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Abstract

Answering the question of why we live in a matter-dominated universe is of great interest to
contemporary physicists, as the StandardModel of Particle Physics predicts that matter and an-
timatter should only ever be produced in equal parts. Antihydrogen is a good candidate for
searches for asymmetries between matter and antimatter as it is the simplest antimatter bound
state, and it has an extremely well-understoodmatter counterpart: the hydrogen atom. TheAL-
PHA collaboration at CERN can now routinely trap several hundred antihydrogen atoms in a
magnetic trap, allowing precise measurements of the fundamental properties of antihydrogen.

ALPHA currently traps around 20 antihydrogen atoms every few minutes, so accumulat-
ing enough antiatoms to perform precisionmeasurements can take many hours. Increasing this
trapping rate would allow for faster ormore precisemeasurements. Simulations and experimen-
tal data show that there is a strong correlation between the temperature of the positron plasma
used in antihydrogen formation and the trapping rate that can be achieved. This thesis describes
work towards using laser-cooledberyllium ions to obtain colder positronplasmas in theALPHA
trapping apparatus. Singly-charged beryllium ions are liberated from the surface of a solid beryl-
lium target inside the apparatus via laser ablation, where the ions can be trapped, laser-cooled
andmixedwith positron plasmas. Bymixing the ions and positrons together, they can exchange
energy, and the ions can provide cooling to the positrons. Careful tuning of laser and trap pa-
rameters, as well as use of other techniques, has allowed for the successful sympathetic cooling
of positron plasmas in ALPHA.
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1/ Introduction

Antimatter has inspired both scientists and the general public alike since its discovery, capturing
the imagination with its exotic otherness, rarity, and generally sci-fi-esque properties. Antimat-
ter was first hinted at by Dirac in 1928 [1], and was discovered experimentally by Anderson 4
years later when he discovered the positron, which is the antimatter counterpart of the electron.
Extension of Dirac’s theory to other particles and advances in experiment predicted and then
discovered the antiproton and the antineutron some 20 years later [2] [3], solidifying the role of
antimatter in modern physics.

In more recent years, several experiments have begun to trap and study antimatter with
unprecedented precision. These were largely made possible by the Antiproton Decelerator at
CERN, which is a facility that can produce slow, cold, and easily trappable antiprotons. One of
the experiments that is fed by the Antiproton Decelerator is called ALPHA1, and is the experi-
ment where all of the work discussed in this thesis took place.

1.1 Antimatter and Symmetry

Antimatter is often described as a “twin” of regular matter, with each type of matter particle
having a corresponding antiparticle with the same mass, but opposite charge and spin. These
antiparticles are generally named after their matter counterpart, and their symbol is denoted
with a bar: the proton (p) has an antimatter counterpart called the antiproton (p̄), the neutron
(n) has the antineutron (n̄), and so on. The electron is the only exception to this naming con-
vention: its antiparticle is called the positron (e+) for historical reasons. When a matter particle
and its antimatter counterpart come into contact they annihilate, converting the mass of both
particles into energy. Annihilation products can be photons (γ) or massive particles such as
pions (π±, π0), depending on the particles that are annihilating.

This symmetry between matter and antimatter is formalised in the Standard Model (SM)
of particle physics, which includes three fundamental symmetries: charge conjugation, parity
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inversion and time reversal. The transformation of charge conjugation (C) inverts the sign of
all fundamental charges, such as electromagnetic charge and colour charge. Parity inversion (P)
inverts the spatial coordinates used to describe a particle (like a mirror-image), and time reversal
(T) reverses time. When antimatter was first discovered, it was thought that all natural phe-
nomena were invariant under any one of the three symmetries, which would imply that matter
and antimatter should be exact mirrors of each other, and that the amount of matter and an-
timatter in the universe should remain constant and exist in equal quantities. Despite this, the
universe that we live in appears to be made almost entirely out of regular matter. The only ex-
planations that can explain this asymmetry betweenmatter and antimatter are some breaking of
C, P, or T symmetries, or that the universe was just created with more matter than antimatter.
This matter-antimatter asymmetry problem is still unsolved today, and is a core motivation for
contemporary studies with antimatter.

Although it was later found that both P [4] and combined C-P symmetries [5] (and, by im-
plication, T symmetry) are broken in nature, this does not provide enough symmetry-breaking
to account for the asymmetry that we observe in nature. The CPT transformation, i.e. the si-
multaneous application of C, P, and T transformations, is the last remaining combination of
these three symmetries that remains an unbroken symmetry in nature. If breaking of CPT sym-
metry was found, it could provide clues about the solution of the matter-antimatter asymmetry
problem, as well as having implications for other fundamental principles, such as Lorentz In-
variance [6].

1.2 Studying Antimatter

Studies that directly measure properties of antimatter are of particular interest, as these allow
comparisons to these same properties inmatter. This allows for direct tests of fundamental prin-
ciples such as CPT symmetry. The antihydrogen atom, the bound state of an antiproton and a
positron, is an attractive candidate for these kind of studies, both because it is the simplest and
therefore easiest to synthesise antimatter atom, and because its matter counterpart, hydrogen, is
a very well-understood atom that plays a fundamental role in physics.

In order to create antihydrogen atoms, both constituent parts – antiprotons and positrons
– must be synthesised and trapped before being brought together to form antihydrogen atoms.
Formationoccurs by an antiprotoncapturing apositron into a stable orbit to forman (anti)atom.

In order to increase the amount of antihydrogen that can be trapped, it is very important
to keep the temperature of both the antiprotons and positrons low, as this produces colder an-
tihydrogen with lower kinetic energy, which is significantly easier to trap. Currently, a large
part of the cooling performed on plasmas in the trap comes from keeping the trap at cryogenic
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temperatures (. 10 kelvin) using liquid helium.
Other techniques, such as evaporative cooling [7] and adiabatic cooling [8] are also utilised

to keep temperatures of particles within the trap as low as possible. This thesis discusses recent
efforts towards implementing sympathetic cooling of positrons into the experiment, a technique
which uses laser-cooled beryllium ions to cool down the positrons used for antihydrogen syn-
thesis. Laser cooling is a powerful cooling technique that is widely used in physics to obtain
ultra-low-energy particles. Being able to harness its power for this application has the potential
to provide large reductions in the kinetic energy of positrons used in ALPHA, which in turn
could lead to a significant increase in the amount of antihydrogen that can be trapped.

Figure 1.1: The AD complex as of 2020 (approximately to scale). Protons from the Proton
Synchrotron hit the Target, producing antiprotons that are captured and deceleratedwithin the
AD. Before the installation of ELENA (2019), antiprotons from the AD would be delivered
directly to the experiments. Now, antiprotons will be delivered from the AD to ELENA for
further deceleration before being sent to the experiments. The five experiments that are cur-
rently running and their positions within the AD are shown. The sixth experiment, ATRAP,
ceased operation in 2020.
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1.3 Contemporary Experiments with Cold Antimatter

Antiprotons are extremely difficult to create in useful quantities, which is an unfortunate reality
for an experiment that wishes to study antihydrogen. Antiprotons are produced at the Antipro-
ton Decelerator (AD)Hall at CERN by colliding a high-energy proton beamwith a solid metal
target, which produces a shower of high-energy particles, some of which are antiprotons. These
antiprotons are far too energetic to be trapped and studied in detail, and somust first be deceler-
ated. This is achieved using a dedicated synchrotron called the Antiproton Decelerator, which
decelerates antiprotons from an initial energy of 2.7 GeV down to 5.3MeV. The Antiproton
Decelerator operates in a manner similar to other synchrotrons, such as CERN’s LargeHadron
Collider, by guiding particles around its 188-metre circumference using magnets. The crucial
difference between the Antiproton Decelerator and other synchrotrons, however, is that it is
designed to decelerate particles to low energies, rather than accelerate them to higher energies.
These decelerated antiprotons are then delivered to several experiments within the AD Hall,
where they can be trapped and studied [9].

There are 6 experimentswithin theADHall2: AEgIS,ALPHA,ASACUSA,ATRAP,BASE,
and GBAR. Measurements on the spectrum of antihydrogen is the primary goal of ALPHA,
ASACUSAandATRAP.ALPHA[10] andATRAP’s [11] designs employ traps to hold antihy-
drogen atoms for these measurements, while ASACUSA intends to study antihydrogen atoms
in the form of a beam [12]. Recently, measurements of the effect of gravity on antimatter are
being undertaken by ALPHA [13], AEgIS [14] and GBAR [15]. ALPHA and GBAR’s mea-
surements will involve trapped antihydrogen atoms in a freefall-style experiment, while AEgIS
will measure the deflection of a beam of antihydrogen atoms due to gravity. The BASE collabo-
ration doesn’t produce antihydrogen at all, and instead makes extremely precise measurements
of the properties of antiprotons [16]. The layout of the ADHall is shown in figure 1.1.

1.4 Laser Cooling

In this context, energy and temperature are often used interchangeably, and so “cooling” a par-
ticle is synonymous with reducing its kinetic energy. For reference, our trap can trap charged
particles with energies up to around 100 electronvolts3 (eV), which corresponds to around 1.2
million kelvin in temperature units. Room temperature, 300 kelvin, is roughly 0.026 eV. Laser
cooling has been a widely-used method of obtaining cold, low-energy particles since it was first
demonstrated in 1978 by Wineland, Drullinger and Walls [17], and has the potential to cool

2Or, more accurately, there were 6 until ATRAP stopped operation in 2020.
31 electronvolt is roughly 1.6× 10−19 joules
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particles below a thousandth of a kelvin.
Laser cooling exploits two principles in order to work. First, photons carry momentum,

despite the fact that they have no mass, and so an atom that scatters a photon will change its
momentum based on themomenta of the incoming and outgoing photons due to conservation
of momentum. The second is that an atom in a trap can be made to scatter more photons as it
is moving towards the laser than when it is moving away from the laser by carefully tuning the
frequency of the laser, causing a net reduction in the kinetic energy of the atom. These principles
are discussed in more detail in chapter 5.

With these two principles in place, a trapped atom’s kinetic energy can be lowered to sub-
kelvin levels by illuminating it with laser light of a specific frequency. The frequency used
depends on the atom that is being laser cooled, as the laser’s frequency is chosen such that it
matches the frequency of an atomic transition within the atom.

Direct laser cooling is limited to atoms and ions with simple level structures that can be
interrogatedby readily available lasers, whichmeans thatmost of the periodic table is not directly
coolable in any practical sense. Specieswith amore complicated level structure such asmolecules
are possible to cool directly [18], but the increased complexity of the level structure can mean
that this is impractical. In order to cool a species with no level structure such as the electron,
positron, or proton, other techniques must be used.

1.4.1 Sympathetic Cooling

It is still possible to harness the power of laser cooling with a non-coolable species by allow-
ing a laser-cooled species to exchange energy with it. This method of indirect laser cooling is
known as sympathetic cooling. In a Penning-Malmberg trap such as the one used at ALPHA,
two species with the same sign of charge can easily be co-trapped in the same region of space,
allowing Coulomb interactions to act as the energy exchange mechanism. If one of the species
is actively laser cooled, the other species will be cooled via Coulomb interactions. Sympathetic
cooling was first demonstrated in 1986 by sympathetically cooling Hg+ ions with laser-cooled
Be+ions in a Penning trap [19]. Since then, sympathetic cooling has been demonstrated with a
plethora of species.

This thesis discusses a sympathetic cooling scheme where a positron plasma is sympatheti-
cally cooled by mixing it with laser-cooled beryllium ions. Since positrons are light, and sympa-
thetic cooling is most efficient when the mass difference between the two species is minimised,
beryllium is the natural choice as the lightest readily laser-coolable ion. This mixed, cooled
plasma of positrons and beryllium ions could then be merged with a plasma of antiprotons to
form antihydrogen atoms, in a similar manner to other antihydrogen work in ALPHA [20]. It
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is beneficial to cool the positrons used in antihydrogen formation as much as possible, as there
is a strong negative correlation between the temperature of the positrons and the trapping rate
of antihydrogen atomswhen synthesising antihydrogen atoms. Sympathetic cooling has the po-
tential to produce significantly colder positron plasmas than other techniques that are currently
employed in ALPHA.

Sympathetic cooling of positrons using beryllium ions has been demonstrated previously by
B.M. Jelenković et al. in 2003 [21], where a few thousand positrons were cooled to< 5K using
around 105 − 106 beryllium ions in a Penning-Malmberg trap. In order to implement this in
ALPHA, the number of positrons being sympathetically cooled would need to be increased by
a factor of ~1000 when compared to this previous work, as up to 3 million positrons are used
when synthesising antihydrogen in ALPHA. The number of beryllium ions should be kept to
a minimum, as antiprotons that are merged with the positron plasma can annihilate with beryl-
lium ions. Practically, thismeans that any implementation of this scheme inALPHAwould not
only need to use far more positrons, but also use a very different ratio of positrons to beryllium
when compared to this previous work.

1.5 Author Contributions

As a fairly large group, work at ALPHA is often a collaborative effort. A lot of the work that
I undertook during my time there was aided, directly or indirectly, by other members of the
group.

The majority of the experimental work carried out for this thesis was undertaken by a sub-
groupwithinALPHA (the “BerylliumTeam”). This consists ofmyself andmy supervisor,Niels
Madsen, as well as other members:
When I joined in 2017, the group also included a Postdoc, Daniel Maxwell, and a Master’s stu-
dent, Pete Knapp. Pete left in mid-2018, and we were joined by a new PhD student, Joanna
Peszka, in 2019. Dan left the collaboration in 2020, and was replaced by another Postdoc a few
months later - Kurt Thompson. I was directly involved in all of the experimental data-taking
beryllium runs that took place during my PhD.

I was involved in setting up, commissioning and maintaining the majority of the hardware
used in the beryllium experiment. Writing the software that acts as a control system, as well as
integrating it with the main ALPHA control system, was a collaborative effort between myself,
Dan, and later Joanna and Kurt.

During antihydrogen experimental data-taking runs,mostmembers of theALPHAcollabo-
ration are expected to attend some antihydrogen run shifts each year. As a studentwhowasbased
atCERNfull-timeduringmyPhD, I tookpart in shifts for themajority of the 2017 and2018 an-
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tihydrogen runs. Shifts typically involved data-taking, and basic troubleshooting/maintenance
of the experiment’s hardware and software.

1.5.1 Publications

During my time with ALPHA, I was a co-author on the following publications:

• Characterization of the 1S–2S transition in antihydrogen (2018) [10]

• Observation of the 1S–2P Lyman-α transition in antihydrogen (2018) [22]

• Investigation of the fine structure of antihydrogen (2020) [23]

• Laser cooling of antihydrogen atoms (2021) [24]

• Sympathetic cooling of positrons to cryogenic temperatures for antihydrogenproduction
(2021) [25]

1.6 Thesis Outline

In the rest of this thesis, I will discuss the work I undertook towards the goal of sympathetically
cooling positrons within the ALPHA apparatus. Chapter 2 gives an overview of the experimen-
tal apparatus used. Chapter 3 discusses the dynamics of trapped, charged particles, particularly
within Penning-Malmberg traps. Chapter 4 gives an overview of the antihydrogen production
process. Chapter 5 covers the theory of laser cooling, and how this applies to particles trapped
within a Penning-Malmberg trap. Chapters 6 and 7 discuss the bulk of the experimental work
carried out in the thesis, first focusing on laser-cooling beryllium ions within the trap (6), and
then the results of sympathetic cooling experiments with positrons and beryllium ions together
(7). The final chapter (8) provides some discussion of potential future work related to the sym-
pathetic cooling experiment, and provides some concluding remarks.
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2/ Apparatus

This chapter gives an overview of the apparatus used during this PhD project, as well as the
ALPHA apparatus in general. The ALPHA apparatus’ primary purpose is to synthesise, trap
and study antihydrogen atoms. In order to do this, plasmas of antiprotons and positrons are
separately prepared, before being brought together and merged to produce low-temperature
antihydrogen atoms which can be trapped. There are three main parameters of the antiproton
and positron plasmas that affect howmuch antihydrogen is produced and subsequently trapped
when the two plasmas are merged: the radial size, the temperature, and the number of particles
in each plasma. The apparatus is designed to be able to control these plasma parameters in order
to be able to optimise antihydrogen production and trapping.

Chargedparticles are trappedwithPenning-Malmberg traps, anopen-ended cylindrical vari-
ant of a Penning trap, and ALPHA uses several of these traps to perform the required plasma
manipulations for antihydrogen synthesis and other experimental work. The open-ended na-
ture of the Penning-Malmberg trap allows for easy particle loading and transport between traps.
The section of the apparatus in which antihydrogen atoms are produced is an atom trap called
ALPHA-2, which consists of two traps overlaid in the same region of space: a charged particle
trap and a neutral particle trap. The charged particle trap is a 27-electrode Penning-Malmberg
trap, and the neutral particle trap is a magnetic minimum trap. Charged species such as elec-
trons, positrons, and antiprotons are contained by the Penning-Malmberg trap, while the Neu-
tral Trap is used to trap antihydrogen atoms. A labelled schematic of the entire experiment is
shown in figure 2.1

2.1 The Antiproton Decelerator

Antiprotons are created at CERNby colliding high-energy proton beams from the Proton Syn-
chrotronwith a solid Iridium target. These high-energy collisions produce a shower of particles,
a small fraction of which are antiprotons. These antiprotons are then isolated and injected into
the Antiproton Decelerator (AD), a synchrotron designed to decelerate antiprotons from 2.7
GeV down to 5.3 MeV, and deliver them in bunches to the various experiments within the AD
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Figure 2.1: Reproduced from M.A. Johnson’s thesis [26]. A labelled schematic of the whole
ALPHA experimental apparatus, after the installation of ALPHA-g in 2018.

hall. A single bunch contains∼ 3× 107 antiprotons. In ALPHA, antiprotons are caught and
further decelerated with a dedicated Catching Trap, described in section 2.2.

A secondary decelerator, the Extra Low Energy Antiproton ring (ELENA), has been com-
pleted and is currently being commissioned to be ready for 2021 [27]. ELENAwill take bunches
of antiprotons from the AD and decelerate them from 5.3MeV down to 100 keV, allowing for
much better catching efficiencies by the individual experiments.

2.2 The Catching Trap

The Catching Trap (CT) is a Penning-Malmberg trap designed to catch antiprotons coming
from the AD, and is labelled in figure 2.1. It can then further cool the antiprotons before
transferring them to the rest of the experiment. Antiprotons entering the CT have an energy
of 5.3MeV, and first pass through a thin degrader foil which acts as a moderator. The small
fraction of the incoming antiprotons that successfully pass through the degrader and have their
energy reduced to less than∼ 4keV are able to be trapped in the CT. TheCT’s Penning trap is a
9-electrode trap with a special pair of high-voltage electrodes dedicated to catching high-energy
antiproton bunches, which can be raised to a potential of∼ 4kV. The rest of the electrodes (in-
cluding those in other parts of the apparatus, such as theALPHA-2Penning-Malmberg trap) are
typically able to go to +/-140V, whichmeans that in order to transfer the antiprotons into other
regions of the apparatus, they first need to be cooled further from∼ 4keV to below 140eV. This

9



cooling is achieved by pre-loading an electron plasma into the CT, which self-cools by emitting
cyclotron radiation, and can sympathetically cool the antiprotons. The physics behind this is
discussed in more detail in chapter 3.

After cooling the antiprotons, the electrons are removed to leave a pure antiproton plasma,
which can be ejected from the CT to be used in other parts of the apparatus. In normal opera-
tion, the antiprotons are re-caught in theALPHA-2 Penning-Malmberg trap, where they can be
used for antihydrogen formation. The role of the CT in antihydrogen production is discussed
in more detail in chapter 4.

2.3 ALPHA-2

ALPHA-2 (sometimes called the “AtomTrap”) is the part of the apparatus where antihydrogen
formation, trapping and study takes place. It consists of a cryogenic Penning-Malmberg trap,
for storing and manipulating charged particles (primarily antiprotons and positrons), as well
as a magnetic minimum trap for storing neutral antihydrogen atoms. ALPHA-2 also has laser
access ports, which allow laser light to be injected into the central region of the trap to illuminate
trapped antihydrogen atoms for spectroscopy measurements, or to laser cool particles within
the trap. ALPHA-2 is surrounded by an annihilation detector (section 2.9), which can detect
antiproton or antihydrogen annihilation events inside the trap.

2.3.1 The Neutral Trap

The Neutral Trap is an octupolar magnetic-minimum trap, and is used to trap antihydrogen
atoms. It is formed by a set of superconductingmagnets that produce a three-dimensional mag-
netic fieldminimum to trap neutral atoms: an octupolewhich provides radial confinement, and
“mirror coils” (short solenoids) that provide axial confinement. These magnets are wound di-
rectly onto the vacuumchamber that contains thePenning-Malmberg trap,which superimposes
the Neutral Trap’s trapping region in the same space as the Penning-Malmberg trap, so that an-
tihydrogen atoms produced inside the Penning-Malmberg trap are already inside the Neutral
Trap when they are born, and are trapped if their energy is low enough.

The trapping force is produced by the coupling of the magnetic moment of an atom to an
inhomogeneousmagnetic field, and is given byF = −∇(−µ·B), for an atomwith amagnetic
momentµ in a magnetic fieldB.

An antihydrogen atom’s magnetic moment is dominated by the angular momentum of the
positron, due to itsmass being∼2000 times smaller than themass of the antiproton. Thismeans
that the atom’s magnetic moment is well-approximated as µ = −gJµBJ/}, with Landé g-
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factor gJ , the BohrmagnetonµB , and total angularmomentumJ . In the ground state, gJ ≈ 2,
and the orbital angular momentum is 0, and so the only contribution to J is the positron spin,
which can take values of ±}

2
. This gives the magnetic moment of an antihydrogen atom as

µ = ±µB . When µ is aligned with B, the atom is an untrappable “high-field seeker”, and
is attracted to regions of high magnetic field. When µ and B are anti-aligned, the atom is a
“low-field seeker”. As theNeutral Trap forms a 3-Dmagneticminimum, these low-field seeking
atoms are pulled towards the centre of the trap, where the magnetic field is lowest.

2.4 The Positron Accumulator

ALPHA’s positron accumulator is a buffer gas Penning trap based on a design by C. Surko and
co-workers [28], and its primary purpose is to produce positrons that can be used for antihydro-
gen formation. Positrons are produced by decay of 22Na into 22Ne, which proceeds around 90%
of the time via emission of a positron:

22
11Na →22

10 Ne+ e+ + νe. (2.1)

Positrons are continuously producedby the source at energies of up to a fewhundred keV,which
is too high to be effectively trapped and cooled in the accumulator. The accumulator’s role
is therefore to slow the positrons down to the < 100eV range such that they can be trapped
and used for antihydrogen formation, and to transform the continuous flux from the radioac-
tive source into a pulsed source, which can produce a tight bunch of positrons on-demand. A
schematic of the positron accumulator can be seen in figure 2.1.

The accumulator consists of the 22Napositron source, and a three-stage Penning-Malmberg
trap which acts as an accumulation region. The source is cooled to cryogenic temperatures, and
a layer of solid neon is frozen directly onto the surface of the source, which acts as a moderator
to reduce the kinetic energy and energy spread of positrons passing through it. Most positrons
annihilate in the neon moderator, but around 1% pass through and exit the moderator with a
kinetic energy of around 80eV, and a much smaller energy spread than the incoming unmod-
erated positrons. These moderated positrons are then magnetically guided into the staged Pen-
ning trap. Nitrogen buffer gas is introduced into the trap through a gas inlet in stage 1, where
it diffuses down through stages 2 and 3 before being pumped out. Radial size changes along
the length of the trap, as well as differential pumping, cause a decreasing pressure gradient from
stage 1 to stage 3. As positrons bounce along the length of the trap, they lose energy through
collisions with nitrogen molecules and, due to the stepped potentials applied to the electrodes
across the three sections, are eventually confined to stage 3. This process is shown in figure 2.2.

11



Figure 2.2: Three-stage potentials in the positron accumulator’s Penning-Malmberg trap.
Shaded/unshaded regions show the axial extents of the trap electrodes. Positrons enter from
theNa-22 source on the right and enter the trap, where they lose energy through collisions with
the nitrogen buffer gas. The pressure gradient is created by differential pumping and by using
electrodes with increasing radii from stage 1 to stage 3. After the desired number of positrons
has been accumulated in stage 3, the remaining buffer gas is quickly pumped out, and the parti-
cles can be ejected towards the rest of the experiment.

In stage 3, the positrons are continuously compressed by a rotating wall electrode during an
accumulation period, which typically lasts from a few tens of seconds to a few minutes.

Once the desired number of positrons has been accumulated in stage 3, the nitrogen is
quickly pumped out of the system by a pair of cryopumps and the positrons are ejected from
the positron accumulator by dropping the confining potential at the end of stage 3, and are then
guided into the main experiment with solenoids.

2.5 ALPHA-g

ALPHA-g is an ongoing extension to the experiment, with the goal of measuring the force
of gravity on antihydrogen atoms. Similarly to ALPHA-2, ALPHA-g consists of a Penning-
Malmberg trap with an overlaid magnetic minimum trap such that it can confine both neutral
antihydrogen atoms and non-neutral particles. Themeasurement scheme inALPHA-g involves
accumulating antihydrogen atoms in a similar manner to ALPHA-2, and then ramping down
the magnetic trap and watching how they escape. Although ALPHA-g is largely irrelevant to
the experimental work described in this thesis, its installation necessitated the installation of the
ALPHA-g Beamline, a magnetic beamline designed to transport particles between the positron
accumulator, ALPHA-2 andALPHA-g. As such, ALPHA-gwon’t be discussed inmuchdetail.
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2.6 The ALPHA-g Beamline

With the installation of ALPHA-g, the positron accumulator was moved several metres away
from ALPHA-2 to make room for ALPHA-g, and the space was filled by a magnetic beamline
which allows transport of charged particles between the different parts of the experiment (refer
to figure 2.1). The beamline is responsible for transporting particles between the positron accu-
mulator, ALPHA-2, andALPHA-g. Since transfers through the beamline are between Penning
traps, the energy scale of the particles is the same as for trapped particles, which is. 100eV. The
beamline uses solenoids of varying length to produce axial magnetic fields that guide charged
particles along its length. In order to steer particles around the 90-degree bend into the vertical
ALPHA-g trap, a more complex array of magnets is used. A more thorough description of the
beamline is given byM.A. Johnson [26].

Prior to the installation of ALPHA-g and the Beamline in 2018, positrons had only a short
distance to travel from the accumulator into ALPHA-2. The new configuration, however, has
positrons travelling through several metres of beamline as they travel from the accumulator to
ALPHA-2, giving the positron bunch a much longer time to spread out axially as they travel.
This results in a much lower catching efficiency for positrons when compared to the old con-
figuration as the increased bunch length is longer than the trap it is being caught in. Current
transfer efficiency of positrons from the accumulator to ALPHA-2 is around 16%: up to 30M
positrons are accumulated in∼100 seconds, but only around 5M are caught in ALPHA-2.

2.7 Diagnostic Tools

The ALPHA apparatus has several different tools for measuring various properties of the dif-
ferent particles that are trapped in ALPHA. This section will initially discuss the Faraday Cup
andMicrochannel Plate, which are the primary tools used for plasma diagnostics and were used
for the bulk of the experimental measurements reported in this thesis, before touching on other
diagnostics used within ALPHA for other measurements.

2.7.1 Faraday Cup

AFaraday Cup (FC) is a device that can be used to count charged particles. The operation prin-
ciple of the FC is simple: a conductive plate is connected to an RC circuit, and when particles
strike the plate they induce a voltage in the plate. As long as the bunch length of the incident
particles is much shorter than the RC decay time of the circuit, the total charge, Q, of the par-
ticle bunch can be determined. A typical signal from a FC is shown in figure 2.3, with a sharp
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Figure 2.3: A typical FC signal. The large peak corresponds to a bunch of charged particles
hitting the FC, and the long exponential decay is due to the RC circuit connected to the FC.
The total charge of the particle bunch is equal to the maximum charge measured by the FC.

peak produced by an incident bunch of charged particles, followed by a slower RC decay of the
circuit. The circuit response is of the form

V (t) = Vmaxe
−t/RC , (2.2)

and the total charge, and therefore total number of particles, can be extracted by looking at the
peak voltage,

qN = CVmax, (2.3)

where q is the charge of a single particle andN is the number of particles.
A typical measurement with a FC involves ejecting all of the particles out of the trap and

allowing them to strike the FC, where they are counted.

2.7.2 Microchannel Plate and Phosphor Screen Assembly

Amicrochannel plate (MCP) is a device that converts a single incident charged particle (or high-
energy photon) into a cascade of secondary electrons. This provides effective gain on the signal,
as the cascadeof electrons ismuch easier todetect than theoriginal incidentparticle. TheMCP is
a disk a fewmillimetres thick of an insulatingmaterial, typically glass, which contains an array of
tiny holes (channels). The inner wall of each channel is then coated with a semiconductor layer
that allows for production of secondary electrons within each channel when a charged particle
strikes the wall. The front and back of the MCP are coated with a thin metal layer, allowing
the front and back to be electrically biased separately. When a particle enters one of the MCP
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channels, it strikes oneof the innerwalls andproduces secondary electrons,which are accelerated
through theMCPby the potential difference between the front and back and can strike thewalls
again, causing a cascade of secondary electrons from the single incident particle. Since there are
many independent channels, spatial information about where the incident particle reached the
MCP is retained. Figure 2.4 shows a sketch of a singleMCP channel and an electron cascade, as
well as a picture of anMCP assembly used in ALPHA.

The MCPs used at ALPHA are mounted in an assembly with a phosphor screen, which is
used to detect the electrons exiting the MCP back. The phosphor screen can be imaged with a
CCD camera, allowing for an image of the radial profile of an incident plasma to be produced,
as in figure 2.5. Alternatively, the total charge arriving at the plate can be analysed in a Faraday
Cup-style measurement, which loses the spatial information from the MCP but can measure
particle arrival times at the MCP with quite a high resolution. A Silicon PM can also be used
to measure the amount of light emitted by the phosphor screen to perform a Faraday Cup-style
measurement. Looking at the light coming off the phosphor screen can produce amuch cleaner
signal than measuring the charge reaching the screen [29].

Figure 2.4: a) A single MCP channel. Here, a single incident electron causes a cascade of sec-
ondary electrons. A potential difference of up to 1000V is applied between the MCP’s front
and back, which provides acceleration for the cascade. b) AnMCP and phosphor screen assem-
bly currently used in ALPHA. The rectangular tabs are the connection points for the phosphor
screen, MCP back, andMCP front (going clockwise).
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Figure 2.5: a) Apositron plasma imagedwith anMCP and phosphor screen assembly. b)A large
Be+plasma imaged on anMCP. The aperturing in the bottom-left and bottom-right sections of
the image are caused by electrostatic potentials on theMCP’s tabs and bolts – a hardware defect
that is discussed in chapter 6.5.5.

2.8 Vacuum Translators

In order to make a FC or MCP measurement, particles need to be ejected along the trap’s axis,
where they can strike the FC or MCP. This causes a conflict, as when initially loading the trap
with particles, they also need to enter on-axis. The solution implemented in ALPHA is a linear
translator inside the vacuumchamber (referred to as a “stick”) that canmove the diagnostic tools
away from the trap axis for particle loading and back in place for a measurement.

There are many sticks within ALPHA, and a stick is typically equipped with at least one
FC and MCP for measurements, and a hollow, cylindrical passthrough electrode to allow par-
ticle loading, which is typically grounded. Other tools may be found on a stick depending on
its location: an electron gun for loading electrons into the trap, a beryllium source for loading
beryllium ions, or mirrors to allow laser access along the axis of the trap.

2.9 Annihilation Detectors

One benefit of working with antimatter particles is that they are much easier to detect than reg-
ular matter, since they produce very energetic annihilation events when they come into contact
with regular matter (usually by coming into contact with the trap walls). The Silicon Vertex
Detector (SVD) is the main tool used for measurements with antihydrogen atoms. It is able to
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Figure 2.6: Figure reproduced from ALPHA collaboration [32]. Reconstructed events from
ALPHA’s SVD. Left is an antiproton annihilation event, while right is a cosmic ray. The inner
circle shows the location of the inner surface of the Penning-Malmberg trap electrodes. The
outer three concentric layers are the layers of the SVDmodules. Red points show where a high-
energy particle has been detected passing through a layer, and red lines are fitted tracks. The blue
diamond is the reconstructed position of the annihilation vertex.

resolve single antiproton or antihydrogen annihilation events, and provides precise spatial and
temporal information about the annihilation event.

The SVD consists of three concentric layers of silicon microstrip modules which surround
the Neutral Trap. When an antihydrogen atom inside the trap annihilates, it typically produces
between 2 and 4 charged pions [30], which pass through the trap walls and the SVD. Each
charged pion is detected as it passes through the three layers of the detector, and the track it
followed can be reconstructed. By analysing all the tracks produced by an annihilation event,
the position of the annihilation event can be determined. Other charged annihilation products
can also produce tracks in the SVD, but the majority of reconstructed tracks are produced by
charged pions [31]. Figure 2.6 shows a sketch of the SVD, as viewed while looking down the
axis of the trap.

The main source of background is from cosmic rays passing through the detector. Cosmic
tracks qualitatively differ in appearance when compared to annihilation product tracks, and are
filtered out using multivariate analysis [10]. Figure 2.6 shows two example events: one antipro-
ton annihilation and one cosmic ray.

Scintillators are also used in ALPHA for detecting annihilation products. They can be
placed outside of the trap, and produce light when radiation from positron or antiproton an-
nihilation products pass through them. They are typically used for measuring particle losses
during transport through the experiment, bunch structure measurements and particle count-
ing. Many small caesium iodide (CsI) detectors are placed around the experiment, which con-
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tain a CsI scintillator and a photodiode for readout. These can be used to make sure that too
many particles are not annihilating during transport around the experiment and, since there are
many of them, the position of losses can be roughly triangulated. Larger plastic scintillators are
used for measuring bunch structure and particle counting. These scintillators are connected to
a PMT and placed near to one of the sticks, where a bunch can be intentionally annihilated on
one of the stick components (an MCP for example), and the time structure of the annihilation
signal can be read off.
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3/ Dynamics of Trapped,
Charged Particles

Practically all particles used for physicswithinALPHAare charged, with the only notable excep-
tion being the antihydrogen atom. Penning-Malmberg traps [33] (figure 3.3) are theworkhorses
ofALPHA, and several of themare used throughout the apparatus to trap andmanipulatemany
different charged species. As such, understanding how these charged particles behave within
these traps is critical to understanding any experiment performed at ALPHA.

In a chargedparticle trap, themotion of a particle is determinedby the electromagnetic fields
imposed by the trap. When more than one particle is present, the particles interact with each
other through the Coulomb force, which can change their dynamics within the trap. When the
interactions between particles begin to play a significant role in particle dynamics, the particles
form a plasma. Unlike individual particles, a plasma is a highly-coupled system that behaves
more like a fluid, and exhibits collective phenomena such as waves. Most collections of trapped,
charged particles used in experiments at ALPHA are strongly-coupled enough to be considered
a plasma.

Most plasmas found in nature are neutral plasmas, consisting of ionised atoms and free elec-
trons, and have a net charge of zero. Plasmas used inALPHA, however, are non-neutral plasmas
that consist entirely of particles with the same sign of charge (such as a pure electron plasma),
giving the plasma as a whole a non-zero net charge.

In this chapter, I will discuss the physics behind single-particle and non-neutral plasma dy-
namics in a Penning-Malmberg trap, and go into detail about some important manipulations
that are performed on trapped charged particles in ALPHA’s trap.

19



3.1 Single-Particle Motion in a Penning-Malmberg Trap

An ideal Penning trap is formed by a solenoidalmagnetic fieldB and and quadratic electrostatic
potential ϕ [33]:

B = B0ẑ, (3.1)

ϕ(r, z) =
V0

R2
(2z2 − r2), (3.2)

where V0 is the applied trap potential, and R is a measure of the size of the trap. This can be
produced by a set of three electrodes: two endcaps and a ring, shown in figure 3.1, in which case
R2 = r20 + 2z20 , where r0 and z0 are the distances from the trap centre to the ring and endcap
electrodes respectively. In an ideal Penning trap, the shapes of these electrodes are hyperboloids
of revolution in order to produce a harmonic electrostatic potential.

Figure 3.1: A Penning trap, formed from two endcap electrodes and a single ring electrode,
as well as a constant magnetic field along z. For a positive particle, the endcaps are held at a
positive potential +V0, while the ring is held at ground. This configuration produces a saddle
electric potential where the particles are confined in the z-direction and anti-confined in the r-
direction. A magnetic fieldB = B0ẑ provides a trapping force in the r-direction to overcome
the force from the electrodes, producing a 3-D electrostatic potential well.

The equation of motion for a particle with charge q and mass m is given by the Lorentz
force:

mr̈ = q(−∇ϕ+ ṙ ×B), (3.3)

with r=(x, y, z). Split into the x, y, and z components, and with a purely axial magnetic field
B = B0ẑ, this gives

ẍ =
ω2
z

2
x− ωcẏ, (3.4)
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ÿ =
ω2
z

2
y + ωcẋ, (3.5)

z̈ = −ω2
zz. (3.6)

Here, ωc = qB0/m is the cyclotron frequency. The axial motion is just simple harmonic
motion with a frequency ωz =

√
4qV0/mR2, but the radial motion is slightly more complex.

By making the substitution u = x + iy, the x̂ and ŷ motions can be combined into a single
equation,

ü− iωcu̇− ω2
z

2
u = 0, (3.7)

which has a solution of the form u = e−iω±t, where

ω± =
1

2
(ωc ±

√
ω2
c − 2ω2

z). (3.8)

This splits into two superimposed motions in the x − y plane. The lower-frequency solu-
tion, ω− (or ωm), is known as the magnetron motion, which comprises a slower, larger rotation
around the trap axis, with a drift velocity given by v = E ×B/|B|2. For this reason, it is also
referred to as E × B drift. The higher-frequency solution is the modified cyclotron motion,
and is more commonly referred to by ω′

c = ωc − ωm. These cyclotron orbits are much smaller
circular orbits around magnetic field lines.

The result is that there are three distinct oscillatory motions that a particle undergoes in a
Penning trap, which are shown in figure 3.2. The particles undergo an axial bounce motion
along the trap at a frequency ωz , and undergo two superimposed motions in the radial direc-
tion: small cyclotron oscillations at a frequency ω′

c, and the slower magnetron oscillations at a
frequency ωm. Typically, ωm < ωz < ω

′
c.

The Penning-Malmberg trap is a variant of the regular Penning trap that uses hollow cylin-
drical electrodes instead of hyperbolic electrodes. The potentials formed by these electrodes are
no longer the ideal harmonic potentials produced in a regular Penning trap, but this configu-
ration is still easily able to produce a stable trapping potential. The cylindrical electrode stack
is open at both ends, allowing for easy particle transport in and out of the trap along its axis.
This configuration, shown in figure 3.3, allows for many more electrodes to be used, allowing
particles to be moved dynamically along the length of the trap by altering the electrostatic po-
tentials applied. With many electrodes, several trapping regions can also be formed within the
trap, allowing, for example, two different species to be trapped in neighbouring potential wells
and then merged together into a single potential well.
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Figure 3.2: Single-particle motion in a Penning trap. In the radial x − y plane, the particle
undergoes large, slow magnetron rotations around the centre of the trap, as well as small, fast
cyclotron rotations. The particle also undergoes simple harmonic oscillation in the axial (z)
direction (not pictured).

3.2 Characteristics of a Plasma

Looking at single-particle dynamics gives a good idea of what is happening in the trap, but does
not take into account interparticle interactions. When there are many particles in the same trap,
and these interparticle interactions play an important role in the particle dynamics, it is sensible
to instead treat them as a plasma.

An important feature of a plasma is that it produces an electric field that shields externally-
applied electric fields. If a test charge is introduced into a plasma, the other particles will re-
arrange themselves so that they counteract the change in potential caused by the test charge,
which will shield the rest of the plasma from the test charge. This is called Debye shielding, and
is characterised by the Debye length,

λD =

√
ϵ0kBT

nq2
, (3.9)

where ϵ0 is vacuum permittivity, kB is the Boltzmann constant, T is the plasma temperature,
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Figure 3.3: A sketch of a simple five-electrode Penning-Malmberg trap, with the middle three
electrodes cut away for viewing clarity. A spheroidal plasma (blue) is trapped between the two
biased end electrodes, while the central three electrodes are held at ground. A magnetic field
pointing along the z-axis is provided by an external solenoid, not pictured due to its size. Spacing
between electrodes has been exaggerated for clarity – in a real trap, the electrodes are built to
overlap slightly, and are physically separated by ruby spacers.

and n is the plasma density. The Debye length describes the distance over which the plasma
shields an applied potential by a factor of 1/e (where e is Euler’s number), and is one measure
of whether a collection of charges is a plasma or not: a plasma must be significantly larger than
λD in all dimensions. A related parameter is the plasma frequency, given by

ωp =

√
nq2

ϵ0m
, (3.10)

which sets the time scale over which plasma behaviour is observed. A typical particle in the
plasma will travel one Debye length in a time 1/ωp. A typical positron plasma used for antihy-
drogen productionmight have 2.5Mpositrons,n = 2×1014m−3, andT = 20K.This plasma
has a Debye length of λD = 20µm, and a plasma frequency of ωp = 0.13GHz.

In a trapped plasma, energy can be exchanged between the axial and radial motions through
collisions. The rate at which energy is transferred between the two motions is parameterised by
the magnetisation parameter [34],

κ̄ =
b̄

rc

1√
2
, (3.11)

where rc =
√

kBT
m

/ωc is the cyclotron radius and b̄ = 2q2/4πϵ0kBT is twice the classical
distance of closest approach, and the Glinsky collision rate [34]
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ν⊥∥ = nv̄b̄2I(κ̄), (3.12)

where v̄ =
√

2kBT/m is the thermal velocity. Asymptotic expressions for I(κ̄) are pro-
vided by theory for the limits κ̄ ≫ 1 and κ̄ ≪ 1. The strongly magnetised regime occurs when
κ̄ ≫ 1, and the collision rate is exponentially small (I(κ̄) ∝ exp

[
−5(3πκ̄2/5/6)

]
). The weakly

magnetised regime occurs when κ̄ ≪ 1, and in this regime I(κ̄) ∝ ln(κ̄). Both expressions,
as well as data points from numerical calculations that bridge the κ̄ ∼ 1 region , are discussed
in detail by Glinsky et al. [34]. Results from the strongly and weakly-magnetised expressions, as
well as numerical calculations performed by Glinsky et al., are shown in figure 3.4.
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Figure 3.4: I(κ̄) as a function of magnetisation parameter. The asymptotic expressions for the
stronglymagnetised (blue) andweaklymagnetised regime (red) are shown alongwith numerical
calculations (green). Both expressions and the data are reproduced from Glinsky et al. [34].

Themagnetisation parameter κ̄ is proportional to the magnetic field strength, and inversely
correlated with the plasma temperature (κ̄ ∝ T−3/2). As κ̄ gets very large, for example with a
very cold plasma, the cyclotron radius rc gets very small, and the plasma can form a crystal lattice
structure, with each particle within the crystallised plasma performing small cyclotron orbits
around its lattice site. In this very strongly magnetised regime, ν⊥∥ is very small, and the plasma
is slow to reach thermal equilibrium. This can give rise to plasmas with non-thermal velocity
distributions, and plasmas where the rate of transfer of energy between the axial motion and the
radial motion is very low. A plasma in this regime can have different temperatures in the axial
and radial directions, i.e. T∥ ̸= T⊥.

The typical positron plasma mentioned above (N = 2.5 × 106, n = 2 × 1014 m−3, T =

20K) would have a magnetisation parameter of κ̄ = 12when immersed in a 1Tmagnetic field,
and a collision rate ν⊥∥ = 83kHz.
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3.3 Trapped Plasma Dynamics in a Penning-Malmberg trap

In the plasma regime, the charged particles that make up the plasma move according to the im-
posed fields of the trap, but the presence of the other charges in the trap modifies the electric
field around the plasma. For a plasma in thermal equilibrium, the electric potential and charge
distribution must satisfy Poisson’s equation

∇2Φ(r, z) = −qn(r, z)

ϵ0
, (3.13)

and the Maxwell-Boltzmann distribution

n(r, z) = n0exp
[
−qΦ(r, z)

kBT

]
. (3.14)

By considering only the direction parallel to themagnetic field (the axial direction), it is easy
to see that an electric field along the plasma will cause a flow of charge. Charge will flow until
there is no electric field along the plasma, which flattens the potential well holding the plasma.
The level at which the potential well is flattened is referred to as the “space charge” (or “self-
charge”). The solutions for the three-dimensional case are qualitatively similar.

A plasma in a quadratic potential has an ellipsoidal “cigar” shape, but is often approximated
as a long cylinder with a uniform density. A cylindrical non-neutral plasma has a radial self-field
of

Er =

(
qr

2ϵ0

)
n, (3.15)

with radius r, lengthL, anddensityn. Inside aPenning-Malmberg trap, the trap’smagnetic field
in combination with the self-field from the plasma cause the plasma to rotate at the Er × B

frequency, which is given by [33],

fE×B =
Er

2πrB
(3.16)

=
qn

4πϵ0B
. (3.17)

This is very similar to the single-particle E × B motion, except the electric field of the
plasma dominates over the field of the trap. Note that with a uniform density, the rotation is
independent of radius: the plasma rotates as a rigid rotor, with a rotation velocity proportional
to the density.
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3.4 Perturbations and Heating in a Real Trap

In a real trap, there are many effects that disturb a trapped plasma, and these tend to manifest as
plasma heating and expansion. Small positional imperfections in the trapping fields, known as
patch potentials, can interfere with plasmas in the trap, and have recently been quantified in the
ALPHA trap by C. Baker et al. [35]. These patch potentials occur when the electrode surfaces
are not perfect equipotentials, which can occur due to surface contamination or other effects.
When the inside of theALPHA-2Penning-Malmberg trap is continuously illuminatedwithUV
light, which occurs when performing measurements of the 1S-2S transition in antihydrogen,
it has been observed that the magnitude of the patch potentials increases, leading to increased
plasma heating and a consequently lower antihydrogen trapping rate. The patch potentials can
be reset back to their initial magnitude by warming the trap up to room temperature, and then
cooling it back down to cryogenic temperatures. The effect that this has on experimental proce-
dures within ALPHA can be seen in recent publications [10]: after a few hours of cumulative
illuminationwith the 243nm laser, the antihydrogen trapping rate drops enough to warrant the
rather slow process of heating and re-cooling the apparatus. Although this effect is not well-
understood, its disappearance when the trap is heated and re-cooled hints that it could be due
to surface contaminants, that evaporate when the trap is warmed from its cryogenic state.

Other effects, such as thermal radiation from room-temperature surfaces entering the trap
from the open cylindrical ends and electronic noise on the trap electrodes are also likely to cause
plasma heating and expansion, although these are less well-quantified. The effects of these im-
perfections are typically much more noticeable when the trapping fields are small (i.e. when
they are in a shallow potential well), as the magnitude of the disturbance becomes closer to the
magnitude of the trapping fields. Plasmas are generally kept in short, deep potential wells for as
long as possible to minimise heating and radial expansion caused by these kinds of effects.

Another effect that can lead to heating and expansion in the trap is the addition of the Neu-
tral Trap magnetic fields. The Neutral Trap uses an octupole to create radial magnetic fields
that are used to radially confine antihydrogen atoms, but this also causes the Penning-Malmberg
trap’s solenoidal field lines to bendoutwards towards the electrodes. Above a critical radius these
field lines will intersect the trap electrodes, and charged particles following these field lines will
collide with the electrodes and be lost from the trap. As well as this sharp cutoff, plasma heat-
ing and radial expansion is commonly observed in plasmas significantly smaller than the critical
radius, which may be due to resonant effects between the plasma oscillations and the octupole
field [36]. Interference from the octupole field on trapped plasmas is minimised in practice by
keeping plasma radii significantly smaller than the critical radius, and generally avoiding holding
plasmas for prolonged periods of time inside the octupole’s field.
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3.5 Rotating Wall Compression

Rotating Wall (RW) compression is a technique used to manipulate the radial size of a trapped
plasma, first demonstrated by Huang et al. in 1997 [37]. A rotating electric field is introduced
that can apply torque to a plasma, which changes its rotation frequency and therefore, by equa-
tion 3.16, its radial size. It was initially developed as a tool to increase plasma confinement times:
effects such as collisions with background gas and trap imperfections tend to apply a drag to a
rotating plasma, slowing and expanding the plasma until particles are eventually lost radially.
Counteracting this drag with a positive torque allows for close control of a plasma’s size and
density, and an essentially unlimited lifetime in the trap.

In principle, any electric field rotating at a higher frequency than a plasma will apply a
torque, but Debye shielding can mean that the actual torque applied is fairly negligible. The
amount of torque that is produced can be greatly enhanced by coupling to rotating modes
within the plasma (such as Trivelpiece-Gould modes [38]), which can be resonantly driven by
the rotating wall, allowing a much higher torque to be transferred from the rotating wall to the
bulk of the plasma. In practice, it is often easier to couple to these modes from one end of the
plasma, and so plasmas are normally axially offset from theRWelectrode such that only one end
is immersed in the RWfield. There are two distinct regimes that the system can be in, which de-
pends on the amplitude of the rotating electric field. In the “weak drive” regime, compression
is observed only at discrete RW frequencies that correspond to rotating plasma modes. In the
“strong drive” regime [39], which uses a significantly higher-amplitude RW field, plasma com-
pression is observed over a wide frequency range, and is unaffected by resonances with plasma
modes. In the strong drive regime, the plasma rotation frequency is locked to that of the RW
drive.

These rotating electric fields are achieved using a modified electrode (figure 3.5) which is
azimuthally segmented, allowing a voltage to be applied to each segment independently. A ro-
tating electric field is produced by applying a sinusoidally-varying voltage to each segment, and
phase-shifting the sine wave by θj = 2πj/N , whereN is the number of segments and j is an
integer that labels each segment. RW electrodes typically have 4, 6 or 8 segments, and ALPHA’s
RW electrodes have 6 segments.

To produce a rotating electric field, the voltage applied to the jth electrode is given by

ϕj = A cos[m(2πfRW t± θj)], (3.18)

with voltage amplitudeA, frequencyFRW , and phase shift θj . m corresponds to the number of
the mode of the plasma: m=1 is the dipole mode, and m=2 is the quadrupole mode.
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a) b)

Figure 3.5: An end-on sketch of a segmented RW electrode. Each segment is biased indepen-
dently with a sinusoidally-varying voltage, which is phase-shifted for each segment. The phase-
shift is labelled for a) a dipole drive andb) a quadrupole drive. The arrows represent the direction
of the electric field.

The rotating electric field does work on and heats the plasma. As plasma temperatures in-
crease, plasmamodes are damped and plasma collisions are reduced, which both work to reduce
coupling of a RW to the plasma [33]. In order to provide consistent and effective compression,
a cooling mechanism is required to counteract the heating caused by the RW. For light species,
such as electrons and positrons, cyclotron cooling (see section 3.6 below) is usually sufficient in
the highmagnetic fields used inALPHA.Heavier species, such as antiprotons or beryllium ions,
require an additional coolingmechanism - such as sympathetic cooling from a lighter species’ cy-
clotron cooling, or direct laser cooling.

In a two-species plasma, sympathetic compression can take place: as one of the species is
directly compressed, the other species is compressed viaCoulomb interactionswith the directly-
compressed species. This has beenobservedwith antiproton-electronmixedplasmas inALPHA
[40].

3.6 Cyclotron Cooling

Maxwell’s equations tell us that charged particles that are accelerating emit energy in the form
of radiation, and so trapped particles must also emit radiation as they oscillate. This radiation is
dominatedby emission from the cyclotronmotion in aPenning-Malmberg trap, as the cyclotron
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frequency is typically much larger than the magnetron and axial bounce frequencies.
The power emitted by an accelerating charge can be given by the Larmor formula, which

can be used to produce an equation for characteristic cooling time due to cyclotron cooling,

τ =
3πϵ0m

3c3

q4B2
. (3.19)

For reasonable magnetic fields (B = 1T ), an electron can cool in a matter of seconds. Unfortu-
nately, the cooling time is proportional to the cube of the particle’s mass, so an (anti)proton in
the same trap would take a few hundred years to cool via cyclotron emission alone. Practically,
this means that only electrons and positrons efficiently self-cool via cyclotron radiation – all
other particles that are trapped in ALPHA have a significantly higher mass, and their cyclotron
cooling is negligible and can be ignored. Given the strong 1/B2 scaling, the magnetic field is
maximised when high levels of cyclotron cooling are required. ALPHA uses a 1T solenoid for
the ALPHA-2 trap, but has several regions where the magnetic field can be increased to 3T, to
increase the effect of cyclotron cooling.

Electrons or positrons will cyclotron cool until they reach thermal equilibrium with black-
body radiation coming fromthe trapwalls, ignoringotherheating sources. TheALPHAPenning-
Malmberg trap electrodes are in thermal contact with liquid helium, and so slightly above 4K.
In practice, it is observed that electron and positron plasmas will reach thermal equilibrium at
around 20-30K, due to other heating mechanisms outlined in section 3.4.

3.7 Evaporative Cooling

Evaporative cooling (EVC) is a method of cooling a plasma that works by selectively removing
high-energy particles from the trap. For a plasma in thermal equilibrium, the energy of the parti-
cles will follow aMaxwell-Boltzmann distribution. By removing particles above a certain cutoff
energy, the distribution is truncated at this energy. Particles that remain in the trap re-thermalise
through collisions to a lower temperature,whichhappens continuously as the evaporation is tak-
ing place. EVC is performed in a Penning-Malmberg trap by lowering one side of the potential
well holding a plasma until the most energetic particles are able to escape the well, as in figure
3.6.

Lowering the potential barrier further causes more particle loss, and a colder plasma. EVC
can be a very effective cooling method, and was instrumental in the first realisations of Bose-
Einstein condensates [41,42], but it does have somemajor drawbacks. Themost obvious is that
in order to achieve more cooling, more particles must be removed from the trap, which can be
especially unwanted when dealing with very limited amounts of antimatter. EVC in a Penning-
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Figure 3.6: On-axis potentials usedduring evaporative cooling of antiprotons. Themuchdeeper
initial well (blue) is graduallymorphed into amuch shallowerwell (dashed red) during the EVC.
The inset shows a zoomed-in version of the final EVC well, with energetic antiprotons (shown
as blue circles) being lost to the left. The transition between the initial well and the final well is
smooth, and takes 10s.

Malmberg trap also causes radial expansion of the plasma due to particles being preferentially
lost from the centre of the plasma, where the confining potential is lowest. Particles lost from
close to the the centre of the plasma carry away very little angularmomentum, and so in order to
conserve angularmomentum, theplasmamust increase in radius. In the ideal case, the expansion
of an evaporatively-cooled plasma can be given by

N0

N
=

< r2 >

< r20 >
, (3.20)

whereN andN0 describe the final and initial number of particles, and r and r0 describe the final
and initial plasma radius.

The evaporation timescale characterises the timescale over which evaporation takes place,
and is derived in Ref. [7] as

τevν⊥∥ =

√
2

3
ηeη, (3.21)

where τev is the evaporation timescale, V = ηkBT is the final well depth, and ν⊥∥ is the plasma
collision rate (equation 3.12).
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3.7.1 Strong Drive Regime Evaporative Cooling

Strong Drive Regime Evaporative Cooling (SDREVC) is a technique that combines a strong
drive RW (3.5) with EVC (3.7) to enable precise control of the number of particles in a plasma.
Itwas recently pioneered inALPHAbyC.Carruth et al. [43,44]. RWcompression is considered
to be in the strong drive regime when the plasma’s rotation frequency is locked to the frequency
of the RW. This occurs with high-amplitude RWs, and is typically able to control a plasma’s
rotation frequency (and therefore plasma density) across a large frequency range [39].

The theory behind SDREVC is fairly simple: for an infinitely long, zero-temperature cylin-
drical plasma, the on-axis space charge ϕc of the plasma can be described by [43]

ϕc =
nqr2p
4ϵ0

[
1 + 2 ln

(
Rw

rp

)]
, (3.22)

withRw and rp as the electrode and plasma radii respectively. There are only three free param-
eters in this equation: the space charge ϕc, the plasma radius rp, and the plasma density n, and
so controlling two of these allows control of the third. EVC can be used to control ϕc – it will
simply be equal to the depth of the potential well (the cooling from EVC is not important in
this application). Strong drive RW can control n by changing the drive frequency, and so there
must be only one solution for rp. Controlling both rp and n allows control of the number of
particles in the plasma,N , which is given by [43]

N = nπr2pL, (3.23)

where L is the plasma length, which is controlled by the axial length of the trapping region. This
technique has so far been applied to positrons and electrons in ALPHA, but has proved much
harder to apply to heavier species due to the lack of an efficient coolingmechanism to counteract
heating from theRW. SDREVC could in theory be applied directly to beryllium ions, with laser
cooling providing the requisite cooling, but this has yet to be achieved. The improvement on
the stability on the number of particles achieved with SDREVC is quite drastic: electron plas-
mas prepared without SDREVC had a standard deviation on the number of particles of 14%,
which was reduced to 3% with SDREVC [43], with similar (or even larger) improvements with
positron plasmas. SDREVC is now always used when preparing positrons for antihydrogen
formation in ALPHA.
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3.7.2 Adiabatic Cooling

Adiabatic cooling occurs when the restoring force from the trap does negative work on the
plasma to increase its volume and decrease its temperature, without a change in entropy [8].
In a slowly-varying 1-D square well the action, Lmvm, is a constant, with Lm being the length
of the well and vm is the axial bounce velocity of a trapped particle. Given this, increasingLm by
stretching the lengthof thewellwill give a corresponding reduction invm, reducing theparticle’s
temperature. Adiabatic cooling retains and cools all the particles in the trap, but is limited by the
length of the trap. There are some practical considerations that further limit the use of adiabatic
cooling: electron and positron plasmas that are adiabatically cooled will soon re-thermalise with
the trap walls, and so have a fairly short time window in which they remain cool (this is also true
for evaporative cooling). Very long wells, which would be necessary in more extreme adiabatic
cooling, are also observed to produce high rates of particle heating, even for heavier particles.

Adiabatic cooling remains a useful tool, and positron plasmas used for antihydrogen forma-
tion are kept in a deep, narrow well until the final moments before being merged with antipro-
tons so that they can be adiabatically cooled into a longer, shallower well that is used during the
merge, shown in figure 3.7.
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Figure 3.7: On-axis potentials used during adiabatic cooling of positrons before being used for
antihydrogen formation. Grey shaded/unshaded regions show axial extent of trap electrodes.
Positrons are initially held in a deeper, narrower well (blue), which is changed into a shallower
well (red dashed) over 10ms. The well becoming shallower effectively lengthens it axially, which
causes adiabatic cooling.
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3.8 Multispecies Plasmas

Multispecies (“mixed”) plasmas are plasmas consisting of more than one species with the same
sign of charge, which are co-trapped in the same potential well. The species are typically in
constant contact with each other through Coulomb collisions, and so changing the parameters
of one of the plasmas will affect the other. Two-species mixed plasmas are routinely used in
ALPHA, and so their properties will be discussed here.

3.8.1 Centrifugal Separation

Centrifugal separation is when, in a mixed plasma, the heavier species will tend to migrate to
a higher radius, with the lighter species migrating to a lower radius. In a completely separated
plasma, the heavier species will form a halo around the lighter species. Figure 3.8 shows a cen-
trifugally separated antiproton-electron plasma. The heavier antiprotons have formed a ring
around the lighter electrons – note that the two species were concentric in the trap, but image
in different places due to their different charge-to-mass ratios giving them different trajectories
as they are ejected from the trap to be imaged [45].

Figure 3.8: Image reproduced from the ALPHA collaboration [45]. AnMCP image of a mixed
antiproton-electronplasma exhibiting centrifugal separation in a a) 1T andb) 3Tmagnetic field.
While the two species are concentric in the trap, their different charge-to-mass ratios give them
different trajectories as they are being ejected from the trap, causing them to image in different
places. The faint halos visible near the antiproton plasmas are thought to be optical reflections
occurring in the MCP.

Themechanism that drives centrifugal separation is momentum transfer in the ϕ-direction,
in the cylindrical coordinate system (r, ϕ, z). This momentum transfer is driven by the different
charge-to-mass ratio of each species, causing them to tend to rotate at different rates. This causes
theheavier species tomigrate outwards, and the lighter species inwards, until theprofiles are such
that themixed plasma as a whole rotates as a rigid body. When the two species are rotating at the
same speed, there is no longer any momentum transfer in the ϕ-direction, and the two species
are in thermal equilibrium.
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The amount of separation between the two species can be parameterised by the “separation
length”, lsep, and is given byM. Knoop et al. [33] as

lsep =
kBT

|m1 −m2|ω2
rRp

, (3.24)

whereωr is the plasma rotation frequency,Rp is the plasma radius, andm1,m2 are themasses of
the two species. lsep can be understood as a comparison of the thermal energy to the rotational
energy of the plasma, with units of length. As T decreases, lsep gets small, and the two species
become more separated. Separation occurs when lsep < Rp, and complete separation occurs
when lsep ≪ λD.

3.8.2 Sympathetic Cooling

When one species in amixed plasma is cooled, the other species in the plasma can be cooled indi-
rectly throughCoulombcollisionsbetween the two species – the two species in themixedplasma
are in thermal contact. Some very powerful cooling techniques are limited to specific species,
with cyclotron cooling and laser cooling being the prime examples. An antiproton plasma does
not significantly cyclotron cool, and cannot be laser cooled, as the antiproton lacks the required
level structure, but it can easily be mixed with a plasma of electrons, which will self-cool via cy-
clotron cooling and bring the antiproton plasma’s temperature down with them. Sympathetic
cooling is not a plasma-specific phenomenon, and can be utilised in traps with only a few parti-
cles: the main requirement is that the species are in thermal contact.

Sympathetic cooling of plasmas can be limited by centrifugal separation. As a mixed plasma
gets colder, the degree of separation between the twoplasmas increases (by equation 3.24), there-
fore decreasing the overlap and energy exchange between the two species. This can place an ef-
fective lower limit on the temperature of the sympathetically-cooled species, which depends on
the mass difference and the plasma parameters.

Sympathetic cooling can also be used to drive a positron plasma’s temperature down below
the 20-30K limit reached by cyclotron cooling alone by mixing in laser-coolable ions, and laser
cooling them. As discussed in detail in later chapters, beryllium ions are the lightest readily laser-
coolable ion, and so make a natural choice for this application. Minimising the mass difference
between the two species helps in twoways: the collision rate (and therefore the amount of energy
that can be exchanged between the species) increases as the mass difference decreases, and the
limit of this sympathetic cooling is due to centrifugal separation, which is less pronouncedwhen
mass difference is minimised.
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3.8.3 Electron Kick

The “electron kick” (ekick) is a technique used to separate multispecies plasmas where the two
species have vastly different masses. This is the case for the mixed plasmas that are used in AL-
PHA: antiproton-electron and beryllium-positronmixed plasmas. In amixed plasmawhere the
two species are at similar temperatures, the lighter species will have a higher velocity than the
heavier species.

By lowering one side of the confining potential well, waiting for the majority of the lighter
species to escape, and then quickly re-raising the potential well, the lighter species can be re-
moved from the trap while causing minimal loss of the heavier species. For the trap parameters
in ALPHA, this corresponds to dropping the potential barrier for around 100 ns to remove
most electrons or positrons from a mixed plasma. Particle loss of the heavier species is low, but
an ekick is typically accompanied by heating of the heavier species.

A classic use of the ekick in ALPHA is for separating antiproton-electron plasmas before
using the antiprotons for antihydrogen formation. The antiprotons are initially mixed with a
large amount of electrons to providemuch-needed cooling, and to allowRWcompression of the
antiprotons. The electrons must be removed before introducing positrons to avoid positron-
electron annihilation, so the electrons are removed with ekicks.

3.9 Plasma Characterisation

Most of the measurements performed on plasmas in ALPHA are destructive measurements –
the plasma is ejected from the trap by lowering one side of the potential well that it is confined
in, and the particles are directed along the axis of the trap by themagnetic field lines. The plasma
will then typically impact on amicrochannel plate (MCP) or Faraday cup, where ameasurement
can bemade. Understanding the dynamics of the plasma during all stages of this process are key
to extracting useful information from these measurements.

3.9.1 Plasma Dynamics During Potential Well Manipulations

When ejecting (dumping) a plasma from a trap, there are two general methods: fast and slow. In
a fast dump, the confining potential is lowered as fast as the electronics will allow, which doesn’t
significantly affect the radial profile of theplasma. This typeof dump is oftenusedwhen imaging
the plasma with a microchannel plate, or when measuring its charge with a Faraday cup.

The second type of dump, the slow dump, is a little more interesting because the potential
manipulations are slow compared to the plasma frequency. This allows time for the plasma to
“react” as particles are being lost from the trap. A consequence of the cylindrical geometry of the
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Penning trap electrodes is that the confining potential is lowest along the trap axis, whichmeans
that during a slow dump, particles will be preferentially lost from the trap from the middle of
the plasma, causing the plasma to hollow out in the centre. A hollow plasma is an unstable state,
and higher-radius particles will start to collapse inwards to the centre. As the dump is nearing its
end, the potential well will be quite shallow,which can cause expansion andheating, as discussed
earlier in this chapter. This type of dump can be used to extract temperature information from
a plasma, but is ill-suited to radial profile measurements with an MCP due to the hollowing-
collapsing process changing the radial profile during the dump.

3.9.2 Plasma Temperature Measurements

A plasma’s temperature can be measured by slowly lowering one side of its confining potential
well, allowingparticles tobegin to escape fromthewell and leave the trap,with thehighest energy
particles escaping first. The temperature of the plasma can be reconstructed by looking at the
rate at which particles escape the trap as a function of the confining potential barrier’s height.

The number of particles that escape the plasma, N(EB), is measured as a function of the
barrier height,EB(t, r), which is given by E. D. Hunter et al. [29] as

EB(t, r) = −q [V (t, r)− Φ(t, r)] , (3.25)

where r is the radius from the trap axis, V (t, r) is the depth of the trap’s electrostatic well cre-
ated by the applied voltages on the trap electrodes, and Φ(t, r) is the plasma’s self-consistent
potential. The temperature can then be extracted from the rising edge of the signal,N(EB), by
fitting to it an exponential of the form

N(EB) ∝ exp
[
−EB(t, r)

kBT

]
. (3.26)

This equation comes from an assumption that the particles in the plasma follow a Maxwell-
Boltzmanndistribution, and is valid only for the high-energy exponential tail of the distribution:
the hot particles, which escape the trap first.

Particles that are closer to the trap axis see a lower potential barrier, and so escape the trap
first. As these particles escape from the centre, the self-consistent plasma potential, Φ(t, r) be-
gins to change, which in turn affects the barrier height,EB . As more particles begin to leave the
trap, the dependence of EB onN(EB) increases, andN(EB) becomes less dependent on the
temperature. Thus, only a small subset of particles that escape first strictly follow equation 3.26,
and it is this subset that is used to extract the temperature. This subset forms a cylindrical core
that has a radius on the order of one Debye length, which is extracted from the trap axis.
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Because only a small fraction of particles that leave the trap carry the temperature informa-
tion, an MCP (see section 2.7.2) is typically used to provide gain on the otherwise small signal
from these particles. The output electrons from theMCPhit a phosphor screen, where they can
be counted. This is either done by measuring the charge incident on the screen (i.e. using the
screen as a Faraday cup), or by using a silicon photomultiplier (SiPM) tomeasure the amount of
light coming from the phosphor screen. Use of a SiPM is a fairly recent development explored
by E. D. Hunter et al. [29], which can give significantly better signal-to-noise ratios than the
Faraday cup method.

Figure 3.9 shows an example signal taken from a positron plasma. As the on-axis depth of
the applied potential well is known as a function of time (i.e. V (t, r = 0) is known), the x-axis
has been converted from time units into energy units. Particles begin to escape the trap when
the self-consistent potential Φ(t, r = 0) exceeds V (t, r = 0), which in figure 3.9 occurs at
around V (t, r = 0) = 4.5 V. In order to be able to extract the temperature, the particles that
form the central core, which carry the temperature information, must be identified. In practice,
the particles that carry temperature information follow equation 3.26, andwill appear as a linear
region on the log-scale of figure 3.9, and so extracting the temperature is achieved by identifying
and then fitting this region with equation 3.26.
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Figure 3.9: A typical temperature diagnostic signal. In this example, the plasma beingmeasured
was an∼ 800K positron plasma. The algorithm that chooses the linear region to fit essentially
attempts to minimise the error in the fit, and is described in more detail by L. T. Evans [46].

3.9.3 Systematic Uncertainties in Temperatures

Thisplasma temperaturemeasurement technique can suffer fromsystematicuncertainties, from
effects such as cooling from the expansion of the well that the particles are held in during the
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ejection, radial variations in the length and temperature of the plasma, and systematic errors
in fitting the history of the released positrons to the theoretically expected curve. Rather than
carefully quantifying these systematic effects, the temperaturemeasurements presented that use
thismeasurement technique should instead be taken relative to othermeasurements taken using
the same technique, and relative consistency can be ensured by comparing measurements that
use the same potential well manipulations. This means that these temperatures are not absolute
temperature measurements. These systematic effects may be as large as 50% on the absolute
temperature determination [7, 29, 47], although particle-in-a-cell simulations for the relevant
parameter regime find that they are around 10− 15% in practice.

3.10 Summary

The techniques that have been described in this chapter are used in ALPHA for close control
and diagnostics of plasmas trapped within the apparatus, and they form the building blocks
uponwhichmost measurements rely. The following chapters will discuss how these techniques
are used for antihydrogen formation and trapping inALPHA, and how theywere used to create
sympathetically cooled positron plasmas.
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4/ Antihydrogen Production
and Trapping

Efficient production of antihydrogen and being able to subsequently trap it is the basis of AL-
PHA’s experimental program, and increasing the amount of antihydrogen that we can trap is
always desirable, as it allows for experiments that are faster and/or more statistically significant.
This is particularly important for experiments within CERN’s Antiproton Decelerator (AD)
hall, such as ALPHA, due to the limited amount of antiprotons delivered from the AD: each
shot from the AD results in only∼ 105 trapped antiprotons inside the ALPHA apparatus, and
the schedule of the AD is reliant on other parts of CERN’s accelerator chain, which typically
shuts down for a “technical stop” for a few months each year, and for “long shutdowns” for
roughly two years out of every six [48]. Because of these factors, making the most out of every
shot of antiprotons is of utmost importance.

In brief, antihydrogen is produced by bringing an antiproton and a positron together to
form a single bound state. This is achieved in ALPHA by merging trapped plasmas of antipro-
tons and positrons. Howmuch antihydrogen can be trapped depends largely on the three main
parameters that describe both the positron plasma and the antiproton plasma: size, temperature
and number of particles. These plasma parameters affect both the formation rate of antihydro-
gen atoms, and the temperature of the antihydrogen that is produced. Together, these are the
dominant factors that determine how much antihydrogen can be trapped. Figure 4.1 shows
how controlling these parameters (along with other improvements) has drastically increased the
amount of antihydrogen available in ALPHA over the past decade or so.

The rest of this chapter will go into detail about the mechanics of producing and trapping
antihydrogen atoms, and will discuss experimental and simulation-based efforts that have been
performed in order to try to understand how changes in the different plasma parameters affect
the antihydrogen formation and trapping process.
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Figure 4.1: Antihydrogen trapped per hour over the past several years in ALPHA. Since first
trapping antihydrogen atoms in 2009, the trapping rate has increased drastically. ALPHA’s
first publication of trapped antihydrogen [49], which was based on data from 2010, had 0.11
trapped antihydrogen atoms per experiment. ALPHA’s more recent publications report on ex-
perimental runs where 10-20 were captured per experiment [10, 22, 24].

4.1 Antihydrogen Production

The first, and most challenging to obtain, ingredient for antihydrogen production is the an-
tiproton. Antiprotons are delivered in bunches containing∼ 3× 107 antiprotons at an energy
of 5.3MeV fromCERN’s AD. An overview of the ADwas given in section 1.3. These antipro-
tons have far too much energy to be caught directly into the Catching Trap, and so must first
pass through a thin degrader foil. A large fraction of the antiprotons annihilate on the foil, and
a small fraction of the antiprotons that do not annihilate in the foil have their energy reduced
to below ∼4 keV, which allows them to be caught in the Catching Trap (CT). The catching
process uses two dedicated high-voltage electrodes to dynamically trap the incoming antipro-
ton bunch, which are shown in figure 4.2. Before bunch arrival a blocking potential is raised
(electrode labelled HVB in figure 4.2) to around 4kV, which will reflect incoming antiprotons
that have less energy than the blocking potential. To complete the catch, a∼ 4kV potential is
quickly raised onHVA after the bunch has entered the trap, confining the antiprotons between
HVA and HVB. This dynamic catching method is used throughout ALPHA for transferring
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Figure 4.2: Schematic of the Catching Trap’s Penning-Malmberg trap. a) On-axis potentials
during particle catching. Antiprotons enter from the left, and are reflected by the potential
applied to HVB (blue solid line). Before the reflected particles have enough time to leave the
trap, a potential is raised onHVA to complete the trap. A plasma of electrons is prepared before
capture and held in the trap to cool the antiprotons upon their capture. b) A schematic of the
Penning trap electrode stack. Axial positions of a) and b) are matched. Electrodes 6 and 16 are
segmented rotating wall electrodes.

particles between various parts of the apparatus.
These antiprotons are still far too energetic to be confined by any electrodes except the ded-

icated high-voltage catching electrodes (HVA and HVB), and so must first be further cooled
before they are transferred to other parts of the apparatus. This is achieved through sympathetic
cooling, bymixing the antiprotons with a plasma of∼ 8.5×107 electrons, which cool via emis-
sion of cyclotron radiation. This brings the kinetic energy of a large fraction of the antiprotons
below∼100eV. Any uncooled antiprotons are ejected, and a large fraction of the electrons are
also ejected, leaving a mixture of ∼ 1 × 105 antiprotons and ∼ 1 × 106 electrons. These are
compressed with a rotating wall and are allowed to re-cool before ejecting the remaining elec-
trons and transferring the antiprotons to ALPHA-2. The antiprotons are dynamically caught
directly into a second pre-prepared electron plasma in ALPHA-2, and a similar process of cool-
ing, ejecting a large fraction of the electrons, compressing and re-cooling takes place. This pro-
duces an antiproton plasma containing∼ 1× 105 antiprotons with a temperature of∼ 100K.

At the same time, a plasma containing ∼30 M positrons is prepared in the positron accu-
mulator before being ejected from the accumulator and dynamically caught in ALPHA-2. An
overview of the accumulator is given in section 2.4. The number of positrons is controlled by
using SDREVC (see section 3.7.1), and they are left to self-cool via cyclotron emission. This
produces a plasma of up to 3× 106 positrons, with a radial size of∼ 0.6mm and a temperature
of∼ 30K.

The twoplasmas are thenmixed in the centre of the trap in a process called the “slowmerge”.
A schematic view of the ALPHA-2 Penning-Malmberg trap is shown in figure 4.3, and the po-
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Figure 4.3: Schematic of theALPHA-2Penning-Malmberg trap. Antiprotons are brought from
the left and captured in the antiproton preparation region, and positrons are brought in from
the right. The plasmas can be independently manipulated in either end of the trap before being
brought together to the central antihydrogen synthesis region. The Neutral Trap magnets are
shown in blue (mirror coils, solenoids) and green (octupole), which can be energised to form a
3-Dmagnetic field minimum region to trap antihydrogen atoms.

tentials used during the slow merge process are shown in figure 4.4. Just before the merge, the
two plasmas are held in adjacent potential wells such that they almost overlap, and then over a
period of 1 second, the plasmas are allowed to merge by lowering the potential barrier between
them. Antiprotons are free to enter the positron plasma and positrons can drift to the left (and
escape the trap). This allows the antiprotons to mix with the positrons without accelerating
the antiprotons, and allows the positrons to continuously evaporatively cool during the pro-
cess [20].

4.1.1 Quantifying Antihydrogen Production

Increasing the amount of antihydrogen that is trapped can be achieved in two ways. The first
is to simply produce more antihydrogen. Since the number of antiprotons delivered by the AD
is fixed, this can be achieved by increasing the fraction of antiprotons that successfully form
antihydrogen atoms. I will introduce the “production efficiency” parameter to quantify this,

fH̄ =
Number of produced antihydrogen atoms

Number of trapped antiprotons
. (4.1)

A production efficiency of around 0.5 is typical in recent experiments: around half of the an-
tiprotons in the trap are converted into antihydrogen atoms.

The second way to increase the amount of trapped antihydrogen is to increase the fraction
of produced antihydrogen atoms that can be trapped. As we will see later, the vast majority
of antihydrogen atoms that are produced are not trapped, as their kinetic energy is too high to
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Figure 4.4: Potentials used during the merge. Shaded/unshaded regions show axial extent of
trap electrodes. a) Potentials before the merge, with red and green shaded regions representing
the space charge and physical extent of the plasmas. b)How the potentials change from the start
of the merge (red dashed line) to the end (blue solid line). The merge step takes 1 second.

allow them to be confined by the shallow Neutral Trap. I will quantify this with the “trapping
fraction” parameter,

ftrap =
Number of trapped antihydrogen atoms
Number of produced antihydrogen atoms

. (4.2)

Trapping fractions of around3×10−4 are typical: for every3300 antihydrogen atomsproduced,
about 1 is successfully trapped.

4.2 Formation Mechanisms

The main antihydrogen formation mechanism in this environment is three-body recombina-
tion1 [50],

p̄+ e+ + e+ → H̄∗∗ + e+. (4.3)
1The “recombination” part of the name is a bit of a misnomer as it implies that the antiproton and positron

were previously combined - it should really be called “three-body capture”. I will continue to use “recombination”
for consistency with literature.
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This can be understood as an antiproton capturing a positron to form an antihydrogen atom,
with the second “spectator” positron carrying away the additional energy. This typically results
in a highly excited antihydrogen atom (H̄∗∗) which can easily be ionised by further collisions
with positrons. In order to form a stable antihydrogen atom, the weakly bound antiproton
and positron must be “lucky” enough to avoid collisional ionisation (essentially the opposite of
equation 4.3), and instead undergo de-excitation collisions with positrons,

e+ + H̄∗∗ → e+ + H̄∗. (4.4)

These de-excitation collisions cause the antiproton and positron to become more strongly
bound, and it can eventually exit the positron plasma as a bound state. The final hurdle that
the bound state has to overcome is field ionisation once it has left the plasma and entered the
non-zero electric field environment in the rest of the trap (recall that the electric field inside
the plasma is zero). If it is strongly-bound enough to avoid becoming field-ionised, it can then
slowly de-excite via photon emission down to a ground state antihydrogen atom. If the excited
antihydrogen atom is instead ionised at some point during this process, either due to a collision
with a second positron inside the plasma, or due to field ionisation after it has left the plasma,
the antiproton will most likely remain trapped. It then has the opportunity to capture another
positron, andhas another chance to form a stable antihydrogen atom. Simulations show [51,52]
that a single antiprotonwill typically undergomany formation andbreak-up cycles before finally
forming a stable antihydrogen atom.

4.3 Antihydrogen Trapping

Antihydrogen is trapped by the Neutral Trap, an octupolar magnetic-minimum trap that is dis-
cussed in some more detail in section 2.3.1. The magnets that form the Neutral Trap can be
seen in figure 4.3. The antihydrogen trapping process itself is fairly simple: the Neutral Trap is
energised at some point before the finalmerge step that brings the antiproton and positron plas-
mas together, and the overlapping geometry of the two traps ensures that antihydrogen atoms
are produced directly inside the Neutral Trap. Low temperatures are critical for success here be-
cause of the shallow depth of the Neutral Trap, which can only trap antihydrogen atoms with
a temperature below 0.54K. Since an antihydrogen atomwill inherit its kinetic energy from the
antiproton and the positron that formed it, and the antiproton and positron plasmas have typ-
ical temperatures of ∼ 100K and ∼ 20K respectively before merging them, it should be clear
that most antihydrogen atoms will have an energy larger than the trap depth, and will escape
the trap. Of the ∼ 50, 000 antihydrogen atoms that are produced in a typical mixing cycle,
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around 10-20 will be trapped, giving a trapping fraction, ftrap, of∼ 10−4 (equation 4.2). If we
assume that the antihydrogen atoms follow a Maxwell-Boltzmann distribution, and that they
have a temperature significantly higher than the trap depth, such that the trapped antihydrogen
atoms belong to the exponential tail of the distribution, this gives the trapping fraction a scaling
∝ T−3/2 with the temperature of the antihydrogen atoms.

4.4 Antihydrogen Accumulation

A recent development that has increased the antihydrogen sample size that ALPHA is able to
work with is antihydrogen accumulation (or “stacking”) [20]. Antihydrogen is synthesised and
trapped as described above, but theNeutralTrap is left on,with any trapped antihydrogen atoms
remaining in the trap. The cycle is then repeated many times, and each time more antihydro-
gen is added to the trap. Figure 4.5 shows accumulation of up to 5 stacks, totalling around
50 simultaneously trapped antihydrogen atoms. Antihydrogen has a lifetime of> 60 hours in
the trap [53], which is easily long enough to allow stacking for several hours. In more recent
experiments, stacking over several hours has yielded more than 1000 simultaneously trapped
antihydrogen atoms [24]. Stacking can indirectly increase the number of antihydrogen atoms
available for study. Without stacking, each batch of antihydrogen atoms is trapped and studied
separately. This period of study can take severalminutes in the case of spectroscopy experiments,
and during this time nomore antiprotons can be caught. Since the AD is on a fixed∼ 2minute
cycle, many shots from the AD are wasted. When stacking, however, many stacks of antihydro-
gen can be studied together, meaning that more shots from the AD are caught in total. Being
able to study more simultaneously trapped antihydrogen atoms also increases signal-to-noise
ratio on antihydrogen annihilation events.

In the Penning-Malmberg trap, charged particles follow the axial magnetic field lines that
point along the axis of the trap, produced by the trap’s external solenoid. When stacking, the
Neutral Trap magnets must remain on the whole time and transverse magnetic fields from the
Neutral Trap magnets interfere with and distort these field lines. Above a critical radius, these
field lines will guide charged particles into the walls of the trap. The critical radius for the
ALPHA-2 Penning-Malmberg trap is around 4.5mm, and so in order to minimise plasma dis-
tortion and avoid particle loss, plasma radii must be kept well below this limit.

4.5 Simulations of Antihydrogen Formation Mechanisms

The rate at which three-body recombination occurs in a strongly magnetised, cryogenic plasma
in a strong magnetic field was investigated by Glinsky and O’Neil [54], and they found that the
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Figure 4.5: Figure reproduced from ALPHA collaboration [20]. The number of antihydrogen
atoms detected after the Neutral Trap is ramped down after consecutive mixing cycles. Each
mixing cycle is separated by ∼ 4 minutes. The error bars are statistical, and the number of
replicates is indicated in blue above each data point. The dashed linear fit gives a trapping rate
of 10.5± 0.6 detected antihydrogen atoms per mixing cycle.

steady-state scaling of the formation rate, Γtbr, with the positron density ne and temperature
Te is given by Γtbr ∝ n2

eT
−9/2
e . In order to obtain a better understanding of the antihydrogen

formationprocess,many simulations have been carried out, and it quickly becomes clear that the
assumption of steady-state formation is not a good description of how antihydrogen formation
occurs in ALPHA. As discussed by Jonsell et al. [52], the steady-state assumption requires the
antiproton to be immersed in the positron plasma for longer than the time recombination takes
to occur. This is not the case in the current experimental setupwhere, as discussed in section 4.2,
antiprotons repeatedly enter and exit the positron plasma. This means that antihydrogen atoms
that form within the plasma have a limited amount of time to undergo de-excitation collisions
before they exit the plasma, where they are likely to be field-ionised by the large electric fields
that are present outside of the plasma. This is sometimes referred to as arrested recombination
[55], as the recombination process is effectively arrested part-way through when the antiproton
leaves the positron plasma. This arrested recombination will have a different scaling rate with
the positron temperature and positron density when compared to steady-state recombination.

The effect of the changing Te on antihydrogen production rate, ΓH̄ , has been measured
experimentally by the ATHENA experiment [56](a predecessor of ALPHA) bymonitoring an-
tihydrogen formation asTewas increased by heating the positronswith a radiofrequency source.
This found the scaling of antihydrogen production rate as being ΓH̄ ∝ T−1.1±0.5

e – a long way
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from the steady-state scaling.
This scaling is fairly close to the temperature scaling expected for radiative recombination

ofR ∝ T−0.63
e , where the extra energy is carried away by a photon instead of a second positron,

but radiative recombination can be ruled out as a dominant formationmechanism as the exper-
imental production rate was around an order of magnitude higher than the calculated radiative
recombination rate [52]. It’s also worth noting that in this data, they were unable to measure
the base positron temperature, Te (only∆Te wasmeasured), which could have had a large effect
on the scaling.

A series of simulations by S. Jonsell et al. [50, 52, 57] have been performed in order to shed
light on the antihydrogen formation process. Here, I will give a short overview of this series of
simulations and their underlying physics. The positrons are initially treated as a plasma, with the
plasma either being treated as an infinitely long cylinder with a fixed radius and density, or of a
finite size and shape which is calculated based on solving Poisson’s equation self-consistently for
both the electric field and the spatial profile, based on real trap conditions, a procedure that is
outlined by Dubin et al. [58]. The positron plasma temperature is set at a fixed value. Antipro-
ton trajectories are based on classic equations of motion, with the justification that quantum
mechanical effects are only expected to play a role when interparticle distances are significantly
shorter than in these simulations. A box of a predefined size is defined around each antiproton,
and for each time step, the probability of a positron entering into this box is calculated. Once a
positron is inside this box, its motion is explicitly solved, while the rest of the positron plasma is
treated as a continuous medium. Trajectories for both antiprotons and positrons are obtained
by integrating Newton’s equations of motion for particles subject to the Lorentz force,

F = q(E + v ×B), (4.5)

with electric and magnetic fields E and B, charge q and particle velocity v. Each simulation
only considers a single antiproton, and so antiproton-antiproton or antiproton-antihydrogen
interactions are not included. These simulations have been able to produce results that show
good agreement with experimental data across a wide range of plasma parameters and mixing
schemes, for example the paper by Jonsell et al. in 2018 [50], which primarily investigates the
effects of changingpositronplasmaparameters on the trapping fraction, shows remarkably good
agreement with experiment for both the trapping fraction, ftrap, and the production efficiency,
fH̄ .

In Jonsell et al’s 2009 paper [52], the velocity of the produced antihydrogen atoms is pre-
sented for various values of ne. As ne is increased, the average antihydrogen velocity also in-
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creases, which leads to a lower trapping fraction. This is attributed to “epithermal” antihydrogen
formation, which is where antiprotons that have not had sufficient time to thermalise with the
positron plasma form antihydrogen atoms, leading to higher-temperature antihydrogen atoms
that are harder to trap.

These results are not directly applicable to our current slow merge mixing scheme, as these
simulations are basedon the “ATHENAmixing” scheme,where antiprotons are injectedwith an
energyof a feweV (2 eV≈ 1.5×104Kin this simulation), compared to the∼ 100Kantiprotons
injected in the slowmerge. Nonetheless, this highlights the important point that the antiproton
cooling rate is not necessarily larger than the antihydrogen formation rate. As the primary goal
of this thesis is to obtain significantly colder positron plasmas, it should be kept in mind that
colder positrons will affect both the antiproton cooling rate and the antihydrogen production
rate such that, with cold enough positrons, this epithermal regime could be re-entered.

Simulations by Robicheaux et al. [59] instead use Classical Trajectory Monte Carlo simu-
lations along with level population evolution to extract useful information about the scaling of
antihydrogenproductionwithpositrondensity and temperature. Themost important things to
highlight about the results of this simulation are that the positron density and temperature both
play very important roles in antihydrogen formation, and that there don’t appear to be simple
power laws that describe how these parameters affect the final antihydrogen production rate.
These simulations find, for example, that the scaling of the antihydrogen formation rate with
positron temperature is strongly dependent on the positron plasma’s density, and vice versa.

Taken as a whole, all of these simulations paint a picture of the antihydrogen formation
processwhere the different parameters intertwine in a complexmanner. Armedwith knowledge
from these simulations, we can try to balance these parameters in the real experiment.

4.6 Experimental Plasma Parameter Tuning

During 2017, several experimental studies were undertaken in order to optimise the antiproton
and positron plasmas for producing antihydrogen with the slow merge technique. Although I
was present for a large part of the 2017 run, the majority of the data presented in this section
was taken by other people, and analysed by me. The focus of these experimental studies was to
change the main three plasma parameters, number of particles N , density n, and temperature
T . Ideally, each of these parameters would be controlled completely independently, but this is
rarely possible in a real experiment: evaporative cooling (see section 3.7), for example, changes all
three simultaneously. This leads to a large parameter space that can be difficult to move around
in, and so the data collected is not as comprehensive or clean as their simulated counterparts.
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4.6.1 Evaporative Cooling of Antiprotons

Evaporative cooling, discussed in detail in chapter 3, selectively removes the highest-energy par-
ticles from the plasma, causing the remaining plasma to be at a lower average kinetic energy, and
therefore a lower temperature. The more particles removed, the lower the temperature of the
remaining plasma. This is achieved in a Penning-Malmberg trap by lowering the potential on
one side of the well confining the particles. Theminimumdepth that the potential well reaches,
i.e. the EVC depth, is the parameter that has the most effect on howmany particles are removed
from the trap. A feature of evaporative cooling in a Penning-Malmberg trap is radial expansion
of the plasma caused by particles being preferentially lost from the centre of the plasma, where
the confining potential is lowest. Particles lost from the centre of the plasma carry away no an-
gular momentum, and so in order to conserve angular momentum, the plasma must increase
in radius. In the ideal case, the expansion of an evaporatively-cooled plasma can be given by
N0/N =< r2 > / < r20 >, whereN andN0 describe the final and initial number of particles,
and r and r0 describe the final and initial plasma radii. Evaporative cooling changes all three
plasma parameters simultaneously, and so its effects on antihydrogen formation can be hard to
predict.

In this first data set presented in figure 4.6, a plasma of∼ 90, 000 antiprotonswith an initial
radius of∼ 0.5mmwas evaporatively cooled before being merged with a plasma of∼ 3× 106

positrons with a radius of∼ 0.6mm. Figure 4.6 shows the effect of evaporative cooling (EVC)
on antiprotons on both the fH̄ and ftrap. A shallower EVC causes a much lower fH̄ , which
is likely dominated by the lower number of antiprotons that make it into the merge, as more
of them are lost in the EVC step. This large loss in fH̄ is not compensated by an increase in
ftrap, which remains almost constant across the different EVC depths used. This implies that
the lower-temperature, larger antiproton plasma does not produce colder antihydrogen atoms.
This is consistent with the assumption that the antiprotons are reaching thermal equilibrium
with the positrons before antihydrogen formation, i.e. that the system is in the thermal regime,
rather than the epithermal regime, as changing the initial temperature of the antiprotons will
have little effect if they have ample time to thermalise with the positron plasma.

4.6.2 Antiproton Plasma Radius

In this next data set presented in figure 4.7, the antiproton plasma’s size was varied by changing
the frequency of the rotatingwall (chapter 3.5) used to compress it. The number of antiprotons
and the temperature remained constant. These antiprotons were then used in a slow merge to
form antihydrogen, similar to the previous data set. A naive assumption might be that match-
ing the radial sizes of the positron and antiproton plasmas would be close to optimal for anti-
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Figure 4.6: Antiproton production efficiency, fH̄ , (upper) and trapping fraction, ftrap, (lower)
as a function of antiproton EVC depth. Blue points are with EVC, and the red line is without
EVC, with shaded regions representing error bars. Each data point is made up of several repeat
measurements, and the error bars are standard error of themean for each point. The calculation
of fH̄ uses the number of antiprotons in the trap before EVC.

hydrogen formation, as this maximises overlap between the two plasmas. The nominal size of
a positron plasma during antihydrogen formation is around 0.6mm, so this is a natural size to
aim for with the antiproton plasma given the previous assumption.

Figure 4.7 shows the effect of the radial size of the antiproton plasma on the production effi-
ciency, fH̄ , and the trapping fraction, ftrap. It’s quickly clear that the previous naive assumption
that matching plasma sizes is the best is incorrect. fH̄ is essentially independent of plasma size,
which is perhaps surprising given that in the most extreme case, the initial radius of the antipro-
ton plasma (∼ 1.7mm) is almost 3 times larger than the initial radius of the positron plasma
(∼ 0.6mm). This is accompanied by a marked improvement in ftrap as the antiproton plasma
radius increases, implying that the larger antiproton plasma is able to produce colder antihydro-
gen atoms. This phenomenon has not been replicated by any simulations, and in fact Jonsell et
al. [50] explicitly recommend the opposite – very small radius (∼ 0.1mm) antiproton plasmas –
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in order tomaximise the ftrap. The argument put forward is that antiprotons at non-zero radius
will have an extra contribution to their velocity from theirE × B drift, which increases with
radius, meaning that higher-radius antiprotons will have a higher velocity, leading to a lower
ftrap. The reason for this unexpected increase in ftrap with larger antiproton plasmas currently
remains unexplained.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

P
ro

d
u

ct
io

n
effi

ci
en

cy
,
f H̄

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Antiproton plasma radius (mm)

0

1

2

3

4

5

T
ra

p
p

in
g

fr
ac

ti
on

,
f t
ra
p

(×
10
−4

)

Figure 4.7: Production efficiency, fH̄ , (upper) and trapping fraction, ftrap, (lower) as a function
of antiproton plasma radius.
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4.6.3 Positron Temperature

The positron temperature, Te, is expected to play a major role in both the formation rate of
antihydrogen, and on its final temperature, affecting both ftrap and fH̄ . Experimental and sim-
ulated results have shown that decreasing Te tends to give a monotonic increase in the amount
of antihydrogen that we can trap, i.e. colder positrons are always better, at least for currently
attainable parameter ranges, whichmakes reductions in positron temperature particularly valu-
able. Despite this, there have been relatively few clean data sets exploring the role of Te in recent
years. This canmainly be attributed to the scarcity of antiprotons: clean systematic studies take
a long time and a lot of antiprotons that could otherwise be used for more interesting physics.

The following data set is taken from a subset of the runs undertaken in 2017, in which sam-
ples of antihydrogen atoms were illuminated with 243nm laser light. In these runs, it was found
that the longer the laser had been shining inside the trap, the hotter the positron plasmas were,
and the lower the antihydrogen trapping rate became. This effect occurred over several con-
secutive days of running the experiment. It is thought that exposure of the trap electrodes to
243nm light caused patch potentials to slowly appear on the electrodes (discussed in chapter
3.4), which lead to asymmetric electric fields and increased plasma heating. The effects of these
patch potentials have only recently been studied in depth and measured in the ALPHA trap by
C. Baker et al. [35], although the exact mechanism that causes 243nm light to create these patch
potentials remains unknown. This manifested primarily as an increasing Te from day-to-day as
the experiment was being run. It was possible to reset the trap and get rid of this anomalous
heating effect by warming the trap up to room temperature and cooling it back down again.
This was an inconvenience for themeasurement that was actually taking place (measurement of
the 1S-2S transition frequency [60]), but allowed for this parasitic measurement of the role of
Te on antihydrogen formation.

In the slowmerge sequence, some positrons are left in the trap after themerge (see fig. 4.4b),
the temperature of which were measured after each merge cycle. Figure 4.8 shows the tempera-
ture of these positrons (“after mixing”) against fH̄ and ftrap. As the merge includes some evap-
orative cooling of the positrons and mixes them with a hotter antiproton plasma, this is not a
measurement of the initial temperature, Te, directly. Te should be higher than this measured
temperature, but strongly correlated with it. There is a clear trend towards lower positron tem-
peratures increasing both fH̄ and ftrap, although the effect on ftrap is much more drastic than
the effect on fH̄ . Reducing themeasured positron temperature from22.5Kdown to 15Kgave a
factor of 2 increase in ftrap, and a∼ 33% increase in fH̄ . The individual red data points show the
large amount of scatter, which is produced by shot-to-shot variations in plasma temperature..
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Figure 4.8: Production efficiency, fH̄ , (upper) and trapping fraction, ftrap, (lower) as a function
of positron temperature after mixing. Runs were binned by positron temperature (blue), and
error bars are statistical standard errors for each bin. Raw data points are shown in red.

4.6.4 Positron Density

The density of the positron plasma, ne, plays an important role in antihydrogen formation. It
directly affects the antihydrogen production rate, ΓH̄ , and the temperature of the produced an-
tihydrogen.

Its effect on the produced antihydrogen’s temperature is related to the rotation speed of the
plasma around the axis. The rotation speed of the plasma, vD, given by Jonsell et al. [50], is

vD =
E

B
=

neer

2ϵ0B
, (4.6)

with radial distance from trap centre r, fundamental charge e and vacuum permittivity ϵ0. This
effectively means that positron plasmas with a higher density will have a higher linear velocity,
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which will translate into antiprotons, and therefore antihydrogen atoms, with a higher velocity.
This suggests that ftrap should decrease with increases in either ne or r. This isn’t exactly what
simulations show – and actually that ftrap can increase with increasing positron density. The
effects of changes in ne are highly dependent on other plasma parameters, which means that
ne is an interesting candidate for experimental tuning. Despite this, there have been very few
independent studies of the effects of ne on antihydrogen production, again largely due to the
scarcity of antiprotons.

4.6.5 Positron EVC and Antihydrogen Formation

EVCcan also be performed on the positron plasma beforemixing. Aswith the antiprotonEVC,
this gives a larger, less dense and colder positron plasma consisting of fewer positrons. There is
some (limited) data on the effects of positron EVC on antihydrogen production, which is sum-
marised in table 4.1. This EVC roughly halved the number of positrons and the density of the
plasma, and reduced the temperature by around a third. The EVC caused ∼ 20% decrease in
fH̄ , but a∼ 7% increase in ftrap. The net effect was a reduction in the amount of trapped an-
tihydrogen. Although the EVC hindered antihydrogen production for these particular initial
conditions, that does not necessarilymean that positron EVCwill hinder antihydrogen produc-
tion for all initial conditions.

Number of e+ ne (m−3) Te (K) ftrap (×10−4) fH̄
Without EVC 3.2× 106 2× 1014 21.3 3.0 0.38
With EVC 1.7× 106 9.5× 1013 14.3 3.2 0.31

Table 4.1: Positron plasma density ne, temperature Te and number, with and without positron
EVC, as well as trapping fraction, ftrap, and production efficiency, fH̄ , when these positrons
are used for antihydrogen formation. The experimental sequence used was very similar to the
antiproton radius and EVC studies discussed earlier in the chapter.

By comparing with the data from figure 4.8, we can see that the reduction in the Te from
21.3K to 14.3K, when ignoring changes to the other plasma parameters, should have increased
ftrap by closer to 50%. It is therefore likely that the changes to the other parameters, particu-
larly ne and the number of e+, caused a decrease in ftrap, which was overcompensated for by
the increase in ftrap caused by the lower Te. A similar argument can be made for fH̄ , with the
difference being that the increase in fH̄ as Te is reduced is much less pronounced (going from
the data in figure 4.8 again), and so the net effect from the EVCwas a reduction in fH̄ .
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4.7 Summary

The three main plasma parameters – temperature, density, and number of particles – for both
the antiproton and positron plasmas are themain tuning knobs available to optimise antihydro-
gen production. Increasing the radius of the antiproton plasma (i.e. reducing the density) gave
significant increases in the antihydrogen trapping rate (fig 4.7), but this was limited by the radial
size of the trap. Decreasing the antiproton temperature likely has little or no effect, as the an-
tiprotons thermalise with the positron plasma before forming antihydrogen, meaning that the
temperature of the produced antihydrogen is effectively set by the temperature of the positron
plasma.

Simulations suggest that the density of the positron plasma plays an important role in an-
tihydrogen formation, but its effect has not been experimentally explored in detail. The tem-
perature of the positron plasma stands out as the best parameter that can be improved for large,
monotonic increases in antihydrogen trapping rates. This, coupled with the realistic possibility
of using sympathetic cooling to produce significantly colder positron plasmas, means that pur-
suing reductions in positron temperatures is a promising method of increasing antihydrogen
trapping rates.

The chapters that follow will go into more detail about how positron plasmas can be sym-
pathetically cooled to temperatures far below what is currently attainable in ALPHA, and will
present the experimental methods that have been developed to produce positron plasmas with
comparable density and number to those currently used in ALPHA, except at much lower tem-
peratures.
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5/ Laser Cooling

The idea that electromagnetic radiation exerts a force has been around for more than a century,
and was first investigated in the lab with macroscopic objects such as the Crookes radiometer
(which famously ended up not being able to demonstrate radiation pressure), and the Nichols
radiometer [61]. This force arises from the fact that photons carry both energy andmomentum,
and therefore impart a force on objects that absorb or reflect them. Around 1970, this effect was
investigated on atoms by using a laser tuned to be resonant with the absorption line of a particu-
lar atom, and it was shown that each photon absorption or emission event causes a change in the
atom’s momentum. This force was soon being used to cool atoms, with Hänsch and Schawlow
demonstrating cooling of a low-density gas in 1974 [62], and Wineland, Drullinger and Walls
demonstrating laser cooling of trapped magnesium ions to below 40K in 1978 [17]. Modern
laser cooling experiments can cool trapped atoms to close to absolute zero, allowing very precise
spectroscopic measurements of trapped atoms, production of Bose-Einstein condensates [41],
optical clocks [63], producing ultracold trapped ions that can be used for quantum comput-
ing [64], and more.

The rest of this chapterwill cover the basics of laser cooling and the additional considerations
that arisewhen laser cooling in aPenning-Malmberg trap. Chapters 6 and7will discuss how laser
cooling is applied in ALPHA to create cold plasmas of Be+ions, and how these cold Be+ions can
be used to sympathetically cool positron plasmas.

5.1 Theory of Doppler Cooling

An atom has quantised energy levels that its electrons can occupy. The lowest energy level is the
ground state, g, and higher energy levels are excited states, ei. These excited states are unstable,
and have finite lifetimes, τei , after which they will decay back down to the ground state. The
energy difference between an excited state and the ground state can be expressed in terms of
photon energy,

Ee − Eg =
hc

λ0

, (5.1)
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with Planck’s constant h, speed of light c, and photonwavelengthλ0. This gives the wavelength
of light that is required to excite an atom from a particular ground state into a particular excited
state. If a ground state atom is illuminated with light which has a wavelength λ ≈ λ0, the
atom can absorb a photon and become excited. After an average time τe, the atom de-excites
back to the ground state and emits a photon with wavelength λ = λ0, which carries away the
excess energy. A photon carries a momentum p = h̄k, where k = 2π/λ is the wavevector and
h̄ = h/2π is the reduced Planck’s constant, and so each absorption and emission event must
cause the atom to recoil to conserve momentum. Singly-charged beryllium ions are typically
laser cooled by excitationwith light ofλ = 313nm,which causes the ion to recoil with a velocity
vrec = 0.15m/s each time a photon is absorbed or emitted.

Lasers produce monochromatic, collimated light. If a trapped atom is illuminated with a
laser tuned to be resonant with a transition in the atom, the atom will continually scatter pho-
tons. Figure 5.1 shows a sketch of this process. Each absorption will cause the atom to recoil
in the direction of the incident laser light. The direction of the photon released during emis-
sion depends on whether the emission was stimulated, in which case the photon is emitted in
the same direction as the incident photon, or spontaneous, in which case the photon is emitted
in a random direction. For stimulated emission, the total velocity change of the atom during
one absorption/emission cycle is zero, as the atomwill gain+vrec from the excitation and−vrec

from the emission. For spontaneous emission, the contribution from the emission events will
average to zero over many cycles as the emission is isotropic, leaving only the contribution from
the absorption event. The total velocity change overN scattering events is thereforeN × vrec.

So far, this isn’t enough to actually cool the atom. Whether the atom gains or loses speed
depends on whether the atom happens to be moving towards the laser or away from the laser
when it absorbs a photon. An atomoscillating in a trapwill bemoving towards the laser half the
time and away from it half the time, leading to no net change in velocity over many cycles. The
final piece of the puzzle is the Doppler effect, which causes atoms that are moving towards the
laser to “see” the light as having a slightly shorter wavelength, while atoms moving away from
the laser see light of a slightly longer wavelength. The laser can then be detuned to a slightly
longer wavelength (known as ”red detuned”), and so atoms moving towards the laser will see
light that has beenDoppler shifted into resonance, while atomsmoving away from the laser will
see light that has been Doppler shifted away from the resonance. The atom is now more likely
to scatter photons when it is moving towards the laser, and the effect is a net reduction in the
atom’s velocity over many photon scattering events. This is where the name ”Doppler cooling”
comes from, and this is the type of laser cooling that will be discussed for the rest of this thesis.

The scattering of many photons will, on average, produce a scattering force, which is given
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Figure 5.1: Atom behaviour as it absorbs and emits photons. For each event, momentum is
conserved.

by the photonmomentummultiplied by the scattering rate. C. Foot [65] gives the rate at which
an atom will scatter photons from a laser as

Rscatt =
Γ

2

Ω2/2

δ2 + Ω2/2 + Γ2/4
, (5.2)

whereΓ is the natural linewidth of the transition,Ω is theRabi frequency, and δ is the detuning.
This detuning is given by

δ = ω − ω0 + kv (5.3)

where ω − ω0 is the difference between the laser’s frequency and the transition’s resonant fre-
quency (i.e. the laser detuning), and kv is the Doppler shift due to the particle’s velocity v. The
Rabi frequency is related to the saturation intensity by I/Isat = 2Ω2/Γ2, where I is the laser
intensity, and Isat is the saturation intensity on resonance, which is given by [66]

Isat =
π

3

Γhc

λ3
0

. (5.4)

The saturation intensity is the intensity atwhich the atom spends1/4th of the time in the excited
state.

Photons carry momentum p =h̄k, and so the scattering force can be written as

h̄kRscatt = Fscatt =h̄k
Γ

2

I/Isat
1 + I/Isat + 4δ2/Γ2

. (5.5)

As I → ∞, equation 5.5 becomes Fmax =h̄kΓ/2.
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Figure 5.2: The scattering force,Fscatt, of a laser on aBe+ion as a function of the laser’s detuning
from resonance with the Be+cooling transition (f0 = 957 THz). The detuning is shown in
multiples of the natural linewidth of the cooling transition, Γ = 2π × 19.6MHz. The force is
plotted for different values of the ion’s velocity, v, and the laser intensity, I .

Increasing the laser power gives rise to so-called power broadening of the transition’s line-
shape. Power broadening has a Lorentzian lineshape, with a FWHM [65]

∆ωFWHM = Γ

√
1 +

I

Isat
(5.6)

Figure 5.2 shows the scattering force on a beryllium ion as a function of laser detuning for a
few values of the ion’s velocity and laser intensity. As the particle’s velocity increases, themagni-
tudeof the required laser detuning increases (and thepeak shifts to the left). As the laser intensity
is increased, the scattering force increases and the peak broadens due to power broadening.

The lowest temperature reachable byDoppler cooling is the Doppler cooling limit, TD, and
is given by

TD =
h̄Γ

2kB
, (5.7)

where Γ is the natural linewidth of the transition, and kB is the Boltzmann constant. Typical
values of TD are on the order of 1mK. This arises from the stochastic nature of the absorption
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Figure 5.3: Figure adapted from [67]. The periodic table, with elements that have been laser
cooled highlighted (note: may not be exhaustive). Many elements are cooled on an S → P
transition. Group 1 has a lone electron in their outer S states while in their ground state, allow-
ing cooling on the S → P transition. Group 2 elements typically have an electron removed,
leaving a single electron in their outer S state, and are cooled as ions. The noble gases are cooled
by exciting an electron into a metastable S state, and then cooling with an S → P transition.

and emission events, leading to a Brownian-like random walk in velocity space. The Doppler
cooling limit is not a fundamental temperature limit of laser cooling, and other techniques such
as Sisyphus cooling or evaporative cooling can be used to reduce the temperature of a sample to
sub-Doppler temperatures.

5.2 Cooling Requirements in an Atom

An ideal atom for laser cooling would have two states: the ground state g and a single excited
state e. After being excited from g to e, this ideal atomwould have no option but to decay back
to g, and the scattering process could be repeatedmany times to achieve laser cooling. In reality,
however, no atoms have a perfect two-level system. Most atoms have additional states that they
can decay into, which can require additional lasers to “repump” the atom back into the cooling
transition. The more states that a particular atom can decay into that are outside of the two-
level cooling transition, the less convenient that atom is to laser cool, as each additional state can
require an additional laser frequency to repump the atom back into the cooling transition.

The availability of tuneable lasers at the required frequency can also be a limiting factor, and
several atoms have cooling transitions in the deep UV range, where sufficiently powerful lasers
aremuchmore difficult tomanufacture. Figure 5.3 shows the species that have been laser cooled
so far.
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5.3 Laser Cooling Be+

Be+is the ion of choice for producing sympathetically-cooled positron plasmas because it is the
lightest easily laser coolable ion. Before themechanics of producing these sympathetically-cooled
plasmas are discussed (in the following two chapters: 6, 7), it is important to understand the level
structure of Be+, and how the laser cooling transition is driven.

Figure 5.4 shows energy levels that are relevant when cooling Be+. Be+is cooled by exciting
the 2s 2S1/2(mI ,mJ) = (3

2
, 1
2
) → 2p 2P3/2(

3
2
, 3
2
) transition with σ+–polarised λ = 313nm

light. Repump light exciting the 2s 2S1/2 = (3
2
,−1

2
) → 2p 2P3/2(

3
2
, 1
2
) can be used to optically

pump atoms into the cooling transition, as atoms in the 2p 2P3/2(
3
2
, 1
2
) state will decay into the

2s 2S1/2(
3
2
, 1
2
) state (the ground state of the cooling transition) with a probability of 2/3 [68].

The repump transition could be driven by a dedicated repump laser at a different frequency
to the cooling laser, but in the experiments described in later chapters, repumping is reliant on
off-resonant excitation from the cooling laser. The cooling transition is also off-resonantly de-
pleted by the cooling laser, due to imperfect σ+–transitions from the lower state of the cooling
transition to othermJ states in the 2pmanifold. Importantly, the frequency difference between
the cooling and repump transitions is smaller than the difference betweenmJ states in the 2p
manifold, so ions are repumped into the cooling transition faster than they are lost from imper-
fect σ+–transitions. For example, in a 1Tmagnetic field, the frequency difference between the
repump and cooling transitions is around 8GHz, while the frequency difference between the
2p 2P3/2 mJ = 3

2
andmJ = 1

2
states is around 18GHz.

In order to find these transition frequencies, the energy levels of Be+in amagnetic fieldmust
be calculated. These energy levels are given, to a good approximation, by solving the effective
Hamiltonian [69]

H = hAJ · I + µBgJJ ·B + µBg
′
II ·B. (5.8)

The first term is the magnetic dipole hyperfine interaction, and includes Planck’s constant h,
the magnetic hyperfine constantA, the total electronic angular momentum J , and the nuclear
spin I = 3/2 [70]. The second term is the electronic Zeeman interaction, which includes the
BohrmagnetonµB , themagnetic fieldB, and the g-factor gJ = −µJ/(JµB). The final term is
the nuclear Zeeman interaction, which includes the g-factor g′I = −µI/(IµB). Higher-order
terms, such as the electric quadrupole hyperfine interaction, are ignored. The eigenvalues of
this equation give the relative energies of the hyperfine states within the 2s 2S1/2 and 2p 2P3/2

states. The energy difference between these states at zeromagnetic field [71] can then be used to
determine the transition frequencies between the hyperfine states.

Figure 5.5 shows the energy levels of the 2s 2S1/2 and 2p 2P3/2 states as a function of mag-
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Figure 5.4: Energy levels relevant when laser cooling Be+ions. The levels are split in a high mag-
netic field, and are labelled by their mJ and mI quantum numbers. The 2p mI states have a
splitting significantly smaller than the natural linewidth of the cooling transition, and are not
shown. The laser cooling transition (purple) and repump transition (blue) are shown.

netic field. The energies are given relative to the 2s 2S1/2 state at B = 0 in the absence of
hyperfine interactions. Magnetic fields in ALPHA are typically either 1T or 3T.

5.4 Laser Cooling of Ions in a Penning Trap

As discussed in chapter 3, a particle in a Penning trap undergoes three superimposed oscillatory
motions: the axial bounce motion along the length (z-axis) of the trap at a frequency ωz , small
cyclotron orbits around magnetic field lines in the radial direction at the modified cyclotron
frequency ω′

c, and slower magnetron orbits in the radial direction around the centre of the trap,
at a frequency ωm.

Let us first consider cooling in the axial direction. A particle in a Penning trap in a har-
monic potential undergoes simple harmonic oscillation in the z-direction, and this motion can
be cooled by using a laser beam with a component in the z-direction. This particle’s behaviour
can be visualised with a momentum-position plot, as in figure 5.7. For a given laser detuning,
there is one value of the particle’s momentum which will give a doppler shift that cancels out
the laser detuning, where the particle will be resonant with the laser (i.e. ω − ω0 = −kv, see
equation 5.3). This particle passes through this resonant region twice per oscillation as long as its
maximum velocity gives it a large enoughDoppler shift to cancel out the laser detuning (as long
as |kvmax| > |ω − ω0|). Once the particle has cooled below this point, it is no longer travelling
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Figure 5.5: Figures created byDanMaxwell [72]. Energy levels of the 2p 2P3/2 state (upper) and
2s 2S1/2 state (lower) in Be+as a function of magnetic field for small magnetic fields (left) and
large magnetic fields (right). All energy levels are relative to the 2s 2S1/2 state at zero magnetic
field in the absence of hyperfine interactions.
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Figure 5.6: Figure created by DanMaxwell [72]. Frequency difference between the cooling and
repump transitions as a function of magnetic field.

fast enough at any point in its oscillation to Doppler shift the light into resonance, and cooling
will slow drastically. In order to effectively cool the particle further, the laser detuning can be
reduced to bring the particle back into resonance so that it can be cooled further, a process that
is known as “chirping” the laser. By carefully choosing the speed of the chirp, the particle can
remain close to resonance over a large temperature range. Care needs to be taken to not chirp
the laser too quickly, as the chirp can “overtake” the particle and leave the particle stranded at
high temperature while the laser is tuned to be resonant with low-temperature particles.

In the radial direction, the cyclotron mode can be cooled in a manner similar to the axial
cooling, except using a laser beam with some component in the radial direction.

Cooling of the magnetron mode is more complex in a Penning trap, as the total energy of
the magnetron mode is negative. This means that in order to “cool” the motion, e.g. to reduce
its radius and velocity, energy needs to be supplied to the magnetron mode. Cooling of the
magnetron mode can be achieved in a Penning trap by spatially offsetting the radial laser from
the centre of the trap. The offset allows the laser to supply energy to the magnetron mode, thus
lowering its temperature. When cooling a plasma, this has the effect of applying a positive torque
to the plasma, compressing it. This principle is shown in figure 5.8.

When cooling a plasma, there can be significant mixing between the axial and radial modes,
allowing cooling of one degree of freedom to affect the other degrees of freedom. As discussed
in chapter 3, the equipartition rate between the degrees of freedomdepends on the collision rate
within the plasma, which in turn depends on a few parameters including the plasma tempera-
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Figure 5.7: Momentum-position phase space plot of a toy simulation of a particle undergoing
simple harmonic oscillation in one axis with a resonant damping force, qualitatively similar to
a particle in a Penning trap being laser cooled along the z-axis of the trap. The resonance with
Fscatt occurs at p = 0.5, marked with a red line. In this plot, the particle starts at high radius
andmoves inwards as it cools. The cooling rate increases as the particle cools into resonancewith
Fscatt, and then drops significantly once the particle’s momentum is too low to be Doppler-
shifted into resonance at any point in its oscillation (|kvmax| < |ω − ω0|). The magnitude of
the cooling force has been greatly exaggerated in this toy simulation for clarity.
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Figure 5.8: A particle’s motion in the radial plane of a Penning trap. The laser is offset from the
centre of the plasma to apply a positive torque to the plasma, reducing the velocity and radius
of its magnetron oscillations.

ture. As the plasma temperature gets lower, the equipartition rate slows until there is very little
mixing between the degrees of freedom at low plasma temperatures.

5.5 Laser Access in a Penning-Malmberg Trap

To be able to directly cool all three Penning trapmotions therefore requires laser light with com-
ponents in both the axial and radial directions. This can be achieved with two separate lasers –
one axial and one radial – or by using a single laser at an angle with respect to both the axial
and radial motions. Laser access in a Penning-Malmberg trap can be quite restricted, due to
the geometry of the trap. The open-ended cylindrical electrode stack allows easy access for an
axial laser, but requires a more careful design to allow radial laser access. This could be done,
for example, by using a segmented electrode with gaps between the segments that allow laser
light to pass into the trapping region. Figure 5.9 shows a generic Penning-Malmberg trap with
a segmented electrode to allow radial laser access into the trapping region (a similar trap is used
at NIST [73]). A similar setup that allows the radial laser to be significantly angled in the axial
direction could provide cooling of all degrees of freedom with a single laser.

The ALPHA-2 Penning-Malmberg trap was not designed to have radial laser access. Even if
a segmented electrode was introduced into an updated trap design, the presence of the Neutral
Trap magnets and the liquid helium volume surrounding the trap severely limits the amount of
space that is available radially around the trap. The trap’s primary function is the production of
antihydrogen atoms, and so any design that adds radial laser access must also not interfere with
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Figure 5.9: A sketch of a Penning-Malmberg trap electrode stack with a segmented central elec-
trode, allowing radial laser access. An axial laser can enter through the open ends of the stack.
This geometry would be difficult to implement in ALPHA-2 due to the very limited space out-
side the trap.

this in a negative way. As such, laser access in ALPHA-2 is restricted to the dedicated laser access
ports, which are offset by 2.4◦ from the axis of the trap. This means that only the axial mode
receives a significant amount of direct cooling, and cooling of the radial modes can only occur
through interparticle collisions that transfer energy between the modes.
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6/ Experiments with Beryllium

Theprimary experimentalworkdescribed in this thesis involves introducing a laser-cooled species
into a positron plasma, providing sympathetic cooling to the positrons. These colder positron
plasmas have the potential to greatly improve the trapping rate of antihydrogen in ALPHA,
as discussed in chapter 4. This species must be positively charged so it can be co-trapped with
a positron plasma, it needs to have a convenient laser cooling transition to facilitate easy laser
cooling, and its mass should be as low as possible to maximise its ability to sympathetically cool
positrons. With these considerations inmind, Be+is the natural choice for sympathetically cool-
ing positrons, as it is the lightest easily laser-coolable ion. The main experimental results are
split into two chapters. This chapter deals with the production, manipulation and laser cool-
ing of Be+plasmas within the ALPHA apparatus. The next chapter (7) discusses how Be+and
positrons are merged, and subsequently cooled, to produce sympathetically-cooled positron
plasmas that could be used in antihydrogen formation.

6.1 Production of Beryllium Ions by Laser Ablation

Ion production in a Penning trap is typically performed using a heated oven to produce neutral
atoms, which are then ionised [74, 75]. Ovens reach high temperatures (> 500K) and produce
a continuous flux of atoms while in operation. The excess heat and potential vacuum contami-
nation from an oven make it incompatible with the cryogenic, ultra-high vacuum environment
of the ALPHA-2 trap, and so another production method must be used. Laser ablation is able
to produce a short pulse of ions with minimal heating and contamination of the environment,
making it a good candidate for ion production in ALPHA.

The viability of using laser ablation for ion production in ALPHA was investigated previ-
ously using a Penning-Malmberg trap external to the primary ALPHA-2 setup (the “ablation
test chamber”) byM. Sameed et al. [76,77]. This ablation test chamber used a very similar abla-
tion source to the one currently mounted inside the ALPHA apparatus. These previous studies
demonstrated ablation and loading of Be+ions into a Penning-Malmberg trap, which led to a
Be+source being installed inside the main apparatus.
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6.1.1 Laser Ablation

Laser ablation is the process of removingmaterial from a surface using short, high-intensity laser
pulses. When a laser pulse is focused onto a target, a fewdifferentmechanisms can causematerial
to be removed from the target. Thermal heating can cause both vaporisation and induce stress
in the material that can lead to material ablation from the surface. With high enough photon
energy, the laser light can also cause bond-breaking in thematerial, causing single atoms, clusters,
or fragments to desorb from the surface. During this process, atoms that have been removed
from the surface can also be ionised. The interplay between these mechanisms, as well as other
phenomena, such as plasma formation and surface electric fields generated from electron and
ion ejection, cause the ablation process to be rather complex. A more complete description of
the ablation process is given by Bäuerle [78].

Although the ablation process is complex, there are some important principles that are rel-
evant to ablation as an ion production method (adapted from [76]):

• The ablation process is dependent on a parameter called the “fluence”, which is ameasure
of energy deposited per unit area.

• There is aminimumfluence required for theproductionof ionswith laser ablation,which
is called the ablation threshold. More highly-charged ions (Be2+, Be3+ etc.) have separate,
higher ablation thresholds.

• The ion yield increases as fluence increases.

• The average ion kinetic energy increases as fluence increases.

• The ion yield is higher for shorter wavelength ablation pulses.

Using these principles, we can determine that there will be a balance when choosing the correct
ablation fluence: too low and the ion yield will be low (or even effectively zero if below the
threshold), too high and the ions will have additional kinetic energy, making the ions harder to
trap and cool. High ablation fluences will also lead to production of unwanted, more highly-
charged ions.

6.1.2 Experimental Ablation Setup

The experimental setup used for the production of Be+ions inside ALPHA-2 is shown in fig-
ure 6.1. It consists of a custom-built ablation source which is mounted inside the ALPHA-2
vacuum chamber, and a pulsed laser that produces the ablation pulses.
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The ablation source (see figure 6.1 a)) consists of a small (∼ 10mm × 15mm × 0.5mm)
piece of berylliummounted inside an aluminium housing. This housing has a window to allow
laser light to enter the source, and a mirror to reflect the laser light onto the beryllium target.
Emitted ions are accelerated away from the target by applying a bias voltage to the target. An
acceleration plate is positioned opposite the target, which is also electrically biased to accelerate
ions away from the target. The acceleration plate has a small aperture, allowing accelerated ions
to be ejected from the source, and into the trap. The target and acceleration plate are typically
biased with +25V and −10V respectively. The target, acceleration plate, and source housing
are all electrically isolated from one another. The source is mounted on a linear translation stage
which travels perpendicularly to the axis of the trap, which allows the source to be moved on-
axis for ion production, allowing ions produced to enter the open end of the Penning-Malmberg
trap where they can be captured (shown in figure 6.2). Once ablation is complete, the source
can be moved away from the trap axis to allow other instruments on the stick to be operated,
and to allow other particles to be loaded into the trap.

A single pulse can produce upwards of 108 Be+ions, but as only a small fraction of the ab-
lated material is ionised (around 0.25% [77]), a single ablation pulse will also liberate up to
around 1010 − 1011 neutral atoms from the target. Minimising vacuum contamination is very
important, and so the source is designed with a small exit aperture which allows only a small
fraction of the ablation plume to escape the source and enter the trap. A higher fraction of ions
than neutrals can escape the source, as the ions are guided out of the source by the electric fields
from the source bias voltages, and by the magnetic field of the trap solenoid.

The ablation laser is a Quantel Ultra 20 [79], a pulsed Nd:YAG laser with a frequency-
tripling stage to produce λ = 355 nm light. 355 nm light is used as, unlike higher wavelengths
(i.e. 532 nm), it will photoionise a significant fraction of the Be during the ablation process,
avoiding the need for a second photoionisation laser. The ablation laser can produce pulses
with energies of a few millijoules, and a pulse width of 6 ns. Figure 6.1 b) shows a sketch of
the optics that guide the light to the ablation source. Pulses from the ablation laser first pass
through an adjustable half-waveplate and polarising beam splitter (PBS), which together act as
a variable attenuator [80]. Pulses are typically attenuated to< 100 µJ for ablation. For a beam
waist of 22.5µm, this corresponds to fluences of up to 5J/cm2. The pulse then passes through
a pair of convex lenses that form a telescope, which radially expands and collimates the pulse.
The pulse passes through a final f = 25 cm lens positioned just outside the ALPHA-2 vacuum
chamber which focuses the pulse onto the beryllium target. Figure 6.2 shows a schematic view
of the ALPHA-2 Penning-Malmberg trap, including the location of the ablation source and the
path of the cooling laser. The cooling laser is discussed in more detail later in section 6.3.1.
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Figure 6.1: a) the ablation source (without covering lid). The beryllium target and acceleration
plate are electrically isolated fromeachother and from the rest of the source. The ablation source
is mounted on a linear translator inside the trap vacuum chamber. b) optics setup for transport-
ing laser light from the ablation laser to the source. Laser light first passes through optics in the
laser lab: a half-waveplate and polarising beam splitter (PBS) for power control, and a telescope
to radially expand and collimate the beam. The light is then guided along a roughly 5m path to
the zone, where a final lens focuses the beam onto the beryllium target before it enters the trap’s
vacuum chamber. Components and distances not to scale. Some additional mirrors are present
in the optical setup that are not pictured.

6.1.3 Ablation Threshold

The ablation threshold for singly-charged Be, ϕth, is theminimum laser fluence required to pro-
duce significant amounts of Be+during laser ablation. Ablation pulses with fluences below ϕth

produce a negligible amount of ions. Above ϕth, the number of singly-charged ions produced
scales linearly with fluence [77].

ϕth was measured for Be+by varying the laser pulse energy while measuring the amount of
charge leaving the beryllium target. The amount of charge leaving the target wasmeasured with
a Faraday cup-style measurement (see chapter 2.7.1). To adjust the pulse energy, a power meter
wasplaced in thebeampath and the laser powerwas adjustedwith thehalf-waveplate. Thepower
meter was then removed from the beam path to allow ablation pulses to strike the Be target for
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Figure 6.2: Schematic view of the ALPHA-2 Penning-Malmberg trap, including the location of
the beryllium ablation source and cooling laser access. The cooling laser is tightly constrained,
only attaining good overlap with trapped species close to the centre of the trap.

the measurements. Several ablation pulses were then sent to the experiment for each power
setting, and the charge of the beryllium target was measured for each ablation event. Figure 6.3
shows twomeasurements of the ablation threshold on the same Be target at two points in time:
data for figure 6.3 a) was taken in 2018 and figure 6.3 b) was taken in 2020. In order to extract
an ablation threshold, the linear region above the ablation threshold was used to extrapolate
back to y = 0. The linear regions that were fitted were chosen in an ad hoc manner, due to
some irregularities in both data sets. Figure 6.3 a) shows a shoulder feature between 1.5 − 2

J/cm2, which was not included in fluence calculations. This feature was present in other data
sets taken at around the same time, and its origin is unknown. Figure 6.3 b) shows a leveling
off of the ablated charge above around 2.5 J/cm2, which is possibly due to saturation in readout
electronics. These points were omitted when calculating values for ϕth.

These data sets give values forϕth of around 2 J/cm2. The calculationmakes the assumption
that the beryllium target is exactly at the focal point of the final focusing lens, where the beam
waist has been measured to be 22.5µm. This assumption is difficult to verify as the target is
enclosed inside the vacuum chamber, making an in situ measurement of the spot size on the
target prohibitively difficult. As such, this should be consideredmore of anupper boundonϕth.
This is in rough agreementwith previousmeasurements taken in the ablation test chamber [77].

6.1.4 Ablated Ion Energy Distributions

Ions produced by ablation are accelerated by the DC bias voltages on the target and acceleration
plate, but this is not the only acceleration mechanism. Ablation forms a high-density plasma
very close to the surface of the target, and interactions within this plasma cause the ablated ions
to be accelerated, with higher pulse energies givingmore ions, a higher charge density, andmore
acceleration [81].

The kinetic energy distribution of an ion bunch can be measured by raising a blocking volt-
age using one ormore electrodes inside the Penning-Malmberg trap, firing an ablationpulse, and
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Figure 6.3: Number of ions ablated as a function of laser fluence. Multiple readings were taken
for each laser fluence, with means of each point plotted. Error bars are standard errors of the
mean. The fit to extract the ablation threshold is shown as a solid red line, which becomes dotted
when extrapolating beyond points used in the fit.

measuring the fraction of the ablated ion bunch that has enough kinetic energy to overcome the
potential barrier and pass all the way through the trap. Ions with a kinetic energy lower than the
potential barrier are reflected, while ions with a kinetic energy higher than the potential barrier
are able to pass through it, and are subsequently detected at the far end of the trap with a Fara-
day Cup. By repeating this several times with different blocking voltages applied in the trap, the
energy distribution of the bunch can be deduced. Figure 6.4 shows the results of this experi-
ment for two different laser fluences, ϕ = 3.9 J/cm2, and ϕ = 5.0 J/cm2. The y-axis on this
plot is percentage of the ablated ion bunch that is able to pass all the way through the trap. The
relatively low overall efficiency (< 1%) is mostly due to a large fraction of the ions not making
it out of the ablation source’s small exit aperture. Predictably, the lower fluence produces less
energetic ions, and a lower fraction of the ions are able to pass through the trap. Ion bunches
can be almost completely blocked using up to around 60V for the ϕ = 3.9 J/cm2 bunches, and
around 120V for the ϕ = 5.0 J/cm2 bunches. Ion bunches with low kinetic energies are both
easier to catch and easier to cool, and so laser fluences should be reduced where possible to keep
ion kinetic energy to a minimum.
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Figure 6.4: Percentage of the ablated ion bunch that is able to pass all the way through the trap
as a function of blocking voltage applied in the trap.

6.2 Beryllium Trapping

After ablation, the ions need to be caught in the ALPHA-2 Penning-Malmberg trap. The ab-
lation source is positioned inside the fringe region of ALPHA-2’s main solenoid, at a magnetic
field of around 480 Gauss. Figure 6.5 shows the relative positions in the magnetic field of the
ablation source and the Penning-Malmberg trap. As ions escape the source after ablation, they
are guided by magnetic field lines into the electrode stack. The ions start in a magnetic field of
B = 480Gauss, and travel into the magnetic field ofB = 1× 104 − 3× 104 Gauss. The ion
bunch will tend to compress as it travels into higher magnetic field regions as the magnetic field
lines compress.

Catching Be+ions uses the same dynamic catch method that is used for antiprotons, elec-
trons and positrons inALPHA,whichwas described in chapter 4.1. In short, ions enter the trap
and are reflected by a blocking electrode. Before the ions have time to leave the trap, a second
(gate) electrode is raised to complete the trap, and the ions are confined between the blocking
and gate electrodes. In order to understandhow tooptimise the catchingprocedure, it is instruc-
tive to consider the role of a Be+plasma used for sympathetic laser cooling of positrons. Such a
Be+plasma has a similar radius to a typical ALPHApositron plasma (below around 1mm), has a
low temperature (below around 5K), and contains 105−106 Be+ions [82]. Therefore, the ideal
catching procedure would reproducibly capture ∼ 106 ions, while keeping their temperature
and radius as low as possible.
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Figure 6.5: Magnetic field as a function of distance from the centre of the ALPHA-2 Penning
Trap. Theposition of the ablation source andPenning-Malmberg trap electrode stack are shown
above. Two booster solenoids (blue), which are sometimes energised during Be+catching, in-
crease the magnetic field from 1T to 3T.

6.2.1 Trapping Instability

The dynamic catch trappingmethod tended to have very poor shot-to-shot stability in the num-
ber of ions trapped in these experiments. A lot of this instability is thought to stem from the
ablation process. Recall from section 6.1.1 that changes in fluence (i.e. changes in the energy of
the ablation laser pulse) cause not only changes in the amount of ions produced, but also their
kinetic energy. Changes in the kinetic energy will change the time of flight of the ions travelling
from the ablation source to the trap, which will change the timing for catching the ions in the
trap. Although measured fluctuations in laser pulse energy from shot-to-shot were relatively
small (±5%), this could lead to much larger variations in the amount of ions trapped – varia-
tions as large as a factor of 2 or 3were not uncommon. The amount of instability was also quite
sensitive to things such as the alignment of the ablation laser, whichwould drift fromday-to-day
and required daily adjustments.

With all of these factors, shot-to-shot instability was a real problemwhen running the exper-
iment thatwas never completely solved, but some techniques discussed in the rest of this chapter
were able to partially alleviate issues with instability in the number of ions trapped.
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Figure 6.6: On-axis potentials used for catching beryllium ions. Shaded and numbered regions
represent Penning trap electrodes. Ions enter from the left, then the gate electrode (E1) is raised
from ground (blue) to 40V (red). Ions are cooled into the catching well, and then transferred
over to the reservoir.

6.2.2 Stacking

The instability in the number of ions caught per shot can be partially alleviated byutilising stack-
ing, where multiple shots are caught and instabilities are averaged out. This led to the develop-
ment of a repeatable stacking sequence that has a few improvements over the basic catching
procedure. The potentials used in this stacking procedure are shown in figure 6.6. The first
addition is a “catching well”, which is a smaller potential well nested inside the main potential
well formed by the barrier and gate electrodes. After ions are caught in the main well, they are
allowed to thermalise through collisions (or the cooling laser) for a short period of time. The
gate electrode is then returned to ground, and the only ions left in the trap are ones which have
lost enough energy to remain trapped in the catchingwell. These ions are then transferred to the
reservoir and the process can be repeated several times. Aswell as increasing the loading stability,
the number of shots caught can be used as another method of varying the total number of ions
caught.

One successful stacking procedure that was developed used the potentials shown in figure
6.6 as well as the cooling laser. The reservoir is located in the central electrodes of the trap, and
so is continuously cooled during stacking.

Figure 6.7 shows the number of ions caught as a function of the number of ablation pulses
used. The relation is roughly linear, but there is some dropoff at higher numbers of stacks,
indicating that there is some particle loss during the process. Figure 6.8 shows the stability of a
stacking sequence over 13 trials, each using 16 stacks of Be+ions. The rather large variation in
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Figure 6.7: Number of ions caught as a function of number of ablation pulses used. Error bars
are standard errors of the mean of multiple repeat measurements for each data point.

the number of ions shows that the loading process can still have fairly large fluctuations in the
amount of ions caught, even when using stacking.

6.2.3 Be+Plasma Expansion

Trappedplasmas tend to radially expand, and ions tend to expand faster than lighter species, such
as leptons, due to their higher mass and subsequently lower axial bounce frequencies. High
expansion rates can cause particle loss as expansion drives the ions into the trap walls, and is
accompanied by high amounts of plasma heating [83]. Large Be+plasmas are not desirable for
sympathetic cooling: Be+plasmas should be approximately the same size as the positron plasmas
that they are cooling, tomaximise the interactions between the two species, andpositronplasmas
used for antihydrogen formation are typically quite small and quite dense.

This was investigated experimentally, and it was found that a Be+plasma will see significant
expansion (radius increases of up to 50%) over∼ 10s, while a positron plasma’s radius is stable
over> 60s. Minimising the expansion rate of a plasma in the trap can be achieved in a couple
of ways. The potential wells used to hold Be+ions should be made as short and deep as possible,
as expansion is significantly slower in deeper wells. The magnetic field also plays a role, with
higher magnetic fields producing plasmas with smaller radii and slower expansion rates. Both
of these effects are linked to reducing the size of the plasma as much as possible, which helps to
reduce the effects of imperfections in the trap and therefore reduce expansion rates, as discussed
in chapter 3.4. Figure 6.9 shows expansion rates of be plasmas held in a 1T field (blue) and a 3T
field (red). The sizes of both plasmas shown are the calculated sizes in a 1T field. This means
that the 3T points have been scaled up to show how large the plasma would have been in a 1T
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Figure 6.8: Number of ions loaded over several trial runs using the 3T stacking sequence. The
shaded blue region indicates the standard deviation.

field, to allow an easier direct comparison between the expansion rates of both plasmas. The 1T
plasma shows a markedly faster expansion rate than the 3T plasma, indicating that holding the
Be+plasma in a higher magnetic field is an effective way of reducing its expansion rate. At longer
hold times, the expansion rate appears to slow, but this is likely in part due to the limited size of
the MCP, which means that particles above a certain radius are too far out to be imaged on the
MCP.

While using deep potential wells is fairly easy to implement, using higher magnetic fields
is not always possible. The maximum magnetic field at the centre of the trap is 1T, while the
end regions of the trap (the antiproton and positron preparation regions in figure 6.2) are able
to reach 3T with the booster solenoids energised (see figure 6.5). This means that ions cannot
simultaneously be caught in 3T and be actively laser-cooled during the catching process, as the
laser only overlaps the central 1T region of the trap.

6.3 Experimental Cooling Setup

6.3.1 The Cooling Laser

The cooling laser is a commercial Toptica TA-FHG pro. It consists of a master laser diode that
produces 1252nm light, which then passes through two frequency doubling cavities to produce
626nm light, and subsequently (continuous wave) 313nm light. The 313nm light, which is
used for laser cooling, is then sent through a series of optical components before being guided
into the experiment. The laser was typically run with powers up to 10mWat 313nm going into
the trap. The layout of the optics and other components used to control and deliver the 313nm
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Figure 6.9: Be+plasma radius as a function of hold time, in 1T (blue) and 3T (red) magnetic
fields. Radially small plasmas of Be+ions were prepared, and then held for a variable amount of
time. After the hold time, the plasma was ejected from the trap to measure its size. Each data
point consists of several repeat measurements of different Be+plasmas. Error bars are standard
errors of the mean of each point.

light to the experiment are shown in figure 6.10.
313nm light from the cooling laser is first guided through a pair of lenses that form a tele-

scope for beam shaping, and is then passed through an acousto-optic modulator in the double-
pass configuration (see section 6.3.2 below), before being guided to the experimental zone. A
mirror that is reflective at 313nm and transmissive at 355nm is used to overlap the cooling and
ablation beams, allowing both to travel along the same path to the experimental zone 1. Once in
the zone, a second identical mirror is used to separate the 313nm cooling beam and the 355nm
ablation beam. The cooling laser finally passes through a quarter-waveplate (λ/4), which gives
it its circular polarisation (σ+) required to drive the laser cooling transition in Be+before being
guided through the trap. The cooling beam’s waist is around 1.2mm at the centre of the trap.

6.3.2 Wavemeter Frequency Control

Asmall fraction of the 626nm light is picked off and is sent via an optical fibre into aHighFinesse
WavelengthMeterWSUltimate 2 (wavemeter). The wavemeter measures the wavelength of the
626nm light, from which the 313nm light’s wavelength is inferred. The wavemeter is regularly
calibrated by referencing it to a stable HeNe laser. The wavemeter is also able to control the
wavelength of the laser by changing the current going in to the 1252nm laser diode. This forms

1This is due to space constraints – both lasers must pass through a small hole in the wall between the laser lab
and the zone.
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Figure 6.10: Figure adapted from [25]. A schematic representation of the full laser setup used
forBe+ablation and laser cooling. The ablation laser path (blue) utilises a PBS andhalf-waveplate
for power attenuation, and a telescope for beam shaping. The ablation laser setup is described
in more detail above (section 6.1.2). The cooling laser light passes through a telescope, for
beam shaping, before being double-passed through an acousto-optic modulator. The cooling
laser light is then sent to the zone, where it passes through a quarter-waveplate before entering
ALPHA-2.

a feedback loop, which can be used to regulate or stabilise the frequency of the laser. Tuning
the laser frequency with the diode current is typically able to tune the frequency of the laser by
around 2.5GHz at 313nm without mode-hopping in the current setup. In normal operation,
a PID controller is used to lock the laser to a desired frequency setpoint. To change the laser
frequency, the setpoint is changed discretely and the PID controller regulates the diode current
to smoothly reach the new setpoint.

Thewavemeter has a precisionof around±1MHz, and is able tomeasure the laser frequency
around every 10ms (the exact readout rate depends on the input power of the laser). The slow
readout rate means that frequency changes with this method are slow (typically> 1s), and the
nature of a PID loop means that the rate of change in frequency slows as the frequency ap-
proaches the setpoint. This method is also subject to some hysteresis, which depends on the
state of the laser meaning that the sweep will vary slightly from run-to-run. This method of
changing the frequency is used when slow frequency changes over a large frequency range are
desired. An example of a frequency sweepusing thiswavemeter control system is shown in figure
6.11.

6.3.3 Acousto-Optic Modulator

For faster, more deterministic sweeps, an acousto-optic modulator (AOM) is used. An AOM
takes an input RF signal at a frequency fRF and frequency shifts laser light passing through it
bym × fRF , wherem = ...,−2,−1, 0, 1, 2, ... is the order of diffraction. The beam is also
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Figure 6.11: Change in laser frequency as a function of time as the setpoint is changed from
an initial setpoint of −0.3GHz to a final setpoint of −0.1GHz. The setpoint was updated at
t = 0, and is shown in green. The laser frequency is changed using active feedback from the
wavemeter. Frequencies are plotted relative to f0 = 957.41THz, the resonance frequency of
the Be+cooling transition.

deflected by an anglem × θ(f). The AOM is used in the double-pass configuration [84], the
layout of which is shown in figure 6.10. In the double-pass configuration, light passes through
the AOM and the first-order diffracted beam is picked off. This is then reflected back through
the AOM, where it is diffracted again by the same amount. In this geometry the incident beam
and the double-passed outgoing beam are exactly overlapped, and so a polarising beam splitter
and quarter-waveplate are used to separate the incoming and outgoing beam. Using the AOM
in the double-pass configuration rather than single-pass doubles the frequency range that the
light can bemodulated over, and (in theory) eliminates the dependence of the beam position on
the RF frequency applied to the AOM.

The AOM used in the setup is a model 3200-1210 from EQ Photonics, and is driven by a
Gooch and Housego 3307 series RF AOMDriver. The AOM can nominally be driven with a
frequency between 180MHz and 220MHz. This gives a total sweep range of 80MHz in the
double-pass configuration. The driving frequency, fRF , is controlled by an analog voltage,
which is produced by an FPGA (section 6.3.5). This allows for fast and reproducible sweeps
over the 80MHz range given by the AOM.Themain loss of power in this setup is due to diffrac-
tion into other modes (m ̸= 1). Efficiencies of 33% are typical in our setup.
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Figure 6.12: An acousto-optic modulator. An RF signal is applied to the piezoelectric trans-
ducer, which converts the signal into acoustic vibrations in the crystal. These acoustic oscilla-
tions dynamically change the refractive index in the crystal and cause diffraction to occur.

6.3.4 Fluorescence Detection

When a Be+ion de-excites from the upper state of the cooling transition, it emits a photon
(i.e. the atom fluoresces). Detecting these fluorescence photons can provide useful information
about the Be+ions emitting them. In particular, the temperature of the Be+ions can be deduced
by scanning the frequency of the cooling laser over the transition’s resonance andmeasuring the
linewidth of the transition. To pick up fluorescence photons with a high efficiency, the detector
(or some light-collection optics) should be close to the ions tomaximise the amount of light that
can be picked up, and should be placed in a position that minimises background light.

Mounting somefluorescence collectionhardware close to the centre of theALPHAPenning-
Malmberg trap would be very challenging due to the lack of space around the trap (discussed in
section 5.5). As such, the fluorescence detection setup used in this thesis was mounted outside
the trap, which severely limits the detection efficiency. In the Be+laser cooling setup in AL-
PHA, these fluorescence photons are detected with a silicon photomultiplier mounted outside
the trap, on one of the laser access windows. This places the silicon photomultiplier around
1.6m from the centre of the trap, subtending a solid angle of around 10−6 steradians.

6.3.5 Computer Control Hardware and Software

The beryllium control system has a few main components that control the different parts of
the beryllium experiment, and link them in with the rest of the ALPHA control system. At the
heart of theberylliumcontrol system is anFPGA,which communicates (mostly viaTTLsignals)
with themainALPHA sequencer, andwith the beryllium setup’s hardware. This includes both
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the ablation laser and the cooling laser, as well as other pieces of hardware. The FPGA also
handles interlocks for both lasers, preventing laser light from entering the main experimental
zone when it may be unsafe to do so. The FPGA also exchanges information about the status
of the hardware to a windows machine running a custom user interface (UI). This UI allows
somemanual control of the beryllium setup’s hardware, as well as displaying status information
about the hardware.

6.4 Typical Cooling Sequence

I will now give an overview of a typical ion-only laser cooling sequence, before discussing some
experimental results. The goal of this type of sequence is to load some ions into the trap, laser
cool them, and then perform measurements on them. The measurement can be a destructive
method, such as dumping to an MCP to obtain the radial profile or the axial temperature, or a
fluorescence measurement.

Ions were loaded into the trap using themethod described in section 6.2. Up to 16 consecu-
tive shots of ions were used, using catching potentials similar to those shown in figure 6.6. The
ions were then transferred to the centre of the trap to be laser cooled.

For optimal laser cooling, the detuning of the laser should be close to the Doppler shift
caused by the motion of the ions in the trap. Ions caught in the trap initially have an energy of
> 10eV, which corresponds to a Doppler shift of> 46GHz. Ideally, the laser would initially be
detuned close to−46GHz from resonance to more efficiently cool the hot ions, but this is not
easy due to the limited modehop-free tuning range of the laser setup. The laser can only easily
be tuned by around−2.5GHz during an experimental sequence, so this is the frequency that is
initially chosen for cooling. The ions are held at this fixed initial detuning for up to 2 minutes,
which reduces their temperature from their initial∼ 10 eV (∼ 8×104K)down to around300K.
After this initial hold, the laser can be brought closer to resonance by chirping the frequency
using the wavemeter (section 6.3.2). Chirping the laser down towards the resonance takes place
over around 30s, and the laser is typically brought within−100MHz of the resonance. This can
reduce the temperature of the ions to below 1K.There is an optional additional hold at this final
laser frequency close to resonance before the ions are dumped out of the trap for ameasurement.
A typical example of the timeline of this kind of sequence is shown in figure 6.13.
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Figure 6.13: Outline of a Be+-only cooling sequence. Much of the data taken with only Be+ions
was taken before the arrested RW technique was developed, and so ion plasmas are left uncom-
pressed.

6.5 Experimental Results

6.5.1 Varying Initial Detuning

As mentioned above, more closely matching the detuning to the thermal velocity of the ions
should produce more efficient cooling of the ions. This was investigated by varying the initial
detuning from the maximum−2.5GHz down to−1GHz in a series of experimental runs. In
these runs the chirp step was omitted, so the sequence just involved loading 8 shots of ions,
moving them to the centre of the trap and holding them for 150s in the laser at a fixed frequency.
Their axial temperature was measured with the plasma measurement technique described in
section 3.9.2. Figure 6.14 shows the results of these runs, and shows a strong dependence of the
ions’ temperature on the initial detuning. Data for “no-laser” runs is shown on the same plot –
timing was identical to the runs with laser on, except the laser was blocked from the experiment
with a shutter. The temperature without the laser was almost 15, 000K, while the temperature
with the laser varied from over 6000K at−1GHz detuning to 300K at−2.5GHz detuning.

6.5.2 Fluorescence Temperature Measurements

Using the setup described in section 6.3.4, fluorescence light emitted by ions that are illuminated
by the cooling laser can be picked up. Fluorescence signals from the ions were used to infer the
temperature of the ions by preparing a sample of cold ions and sweeping the laser across the
cooling transition’s resonance. This allows a measurement of the width of the transition, from
which the temperature can be inferred.

In figure 6.15, 8 shots of Be+were loaded, transferred to the centre of the trap without being
compressed, and laser cooled for 60s at a detuning of−2GHz. The detuning was then reduced
to 60MHz, before the AOMwas used to sweep a further 80MHz across the resonance in 80ms.
During the AOM sweep, the fluorescence signal was recorded with the fluorescence detection
setup (section 6.3.4). After the sweep, the ionswere ejected from the trap and a second, identical
AOM sweep was performed to gather background data.
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Figure 6.14: Be+plasma temperature, as a function of initial detuning. The red line shows the
temperature when the laser is off, while the blue points show the temperature when the laser is
on. The cooling efficiency drops as the laser is brought closer to the resonance. Presumably, this
is because the ions are quite hot to begin, and so require quite a large detuning to effectively cool
them from their initial high temperature. Error bars are standard errors of the mean of repeat
measurements at each detuning.

Most of the background comes from laser light that is scattered inside the trap andpicked up
by the detector. The amount of scattered light is very dependent on the alignment of the laser
within the trap, which can drift from day-to-day. Sweeping the AOM also causes slight changes
in the angle of the laser beam coming out of the AOM, which can cause the background to
change over the course of an AOM sweep. The magnitude of this effect is dependent on the
alignment of the laser both through the AOM and through the trap. For these reasons, each
fluorescence run is followed by a background measurement, which can be subtracted from the
signal.

Extracting the temperature of the ions from the shape of the resonance is challenging, as the
act of sweeping the laser across the cooling transition changes the cooling power, and thus the
temperature of the ions, during the sweep. This is especially pronounced as the laser passes the
resonance, moving from a negative detuning where the ions are cooled to a positive detuning
where the ions are heated. In figure 6.15, this causes an asymmetric lineshape, with a much
steeper right-hand side (positive detuning).

The left-hand side of the peak in figure 6.15 was therefore fit with a Gaussian function, and
the full width at half maximum can be used to calculate the ion temperature. This assumes that
the peak’s width is Doppler dominated, and that the increased cooling as the laser is swept to-
wards the resonance has a small effect on the temperature. Both of these effects work to increase
the width of the Gaussian fit, so the calculated ion temperature is a conservative overestimate.
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Figure 6.15 shows a typical fitted fluorescence sweep from a cold sample of ions, and the fit cor-
responds to a temperature of∼ 160mK.

−3 −2 −1 0 1
Detuning (∆f/Γ)

0

50

100

150

200

250

300

350
C

ou
nt

ra
te

(k
H

z)

Signal

Background

Figure 6.15: Fluorescence signal from a Be+plasma as the frequency of the laser is swept over the
cooling transition. Signal data (blue) was taken with ions in the trap, as described in the text.
Background data was taken after ions were removed from the trap. The signal data has been fit
with a Gaussian on the left-hand side of the peak. The solid region of the fit indicates the region
of the data that was used for the fit. On the right-hand side, the sharp drop-off of the signal is
attributed to heating caused by the laser when the detuning is positive. This fit corresponds to
a temperature of∼ 160mK, and assumes that the width of the peak is dominated by Doppler
broadening.
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6.5.3 Polarisation Dependence

The cooling transition in Be+is driven by σ+-polarised light (chapter 5.3). A quarter-waveplate
is used to rotate the linearly-polarised light coming from the laser into σ+-polarised light before
it enters the trap. To verify that the light being sent into the trap was in fact σ+-polarised, the
angle of the quarter-waveplate was adjusted during laser cooling, and the ion temperature was
measured as a function of waveplate angle. The results of this scan are shown in figure 6.16, and
show a large increase in ion temperature as the laser polarisation is moved far from the circular
σ+-polarisation. There is a fairly large region, roughly−30◦ to +10◦ where the measured ion
temperature is mostly independent of polarisation. The ion temperature is therefore not very
sensitive to changes in polarisation, but will eventually increase once the light is far enough away
fromσ+-polarisation. The fact that the flat region is not centred on 0◦ implies that the direction
of the linearly-polarised incoming laser light is several degrees off from the assumed direction of
the polarisation.
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Figure 6.16: Be+plasma temperature, measured with the plasma temperature diagnostic, as a
function of laser polarisation. Each plasma contained around 2× 105 ions. Error bars are stan-
dard errors of the mean of repeat measurements.

6.5.4 Be+Heating Rate

Be+ions will tend to have a faster heating rate than lighter species in the trap, as discussed in
section 6.2.3. Quantifying this heating rate is useful, as it allows comparisons to the heating rate
of a mixed Be+-positron plasma in the following chapter 7. This can help determine howmuch
influence the heating from the presence of the Be+ions affects the heating of the mixed plasma
as a whole. It also allows us to determine how long Be+ions will remain cold after the cooling
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laser is turned off.
Figure 6.17 shows an experiment where ions were cooled as described in section 6.2.3, and

then the cooling laser was turned off and the ions were allowed to sit in the trap during a variable
hold time. After the hold, the ions were ejected from the trap, and their temperature measured.

The results show that theBe+ions quickly heat, with a heating rate of around9K/s in the first
40 seconds. This trend approximately continues to higher hold times, but there is an unexpected
reduction in temperature after the 75s hold time.
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Figure 6.17: Be+temperature after laser cooling and followed by a variable hold with the laser
off. Each plasma contained around 2× 105 ions. Error bars are standard errors of the mean of
repeat measurements.

6.5.5 MCP Distortion

When imaging large positively-charged plasmas on an MCP, the edges of the plasma can be-
come distorted. The cause of this was initially unknown, but after some investigation it was
determined that these distortions are from electrostatic potentials on the MCP housing. Dur-
ing operation, the tabs that are used to connect the HV cables to the MCP back, MCP front,
and phosphor screen (see figure 6.18 b)) are not shielded from the particles incident on theMCP
front. This means that particles that are close to the edge of the MCP can see the high voltages
that are applied to the tabs - particularly the high positive voltages that are applied to the MCP
back and phosphor tabs. These high voltages can deflect incoming particles away from the edges
of theMCP. Another electrostatic issue arises from the bolts that hold the different layers of the
MCP together. These bolts are not grounded, and are electrically isolated from all other parts
of the MCP by nonconducting washers. It was therefore hypothesised that these bolts could
become charged to a high positive voltage during operation from their close proximity to the
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MCP back and phosphor screen, and could deflect incoming particles in a similar way to the
high voltage tabs.

Some basic simulations were performed using COMSOL (a piece of multiphysics simula-
tion software [85]) to see if voltages on the MCP tabs could cause deflection of incoming par-
ticles, and it was found that electrostatic distortions of this type were a plausible explanation.
The simulations used a basic model of the MCP, and did not include the bolts. Figure 6.18 a)
shows a contour plot of the peak potential that a particle travelling towards the MCP would
experience. In this example, the MCP front, back and phosphor were charged with −100V,
800V, and 5000V respectively. The main effect in this image is from the phosphor tab, which is
located in the lower-right. The potentials that a particle close to the edge of the MCP and near
the phosphor tab can experience are similar in magnitude to typical ejection energies from the
trap.

Since the approximate magnitude of the potentials is enough to deflect particles, the next
thing to check is whether the apertures seen onMCP images line up with the tabs on theMCP.
Figure 6.18 b) shows an MCP image of a large plasma digitally overlaid on a photo of a real
MCP used in ALPHA. The smaller apertures line up almost perfectly with the three bolts, and
the large aperture in the lower right of the image lines up with the phosphor tab.

There are a few solutions to this problem: one is to just eject particles with higher energy,
so they can get over the potential barriers from the voltages on the MCP housing. Another
solution, which was implemented after most of the experimental work carried out in this thesis,
is to include a metal shield that attaches to the MCP, which shields particles from the high-
voltage tabs.
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Figure 6.18: a) Simulated contour plot of the maximum potential experienced by a particle ap-
proaching theMCP. Coloured lines show equipotentials (V). TheMCP front, back, and phos-
phor were charged with−100V, 800V, and 1000V respectively. The circle represents the edge
of the active area of the MCP. b) A picture of a real MCP (removed from the apparatus), with
an image of a large plasma digitally overlaid on top. The bolts and phosphor screen align very
well with the locations of the apertures.
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7/ Sympathetic Cooling of Positrons

Obtaining colder positronplasmas is importantwhenmaking antihydrogen inALPHA, as there
is a strong correlation between the temperature of the positron plasma and the trapping rate of
antihydrogen atoms (as discussed in chapter 4.6.3). Colder positron plasmas increase the pro-
duction rate of antihydrogen, and reduce the temperature of any antihydrogen atoms produced,
making them easier to trap.

This chapterwill focuson theproductionof sympathetically-cooledpositronplasmas,which
is achieved bymixing a positron plasmawith the laser-cooled beryllium ions discussed in chapter
6. In the mixed plasma, the Be+ions are cooled directly with laser cooling, while the positrons
cool sympathetically through collisions with the Be+ions. Sympathetic cooling of positrons us-
ing laser-cooled Be+ions was investigated in 2003 by Jelenković et al [21]. In their study, a few
thousand positrons were sympathetically cooled in a Penning-Malmberg trap to below 5K, and
they inferred the positron temperature by measuring the radial distribution of the Be+ions (see
section 7.6.4), rather than by performing a direct temperature measurement on the positrons
themselves. In contrast, ALPHAuses between 1×106 and 3×106positrons in each antihydro-
gen formation cycle, and so the experiments outlined in this chapter focus on sympathetically
cooling around three orders of magnitudemore positrons than this previous study. In addition,
the plasma temperature diagnostic method discussed in chapter 3.9.2 allows for direct measure-
ments of the positron temperature in ALPHA, which can be used in tandem with positron
temperatures inferred from radial distributions of Be+.

Since the final goal here is to use these sympathetically-cooled positrons for antihydrogen
formation, it is helpful to consider the constraints imposed by the antihydrogen production se-
quencewhendeveloping a sequence forproductionof a sympathetically-cooledpositronplasma.
Thenumber of positrons used in current antihydrogenproduction sequences is between1×106

and 3× 106, and so a sympathetic cooling sequence should use a similar amount. The number
of Be+ions used should beminimised, as the presence of additional Be+ions in themixed plasma
can drive heating and radial expansion, and having Be+ions in the trap during antihydrogen for-
mation could potentially lead to antiproton loss through Be+ions capturing antiprotons [82].
The next major constraint is on time, as an antihydrogen sequence takes around 4minutes: the
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sympathetic cooling sequence should be able to fit comfortably inside this time window so that
it does not slow down antihydrogen production sequences. The final major constraint comes
from the fact that the magnetic minimum trap must be energised for the duration of the se-
quencewhen stacking antihydrogen atoms. Themagneticminimum trap distorts the solenoidal
field used for trapping charged species, which manifests as increased radial expansion and heat-
ing of radially large plasmas (see chapter 3.4). This means that Be+ions and positrons should
be kept radially small wherever possible. Keeping radii small can be done through compression
techniques, such as rotating wall (RW), and by keeping particle numbers low.

The constraints imposed during an antihydrogen production sequence should be consid-
ered guidelines for the rest of this chapter rather than strict rules or requirements, as this chapter
is just discussing theproductionof sympathetically cooledpositrons rather than their implemen-
tation into an actual antihydrogen production sequence. Further discussion of how sympathet-
ically cooled positronsmight be implemented into an actual antihydrogen production sequence
can be found in the following chapter (8).

7.1 Positron Preparation

Positrons are accumulated in the positron accumulator before being transferred to ALPHA-2
through the ∼ 6 metre long beamline (see chapter 2). The positrons then undergo a series of
preparation steps, with the goal of reducing their temperature and radial size, before beingmixed
with Be+ions.

During the transfer from the accumulator, the positron plasma often picks up impurity ions
from ionising background gas in the vacuum chamber. To remove these impurity ions, a broad-
spectrumRFdrive is applied to anearby trap electrode,which autoresonantly heats any impurity
ions in the positron plasma, driving them out of the trap. The positrons are largely unaffected,
as the RF drive sweeps through frequencies that are outside of their axial motional frequencies.
The positrons thenundergo simultaneous strong drive regimeRWcompression and evaporative
cooling (SDREVC - chapter 3.7.1). The procedure is able to set the number of positrons and
their density to a set value, with a reproducibility of a few %. The positrons are then held for
several more seconds to allow them to cyclotron cool to their equilibrium temperature with
the trap walls. The entire positron accumulation and preparation takes around 155 seconds, as
shown in figure 7.1, and produces a positron plasma containing 1 × 106 – 3 × 106 positrons
with a density of around 1× 1014m-3 and a temperature of around 20K.
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7.2 Beryllium Preparation

Sequences for berylliumcatching andpreparation for sympathetic cooling experiments are based
on sequences from the previous chapter. The final version of the sympathetic cooling sequence
is shown in figure 7.1, and is the sequence that was used for most of the experimental data col-
lected for, and presented in, the rest of this chapter. This sequence consists of three main stages:
the beryllium preparation, shown in purple, the positron preparation, shown in green, and the
mixture manipulations, shown in blue.

Keeping the radial size of Be+plasmas small when mixing with positrons is important as the
mixed plasma will inherit its angular momentum, and therefore radial size, from both species
being mixed together. Rather than introducing a large Be+plasma into a positron plasma to
produce a very largemixed plasma that is difficult to compress, it was instead found that keeping
the Be+plasma as small as reasonably possible before mixing them with a positron plasma was a
much more manageable route to a small mixed plasma.

In the beryllium preparation stage, ions are caught using the stacking procedure outlined
in chapter 6.2. After each stack is caught, it is transferred to the reservoir well to be held while
another stack is caught. The reservoir well in this sequence is in the centre of the atom trap,
which importantly allows laser cooling during the stacking process. Each stack is held for ∼
5 seconds, which allows some time for the ions in the reservoir to cool before another shot is
caught. During the stacking process, the laser is detuned far from resonance, by up to −2.5

GHz, for efficient cooling of the hot ions. This corresponds to a detuning of −129Γ, where
Γ = 2π × 19.6MHz is the natural linewidth of the Be+cooling transition.

7.2.1 Arrested Rotating Wall Ion Compression

Compressing a plasma with a rotating wall (RW) requires a cooling mechanism, as the rotating
wall will heat a plasma and cause it to decouple from the RWdrive (see section 3.5). When com-
pressing a pure Be+plasma, laser cooling is a great choice of cooling mechanism. Unfortunately,
the geometry of the ALPHA-2 trap prevents simultaneous laser cooling and RW compression:
there is one RW electrode close to each end of the trap, neither of which are close enough to
the central laser cooling region to allow laser cooling while the RW is acting on the Be+plasma
(shown in figure 6.2).

A solution to this problem was developed whereby the plasma is first laser cooled in the
centre of the trap, before being moved to one of the RW electrodes where it can be compressed,
and then moved back to the centre of the trap to be recooled. This ends up as a balancing act
between cooling and compression, as the plasma will tend to expand during laser cooling holds
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and heat up during RW holds. This process can be repeated multiple times to achieve higher
levels of compression.

After a long period of trial and error, experimenting with different numbers and lengths
of RW holds and laser cooling holds, the most consistent compression was produced from the
sequence shown in figure 7.1. This sequence uses four laser cooling holds with durations of
30 − 120s interleaved with two RW holds with durations of 80s and 50s. The compression
achieved was modest, but not nearly as strong as a directly compressed positron plasma. The
time taken for arrested RW to work is several times longer than a standard RW compression,
which severely limits its usefulness as a tool to be used in ALPHA. Its use should be reserved for
times when other compression techniques are not viable. Despite this major drawback, arrested
RWwas used for most of the experimental data presented in this chapter.

Figure 7.1: A typical sympathetic cooling sequence that includes the arrested RW. Be+ions
(pink) are prepared in tandemwith positrons (green), before beingmerged. TheBe+preparation
involved several interleaved laser cooling (LC) and rotatingwall (RW) compression holds, which
form the arrested RW process.

7.2.2 Centre Extraction

After the second laser cooling hold, the ions undergo a centre extraction process. The goal of
centre extraction is to selectively removehigh-radius ions fromthe trap, leavingonly lower-radius
ions. This effectively “compresses” the plasma. This techniquewas used in tandemwith theRW,
as it was found that the RW alone was able to produce a well-compressed core of ions, but often
left a low-density halo of ions at higher radius, around the edge of the core. This halo is visible in
figure 7.2 b), and is much more pronounced than in figure 7.2 a), where centre extraction took
place.

The potential manipulations are very similar to themanipulations used in the EVCprocess.
Recall from thediscussionofEVC in chapter 3.7 that thefirst particles to leave theplasmaduring
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Figure 7.2: a) A plasma of Be+ions after the arrested RWprocess, and after the centre extraction
process, imaged on amicrochannel plate (MCP). The axes show the calculated size in a 1T field.
The calculation assumes that the particles follow themagnetic field lines as they are ejected from
the high-field region of the trap to the lower-field region of theMCP. b) A plasma that has been
compressed, but without centre extraction. A high-radius, uncompressed halo remains.Image
distortion from electrostatic effects caused by the MCP housing are clearly visible. These elec-
trostatic distortion effects are discussed in detail in chapter 6.5.5.

the EVC process are both hot and low-radius, as the confining potential of the trap is lowest
along the central trap axis (i.e. at low radius). The main difference with centre extraction is that
instead of throwing away these hot, low-radius ions, they are instead siphoned into an adjacent
potential well and kept. The ions that remain in the starting potential well, i.e. the colder and
higher-radius ions, can then be ejected from the trap, thus leaving a plasma in the trap with a
smaller radius than the initial plasma. The plasma is also effectively heated as a side effect of the
centre extraction process, and needs to be re-cooled.
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7.3 Merging Ions and Positrons

After both species have been prepared, they need to be merged so sympathetic cooling can take
place. The Be+and positrons are held in adjacent potential wells, and are then merged by lifting
the bottom of the positron well to “pour” the positrons into the Be+well. Lifting the positrons
and then letting them fall into the Be+potential well gives them additional kinetic energy which
must be cooled, but this approach was used because it avoids giving excess kinetic energy to the
Be+ions. The cooling laser is left on for the duration of the merge, which provides cooling to
counteract the additional energy gained by the positrons as they are merged with the Be+ions.
The merge takes place over 30s, and uses the potentials shown in figure 7.3. It was found exper-
imentally that merges that were too fast caused excessive plasma heating, while merges that were
too slow caused excessive plasma expansion. The time taken for the merge was tuned until both
the temperature and the radius of the resulting mixed plasma were reasonable.

Figure 7.3: On-axis potentials used for merging Be+ions with positrons. Be+ions are initially in
the left-handwell, with positrons in the right-handwell. The two species aremerged over 30s by
raising the bottomof the positronwell, allowingpositrons to flow into theBe+well. This process
is generally performed with the cooling laser on, to actively cool the Be+during the merge.
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7.3.1 Compression of the Mixture

The mixture must be re-compressed after the merge step, as the slowmerge process gives ample
time for the mixture to expand (the expansion rate of the mixture is investigated below, in sec-
tion 7.8). The re-compression of the mixture uses a 1MHz RW. Although not experimentally
confirmed, themost likely compressionmechanism is that the positrons in themixture undergo
strong drive regime compression, and the Be+ions are sympathetically compressed through col-
lisions with the positrons. The compressed mixture can be seen in figure 7.4.
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Figure 7.4: Left: AnMCP image of a mixed Be+-positron plasma, after RW compression. This
image is dominated by positrons. Right: Same as left, but positrons have been removed with an
ekick prior to imaging.

7.4 Positron Temperature Measurements

Positron temperatures can be measured by using the plasma temperature measurement tech-
nique discussed in chapter 3.9.2. This technique involves slowly lowering a confining potential
barrier, and measuring howmany particles leave the trap as a function of the confining barrier’s
height. The temperature of the entire plasma can then be inferred from the hot, exponential
tail of particles that leave the trap first. As mentioned in chapter 3.9.2, temperature measure-
ments taken using this technique suffer from systematic effects, and so these temperature mea-
surements should be taken relative to each other, rather than as an absolute measurement of
positron temperatures. Particle-in-a-cell simulations indicate that these systematic effects are
around 10− 15%.

Since only the first particles that leave the trap contain temperature information, it is un-
necessary to eject all of the positrons from the trap to measure their temperature. In a cold,
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mixed plasma, the Be+ions will centrifugally separate from the positrons, and as this tempera-
ture measurement will initially extract a central core of particles that are used to determine the
temperature, Be+ions are unlikely to be ejected in large quantities if the well depth is only low-
ered slightly below the point where particles start escaping. The majority of the particles that
do escape the trap will be positrons, which have centrifugally separated to the centre of the trap.
Additionally, positrons produce a significantly stronger signal than Be+(around 10× higher) on
an MCP. These effects work together to mean that these partial ejections produce signals that
are almost entirely dominated by positrons.

This can be exploited to perform measurements of both the positron temperature and the
numberofBe+ionspresent in amixedplasma in a single run. After thepartial ejection tomeasure
the positron temperature, the mixture with the beryllium and the remaining positrons is then
re-compressed, before removing the rest of the positrons with an ekick 3.8.3. The remaining
ions can then be counted by imaging them on anMCP. The re-compression before imaging the
Be+ions is required as if the Be+plasma is too large, ions at a higher radius can be deflected by the
electrostatic effects near the edge of the MCP, or miss the MCP entirely.

7.5 Simulations of Sympathetic Cooling

Simulations of sympathetic cooling of positrons using Be+ions in ALPHA were performed in
2014 byMadsen et al. [82]. Their simulation uses code based on the numeric, two-dimensional
equilibrium code (N2DEC) which was previously used to simulate centrifugal separation be-
tween antiprotons and electrons in ALPHA [45]. The code solves Poisson’s equations self-
consistently for both the electric field and the spatial profile in 2 dimensions, (r, z). The code
was extended to include sympathetic cooling effects by fixing the temperature of the Be+ions
and calculating the equilibrium temperature of the positrons. The collision rate between the
two species was dependent on the overlap between them, which was given by the Poisson solver.
It also included a cyclotron cooling term, and an additional term which was included to cover
additional sources of heating in the trap that are observed experimentally.

In these simulations, 2×106 positrons weremixedwith a varying number of Be+ions, and a
plot of the positron equilibrium temperature as a function of the number of Be+ions is shown in
figure 7.5. The minimum equilibrium temperature of the positrons decreases as the number of
Be+ions is increased, but with strongly diminishing returns. These results can be used to inform
how many Be+ions to use for the experiment. The number of Be+ions should be kept as low
as possible, as discussed in section 7, but these simulations show that the effectiveness of the
sympathetic cooling sharply drops off if there are too few ions.

There is therefore a sweet spot where the number of ions is high enough to effectively sym-

98



pathetically cool the positrons, but not too high, to avoid excessive heating and expansion from
having toomany ions. The simulations imply that this sweet spot is around 1×105−5×105 for
cooling 2× 106 positrons. The results in figure 7.5 also show that positron plasmas with lower
densities reach lower temperatures, although the dependence of temperature on positron den-
sity is not very pronounced. These simulations were used to inform the experiments discussed
in section 7.6.2.

The N2DEC code also gives the spatial profile of the mixed plasma at a given temperature.
By re-running the codewith different input parameters, results from the simulation can be com-
pared to spatial profiles obtained experimentally. By obtaining a best-fit result, the experimental
plasma’s parameters can be estimated. The input parameters of the code are the number and
density of both species, and the equilibrium temperature. This is essentially identical to the
method used by Jelenković et al [21] to extract positron temperatures from the radial profiles of
their Be+ions. This technique is used to determine the temperature of centrifugally-separated
mixed plasmas in section 7.6.3.

Figure 7.5: Reproduced from [82]. Calculated minimum temperature of 2 × 106 positrons
sympathetically cooled with a variable number of Be+ions. The calculations were performed for
three different plasma radii: 0.81mm, 1mm, and 1.22mm. The corresponding peak densities
of these three plasmas were 9.1, 6, 2, and 4.3× 1013m−3 respectively. The external heating rate
used was 52K s−1.
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7.6 Experimental Results

7.6.1 Varying Final Detuning

During a sympathetic cooling sequence, two laser frequencies are used for cooling. The first is
far-detuned from resonance, with a detuning of up to−129Γ. This is used to keep the tempera-
ture under control during the beryllium preparation, and is used to pre-cool the Be+ions before
the merge and final cooling of the mixture occurs. After the Be+ions have been merged with
the positrons and compressed, the laser is then chirped using the wavemeter control system (see
section 6.3.2) to a final detuning, much closer to resonance. The value of this final detuning
affects the temperature of the Be+ions, and should, if sympathetic cooling is occuring, affect the
temperature of the positrons as well.

This was investigated in the following experiment: first, a plasma of 3.8±0.1×105 Be+ions
was prepared as described in section 7.2, with the cooling laser at a fixed detuning of −129Γ.
2.6 × 106 positrons were prepared as described in section 7.1, and the Be+and positrons were
mergedwith the cooling laser on, as outlined in section 7.3. After themerge, themixture was re-
compressedwith aRW,which takes around30s. Immediately after themixturewas re-compressed,
it was transferred back to the middle of the trap to be laser cooled. The laser detuning was held
fixed for 5s at a value of −100Γ, before the laser was chirped over around 40s from −100Γ

to a final detuning, closer to resonance. When the laser’s detuning reached the final detuning
setpoint, a partial ejection was used to measure the positron temperature. This was repeated
several times while varying the value of the final detuning from around −60Γto +5Γ, the re-
sults of which are shown in figure 7.6. There is a clear reduction in the positron temperature
as the final detuning is brought closer to resonance, with a minimum positron temperature of
6.6± 0.6K. This is followed by a sharp increase in the temperature as the final detuning crosses
the resonance, and passes onto the heating side of the transition. The increase in temperature
occurs just before the laser crosses the resonance – this is likely due to a systematic uncertainty in
the determination of the laser frequency. The two lines show useful reference values – the green
line (17.3 ± 0.5K) shows the temperature of a positron plasma prepared in the same manner,
except without any beryllium ions loaded in the trap. The blue line (841 ± 135K) shows the
temperature of the positrons when the laser is blocked for the final mixture cooling stage (even
in this “no-laser” case, the laser is used during the beryllium preparation stages of the sequence).

The minimum achieved positron temperature of around 7K is significantly lower than the
17K seen without sympathetic cooling, but is still much higher than the temperature of the
Be+ionsmeasured in the previous chapter of around 160mK. This suggests that there is a mech-
anism that prevents the positrons from completely thermalising with the laser-cooled Be+ions.
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The dominantmechanism is likely to be centrifugal separation, which is discussed in detail later
in this chapter (7.6.3). There is good agreement between the experimentally-measured mini-
mum positron temperatures (figure 7.6) and the simulated positron temperatures (figure 7.5).
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Figure 7.6: Axial positron temperature in amixedBe+-positronplasma as a functionof final laser
detuning. Themixed plasma contained 2.6× 106 positrons, and 3.8± 0.1× 105 Be+ions. The
laser was chirped from an initial detuning of−104Γ to the final detuning in approximately 40s.
The error bars give the standard error of multiple measurements at each detuning. The green
line shows the positron temperature in the absence of any Be+ions (17.3± 0.5K). The red line
shows the temperature when the laser is off, and the Be+ions are not laser cooled (841± 135K).
The shading around the lines shows standard error.

7.6.2 Varying number of ions

It was discussed earlier (in section 7.5) that there is a balance when determining the amount
of ions that should be used for sympathetic cooling: too few, and the cooling power will be too
low, but toomany and the Be+ions will drive excessive heating and radial expansion in themixed
plasma. Simulations predicted that the sweet spot for the amount of ions lies between 1× 105

and 5× 105 Be+ions to cool a plasma of 2× 106 positrons. To investigate this experimentally, a
sequence very similar to the one described in the previous section 7.6.1 was used, except with a
fixed final detuning. The number of Be+ions loadedwas varied by changing the number of abla-
tion shots used in the Be+stacking procedure (see section 6.2.2), and by longitudinally splitting
the plasma using potential well manipulations. The sequence was run multiple times with the
same laser cooling parameters: a fixed detuning of−129Γwas used for Be+preparation, and the
laser was chirped from−129Γ to a final detuning of−7Γ for the final cooling of the mixture.

In each run, the positron temperature and the number of ions used were both measured
using the partial temperature diagnostic outlined in section 7.4. This data has been binned by
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the number of ions, and is shown in figure 7.7. The experiment was repeated with two different
positron loads. Loads containing 1.4 × 106 positrons and 2.6 × 106 positrons are shown in
blue and red respectively. The number of positrons was varied by changing the well depth used
during positron SDREVC.

The data shows a threshold value for the number of Be+ions, above which the temperature
of the positrons is mostly independent of the number of Be+ions loaded. Below this threshold,
the positron temperature decreases as the number of Be+ions is increased. This threshold value is
different for the twopositron loads, but the ratio of the number of positrons to theBe+threshold
is similar for both positron loads – a ratio of roughly 10 : 1 positrons : Be+.

Below the threshold value for the number of ions loaded, the positron plasma reaches a sig-
nificantly higher temperature than the casewhere noBe+ionswere loaded at all. This higher than
expected positron temperature can potentially be attributed to increased heating caused by the
presence of Be+ions. Be+plasmas tend to expand and heat faster than lighter species, as discussed
in chapter 6.2.3, and so interactions between the two species can cause an increased heating an
expansion rate in the positrons. When ion numbers are low enough, this increased heating rate
causes the positrons to be hotter than their baseline temperature (without ions loaded), but
when ion numbers are higher this heating is beaten by sympathetic cooling, and positron tem-
peratures reduce to below their baseline temperature.

This threshold behaviour is consistentwith the simulations performed byMadsen et al. [82]
(figure 7.5). Although the simulations don’t show explicit threshold behaviour, they do show
very strongly diminishing returns in positron temperature reduction when adding more ions,
which is qualitatively similar to the threshold behaviour in figure 7.7. In their calculations, with
ions and positrons that were cold enough to centrifugally separate, increasing the number of
Be+ions decreased theminimum attainable positron temperature, but with diminishing returns
as the number of ions was increased. This is consistent with the additional ions mostly being
added on the outside of the centrifugally-separated mixture, where their interaction with the
positrons in the centre is minimal.

7.6.3 Centrifugal Separation Measurements

Centrifugal separation is a process whereby a mixed non-neutral plasma radially separates into
its components by mass, with the heavier species forming a “halo” around the lighter species.
The physics underlying this process was described in section 3.8.1. Importantly, centrifugal
separation is a temperature-dependent process: as the temperature of both species decreases,
they become more and more separated (by equation 3.24). Measuring the amount of centrifu-
gal separation can be used to infer the temperature of the positrons, which is independent of
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Figure 7.7: Figure reproduced from ALPHA collaboration [25]. Axial positron temperature
in a mixed Be+-positron plasma as a function of the number of ions loaded. The data has been
binned by ion number, and the vertical and horizontal error bars showing the standard errors of
the values of positron temperature and Be+ion number in each bin. Loads containing 1.4×106

positrons (blue points) and 2.6 × 106 positrons (red points) were used. During sympathetic
cooling, the cooling laser was chirped from an initial detuning of−129Γ to a final detuning of
−7Γ in approximately 40s. The green line shows the positron temperature in the absence of any
Be+ions for the 2.6× 106 load, and the shading around the line represents the standard error.

the measurements of positron temperatures using the plasma temperature diagnostic method
in sections 7.6.1 and 7.6.2.

Centrifugal separation also provides an explanation of why the minimum positron temper-
ature attained in the previous two sections (∼ 7K) is significantly higher than the measured
minimum temperature of the Be+ions (∼ 200mK): as the two species cool down and begin to
separate, the amount of Coulomb interaction decreases, and the rate of energy transfer between
the Be+and the positrons decreases as a result. The positrons then reach an equilibrium when
the cooling power from the Be+ions is equal to the ambient heating from the environment. The
heating rate of the positrons was experimentally measured in section 7.7.

This was investigated by preparing a cold, mixed Be+-positron plasma as outlined above,
and then using an ekick to remove the positrons from the trap. This just leaves the Be+ions,
which can be imagedwith anMCP. The delay between removing the positrons and imaging the
Be+ionswas 5µs. This experiment used 2×105 Be+ions and 1.2×105 positrons. This is around
10 times fewer positrons than used in the previous two sections, but a comparable amount of
Be+ions. The number of positronswas reduced for this experiment in order to reduce the overall
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size of themixed plasma. When a “normal” load of 1.9×106 positrons was used, the edge of the
Be+plasma extended beyond the edge of theMCP, making accurate measurements of the radial
distribution of the Be+ions difficult.

To investigate how the sharpness of separation is affected by the temperature, the final laser
detuning was changed in a manner similar to section 7.6.1. For a given final laser detuning, the
experiment was run several times to extract the positron temperature (using the plasma tem-
perature diagnostic method 7.4), and then separately repeated to measure the radial profiles.
Extracting both the positron temperature and the radial profile in the same run would perhaps
be possible, but more challenging. The feasibility of performing bothmeasurements on a single
plasma in the same run is discussed in section 7.6.6.

The results of this experiment are shown in figure 7.8. For each setting of laser detuning,
the left-hand plot shows the axially-integrated number density of Be+ions as a function of radius
from the centre of the plasma, and the right-hand side shows the corresponding image of the ions
on the MCP. The density plots show the experimental data (red) as well as best-fit results from
calculations using the N2DEC code (see section 7.6.4), which are used to extract temperatures
from the experimental points.

The results show a strong correlation between the sharpness of centrifugal separation and
the temperature of the positron plasma. As the temperature of the plasma was increased by
tuning the laser frequency, the sharpness of separation decreased: panel a) (T = 7.1 ± 0.5K)
in figure 7.8 shows a much steeper onset in the ion density as a function of radius than the
hotter plasma in panel b) (T = 10.1 ± 0.2K), indicating that they were more overlapped with
the positrons that were positioned in the now hollow centre. At much hotter temperatures
(panel c), T = 370 ± 100K), there is barely any measureable separation between the species.
The experimental data shows good agreement with the simulations outlined in section 7.5. The
details of how the temperature was extracted from this data is discussed in section 7.6.4.
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Figure 7.8: Axially-integrated radial density profiles of Be+from a cold, mixed Be+-positron
plasma. 5µs before imaging the Be+ions, the positrons are ejected from the plasmawith an ekick
in the opposite direction. The left-hand plots show the axially integrated radial density profiles
of the Be+ions, while the right-hand plots show the raw MCP image. The red points show the
experimental density data, while the green dot-dashed line shows results of the best-fit distribu-
tion extracted from theN2DEC code described in section 7.5. The laser detunings used were a)
−20Γ, b)−36Γ, and c)−128Γ. Themeasured axial positron temperatures were a) 7.1±0.5K,
b) 10.1 ± 0.2K, and c) 370 ± 100K. The fit results were a) 6.2 ± 0.6K, b) 19.2 ± 2K, and
c) 253 ± 54K. The corresponding positron densities extracted from the N2DEC code were a,
b) 6.2 ± 0.1 × 1013 m−3, and c) 1.2 ± 0.2 × 1014m−3. The slightly elliptical nature of the
MCP images is assumed to be due to distortions from electrostatic fields from the MCP, and is
corrected for in the analysis of the radial profiles (see section 7.6.4).
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It is critical that the Be+ions are imaged soon after the positrons are kicked away, as the hol-
low ring shape formed by the Be+ions is unstable if the central core of positrons is removed, and
the ions will collapse inwards. The time taken to image the Be+ions must be significantly lower
than the collapse timescale of the hollow Be+structure.

The collapse timescale was not studied in-depth with Be+ions, but it has been previously
studied in ALPHAwith antiproton-electronmixed plasmas [45]. This previous study was con-
ceptually similar to theBe+-positron experimentdescribed above, and startedwith amixed antiproton-
electron plasma that had centrifugally separated. The electrons were then removed, and the an-
tiprotons were imaged after a variable delay to determine the timescale associated with the col-
lapse of the hollow antiproton ring. The collapse timescalewasmeasured to be around 5−10ms
for antiprotons. The antiproton collapse proceeded via the l = 1 diocotron instability [86].

Although not studied in detail with Be+ions, the collapse timescale was briefly investigated.
Figure 7.9 shows Be+ions imaged 1ms and 50µs after the positrons were ejected. After 1ms, the
Be+ions appear to be part-way through collapsing, while after 50µs, the hollow region is very
clearly defined. This is very roughly in line with themore detailedmeasurements of the antipro-
ton collapse timescale. It was therefore inferred that the 5µs delay used for the data collected in
figure 7.8 was much shorter than the collapse timescale of the Be+ions.
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Figure 7.9: MCP images of centrifugally-separated Be+ions after the positrons have been re-
moved. There were 2× 105 Be+ions and 1.9× 106 positrons. The delay between the positron
removal and imaging the ions was: Left: 50µs, Right: 1ms. After the 50µs delay, there are no
clear signs that the hollow plasma is collapsing. After the 1ms delay, the hollow Be+structure
appears to be part-way through collapsing.
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7.6.4 Extracting Temperatures from Radial Profiles

In order to extract a temperature from the radial profiles in figure 7.8, calculations were per-
formed using the N2DEC code described in section 7.5. The resulting calculations were then
fitted to the experimental data to extract estimates of experimental values of the calculation’s
input parameters: the number and density of both species, and the temperature of the mixture.

The shape of the Be+ions on the MCP is visibly elliptically distorted, which is thought to
be due to stray potentials on theMCP housing (discussed in chapter 6.5.5). The distortion can
be seen most easily in figure 7.8 a), and was corrected for in the analysis that was used to create
the radial profiles shown in figure 7.8. In order to make this correction, an ellipse was fitted
to the edge of the central hollow region in one of the coldest and most well-separated MCP
images. The whole image then underwent a transformation which transformed the ellipse into
a circle, and it is this transformed image that was then used to extract the radial profile. The
hollow region was not re-fitted for each individual image, and instead the ellipse that was fitted
to the image in figure 7.8 a)was used for the transformation of bothb) and c). Thiswas done as it
becomesharder andharder to get ameaningful fit of the central hollow region as the temperature
increases and the separation becomesmore poorly defined, and because the ellipticity seemed to
be very reproducible between images. This elliptical transformation therefore assumes that the
distortion happens after the ions have been ejected and are travelling towards the MCP, and
assumes that the distortion is the same from run-to-run.

There is a second distortion effect that is visible on the images at high radius, particularly on
images 7.8 b) and c), which gives the plasma an asymmetrical and slightly avocado-like shape.
This is consistent with the edge distortion effects from potentials on the MCP housing. This
distortion was not accounted for in the analysis, and so it should be understood that these edge-
distortion effects cause some artifacts in the radial profiles. By eye, these edge effects distort the
plasma at radii of above around 1mm, and so data points above 1mm in figure 7.8 should be
ignored.

7.6.5 Final Remarks About Positron Temperatures

The experimental measurements of positron temperatures presented in this chapter used two
techniques: the plasma temperature measurement in sections 7.6.1, 7.6.2, and the centrifugal
separationmeasurements in section 7.6.3. The good agreement between these two experimental
measurement techniques and the simulations discussed in section 7.5 is generally reassuring, and
in particular allays some concerns about systematic uncertainties with the plasma temperature
measurements that were laid out in chapter 3.9.2.

One question thatmay remain is whether thesemeasurements are of the parallel (T∥) or per-
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pendicular (T⊥) temperatures. While the plasma temperaturemeasurements and the centrifugal
separationmeasurements are bothmeasurements ofT∥, the long cooling times of several seconds
that are used in the sympathetic cooling sequences ensure that there is ample time forT∥ andT⊥

to thermalise, evenwhen the positrons are cold and stronglymagnetised, i.e. when collision rates
between the parallel and perpendicular degrees of freedom are low. Parallel-to-perpendicular
collision rates can be calculatedwith equation 3.12, and a typical positron plasmawithT = 6K,
n = 1.3 × 1014m−3 would have a collision rate of ν⊥∥ = 0.9kHz in a 1T magnetic field. In
this parameter regime, T∥ and T⊥ will start to decouple when plasma temperatures drop below
around 2− 3K.

7.6.6 Improving Temperature Measurements

Performing both the plasma temperature diagnostic and the radial profile measurement on the
same plasma is desirable, as this allows two independent methods of measuring the temperature
to be performed back-to-back on the same plasma. This is a useful sanity check that both tem-
peraturemeasurements are producing reasonable temperatures, and allows for cross-calibration
between the two methods.

To achieve this, a temperature measurement of the positrons could be performed to one
MCP using the partial ejection method described in section 7.4, before the rest of the positrons
were removedwith an ekick. The remaining ions could then be quickly ejected to a secondMCP
at the other end of the trap to obtain the radial profile. The main problem that would come up
when performing this kind of double temperature measurement would be that the timescale
of a plasma temperature diagnostic measurement is usually around 10ms, which is comparable
to the collapse timescale of the Be+ions. The relatively slow speed of the plasma temperature
diagnostic is dependent on the limited speed at which the control hardware can change the po-
tentials applied to the trap electrodes. With fast enough hardware, the lower limit of the speed
at which a plasma temperature measurement can be performed is when an individual particle’s
transit time through the plasma could cause a delay in the time it takes to escape [29]. Transit
times are typically on the order of 1µs in ALPHA. In addition, this would require twoMCPs –
one at either end of the trap – to performbothmeasurements back-to-back. Although currently
not set up, this would be a minor hardware upgrade.
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7.7 Mixture Heating Rate

The heating rate of the mixed plasma after laser-cooling was measured by preparing a mixed
plasma in the manner described above 7.6.2, turning the cooling laser off, waiting for a variable
amount of time, and thenperforming a temperaturemeasurement on the positrons. Figure 7.10
shows the results of this experiment, as well as a similar experiment where the laser was left on
for the duration of the variable wait. The laser-off results (red points) show an initial heating
rate of around 25K/s, which slows as the positrons reach an equilibrium temperature of around
125K. The laser-on results (blue points) show that if the laser is left on, the positrons can be
maintained at their minimum temperature for> 20s. The increase in temperature seen in the
blue points after around 35s is possibly due to radial expansion eventually reducing the overlap
between Be+ions and the cooling laser, or due to the Be+and positrons decoupling for similar
reasons.

Figure 7.10: Time evolution of the positron temperature after laser cooling the Be+-positron
mixture. The mixture contained 1.4 × 106 positrons and 4.7 ± 0.1 × 105 Be+ions, and was
cooled by chirping the laser from −110Γ to a final detuning of −7Γ over approximately 40s.
Red points show the evolution when the laser was turned off after cooling, which resulted in
the positrons heating at a rate of around 25K s−1 initially, before stabilising at around 125K.
The blue points show experiments where the cooling laser was left on after the laser cooling
sweep, at a fixed detuning of−7Γ. The temperature of the positrons remained steady at a value
of 6.7± 0.3K for over 20s in this case.
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7.8 Mixture Expansion Rate

The radial expansion rate of themixed plasma wasmeasured by preparing amixed plasma in the
manner described in section 7.6.2with 4×105 Be+ions and 2.6×106 positrons, compressing it,
and then holding the plasma for a variable amount of time in a 1Tmagnetic field. After thewait,
the plasma was imaged with anMCP. This process was then repeated with a plasma containing
only4×105 Be+ions, and repeated againwith a plasma containing only2.6×106 positrons. The
results of these experiments can be seen in figure 7.11. The positron-only plasma is stable in size
over timescales of> 1minute, but themixed plasma andBe+-only plasmawere found to expand
much more rapidly, doubling in radius after approximately 25 seconds. When measuring the
mixture radius, both species are imaged on the MCP, but the image is completely dominated
by positrons due to their greater number and larger response per-particle. This means that the
mixture radius is really ameasurement of the positron radius in themixture. It is quite clear that
the expanding Be+ions are still able to expand unimpeded in the mixture, and are able to drive
the positrons to expand at the same rate.
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Figure 7.11: Time evolution of the radius of three different plasmas without laser cooling in a
1Tmagnetic field. The red points show the evolution of a Be+-positronmixture, the blue points
show the evolution of Be+ions only, and the green points show the evolution of positrons only.

7.9 Summary

The results presented in this chapter showed positron plasmas containing up to 2.6Mpositrons
that were cooled to around 7K. This marks the first time that such a large number of positrons
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has been cooled to such a low temperature. Since antihydrogen formation in ALPHA shows
such a strong dependence on positron temperature, these sympathetically-cooled positron plas-
mas have the potential to provide serious increases in antihydrogen trapping rates in the future.

There is still some work to be done in incorporating this sympathetic cooling sequence into
a full antihydrogen production sequence. The sympathetic cooling sequence developed in this
chapter is currently too slow tobeneatly slotted into current antihydrogen formation sequences,
and the inability to perform simultaneous laser cooling andRW compression on Be+ions, along
with theBe+ions’ tendency to expandwhennot actively compressed, has lead to sympathetically-
cooled positron plasmas that are radially larger than the plasmas that are typically used for anti-
hydrogen formation. The following chapter will discuss some of the future work that could go
into introducing sympathetically-cooled positrons into an antihydrogen production sequence,
as well as other possible upgrades to the beryllium experiment and some concluding remarks.
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8/ Future Work and Conclusions

This chapter will discuss the conclusions of this thesis, and also outline some future work that
could improve the beryllium experiment in ALPHA. A large part of the future work will focus
on how the sympathetic cooling sequence could be integrated into the antihydrogen production
sequence, but therewill alsobe somediscussion aboutpotential hardware and softwareupgrades
in the beryllium setup, and the possibility of using beryllium ions for magnetometry.

8.1 Towards Beryllium-Antihydrogen Compatibility

Theprevious chapter (7) discussed thedevelopmentof a sequence to sympathetically cool positrons,
and presented some of the results that came out of this sequence. This section will discuss the
practicalities of integrating this sympathetic cooling sequence with the antihydrogen produc-
tion sequence described in chapter 4. When thinking about integrating the sympathetic cool-
ing sequence into an antihydrogen production sequence, it is best to consider the constraints
imposed by the antihydrogen production sequence on the sympathetic cooling sequence. As
mentioned in the previous chapter, the constraints are as follows:

• The number of positrons used should be between 1× 106 and 3× 106,

• The number of Be+ions used should be minimised,

• The sympathetically-cooled positrons should be produced in under 4minutes,

• Plasma sizes should be kept small enough that the neutral trap does not produce any sig-
nificant heating or expansion.

Each of these constraints will be discussed separately, with particular focus on how close the
sympathetic cooling sequence is to fitting within these constraints, and how it may be altered to
fit within them if necessary.
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8.1.1 Number of Positrons

The first constraint describes the number of positrons that are currently used in antihydrogen
formation sequences. The sympathetic cooling sequence discussed in the previous chapter was
able to produce cold positron plasmas containing 0.5×106, 1.4×106, and 2.6×106 positrons.
This demonstrated that the sympathetic cooling process can work over a large range of values
of positron number, and that enough positrons can be sympathetically cooled to be used in
antihydrogen formation.

8.1.2 Number of Be+ions

The second constraint arises because having toomany Be+ions could potentially lead to antipro-
tons being captured by the Be+ions during antihydrogen formation, leading to antiproton loss
from the trap. Although calculations indicate that this may not be a significant antiproton
loss mechanism during a merge with positrons [82], the experiments performed in the previ-
ous chapter 7.6.2 show that once enough Be+ions have been added to the mixed Be+-positron
plasma, adding more Be+ions does not measurably reduce the temperature of the positrons.
Minimising the number of ions also generally helps keep themixed plasma radially small, which
is an important point that is discussed in section 8.2 below. A good target for the number of
Be+ions used in antihydrogen formation is therefore just above the threshold discussed in chap-
ter 7.6.2, which is roughly a factor of 10 fewer ions than positrons.

8.1.3 Cutting Out the Arrested Rotating Wall

The sympathetic cooling scheme outlined in the previous chapter is too slow to be integrated
into current antihydrogen production sequences, and so alternative, faster preparation schemes
should be considered.

The current sympathetic cooling sequence includes a lengthy arrested RW section, where
the ions are compressed and cooled before beingmergedwith a positron plasma, as in figure 7.1.
The mixed plasma is then sympathetically compressed. If the uncompressed, hot ions could
instead be immediately merged with a positron plasma, and then simply cooled and compressed
as a mixture, this could cut out a large chunk of the preparation time.

Some more recent experiments were performed (without using the cooling laser) where the
ions were loaded into the trap and immediately merged with a pre-prepared positron plasma.
The ions could then be sympathetically cooled by the positrons1, and sympathetically com-

1This is essentially the reverse of the final result we want to achieve – here, positrons are being used to sympa-
thetically cool Be+rather than the other way around. A true symbiotic relationship.
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Figure 8.1: A sympathetically compressed Be+-positron plasma is shown on the left (blue). The
image is dominated by positrons. In the right-hand image, the positrons have been removed
after compression, leaving only the sympathetically compressed ions (orange). Sizes given are
the calculated sizes in a 3T field. The plasma contained 105 Be+and 106 positrons, and was
driven with a 400kHz, 5V RW for 30s.

pressedwith the positrons. This scheme is very similar to the preparation scheme currently used
for antiprotons (discussed in chapter 4.1), except with a mixed Be+-positron plasma rather than
an antiproton-electron plasma.

This much shorter preparation scheme has shown some promising results, and is likely the
way forward in future sympathetic cooling experiments in ALPHA.A comparison of themixed
plasmas produced by the arrested RW sequence and this new, shorter sequence are summarised
in table 8.1, and figure 8.1 shows a sympathetically compressed Be+-positron plasma. The main
difference is the much hotter plasma produced by the shorter sequence, but even this hotter
temperature should be able to be easily laser cooled.

Number of e+ Number of Be+ Radius (mm) Temperature (K)
Arrested RW 0.1M - 2.6M 100k - 500 k ∼ 0.4mm 350K
Short Sequence 1M - 3M ∼ 220k ∼ 0.4mm 3000K

Table 8.1: Plasmaparameters of a typicalmixed plasmapreparedwith the arrestedRWsequence,
and with the shorter sympathetic compression and cooling sequence.
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8.1.4 Further Reductions in Positron Temperature

The previous chapter demonstrated positron plasmas that had been sympathetically cooled to
around 7K, and there is a good chance that further optimisations of the process could produce
even colder positron plasmas. Adjusting the density of the positron plasma could reduce tem-
peratures, as shown by simulations in chapter 7.5, but this may not be an easy parameter to
optimise as the antihydrogen formation process is also dependent on positron density in a non-
monotonic fashion (see chapter 4.6.4). The density of the Be+plasma could also prove to be a
useful parameter to tune to optimise sympathetic cooling. The density of theBe+plasmawas not
tightly controlled in the exeriments in the previous chapter as the plasma was first compressed
and then cooled, allowing the plasma to expand during the cooling process. Section 8.4 discusses
an upgrade to the experiment that could potentially allow laser cooling duringRWcompression
of the plasma, which could allow for much tigher control of the density of the Be+during the
laser cooling process.Increasing the power of the cooling laser could also lead to a reduction in
positron temperature, as well as potentially reducing the time taken to laser cool the Be+ions at
the start of the sequence. Finally, reducing external plasma heating sources, such as patch po-
tentials, thermal radiation entering the trap, and other mechanisms discussed in chapter 3.4 has
always been a focus in ALPHA, and should continue to be a focus in order to achieve the lowest
possible positron temperatures going forward.

8.2 The Neutral Trap and Large Plasmas

As discussed in section 3.4, energising the neutral trap distorts the solenoidal magnetic field of
the Penning-Malmberg trap. This causes magnetic field lines to guide particles into the trap
walls above a critical radius, and can cause rapid plasma heating and expansion even in plasmas
that are below this critical radius. As the current antihydrogen production sequence utilises an-
tihydrogen stacking, it requires the neutral trap to be energised for the duration of the sequence.
Keeping plasmas as small as possible is therefore very necessary to avoid rapid particle expansion
and particle loss.

8.2.1 Sympathetic Cooling in the Neutral Trap

Some investigations into the effects of the neutral trap on the sympathetic cooling sequence
were undertaken. In one experiment, 1.9 × 106 positrons and ∼ 5 × 105 Be+ions were pre-
pared in a manner similar to the methods in the previous chapter 7, except the neutral trap’s
octupole magnet was ramped up to a current setpoint during the final mixture recompression
stage. The octupole being ramped up does not affect the recompression, which occurs in the
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positron catching region of the trap, but does affect the final cooling stage, which occurs in the
central region of the trap2. During the final laser cooling stage, the laser was chirped from an
initial frequency of−129Γ to a final frequency of−51Γ. The temperature of the positrons was
then measured as a function of octupole current, which is shown in figure 8.2. As the octupole
current is increased, there is a drastic increase in the temperature of the positrons, indicating that
the octupole’s field is causing heating of themixed plasma. The positron temperature at zero oc-
tupole current (around 17K) is significantly hotter than positron temperatures achieved in the
previous chapter (around 7K) because the laser was tuned much further from the resonance.

Figure 8.2: Figure created byDanMaxwell [72]. Positron temperature as a function of octupole
current. The mixture of 1.9× 106 positrons and∼ 5× 105 Be+ions was prepared in a manner
similar to the previous chapter. The mixture was then recompressed with the RW while the
octupole was being ramped to the current setpoint. The mixed plasma was then shuffled back
to the central region of the trap, which is influenced by the octupole magnet, to be laser cooled.

This result tells us that in order to be able to effectively sympathetically cool inside the oc-
tupole’s magnetic field, plasma radii need to be decreased further. To test this, a similar experi-
mentwas runwith fewer positrons (0.5M) and fewer Be+ions (1×105), againwith the octupole
being ramped up during the mixture recompression stage. In this series of runs, the octupole
was ramped to its nominal operating current of 900A. By reducing the number of Be+ions, the
expansion rate of the plasma is decreased, and reducing the number of both species generally
leads to a smaller plasma, which can potentially avoid becoming too large to be heated by the
octupole’s fields. This set of experiments was brief, but was able to produce positrons with a

2Recall from chapter 4 that the neutral trap only covers the central region of ALPHA-2, and not the positron
or antiproton catching regions of the trap.
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temperature of 12.8± 0.9K consistently over a series of 4 runs. This gives credence to the idea
that sympathetically cooling a larger amount of positronswouldbepossible inside the octupole’s
magnetic field if the plasma radii can be kept small.

8.3 Improved Fluorescence Diagnostics

As discussed in earlier chapters, the current fluorescence detection hardware installed in AL-
PHAis severely limited. Sincefluorescencedetection is thede-factomethod for imaging trapped,
laser-cooled ions, it is important that improvements to the fluorescence diagnostics system are
considered.

There are three main limitations of the current fluorescence detection setup: the small solid
angle from the ions to the detector, the high level of background caused by light scattered inside
the trap from the laser, and the limited sweep range of the AOM.The small solid angle and high
background are both consequences of the trap geometry. The current fluorescence detection
system uses a Silicon Photomultiplier (SiPM) which is positioned on one of the off-axis laser
path windows, outside of the trap, as shown in figure 8.3. The large distance between the SiPM
and the centre of the trap (1.6m), means that the solid angle subtended from the centre of the
trap by the detector is around 2× 10−6 steradians.

When the cooling laser is on, some photons from the main cooling beam are scattered by
reflective surfaces inside the trap. Since the SiPM is very close to the axis of the laser, a large
amount of these scattered photons are picked up by the SiPM, causing a large background signal
on the SiPM.

Figure 8.3: The layout of the ALPHA-2 Penning-Malmberg trap, and the current position of
the SiPM used for detecting fluorescence photons.

The first two problems could potentially be solved by installing detectors inside the trap

117



vacuum chamber in a position much closer to where the ions are trapped. One place that such
detectors could be placed is at the radial step in the electrode stack (see figure 8.3). Since there
is already a gap to let light out of the trap where the step occurs, this would avoid modification
of the trap electrodes. This would place the detectors around 8 degrees off-axis, and around
250mm from the centre of the trap. The solid angle achievable with six 3mm×3mm detectors
mounted at the radial step would be around 1 × 10−3sr. Currently, the photodetectors that
would be used in this setup are Hamamatsu SiPM S13370-3050CN.

Other similar experiments often used modified electrodes with gaps that allow fluorescence
photons to escape the trap, where they can be detected. A popular choice is to use a segmented
RW electrode with gaps between the segments, with photodetectors mounted on the outside of
the electrodes. Other designs in the same vein could also work, such as drilling a small hole in
an electrode to allow fluorescence light to escape to a detector. Such a hole could potentially be
covered by a transparent, conductive material. Any kind of hole or gap would produce effective
patch potentials on the electrodes, which would lead to plasma heating. As such, these kinds
of solutions are probably not desirable in ALPHA, as minimising plasma temperatures for an-
tihydrogen formation is very important. A second issue arises in ALPHA in particular, as the
central electrodes are designed to be as thin as possible in the radial direction, to maximise the
depth of the neutral trap. This makes the electrodes mechanically difficult to work with, and
previous attempts at creating an azimuthally-segmented version of one of these thin electrodes,
in order to use it as a rotating wall, have gone poorly.

The limited scan width of the acousto-optic modulator (AOM) is a limiting factor when at-
tempting to use fluorescence signals to diagnose the temperature of the Be+ions. A temperature
measurement is performed by using an AOM to quickly sweep the laser’s frequency across the
transition’s resonance, andmonitoring how the fluorescence signal evolves as a function of time.
This allows a measurement of the lineshape of the transition, and the width of this transition
can be used to estimate the temperature of the ions (section 6.5.2). The current AOM has a
scan width of 80MHz (∼ 4Γ), which only allows measurement of temperatures below around
500mK. Ions with temperatures much higher than this will have much broader lineshapes, and
producing a meaningful fit with the limited scan range of 80MHzwill become impossible. Up-
grading the hardware to have a larger scan range would help this greatly.

8.4 On-axis Cooling Laser

Onemajor flaw in the current Be+laser cooling setup is the inability to simultaneously compress
the ions with a RW and laser cool them. This is because the laser must enter the trap along one
of the off-axis laser paths, which intersects the trap axis at the centre of the trap. This allows
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for good laser overlap with trapped species in the centre of the trap only. The RW electrodes
are not in the centre of the trap, and are instead close to either end of the trap, where there is
effectively zero overlap between the trapped ions and the laser. The lack of ability to simultane-
ously compress and cool the Be+ions is one of the reasons that the sympathetic cooling sequence
takes such a long time, and is the reason that the arrested rotating wall method was developed
in chapter 7.2.1. Being able to simultaneously compress and cool the mixed plasma would also
alleviate some of the radial expansion issues discussed in section 7.8: if the mixture is not being
actively compressed, it tends to radially expand. Being able to compress and cool the mixture
at the same time could potentially allow for a steady-state sympathetically cooled plasma. This
would bemuch easier to incorporate into an antihydrogen trapping sequence, as the steady-state
cooled plasma could simply be held for as long as desired before being used for antihydrogen for-
mation.

A simple solution to this problem is to have a laser aligned along the axis of the trap, which
would provide good laser overlap for the whole trap. This has already been implemented in the
trap, although this was designed and installed after the majority of the work in the previous two
chapters. This on-axis laser setup utilises two 45◦ mirrors mounted on the linear translators
(“sticks”) at either end of the trap. The laser is aligned to enter the trap perpendicular to the
trap axis, where it is reflected by the first mirror to pass straight along the trap axis. The second
mirror guides the beam back out of the trap.

The main limitation of this setup is that it requires both sticks to be in the laser mirror po-
sition, which prevents any of the stick-based diagnostics (such as the MCP) from being used.

8.5 Fibre Delivery of the Cooling Beam

The cooling laser beam needs to pass through around 10metres of air to get from the laser lab
to the experiment. This is difficult to align, and prone to drifting in space, requiring daily re-
adjustments of the laser alignment. One solution to this problem is the use of an optical fibre
to carry laser light from the laser lab to the experiment. This would then only require careful
alignment of the in-coupling optics in the laser lab, but would allow the out-coupling optics to
be placed freely, much closer to the experiment. In this setup, the alignment of the laser into the
fibre is decoupled from its alignment in the trap. The positioning of the laser through the trap
could then be altered just by adjusting the out-coupling optics, which would not affect, or be
affected by, the alignment of the laser in the laser lab before it reaches the in-coupling optics and
the fibre.

Fibres for this kind of application are generally not commercially available. Fibres exposed
to UV light will undergo a phenomenon known as UV solarisation, which causes UV fibres to
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gradually increase in opacity for a certain wavelength as it transmits light of that wavelength.
The physics causing this increase in opacity is colour-centre formation in the silica of the fibre
core [87]. RecentworkbyMarciniak et al. [88] outlines a procedure for producing a solarisation-
resistant optical fibre for UV, which involves high-pressure hydrogen loading and subsequent
UV curing of a photonic crystal fibre. Some of these treated fibres have recently been acquired
for the beryllium experiment at ALPHA, and will soon be installed in the experiment.

8.6 Beryllium for Magnetometry

Magnetic fields inside the ALPHA Penning-Malmberg trap are measured in situ by measuring
the cyclotron frequency of an electron plasma within the trap. The frequency is measured by
exciting the cyclotron mode with microwaves, and measuring the temperature of the plasma as
a function of the microwave frequency. When the microwave frequency matches the cyclotron
frequency of the electrons, the plasma is resonantly heated. The temperature of the plasma can
be measured by measuring the amplitude of the quadrupole mode of the plasma [89] or, more
recently, by using many small, reproducible plasmas that are destructively measured.

Whenusing plasmas for temperature diagnostics, plasma dynamics andmodes can affect the
measurement, andmake it difficult to get an accurate measurement of the truemagnetic field in
the trap. It is therefore perhaps desirable to use Be+ions formagnetometry, sincewe already have
a setup for laser-cooling Be+ions in the trap. With an improved fluorescence detection system
(section 8.3), a small sample of ions could be used to measure the magnetic field, which are not
subject to plasma dynamics.

8.7 Conclusions

The matter-antimatter asymmetry, or the question of why our matter-dominated universe can
even exist, is one of the largest unsolved questions in modern physics. Performing direct mea-
surements on antimatter, and comparing them tomeasurements of theirmatter counterparts, is
currently one of the best routes available to probing fundamental symmetries that may provide
the answer to this question. The ALPHA collaboration has recently demonstrated the first ever
direct laser cooling of anti-atoms [24], and this, combined with recent upgrades to the metrol-
ogy system, means that the prospect of even more precise measurements of the 1S-2S transition
in antihydrogen are on the horizon. This is happening in tandem with the recently-completed
ALPHA-g, an addition to the experimental apparatus that is designed to measure the effect of
gravity on antimatter. With this ambitious physics program ahead, increasing the trapping rate
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of antihydrogen is especially important as it will maximise the physics output from the limited
amount of antiprotons produced by CERN’s antiproton decelerator complex.

The main aim of this thesis was to develop a sequence to sympathetically cool positrons to
temperatures significantly lower than those routinely used in ALPHA. These sympathetically-
cooled positrons could be used in antihydrogen formation to increase the trapping rate of an-
tihydrogen in ALPHA, therefore increasing the amount of antihydrogen that is available for
experimentation.

Chapters 6 and 7 were the main experimental result chapters, and described the work that
went into first laser coolingBe+ions inALPHA, and thenusing these Be+ions to sympathetically
cool positron plasmas. The results presented in chapter 7 showed the production of sympatheti-
cally cooledpositronplasmas that arewell-suited for antihydrogenproduction. Positronplasmas
with temperatures as low as 7Kwere produced, compared to temperatures of around 17− 30K
in previous work. Increasing trapping rates of antihydrogen has been central to ALPHA’s work
since the start: in 2010, ALPHA trapped only around 200 − 300 antihydrogen atoms in the
entire year, compared to over 1000 in a single day in recent experiments. These cold positron
plasmas may be key to further increases in antihydrogen trapping rates, and hence contribute to
answering the question of why our universe can exist at all.

8.7.1 Final Remarks

Although it initially seemed like a straightforwardgoal, theproductionof sympathetically-cooled
positron plasmas inALPHAwas a very time-consuming task, andwas onlymade possible by the
tireless efforts of the rest of the Beryllium Team, and the rest of the group at ALPHA. I really
hope that some time can be set aside in future antiproton runs to integrate sympathetic cooling
into full antihydrogen production runs, and that large gains in the antihydrogen trapping rate
are seen as a result.
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