be optimal for both electrons and positrons, which indicates
that this must be the position centered exactly inbetween the two plates. The electron
beam is much more sensitive to this positioning than the positron beam. The radial
component however, is for both components equally forgiving, with a preference for very
negative currents especially for the electron beam. In our system, a negative Ir current
moves the beams towards the magnet, meaning it directs the electron beam away from
the positively charged Top1 electrode.

An explanation for the different behaviors of the two species is, that positrons don’t
necessarily require the conditions for a direct injection, as the repulsive potentials of
the outer wall electrodes facilitates multiple electrostatic reflections back onto field lines
that allow confinement [19] (see Figure 5.14). For electrons in contrast, the injection is
only possible from coordinates that permit them to be injected directly. In other words,
the parameter window that needs to be targeted is much smaller for electrons than for
positrons.
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Figure 5.14: Simulation showing that the repulsive potential of the wall electrodes Top1
and RW1 increases the injection efficiency, by reflecting positrons electrostatically back
into the trap. Multiple reflections result in a lossless injection process (Figure taken from
[19]).

The measurement shown in Figure 5.15 was repeated for each particle type individually.
The result was the same, i.e. that the two beams do not interact with each other, which
can be explained by two major reasons.

The first is related to the particle density. The positron beam provides a flux in
the range of 107 e+ s−1, while the electron beam possesses a flux of 1011 e− s−1. When
assuming a lifetime of 1.5 μs [42] for half the toroidal drift until they are intercepted by
the RW5 target probe, this means that the positron number at a time inside the confining
field is in the order of 15 and the number of electrons is approximately 1.5× 105. The
resulting particle densities are too low to establish a significant space charge, meaning
these measurements take place in the single particle regime. The second reason is related
to the drift direction of the particles. As explained in section 2.2, even though the opposite
signs of the two particle species result in the same E×B drift direction, their gradient-
and curvature- drift directions around the magnet are opposite. This means, when seen
from above, positrons drift clockwise, while electrons drift counter–clockwise. Further,
as the target probe obstructs their motion after a 180° toroidal drift around the magnet,
the particles do not ”see” each other after the injection process (Figure 5.13).
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Figure 5.15: Simultaneously measured annihilation counts (a) and electron current [A]
(b) with VE×B =300 V. The presence of both signals at the same coordinates show that
both particles can successfully be injected at the same time. As the parameters are
optimized for positron injection, the range allowing efficient injection is siginificantly
broader than compared to the electron beam.

5.4 Summary of the Simultaneous Particle Injection

The experiments shown in this chapter were intended to find a possibility of combin-
ing electrons and positron for the first time in this prototype magnetic dipole trap. In
the past, thorough investigations resulted in positron injection efficiencies of 100%. The
attempt was therefore to sustain this lossless injection while adding electrons whose avail-
ability lie orders of magnitudes higher than for positrons. We describe the development
and characterization of an electron beam created inside the beam line, that uses the same
magnetic and electric fields for its injection process. These fields, which are optimized
for positrons, significantly reduce the parameter range of feasible injection for electrons,
meaning that this beam has to ”hit” a very narrow window for its injection. The process
increasing the positron injection efficiency uses multiple reflections from the repulsive
fields of the Top1 and RW1 electrodes, that has the opposite effect on electrons. Nev-
ertheless, as the injection window for positrons is so much larger, configurations exist
which allow the injection of both particle species. As both densities are too low to ob-
serve collective effects, and their toroidal trajectories around the magnet are opposite,
they do not affect each other. The main result explained in this chapter, was showing,
that a simultaneous injection of two oppositely charged particles is feasible.

85





6 Injection of Positrons into an Electron
Space Charge

The feasibility of co-injecting electrons and positrons using the same injection principle
was successfully demonstrated. However, due to the low particle numbers and densities
as well as their opposite gradient– and curvature– drift directions around the magnet,
the two beams do not interact with each other in our setup. Both the currently available
positron beam flux and the inefficient electron injection procedure from the MCP electron
gun do not suffice to establish a significant space charge inside the confining field.

As the injection of positrons was demonstrated to be lossless [19] and their number
cannot be increased with the currently implemented setup, the next step en–route to a
confined pair plasma is to increase the number of electrons significantly. The pursued
strategy is to inject positrons into a negative space charge established by creating a cloud
of electrons within the confining field of the permanent magnet.

The following chapter describes the functionality of the electron source including its
emission characteristics, the operation of the diagnostic tools, and further, the effects that
such a negative potential exerts on the injected 5 eV positron beam. The main findings
are published in [42].

6.1 Electron Measurements

Similar to the previous chapter, we first engage with the aspects illustrating the generation
and detection of the electrons.

6.1.1 Filament Properties

The electron emitter chosen for these experiments is a thoriated tungsten wire, due to the
versatile options in terms of shape and dimensions. The wire (diameter of 0.25 mm) is
shaped as a 40 turn coil with an outer winding diameter of 2.8 mm and a length of 33 mm
(see Figure 6.1). Special care must be taken during operation, as this filament is capable
of destroying the magnetic properties of the permanent magnet through overheating.
Typical operation temperatures of such Nd-Fe-B magnets lie below 80 °C. Increasing
the temperature above this value results in a decreasing magnetic field strength that
becomes irrecoverable, even before reaching its Curie temperature of TC ≈310 °C [118].
As a counter measure, a rectangular stainless steel plate (10 mm × 5 mm × 1 mm) was
attached to the tip of the assembly (Figure 6.1) to minimize the heat input onto the
magnet by shielding the thermal radiation. Further, the continuous operation time of the
electron source has been limited to six hours.
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The length of the (straight) wire can be approximated by using basic geometry: One
winding consists of two components: a cylinder barrel and the pitch (spacing) of two
neighboring turns. These two components represent the cathetuses of a right triangle,
while the wire length of one winding is its hypothenuse. The length Ltot can therefore be
calculated as:

Ltot = 40 · L0 = 40 ·
√

(2rπ)2 + d2 = 40 ·
√

4r2π2 + d2 = 35.3cm (6.1)

where 2πr is the circumference of the coil, d the turn spacing along the cylinder and L0

the wire length per winding. In our case the wire length of the 40 windings is 35.3 cm.
Its surface calculates to 277 mm2.

This calculation assumes a perfect coil and can therefore only be seen as an approx-
imation. As the filament was wound manually, the diameter of the loops, their spacing
as well as their axial orientation are not perfect. During operation, tungsten is continu-
ously evaporated from the wire surface which decreases its diameter over time. The dark
coloring on the aluminum oxide tube and the stainless steel nuts in Figure 6.1 originates
from adsorbed tungsten. Furthermore, when heating the filament for the first time, the
axis of the coil changes its shape from a line to a curve as the heated wire softens, bends
plastically downwards through gravitation while its ends are fixed on the support struc-
ture. This shape then remains permanent, even after cooling the filament. The originally
elastic and sturdy material becomes brittle, requiring a careful handling.

6.1.2 Electron Emission Characteristics

The electron emission current can be estimated theoretically (see section 2.6) by the
temperature that is measured using an analog glow wire pyrometer. A heating current of
4.0A and a voltage of 17.5V (as partly used during the beam time) results in a temperature
of approximately (2190± 30) °C. This method is not very precise: One has to observe
the filament which needs to be characterized through an objective containing a tungsten
filament whose heating current has to be adjusted to match the colors of both filaments.
The corresponding temperature is indicated on an analog gauge.

By inserting the material constants (table 2.1) and this filament temperature into
the Richardson–Dushman equation (2.6) the emission current density is calculated to
be 75.6 A cm−2 for thoriated tungsten. Applying this theoretic emission current to the
previously described filament surface, would lead to an emission current of 209 A, which
is an unreasonably high value.

Another possibility of approaching the filament temperature uses the Stefan–Boltzmann
equation

P = σ ·A · T 4 (6.2)

where P is the radiated power from the object, σ the Stefan-Boltzmann constant, A the
emitting surface and T the temperature of the emitter. By replacing the power P with
the product of heating current and the voltage decay across the filament and solving for
T , the calculated temperature is 1453 K. Inserting this into the Richardson–Dushman
equation, we obtain for the emitted current density 4.78 mA cm−2, leading to an emission
current of 0.13 mA for this filament.
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a)

b)

Figure 6.1: a) Photograph of the space charge filament used throughout the beam time
before it was heated the first time. The dark coloring of the Al2 O3 insulating tube
originates from evaporated tungsten from the filament. On the right side, the heat shield
can be seen. b) Photograph of the heated (and broken) previously used filament: The
original linear shape changed to a curved shape due to a plastic deformation induced
through the heat input.

The calculation using the temperature measurement of the pyrometer is clearly wrong,
while the approach using the Stefan–Boltzmann equation leads to an emission current
close to the measurement on the actual filament (0.7 mA). There are multiple reasons for
this discrepancy.

� the Richardson–Dushman formula is valid for the absence of electric fields, while
the filament was biased to −60 V to increase the emission.

� The filament is shaped as a coil, meaning that emitted electrons eventually hit other
sections of it instead of propagating into the vacuum.

� The filament is located within the field of a permanent magnet, which restricts the
electrons to be emitted only along its field lines [103]. An increase of the emission
current to 6 mA has been observed after the field of the previously installed magnet
decreased from 0.6 T to 0.025 T due to overheating.

� The emitted electrons establish a negative space charge around the filament, which
reduces the maximum possible emission.
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6 Injection of Positrons into an Electron Space Charge

The latter is strongly affected by the electrostatic potentials in the vicinity of the
filament. Both biasing the filament negative, or placing it into a positively charged
environment (such as a positively charged magnet case) increases the emission current.
Further, as the Richardson-Dushman formula (equation 2.45) suggests, increasing the
heating current of the filament also increases the free electron yield. When measuring
the emission current as a function of the heating current in our setup with a magnet
bias of Vmagnet = +8.0 V, it saturates at around 1.3 mA for a heating current of 5.0 A
(Figure 6.3). For this measurement, the end of the filament close to the magnet is set to
a potential of −60 V while the other is at −77.5 V.

Filament Heating

The floating output of a power supply provides the filament heating current Ifil. Through
Joule heating, the Ohmic resistance of the tungsten wire is a function of the applied
current which results in a linear potential variation of (Vfil) across the filament.

The power supply is connected through a polarity switching device (relais to invert the
direction of the electric current) to the filament. This enables the heating current to be
applied in both directions, thus the more negative potential of one end of the filament
is either close to the magnet (inside) or close to the outside wall electrode (outside) (see
Figure 6.2). A positive heating current is defined in this context as the configuration
where the more positive end of the filament is close to the outer wall, while a negative
heating current indicates the more negative end of the filament being close to the outer
wall.

Magnet

Filament
Inside Outside

Figure 6.2: Top view of the chamber, showing the magnet, the filament and the outer
wall. ”Inside” indicates the side of the filament close to the magnet, while ”outside”
denotes the side close to the outer wall.
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Figure 6.3: Heating current variation of the filament beween 3.0 A and 5.0 A. The emis-
sion saturates while increasing the absolute value of the heating current. The blue dots
represent values set throughout the measuring campaign, while the black ones represent
a later measurement.

Filament Acceleration Potential

To emit and accelerate electrons, the overall potential (Vacc) of the source must be neg-
ative. A second power supply, connected to the floating output of the heating supply
provides this potential (see Figure 6.4). The positive output is connected to the grounded
vacuum chamber, the negative output is connected to one of the filament current leads
and is therefore defining the potential of the corresponding end of the filament. Con-
sequently, this circuit allows four different combinations of the heating and the biasing
supplies, which either increase or decrease the average negative absolute bias value by
superposing the two voltages.

� I Outside connected to Vacc (Table: 6.1, Figure: 6.4 a)

– positive Ifil → -Vacc inside, -Vacc - Vfil outside

– negative Ifil → -Vacc outside, -Vacc + Vfil inside

� II Inside connected to Vacc (Table: 6.2, Figure: 6.4 b)

– positive Ifil → -Vacc outside, -Vacc + Vfil inside

– negative Ifil → -Vacc inside, -Vacc - Vfil outside

Note: Changing the direction of the heating current using the polarity switcher swaps
the polarities of the heating current, the end of the filament which is connected to the
biasing supply is not changed (green arrows in Figure: 6.4). Applying Vacc to the other
end of the filament requires manually reversing the cables. This results in two configu-
rations: One which enables a maximum negative potential inside and another one which
enables a maximum negative potential on the outside.
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Inside Outside

I�l

Vacc

Inside Outside

I�l

Vacc

a) Most Negative Outside

b) Most Negative Inside

Figure 6.4: Electrical connections of the filament. a) Configuration I sets the most
negative potential outside. b) Configuration II for the most negative potential inside. The
green arrows represent the polarity switching device, that either increases or decreases
the maximum potential.

In short, this means there are two configurations which maximize the average of the
absolute value of Vacc (most negative close to the outer wall (I) or close to the magnet
(II)) and two configurations where the average potential is reduced by the superposition
of the two voltages. The corresponding potentials resulting in the superposition of Vacc

and Vfil that were applied during the positron/electron-space-charge measurements are
listed in the tables 6.1 and 6.2. For the experiments described later in detail is the
configuration I, with a heating current of Ifil =−4.0 A of special interest.

Heating Current Ifil [A] Voltage drop [V] Potential inside [V] Potential outside [V]

-4.0 17.54 -60.00 −77.54
-3.8 16.11 -60.00 -76.11

-3.6 14.75 -60.00 -74.75

-3.4 13.54 -60.00 -73.54

0.0 0.0 -60.00 -60.00

3.4 13.54 -46.46 -60.00

3.6 14.75 -45.25 -60.00

3.8 16.11 -43.89 -60.00

4.0 17.54 -42.46 -60.00

Table 6.1: Configuration I generating the most negative potential outside. The maxi-
mum value of −77.54 V is achieved for Ifil =−4.0 A (bold).
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6.1 Electron Measurements

Heating Current Ifil [A] Voltage drop [V] Potential inside [V] Potential outside [V]

4.0 17.54 −77.54 -60.00

3.8 16.11 -76.11 -60.00

3.6 14.75 -74.75 -60.00

3.4 13.54 -73.54 -60.00

0.0 0.0 -60.00 -60.00

-3.4 13.54 -60.00 -46.46

-3.6 14.75 -60.00 -45.25

-3.8 16.11 -60.00 -43.89

-4.0 17.54 -60.00 -42.46

Table 6.2: Configuration II generating the most negative potential inside. The maximum
value of −77.54 V is achieved for Ifil =4.0 A (bold).

6.1.3 Electron Losses on Electrodes

Even though the electron emission takes place inside the magnetic confining field, at radial
positions where long confinement times for positrons were observed, this type of injection
is largely inefficient. The majority of electrons does not contribute in establishing a
space charge. Whether the electrons are confined and succeed in performing at least
a 180° toroidal drift or if they are lost on chamber electrodes is affected by various
parameters, such as the exact position of the emission process, the composition of their
kinetic energy (i.e. their longitudinal and transversal momentum) or the electrostatic
potential landscape.

To quantify the main loss channels for electrons, a preceding setup than described
in Chapter 4 was used. The electron source is similar, however its assembly did not
have the heat radiation shield plate. Figure 6.1 b) shows a photograph of this (broken)
filament after its commissioning. The heating current was set to Ifil =4.0 A and the tip
of the assembly was placed at a distance of 15 mm from the grounded magnet case. The
acceleration voltage was scanned between −4 V and −50 V (see Figure 6.6). The RW1
target probe (section 4.2.4) was inserted at the other side of the magnet to measure the
electron current that contributes to establish a space charge close to the injection area of
the positron beam.

The highest emission current is expected to be measured when the most negative
acceleration voltage is applied. The currents collected on both the magnet and the target
probe confirm this expectation and are orders of magnitudes higher than the losses on
the wall electrodes.

� The current collected by the RW1 target probe (Figure 6.5b), shows a linear fall off
with Vacc from 2.5× 10−4 A to 0.5× 10−4 A between Vacc = −50 V and −30 V

� the losses on the magnet show a linear decrease (Figure 6.5a) throughout the
scanned Vacc range from 2× 10−3 A to 0.5× 10−3 A.
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Figure 6.5: Electron current measurements on the magnet (a) and the target probe (b)
as a function of the accelerating voltage on the filament.

The gradient– and curvature– drifts carry the electron beam counter clockwise (when
seen from above, Figure 4.9) around the magnet from RW5 towards RW1. The depen-
dence of the measured currents on the applied Vacc for each electrode appears as follows:

� RW5 (Figure 6.6a): this electrode is closest to the electron source. It shows a peak
electron current (3.5× 10−8 A) for the highest acceleration voltages. In the range
of VAcc = −40 V to −20 V the current is constant at 1× 10−8 A.

� RW6 (Figure 6.6b): the gradient– and curvature– drifts cause the electrons to
reach the vicinity of this electrode second. The curve shows a maximum current
for for Vacc =−25 V and measures 7× 10−8 A, which falls evenly when increasing
or decreasing the electron energy.

� RW7 (Figure 6.6c): after a 90° drift, the collected electron current drops by a factor
of 3.5 with a maximum current of 2× 10−8 A for Vacc =−36 V.

� RW8 (Figure 6.6d): at the ensuing electrode, the maximum current is one order of
magnitude lower, namely 2.5× 10−9 A for Vacc =−42 V.

� RW1 (Figure 6.6e): after 180°, the current is reduced again by one order of magni-
tude to 3× 10−10 A for Vacc =−48 V.

� RW2-4: the electrodes in the other half of the trap collect maximum currents in
the range between 5× 10−10 A (RW4) and 1.5× 10−11 A. The electrons detected
on this side of the chamber are of less importance for our measurements as they do
not coincide with injected positrons. Further, when the target probe is inserted,
only small amounts of electrons can ”sneak” past it and contribute to a measured
current. The largest current is measured on RW4, which is closest to the filament
it is likely that this measurement is mostly affected by electrons which impinge on
this electrode directly without performing a complete drift around the magnet.

� Top1 (Figure 6.6f): the current measured on Top1 shows two peaks in the range
of 5× 10−11 A at Vacc =−50 V and Vacc =−26 V. Due to its position close to the
E×B plates, and above the confinement volume, electrons hardly reach it.

� Top2 (Figure 6.6g): even though this electrode does not intersect field lines that
pass through the filament, the measured current is in the same range as measured
on RW1, namely 3.2× 10−8 A (for Vacc =−26 V) as it encloses 7/8 of the upper
portion of the wall.
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6.1 Electron Measurements

Summarizing these measurements, it can be stated that electron losses on the wall
electrodes, are at least four orders of magnitude lower than the current collected on the
RW1 target. When comparing the currents measured on the magnet and the target probe,
it can be seen that only 10% of the emitted electrons might contribute to establishing a
negative space charge close to the injection area of the positron beam. Thus, 90% are lost
on the grounded magnet. While injecting positrons, a positive potential exceeding their
beam energy is applied to the magnet (normally Vmag = +8 V) to minimize such losses.
The E×B plates were grounded during these measurements. However, even when set to
significantly higher voltages than typically applied during beam times (800 V instead of
200 V), the outcome of these measurements remains nearly the same. This reproduces
the findings that were seen in the context of positron injection. Namely, while performing
a toroidal drift for the first 180°, the potentials on these plates do not cause significant
perturbation of the orbits.
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Figure 6.6: Electron current measurements on the individual electrodes as a function of
the accelerating voltage on the the filament.
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6.1.4 Space Charge Measurement

The space charge established by the electron cloud is measured using the emissive probe
described in section 3.2.6 alongside the connecting line between RW1 and the magnet on
its equatorial plane (Figure 6.7). The tungsten filament is connected to the floating output
of a power supply (Figure 3.8) and heated with a current of Iprobe =1 A, resulting in a
voltage decay across the filament (and the current leads) of Vprobe =3.5 V. Therefore,
the uncertainty for measuring the space charge lies in the order of 3 to 4 V. As the
diameters of the current leads (2 mm) are large compared to the diameter of the filament
wire (0.1 mm), their Ohmic resistance can be neglected. The floating potential of the
filament, which is equivalent to the space potential of the surrounding electron cloud,
is observed by a voltmeter, which measures the potential difference between one end of
the filament and the vacuum chamber. The spatial profile of the electron cloud can be
determined by measuring the space potential as a function of the radial position of the
filament by step–wise retracting the inserted emissive probe and recording the potential
as a function of the probe position (see section: 6.3.2).

6.2 Gamma Detector Positioning

The main diagnostics used to measure the positron injection into the electron cloud are
two BGO (bismuth germanate) scintillation gamma detectors. Their fields of view (FoV)
are collimated through lead apertures and optimized for the detection of annihilation
events induced by positrons hitting the RW5 space charge filament assembly. One detec-
tor (A) is placed on the side of the chamber, while the other (B) is placed underneath
it. Associated with every positron measurement, a background measurement with iden-
tical injection conditions, but with the filament assembly being fully retracted (behind
RW5), was performed to confirm that the annihilation counts originate from the filament
assembly (and the region of the wall) and not from other structures in the field of view.

6.2.1 Side BGO Detector (A)

The side BGO detector is positioned outside the vacuum chamber at the equatorial plane
of the magnet close to RW3. Its FoV is limited by two pairs of lead bricks that form a
rectangular aperture. Each pair is limiting either its horizontal or vertical view into the
chamber. The FoV is adjusted to monitor the space charge filament assembly without
detecting events from positrons annihilating near the injection area or the magnet.

To validate whether the magnet is in the field of view of this BGO, the RW7 target
probe (that is located directly behind the magnet from this point of view) is inserted
while the count rate is monitored. An increase of the count rate would mean that the
probe and therefore also the magnet is seen by this detector. The detector window is
adjusted so that the count rate with the RW7 probe inserted remains in the background
level. A rough estimate of the FoV of this detector in the equatorial plane of the magnet
is shown as a yellow triangle in Figure 6.7.
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Figure 6.7: Top view of the confinement chamber. The yellow triangle represents the
approximate FoV of detector A in the equatorial plane of the magnet and the space charge
filament assembly, while the blue rectangle shows the field of view of detector B in the
same plane.

6.2.2 Bottom BGO Detector (B)

The detector B (crystal size 10 mm diameter, 20 mm length) assembly consists of a fas-
tening structure for the BGO/PMT, a tungsten copper collimator and a lead plate of
20 mm thickness and with a slot of 10 mm×3 mm. These components are aligned on the
same axis and mounted on a 40 mm×40 mm ITEM aluminum profile with a length of
200 mm (Figure 6.8).

It is placed underneath the chamber and aligned to monitor annihilation counts from
positrons annihilating on the space charge filament assembly. To verify the field of view,
two different approaches have been performed:

� Geometric: The position of the BGO assembly was included into the CAD model
of the APEX setup and the viewing lines between the crystal and the aperture were
extended to estimate the field of view in two planes (Figure: 6.9)

� Experimental: The RW5 space charge filament was temporarily replaced by a
22Na gamma source mounted onto an insertable rod, to verify that annihilation
events originating within this area can indeed be registered.
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Figure 6.8: CAD model of the detector B assembly: Mounted on a rod of ITEM profile,
the detector is placed behind a lead plate with a slot to collimate the view of the detector.

The field of view of detector B in the horizontal plane of the confinement chamber as
indicated by the CAD model is sketched as a blue rectangle in Figure 6.7 and as a blue
triangle in Figure 6.9.

ExB Plates

RW1
Emissive Probe

Magnet

RW5 
Space Charge
Filament

BGO detector B

Figure 6.9: Side view of the confinement chamber. On the bottom of the chamber,
detector B is placed behind a lead aperture, which limits its line of sight onto the area
around the space charge filament. The approximate FoV is illustrated in blue, it does
not include the magnet in the equatorial plane.

99



6 Injection of Positrons into an Electron Space Charge

6.3 Experimental Results

The following section contains the main results from the measurement campaign targeted
for the injection of positrons into an electron cloud. These measurements were conducted
in March 2020 using the experimental setup described in Chapter 3; the main findings
are published in [42].

6.3.1 Beam Properties

This section describes the properties of the positron beam that was used during this
beam time. It was characterized in the diagnostic chamber, which is equipped with the
multi-functional structure consisting of a micro channel plate (MCP) with an attached
phosphor screen, recorded with a CCD camera, a copper plate with two apertures and a
solid area used as a target plate (as described in section 4.5). The beam properties were
measured at the beginning and at the end of the beam time.

Beam Flux

The beam flux is measured at the MCP target using the charge integrator. At the
beginning of the beam time it was measured as (4.5± 0.3)× 107 e+ s−1.

25 mm

Figure 6.10: MCP image of the positron beam at the start of the beam time. The white
spot is the positron beam, vizualized by the phosphor screen. The orange circle shows
the active area of the phosphor screen with a diameter of 25 mm. The green cross shows
the position where the beam size was measured (Figure 6.11).

Beam Size and Shape

The positron beam monitored on the MCP is elliptically shaped. The beam is fairly cen-
tered on the screen. The beam size was calculated out of the image. The active area of the
MCP is known, and therefore the pixels can be converted into mm ((27.2± 4.0) px/mm).
Two intensity lines were extracted, one horizontal and one vertical (green cross in Figure
6.10). This data was plotted and fitted with a gaussian function (Figure 6.11). The
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fit parameters result in (1σ =(27.24± 0.15) px) corresponding to a horizontal diameter
of 2σhor =(2.00± 0.03) mm, the vertical diameter (1σ =(29.97± 0.27) px) corresponds to
2σvert =(2.20± 0.03) mm. It needs to be mentioned, that the image shown in Figure 6.10
shows the positron beam as an overexposed area. This was recorded with an increased
exposure time, while an external light source illuminated the MCP, which is practical for
the beam adjustment process, as the edge of the phosphor screen is visible. The actual
data to calculate the lateral dimensions were extracted from a darker, non–saturated im-
age. At the end of the beam time, the position of the beam was translated to the bottom
right of the MCP image (Figure 9.12). Due to the geometrical properties, the horizontal
axis represents the spatial extents in radial direction, with the right side being close to
the magnet and the left side close to the outer electrodes. The vertical axis shows the
extents in θ direction, with the top side closer to the negative E×B plate and the bottom
side closer to the positive E×B plate.
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Figure 6.11: Line plots of the MCP image, at the position of the green cross in Figure
6.10. The blue dots represent the pixel brightness level, the red line is the associated
gaussian fit. The horizontal (a) 2σ diameter of the beam spot is 2 mm, the vertical
diameter (b) is 2.2 mm. The vertical black lines lines show the position of the gaussians
maximum as well as the 1σ position.

Beam Energy

The mean longitudinal beam energy is estimated by applying a positive bias to the deflec-
tor electrode, which establishes a retarding field that reflects positrons with longitudinal
kinetic energies below this potential. The remaining positrons annihilate on the MCP
target plate. This type of measurement gives a good approximation of the beam energy.
As the deflecting electrode is however cylindrical, the repulsive potential exerted on the
incoming beam is not completely radially homogeneous. This means that centered par-
ticles might experience a different electric field than off–axis particles. This could be
circumvented by replacing the deflecting electrode by two grids, which establish a ho-
mogeneous repulsive potential inbetween them. Although this method offers benefits for
energy measurements, such grids would also be a source of positron losses, which is the
reason a deflecing cylindrical electrode is commissioned.
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6 Injection of Positrons into an Electron Space Charge

The annihilation events from the MCP target plate are monitored by a BGO detector
placed next to the target plate, outside the diagnostic chamber. The number of annihi-
lation events in dependency of the applied deflector bias is shown in Figure 6.12. The
blue dots are the measured annihilation counts, the red line is a fitted error function
plot for these points, while the green Gaussian is the derivative of the error function. Its
maximum shows the mean longitudinal energy of the beam, namely (4.9± 0.7) eV at the
beginning of the beam time. At the end of the beam time it measures to (5.2± 0.7) eV
(Figure 9.11).
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Figure 6.12: RFA measurement using the deflector as retarding field at beginning of the
beam time. Blue dots: measured annihilation events, red line: error function fit, green
line: derivative of error function. The maximal position of the gaussian represents the
mean energy (4.89± 0.70) eV.

6.3.2 Electron Injection

The following section describes the process of creating and analyzing the electron cloud
created by the space charge filament into which positrons were injected.

Emission Current

While operating the space charge filament, the emission current is recorded using a Keith-
ley 2401 source meter (Figure 6.3). The emission current measured for a heating current
of 4.0 A and a negative filament bias of −60 V is (0.80± 0.05) mA. The electrons are
magnetically guided along the field lines towards the permanent magnet and experience
both the gradient– and curvature– drift as well as the attractive potential of the positively
biased magnet case (8.0 V). At least 90% of the electron current is lost on the magnet as
described in section 6.1.3. The remaining 10% are mirror trapped in the magnetic field
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and contribute in establishing the negative space charge measured after a 180° toroidal
drift.

Electron Space Charge

It was described in section 4.2.4, that the space charge is determined by measuring
the voltage between the heated and electrostatically floating emissive probe and the
vacuum chamber (Figure 3.8). The spatial profile of the electron cloud can be measured
by stepwise retracting the probe. These space charge profiles (Figures 6.13 and 6.14)
were measured for all tuples of the four configurations described in section 6.1.2 and the
different heating currents shown in tables 6.1 and 6.2. The most negative space charge
of −58 V is achieved by using the configuration with the most negatively biased end
of the filament outside and a heating current of −5.0 A as can be seen in Figure 6.13.
For durabilty reasons however, most measurements were performed with a conservatively
chosen maximum heating current of 4.0 A, to ensure a sufficiently long lifetime of the
filament. The probe position where the most negative potential was found is at 85 mm,
or in other words, in a distance of 35 mm from the magnet case (120 mm). These profiles
were all measured by first applying the heating current to the retracted probe, then
inserting it to a distance of 5 mm to the magnet case, followed by retracting it step wise
using step widths of 2 mm. At each position, the average out of five voltage measurements
was taken and plotted. The slopes of the space potential variation in the equatorial plane
of the magnet shows an explicit deviation compared to the linear voltage variation on the
space charge filament. The exact reason for this correlation is at this point unclear, as
the restrictions in this system don’t allow three dimensional measurements of the volume
occupied by electrons. Nevertheless, one possible explanation might be the electrostatic
potential landscape with positive potentials on either side of the spatial measuring range
of the probe (magnet and RW1). Electrons in the vicinity of the RW1 electrode experience
an inward E×B drift, which might explain the steep space potential gradient on the outer
side of the volume. Figure 6.15 shows a photograph where both filaments are operating.
The brighter space charge filament on the right side creates the electron cloud that is
detected on the left side of the magnet.

6.3.3 Electron Density and Debye Length Estimate

The strategy for obtaining an electron–positron plasma that we pursue is to first estab-
lish a dense electron cloud, which is then filled with positrons. An electron cloud that
is sufficiently dense and cold can be regarded as plasma, if the size of the volume, is
significantly larger than the Debye length. The Debye length is defined as

λd =

√
ε0kB, T

nee2
(6.3)

with ε0 being the vacuum permittivity, kB the Boltzmann constant, T the electron tem-
perature, e the elementary charge and ne the electron density. Thermodynamics defines
the energy of a particle through its temperature.

Ee =
3

2
kBTeff (6.4)
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Figure 6.13: Radial profiles of the space charge potential for the configuration with the
setup for the most negative potential outside. A higher emission current also leads to an
increased emission current. In the following we will only regard the configurations with
the emission current below 1 mA.

As the bias on the filament exhibits a linear variation from −60 V to −77.5 V, the high-
est kinetic energy of electrons results from the potential difference in a mean energy of
(44± 10) eV or an effective temperature of (30± 10) eV. To estimate the order of magni-
tude of the electron density, two approaches are feasible: first, by considering the electron
emission and second by using the measured space potential.

Electron Density Estimate Through the Emission Current

It was shown, that approximately 90% of electrons are lost directly on the magnet
(Figure 6.5). This means that the remaining 10% contribute in establishing the space
charge. When considering an emission current of Iem =(0.80± 0.05) mA, the fraction of
(0.80± 0.01) mA drifts to the opposite side of the magnet. The volume filled by electrons
was calculated by constructing a CAD model based on single electron particle simula-
tions. The resulting volume measures approximately (0.5± 0.2)× 10−3 m3 and resembles
a torus with a C-shaped cross section. This comparatively large uncertainty of the volume
shall take into account that the volume of this torus might change, as the electron cloud
might affect this volume (single particle simulation, but collective effects in the experi-
ment). The total drift period for 30 eV electrons for one revolution around the magnet
takes approximately (3± 1) μs, which is calculated through trajectory simulations [119].
The different radial positions as a function of the pitch angle on the equator (Figure 6.16,
[42]) indicate that the drift time does not depend much on the pitch angle. This means
that even though the distribution function is most likely non–Maxwellian, this drift time
can be seen as a good approximation. The resulting mean electron density is therefore
ne =(3.0± 1.5)× 1012 m−3.
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Figure 6.14: Radial profiles of the space charge potential for the configuration with the
setup for the most negative potential inside.

Electron Density Estimate Using the Space Potential

The other approach to estimate the electron density utilizes the measured space potential
in combination with Poisson’s equation, which sets the electrostatic potential ϕ and the
corresponding charge density into relation.

∇2ϕ =
nee

ε0
. (6.5)

A polynomial fit was used to roughly obtain the shape of the radial space potential
variation shown in Figure 6.13:

ϕ(x) = 0.06
V

mm2
· (x− 0.051mm)2 − 42V (6.6)

The Laplacian was calculated by assuming a symmetrical electron density. This approach
leads to a a density of (4± 2)× 1012 m−3.

Possible Effects of Ionizing Residual Gas

The vaccuum level during the experiments was in the range of (1.2± 0.1)× 10−7 mbar,
which means that an effect on the measurements caused by the presence of residual
gas requires a discussion. The estimate using the emission current might be perturbed
by a fraction of secondary electrons induced through ionization, even though most ions
would be collected by the negatively charged electron emitter. This would in fact result
in an increased space potential value. For the approach using the space potential, the
measured value would be decreased, due to partial neutralization through ionization.
Regarding the mean free path for electrons for such a vacuum level using a cross section
of σ ≈10−20 m2 for 30 eV electrons for water (the most prominent residual gas) [120], it
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6 Injection of Positrons into an Electron Space Charge

Figure 6.15: Photograph of the heated emissive probe (left) the space charge filament
(right) and the permanent magnet in the center. The electron cloud is created on the
right side of the magnet, and is detected by the emissive probe on its left side while
retracting it by being step wise.

can be seen that the mean free path of approximately 3× 104 m is significantly larger than
the path of confined electrons (10 m). In the CNT experiment, it was further observed,
that ionization of residual gas is negligible [121].

We can summarize, that the estimated Debye length, is in the target range for the
planned pair plasma experiments. The values obtained above, result in a Debye length
in the range of 1 to 3 cm, which is smaller than the size of the trap being 5 to 10 cm.
The temperature of electrons however, is approximately one order of magnitude larger
than is ultimately forseen. The purpose of creating of this electron cloud was to generate
a space potential that affects the injection of positrons. However, even if this was not
the primary goal, an electron plasma, that could qualify as a non-neutral plasma, was
created.

6.3.4 Positron Injection

Prior to combining electrons and positrons within the confining volume, the injection
properties of positrons require optimization. For these measurements, the space charge
filament and its supporting structure serve as a target and both BGO detectors are used
to monitor annihilation events originating from this structure. The tip of the assembly has
a spatial distance of 10 mm to the copper case of the magnet (and therefore a distance
of 21 mm from the center of the magnet), meaning that it intersects all the field lines
that positrons are, in most cases, coupled to. The filament itself is grounded, while its
insulating ceramic support might charge up through the positron beam. However, as
the beam flux is very low, such an effect has not been observed so far while injecting
positrons. Such charging up effects were only observed by the electron beam during
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Figure 6.16: Relation between the toroidal drift time of 30 eV positrons and their pitch
angle for different radial positions [42].

simultaneous injection experiments, which were consequently avoided by implementing
major modifications in the chamber prior to the measurements shown in Chapter 5 (a
photograph of such modifications is shown in Figure 4.20).

Throughout the measurements described in the following sections, the magnet bias
was set to Vmag = +8.0 V, Top electrode 1 to VTop1 = +12.0 V, RW1 to VRW1 = +10.0 V
and the remaining electrodes to ground potential. The E×B plates were set to ei-
ther VE×B =±150 V or VE×B =±250 V. In the following, the diagrams showing the
VE×B =±150 V scenario are shown in the left colums, while the others are shown on the
right.

Variation of the Injection Coordinates

Similar to the previous chapter, the initial position of the positron beam before entering
the electrostatic field of the E×B plates is adjusted by the currents applied to the two
pairs of steering coils, placed above the injection area, shaping the guiding magnetic field
to enable an adiabatic variation of the initial position of the positron beam. Ir denotes
the current applied to the pair of coils moving the beam in radial direction (”in and
out”), while the current Iθ moves the beam perpendicular to Ir. By scanning these two
currents across a certain parameter space and recording either annihilation events or the
positron current in the confinement area, a two dimensional map is generated, showing the
injection efficiency in relation to the initial position of the beam. The consecutive plots
show a 2D histogram (heat map) with the radial steering current (Ir) on the horizontal
axis, the tangential steering current (Iθ) on the vertical axis, and the positron signal
displayed as a color coding.

Ir–Iθ using Annihilation Counts

Each Ir–Iθ map incorporates a combination of fixed Vacc, Ifil and VE×B. The annihilation
events are recorded using the two BGO detectors pointing at the space charge filament
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6 Injection of Positrons into an Electron Space Charge

as described in section 6.2 (Figure 6.7). By using these two detectors simultaneously and
recording the background data (while the RW5 filament is retracted), 4 diagrams are
generated for each combination:

� Detector A, direct data (Figure 6.17)

� Detector A, background subtracted (Figure 6.18)

� Detector B, direct data (Figure 6.19)

� Detector B, background subtracted (Figure 6.20)

A number of features become apparent when comparing the positron injection plots
(Figures 6.17 through 6.20):

� The maximum number of events registered by the detector A is much larger com-
pared to detector B. This can be explained by the smaller field of view and crystal
size.

� When comparing the plots of detectors A and B with identical E×B potentials to
each other, the shapes of the histograms are very similar. This confirms that both
detectors indeed collect events originating mainly from the RW5 filament structure.

� The count rate of the background signal for detector A is in the same order of
magnitude as the signal with the inserted filament, resulting in significantly neg-
ative net counts in the subtracted plots for certain parameters. When retracting
the space charge filament structure from the chamber, the positrons continue per-
forming the toroidal drift around the magnet. When approaching the E×B plates,
its electrostatic stray field forces the positron beam to move outwards, where it
partially annihilates on RW3. This electrode intersects the field of view of detector
A, resulting in an increased number of registered annihilations.

� The background data collected by detector B is barely affected by this effect, as
the equatorial plane of the RW3 electrode is placed outside its field of view (Figure
6.7).

� The similarity between the plots of the direct data of detector A and the background
subtracted detector B data indicates, that the positioning of both detectors monitors
the space charge filament and that the findings from these plots are coequal.

� When comparing the 2D histograms for the two E×B potentials, it can be seen
that the possible injection region for positrons is extended towards positive Ir for
a lower E×B bias (VE×B =150 V) while it is extended towards negative Iθ for the
higher E×B bias (VE×B =250 V) [117].

Due to the equivalent appearance of the background subtracted detector B data and
the direct detector A data, in the following only diagrams showing the latter are presented
to increase the understandability.
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Figure 6.17: 2D histograms of the count rate per second in the Ir–Iθ parameter space
for the two different E×B biases (VE×B =150 V (a) and VE×B =250 V (b)), showing the
direct data from detector A.
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Figure 6.18: 2D histograms of the Ir vs Iθ parameter space for the two different E×B
biases, showing the background subtracted data from detector A.
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Figure 6.19: 2D histograms of the Ir–Iθ parameter space for two different E×B biases,
showing the direct data from detector B.
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Figure 6.20: 2D histograms of the Ir–Iθ parameter space for two different E×B biases,
showing the background subtracted data from detector B.
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Ir–Iθ by Measuring the Positron Current

The major disadvantage of recording annihilation data using the BGO detectors is that
all events occurring within their field of view are registered. This uncertainty, namely
whether the annihilation events are truly originating from the space charge filament and
not from other locations can be circumvented by measuring the positron current collected
on a target.

As the RW5 filament assembly owns non conductive sections, the positron current
impinging onto the inserted RW7 (90°) target probe (section 4.2.4) is used instead. Hereby
the charge integrator (section 3.2.5) is used to measure an Ir–Iθ map (Figure 6.21). The
probe is inserted to a spatial distance of 5.0 mm to the magnet case. The following
features can be seen:

� The shapes of the possible injection coordinates in the Ir–Iθ maps are similar to
the shapes seen for the measurement using the gamma detectors. This verifies
additionally that the signal recorded by the gamma detectors is significantly dom-
inated by the inserted space charge filament and annihilations on other structures
are negligible.

� The ”flat” red/orange plain (4× 107 e+ s−1) in the Ir–Iθ map indicates a very high
injection (∼ 100%) efficiency across a large range of steering currents.

� The high signal to noise ratio confirms the advantage of measuring the positron
current directly instead of accumulating gamma events.

� Nevertheless, the positron current data is distorted compared to the gamma detector
data. One possible explanation is the different angular position of the detection
area, as the gamma detectors record annihilations of positrons that drifted 180°,
whereas the position for the current measurement takes place after 90°.

Despite the benefit of recording exclusively positrons reaching the desired target with
its low noise level, this method still holds disadvantages. The required measuring time per
data point is significantly higher (23 s) compared to the BGO detectors (2.8 s). It cannot
be used to investigate the effect of an electron space charge onto the positron injection
process as this target probe intercepts both species due to its position in between the
positron source at 0° and the electron source at 180°. Further, the positron current cannot
be measured using the charge integrator while the filament is emitting electrons, as their
numbers exceed the number of positrons by orders of magnitudes. As the target probe
used for the positron current measurement is placed at a different angular position as
the space charge filament, the Ir – Iθ maps appear slightly different compared to their
scintillation detector counterparts.

Nevertheless, as these changes are rather small, it can be inferrerd that the injection
map is not changed significantly while performing the 90° drift between RW7 and RW5.
The charge amplifier is consequently a useful tool to verify whether the gamma detectors
are collecting the true signal hitting the target plate, but it is only applicable for one
species at a time.
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Figure 6.21: Ir–Iθ parameter space for the two different E×B potentials, as a function
of the positron flux [e+ s−1] using the charge integrator. Both plots show a homogeneous
(”flat top”) area, which indicates an efficient injection process across a wide range of
steering currents.

Spatial Profiles of the Injected Positrons

The initial coordinates of the positron beam, which are adjusted using the two pairs of
steering coils affect the spatial distribution of the trapped particles relative to the magnet.
Similar to the measurement of the electron space charge described in section 6.3.2, the
radial profile of injected positrons in the equatorial plane is derived by retracting the RW7
target probe step–wise from a position close to the magnet towards the wall electrode,
while recording the positron current at each position. In previous experiments [122], such
profiles were often attained using gamma detectors, as the data acquisition is much faster.
The experimental setup as used here however, complicates installing such detectors at
their ideal positions because of space restrictions. Therefore, the charge integrator is used
with its advantageous feature of only recording positrons reaching the targets surface.

Such radial profiles were measured for distinctive points of interest on the Ir–Iθ maps:
eleven points for VE×B =150 V (Table 6.3a) and 13 points for VE×B =250 V (Table 6.3b).

In this section, only selected profiles (the complete set is listed in the appendix) for
the two E×B voltages of interest, namely several values close to Iθ =1.0 A (Figure 6.22a)
shall be discussed. By increasing the steering current Ir from negative to positive values,
the magnetic field adiabatically moves the positron beam radially outwards and therefore
further away from the magnet. The profile data for VE×B =150 V illustrates this (Figure
6.23): positrons injected from the coordinates of Point 3, exhibit orbits closest to the
magnet and the profile is shifted gradually towards a position centered in between RW7
and the magnet for Point 2. The conditions for Point 1 do not show significant positron
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Point Ir Iθ
1 6.5 1.0

2 3.0 1.0

3 -4.0 1.0

4 -9.0 1.0

5 -7.0 1.0

6 -8.0 -2.0

7 -8.0 -5.0

8 -4.0 0.0

9 3.5 -2.0

10 -5.0 -2.0

11 0.0 0.0

(a) VE×B =150 V

Point Ir Iθ
1 -0.75 -0.75

2 -3.0 -0.75

3 -3.0 -2.75

4 -7.0 -6.0

5 -7.0 -1.5

6 -8.5 -3.0

7 0.0 0.0

8 -7.0 -3.0

9 -9.0 0.5

10 -6.0 0.5

11 -9.0 2.0

12 -7.0 1.5

13 -4.0 1.0

(b) VE×B =250 V

Table 6.3: Selected coordinates on the Ir – Iθ map, where current profiles using the RW7
probe were recorded.

current. The latter point is of particular interest, as it changes its behavior when electrons
are added to the confinement volume.

The behaviour with the applied E×B voltage of VE×B =250 V (Figure 6.22b) is com-
parable. Higher (positive) Ir currents move the profile outwards (Figure 6.24). For this
configuration a number of noticeable features shall be mentioned (Figure: 6.24).

� Point 7: this is the point with the profile located furthest outside. Even though
the Ir–Iθ map shows barely a positron signal, the corresponding profile still shows
a high positron flux. This can be explained by the different coordinates where the
measurement took place (90° or 180°).

� Points 10 and 9 share roughly the same profile, even though their coordinates are
far apart.

� Points 2 and 11 show a similar profile, that is surprising due to their vastly different
Ir coordinates.

When the probe is fully inserted and the injection conditions allow a lossless injec-
tion, this type of measurement is supposed to show the same positron flux as measured
at the MCP target. Nevertheless, the values presented here are lower than this value
(4.47× 107 e+ s−1). There are multiple reasons for this. One could be the target probe
itself as it is equipped with a filament to serve as a spare emissive probe. Due to the
smaller volume it covers compared with the target rod, and hence orbits intersecting the
vicinity of this filament might not annihilate on it. The main reason however, is that
the positron current decayed throughout the course of this beam time (section 6.3.1) and
these measurements were obtained on different days. Another noticeable finding is that
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Figure 6.22: Selected points added to the Ir–Iθ map (detector A) with the coordinates
listed in table 6.3.

despite the different radial profiles, the maximum current measured on the fully inserted
target probe does not differ much among the different steering current values, which con-
firms the ”flat top” shape of the heat map (Figure 6.21), both when measured at RW7
using the charge amplifier and on RW5 using the gamma detectors.
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Figure 6.23: Current profiles at the selected points for VE×B =150 V (Figure 6.22a).
The magnet is positioned at 16 mm. The higher (more positive) the Ir value, the further
the positron distribution from the magnet. The solid lines represent an error function
fit to the measured annihilation signals, the dashed line its derivative, representing the
radial distribution of positrons after a 90° toroidal drift around the magnet.
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Figure 6.24: Current profiles at the distinctive points for VE×B =250 V. The magnet
is positioned at 16 mm. The lower the Ir value, the closer the positron position gets to
the magnet. The solid lines represent an error function fit to the measured annihilation
signals, the dashed line its derivative, representing the radial distribution of positrons
after a 90° toroidal drift around the magnet.
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6 Injection of Positrons into an Electron Space Charge

6.3.5 Combined Injection of Electrons and Positrons

The main purpose of the beam time was to investigate possible effects on the positron
injection due to the presence of an electron cloud. The magnitude of the established
space potential of down to −42 V described in section 6.3.2 changes the trap potential
significantly for injected positrons. The same two E×B biases, namely VE×B =150 V and
VE×B =250 V will be examined.

Variation of the Injection Coordinates

The Ir–Iθ map is the main indicator to evaluate the effect of the space charge. In the fol-
lowing, only the plots using detector A will be discussed, as it shows the results clearest.
During the measurements discussed here, the electrostatic potentials of the electrodes
were the same as used for positron only injection. The acceleration voltage applied to the
space charge filament was either set to Vacc =−60 V or Vacc =0 V, while the number of
emitted electrons was varied by applying the four different electrical connection config-
urations (section 6.3.2) and heating the filament to different values between −4.0 A and
+4.0 A (Figures 6.14 and 6.13). By combining the two settings of Vacc, the two electrical
connection options, and the nine different heating currents results in 36 different Ir–Iθ
maps for each of the two E×B bias settings. These plots indicate that the presence of
the electron cloud as well as the filament bias affect the injection of positrons.

When establishing the aforementioned electron space potential, two distinctive effects
on the positron injection need to be separated. One is the additional potential established
by the negatively biased filament, while the other is the presence of the electron cloud.
For clarity reasons, we will focus from now on onto the scenario with VE×B150 V.

The two positron injection scenarios without the presence of the electron cloud, namely
the unheated filament with its two different potentials show a distinctive difference: The
data for Vacc =0 V (Figure 6.25a), shows a homogeneously filled triangular structure. The
setting with the negatively biased filament (Vacc =−60 V) (Figure 6.25b) shows a hollow
area which suggests that the formerly uniform injection efficiency is reduced for these
settings. The black line represents the contour of the points with 50% of the maximum
count rate and is overlayed as reference in many of the following plots.

Effect of the Negatively Biased Filament

The utilized gamma diagnostics configuration (Figure 6.7) does not suffice to understand
the appearance of the hollow feature in the Ir–Iθ map when negatively biasing the filament.
During an earlier measuring campaign however, a detector (C) was positioned at the
equatorial plane of the magnet to observe annihilation counts from the (inserted) RW7
probe. Restrictions on the available space outside the chamber however, did not allow
an equally precise setup of the lead apertures for this detector C as is implemented for
detector A. The distance to the chamber and the aperture size was significantly larger.
This resulted to a field of view that included most of the confining volume.

The data acquired from detector A (Figure 6.27c and 6.27d) shows as expected, the
identical shape as described before, while the attained data from detector C appears in-
verted (Figure 6.27a and 6.27b). The scenario with a grounded filament is dominated by
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Figure 6.25: Injection plots for the unheated filament (a) grounded (b) bias set to
Vacc =−60 V. The black line is the half maximum count rate contour from (a).

a diagonal line from the bottom left to the top right corner, excluding the area seen in
the plot of detector A. Comparing the scenarios with the biased space charge filament,
the plots also appear to be complementary, meaning that the hollow area recorded from
detector A, appears to be filled in the data from detector C, while the diagonal line is
unchanged. This means that positrons are also injected from the coordinates in the ”hol-
low” region, but they are only observed by detector C, which indicates their annihilation
in a different location in the chamber. During these measurements, the injected positron
beam had different specifications with a significantly lower beam flux of 1.5× 107 e+ s−1,
with a mean longitudinal beam energy of 4.2 eV. Consequently, the data presented in
this subsection shows different count rates.

Particle simulations show [117], that the potential of the negative filament (−60 V)
induces an inward transport of the positron beam, that allows a large amount of particles
to pass through the gap between the magnet and the filament, while positrons hit the
filament when it is grounded (Figure 6.26). Comparing the position of Point 5 in the Ir

– Iθ map with its radial current profile, for the injection conditions with VE×B =150 V,
one can see that this point owns the radial profile closest to the magnet, and also lies
in the area that ”vanishes” upon applying the negative filament bias that is observed by
detectors A and B.

Effect of the Established Space Potential

The most significant effects on positron injection with and without the presence of elec-
trons can be seen for the configuration with the most negative end of the filament placed
outside, the heating current set to −4 A, the E×B plates biased to VE×B =150 V and a
space charge of −42 V established. We focus on this configuration. To better distinguish
the differences in the injection process, a contour showing the interpolated 50% line of
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6 Injection of Positrons into an Electron Space Charge

a) b)

Figure 6.26: Simulated particle trajectories of 5 eV positrons. a) grounded filament as-
sembly b) negatively biased (−60 V) assembly. The negative potential pushes the positron
orbits inwards so that they pass through the gap between filament and magnet [42].

the maximum count rate for the configuration with an unbiased and unheated filament,
is overlayed as a black line both for detectors A (Figure 6.28) and B (Figure 6.29). These
figures show on the left the known scenario with the unheated and unbiased filament com-
prising the ”flat top” count profile. The right side shows the injection case that includes
the space potential of −42 V, with the hollow area induced by the negatively charged
filament. The bottom rows show the data after background subtraction. This results in a
somewhat cleaner plot for detector B, as it does not receive annihilation events from the
RW3 electrode. The counts for detector A however, become negative, as the background
signal lies in the same order of magnitude as the ”real” signal. The similarity among the
two detectors indicate that both indeed capture gamma rays from the same origin and
that the chosen positioning was correct.

The space potential extends the area that allows successful injection towards positive Ir.
This means that the injection of positrons positioned close to the Top1 electrode, whose
injection normally would not work, is now possible when a sufficiently high negative space
charge is established inside the trapping region (Figure 6.28b).

During this measurement campaign, the heating current on the filament was set to a
rather conservative value to ensure a sufficiently long lifetime. At the very end of the
beam time however, the heating current was increased to Ifil =4.8 A, which corresponds
to an emission current of Iem =1.4 mA and a space potential of −52 V (orange dots in
Figure 6.13). Compared to the lower heating currents, the shape in the Ir–Iθ map is
changed (see Figure 6.30), the extension towards positive Ir is now mainly visible for low
Iθ values.

The current setup does not provide the possibility to measure the injection efficiency
directly when electrons are present. The RW7 probe would intercept both electrons and
positrons simultaneously. The charge integrator would therefore only detect the electron
current as it is much larger than the positron current. Therefore, only the count rate
of the registered annihilation events can be utilized to estimate the injection efficiency.
The maximum count rate in the positron only injection scenario recorded by detector
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A, is 817cps at position Ir/Iθ= (2.0, 1.0) (Figure: 6.28a). Adding electrons shifts this
maximum position to Ir/Iθ=(4.5, 1.0) (Figure 6.28b) while the count rate is 801cps. This
is a difference of 2.0%. When comparing the background subtracted data for the same
detector the difference between electrons ”off” (711cps) and ”on” (724cps) is also 2.0%
(Figures 6.28d and 6.28c ).

Detector B registers the maximum counts for electrons ”off” (274cps) at position
Ir/Iθ=(−1.0, 1.0) and for electrons ”on” (263cps) at Ir/Iθ=(4.0, 1.5), which is a differ-
ence of 0.9%. The background subtracted plots show a difference between electrons ”off”
(179cps) and ”on” (142cps) of 0.8%.

When comparing the data collected by the two detectors, it is clear that detector A
delivers a superior signal-to-noise ratio and therefore a clearer plot, than detector B, as
multiple factors affecting the FoV occur simultaneously:

� The larger size of detector A (1” vs 1/4”) yields a higher gamma detection efficiency.

� Detector A is placed closer to the annihilation area. As the annihilation gamma
photons are emitted uniformly in 4 π, the signal drops as a function of the distance
by a factor of 1/r2.

� The aperture set for detector A is larger (5mm × 30mm vs 3mm × 10mm), pre-
senting a large solid angle for detection.

The configurations with heating currents of −3.4 A, −3.6 A, −3.8 A can be found in
the appendix (section 9.2.5 for VE×B =150 V and section 9.2.6 for VE×B =250 V). The
reason for comissioning a detector with a smaller BGO crystal size is the limited space
underneath the confinement chamber. Installing a larger detector including larger lead
plates forming the aperture is not possible in this location.

The injection efficiency of positrons in our setup reaches 100%. Previous measuring
campaigns using a target probe installed at RW5 validated that the positron current is
proportional to the annihilation counts registered by BGO detectors. The count rates
measured for the configurations that include or exclude the presence of electrons are nearly
the same. Therefore, we can conclude that even though the presence of a negative space
charge affects the injection window and alters the optimal steering current configuration,
lossless injection is nevertheless possible.

This finding is of major significance for the overall APEX project, as it indicates that
the injection techniques of both particle species can be separated and that the presence
of an electron cloud does affect but not prohibit the injection of positrons
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Figure 6.27: Ir – Iθ plots for VE×B =150 V. The left column shows the scenario with
the unbiased and unheated filament, the right column shows the effect of the negatively
biased filament (−60 V). The top row shows the direct data from detector C, the bottom
row the direct detector A data. The inverted appearance indicates that the hollow region
seen by detector A does not mean that positrons injected using these parameters are lost,
it rather shows that the injection process remains functional and their annihilation takes
place outside its FoV.
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Figure 6.28: Detector A: Ir – Iθ plots for VE×B =150 V. Images (a) and (c) show the
scenario with the unbiased and unheated filament, (b) and (d) show the effect of the
electron cloud with a space potential of −42 V, namely the extension of the injection
parameter range towards positive Ir. (a) and (b) show the direct data, (c) (d) the back-
ground subtracted data.
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Figure 6.29: Detector B: Ir – Iθ plots for VE×B =150 V. Images (a) and (c) show the
scenario with the unbiased and unheated filament, (b) and (d) show the effect of the
electron cloud with a space potential of −42 V, namely the extension of the injection
parameter range towards positive Ir. (a) and (b) show the direct data, (c) and (d) the
background subtracted data.
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Figure 6.30: Ir – Itheta plot for an increased heating current of Ifil =−4.8 A, an emission
current of Iem =1.4 mA and a space potential of −52 V for VE×B =150 V. a) detector A,
b) detector B. This increased space potential changes the shape of the appearance. The
effect of the extended parameter range is now mainly present for low Iθ. The black line
shows the contour for the unheated and unbiased filament configuration. Please note that
the range of the vertical axis is reduced compared to the previous images.
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6 Injection of Positrons into an Electron Space Charge

Effect of Electrons onto Registered Counts

The previous section described how the presence of a negative space charge influences
the size and shape of the positron injection window. A different type of measurement
was performed to quantify the relation between the emitted electron current and the
registered annihilation events at particular coordinates in the Ir–Iθ map.

Similar to the previous measurements, two distinctive potentials applied to the E×B
plates were chosen, namely 150 V and 250 V. The selected points for the corresponding
E×B potentials, enumerated in tables 6.3a and 6.3b are set to the steering coils and the
filament bias is set to −60 V. The heating current is applied in the direction to maximize
the negative potential outside the filament, and is scanned between −3.0 A and −4.0 A in
steps of 0.05 A, as electron emission commences only above a heating current of 3.0 A. The
voltage drop across the filament induced through its Ohmic resistance measures between
11.2 V (Ifil =3.0 A) and 17.6 V (Ifil =4 A). The resulting emission current is recorded using
a Keithley 2401 source meter and ranges between 0.0 mA and 0.7 mA. Depending on the
data point, either two or four individual measurements have been averaged. As mentioned
earlier, 90% of the emitted current is lost on the magnet and does not contribute to the
negative space potential.

The annihilation events for each heating current setting are detected with both BGO
detectors simultaneously. Each data point represents the average over three individual
measurements, each integrated over a period of 1 s. Nevertheless, especially for config-
urations with small injection efficiencies, the noise level is high, resulting in ambiguous
correlations.

These measurements are vizualized as a graph where the horizontal axis shows the
emission current and the vertical axis the normalized positron counts (Figure 6.31).

For illustration, the position of these points is overlayed to the data set (Figure 6.22),
resulting in the maximum effect of the space charge on the positron injection, namely
for a heating current of Ifil =−4.0 A. The black line again shows the contour of the 50%
injection efficiency in the configuration with the unheated and grounded filament. These
measurements were conducted for both E×B potentials (VE×B =150 V: Figure 6.31a,
VE×B =250 V: Figure 6.31b)

Across the applied range of heating currents, the potential on the space charge fil-
ament on the outer side only changes by 6.4 V (the inner side is constantly biased to
−60 V). Therefore, as an approximation, the variation of the overall electrostatic poten-
tial landscape within the confinement volume can be regarded as relatively unchanged.
This enables us to decouple the effects on the injected positron beam induced by the
electrostatic potential of the filament (hollow appearance in the plots) and the presence
of an electron space charge (extended injection window towards positive Ir). Only few
significant plots are shown in this section, the remaining can be found in the appendix
9.2.7.
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Figure 6.31: Selected points added to the Ir vs Iθ map (side detector) for the config-
uration resulting in the largest electron space charge (Ifil =−4.0 A, Vacc =−60 V) with
the coordinates listed in tables 6.3a and 6.3b. Further, the black line depicts the 50%
efficiency contour of the configuration without injected electrons.

Discussion for VE×B =150 V

The points chosen on the Ir–Iθ map for the E×B potential VE×B =150 V, can be roughly
devided into two groups: The first group is located close to the hollow area in the plot
(3,4,5,6,8,10), the second is affected by the extending Ir injection window (1,2,7,9).

Point 3, 5, 6 and 8 are located in the hollow area that is not changed by the influence
of the electron cloud, therefore both detectors measure a constant signal while scanning
the emission current.

Point 2 (Figure 6.32) shows a horizontal, unaffected correlation, as it remains within
the maximum region throughout the heating current range.

Without a space charge, point 1 (Figure 6.33) is located at the edge of the possible
injection window. Increasing the emission current from 0 mA to 0.15 mA leads to a
significant increase of registered annihilation events.

Discussion for VE×B =250 V

The effects for the E×B bias of VE×B =250 V are similar. The points can be divided
into groups that are clearly affected by the increasing space charge or which are not.
However, in this case all points (appendix 9.2.7) show an increase in registered events,
when increasing the emission current. This effect however is significantly clearer for some
points.

Point 4 (Figure 6.34) is one example for injection coordinates which are barely affected
by the electron cloud, as the count rate remains relatively constant. The same behavior
can be seen for point 6 (only for the bottom detector) or point 3.
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Figure 6.32: Point 2, VE×B =150 V. The
registered counts remain roughly constant,
as this steering current configuration is not
affected by the electron cloud [42].
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Figure 6.33: Point 1, VE×B =150 V. The
rising countrate clearly shows that the elec-
tron cloud enhances the injection efficiency
for these injection coordinates [42].

The most significant point however is Point 7 (Figure 6.35). It is located at injection
coordinates that barely allow positron injection without the presence of electrons. The
bottom detector doubles its count rate, while the counts on the side detector increase
by the factor of 5 when increasing the emission current. A similar effect can be seen for
point 1, which is very close
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Figure 6.34: Point 4, VE×B =250 V. The
registered counts remain roughly constant,
as this steering current configuration is not
affected by the electron cloud.
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Figure 6.35: Point 7, VE×B =250 V. The
rising count rate clearly shows that the elec-
tron cloud enhances the injection efficiency
for these injection coordinates.

126



6.4 Summary Space Charge Injection

6.4 Summary Space Charge Injection

This chapter contains the techniques applied to inject positrons into an electron space
charge. After successfully co-injecting electrons and positrons, the consecutive step in our
collaboration was to first create a dense electron cloud into which positrons are injected.
The purpose was to investigate whether this large negatively charged cloud affects the
injection of positrons significantly. The obtained results are very compelling. Not only
did the created electron cloud qualify as a non neutral plasma, it also did not inhibit the
injection of positrons, in contrast, for some injection parameters, their feasible range was
even extended. This positive result shows that the anticipated way towards a confined
pair plasma is feasible and that this type of electron injection is worth to further pursue,
especially as it can tested outside positron beam times as we now know that the positron
injection is not prohibited.
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7 Conclusions and Further Work

The present thesis describes the progress on the APEX project. A number of milestones
were achieved during this time through experiments using the prototype trap, such as the
lossless injection of the remoderated positron beam through applying repulsive biases to
two wall electrodes and the magnet, confinement times exceeding 1 s through switching
the E×B plates and applying a positive bias to the magnet and the successful injection
of primary and remoderated positron beams of various beam energies. During these
experimental campaigns, a reliable automated scanning software system that allowed,
fully remote data acquisition, was implemented.

The main focus of this work however, was to extend the capabilities of this prototype
trap to establish a mixture of both electrons and positrons in the confining field for the
first time. Hereby, two approaches were pursued.

The first approach was the parallel injection of a positron and an electron beam. For
this purpose, an electron gun, that was designed to minimize stray fields that might
negatively affect the positron beam, was constructed and inserted into the beam line
guiding field inside the diagnostic chamber. Electrons were accelerated by a potential of
Vacc =−14 V and propagated with a spatial distance of 1.5 cm parallel to the positron
beam towards the confinement chamber. The injection conditions were optimized for the
lossless injection of the 5 eV positron beam, meaning that only a narrow range of injection
parameters allowed the injection of electrons, as both the wall and the magnet potentials
were attractive for electrons due to their positive bias. Following the injection, both
particle species were detected after a 180° toroidal drift at the RW7 target probe. The
annihilating positrons with a BGO gamma detector and the electrons using a multimeter.
The gradient and E×B drifts for the two particle species were in opposite toroidal drift
directions. As their densities were low enough and both beams were intercepted by the
180° target probe, there was no interaction between electrons and positrons visible. This
result is valuable, as it shows a functioning method of combining electrons and positrons
that might become important in a later stage of the project. As the two beams don’t
affect each other, succeeding improved injection techniques can be developed for each
species individually, which simplifies the execution of future experiments, using both
particle types, significantly. If this technique will be used in a later stage however, either
the electron emission of the source needs to be increased, or multiple electron guns need
to be installed.

The second attempt to combine electrons and positrons uses a completely different ap-
proach. So far, we have learned that combining both particle beams is possible, however,
it is important to validate whether the positron injection is still possible in the presence
of a large space potential. Therefore, 180° away from the positron injection area, a large
tungsten filament serving as a thermionic electron source, was inserted. This position
allows the trajectories of the two species, despite their opposite drift direction, to overlap
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in the same region of the confining field. To quantify the potential of this electron cloud,
an emissive probe was inserted at the RW1 position measuring space potentials of up
to −58 V (most experiments were conducted above −42 V) and emission currents above
1 mA. This resulted in a pure electron plasma with a Debye length in the centimeter
range, which is smaller than the size of the experiment. To verify that the data acquired
using the BGO gamma detectors indeed originates from annihilation events on the space
charge filament assembly, this signal was recorded from two positions, namely next to
RW3 and underneath the chamber. This combination showed that indeed only signals
originating from the filament were observed. An Ir–Iθ measurement using the charge
integrator at a probe at RW7 also verified the data acquired using the BGO detectors,
originate only from particles hitting the target and contribute to the measured positron
current. The most important result however is that the injection of positrons is not
prohibited through the presence of the negative electron cloud. Further, the range of
parameters allowing a highly efficient injection process was even extended. This shows,
that this second approach of creating a mixed state of electrons and positrons was suc-
cessful. It must be noted however, that the presence of such a large thermionic electron
source inside the confinement region is not a viable strategy for creating a pair plasma.
Nevertheless, by placing the thermionic source near the edge of the confinement region
and relying on the diffusive inward transport of electrons, the underlying principle is a
promising candidate for future experiments.

As mentioned in Chapter 1, the overall plan for APEX comprises of several building
blocks that will be merged in future. All of these (see Figure 1.2) are currently under
development within the collaboration.

As a next step, the buffer gas trap system will be embedded into the NEPOMUC beam
line, downstream the remoderator unit. This will allow high intensity positron bunches
that can be delivered to every instrument installed at NEPOMUC. The purpose for APEX
is to increase the numbers of positrons in the confining field by accumulating positron
bunches. The idea is to provide good confinement conditions and then to inject one pulse
after another without loosing the already confined positrons. This might become a major
step closer to pair-plasma relevant positron densities.

After commissioning and testing the BGTS, the levitated dipole system will replace
the prototype trap. Currently ongoing simulations indicate that the positron beam is
best injected from the central axis of the dipole and that a positively biased electrode
mounted below the dipole can act as electrostatic mirror which increase the injection
efficiency. Further, 48 BGO detectors will observe annihilation events from the levitated
dipole setup. Tests on using the time stamps of registered counts to triangulate the exact
origin of the event are currently conducted.

Cooling and levitating the dipole will be a challenging endeavor. First, the two su-
perconducting coils are cooled below their critical temperature. To improve this process,
a chamber-in-chamber design allows the introduction of helium into a small volume to
decrease the cooling time. Subsequently, the superconducting charging coil induces the
required current in the floating coil. The latter is then lifted mechanically to the position
where it is supposed to be levitated. A water-cooled copper coil, placed on top of the
confinement chamber, called the lifting coil, provides the required magnetic force for the
levitation. Laser sensors measure the distance between these two coils and an electronic
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PID circuit regulates the current flowing through the lifting coil to stabilize the floating
coil in a constant height. The correct vertical coordinates allow the coil to be stable for
tilt and shift movements in the horizontal plane, meaning that only the vertical position
needs to be actively regulated. The hardware for the levitated dipole system is currently
under construction.

The multicell trap (IPPS) is under development at IPP Greifswald by our collabo-
rators. Filling off-axis Penning-Malmberg traps through exciting diocotron modes was
demonstrated successfully, the current prototype uses three parallel traps. This system
is planned to be integrated with APEX in a few years time when the neutron guide hall
east of the FRM II will be commissioned.

The optimized pair-plasma stellarator (EPOS) is currently in its early design phase
and will provide an alternative to the confining dipole field.

When all of these pieces come together, the worlds first laboratory low–energy magnet-
ically confined electron–positron will presumably be established and the door to a wide
array of interesting experiments will be opened.
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9 Appendix

9.1 Simultaneous Injection of Electrons and Positrons
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Figure 9.1: counts, VExB =180 V

-10 -8 -6 -4 -2
0

2

4

6

8

Ir [A]

I θ
[A

]

0

1.×10-9

2.×10-9

3.×10-9

4.×10-9

Figure 9.2: current, VExB =180 V
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Figure 9.3: counts, VExB =210 V
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Figure 9.4: current, VExB =210 V
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Figure 9.5: counts, VExB =240 V
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Figure 9.6: current, VExB =240 V
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Figure 9.7: counts, VExB =270 V
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Figure 9.8: current, VExB =270 V
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Figure 9.9: counts, VExB =300 V
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Figure 9.10: current, VExB =300 V
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9.2 Injection of Positrons into an Electron Space Charge

9.2 Injection of Positrons into an Electron Space Charge

9.2.1 Beam properties
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Figure 9.11: RFA measurement using the deflector as retarding field at the end of the
beam time: blue dots: measured points, red line: error function fit, green line: derivative
of error function. The maximum of the gaussian represents the mean longitudinal energy
5.15 eV.
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Figure 9.12: MCP Image at the end of the beam time. The positron flux is reduced to
3.69× 107 e+ s−1.
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9.2.2 Space Charge measurements
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Figure 9.13: Radial profiles of the space charge potential for the configuration with
the setup for the most negative potential outside, but with the heating current polarity
switched, which leads to a reduced average negative potential and therefore a lower space
potential.
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setup for the most negative potential inside but reversed heating current direction
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9.2 Injection of Positrons into an Electron Space Charge

9.2.3 Spatial Profiles of Injected Electrons, Plots for VExB =150V

Point 1

20 40 60 80 100

0

1×107

2×107

3×107

4×107

Radius [mm]

P
o
si
tr
o
n
fl
u
x
[e

+
/s
]

W
all

M
ag
ne
t

Point 2

20 40 60 80 100

0

1×107

2×107

3×107

4×107

Radius [mm]

P
o
si
tr
o
n
fl
u
x
[e

+
/s
]

W
all

M
ag
ne
t

Point 3

20 40 60 80 100

0

1×107

2×107

3×107

4×107

Radius [mm]

P
o
si
tr
o
n
fl
u
x
[e

+
/s
]

W
all

M
ag
ne
t

Point 4

20 40 60 80 100

0

1×107

2×107

3×107

4×107

Radius [mm]

P
o
si
tr
o
n
fl
u
x
[e

+
/s
]

W
all

M
ag
ne
t

Point 5

20 40 60 80 100

0

1×107

2×107

3×107

4×107

Radius [mm]

P
o
si
tr
o
n
fl
u
x
[e

+
/s
]

W
all

M
ag
ne
t

Point 6

20 40 60 80 100

0

1×107

2×107

3×107

4×107

Radius [mm]

P
o
si
tr
o
n
fl
u
x
[e

+
/s
]

W
all

M
ag
ne
t

Figure 9.15: Points 1-6, VExB =150 V
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Point 7
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Figure 9.16: Points 7-11, VExB =150 V
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9.2 Injection of Positrons into an Electron Space Charge

9.2.4 Spatial Profiles of Injected Electrons, Plots for VExB =250V
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Figure 9.17: Points 1-6.VExB =250 V
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Point 7
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Figure 9.18: Points 7-13. VExB =250 V.
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9.2 Injection of Positrons into an Electron Space Charge

9.2.5 Ir vs Iθ theta - Plots for VExB =150V
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Figure 9.19: Ir vs Iθ plots for other heating currents (direct data, no background subtrac-
tion), with Vacc =−60 V and VE×B =150 V. The left images are acquired using detector
A, the right side images with detector B. The black line shows the contour of the config-
uration without bias and no heating current.
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9.2.6 Ir vs Iθ - Plots for VExB =250V
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Figure 9.20: Ir–Iθ plots for other heating currents (direct data, no background subtrac-
tion), with Vacc =−60 V and VE×B =250 V. The left images are acquired using detector
A, the right side images with detector B. The black line shows the contour of the config-
uration without bias and no heating current.
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9.2.7 Effect of electrons onto registered counts - Plots

Plots forVE×B =150 V
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Figure 9.21: Emission vs count plots for points 1-6 with VE×B =150 V.
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Figure 9.22: Emission vs count plots for points 7-11 with VE×B =150 V.
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Plots for VE×B =250 V
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Figure 9.23: Emission vs count plots for points 1-6 with VE×B =250 V.

161



9 Appendix

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

100

200

300

400

500

600

700

emission current [mA]

co
u
n
ts
at
d
et
ec
to
r
A

Point 7

0

50

100

150

200

250

co
u
n
ts
at
d
et
ec
to
r
B

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

100

200

300

400

500

600

700

emission current [mA]

co
u
n
ts
at
d
et
ec
to
r
A

Point 8

0

50

100

150

co
u
n
ts
at
d
et
ec
to
r
B

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

100

200

300

400

500

600

700

emission current [mA]

co
u
n
ts
at
d
et
ec
to
r
A

Point 9

0

50

100

150

co
u
n
ts
at
d
et
ec
to
r
B

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

100

200

300

400

500

600

700

emission current [mA]

co
u
n
ts
at
d
et
ec
to
r
A

Point 10

0

50

100

150

co
u
n
ts
at
d
et
ec
to
r
B

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

100

200

300

400

500

600

emission current [mA]

co
u
n
ts
at
d
et
ec
to
r
A

Point 11

0

50

100

150

200

co
u
n
ts
at
d
et
ec
to
r
B

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

100

200

300

400

500

600

emission current [mA]

co
u
n
ts
at
d
et
ec
to
r
A

Point 12

0

50

100

150

200

co
u
n
ts
at
d
et
ec
to
r
B

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

100

200

300

400

500

600

emission current [mA]

co
u
n
ts
at
d
et
ec
to
r
A

Point 13

0

50

100

150

200

co
u
n
ts
at
d
et
ec
to
r
B

Figure 9.24: Emission vs count plots for points 7-13 with VE×B =250 V.
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Bei Prof. Dr. Thomas Sunn Pedersen möchte ich mich für die Aufnahme in die APEX
Gruppe und die produktiven Diskussionen und Anregungen bedanken.

Prof. Dr. Haruhiko Saitoh danke ich für seine große Geduld mich in die Details der
Prototyp Falle einzuweisen. Sein Fachwissen war eine sehr große Hilfe dabei die ersten
Elektronen Experimente aufzubauen und seine entspannte Art machte die gemeinsame
Arbeit während Umbauten und Strahlzeiten zu sehr schönen Erfahrungen.
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164


	Abstract
	Zusammenfassung
	Introduction
	Theoretical Background
	Dipole Magnetic Field
	Single Charged Particles in Electric and Magnetic Fields
	Cyclotron Motion
	ExB Drift and Guiding Center Approximation
	Gradient, Curvature and Toroidal Drift

	Conservation of Magnetic Moment and the Mirror Force
	Plasma Properties
	Debye Shielding and Definition of Plasma
	Non-Neutral Plasmas
	Pair Plasmas

	Physics with Positrons
	Positron Sources
	Positrons in Matter
	Moderation of Positrons

	Electron Sources

	Experimental Methods
	The NEPOMUC Positron Source
	Positron Source
	Positron Remoderator
	Beam Guiding

	Diagnostic Tools
	Beam Monitor
	Target Plate
	Apertures
	Gamma Detection
	Charge Integrator
	Emissive Probe


	APEX - Experimental Setup
	Diagnostic Chamber
	Vacuum Chamber
	Magnetic Configuration
	Deflector Electrode
	Beam Diagnostic Assembly
	Air Side Infrastructure

	Confinement Chamber
	Magnet
	Cylindrical Electrodes
	EB Plates
	Insertable Instruments

	LabView Controlled Software
	Controlled Devices
	User Interface
	Output File
	Data Vizualization

	APEX Positron Experiments
	APEX Overview
	Milestones in the APEX Project
	Evolution Timeline


	Simultaneous Injection of Electrons and Positrons
	Electron Measurements
	Pure Electron Injection
	Comparison Between two Different Sets of EB Plates
	Summary of Electron Injection using the MCP Electron Source

	Positron Measurements
	Combined Electron Positron Injection
	Electron Source Positioning
	Diagnostics for Co-Injection
	Injection Process

	Summary of the Simultaneous Particle Injection

	Injection of Positrons into an Electron Space Charge
	Electron Measurements
	Filament Properties
	Electron Emission Characteristics
	Electron Losses on Electrodes
	Space Charge Measurement

	Gamma Detector Positioning
	Side BGO Detector (A)
	Bottom BGO Detector (B)

	Experimental Results
	Beam Properties
	Electron Injection
	Electron Density and Debye Length Estimate
	Positron Injection
	Combined Injection of Electrons and Positrons

	Summary Space Charge Injection

	Conclusions and Further Work
	List of Publications
	Bibliography
	Appendix
	Simultaneous Injection of Electrons and Positrons
	Injection of Positrons into an Electron Space Charge
	Beam properties
	Space Charge measurements
	Spatial Profiles of Injected Electrons, Plots for VExB=150 V
	Spatial Profiles of Injected Electrons, Plots for VExB=250 V
	Ir vs I theta - Plots for VExB=150 V
	Ir vs I - Plots for VExB=250 V
	Effect of electrons onto registered counts - Plots


	Acknowledements

