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Abstract

Antimatter research probes fundamental symmetries of the Standard Model of particle physics
and tests its limitations. The research field of low-energy experiments on antiprotons is limited
due to the scarcity of this experimental resource. Currently, low-energy antiprotons can only
be experimented with at the Antimatter Factory located at the European Organization for Nu-
clear Research (CERN). The Extra Low Energy Antiproton ring (ELENA) is currently the only
source worldwide of antiprotons at low energies suitable for capture in charged particle traps.
This thesis presents proposed strategies for producing isomeric highly charged ions (HCIs) via
annihilation with low-energy antiprotons in a trap and their application to precision metrology
through nuclear transition frequency measurements. A thorough analysis of candidate species
for these experiments and their potential for the field of metrology is provided. Furthermore,
this work presents the development, construction, and characterization of a transportable linear
Paul trap for antiproton transport. Experimental results demonstrate successful ion trapping
and the transport capabilities, with measured storage times and optimized trapping parameters
confirming the system’s functionality. The methods of synthesis, trapping, and extraction of an-
tiprotons for loading into the transportable trap are discussed. Preliminary experimental results
of low-energy antiproton extraction from the Antihydrogen Experiment: Gravity, Interferometry,
Spectroscopy (AEgIS) are presented.
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1. Introduction

The theoretical prediction and experimental discovery of antiprotons remains a remarkable mile-
stone in the field of particle physics. The existence of antimatter was first theoretically pro-
posed by physicist Paul Dirac in 1928, when trying to describe electrons traveling at relativistic
speeds [1]. His proposed equation for describing the motion yielded two separate solutions for the
electron’s energy, one being positive and the other being a negative solution. He interpreted these
results to mean that paired to the electron, there must be a particle equivalent in mass to the
electron but of opposite charge. Dirac’s hypothesis was later confirmed when the positron was
first experimentally discovered by Carl Anderson in 1933 [2]. The theory of antimatter extends
beyond the electron, with all fundamental particles having a conjugate antiparticle [3].

The lack of naturally occurring antimatter in the universe continues to puzzle physicists to
this day. Theories of the early universe suggest that antimatter and matter were initially created
at equal rates via pair production from high-energy photons, in a process named baryogenesis.
However, observations suggest that the visible universe has a perceived excess of baryons over
antibaryons. Charge parity (CP) violation has been suggested as a possible explanation for this
asymmetry; however, it is only able to partially explain the total asymmetry found [4]. This on-
going puzzle has led physicists to probe the Standard Model of particle physics by experimenting
with antimatter.

Experiments on antimatter are routinely performed at the European Organization for Nu-
clear Research (CERN). These experiments include high-energy experiments performed at the
Large Hadron Collider (LHC), such as recent findings by the LHC-beauty (LHCb) collaboration,
which illustrate some key asymmetries between the decay of the beauty baryon and its conjugate
antibaryon, marking the first measurement of CP violation in baryon decays [5]. Antimatter
experiments are also performed at low energies inside CERN’s Antimatter Factory facilities.
There, a network of accelerators and decelerators allows for the production of antiproton beams
at energies that allow for low-energy antiproton trapping and storage [6].

Experiments at CERN’s Antimatter Factory largely focus on precision measurements, such
as the measurements of the antiproton’s lifetime [7] and magnetic moment [8] demonstrated by
the Baryon Antibaryon Symmetry Experiment (BASE). Additionally, antimatter experiments at
these facilities extend from antiprotons to more complex neutral antimatter systems. For exam-
ple, the Antihydrogen Laser Physics Apparatus (ALPHA) is active in precision spectroscopy and
gravity on antihydrogen [9, 10], which is the simplest possible antimatter nucleus composed of
an antiproton and a positron. The Atomic Spectroscopy And Collisions Using Slow Antiprotons
(ASACUSA) also investigates spectroscopy on antihydrogen and of antiprotonic Helium, which
is an exotic matter-antimatter atom where an antiprotons substitute an electron in the He atom
(or ion) [11]. The Gravitational Behaviour of Antimatter at Rest (GBAR) experiment aims at
the measurement of gravity on antimatter via the synthesis of the antihydrogen positive ion, the
antimatter counterpart of the hydrogen negative ion [12]. Finally, the host of this thesis, the An-
tihydrogen Antimatter Experiment: gravity, Interferometry, Spectroscopy (AEgIS), is an experi-
ment dedicated to observing the force of gravity on antihydrogen via a ballistic measurement [13].
To reach this goal, the AEgIS experiment has been very active in laser spectroscopy and laser
cooling of antimatter systems with particular emphasis on the Positronium (Ps) atom [14, 15].
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Positronium is the bound state of an electron and a positron, and, in AEgIS, it is a key ingredient
for the pulsed synthesis of antihydrogen to initiate the ballistic measurement [16].

The limiting environment where low-energy antiproton experiments are located has motivated
the effort of developing a trap capable of transporting antiprotons outside of these facilities.
The BASE-STEP (STEP: Symmetry Tests in Experiments with Portable antiprotons) [17] and
the PUMA (antiProton Unstable Matter Annihilation) [18] devices are two cryogenic charged
particle traps currently in development at the Antimatter Factory with this goal in mind. The
primary limitation that the BASE-STEP experiment aims to solve is the noise for precision
experiments and for PUMA, the access to less stable matter, as they would like to transport
the antiprotons to CERN’s ISOLDE (Isotope Separator On Line DEvice) facility. Recent results
presented by the BASE-STEP experiment showed significant progress by presenting the first
transport of protons in the device [19], marking an important benchmark in the ongoing efforts
of transporting antiprotons.

This thesis presents the development of a linear Paul trap intended for transporting antiprotons
at room temperature. In contrast to cryogenic traps such as BASE-STEP and PUMA, the
device assembled in this work offers the advantage of portability, reduced operational complexity,
and lower cost. While room-temperature operation limits the number of antiprotons that can
be stored and their storage time, this simpler approach offers a proof-of-principle approach to
addressing the trappability of antiprotons at room temperature. By testing the annihilation
cross section of antiprotons with residual gas molecules for antiproton energies in the range of
10 − 100 eV in the trap, this trap aims to establish a foundation for future antimatter transport
experiments.

Beyond the immediate goal of antiproton transport outside of the Antimatter Factory, this
work explores the broader experimental prospects of utilizing trapped low-energy antiprotons
that could be transported in such a device. In particular, antiproton annihilation-induced highly
charged ion (HCI) formation offers a novel pathway towards experiments of precision metrology.
Reduced sensitivity to the environment and enhanced hyperfine splitting make HCIs ideal can-
didates for future frequency standards and fundamental physics tests. Antiproton annihilation
extends the accessible range over the conventionally used methods for producing HCIs. Con-
trolled antiproton annihilation in ion traps offers access to exotic nuclear states that couldn’t be
generated easily via electron-beam traps [20, 21] or that require large accelerator facilities with
storage rings [22], opening the possibility of precision measurements on isomeric transitions and
applications such as optical atomic clocks [23].

This thesis, therefore, pursues two complementary objectives in the study of low-energy antipro-
tons. Namely, the exploration of the experimental potential of antiproton annihilation-induced
HCI generation for precision metrology, and the development, assembly, and characterization
of a room-temperature transportable linear Paul trap for antiprotons, shown to be capable of
transporting ions. Together, both results set the stage for utilizing antiprotons away from large
and often electromagnetically noisy facilities, such as at CERN. Thus, opening new opportunities
at metrology institutes where antiprotons could serve as a tool to synthesize HCI on demand for
precision studies [24–26].

The content of this thesis is divided into four chapters. Firstly, Chapter 2.3.3 outlines the
theory and motivations behind the work of this thesis. It describes the fundamental principles
of ion trapping in linear Paul traps, as well as methods of ion generation and detection in them.
Furthermore, it outlines the methods of low-energy antiproton generation at CERN and trapping
at the AEgIS facilities and illustrates how antiproton trapping at room temperature could be
achieved. Lastly, it discusses the atomic structure characteristics of HCIs that make them ideal
candidates for studies in the field of metrology and precision spectroscopy, as well as methods
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of HCI formation, including via antiproton annihilation. Consequently, Chapter 3 outlines the
work conducted during this thesis in contribution to the research article presented in Ref. [23].
It discusses potential species to be used in HCI formation via antiproton annihilation. Here,
calculations and simulations to find suitable candidates for such an experiment are presented.
Chapter 4.3.2 focuses on the experimental work conducted during this thesis, from the develop-
ment and design of the trap, to results on optimal trapping parameters, storage time, and ion
transport. Furthermore, it discusses the strategy of extraction of antiprotons to be performed
from the AEgIS experiment to the trap and reports on preliminary measurements of the op-
eration. Lastly, Chapter 5 provides a conclusion of the achievements of this work as well as
an outlook on future experiments. It describes future improvements of the work presented and
strategies for its growth.
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2. Low Energy Antiprotons: Synthesis, Trapping
and Applications

This chapter introduces the principles and motivations underlying the work conducted in this
thesis. Here, the theoretical and experimental foundations of ion trapping needed to understand
this work are presented. The methods for synthesizing and storing low-energy antiprotons are
presented, along with the main motivations and challenges associated with developing a trans-
portable trap for these particles. Moreover, the concept of highly-charged ions (HCI) and their
applications is introduced. A particular emphasis is placed on how antimatter research may con-
tribute to this field through HCI formation via annihilation with trapped low-energy antiprotons.

2.1. Ion Trapping Fundamentals
Charged particle traps have gone on to become powerful techniques employed in several fields of
study, ranging from isotope separation for targeted cancer therapy [27] to quantum computing
with trapped ions [28]. They offer a robust and well-understood method for confining charged
particles for long periods of time. Antiproton studies especially benefit from this technology,
as antiprotons are highly reactive, and interaction with matter leads to their annihilation. An-
tiprotons thus benefit from the controlled ultra-high-vacuum environment found in particle traps,
allowing for precision tests on antimatter that would otherwise not be possible, such as studies
on the electronic transitions of antihydrogen [29].

The field of charged particle trapping was pioneered in the late 1950s by Wolfgang Paul and
Hans Dehmelt, who went on to receive a Nobel Prize in 1989 [30] for their independent work
on the Paul and Penning traps, respectively. These two developments solved the long-standing
problem of charged particle confinement and storage. Both found alternative solutions to deal
with Earnshaw‘s theorem, which states that a charged particle cannot be confined with exclusively
static electric fields. The Penning trap makes use of both static electric and magnetic fields to
circumvent this issue, while the Paul trap makes use of an oscillating electric potential [31], the
latter of the two traps being the focus of this section.

The Paul trap uses an oscillating quadrupole electric field to radially confine particles towards
the center of the field. This potential is mass selective, which is why the Paul trap owes its origins
to its initial development as a mass spectrum analyzer [32]. Additional direct current electrodes
then limit the potential trapping volume to only a small region in the trap, where the ions sit.
The standard Paul trap operates three-dimensionally, with ring-shaped electrodes, confining the
particles in a spheroidal cloud shape. On the other hand, in the linear Paul trap, the quadrupole
oscillating potential is achieved via four rod electrodes generating the radial confinement. In
addition to the direct current field, this results in a one-dimensional chain of tightly confined
ions.

The linear Paul trap offers some important advantages for many applications. Of particular
importance in this work, its open geometry offers greater optical access, which is useful for loading
ions via laser ablation and consequently laser cooling them in the trap. In this section, the physics
principles behind the linear Paul trap are presented, and the trapping parameters and voltages
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are described. Additionally, the methods of ion loading via laser ablation and imaging detection
via a microchannel plate detector are presented to elaborate on the ion trapping methods and
detection techniques presented in this thesis.

2.1.1. Principles of the Linear Paul Trap
As stated by Earnshaw’s theorem, it is not possible to trap charged particles using only static
electric fields [31]. A way to go around this problem is the employment of oscillating electric
fields, as is done in the linear Paul trap. In it, charged particles are trapped by a time-dependent
quadrupole electric potential generated by four parallel rods, two of which are connected to a
radio-frequency voltage, as shown in Fig. 2.1. This quadrupole potential confines the particles
radially, along xy-plane. An additional static (DC) potential confines their movement along the
z-axis. The total potential in the trap is thus given by

Φ(x, y, z, t) = VRF

2r0
(x2 − y2) cos(Ωt) + U

2z2
0

[
2z2 − x2 − y2

]
, (2.1)

where the first term denotes the radio-frequency voltage oscillating with a angular frequency
Ω and an amplitude VRF . The second term denotes the axially confining direct current (DC)
voltage with the amplitude U . The characteristic trap distance r0 is the radial distance from the
trap’s center to the parallel rod electrodes. The total confining potential results in a linear area
of confinement for the ions along the z-axis rather than a single point.

a)Schematic side view of a linear Paul trap. b)Schematic front view of a linear Paul trap.

Figure 2.1.: Side a) and front b) view of a linear Paul trap. Four parallel rods generate the radial
confinement of the ions. The two black rods provide the radiofrequency potential voltage ∝ VRF · cos(Ωt),
while the two white rods act as the radio frequency ground. The characteristic distance of the trap r0
denotes half of the distance between two opposing rod electrodes, i.e. the radial distance for each of the
rods from the center of the trap. Two additional electrodes on either side of the rods, the endcap electrodes
(not pictured), provide axial confinement, keeping the charged particles trapped linearly along the z-axis.
Figure taken from [33].

The equations of motion for a single ion in the trap can be solved by decoupling the motion in
each of the spatial coordinates. For an ion with mass m and charge e, the equation of motion in
the x-direction is given by [33]

ẍ = − e

m

∂Φ
∂x

= − e

m

[
VRF

r0
cos(Ωt) − U

r0

]
x. (2.2)
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By making the following substitutions

qx = 2eVRF

mr2
0Ω2 , ax = 4eU

mr2
0Ω2 , τ = Ωt

2 , (2.3)

one can transform the original differential equation into the standard form of the Mathieu differ-
ential equations [33]

d2x

dτ2 + (ax − 2qx · cos(2τ))x = 0. (2.4)

The Mathieu differential equation comes from a wider class of differential equations for periodic
coefficients. Solutions to the Mathieu equation follow the form

x(τ) = Aeiβxτ
∞∑

n=−∞
C2ne12nτ + Be−βxτ

∞∑
n=−∞

C2ne−i2nτ , (2.5)

where the coefficient C2n and exponent factor βx are real-valued characteristics, dependent on ax

and qx. On the other hand A and B are simply arbitrary constants to satisfy particular boundary
conditions or used for normalization.

The solution for the Mathieu equations in this context can be simplified by looking at the
lowest-order approximation of the motion. The so-called secular approximation assumes a motion
in the small qx regime where qx ≪ 1, meaning the radio-frequency field is weak or rapid enough
that the ion only experiences the time-average effect. This means that the fast-driven oscillative
motions (micromotion) are small compared to the slower secular motion of the ion. This leads
to an approximated solution for the exponent βx given by [33]

βx ≈

√
ax + q2

x

2 . (2.6)

This same process can be performed for the y and z directions of the ion. The only difference
being the sign of the oscillation in the y axis and that there is no oscillating field on the z axis.
This leads to the the relation between the parameters

qy = −qx, qz = 0. (2.7)

A trapped charged particle in a linear Paul trap will thus be stable in all directions if

0 ≤ βi ≤ 1, for all i ∈ {x, y}. (2.8)

The stability diagram for such a trap is symmetric around the ax axis, as seen in Fig. 2.2. The
stability lines of the two directions βx and βy are mirrored images of each other.
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Figure 2.2.: Stability diagram for a linear Paul trap. The axis coefficients ax and qx depend on the trap’s
parameters and the DC and radio-frequency voltage amplitudes, respectively. The lines in the graph are
solutions to the Mathieu equation coefficients βx and βy, which correspond to the movement of the trap
in the x-axis and y-axis. The motion of the ion is thus bounded and stable for the entire region where
0 ≤ βx, βy ≤ 1. Figure taken from [33].

2.1.2. Generation and Detection of Ions
This section gives an overview of the techniques used for generating the trapped ions inside a
linear Paul trap, with a particular focus on laser ablation as a loading mechanism. It also aims
to elaborate on the ion detection mechanism used. In the context of this work, a destructive
detection mechanism, using a microchannel plate detector, is employed.

The development of a linear Paul trap involves the selection of a suitable technique for loading
ions into it. This can be achieved by either generating ions outside the trap and consequently
loading them, or by generating them already inside. Loading ions from an external source usually
involves switching off the front electrode of the trap, letting ions into the center of the trap, and
then switching it back on [34, 35]. As long as the ions don’t have enough energy to escape, they
will remain trapped. Alternatively, generating ions inside the trap has the important advantage
that once ions are generated, they will be almost immediately trapped inside, given the proper
trapping parameters are set [31].

Generating ions inside the trap can be done in a few different ways. This includes, for example,
electron bombardment to ionize atoms from atomic ovens. This process is, however, not highly
selective and can cause contamination of the trap. Laser ablation offers a more selective and
material-efficient mechanism for ion generation inside the trapping volume. This is done by
focusing an intense laser beam into a solid target inside the trap in short nanosecond pulses.
The solid material, commonly a metal, strongly absorbs the energy from the laser light, rapidly
heating up the surface of the material. The electrons at the surface rapidly thermalize, causing
rapid heating of the material to the point that this surface layer vaporizes, ejecting neutral atoms,
as well as electrons and ions, which consequently remain trapped in the potential well [36].

Once a suitable ion loading technique is chosen, a detection mechanism has to be employed
to verify the presence of ions in the trap. In quantum information experiments that use linear
Paul traps, ion detection typically relies on observing fluorescence from electronic transitions of
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the ion. This is achieved by illuminating the ions with a laser that excites a transition, causing
the ions to emit light [37]. Destructive detection mechanisms of ions are also possible and are
employed in this work. Destructive detection can be performed by sending the trapped ion cloud
to a charged particle detector, such as a microchannel plate detector (MCP).

Microchannel plate detectors can be used for detecting both ions and other charged particles,
such as antiprotons. They consist of a round active area with a densely packed array of amplifying
channels, which are typically a few micrometers wide and are coated with an electron-emitting
material. The small channels are parallel to each other, yet tilted at an angle from the detector
plane to maximize the detection efficiency. The matrix housing the channels is composed of a
material such as lead glass, ensuring insulation between the channels. The front and back surfaces
of the MCP are metal-coated, functioning as the input and output electrodes of the detector [38].
An additional phosphor screen in the back is then often added to image the charged particles. A
schematic depiction of an MCP detector can be found in Fig. 2.3.

The detection of ions in a Paul trap is thus achieved by ejecting the trapped ions in the
direction of the MCP detector, for example, by lowering the back endcap potential in the trap,
as is done in this experiment. When the ion hits the front of the channel, one or a few electrons
are released inside and are moved along the channel by the voltage difference applied between
the input and output. These secondary electrons emerging from the primary impact hit the
semiconductor electron-emissive layer of the channel, generating a cascade of secondary electrons
in an avalanche-like manner, thus amplifying the signal. A schematic view of this process in a
single channel can be seen in Fig. 2.4. Detection of the signal then follows, either by directly
measuring the output signal of the anode or via imaging from the phosphor screen in the back.
The phosphor screen is held at a positive voltage difference from the front and the anode of the
detector, accelerating the electrons towards it. When the energetic electrons hit the phosphor
layer, it absorbs the energy and re-emits it as visible light, an image of which can be captured
by a CCD camera, shedding light into not only the quantity of ions but their spatial distribution
as well [39].

In-electrodeIn-electrode

Single MCP
Channel

Out-electrode

Phosphor
Screen

Figure 2.3.: Schematic diagram of an MCP detec-
tor. Ions hitting the in-electrode of the MCP generate
electrons, which begin a cascade of secondary elec-
trons inside the MCP channels. The amplified signal
exits through the out-electrode and is converted into
an image by the phosphor screen.

Figure 2.4.: Schematic depiction of a working
single channel of the detector. It shows the in-
coming electron as well as the cascade of sec-
ondary electrons released into the channel.
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2.2. Synthesis and Storage of Low-Energy Antiprotons
The vast network of accelerators at the European Organization for Nuclear Research (CERN)
allows scientists to experiment with exotic matter that can’t be produced without such facilities.
This includes their largest and most well-known collider, the Large Hadron Collider (LHC), which
is able to accelerate protons and heavy ions to energies in the order of a few TeV [40] to produce
high-energy collisions between them. Studying these scattering events has enabled important
discoveries, such as that of the Higgs Boson in 2012 [41], helping physicists better understand
the Standard Model of particle physics.

Part of this network of accelerators and colliders is focused on the study of antimatter, another
constituent of the Standard Model. The study of antimatter is of particular importance to
particle physicists, as its existence is still an open question and not yet fully understood. This
puzzle, known as the baryon asymmetry problem, stems from the generation of baryonic matter
(baryogenesis) in the early universe with a resulting perceived excess of baryons over antibaryons
in the current universe. The violation of charge and parity (CP) symmetry in reactions of the
early universe allowed for a slight preference for matter over antimatter; however, this small
disparity only partially explains the total asymmetry found [4]. Physicists have therefore been
on the lookout, performing experiments with antimatter at both low and high energies to help
explain this imbalance.

High-energy antimatter measurements routinely performed at CERN’s LHC go hand in hand
with low-energy antimatter experiments. For this reason, CERN has devoted a fraction of its
facilities to the study of antimatter at low energies. This facility, known as the Antimatter
Factory, is a network of accelerators and decelerators that produce antiprotons and then decelerate
them down to energies that allow their trapping and storage in charged particle traps [42].

Experimental collaborations at CERN’s Antimatter Factory, such as the Baryon Antibaryon
Symmetry Experiment (BASE), have demonstrated exceptionally precise measurements of the
antiproton’s lifetime [7] and magnetic moment [8], further pushing the boundary of testing matter-
antimatter asymmetries. Nevertheless, antimatter experiments at the Antimatter Factory extend
beyond the simplest antimatter nucleus, the antiproton, to studies of anti-hydrogen, the simplest
antimatter atom. These include, for example, Antihydrogen Antimatter Experiment: gravity,
Interferometry, Spectroscopy (AEgIS), which aims to measure the force of gravity on these neutral
antimatter atoms [13].

The main current limitation to low-energy antiproton experiments is their availability, as gen-
erating, slowing down, and storing cold antiprotons can currently only be done at CERN’s An-
timatter Factory facilities. Furthermore, experiments operating at the Antimatter Factory are
limited in precision by the electromagnetic fields of surrounding experiments. For this reason,
efforts to develop a transportable trap for antiprotons are currently underway. These include
the BASE-STEP device [17] and the PUMA trap [18]. Both of these are transportable cryogenic
Penning traps that aim to transport large numbers of cold antiprotons. In this work, a different
approach to the problem of antiproton transfer is presented by pursuing the transport of an-
tiprotons in a room-temperature device based on theoretical predictions for the cross-section of
antiprotons.

This section aims to explain the process of low-energy antiproton production at the Antimatter
Factory, as well as discuss how experiments at these facilities are able to trap and experiment
with antiprotons and antimatter atoms. This will be further illustrated by the case study of the
AEgIS experiment, whose apparatus will serve as the source of the antiprotons to be trapped in
the transportable Paul trap developed during this thesis. Furthermore, the theoretical foundation
behind the development of a room-temperature trap for antiprotons is discussed.
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2.2.1. Synthesis of Low-Energy Antiproton at CERN
The Antimatter Factory at CERN is currently the only facility in the world that can produce low-
energy antiprotons to be trapped in charged particle traps. This is enabled by CERN’s complex
of accelerators and decelerators, in particular the Antiproton Decelerator (AD) and Extra Low
Energy Antiproton ring (ELENA), which in combination allow for slowing antiprotons down to
an energy of 100 keV [6] allowing for trapping and experimentation. The section of the accelerator
network involved with the production of low-energy antiprotons is presented in Fig. 2.5.

Figure 2.5.: Schematic layout of the section of CERN’s accelerator complex focused on production
and deceleration of antiprotons for low-energy experiments inside particle traps. Antiprotons are initially
produced by collisions of protons produced by the linear accelerator (LINAC) 4 and accelerated to momenta
of up to 26 GeV/c at the proton synchrotron (PS). By acceleration of the proton beam onto an Iridium
target, a proton-antiproton pair of momenta p =3.6 GeV/c is produced. The produced antiprotons are
bunched and cooled via a series of deceleration steps at the Antimatter Factory’s two decelerating rings,
the Antiproton Decelerator (AD) and the Extra Low Energy Antiproton ring (ELENA) until reaching
momenta of 13.7 MeV/c, suitable for usage in trapping experiments.

The antiproton production chain begins at the high-energy proton source, the linear acceler-
ator (LINAC) 4. At the LINAC 4, negative hydrogen ions (H−) are generated by an ion source
and are accelerated to energies of 160 MeV [43]. The protons are then sent to the Proton Syn-
chrotron Booster (PSB) and Proton Synchrotron (PS), which, in conjunction, accelerate them
up to momenta 26 GeV/c. The accelerated proton beam is sent to collide with an Iridium target
found at the entrance of the AD, where a fraction of these collisions will generate antiprotons via
pair production. The pair production reaction of the incoming antiproton beam with that of the
stationary target is given by

p + p → p + p + p̄ + p̄ ; (2.9)
where p denotes a proton and p̄ an antiproton. The threshold proton beam energy required

to produce a proton-antiproton pair with momenta of pp = pp̄ ≈ 1 GeV/c is approximately
6 GeV/c. To increase the antiproton yield, however, much higher energies are used, as previously
mentioned. The generated antiprotons thus have higher momenta of pp̄ ≈ 3.6 GeV [44].

Following pair production, antiprotons are electromagnetically filtered from the protons and
are focused with a magnetic horn to go through the AD in bunches of about 5 × 107 p̄. The
AD is a synchrotron of a 188 m circumference that functions as the first cooling stage for the
antiprotons following their formation at high energies. Any unwanted particles in the beam are
typically filtered out in the initial revolutions around the AD due to their charge-mass ratio
difference with that of the antiprotons [44].
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The beam deceleration through the AD takes a total time of about 100 s, undergoing a series
of three deceleration phases during this time. The first cooling step in the AD is bunch rotation
via radio-frequency (RF) fields. During this process, an RF cavity applies longitudinal electric
fields to the bunches of antiprotons. These accelerate slower particles while decelerating faster
ones, depending on their position in the bunch. The net effect of this process is the rotation of
the antiproton distribution in phase space, making the energy spread narrower while their time
spread becomes broader [44].

Following bunch rotation, two rounds of stochastic cooling are performed. Stochastic cooling
is a technique that improves the beam by both improving its spatial confinement and momentum
uniformity. In the AD, the stochastic cooling process is implemented using a pickup-kicker system
found around the synchrotron. The ‘pickup’ part of the system involves detectors that detect
small deviations in the momenta and transverse position of the beams relative to their mean.
These small discrepancies are then used to correct the beam by ‘kicking’ via steering electrodes,
converging the beam. The antiproton beam momentum after this cooling step is 2 GeV/c [44].

The last cooling step involves two stages of electron cooling of the antiproton beam. Electron
cooling is a type of sympathetic cooling, i.e., cooling via Coulomb collisions, useful in the case of
antiprotons due to the electron’s negative charge, allowing for temporary co-trapping. For this
cooling step the antiproton beam is allowed to merge with an electron beam for a 2 m segment of
the AD. Velocities of both beams are matched so that, for the center of mass frame, antiprotons
are colliding with a stationary electron cloud at a lower temperature. The Coulomb scattering
of these two beams results in a loss of energy from the antiprotons by transfer to the electrons.
A second round of electron cooling is then performed and the beam is rebunched, resulting in an
antiproton beam of 100 MeV/c, corresponding to a kinetic energy of 5.3 MeV [44].

In the past, antiprotons leaving the AD were successfully captured by employing degrader foils
used to slow the incoming antiprotons from the AD down to suitable trapping energies in the
order of 10 keV. Although effective for decelerating antiprotons to suitable trapping energies,
99.9% of the antiprotons are annihilated in the foil [44]. A newer decelerating ring, the ELENA
ring, was installed at the Antimatter Factory at CERN to function as a secondary deceleration
system for low-energy antiproton delivery to the experiments [6]. This allows for the employment
of thinner degrader foils, resulting in fewer particle losses.

The ELENA ring has a 30 m circumference, making it comparably smaller than the AD. It
sits inside the AD ring waiting for incoming antiprotons to undergo their second deceleration
stage. The entire cooling process consists of several cycles around the ELENA ring and takes
approximately 20 s, the first couple of which are the injections of the antiprotons from the AD [6].
The cooling mechanisms employed during the cycle at the ELENA ring are similar to those of
AD. Initially, the beam is injected into a so-called RF bucket. This is a region of stability in an
oscillating electric field from an RF cavity found in the accelerator. This process leads to the
first deceleration ramp in a cycle, accounting for a reduction of the antiproton beam momentum
down to 35 MeV/c. The antiprotons undergo a secondary RF deceleration step in between two
electron cooling stages until reaching a final extraction momentum of 13.7 MeV/c, equivalent to
a kinetic energy of 100 keV [6].

Once slowed down, low-energy antiprotons are provided across the Antimatter Factory site
to five separate collaborations, namely the Antihydrogen Laser PHysics Apparatus (ALPHA),
the Atomic Spectroscopy And Collisions Using Slow Antiprotons (ASACUSA), the Baryon An-
tibaryon Symmetry Experiment (BASE), the Gravitational Behavior of Antimatter at Rest
(GBAR), and lastly, the Antihydrogen Experiment: Gravity, Interferometry, Spectrometry (AEgIS).
The last of these collaborations, the AegIS experiment and in particular their experimental ap-
paratus, will be discussed in detail in the following section.

11



2.2.2. The AEgIS Experiment as a Source of Low-Energy Antiprotons
The Antihydrogen Experiment: Gravity, Interferometry, Spectroscopy (AEgIS) Collaboration
at CERN is one of the experiments found inside the Antimatter Factory’s facilities. This col-
laboration aims to study the effects of gravity in antimatter systems by studying the free fall
of antihydrogen [13]. Antihydrogen is the simplest possible antimatter atom, composed of an
antiproton and a positron. Its neutral charge makes it an ideal tool for studying the effects of
gravity on antimatter, which, according to the weak equivalence principle, should be measured
to be equivalent to that of matter [45].

The AEgIS collaboration’s experimental apparatus is equipped to catch, trap, and accumulate
incoming antiproton bunches from the ELENA storage ring. As seen in Fig. 2.6, the apparatus
consists of two cryogenic Penning traps equipped with electromagnets that produce a magnetic
field of 5 T and 1 T respectively. An additional positron accumulator trap system is also directed
towards the trap, but is only in use for antihydrogen experiments. Antiprotons are directed
towards the AEgIS apparatus via an extensive beamline coming from the ELENA ring. This
beamline features several bender electrodes and quadrupole magnets that have been optimized
by the AEgIS experiment to deliver the highest possible quality of beam, both in terms of density
and spread [46]. This procedure of extracting antiprotons coming from ELENA and catching them
can be repeated several times to accumulate antiprotons for subsequent experiments.

Figure 2.6.: Computer-aided design drawing of the AEgIS experimental apparatus. The apparatus
consists of two Penning traps, each equipped with a superconducting electromagnet producing magnetic
fields of 5 T and 1 T, respectively. Antiprotons coming from the ELENA ring are initially captured by the
5 T magnetic field Penning trap, which features three high-voltage electrodes designed for this operation.
Here, they are electron-cooled and stored to proceed with either antihydrogen or extraction experiments.
For antihydrogen experiments, antiprotons are shuffled to the 1 T magnet trap, where they are combined
with positrons from the positron accumulator to produce antihydrogen. Alternatively, for the extraction
operation of low-energy antiprotons, after electron cooling, they are reverse extracted back towards the
beamline coming from the direction of the ELENA ring. This figure has been taken from [47].

Antiprotons caught by the AEgIS apparatus are consequently cooled via electron cooling, a
form of sympathetic cooling involving proton-electron Coulomb collisions. This is done by pre-
loading the 5 T catching trap with approximately 108 electrons that naturally cool down to
10 K by emitting cyclotron radiation. Upon capture, antiprotons interact with the cold electron,
transferring their energy until reaching energies in the eV scale within approximately 50 s [48].
The resulting temperature of the electron-antiproton plasma can be measured from plasma di-
agnostics and centrifugal separation limits [49]. From this diagnostic, it is determined that both
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species reach an estimated upper bound of tens of Kelvins, corresponding to an energy of a few
millielectronvolts.

Following the thermalization of the plasma, a rotating-wall compression can be employed to
further shrink and squeeze the electron-antiproton cloud on the axis of the Penning trap. This
multi-step process is required to achieve a dense and compact antiproton cloud. The first step
involves applying a rotating electric field to the trap, known as a rotating-wall drive. This field
causes the plasma to rotate much faster, generating a stronger radial confinement due to the
centrifugal force. This effect has a particularly strong effect on the electrons of the mixed-species
plasma, making the electron cloud shrink inward. If done slowly and carefully, antiprotons follow
suit due to their Coulomb coupling to the electrons. This process is repeated using higher
rotating frequencies until the plasma radius is shrunk down from 1.6 mm to 0.17 mm, with a
density increase of approximately 55 times [48].

Centrifugal separation of the mixed-species plasma then comes as a result of the confinement
dynamics inside the Penning trap. Electrons and antiprotons oscillate inside the trap at the
same magnetron frequency, which is defined by the voltage of the electrodes in the trap. For
such a plasma where one species is much heavier than the other, this causes an almost complete
separation of electrons at cryogenic temperatures. Once the antiproton and electron clouds are
centrifugally separated, electrons can be kicked out by switching off the trapping voltage to 0 V
for a short duration on the scale of less than a microsecond. If switched off long enough for the
lighter electrons to escape, but not so long that the antiprotons are also ejected, the antiprotons
will remain. This results in a single species dense plasma of cooled antiprotons [50].

Once antiprotons are densely confined in a single-species plasma, the whole process can be
repeated to accumulate antiprotons inside the experimental apparatus. Extraction of antiprotons
can then follow by ejecting the cooled antiprotons back into the beamline towards the direction
of the ELENA ring. The AEgIS beamline has two extraction sites along it, one at 75◦ and one at
45◦ from the antiproton beam axis, as seen in Fig. 2.7. The extraction port used for antiproton
extraction into the transportable Paul trap is the one located at 75◦.

In addition to serving as antiproton extraction ports, the AEgIS experimental collaboration
plans to utilize these as injection ports for injecting ions into the AEgIS apparatus. This makes
this multipurpose beamline a flexible tool for different lines of antimatter research.

2.2.3. Low-Energy Antiproton Storage at Room Temperature
The current main limiting factor in the field of antimatter is the scarcity of antiprotons as an
experimental resource. Vast networks of colliders, such as those at CERN’s Antimatter Factory
facilities, are required for the generation of an antiproton beam at energies low enough to be
trapped in a cryogenic particle trap. Furthermore, the ability to transport antiprotons outside
of CERN’s Antimatter Factory facilities is a goal yet to be achieved. Currently, two cryogenic
transportable antiproton Penning traps are being developed by collaborations at CERN’s An-
timatter Factory facilities, namely the PUMA [18] and BASE-STEP [8] devices. A cryogenic
device is essential for the transport of large numbers of antiprotons, which can easily annihilate
even under UHV conditions. In contrast, a transportable room-temperature device would not be
able to reliably trap and transport such a high number of antiprotons.

The development of a room temperature trap for antiprotons relies on testing the annihilation
cross-section of antiprotons trapped at higher energies than those habitually used in such exper-
iments. This would have the drawback of not being suitable for transporting large numbers of
antiprotons, with the upside of being a more portable and affordable device. The main premise
of the development of a room temperature trap for transporting antiprotons comes from the
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Figure 2.7.: Computer-aided design drawing of the AEgIS beamline. Antiprotons coming from the
ELENA ring into the 5 T magnet trap are shown in red. Once in the trap, antiprotons are electron cooled
and can be ejected for extraction in either of the two extraction ports along the beamline. The cold
antiproton beam coming from the 5 T trap is shown in green. The first extraction port at 75◦ is to be
used for injecting antiprotons into the transportable Paul trap. The second port at 45◦ is used for other
antiproton experiments. Between the 5 T Penning trap and the bending electrode region of extraction, a
gate valve (here GV1) is in place to separate the vacuum across the beamline. An additional gate valve
is in place towards the ELENA ring (here GV ELENA), which again separates the vacuum of the AEgIS
experiment from that of the main decelerator ring. Both of these gate valves can be controlled via the
AEgIS control system. This figure has been taken and modified from [51].

calculations of the annihilation cross section of antiprotons presented in Ref. [52]. This article
mainly focuses on the discussion of atomic-scale interactions that lead to the annihilation of an-
tiprotons. Atomic-scale processes involve Coulomb forces and electromagnetic field interactions,
in particular with residual hydrogen molecules inside the trap. These reactions play a significant
role in determining the rate of antiproton annihilation in such an environment.

During these interactions, atomic-scale components in matter combine with antimatter to form
bound states from which annihilation then occurs. These so-called rearrangement collisions can,
under certain conditions, have a greater cross section than direct particle-antiparticle annihilation,
thus playing a major role in antiparticle loss inside the trap’s environment. The two main
reactions considered in Ref. [52] to be considered here are the annihilation of antiprotons with
hydrogen atoms (H) and hydrogen molecules (H2) given by

p̄ + H → Ps + e−, (2.10)

p̄ + H2 → Pn + e− + (H or p + e−), (2.11)

where Ps is the positronium bound state composed of an electron and a positron, and Pn denotes
the protonium bound state composed of a proton and an antiproton, providing additional means
for antiproton annihilation.

Under semiclassical considerations of the inelastic collision process in a 1 : 1 admixture of
matter and antimatter, the annihilation cross sections for Eq. 2.10 and Eq. 2.11 are considerably
dominant for antiprotons with energies lower than 10 eV [52]. For usual trapping temperatures
in antimatter experiments of 4 K, with corresponding kinetic energies of E ≈ 10−5 eV, a rear-
rangement cross section of σH-p̄ = 10−18 m2 is expected.

The semiclassical model presented suggests that for antiprotons at energies between 10 eV−100 eV,
the rearrangement collision cross section would be reduced by a factor of 104 to σH-p̄ = 10−22 m2 [52].
This indicates that by trapping antiprotons at energies higher than is currently done at the An-
timatter Factory facilities, one would expect a drastic reduction of the annihilation cross section
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stemming from rearrangement collisions with hydrogen. Testing the annihilation cross section of
antiprotons at higher energies, namely in the tens of electronvolts, is the basis of operation for
the room temperature transportable trap presented in this thesis.

2.3. Highly Charged Ions from Antiprotons: Pathways and
Opportunities

The quantum two-body problem for the hydrogen atom, describing the Coulomb interaction
between a proton and an electron, is the simplest and most well-understood atomic system in
quantum theory. Its simplicity alongside deep theoretical understanding and precise experimental
verification serves as a solid foundation for discussing more complex systems. Although the
hydrogen atom itself is the primary example of this behavior, other atoms that exhibit a single
orbiting electron are often referred to as hydrogen-like atoms. In this context, the following
section will present a brief outline of the quantum mechanical description of the hydrogen atom,
establishing the foundation to understand similar systems with a higher nuclear charge (Z). While
this description can also apply to other hydrogen-like systems, the main focus of this section will
be placed on hydrogen-like ions with a high nuclear charge. These are often referred to as highly
charged ions (HCI)because they have a large positive net charge. Indeed, in the hydrogen-like
case, the highly charged nucleus has only one electron orbiting around that is screening its charge
towards the outside., since they have a highly charged nucleus and only one electron orbiting
around it.gio

Building on the concept of hydrogen-like ions, this chapter explores the energy level structure
of highly charged hydrogen-like ions. Both the fine and hyperfine structure of the energy levels
will be discussed, in particular, focusing on how they scale for higher nuclear charge (Z). As the
nuclear charge increases, energy level separation becomes more pronounced, differing from the
example of hydrogen.

After exploring the internal energy splitting, the focus will shift to discussing external fields
and their role in influencing the energy level structure. External electromagnetic fields shift HCI
differently than other nuclei, making them crucial for understanding the properties of their energy
level scheme.

These distinct properties of HCI will then be discussed in the context of the opportunities they
present for applications in the field of quantum sciences. Their large hyperfine level splitting,
along with their coherence properties, make them particularly relevant in the field of metrology,
where they offer the potential for highly accurate measurements of time and fundamental con-
stants, as well as testing quantum electrodynamics (QED) and studying fundamental nuclear
structures.

After reviewing their properties and applications, the focus will be placed on the generation of
these highly charged two-level systems. Current methods of HCI generation will be presented.
The innovative approach of producing HCI via interactions with antiprotons will be discussed
and compared with conventional means. Finally, the feasibility of this method will be examined
to assess application opportunities for future experiments.

2.3.1. Energy Level Structure of Hydrogen-like Ions
The solutions for the quantum two-body-problem of the hydrogen atom are given by solving the
Schrödinger equation [53]

iℏΨ(r⃗, t) = ĤΨ(r⃗, t) (2.12)
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for a system composed of a single proton and a single electron. Here, ℏ and i refer to the Planck
constant and imaginary unit respectively. The function Ψ(r⃗, t) is the wave function of the system,
and Ĥ the Hamiltonian, which for the non-relativistic case is given by [53]

Ĥ = ℏ2

2me
∇2 − Ze2

2πε0|r⃗|
. (2.13)

The first term describes the quantum analog to describe the kinetic energy of the system, where
me is the mass of the electron and p = −iℏ∇ is the momentum operator. The second term refers
to the potential energy given by the Coulomb interaction of the nucleus with the electron, where
Z is the nuclear charge, e the elementary charge of the electron, and ϵ0 the vacuum permittivity.

The time-independent solution to this problem is given by transferring into spherical coordi-
nates and separating the wave function into [53]

Ψ(r⃗) = Rnl(r)Ylm(ϑ, φ), (2.14)

where Rnl(r) denotes the radial wavefunction that only depends on the radial distance |r⃗| = r,
and Ylm(ϑ, φ) is known as the spherical harmonics. Solutions of this form describe stationary
states of the Scrödinger equation with angular momentum quantum number l and energy En for
the respective principal quantum number n. The magnetic quantum number m determines the
z-component of the angular momentum. Following this approach, the energy levels of the system
En are given by [53]

En = −1
2

(
e2

2πϵ0

)2
Z2µ

n2ℏ2 , (2.15)

meaning that the nonrelativistic energy levels depend solely on the principal quantum number
n. In the case of n = 1 for hydrogen (Z = 1) the result is [53]

E1 = mee4

8h2ϵ2
0

= hcR∞, (2.16)

where R∞ is commonly referred to as the Rydberg constant.
Until now, only the ideal case without external or additional internal fields has been considered.

However, when describing real systems, corrections to the aforementioned energy levels must be
made. These corrections describe a splitting of the energy levels that increasingly scales with the
nuclear charge, making them particularly relevant when discussing highly charged ions. Here,
the most effects that scale with the nuclear charge Z will be discussed, namely the fine structure,
the Lamb shift, and hyperfine splitting.

The first correction that needs to be applied results from the fine-splitting of the energy levels
caused by the relativistic motion of the electron around the nucleus and the electron’s spin.
When not ignoring the relativistic motion of the electron and including the first-order relativistic
correction term in the kinetic energy of the system, the Hamiltonian can be expressed as the
familiar Hamiltonian from Eq. 2.13 with an additional perturbation of the form [53]

Hrel = − p4

8m3
ec2 . (2.17)

Applying first-order perturbation theory, the energy shift ∆Erel caused by the relativistic
motion of the electron can be determined to be [53]

∆Erel = − E2
n

2me

( 4n

l + 1/2 − 3
)

, (2.18)

16



which is in turn proportional to Z4. It is important to note that this correction depends on
both n and l, breaking the degeneracy between energy levels of states with the same n and
different l quantum numbers, requiring a new quantum number, j = l + s, the total angular
momentum. Similarly, the spin of the electron introduces an additional correction due to the
spin-orbit interaction which results in another correction ∆Eso ∝ Z4. These two corrections
together result in what is known as the fine structure of the energy levels for hydrogen-like ions.

The Lamb shift, of the energy levels, on the other hand, is a purely non-relativistic effect
resulting from the interaction of the electron with vacuum fluctuations of the electromagnetic
field. This is a purely quantum electrodynamic effect that is much smaller than both the fine
and hyperfine splittings but increasingly scales with the nuclear charge [54].

The hyperfine splitting of the energy levels, on the other hand, comes as a result of the interac-
tion of the electron’s magnetic moment with that of the nucleus. The coupling of the electron’s
total angular momentum J with the nuclear spin I results in new total angular momentum
F = I + J . This coupling, in turn, introduces an energy shift [53]

∆Ehf = Al

2 [F (F + 1) − J(J + 1) − I(I + 1)] , (2.19)

where Al is a form factor depending on the angular momentum quantum number L. For single-
electron hydrogen-like ions, the energy difference is given by [55]

∆EHF = α(αZ)3 me

mp

µ

µN

2(2I + 1)
3I

· mec2 [A(1 − δ)(1 − ϵ)] , (2.20)

where α is the fine structure constant and µ/µN is the nuclear magnetic moment the nucleus in
units of the nuclear magneton. The factors A, δ, and ϵ are the relativistic, nuclear charge distri-
bution and nuclear magnetization (Bohr-Weisskopf) distribution correction factors, respectively.

The presence of external electric and magnetic fields perturb the previously discussed energy
level structure of the atom. The splitting of energy levels due to a static electric field is known
as the Stark effect and the response to magnetic fields is the Zeeman effect. Both of these effects
will be discussed with a primary focus on their scaling for highly charged hydrogen-like ions.

The addition of an external static electric field perturbs the system with an additional potential
term of the field. For single electron systems like Hydrogen-like atoms, first-order perturbation
theory is sufficient to calculate the energy perturbation of the system. The solution to it is often
expressed in parabolic coordinates and results in scaling with the nuclear charge of [53]

∆EStark ∝ 1
Z

, (2.21)

indicating a decrease in the effect for higher nuclear charges, as the electron is more tightly bound
to the nucleus.

Similarly, static magnetic fields affect the atomic energy levels by an energy shift proportional
to the strength of the magnetic field applied, a phenomenon known as the Zeeman effect. The
fine and hyperfine structure splitting scale strongly with Z for highly charged hydrogen-like
ions, meaning external magnetic fields need to be relatively strong to create a noticeable energy
shift between the structure levels. When the magnetic interaction dominates over the spin-orbit
coupling, the system enters the Paschen-Back regime. However, the spin-orbit coupling in highly
charged hydrogen-like ions is significantly enhanced over that of neutral hydrogen, making it
more resilient to static magnetic fields [53].
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2.3.2. Applications of Highly Charged Ions
Certain properties of HCIs make them particularly suitable for precision experiments such as
tests of quantum electrodynamics, fundamental physics, and metrology. Here, the focus is on
HCIs that have a similar electronic structure to that of hydrogen but a higher nuclear charge.
These are known as hydrogen-line HCIs. Their increased nuclear charge gives rise to distinct
properties from those of hydrogen, for example, energy level splitting effects scale exponentially
with Z, making them more pronounced in HCIs.

The inception of quantum electrodynamics (QED) came as a result of experimental observa-
tions, such as the previously discussed Lamb shift, that could not be explained through quan-
tum theory alone. The theory of QED describes the fundamental interaction of photons with
charged particles within quantum field theory. Tests of QED have historically focused on preci-
sion measurements of the Rydberg constant R∞ [56]. This constant, previously defined in Eq 2.16
determines the highest possible photon energy in the hydrogen spectrum.

Small corrections to the maximal energy in the hydrogen spectrum arise due to the finite size
of the proton; however, the size of the proton is not currently a well-defined property. This
problem, commonly referred to as “the proton radius puzzle” refers to the discrepancy between
different experimental techniques in determining the size of the proton. Measurements from
muonic hydrogen indicate a significantly smaller radius than those from electron-proton scat-
tering or spectroscopy measurements, suggesting systematic errors or limitations of the current
theoretical frameworks [57].

Highly charged ions offer an alternative approach to probing QED under extreme conditions
where the nucleus’ electromagnetic field strength is significantly higher than in hydrogen. This
strong interaction makes them suitable for studying QED corrections, which in the lowest-order
correction are given by [56]

E
(1)
QED(n, l, j) = α

π

(Zα)4

n3 mec2F
(1)
(n,l,j)(Zα), (2.22)

where F
(1)
(n,l,j) is a slowly varying function of Zα. Experimenting on HCIs with high Z allows

to have a ratio of QED contribution that scales proportionally to Z2. Hydrogen-like ions are
presumed to be the best species in which to perform spectroscopic tests on QED corrections.
Nevertheless, theoretical knowledge of the system is oftentimes limited, leading to large uncer-
tainties [56].

For these applications, highly charged ions have been previously experimentally generated by
a variety of different means, including via heavy ion storage rings and electron beam ion traps.
Storage rings are particle accelerators that keep a particle beam circulating for time scales hard
to achieve otherwise. This is particularly useful for the study of exotic ions such as HCIs [58].
Heavy ion storage rings are in particular useful for the study of heavier ions, which can not be
reliably produced through other methods.

The primary functions of storage rings involve the confinement and circulation of the ion beam.
This is achieved by reaching an ultra-low vacuum inside a pipe closed on itself, typically in a ring
shape. Charged particles are kept inside the ring via magnetic [59] or electrostatic [60] elements
that bend and focus the ion beam. The beam is kept stable inside the ring via diverse cooling
mechanisms such as electron cooling, which reduces the momentum spread of the ions, stochastic
cooling, which corrects small deviations in the ions’ momentum via feedback loops, and laser
cooling, which targets specific ion species of interest, ideally for spectroscopy.

In storage rings, HCIs can be produced by stripping electrons from fast-moving heavy ions.
Beams of heavy ions are accelerated via linear accelerators, cyclotrons, or synchrotrons, injected
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and focused into a thin stripper target. In general, the velocity needed for the beam to generate
fully stripped ions can be estimated via the Bohr criterion, namely [58]

β = v0
c

= Z
α

n
. (2.23)

Here, β denotes the velocity needed in units of the speed of light c and how it is related to the
nuclear charge Z, the fine structure constant α and principal quantum number n of the outermost
electron. For example, to produce fully stripped Uranium (Z = 92, n = 1), a beam velocity of
β = 0.67 [58] is needed. The thickness of the target can be controlled to produce specific charged
states such as those of hydrogen-like HCIs.

The electron beam ion trap (EBIT) is an alternative method to heavy ion storage rings for
generating HCIs. The general method used in EBITs is the ionization of low-charge ions via
electron excitations through collisions with electrons. Studies on light HCIs have been greatly
successful in EBITs, however, highly-charged fully stripped ions such as Uranium can’t be reliably
achieved, as it is the case with storage rings [61].

Ions are trapped in the EBIT via an electron beam ion source. A trap is generated via the space
charge field of an electron beam, which is a radial static potential generated by the movement
of the electron’s charges around the electron beam. To the space charge, typically, an external
magnetic field parallel to the electron beam is added for further strengthening of the confinement.
An additional, axially confining field is created by a set of three cylindrical drift tubes through
which the electron beam travels. Loading of the ions into the trap then follows by either ionizing
the background gas inside the trap or injection of ions from a source [61].

Following the loading procedure, HCIs are generated via electron impact of the confined ions
with the electron beam (electron impact ionization). During this process, the space charge field
of the electron beam continues to play a large role, as it ensured the ions remain trapped during
ionization. However, oftentimes the heating rate of the ions through elastic collisions with the
electrons can make the ion cloud spread larger than the electron beam, reducing the ionization
rate. This heating effect, in turn, limits the number of electrons that can be stripped through
this method [61].

After ionization, HCIs may be analyzed via their X-ray emission spectrum. In this process,
the electron beam plays a third key role, supplying energy to excite electronic states of the ions
and participating in ion-electron recombination. When the ion relaxes from these excited states,
they emit X-ray photons, which provide an insight into their energy level structure. Additionally,
recombination of the highly charged ion with electrons from the beam also results in emission
of X-ray photons. Adjusting the energy of the electron beam helps to precisely control probing
different charge states of the ion to study these resonant phenomena [61].

2.3.3. Antiproton Annihilation as a Synthesis Method for HCIs
As previously discussed, heavy ion storage rings and electron beam ion traps are the two main
methods utilized for the formation of HCIs. However, both of these methods have certain con-
straints that limit the types of HCIs species that can be produced. New approaches have thus
been sought after for the study of HCIs. In particular, here, the formation of HCIs via antipro-
tonic atoms is presented.

Antiprotonic atoms are atoms where an antiproton replaces one of the orbiting electrons in
the atom. Initially, antiprotons are captured at a highly excited state with a very large principal
quantum number n, as seen in Fig. 2.8. Following capture, the antiproton begins to lose energy
and transition downward, at first radiatively and then in a cascade-like manner [62]. In the
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upper part of the cascade, the internal Auger process dominates, which is where the antiproton
transfers its energy to atomic electrons, kicking them out of the atom. This causes a depopulation
of the higher principal quantum number states without X-ray emissions. As the antiproton
begins to occupy lower-level states, relaxation transitions begin producing X-ray photons, yielding
information on the ionization state of the ion, which is now highly charged [63].

Figure 2.8.: Schematic depiction of the process for HCI formation via annihilation with an antiproton.
a) Initially, the antiproton “p̄” is captured by the atom (mass number “A”) at a large principal quantum
number (“n”), typically 30-50, but is found deep inside the electron cloud. b) The antiproton then initiates
the Auger emission of electrons by energy transfer from Coulomb interactions, ejecting or exciting the
orbiting electrons “e” around the nucleus and generating X-ray photons in the process. c) Finally, the
atom is left fully or partially stripped, with a proton “p” (or a neutron “n”) from the nucleus undergoing
annihilation with the antiproton in the process (mass number “A−1”). This results in an HCI two-level
system with energy difference ∆E and a single electron either left over after the stripping process or
introduced during experimentation.

Experimentally, the X-ray spectrum for antiprotonic noble gases p̄-Ar, p̄-Kr, and p̄-Xe have
been studied at the low-energy antiproton ring (LEAR) at CERN, as presented in Ref. [63].
Inside this storage ring, an antiproton beam with momentum 105 MeV/c was sent through a gas
medium confined in a volume of 20 cm3 at a pressure of a few tens of mbar. By examining the
resulting X-ray spectra, it was shown that this effect fully strips antiprotonic Krypton, while for
atoms with higher electron binding energies like Xenon, it has been shown that some electrons
remain [63].
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3. Isomeric HCIs from Antiproton Annihilation

In this chapter, the motivation behind a transportable trap for antiprotons as a contribution to
the field of precision spectroscopy with highly charged ions (HCI) is discussed. Here, experimental
possibilities for producing highly charged isomeric ions via antiproton annihilation are described.
A list of potential isomeric candidates that could be used for such an experiment is presented,
along with the calculations of their hyperfine splitting wavelengths, calculations that were carried
out alongside the work in this thesis. Furthermore, additional simulations performed to narrow
down the list of candidates and their experimental feasibility are described. The simulations
presented in this chapter were originally carried out in the context of the research article Ref. [23].

3.1. Metrology with highly charged isomeric ions from antiproton
annihilation

Heavy ion storage rings and electron beam ion traps are the primary methods utilized for the for-
mation of highly charged ions (HCIs). However, both of these techniques have certain constraints
that limit the types of HCIs species that can be produced. As a result, new approaches have
been sought for the study of HCIs. One such approach is the formation of HCIs via antiprotonic
atoms.

Advancements in low-energy antiproton generation techniques have enabled the deceleration
and manipulation of antiprotons, making the long-term storage of large numbers of antiprotons a
possibility. The ELENA ring located at the antimatter factory at the European Organization for
Nuclear Research (CERN) is currently the only source of readily available low-energy antiprotons
in the world [6]. At this facility, antiprotons can be trapped and controlled in charged particle
traps, enabling precision experiments to probe the Standard Model of particle physics.

Low-energy antiprotons could find their application beyond antimatter precision experiments in
the field of HCI spectroscopy and metrology. The formation of HCI via antiprotonic annihilation,
as described in Sec. 2.3, follows via total or partial electron stripping in an antiprotonic atom.
Such a reaction could be engineered inside an ion trap by either mixing antiprotons with positive
ions or via charge exchange with negative ions.

Harnessing the potential of HCI formation via antiproton annihilation requires assessing its
relevance for the field. For this, we now present hyperfine transition calculations done to select
nuclear candidates suitable for this application. The hyperfine splitting wavelengths for hydrogen-
like HCIs are calculated for a few isomeric nuclei.

These calculations are restricted to isomeric states, which present advantageous properties for
this application. Isomeric states generally exhibit stronger magnetic dipole moments than their
ground-state counterparts, leading to a greater hyperfine splitting. Environmental noise decoher-
ence is reduced for larger hyperfine splitting, making them more robust candidates. Additionally,
the focus is placed on hyperfine transitions in the infrared regime, which are accessible using laser
radiation, facilitating high-precision manipulation with commercially available devices.
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3.1.1. Hyperfine Splitting of HCIs
The following calculations were performed adhering to the theory and calculation examples pre-
sented in Ref. [55, 64]. The data used for the calculations can be found in Ref. [65].

The hyperfine splitting energy difference EHF for a hydrogen-like ion is, in general, given by [55]

EHF = α(αZ)3

n3
µ

µNI

me

mp

F (F + 1) − I(I + 1) − j(j + 1)
2j(j + 1)(2l + 1) mc2 [A · (1 − δ)(1 − ϵ) + Xrad] . (3.1)

Here, α denotes the fine structure constant, c the speed of light in vacuum, and me and mp
the electron and proton masses, respectively. The quantum numbers n, F , j, and l denote the
principal quantum number, total atomic angular momentum, the total electronic angular momen-
tum, and the orbital angular momentum, respectively, and µ/µN denotes the nuclear magnetic
moment for each of the nuclei in units of the nuclear magneton. Here, A denotes a relativistic
correction factor, and δ and ϵ are the nuclear charge distribution and nuclear magnetization
distribution correction factors, respectively. Lastly, Xrad is the radiative correction factor which
can be ignored for this application.

The selection of elements computed is restricted to only those heavier than Krypton (Kr) and
lighter than Xenon (Xe), as this range is most promising to show full stripping of the atom and
obtain a large splitting EHF. Krypton has been shown to be fully stripped, ensuring the forma-
tion of a hydrogen-like HCI, whereas, for xenon, only partial stripping has been achieved [63].
Furthermore, as seen from the scaling of Eq. 3.1 with Z, annihilation of elements heavier than
Kr can result in HCI fragments with hyperfine splitting wavelengths in the infrared spectrum,
allowing for laser spectroscopy. The calculations presented are restricted to elements with a min-
imum lifetime of 60 minutes. A sufficiently long observation window ensures sufficient stability
and the ability to perform multiple measurement cycles.

For a single electron atom at ground state (1s), meaning s = 1/2 and l = 0, we calculate the
energy difference between the F = I + 1/2 and F = I − 1/2 states. The formula for the energy
difference ∆EHF is thus given by the expression previously introduced in Eq. 2.20.

The relativistic correction factor A is given by [55]

A = 1
γ(2γ − 1) (3.2)

for the 1s state. Here, γ =
√

κ2 − (αZ)2, with κ = (−1)j+l+1/2(j + 1/2). For the nuclear charge
distribution correction δ, the computation consists of interpolating the simulations outlined in
Ref. [55].

The nuclear magnetization distribution correction, oftentimes also referred to as the Bohr-
Weisskopf correction, is given by [55]

ϵ = αS [⟨KS⟩ + ξ (⟨KS⟩ − ⟨KL⟩)] + αL⟨KL⟩, (3.3)

where αS and αL are the fractions of the spin and orbital contributions to the magnetic moment
with

⟨KS⟩ =
∫ ∞

0
KS(R)|u(R)|2R2dR, (3.4)

⟨KL⟩ =
∫ ∞

0
KL(R)|u(R)|2R2dR, (3.5)
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where KS(R) and KL(R) are integrals for the radial parts of the Dirac wavefunction for the
electron and |u(R)| is the radial part of whichever nucleon is odd. For this application, we assume
homogenous distribution over the nuclear volume, approximating it as

|u(R)|2 = 3
R3

0
Θ(R0 − R). (3.6)

We assume that the odd nucleon possesses the total nuclear moment, differentiating between
three nuclei cases: an odd number of neutrons, an odd number of protons, or an odd number of
both protons and neutrons. For nuclei with an even number of protons and an odd number of
neutrons, we set αS = 1 and αL = 0, whereas for an odd number of protons and even number of
neutrons, these two factors are given by [55]

αS = gs(µ − I)
µ(gs − 1) , αL = 1 − αS . (3.7)

Here, gs is the g-factor for the proton when |I + 1/2| is odd or that of the neutron when it is
even. A signed value of I is assigned depending on the parity of the nuclear spin, for example,
for a nucleus such as 83Kr35+ with a reported nuclear spin of 1/2−, the value is assigned as
I = −1/2. Similarly ξ is computed for the two cases by

ξ = 2I − 1
4(I + 1) for |I + 1/2| odd, (3.8)

ξ = 2I + 3
4I

for |I + 1/2| even. (3.9)

To perform the computations for nuclei with an odd number of both protons and neutrons,
we again use Eq. 3.3. The previously outlined computations are done for both cases of I + 1/2
being odd or even separately and are then added to compute the total correction factor [64].

After obtaining the energy splitting between the two hyperfine levels, the hyperfine splitting
wavelength can then be extracted via the Planck-Einstein relation given by [66]

EHF = hc

λHF
. (3.10)

Table 3.1 presents the analytically calculated wavelength λa
HF for the filtered list of nuclei, in-

cluding their isomeric excitation energy and half-life. An extension to the presented results can
be found in Table A.1, which includes the intermediate results of the correction factors.
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Ion I µ/µN E (keV) t1/2 λa
HF (µm)

83Kr35+ 1/2- 0.5910 42 1.83 h 19.42455
85Kr35+ 1/2- 0.6320 305 4.48 h 18.16445
82Rb36+ 5- 1.5096 69 6.47 h 12.51460
85Sr37+ 1/2- 0.5990 239 67.6 m 16.10615
87Sr37+ 1/2- 0.6240 388 2.82 h 15.46087
85Y38+ 9/2+ 6.2000 20 4.9 h 2.567061
87Y38+ 9/2+ 6.2400 381 13.4 h 2.550630
90Y38+ 7+ 5.2800 682 3.19 h 3.125522

92Nb40+ 2+ 6.1370 135 10.15 d 1.968983
93Mo41+ 21/2+ 9.9300 2425 6.85 h 1.336406
99Rh44+ 9/2+ 5.6200 65 4.7 h 1.769000
101Rh44+ 9/2+ 5.4300 157 4.34 d 1.830757
102Rh44+ 6+ 4.0100 141 3.74 y 2.540022
106Ag46+ 6+ 3.7040 90 8.3 d 2.374345
108Ag46+ 6+ 3.5800 109 438 y 2.455607
110Ag46+ 6+ 3.6020 118 250 d 2.440786
110In48+ 2+ 4.3650 62 69.1 m 1.529835
114In48+ 5+ 4.6460 190 49.5 d 1.625155
116Sb50+ 8- 2.5900 383 60.3 m 2.587845
118Sb50+ 8- 2.3200 250 5.0 h 2.880392
120Sb50+ 8- 2.3400 0 + x 5.76 d 2.856473
119Te51+ 11/2- 0.8940 261 4.70 d 6.946341
121Te51+ 11/2- 0.8950 294 164 d 6.938580

Table 3.1.: Potential isomeric candidates that will result from antiproton annihilation with masses be-
tween Kr and Xe, and with lifetime longer than 60 minutes. The candidates are sorted by increasing
proton number and neutron number as the second criterion. The nuclear spin I, magnetic moment µ/µN ,
excitation energy E, and half-life t1/2, and calculated ground state hyperfine splitting wavelength λHF for
each of the respective hydrogen-like ion is shown. The time units are “m“ minutes, “h” hours, “d” days,
and “y” years. The calculations are conducted using the nuclear data provided in Ref. [65]. Here, “0 + x”
refers to an excitation energy above 0 keV but of undefined value.

3.1.2. Shortlisted Candidates and Additional Simulations
The production of most of the isomeric candidates previously presented in Tab. 3.1 is not feasible
via beta-decay due to unfavorable decay pathways or extremely short precursor half-lives. In
fact, a fast decay precursor would force experimenters to work with highly radioactive samples,
as they must be macroscopic. Moreover, the sample would quickly deplete of the interesting
component. This sets appealing prospects for utilizing antiproton annihilation as a preferred
route for on-demand synthesis of the discussed HCI candidates, offering significant advantages
over conventional production methods.

The selection of a list of optimal candidates is narrowed down by assessing their experimental
feasibility. As a practical requirement, only isotopes predicted to produce an overall yield of
at least 5% in antiproton annihilation reactions are retained for further consideration. The
isotope yield from annihilation reactions was simulated by examining nuclear fragmentation of
antiprotonic atoms using the Geant4 simulation framework [67–69]. For these simulations, a
Penning trap setup such as that of the AEgIS experimental apparatus is assumed for the reactions.
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In it, the yield of isomeric nuclei produced from collisions of possible reagent materials with
antiprotons was calculated, and only isotopes meeting the trappable yield above 5% criteria were
kept for further study.

Additional simulations for the hyperfine splitting wavelength of the candidate HCI species were
performed using the GRASP software package [70–72]. The calculated values for the wavelength
λGRASP

HF showed an excellent agreement with the previously presented analytical approach for
calculating the wavelength λa

HF, as seen in Table 3.2. All hyperfine excited states presented
exhibit lifetimes in the range of 94 − 637 ms, as calculated via Eq. 22 of Ref. [73], making them
suitable for precision spectroscopy applications.

Table 3.2.: Shortlisted candidates from Tab. 3.1 that can be produced and trapped in more than 5%
of the annihilation events (“Isotope yield”) as simulated using the Geant4 simulation framework [67–69].
The isomeric “product” emerging from the simulated annihilation is reported together with its respective
excitation energy E (keV). For each product, a suggested list of precursors (“Reagent”) with corresponding
“natural abundance”. Finally, the transition wavelength of Hyperfine splitting for the Hydrogen-like atom
calculated analytically according to Ref. [55] (“λa

HF”) and with the GRASP [70–72] software (“λGRASP
HF ”).

The corresponding lifetimes of the Hyperfine excited states (“Lifetime”), as calculated with Eq. 22 of
Ref. [73], are reported.

Product E (keV) Reagent Natural
abundance (%)

Isotope
yield (%)

λa
HF

(µm)
λGRASP

HF
(µm)

Lifetime
(ms)

87Y 381
90Zr
89Y

51.45
100

8.6
8.9 2.551 2.544 358.8

90Y 682 92Zr 17.15 7.1 3.126 3.119 637.1
92Nb 135

93Nb
94Mo

100
9.2

9
5.2 1.969 1.953 183.7

101Rh 157
102Pd
103Rh
104Pd

1
100

11.14

6
8.5
6.6

1.831 1.814 132.5

102Rh 141
104Pd
103Rh

11.14
100

6.6
7.9 2.540 2.513 343.7

114In 190 115In 95.72 6.86 1.625 1.613 93.7
118Sb 250 121Sb 57.21 5.2 2.880 2.920 540.7
120Sb 0+x 121Sb 57.21 5.2 2.856 2.599 381.4
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4. A Transportable Linear Paul Trap for
Antiprotons

Having discussed the theoretical contribution of this thesis about HCI that motivates how the
fields of nuclear physics, metrology, and low-energy antimatter may benefit from the transport of
antiprotons, the focus will now shift to the experimental work conducted during this thesis. This
chapter outlines the development, construction, and preliminary tests of a transportable linear
Paul trap for ions to be used in low-energy antiproton experiments. Furthermore, the construction
of a detection mechanism for antiproton extraction at the AEgIS experiment, alongside the initial
attempts at antiproton extraction from the AEgIS experiment for loading low-energy antiprotons
into the linear Paul trap, are presented.

4.1. Transportable Paul Trap Design and Assembly
Antimatter is a primary constituent of the Standard Model of particle physics. The fundamental
question of baryon asymmetry has puzzled physicists for decades, leading to the development of
techniques for conducting precision studies on antiprotons to detect any differences with respect to
matter. These experiments can be high-energy, such as studying cosmic rays [74], or low-energy,
such as measurements of the antiproton’s magnetic moment [7].

The primary challenge for trapping antiprotons at room temperature is their interaction with
residual gas molecules in the trapping environment, which even at ultra-high vacuum (UHV),
leads to annihilation. However, by trapping antiprotons at higher energies, namely 10s of elec-
tronvolts, the rearrangement cross section of antiprotons with surrounding hydrogen molecules
may be reduced [52], allowing for room temperature transport. This is the main foundation
behind the transportable trap for antiprotons developed during this thesis, which is designed to
trap and operate at room temperature. This transportable trap has the primary goal of loading
antiprotons and delivering the first experimental result for the annihilation cross section of an-
tiprotons in a room-temperature trap. Additionally, this experiment would aim to deliver the first
results of capturing antiprotons and of co-trapping antiprotons with ions in a linear Paul trap.
This section provides details regarding the design and reports the construction of the Paul trap
worked on during this thesis. Here, both the trap’s vacuum components, as well as the exterior
devices needed for its function, are outlined. The final experimental apparatus presented has a
compact design allowing for operation during transport.

4.1.1. Paul trap Design
The design for the trap follows a linear Paul trap design, such as the one discussed in Section 2.1,
consisting of four parallel rod-shaped electrodes with a characteristic distance r0 = 1.75 mm.
However, so far, the discussion revolving Paul traps has focused on ideal harmonic potentials such
as those described in Chapter 2.1. Nevertheless, real-world experimental traps do not exhibit
purely quadrupolar potentials. Oftentimes, geometrical constraints and imperfections introduce
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anharmonic (higher-order) contributions to the potential. These undesirable contributions to the
potential can result in a special form of RF-heating, resulting in the loss of ions [75].

The geometry and design chosen for this particular trap are motivated by Ref. [75]. Here, a
few measures are discussed for reducing anharmonicity in the trap’s quadrupole potential. The
particular choice for the trap’s radius r0 with respect to the RF rod’s radius re is of particular
importance. These two radii, as pictured in Fig. 4.1, are kept in an optimal ratio closer to the
ideal quadrupole field when re/r0 ≈ 1.145, a feature that was implemented in the design of this
trap.

Figure 4.1.: Schematic depiction of a linear four-rod Paul trap as seen from the axial z-axis. The
quadrupole potential generated by the four rods can be optimized in real-world experiments by adjusting
the radius of the trap r0 with respect to that of the rod re. Optimal conditions are found when the ratio
of the two is approximately re/r0 ≈ 1.145 [75]. Figure taken from Ref. [75].

Two opposing rods provide the trap’s oscillating radiofrequency potential, while the other
two are found at radio-frequency ground, altogether generating an approximately quadrupolar
trapping field radially in the x−axis and y−axis. Two flat endcap electrodes, shown in Fig. 4.2,
provide the axially confining direct-current field, leading to ion confinement along the z−axis of
the trap. The endcap electrodes feature a circular aperture with a diameter of 3.4 mm along the
trapping axis. This aperture in both endcaps allows for the loading of the antiproton beam from
the front endcap and the subsequent detection on the opposite side after being released through
the back endcap.
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Figure 4.2.: Schematic a) front and b) side view of the trap’s electrode configuration. In addition to the
four rod electrodes, which provide an approximately quadrupolar radially confining field, the two endcap
electrodes on either side provide a confining DC voltage that axially confines the charged particles. Both
endcap electrodes feature a circular aperture with a diameter of 3.4 mm aligned with the trapping axis,
allowing for loading and detection of antiprotons.

The vacuum chamber hosting the trap is cylindrical. The bases of the cylinder are closed by
two ConFlat-200 flanges, and 16 ConFlat-40 openings run along the circular surface. The trap
is aligned with two ConFlat-40 openings, one of which has a manual in-line valve that can be
opened towards a beamline to load antiprotons into the trap. Two other Conflat-40 openings are
connected to the pumps in the chamber. One of the pumps is a non-evaporative getter (NEG)
pump (SAES Getters - CapaciTorr Z 400), while the other is an ion-combination pump (SAES
Getters - NEXTorr Z 200). The remaining openings are sealed with viewports to be used as
optical access for lasers or for image acquisition. The trap is firmly held on the chamber by a
modified ConFlat-200 flange with additional ConFlat-16 openings for the feedthroughs of the
trap’s electrical connections.

The structure holding the trap also holds four metallic targets for ion generation via laser
ablation: Barium (Ba), Molybdenum (Mo), Niobium (Nb), and Ytterbium (Yb). On one side of
the trap sits the microchannel plate detector (MCP) used for destructive detection of the ions
and antiprotons. On the other side sits an Einzel lens which will focus the incoming antiproton
beam towards the trap 3.4 mm aperture. The complete schematic layout of the chamber design
can be seen in Fig. 4.3.

28



Figure 4.3.: Schematic layout of the trap from a top-down view. The chamber is a 16-sided ConFlat-200
chamber with ConFlat-40 ports on the sides. One of the sides is an entrance port for the antiproton
injection and is thus equipped with a manual in-line valve. Two other ports are occupied by an ion-
combination (SAES Getters - NEXTorr®Z200) and NEG pump (SAES Getters - CapaciTorr Z 400) to
maintain the ultra-high vacuum conditions in the chamber. The remaining openings are sealed with
viewports. Two of those are used as optical access for laser ablation and for image acquisition from the
MCP detector inside. Inside the chamber, the radio-frequency trap is situated in the center with four
metal targets for ablation (Barium, Molybdenum, Niobium, and Ytterbium) around it. Between the trap
and the opening to the manual valve, an Einzel lens is positioned to steer the antiprotons into the trap
axis.

4.1.2. Trap Assembly
The assembly of the trap was conducted in a room under forced air flow to minimize contami-
nation. Furthermore, during the entire assembly process, clean room suits, hairnets, and masks
were worn. All metal pieces in the trap assembly are made of 316L grade stainless steel. Its low
outgassing rates [76] make it an optimal material for UHV experiments. Additionally, ceramic
components are used for insulation. To further ensure a reliable vacuum, each piece, except for
the large ConFlat-200 chamber, was also ultrasonically cleaned in a sequential bath using four
solvents, namely acetone, ethanol, isopropanol, and distilled water.

The main interior assembly consists of three sub-assemblies: the linear trap, the Einzel lens
corrector, and the MCP detector. The assembly for the linear Paul trap can be seen in Fig. 4.4
and consists of four rods compressed between a front and a back endcap electrode that provide the
axial confinement of the trap. The entire trapping assembly is mounted on two pillar structures
by four threaded rods. The pillars have screw holes for the trap assembly to be mounted on the
main chamber. On the side of the back endcap, an additional deflecting electrode was put in place
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to guide the antiprotons towards the MCP during detection. During the experiments reported
in this thesis, it was used to confirm the presence of charged particles by changing their impact
position on the detector as a result of applying different voltages to the deflecting electrode.

Figure 4.4.: Linear Paul trap assembly with a 2 Euro coin (diameter 25.75 mm [77]) for size comparison.
The assembly consists of a four-rod linear Paul trap between two flat endcap electrodes. Antiprotons can
be loaded in the trap through the aperture in the “Front Endcap Electrode”. On the side of the “Back
Endcap Electrode”, a deflecting electrode element was put in place to diagnose the charge state of the
particles guided. Four threaded rods hold together the endcaps with the four linear rods and secure the
trap onto the two pillar structures.

Once the sub-assemblies were put together individually, they were then mounted on a ConFlat-
200 customized flange with twelve ConFlat-16 openings for the feedthroughs to power the trap,
MCP, and Einzel lens components. The completed flange assembly, including the electrical
connections, can be seen in Fig. 4.5. Such a configuration allows for the trajectory correction
and loading of the antiproton beam via the Einzel lens corrector for capture in the linear Paul
trap. Following this, the captured antiprotons can be sent towards the back by switching the
back endcap electrode potential to 0 V and observing the signal on the MCP detector.

The last step of the interior assembly before closing off the trap was installing the four ablation
targets (Barium, Molybdenum, Ytterbium, and Niobium) on each corner of the trap assembly.
This step had to be done rather quickly due to the fast oxidation of the Barium target. Once the
targets were placed, the ConFlat-200 chamber with the ConFlat-40 viewports, in-line valve, and
pumps already attached was closed onto the flange. Following the assembly, the trap was placed
in an oven, as seen in Fig. 4.6 and baked at 250 ◦C for one week. After cooling down and turning
on the getter and combination pump, the pressure inside the trap was lower than 2 × 10−11mbar
as read by the ion-pump controller (SAES - SIP POWER), confirming the UHV environment
inside.
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Figure 4.5.: Linear Paul trap assembly on a customized ConFlat-200 flange with twelve ConFlat-16
ports for electrical feedthroughs. The construction consists of three sub-assemblies for the correcting
Einzel lens, the linear Paul trap (see Fig. 4.4), and the MCP detector. This configuration allows for
loading and correcting the antiproton beam into the linear Paul trap using the Einzel lens and consequent
detection by releasing the particles onto the MCP detector by switching off the back endcap potential.

Figure 4.6.: Closed trap chamber inside the oven. The in-line valve is connected to a pumping station
located to the left (not pictured), which pumps down the system as the trap is being baked. The trap was
baked at 250 ◦C for one week until reaching a pressure lower than 2 × 10−11mbar.

4.1.3. Transportable Trap Rack

The vacuum apparatus was assembled on a movable structure that could host all the necessary
electronics to enable operation during transport. The structure consists of rack-sized metal
construction based on aluminum profiles mounted on wheels. For simplicity, I will refer to this
structure as “rack”. The rack has several sections for the different electronics needed for the
trap’s operation. All together, the entire rack has a total height of 180 cm, a width of 61 cm, and
a length of 90 cm. A picture of the entire rack containing the trap and electronics can be seen in
Fig. 4.7. The trap chamber is mounted on a custom holder, allowing it to be secured onto the
rack.
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Figure 4.7.: Transportable Paul trap rack. The rack compactly holds the Paul trap chamber and elec-
tronics that allow it to operate continuously during transport. This includes the DC high-voltage power
supply for the trap endcaps and MCP detector and the RF signal supplied, which is amplified and deliv-
ered to the trap via the resonator. The laser ablation system, consisting of a compact optical setup and a
function generator, as well as the camera and computer for data acquisition and control of the trap, are
also held in the rack.

The power required for the endcap electrodes of the trap and MCP detector is provided to the
system by two high-voltage DC power supplies (iseg - EBS EHS F020x and iseg - EHS 40150p).
The connection to the MCP detector is direct, while each endcap electrode can be configured to
either go through a high-voltage switch (Behlke-HTS 61-01-GSM) or through a low-pass filter.
The high-voltage switch allows for nanosecond switching of the endcap voltage between zero
and hundreds or thousands of volts. In contrast, the filter allows for a gradual lowering of the
potential. The time constant for the low-pass filter used at the endcap was calculated to be a
few milliseconds.

The radiofrequency signal for the trap is generated by a Red Pitaya single-board computer,
a multifunctional measurement and control tool [78]. The signal goes through an amplifier
(Minicircuit - LZY-22+) and is fed into a helical resonator attached to one side of the trap,
as seen in Fig. 4.8. The output and the housing of the resonator are further connected to each
other via a capacitive voltage divider that allows monitoring the RF signal on the electrodes
via an oscilloscope (PicoScope - 3405D MSO). The attenuation factor of the capacitive voltage
divider was calculated to be 18.76(3). The resonator boosts the radiofrequency signal and is
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used to match the impedance between the amplifier and the trap. The resonance of the full
circuit including the trap has a central frequency of 17 MHz and a Q-factor of approximately 170.
During the experiment, a maximum peak-to-peak voltage of 600 V was applied.

For capturing the ions or particles detected by the MCP detector inside the trap, a CCD
camera (Hikrobot - MV-CU013-A0GM) with an f = 16 mm objective is mounted on one side
of the trap. The camera is inside an optical enclosure made up of optical blackout material, as
shown in Fig. 4.8, in order to minimize the background from exterior light sources. All viewports
in the chamber were also covered with additional optical blackout material for the same reason.

Figure 4.8.: Trap chamber mounted on its stand. A helical resonator is attached on one side to provide
the radiofrequency voltage signal coming from the Red Pitaya (not pictured). On the left side of the
chamber, there is the in-line valve that is to be attached to the antiproton receiving port, and on the
opposite side, the CCD camera, which captures the image from the MCP detector of detected ions or
particles inside the trap. Threaded rods were used to secure one of the ConFlat-40 viewports to be able to
mount the laser ablation system presented in Fig. 4.9. The electrical connections from the trap are direct
Safe High Voltage (SHV) connections to the high voltage power supply in the rack (not pictured). The
NEG pump and ion combination pump (below trap chamber, not visible) maintain the UHV environment
inside the trap.

The ablation laser system for generating ions inside the trap is attached via threaded rods to
one of the viewports of the trap’s chamber, as seen in Fig. 4.9. For ablation, a CoboltTor™XS
ultra-compact Q-switched diode laser emitting light with a wavelength of 532 nm and a pulse
energy of 50 µJ. A Q-switched laser is ideal for material ablation as the short, intense laser pulses
are ideal for vaporizing the material with minimal heat spread [79]. The laser beam is focused
into the Paul trap through one of the ConFlat-40 viewports around the chamber via a compact
optical system. The laser first goes through a convex lens with a focal length f = 175 mm and
is then reflected and focused into the trap by two mirrors and an additional convex lens with a
focal length of f = 150 mm. The mirrors are mounted on precision kinematic mounts, allowing
for precise adjusting of the laser beam into the desired ablation area.
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Figure 4.9.: Compact optical system for laser ablation. The 532 nm Q-switched diode laser is sent onto
the ConFlat-40 viewport via a convex lens with a focal length of f =175 mm, two adjustable mirrors, and
an additional convex lens f =150 mm that focuses the beam into the trap. The pulse trigger for the laser
is generated by a function generator (not pictured). The dashed red line represents the trajectory of the
laser into the viewport.

All devices in the transportable rack are powered via two Uninterruptible Power Supplies
(UPS) secured to the rack. These can be directly connected to the laboratory’s power outlet for
charging the UPS or for continuous operation of the devices while not running on the battery. The
system can be fully powered on battery for approximately two hours. This time is sufficient for
all transport operations that are planned at the Antimatter Factory, such as room temperature
trapping and short-distance transport of antiprotons. If a longer transport time is required, the
UPS units can be reconnected to a power supply inside a transporting vehicle.

4.2. Transportable Paul trap Testing and Characterization
The transport of antiprotons away from CERN’s Antimatter Factory facilities to other labo-
ratories would open the doors for many experiments beyond what is currently available with
antimatter today. The linear Paul trap developed during this thesis aims to achieve the trans-
port of antiprotons at room temperature. Before attempting to extract and trap antiprotons,
however, the system was first tested to demonstrate its ability to reliably trap and transport ions.

The transportable Paul trap features four metal targets inside (Ba, Yb, Mo, Nb), allowing for
loading ions into the trap via laser ablation. While loading of these ions was not yet achieved in
the trap, ablation of the flat endcap electrodes generated ions in the trap, which were used for
experimentation. The unidentified ion species produced via ablation of the stainless steel endcap
electrode was used for initial transport tests of the trap to verify its transportability while in
operation. Furthermore, these ions were used to characterize the trapping parameters of the trap
and to optimize the trap’s lifetime configuration.

This chapter outlines the image and video processing steps for analyzing the data acquired by
the CCD camera in the setup. Videos and images of the ions detected by the MCP detector are
presented, and the procedure to extract the number of ions for each measurement is laid out in
detail.

Here, the first storage time characterization results for the trap with the unidentified ions
produced via laser ablation of the stainless steel flat endcaps of the linear Paul trap are presented.
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The storage time characterization results are presented for different configurations of the endcap
voltages to determine the impact of different electrical circuits on the ions’ storage time for
catching and storing antiprotons.

The operation of loading antiprotons into the trap will follow a ballistic procedure, in which
antiprotons will be guided in a beamline from the main trap of the AEgIS experiment into the
portable trap. The ballistic transfer requires acceleration of antiprotons out of the primary trap
and subsequent deceleration in the portable trap. The deceleration will be realized by adapting
the reference ground of several electronic components to be raised to several hundreds of Volts to
match the kinetic energy of the incoming antiprotons during the ballistic transfer. This strategy
was chosen over the employment of degrader foils or drift tubes, with which a large part of the
antiprotons may be lost to annihilation [6]. For this reason, the functionality of the trap was, in
addition, tested while floating the reference ground of the Paul trap to 500 V by measuring the
storage time of the ions.

Furthermore, the first results of ion transport are presented. This work involved the transport
of the trap inside a van during operation while loaded with ions. Here, the best results during
the transport procedure are presented, where approximately several tens of ions were detected
after 15 min of driving a distance of 18.6 km with the loaded ion trap.

Lastly, an error discussion of the ion measurements is presented. The different sources of error
and their impact on the ion count are outlined and compared to determine the most influential
sources. These errors include, but are not limited to, uncertainties from the image background
noise, systematic errors from the analysis, and the MCP detector’s inherent uncertainty.

4.2.1. Ion Signal Measurement Procedure
GIO ARRIVED HERE, DO NOT REMOVE THIS COMMENT. Figure exchange?gio

In this section, the experimental procedure for performing measurements of ion storage in the
trap is described. Firstly, the Red Pitaya used as an RF generator and the signal amplifier
are switched on. The proprietary software for the PicoScope oscilloscope is used to monitor
the signal during the measurements. The delivered radiofrequency signal is shown against the
reflected signal coming back from the trap. The RF generator is set to deliver a signal with a
peak-to-peak amplitude of VRF = 600 V and a frequency of 17.1 MHz to the trap’s radiofrequency
rod-shaped electrodes. A schematic depiction of the full experimental setup is shown in Fig. 4.10.

Following the powering of the radiofrequency signal, the front endcap is switched on to VF = 1 kV
and the back endcap is powered on but kept at VB = 0 V. Once the trap system is powered up
and all parameters are set, the measurement procedure starts by aligning the ablation laser and
confirming ion ablation of the endcap electrode in the trap. For this, the detection system,
namely the MCP detector and camera, is powered on. The MCP detector’s in-electrode, out-
electrode, and phosphor screen are switched on to VIN = −700 V, VOUT = 0 V, and VS = 3 kV
respectively. The CCD camera is set to continuous acquisition mode with a gain of 16.37 dB
and an exposure time of 100 ms to visually confirm the ablation upon detection of the ions. A
sample for a captured triggered image of an ion detection event of the MCP detector can be seen
in Fig. 4.11. This image was used for dimension calibration of posterior measurements, as the
diameter of the MCP is known to be 25 mm. For reference, the phosphor screen of the MCP used
for the measurements is of type a P43 phosphor, which has a response time of about 1 ms.
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Figure 4.10.: Schematic depiction of the experimental setup and relevant voltages. The generation,
trapping, and subsequent detection of ions begins by switching on the RF and DC electrodes of the trap.
The delivered RF signal after the resonator, amplifier, and voltage divider has a voltage of VRF = 600 V
with a frequency of 17.1 MHz. During the measurements, the signal is monitored via an oscilloscope. The
DC front and back endcap voltages are set to VF = 1 kV and VB = 1 kV. These voltages are delivered from
the power supply, passing through either high voltage switches, low-pass filters, or directly connected,
depending on the desired configuration. Ions are loaded into the set trap by switching on the ablation
laser, which is triggered to produce 10 pulses with a frequency of 33.3 Hz. The trapped ions are then
sent to the detector by switching off the back endcap electrode. Detection of the ions then follows via
the MCP detector which has its in-, out-electrode and screen set to VIN = [−700, −1300] V (depending
on the experiment), VOUT = 0 V, and VS = 3 kV respectively. An image or video of the detection event is
consequently captured by the CCD camera (see Fig. 4.11).
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Figure 4.11.: Single image captured by the CCD camera set in trigger mode with a gain 16.37 dB and
an exposure time 1 s. The trigger of the camera and high-voltage switch at the back endcap electrode
is accordingly timed to capture the cloud of ions arriving at the MCP detector after being ejected from
the trap. The resulting image is a dense ion cloud focused towards the center of the MCP detector with
voltages on the in electrode of VIN = −1.3 kV, the out-electrode at VOUT = 0 V, and the phosphor screen
at VS = 3 kV.

The ablation laser is triggered to produce 10 pulses with a frequency of 33.3 Hz. By triggering
and carefully adjusting the laser with the rotatable mirror mounts, the signal of the ions hitting
the MCP detector is captured and adjusted until an ion signal is captured by the camera. The
detected ions appear on the camera as a bright spot directed towards the center of the MCP
detector. One such picture of the ablated unidentified ions hitting the MCP detector and being
captured by the camera can be seen in Fig. 4.12. Once ablation is confirmed, the back end-
cap electrode of the trap can be switched on to 1 kV, fully closing the trap. The optimization
procedure for finding the optimal trapping voltages mentioned here is described in Sec. 4.2.2.

Measurements of the unidentified ion species inside the trap are then performed by loading ions
by triggering the laser into the fully closed trap. Following ion generation and trapping, ions are
released towards the MCP detector by lowering the back endcap voltage. This procedure can be
done by either lowering the voltage on the control software for the high-voltage power supply or
by triggering the high-voltage switches, which lower the voltage of the endcap electrode to 0 V in
about 0.3 µs. Approximately thirty seconds before releasing the ions towards the MCP detector,
the detector’s in-electrode voltage is adjusted to VIN =−1.3 kV to accelerate the ions towards the
detector and increase the gain of the MCP detector that amplifies the signal up to single particle
sensitivity. This voltage is not kept constant to avoid damaging the MCP detector and is tuned
back up to VIN =−700 V after the detection is performed.
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Figure 4.12.: Single image captured of the laser ablation signal on the MCP detector. An unidentified
species of ions is generated by laser ablation of the flat stainless steel endcaps inside the trap. The ion
signal appears as a tilted, ellipse-shaped bright spot on the MCP detector of the trap. This image is
captured with the RF signal of the Paul trap switched on and the back endcap of the trap at 0 V. The
CCD camera was set to a gain 16.37 dB and an exposure time 100 ms.

4.2.2. Optimization of Trapping Parameters
Measurements were performed to determine optimal trapping voltages of the RF rod and the DC
front and back endcap electrodes. Firstly, the mean intensity of destructive ion detection events
is measured for different RF readings of the oscilloscope. For this, the input RF signal at the
Red Pitaya was adjusted, and the corresponding delivered RF voltage to the trap VRF was noted.
The trap was loaded as per the standard voltage configuration, and after a storage time of 20 s,
the ions were released onto the MCP detector via triggering of the high voltage switch. A single
image of the MCP’s phosphor screen was captured via the CCD camera in trigger mode.

The performed RF voltage scan can be seen in Fig. 4.13. The mean intensity for each ion cloud
detection event was recorded for several values of the input peak-to-peak RF voltage VRF. The
mean intensity signal grows with the RF voltage but is shown to largely plateau after reaching
a voltage of VRF ≈600 V. For this reason, the RF voltage delivered to the trap was kept ap-
proximately at the value during the course of the measurements. Nevertheless, the peak-to-peak
voltage delivered was shown to fluctuate heavily. The impact of this drift on the measurements
is discussed in Sec. 4.2.6.
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Figure 4.13.: Voltage scan measurements of the RF rod electrodes voltage VRF. A triggered single-image
acquisition of the MCP detector is performed after ejecting the trapped ions via the HV switch after 20 s
of storage. The mean intensity of the acquired image is then recorded for several values of the RF voltage
VRF. It was determined that the ion signal begins to plateau at approximately VRF = 600 V, which was
chosen as the desired RF peak-to-peak voltage.

An analogous voltage scan was performed for the endcap voltages VF and VB, which axially
close the trap. For this, antiprotons were loaded into the trap at different set endcap voltages.
Clarifying that by set voltage, the voltage input value on the power supply software is meant.
After 20 s of storage inside the trap, the ions are ejected by lowering the back endcap voltage VB
to 0 V by triggering the high-voltage switch. The ion cloud detection event is captured for each
set voltage by triggering a single image acquisition by the CCD camera. The mean ion intensity
is calculated for each endcap voltage set and can be seen in Fig 4.14. From this measurement,
it was determined that the mean intensity plateaus for the endcap voltages close to 1 kV, which
was determined as the optimal value for trapping experiments.

Figure 4.14.: Voltage scan measurements of the DC endcap electrodes voltages VF and VB. A triggered
single-image acquisition of the MCP detector is performed after ejecting the trapped ions via the HV
switch after 20 s of storage. The summed intensity of the acquired image is then recorded for several
values of the voltage set for both endcap electrodes VF and VB. The summed intensity of the acquired
images begins to plateau after setting the endcap voltages to 1 kV, which was the parameter chosen for
trapping and transport procedures.
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4.2.3. Ion Number Video Analysis
Capturing the image of the trapped ions with a CCD camera can be done in either the form of
a picture or a video. For a picture, the ejection of the ions from the trap, i.e., lowering of the
back endcap electrode potential, must be accordingly timed with the image capture. This can be
achieved by using a high-voltage switch that lowers the endcap voltage down to VB = 0 V within
approximately 0.3 µs, which is the measured switching transient time of the device. This time
can be considered effectively instantaneous for the trapped ions. For example, an antiproton
with a kinetic energy of about 10 eV travels approximately 13 mm in 0.3 µs, whereas the trap is
40 mm long. By timing the trigger of the switching with that of the image capture of the camera
and adjusting the exposure time of the camera accordingly, one can capture single images of ions
ejected from the trap.

Alternatively, the voltage at the endcap can be lowered with the power supply software, and
a video of the gradual ejection of the ions from the trap can be captured as the voltage lowers.
Lowering the voltage with the power supply can take several seconds and is, thus, much slower
than what is achieved by using the switch. An example of the gradual ejection and detection of
ions can be seen in Fig. 4.15. For this and the following image processing steps, the example of
measurements taken for ions stored for 3 min in the trap and ejected with the low-pass filter on
the back endcap will be used. Here, ions were ejected towards the MCP detector by switching the
voltage of the back endcap to VB 0 V on the high-voltage power supply control software. Gradual
ejection of the ions then follows by the gradual lowering of the voltage at the power supply and
further damping by the low-pass filter connected to the endcap electrode. Ions typically begin to
exit the trap when the voltage shown on the high-voltage power supply controller software reads
a few Volts. This was found to happen approximately 20 s after lowering the voltage of the back
endcap VB from 1 kV down to 0 V.

Figure 4.15.: First (a), second (b), and third (c) key frames in a sample video acquisition of detected ions
captured by the camera (with a gain 16.37 dB and an exposure time 100 ms). The back endcap electrode
was connected to the high-voltage power supply by a low-pass filter (time constant of approximately a
few milliseconds), and the voltage of the endcap was ramped down to VB =0 V to release the ions into the
MCP detector. The frames for the video were taken after ions had been stored for 3 min inside the trap.

The analysis of the recorded videos is followed by determining the key frames in which ions
were detected. This is done by first selecting a region of interest in the video centered on the
MCP detector’s active area in the frame. The total size for each video frame spans a height of
1024px and a width of 1280px. The region of interest was cropped down to a height of 300px and
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a width of 250 px corresponding to a physical size of 11 mm by 9 mm to exclude regions outside
the MCP detector’s active area.

Following the selection of the region of interest, the mean intensity of the selected region is
evaluated using Python’s Pillow image processing library. This is done for each frame in the
video, and is then plotted against the frame number in the video. The mean intensity per frame
for the measurement performed using the low-pass filter after 3 min of storage can be seen in
Fig. 4.16. From this, the frames to be evaluated for each ion detection event are determined.
This process was done manually for each video, considering the mean intensity per frame as
well as visually analyzing the video itself. Once the frames containing ions from each video are
determined, each of these frames is extracted into individual Tagged Image File Format (.TIF)
image files.

Figure 4.16.: Mean intensity per frame in video of MCP detector during ejection of ions after 3 min
of storage inside the trap. The ejection was done by lowering the back endcap of the trap, which was
connected to a lowpass filter. The ion detection event begins at frame number 191, where a spike of the
captured mean intensity occurs.

Consequently, a background image for each video is generated by averaging the intensity at each
pixel for typically the first 100 frames in the video where no ions are present. For shorter videos,
fewer frames could be taken. Once a reference background frame for each video was generated,
the average background intensity at each background pixel I0 was subtracted from the intensity
of each pixel in the identified frames with ions. An example of the background-subtracted frame
for the measurement performed after 3 min of storage is presented in Fig. 4.17.
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Figure 4.17.: Raw (a) and corrected (b) images of the region of interest for a frame of a measurement
video taken after 3 min of storage in the trap. The background reduction was done by taking a background
sample of 100 frames without ions present and averaging the intensity at each pixel. This background
is subtracted from the raw image to produce a background-reduced corrected image. The intensity map
scale is presented logarithmically to improve the contrast and aid in the visualization of the subtracted
background.

After having determined the key frames for each ion detection event, determining a region of
interest, and subtracting the background, the total intensity for each frame of the measurement is
determined. This is again evaluated using Python’s Pillow library for image processing. The same
procedure was used to determine the intensity of a single ion in order to use it as a calibration
factor for the number of ions.

The efficiency of electron-photon conversion of the MCP detector is not constant and may vary
between detected ions. This is of particular importance when trying to estimate the intensity of a
single ion; for this reason, a statistical analysis over several single-ion samples was conducted. A
total of 15 single ions were manually selected, as presented in Fig. 4.18. These ions were extracted
from the evaluated frames, and the mean intensity of each single ion was determined. The region
selected for each single ion was kept constant to 5 × 5 px in order to minimize fluctuations due
to the background. The intensity values of each pixel in the 5 × 5 px single ion capture were
summed to obtain the total intensity expected of each ion. The expected mean intensity for a
single ion was then determined by averaging the single ion intensity for the 15 samples and was
found to be Iion = 353(17).

The number of ions found in each measurement can then be found by summing over the total
intensity for each analyzed frame and dividing by the average mean intensity of a single ion.
The image processing calculation for determining the number of ions, including the background
subtraction, is thus given by

N = 1
Iion

 fe∑
f=fi

If − I0

 , (4.1)

where If is the intensity per frame number f , and fi and fe are the initial and end frame numbers
determined for each measurement.

The statistical uncertainty for the number of ions σN is estimated via the uncertainty of the
single-ion average σion given by the standard error of the mean, as estimated via error propagation
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Figure 4.18.: Fifteen single ion detection events manually selected and cropped to a 5 × 5 px square.
For each manually selected ion, the total signal intensity was measured by summing all the pixel values.
These intensities were then averaged to calculate the expected signal from a single ion, which was found
to be Iion = 353(17).

to be
σN ≈ N · σion

Iion
. (4.2)

This gives, however, only an approximation for the statistical uncertainty of the measurement.
Further uncertainties and sources of error are discussed in Sec. 4.2.6.

4.2.4. Paul Trap Storage Time Characterization
The storage time of the unidentified ions was measured under different conditions. Here, the
results for the storage time of ions for different endcap electrode ion release conditions are inves-
tigated. The effect of lowering the voltage, with and without the low-pass filter, is compared to
that of triggering the release of ions via the high-voltage switch. Furthermore, the functionality
of the trap while operating at a floated ground of 500 V is evaluated, and the storage time of the
ions in such a configuration is measured.

For both of the performed sets of measurements, ions were loaded by ablation of the endcap
electrode into the closed trap. The ions stay inside the trap for the desired storage time until they
are released either by setting the high-voltage power supply input to the back endcap electrode
to 0 V or by triggering the high-voltage switch. Thus, the storage time in the trap is counted
as the time between the triggering of the laser for ablation and the time of switching down the
voltage. The ion release is recorded by the CCD camera in the form of a video to be analyzed
frame by frame as outlined in Sec. 4.2.3, extracting the total number of ions obtained in each
measurement.

The total number of ions obtained for each measurement is plotted against the time the ions
were stored inside the trap for that particular measurement. The storage time of ions in a Paul
trap is defined as the time it takes for the number of ions in the trap to decrease to 1/e of the
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original number [80]. Thus, the storage time of the ions can be extracted by fitting the obtained
data with an exponential decay function for the number of ions N(t) of the form

N(t) = N0 · e−t/τ + C, (4.3)

where N0 is the initial number of ions, τ the storage time of the ions, and C an offset due to the
background which is further elaborated on in Sec. 4.2.6. From this analysis, the storage time of
the ions in the trap for the different configurations can be evaluated and compared.

The mechanism used for lowering the back endcap voltage VB from 1 kV down to 0 V to release
the ions onto the MCP detector was determined to impact the number of ions and storage times of
ions trapped. When connecting the endcap electrodes directly to the high voltage power supply
and lowering the voltage of the back endcap electrode on the control software, the ions were
shown to have a corresponding storage time of 74(7) s with an initial ion count of 7.4(6) × 102

ions. The initial ion count and storage time were improved when evaluating the measurements
using the high-voltage switch to lower the voltage, presenting a storage time of 61(3) s and an
ion count of 3.4(2) × 103 ions. For the measurements taken with the low-pass filter connected
to the endcap electrodes, the storage time of the ions was further improved to 94(5) s with a
corresponding initial ion count of 1.81(9) × 103 ions.

The functionality of the trap was tested during floating of its ground to 500 V by measuring
the storage time of the ions for up to 7 min and lowering the back-endcap voltage VB with the
low-pass filter attached. A reduction in the initial ion count was observed with only 6(2) × 102

ions. Similarly, the evaluated storage time of 23(9) s was reduced in comparison to when using
the low-pass filter without floating the ground of the trap.

Ion Storage Time Electrode Configurations

In order to determine the optimal configuration of the trap to prolong the storage time of the
ions, the storage time was measured for different lowering configurations of the trap’s back end-
cap voltage. Three sets of storage time measurements were performed, firstly for ions released
via triggering of the high voltage switch connected to the back endcap voltage, and then for
the lowering of the voltage from the high-voltage power supply controller, once with a direct
connection to the endcaps and once with the low-pass filter in between.

The number of ions per time stored in the trap was measured for the three endcap voltage
configurations by taking a video of the ion event on the MCP detector after waiting a set storage
time. This measurement was performed for storage times between 20 s and 20 min for all three
configurations. The number of ions per time stored inside the trap was extracted from each
video by using the video analysis process outlined in Sec. 4.2.3. From this, the measurements
were plotted for all three data sets as seen in Fig. 4.19. Each set of data was fitted with an
exponential decay function of the number of ions in the trap according to the model expressed
in Eq. 4.3. From this, the storage time of the ions τ was determined to be 74(7) s in the case
of a direct connection between the back endcap and the power supply, 61(3) s for the release of
the ions through the triggering of the high-voltage switches, and 94(5) s for a connection to the
endcap through the low-pass filter.

The measured storage times for the different configurations indicate some noise is likely being
introduced into the voltages of the endcaps. The low-pass filter may be filtering some of the
noise in the endcap voltages, leading to an improvement of approximately 50% and 30% over
the lifetime of the measurements performed with a direct connection and with the high-voltage
switches accordingly.
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Figure 4.19.: Storage time of the unidentified ions inside the transportable Paul trap. The number of
ions was obtained by evaluating videos of ion detection by the MCP detector as captured by the CCD
camera. The storage time was measured for three different configurations of the endcap voltage release
configuration, namely, either by triggering of the high voltage switch or by lowering the back endcap
voltage to 0 V with a direct connection or with the low-pass filter in between. Each data set was fitted
with an exponential decay function as described in Eq. 4.3 and the corresponding initial number of ions
N0, storage time τ , and background offset C were evaluated. The lowest storage time of the ions was
measured for the direct connection at 61(3) s, followed by the high-voltage switches at 74(7) s, and finally
that of the low-pass filter configuration at 94(5) s.

Furthermore, there is a considerable difference in the obtained initial ion number between the
configurations. The highest initial ion number of 3.4(2) × 103 was obtained for the data of the
high-voltage switch trigger, followed by that of the low-pass filter at 1.81(9)×103, and lastly that
of the directly connected electrode at 7.4(6) × 102. This may come as a result of several effects,
firstly that of the instability introduced by noise at the endcaps, which may also be at fault for
the short storage times described previously. Furthermore, the gradual detection of ions in the
case of the direct connection and low-pass filter data may result in an initial dimmer image,
as ions may not have yet reached equilibrium inside the trap and may be exiting individually
before the voltage at the endcap reaches close to 0 V. This may, however, not be the case for the
high-voltage switch measurement, as ions exit the trap much faster.

It is also important to note that all of the exponential decay fits have a sizeable offset, considered
here to be 236(8) ions for the high-voltage switch data, 141(6) ions for the low-pass filter data,
and 110(4) ions for the direct connection data. These offsets are not actual ion counts, but
rather background intensity still present after the aforementioned background subtraction. A
comprehensive evaluation of this offset and the introduced uncertainty is presented in Sec. 4.2.6.

Floated Trap Storage Time

The procedure of extracting and loading antiprotons from the AEgIS experimental apparatus to
the room temperature transportable Paul trap relies on the ability to operate the trap with a
floated ground potential. Antiprotons are initially ejected by the apparatus at energies in the
order of kiloelectronvolts. Floating the ground potential of the trap to match the energy of the
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antiproton beam will allow decelerating the antiproton beam, enabling trapping [81]. Confirming
the trap’s functionality with a floated ground potential is thus a key step towards the goal of
transporting antiprotons at room temperature.

In order to confirm the trap’s operation at a floated potential, the ground of the trap was floated
to 500 V as per the floating configuration shown in Sec. 4.1.3. All other parameters and trapping
voltages were kept consistent with previous measurements. From this, the lifetime of the ions
was once again measured by recording videos of the MCP detector’s phosphor screen with the
CCD camera and analysing them with the same methodology as in the previous measurements.

The storage time for the ions in the trap with the floated ground was measured up to 7 min,
after this time, no ion signal was clearly visible. The resulting storage time exponential decay
can be seen in Fig. 4.20. From the measured data points, a measured storage time of 23(9) s and
an initial number of ions of 6(2) × 102 were extracted. This is a considerably lower storage time
and initial number of ions when compared to the previous measurements, also using the low-pass
filter but without floating the trap, for which a storage time of 94(5) s and initial ion number of
1.81(9) × 103 were measured.

Figure 4.20.: Storage time of the unidentified ions inside the transportable Paul trap when having its
reference ground floated at 500 V. Videos of the ions stored for up to 7 min were analyzed, and the
number of ions was analyzed exponential decay function as described in Eq. 4.3 with the corresponding
initial number of ions N0, storage time τ , and background offset C was evaluated. A storage time of 23(9)s
and an initial number of ions of 6(2) × 102 were extracted from the fit.

The considerably lower lifetime found when floating the trap, as compared to the measurements
under grounded conditions, may be largely explained by an insufficient ground reference. During
the experimental sequence, the trap was limited to be floated to only 500 V, as when going any
higher, the section of the electronics floated at high-voltage would discharge and generate a spark
towards the low-voltage section of the trap. Furthermore, improper shielding and isolation may
also generate additional noise that can in turn lower the storage time capabilities of the trap as
previously discussed.
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4.2.5. Ion Storage during Transport
Confirming the trap’s operation during transport is a key step towards achieving the goal of
antiproton transport inside the trap. For this reason, the transportable Paul trap functionality
was tested for transporting the unidentified ions generated from the ablation of the endcap. The
trap, along with its transportable frame with all components attached and secured, was loaded
into a truck using a forklift at the University of Innsbruck to be transported to the University of
Trento. Once positioned, the trap was secured with straps to the van to avoid movement during
transport.

Initially, the two UPSes to power the trap were first switched on, and the trap was first loaded
with ions after passing the Austria-Italy border at the Lanz-Brenner rest station (approximate
coordinates to 11 m precision: 46.9958, 11.5045) at 13:07. The first destructive measurement
of ions was then conducted at a rest station in Campo di Trens, approximately 18.6 km away
(approximate coordinates to 11 m precision: 46.8807, 11.4812) at 13:22. The total distance
traveled with the trap and alongside the loading and measurement points can be seen in Fig. 4.21.

Load

18.6 km

Measure

Figure 4.21.: Distance traveled for the performed 15 min storage measurement during transport. Ions
were loaded at the Lanz-Brenner rest station (approximate coordinates to 11 m precision: 46.9958, 11.5045)
at 13:07, here marked as “Load”. The trapped ions were then destructively measured after driving ap-
proximately 18.6 km for 15 min at a rest station in Campo di Trens (approximate coordinates to 11 m
precision: 46.8807, 11.4812) at 13:22, here marked as “Measure”.

From the moment of switching on the trap to the moment of conducting the destructive mea-
surement on the ions, the CCD camera was kept recording a video of the measurement. This
measurement was captured in the Mono8 image format (monochrome 8 bits per pixel). After the
15 min drive, the back encap voltage was lowered from 1 kV to 0 V and the ion signal reaching
the MCP detector’s phosphor screen was recorded.

The captured video frames were then analyzed to extract the estimated ion number as per
the steps outlined in Sec. 4.2.3. Due to the experimental conditions in the van, however, the
background was not as controlled as in the experimental conditions of the laboratory. For this
reason, a lesser number of background frames (here, 15 frames) could be selected for the back-
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ground subtraction near the release time of the ions. Likewise, the ion frames were then cropped
to select for the region of the MCP where the ion signal is present. The corrected and cropped
frames can be seen in Fig. 4.22. From these frames, a total number of ions of 2.4(1) × 103 was
extracted.

Figure 4.22.: Background-subtracted cropped frames of the measurement of ion transport after 15 min
of storage. A total number of ions of 2.4(1) × 103 was extracted via the frame-by-frame analysis of the
video.

Subsequent transport measurements along the route to the University of Trento were con-
ducted, but no improvement in the storage time of the ions during transport was achieved.
Furthermore, the experiment was limited by the battery of the UPSes. The UPS that powers
the amplifier for the RF signal of the trap switched off after approximately 2 h of measurements,
limiting the number of measurement sequences that could be performed on the way to Trento.

4.2.6. Image and Video Uncertainty Discussion
Here, the detection uncertainty stemming from the inherent uncertainty of the MCP detector
and CCD camera is discussed. Furthermore, the drift of the radiofrequency peak-to-peak voltage
is described, and its impact on the measurements is estimated. Lastly, the ion number offset of
the storage time exponential decay fits presented in Sec. 4.2.4 and its dependence on the area of
interest taken for the measurements are characterized.

Detection Uncertainty

The detection uncertainty of the ions relies on three main factors. Firstly, the gain uncertainty
of the MCP for the ions, as there is an inherent spatial gain inhomogeneity in an MCP detector.
Secondly, the phosphor conversion efficiency of the MCP detector, meaning how many photons
are generated for every electron that reaches the phosphor screen. Lastly, the camera and imaging
uncertainty, which in this particular case largely depends on the frame per second limitations of
the CCD camera used.

An MCP detector works by amplifying the signal of incoming ions via secondary electron
cascades. The particular model of MCP detector used in the experiment is reported to have
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a gain of at least 4 · 104 electrons per ion detected. The gain is, however, variable due to
the geometry, applied voltage, aging of the detector, and inhomogeneities. Furthermore, the
detector’s phosphor conversion efficiency leads to an uncertainty between each ion detection,
which is mostly deal with as a component of the statistical uncertainty previously discussed.

The last step in the measurement is the capture of the phosphor screen by the CCD camera
in the form of a video. It was found during post-processing that the camera’s video frame-per-
second capabilities were limited. For the video measurements captured with an exposure time
of 100 ms, the frame-per-second of the recorded video was limited to 3.5. This means that there
is a considerable data loss from the camera acquisition limitations, which could account for up
to 65% loss in data if ions are assumed to arrive homogenously in time. This, while not largely
impacting relative measurements between the configurations, may have a large effect on the
accuracy of the reported ion numbers. For future measurements, the camera configuration can
be adjusted to reduce the data loss. By cropping the size of the recorded video from the control
software and increasing the exposure time to 189 ms, it was found that the frames-per-second
could be maximized to 5, lowering the estimated maximal losses to 5.5%.

Radio-Frequency Amplitude Drift

Initially, it was determined that the optimal RF trapping voltage measured at the oscilloscope
was approximately VRF =600 V. However, during the course of the lifetime measurements in the
laboratory, a drift of the measured RF voltage after the capacity divider at the oscilloscope was
observed, introducing uncertainty into the number of ions measured.

The first measurements performed were conducted with a direct connection between the trap
and the high-voltage power supply. At the beginning of these measurements, the value recorded
at the oscilloscope was approximately 607 V with the Red Pitaya input voltage set to 0.34 V as
previously determined to be optimal. By the end of the performed measurements, when beginning
a new round of measurements using the low-pass filter, the value recorded at the oscilloscope had
reduced to 553 V. Consequently, for the last set of measurements using the high-voltage switches,
the value at the oscilloscope had reduced to approximately 501 V.

In order to estimate the impact of the radiofrequency measured at the oscilloscope drifting
during measurements, the peak-to-peak radiofrequency voltage scan presented in Sec. 4.2.2 is
utilized. The trap was found to be optimized when keeping the input RF voltage of the trap
close to VRF =600 V. Nevertheless, values were shown to oscillate down to 500 V at times.
Assuming a close to worst case scenario, taking into account the values presented in Fig. 4.13
from the measured voltage of 608 V to 501 V, an estimated reduction in mean intensity between
ion images of −12.5% was observed.

Background Ion Number Offset

As seen from the lifetime measurements presented in Sec. 4.2.4, a non-negligible offset with the
intensity of several hundred ions was present during all measurements, even after background
subtraction of the analyzed frames. This offset is highly dependent on the area of interest
analyzed in the measurements.

The ion number offset’s dependence on the area of interest analyzed was characterized by
recording the offset C for different cropped areas of interest of the floated trap measurements
presented in Sec. 4.2.4. The analyzed areas (including their width and height in pixels) and
corresponding exponential decay offset are presented in Table 4.1.

The offset values obtained alongside the image’s area of interest were plotted as seen in Fig. 4.23.
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Height (px) Width (px) Image Area of Interest (px2) Ion Number Offset C
300 250 7.5 × 104 346(16)
300 200 6 × 104 276(15)
300 150 4.5 × 104 211(14)
250 150 3.75 × 104 175(13)
200 150 3 × 104 143(12)

Table 4.1.: Offset C of the storage time exponential decay fit as per Eq. 4.3 of the storage time for the
unidentified ions trapped in the transportable Paul trap during floating at 500 V for different-sized areas
of interest in pixels squared, alongside the image’s height and width in pixels.

The data is closely described with a linear function, exhibiting a coefficient of determination
R2 = 0.9998. This behavior indicates the offset may be caused by a remaining background signal
even after the background subtraction is performed.

Figure 4.23.: Plot of the offset C for different sizes of the area of interest as presented in Table 4.1. The
data is closely described by a linear fit (R2 = 0.9998) with a slope of 221.99(9) pixels squared per ion
number offset and an intercept at −1.60(2) × 103 pixels squared. The linear behaviour is indicative of an
offset caused by a remaining background signal even after background subtraction.

A possible improvement to reduce the offset caused by a non-optimal signal-to-noise ratio can
be achieved by image processing thresholding. This means processing only pixels that are above
a certain intensity, in order to filter out background pixels from the signal.

4.3. Antiproton Extraction at the AEgIS Experiment
The procedure of extracting antiprotons from the AEgIs experiment had only been preliminarily
tested before the work on this thesis. The extraction of non-electron cooled antiprotons from the
AEgIS was demonstrated for the purposes of the development of a high precision detector [51]. For
the purpose of loading electron-cooled antiprotons into the transportable Paul trap, an additional
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loading technique and detection strategy have to be developed.
The extraction of cooled antiprotons from the AEgIS trap into the extraction port of the

transportable Paul trap involves the adjustment of several electrodes across the beamline. The
voltages of these electrodes have to be optimized to result in the maximal signal of antiprotons
at the extraction port. During the work of this thesis, an MCP detector assembly for antiprotons
was installed at the extraction port of the AEgIS experimental beamline. Here, the assembly
process of this detector is presented and the detection strategy outlined.

Furthermore, this section presents preliminary results of low-energy antiprotons extracted from
the AEgIS experimental apparatus back into the beamline. From these initial measurements
performed an estimate for the extracted antiproton beam energy was calculated to be 2.19(9) keV
via a time of flight measurement performed with scintillator detectors.

4.3.1. Detector Assembly for Antiproton Extraction
Loading antiprotons from the AEgIS apparatus into the transportable Paul trap requires the
antiproton beam to be sent by a pulsed drift tube from the 5 T trap and guided via bender
electrodes and einzel lenses positioned across the beamline, as seen in Fig. 4.24. The tools in place
allow for the steering of antiprotons in the direction of the 75◦ extraction port. This is inherently
a reversal of the extraction direction of the antiprotons, meaning a substantial optimization of
several electrodes across the beamline is needed. For this reason, a few diagnostic tools have
been developed during the course of this thesis to look at the quality, shape, and spread of the
beam before it is able to reach the transportable Paul trap.

Figure 4.24.: Region of the AEgIS beamline connected to the ELENA facility. Antiprotons are injected
from right (ELENA) to left (AEgIS trap). The work presented in this chapter consists of reversing the
direction of the antiproton beam, i.e., extracting antiprotons from the AEgIS Penning trap towards the
75◦ extraction port of the beamline. To do so, cold antiprotons coming from the AEgIS apparatus are
pulsed by the drift tube assembly and stirred across the beamline by bending and focusing electrodes. The
main goal of this procedure is to optimize the incoming antiproton beam at the imaging MCP detector
found in the six-way ConFlat 100 cross, here referred to as the “Cross MCP”. The antiproton beam will
be measured and optimized by looking at the image of the phosphor screen of the detector with a camera,
here labeled “MCP Camera”. Across the beamline, there are several gate valves, gate valve 1, gate valve
2, and the Elena gate valve, which were used as obstacles for the antiproton beam to be measured with a
scintillator tube positioned on top of the ELENA gate valve.

In order to optimize the beam steering towards the portable trap, the AEgIS control system
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has full control of all electrodes in the beamline. Optimization is then possible by scanning along
a series of voltages for the electrodes and verifying if antiprotons are reaching the extraction
site located at the 75◦ extraction port of the beamline. The work of this thesis involved the
installation of an imaging microchannel plate detector (MCP) assembly at the extraction port
after the 75◦ turn in the AEgIS beamline.

This detector was mounted on a pneumatic actuator that allows it to be moved in and out of
the beamline without needing to break the vacuum. The pneumatic actuator ConFlat 40 flange
is mounted on a ConFlat 100 six-way cross. Behind the MCP, there is a prism that reflects
the image of the phosphor screen of the detector towards one of the other sides of the six-way
cross. This side flange has a viewport, where a camera is placed to record the image of the MCP.
Fig. 4.25 shows a picture of the MCP assembly that is found inside the six-way cross, referred to
as the “cross MCP”.

Prism

Pneumatic
Actuator

Imaging
MCP

Detector

Figure 4.25.: Side view of the MCP assembly that was developed during the thesis, and it is located inside
the “Cross MCP” (see Fig. 4.24). The MCP sits on a custom holder attached to a pneumatic actuator
that allows for pushing and pulling the detector in and out of the beamline. Behind the MCP, there is a
prism that reflects the image of the MCP’s phosphor screen out through a viewport into a camera.

The verification of antiprotons reaching the extraction site can be performed by capturing
images of the MCP’s phosphor screen and optimizing the steering of the beam until the maximal
signal is reached. The preliminary procedures of setting up the hardware and integrating the
software of the camera into the AEgIS control system were conducted during the work of this
thesis. Furthermore, extraction attempts were performed using simulated optimal voltages for the
electrodes on the beamline. While the extraction of an antiproton beam and optimization of the
beam line voltages to reach the site has yet to be achieved, the functionality of the MCP detector
assembly was confirmed. During the initial extraction attempts, a suspected pion event was
detected by the MCP detector as seen in Fig. 4.26. This detection event likely stems from a stray
pion reaching the detector from an annihilation event somewhere in the beam line. Nevertheless,
due to limitations of the available antiproton beamtime, no additional measurements could be
performed.
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Figure 4.26.: A pion event detected with the MCP detector during antiproton extraction attempts that
confirms the functionality of the assembly. Unfortunately, the antiproton beam could not be steered on
this detector due to beamtime limitations, as discussed in the main text.

4.3.2. Preliminary Antiproton Extraction Measurements
The backward extraction of antiprotons from the 5 T Penning trap towards the ELENA ring
was attempted via a time of flight measurement using a sodium iodide scintillator with thallium
impurities (NaI(Tl)). These are a type of inorganic crystal scintillators that operate via ionizing
radiation stemming from the antiprotons annihilating on the beamline. The excitation of electrons
forming free electron-hole pairs in the crystal leads to scintillation of the impurities in it. This
signal is amplified and captured via the photomultiplier tube in the detector. The characteristic
shape of a NaI(Tl) scintillator signal can be closely approximated by a double exponential given
by [82]

y(t) =
(
e−t/τd − e−t/τr

)
, (4.4)

which describes the exponential rise time τr and decay time τd of the scintillator signal in time t
with a normalization factor A. This characteristic shape comes as a result of the exponential rise
due to electron-hole pair formation and an exponential decay from de-excitation scintillation.

The NaI(Tl) scintillator was positioned on top of the gate valve that goes from the AEgIS
beamline back to the ELENA ring. High-energy pions and other charged particles created via
antiproton annihilation are detected by the scintillator, allowing to determine at which point
in time annihilation occurred i.e. when the antiprotons are annihilating in the beamline. The
annihilation measurement via the NaI scintillator was conducted for different configurations of
the beamline, where gate-valves across it are closed to function as blockages and determine where
the beam is annihilating in space. This way, both the information of where and when antiprotons
are annihilating is known, allowing to determine how the beam is being stirred in the beamline
without having a direct measurement. For this measurement, two different gate valves in the
beamline were closed. First, the first gate valve (Gate Valve 1) between the 5 T and the beam
steering electrodes is closed, and the annihilation peak is observed and maximized by adjusting
some of the guiding electrodes. Lastly, the final gate valve, which goes from the beamline to the
ELENA ring (Gate Valve ELENA) is closed, and the same operation is performed. A computer-
aided design drawing of the section of the beamline used for this measurement can be seen in
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Fig. 4.24
Initially, an uncompressed electron-cooled antiproton beam was used for reverse extraction

toward the extraction port. As seen from the data in Fig. 4.27, this beam seemed to be too
broad and unfocused for performing the steering and bending maneuver into the 75◦ extraction
port. The bulk of the beam was annihilated in the region between the drift tube and the bending
electrodes, with only a small portion getting all the way to the back and reaching the closed
ELENA gate valve. This was largely due to the unfocussing of the beam when exiting the
higher magnetic field region inside the 5 T Penning trap to the lower magnetic field region of the
beamline. A similar measurement was performed for an electron-cooled antiproton beam exiting
the AEgIS apparatus. The annihilation peak was measured with the first gate valve between the
trap and the bender electrodes (Gate Valve 1) closed, to conduct a time of flight measurement
between the two annihilation peaks.

Figure 4.27.: Antiproton annihilation signal on a scintillator positioned on the beamline of the AEgIS
experiment. The scintillator signal in Volts determines the time in microseconds from when the antiprotons
are extracted from the 5 T AEgIS trap to when they annihilate on the beamline. The red dotted curve
represents the data for the extraction of an uncompressed beam of antiprotons with the ELENA Gate
Valve closed. The blue dotted curve is the data from a compressed and electron-cooled beam of antiprotons
with Gate Valve 1 closed. These two curves were fitted with the function presented in Eq. 4.4 and are
shown as a solid black and solid purple curve respectively. The physical distance between the two gate
valves (GV1 and ELENA) is approximately 1548 mm. The green dotted curve is the data for a compressed
electron-cooled beam of antiprotons with both gate valves open. Cold antiprotons were detected to be
annihilating in the region between the drift tube and the bending electrodes. A new diagnostic tool will
be put in place to determine the quality of the beam when leaving the drift tube to correct its trajectory
for future extraction attempts.

Physically, the first gate valve and the ELENA gate valve are separated by a distance of
approximately d =1548 m. From the conducted time of flight measurement, the energy of the
beam can be determined by measuring its velocity v via

v = d

t1 − t0
, (4.5)
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with t0 = 108.01(1) µs being the time at which the scintillator detects the annihilation with
Gate Valve 1, and t1 = 110.40(5) µs the time at which it detects the annihilation with the
ELENA Gate Valve. These times were determined by finding the mean time of the annihilation
peaks in Fig. 4.27. From this, the average kinetic energy Ep̄ of the antiproton beam (mp =
1.672 × 10−27kg [83]) can be calculated to be

Ep̄ = 1
2mv2 = 2.19(9) keV. (4.6)

This kinetic energy measurement justifies the need for floating the transportable Paul trap to a
few kilovolts in order to be able to catch the incoming beam of antiprotons. For antiprotons at
the calculated 2.1 keV, the trap would have to be raised to 2.1 kV with respect to the antiprotons’
reference potential for them to match their energy and be able to capture them.

Optimization measurements of a compressed antiproton beam were then performed to attempt
to reach the extraction port. The beam was stirred along the beamline past the open Gate Valve 1
into the region with the bender electrodes. However, the defocusing effect from exiting the region
of high magnetic field seemed to be too large for the antiproton beam to reach the 75◦ extraction
port. The annihilation peaks of the compressed cold antiproton can be seen in Fig. 4.27. This
measurement, however, showed a significant improvement over the initial measurement for the
uncompressed beam, as the largest annihilation peak occurred further along the beamline, inside
the bender electrode region. This indicates that the compression of the antiproton beam may be
a crusial step for the success of future extraction attemps.

To perform this optimization measurement systematically, an additional MCP detector will be
placed in the region between the drift tube assembly and the bender electrodes. This detector
will be on a rotating mount, allowing it to be placed in and out of the beamline when needed.
The imaging from the phosphor screen of this MCP will allow for determining the quality and
trajectory of the beam as it is leaving the 5 T Penning trap, enabling optimization of the beam
before reaching the bending electrodes.
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5. Outlook and Conclusion

This thesis has presented the challenges faced by antimatter precision experiments conducted at
low energies due to restricted antiproton availability. The transport of low-energy antiprotons,
which can currently only be experimented with at CERN’s Antimatter Factory facilities, would
pave the way for future precision experiments with antimatter. Within this framework, the
use of low-energy antiprotons for generating HCIs for use in metrology and the prospects of
this production method are presented in this work. Calculations and simulations conducted for
determining a viable list of HCI candidates for such experiments were discussed.

Furthermore, this thesis extensively describes the experimental work conducted in the de-
velopment, assembly, and testing of a transportable linear Paul trap intended for experiments
with antiprotons. Here, results on the trap’s trapping parameter optimization, ion storage time
characterization, and trapped ion transport are presented. Furthermore, the ongoing efforts of
low-energy antiproton extraction from the AEgIS experimental apparatus are discussed, and
preliminary results are presented.

In the experimental work presented, the ions trapped in the linear Paul trap have been de-
scribed as unidentified. This is due to the species of the ions trapped being unknown, as these
were generated by direct ablation of the 316L stainless steel flat endcap electrodes of the trap.
The composition of 316L stainless steel suggests that the ions created may originate from Iron,
Chromium, Nitrogen, Molybdenum, Manganese, Carbon, Silicon, Sulfur, or Phosphor [84]. Initial
mass estimate calculations suggest the mass of the trapped ions is close to that of C+, however,
no definitive conclusions could be drawn.

Further experiments with the transportable linear Paul trap are needed to determine the
ion species trapped. This includes, but is not limited to, additional attempts at trapping ions
generated from ablation of the targets (Mo, Nb, Yb, Ba) found inside the trap. These efforts
can be performed alongside fluorescence detection measurements of known atomic transitions of
the ions for confirmation of the ionic species trapped. Once a known species of ions is trapped,
one can interpolate from the trapping parameters used to determine the mass of the unidentified
species of ions. Efforts for performing this mass calibration are underway by developing a laser
cooling and fluorescence detection mechanism for Barium ions.

Another key challenge faced during the experimental efforts presented in this thesis was the
limited antiproton extraction results from the AEgIS experiment. The available antiproton beam
time at CERN’s Antimatter Factory facilities is highly restricted and often has to be split among
several experiments within a collaboration. Antiprotons are a coveted resource at these experi-
mental facilities, as they are only available for approximately half of the year [85]. Data taking
during this period was therefore limited, and with a complicated optimization at hand, the results
of successful antiproton extraction were limited.

Future low-energy antiproton extraction attempts from the AEgIS experiment will be per-
formed with additional diagnostic tools placed on the beamline. These tools will access the
shape and spread of the antiproton beam before reaching the extraction port, allowing for a
systematic correction and optimization of its trajectory. Once this procedure can be successfully
achieved, the transportable antiproton trap will be placed on the extraction port of the beamline
to begin antiproton trapping experiments.
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A. Extended Candidate Table

Table. A.1 presents an extension of the HCI candidate list from Table 3.1. Here, in between
results for the correction factors of the hyperfine splitting wavelength results are shown.

Ion I µ/µN A δ × 102 ϵ × 102 λHF(µm)
83Kr35+ 1/2- 0.5910 1.114708 0.8328 0.4939 19.42455
85Kr35+ 1/2- 0.6320 1.114708 0.8328 0.4939 18.16442
82Rb36+ 5- 1.5096 1.121909 0.8769 -0.6574 12.51460
85Sr37+ 1/2- 0.5990 1.129399 0.9236 0.5423 16.10615
87Sr37+ 1/2- 0.6240 1.129399 0.9236 0.5423 15.46087
85Y38+ 9/2+ 6.2000 1.137188 0.9742 0.2540 2.567061
87Y38+ 9/2+ 6.2400 1.137188 0.9742 0.2550 2.550630
90Y38+ 7+ 5.2800 1.137188 0.9742 0.2389 3.125522

92Nb40+ 2+ 6.1370 1.153701 1.0917 0.8096 1.968983
93Mo41+ 21/2+ 9.9300 1.162446 1.1587 0.4354 1.336406
99Rh44+ 9/2+ 5.6200 1.190779 1.3800 0.3219 1.769000

101Rh44+ 9/2+ 5.4300 1.190779 1.3800 0.3141 1.830757
102Rh44+ 6+ 4.0100 1.190779 1.3800 0.2122 2.540022
106Ag46+ 6+ 3.7040 1.211547 1.5364 0.1453 2.374345
108Ag46+ 6+ 3.5800 1.211547 1.5364 0.1055 2.455607
110Ag46+ 6+ 3.6020 1.211547 1.5364 0.1127 2.440786
110In48+ 2+ 4.3650 1.233957 1.7065 1.0757 1.529835
114In48+ 5+ 4.6460 1.233957 1.7065 0.5796 1.625155
116Sb50+ 8- 2.5900 1.258147 1.9005 -1.0601 2.587845
118Sb50+ 8- 2.3200 1.258147 1.9005 -1.3627 2.880392
120Sb50+ 8- 2.3400 1.258147 1.9005 -1.3379 2.856473
119Te51+ 11/2- 0.8940 1.270956 2.0077 0.6792 6.946341
121Te51+ 11/2- 0.8950 1.270956 2.0077 0.6792 6.938580

Table A.1.: The hyperfine splitting wavelength λHF for ground-state hydrogen-like ion candidates with
atomic numbers between Kr and Xe and a half-life above 60 minutes. Here A and δ are the relativistic and
nuclear charge distribution correction factors given by Ref. [?]. The nuclear magnetization distribution
(Bohr-Weisskopf) correction ϵ is given by Eq. 3.3. The calculations are conducted using the nuclear data
provided in Ref. [?].
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