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Thesis summary 

 

Our current understanding of physics suggests that matter and antimatter should be 

created and destroyed in equal amounts, but this seems inconsistent with the 

observation that our universe consists almost entirely of matter. Comparisons between 

matter and antimatter could reveal new physics which explains why the universe has 

formed with this apparent imbalance. The 1S-2S transition of hydrogen has been 

measured with incredible precision, and a similarly precise measurement of the 1S-2S 

transition of antihydrogen would constitute one of the best comparisons between 

matter and antimatter. 

The ALPHA collaboration have been producing and trapping antihydrogen since 

2010. This thesis presents an overview of the apparatus and techniques and examines 

the theoretical aspects of antihydrogen spectroscopy. Generating sufficient optical 

intensity at 243 nm to excite the 1S-2S transition in a reasonable amount of time 

requires an enhancement cavity. The development of this enhancement cavity and the 

setup of the ultra-stable 243 nm laser source form the main focus of this thesis. 

The thesis concludes by reporting the first observation of the 1S-2S transition in 

trapped antihydrogen, which can be interpreted as a comparison between matter and 

antimatter at the 200 parts-per-trillion level. This result was aided by a significantly 

improved trapping rate of 10.5 ± 0.6 detected trapped antihydrogen atoms per 

production cycle, and the stacking of multiple production cycles without ramping 

down the magnetic trap to accumulate more than 70 simultaneously trapped 

antihydrogen atoms. 
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(1.1) 

) 

1 Introduction 

1.1 The baryon asymmetry problem 

As predicted by the Standard Model of particle physics, and indeed as observed in 

high energy particle accelerators, particles and antiparticles are always created in pairs. 

Particles and antiparticles have opposite electrical charge and opposite baryon/lepton 

numbers, but are otherwise indistinguishable. However, when they recombine, they 

annihilate and release a blast of energy given by Einsteinôs famous equation;  

Ὁ άὧȢ 

One of the greatest open questions in physics today is the óBaryon Asymmetryô 

problem. As the early universe cooled to the point where there was no longer enough 

energy to create particle-antiparticle pairs, one would expect the existing pairs to 

recombine and annihilate, leaving a universe devoid of both particles and antiparticles 

today. However, it seems a small fraction of these early universe particles survived to 

create the universe as we know it today. If matter and antimatter were originally 

created in equal amounts, then the question is simply ñwhere is the antimatter?ò The 

search for antimatter in astrophysics is ongoing, but no experiment to date has detected 

any signal, such as the distinctive 511 keV gamma rays emitted from electron-positron 

annihilations, which would be indicative of a significant quantity of antimatter in the 

observable universe [1]. Instead, physicists must consider a different hypothesis: ñIs 

there a difference between matter and antimatter that has caused this imbalance, and 

can we measure it experimentally?ò  

A surprise result came in the form of a violation of charge conjugation and parity 

transformation (CP) symmetry, one of the fundamental symmetries of the Standard 

Model of Particle Physics. CP violation was first observed indirectly in 1964, when 

neutral kaons were observed to transform into their antiparticles and vice-versa with 

differing rates [2], and later measured explicitly by both the NA48 experiment [3] at 

CERN, and the KTeV experiment [4] at Fermilab. This CP violation is due to the 

existence of the Top and Bottom quarks in the Standard Model, and is explained by 
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the KobayashiïMaskawa model [5]. However, it is generally agreed that this amount 

of CP violation is not sufficient to explain the matter-antimatter imbalance alone. 

The most fundamental symmetry of the Standard Model is charge conjugation, 

parity transformation, and time reversal (CPT) symmetry. Direct evidence for CPT 

violation can be searched for by comparing the quantum energy spectra of atoms with 

their antiatom counterparts. The search for CPT violation has led to the construction 

of the Antiproton Decelerator (AD) at CERN, and the creation and trapping of 

antihydrogen atoms for comparison with hydrogen, the simplest and best understood 

(both experimentally and theoretically) atom to date. 

1.2 Physics with low energy antiprotons 

Antiprotons are formed at CERN by firing a beam of protons from the Proton 

Synchrotron (PS) into a metal target. The proton beam has sufficient kinetic energy to 

create many secondary particles, including proton-antiproton pairs. As protons and 

antiprotons have opposite electrical charge, the antiprotons can be separated and 

steered away by strong magnetic fields. 

Prior to the construction of the AD, antiprotons were produced and accumulated at 

the Antiproton Accumulation Complex (AAC). As well as serving high energy physics 

experiments at CERN, the AAC also supplied antiprotons to the Low Energy 

Antiproton Ring (LEAR) which explored the possibilities of making antihydrogen and 

capturing antiprotons within Penning traps ï a type of charged particle trap which we 

will discuss in further detail in chapter 2. 

1.2.1 The AD and ELENA 

Constructed in 2000, the AD is capable of decelerating the injected antiproton 

beam down to 5.3 MeV. A combination of stochastic cooling and electron cooling are 

used to cool and increase the density of the antiprotons, and a short (~100 ns) bunch 

of around 3x107 antiprotons can be delivered to the experiments within the AD hall 

every ~2 minutes. 
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The ELENA (Extra-Low ENergy Antiproton) ring is a synchrotron with a 

circumference of just 30 m, and is reaching the final stages of commissioning. This 

decelerator is designed to reduce the energy of the AD beam to just 100 keV, and 

promises to increase the number of antiprotons which can be trapped by the 

experiments within the AD hall by a factor of between 10 and 100 [6]. Figure 1.1 

shows an overview of the AD hall, with the location of the ELENA ring and the 

experimental zones highlighted. 

Figure 1.1: A schematic of the AD hall experiments in the 2017 run configuration. The ATRAP zone is on a 

platform above the surrounding experiments. ELENA and GBAR are still in the commissioning phase. The GBAR 

zone includes a shielded linear accelerator for positron production. Image adapted from [6] . 
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1.2.2 Measurement of the antiproton-proton magnetic moment ratio 

Both the ATRAP (Antihydrogen TRAP) and BASE (Baryon-Antibaryon 

Symmetry Experiment) collaborations have experiments dedicated to measuring the 

ratio between the proton and antiproton magnetic moment in a Penning trap. In 2013, 

ATRAP reported a measurement with a precision of 4.4 parts-per-million [7]. The 

BASE collaboration reported a 6-fold improvement in this measurement in 2016, with 

an uncertainty of just 0.8 parts-per-million, as well as outlining a new trapping 

technique which, when implemented in their next generation apparatus, could enable 

a measurement precision with an uncertainty at the level of a few parts-per-billion [8]. 

By using an isolated reservoir trap, BASE have also demonstrated the ability to hold a 

few tens of antiprotons for more than 1 year without any losses [9]. 

1.2.3 Measurement of the antiproton-electron mass ratio 

The ASACUSA (Atomic Spectroscopy And Collisions Using Slow Antiprotons) 

collaboration measures the antiproton to electron mass ratio by ionising a helium atom 

and replacing the lost electron with an antiproton. Probing two-photon transitions in 

antiprotonic helium with high powered pulsed lasers has allowed the team to resolve 

the antiproton to electron mass ratio to better than 5 parts-per-billion [10]. 

1.2.4 Antihydrogen formation 

Antihydrogen was first produced at the Low Energy Antiproton Ring at CERN in 

1995 [11], and later at Fermilab [12]. Antiprotons were shot through a xenon gas target 

with a small chance to produce electron-positron pairs, and velocity matched positrons 

would bind with the antiprotons in the beam to form antihydrogen. However, these 

relativistic atoms were much too energetic to be suitable for detailed study. With the 

subsequent construction of the AD, a new generation of experiments were able to 

capture and cool antiprotons in Penning traps with the aim of producing much colder 

antihydrogen.  
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By mixing these antiprotons in a carefully controlled way with positrons 

accumulated in a Surko-type accumulator, cold antihydrogen was produced in 2002 

by the ATHENA (AnTiHydrogEN Apparatus) [13], and ATRAP [14] collaborations. 

The dominant formation method at low temperatures is thought to be a three-body 

process, where two positrons scatter in close proximity to an antiproton. One positron 

carries away the excess energy of the other positron, which binds with the antiproton 

to form antihydrogen. However, these antihydrogen atoms would still annihilate on 

the walls of the Penning trap shortly after production, leaving little time for precision 

measurements. Confining the antihydrogen atoms in a magnetic trap was the next step 

for the ATRAP collaboration, along with ALPHA (Antihydrogen Laser PHysics 

Apparatus), a collaboration which succeeded ATHENA. 

The ASACUSA collaboration aim to produce a beam of ground state antihydrogen 

atoms for measurements free from any significant magnetic field perturbations, and 

reported the first antihydrogen beam in 2014 [15]. ASACUSA uses a similar technique 

to ALPHA and ATRAP for antihydrogen synthesis, but does so in a cusp trap 

consisting of an anti-Helmholtz coil for beam formation. 

The AEGIS (Antihydrogen Experiment: Gravity, Interferometry, Spectrometry) 

collaborationôs approach to antihydrogen formation begins by shooting a beam of 

positrons at a micro structured target, on which some of the positrons bind with an 

electron to form positronium atoms. Positronium can be formed in two different states 

depending on the spin orientations of the positron and electron, and these states have 

individual lifetimes of 0.125 and 142 ns [16] before self-annihilating. However, the 

lifetime can be prolonged by using lasers to excite the positronium to a high Rydberg 

state. Theory suggests that Rydberg positronium should give more efficient production 

of antihydrogen atoms [17], and could result in colder antihydrogen than what is 

produced with the methods employed by ALPHA, ATRAP, and ASACUSA, as it 

allows the antihydrogen atom to form at the temperature of the antiproton. 

GBAR (Gravitational Behaviour of Antihydrogen at Rest) is the newest 

collaboration in the AD hall, and is scheduled to be the first collaboration to use the 

beam from ELENA. By further cooling the ELENA beam and sending it through a 
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very dense region of positronium, the collaboration plans to produce positive 

antihydrogen ions, which can be trapped and sympathetically cooled using laser cooled 

beryllium ions in a Paul trap. The conventional positron sources and accumulation 

techniques used by the other collaborations do not produce nearly enough positrons to 

achieve the required density of positronium for creating positive antihydrogen ions, so 

the team is installing a small linear accelerator for positron production which has been 

developed off-site. 

1.3 Physics with antihydrogen 

High precision comparisons between hydrogen and antihydrogen provide a 

sensitive test of CPT symmetry. As well as measurements of both optical and 

microwave spectroscopy transitions, there are other tests of CPT which can be 

examined, such as the charge neutrality of the atom. Another area of interest is the 

weak equivalence principle (a statement of the equality of gravitational and inertial 

mass), which can be tested by measuring the influence of gravity on antihydrogen 

atoms in free fall.  

1.3.1 Magnetically trapping antihydrogen 

Although antihydrogen is electrically neutral, the spin orientations of the 

antiproton and the positron form a dipole which causes the atom to seek a magnetic 

maximum or minimum. Both ALPHA and ATRAP developed magnetic minimum 

traps, where antihydrogen atoms that were cold enough would be confined radially by 

a cylindrical multipole magnet and prevented from escaping at the ends by short 

solenoids known as mirror coils. In November 2010 the ALPHA collaboration 

reported the first trapped atoms of antihydrogen [18], with ATRAP reporting similar 

success in 2012 [19]. By the end of 2011, the ALPHA collaboration had detected more 

than 300 trapped antihydrogen atoms, with as many as three trapped simultaneously 

and for up to 1000 seconds [20]. 
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1.3.2 Tests of the weak equivalence principle 

ALPHAôs approach to testing the weak equivalence principle is to compare the 

ratio of the atoms which annihilated on the top and bottom halves of their trap. Any 

significant difference observed could be used to infer the gravitational mass of 

antihydrogen, and an analysis of the initial data was performed [21]. However, the 

geometry and systematic uncertainties of the ALPHA apparatus make it relatively 

insensitive to gravitational variations and unable to place any meaningful bounds 

without much colder antihydrogen. However, the technique was shown to be a viable 

method for a future specifically designed experiment, and work on a new apparatus 

has already begun. ALPHA-g is a vertically orientated version of the ALPHA 

apparatus, which is designed to look for the escape of antihydrogen atoms at either the 

top or bottom of the trap as the confining magnetic fields are slowly ramped down. 

AEGISôs approach to testing the weak equivalence principle is to produce a 

horizontally travelling beam of cold antihydrogen atoms that will be sent through a 

moiré deflectometer, which will measure the drop of atoms of different velocities with 

respect to an optical interference pattern. 

Finally, the GBAR collaborationôs trapped and cooled antihydrogen ions will be 

photo-ionised, and the now neutral antihydrogen will be in free-fall within their 

detector.  

1.3.3 Measuring the charge neutrality of antihydrogen 

Similar to how the gravitational measurement was conducted, the ALPHA 

collaboration searched for a left/right bias in the annihilation locations within their trap 

as it was shut down under the influence of a strong electrostatic gradient. This 

technique was used to place an experimental limit on the charge of antihydrogen in 

2014 [22]. This bound was improved by a factor of 20 in 2015 when stochastic 

acceleration [23] was applied to the trapped antihydrogen atoms in an attempt to kick 

them out of the trap, determining the charge of antihydrogen to equal zero to 0.71 

parts-per-billion (one standard deviation) [24]. 
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1.3.4 Microwave spectroscopy of antihydrogen 

The Zeeman Effect causes a splitting of the energy levels of atoms under the 

influence of a magnetic field. Figure 1.2 is the Breit-Rabi diagram which shows the 

hyperfine splitting of the ground state of hydrogen.  

In 2012, the ALPHA collaboration observed the first resonant quantum transitions 

in antihydrogen [25] by exciting the ground state hyperfine splitting transitions in a 1T 

magnetic field. When tuned on resonance, the microwaves caused the spin state of the 

positron to flip from a low-field seeking state to a high-field seeking state, and the 

atoms would travel towards and annihilate on the walls of the trap. 

ASACUSA plan to improve on this measurement by using a beam of antihydrogen 

atoms to measure the ground state hyperfine splitting in a region free of strong 

magnetic gradients in the near future. 

Figure 1.2: A Breit-Rabi diagram showing the Zeeman splitting of the (anti)hydrogen ground state. The ALPHA 

collaboration injected resonant microwaves (shown by the black arrows) into the 1 T magnetic trap, and observed 

a spin flip of the positron (single arrow) which caused the atoms to seek a high magnetic field and annihilate on the 

walls of the trap. Image from [25] .  
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1.3.5 Laser spectroscopy of antihydrogen 

Laser spectroscopy of antihydrogen was one of the key motivations for the 

construction of the AD [26], and it marks the next step towards studying antihydrogen 

in detail. Spectroscopic measurements of hydrogen have inspired many of the quantum 

and field theory developments we have today, and the hydrogen atom is still a major 

source of study for many ongoing experiments. 

With a natural linewidth of only 1.3 Hz, the 1S-2S transition in atomic hydrogen 

provides one of the most sensitive measurements of several fundamental physical 

constants, and the high level of experimental precision possible pushes for more 

precise calculations of QED and field theories. As such, a comparison between the 1S-

2S transition in hydrogen and antihydrogen would constitute an extremely sensitive 

test of CPT symmetry. The precise measurement of the antihydrogen 1S-2S transition 

frequency is one of the primary goals of the ALPHA collaboration. 

Also of interest is the 121.5 nm Lyman-Ŭ transition between the 1S and 2P states. 

Whilst the transition is relatively broad, it could potentially be used to laser cool 

antihydrogen, which would push the precision of other measurements. Both the 

ALPHA and ATRAP collaborations are developing lasers towards this effort. 
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2 Antihydrogen production in the ALPHA apparatus 

2.1 The apparatus 

The ALPHA apparatus (upgraded from ALPHA-1 to ALPHA-2 in 2012) consists 

of a catching trap (CT) for capturing and cooling antiprotons from the AD beam, a 

positron accumulator for collecting and cooling positrons emitted from a 22Na source, 

and an atom trap (AT) for precision manipulation of the antiproton and positron 

plasmas and the formation and trapping of antihydrogen. In addition, two vertical 

translators, or ñsticksò, are used to position instruments for loading electrons into the 

traps and diagnosing particles ejected from the traps. The ALPHA beamline is shown 

in Figure 2.1. 

The storage time of antiparticles is directly related to the quality of the vacuum, as 

the antiparticles will annihilate with background gas particles. To achieve an ultra-

high vacuum (UHV), the individual sections of the beamline must be baked to between 

80 and 120 °C whilst being pumped by turbo molecular pumps, before being closed 

off to the outside world and pumped by a combination of ion pumps and titanium 

sublimation pumps. The room temperature sections of the beamline typically achieve 

Figure 2.1: An overview of the ALPHA beamline. Antiprotons are captured in the 3 T field of the CT and 

cooled using electrons loaded from the CT stick. Meanwhile, positrons are accumulated in a 3-stage Surko-type 

accumulator. After initial preparations, both species antiprotons and positrons are transferred into the AT for 

antihydrogen production and trapping. Small solenoids are positioned along the beamline to aid the transfer of 

particles. The distance between the CT and AT is approximately 3 m. 
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a vacuum below 10-9 mbar, whilst the cryogenic CT and AT can achieve a vacuum 

below 10-12 mbar, yielding antiproton lifetimes longer than 10,000 s. 

The ALPHA-2 upgrade allows optical access to the AT via four paths which cross 

the central trap axis at an angle of 2.3° (shown in Figure 2.8), for the introduction of 

121 and 243 nm light for antihydrogen spectroscopy. Precision mounting structures at 

the ends of the magnet form enable the installation of two 90 cm Fabry-Pérot cavities 

in the UHV, cryogenic region, which we will discuss in detail in chapter 4. The access 

windows at the ends of the vacuum chamber are within the laser enclosures shown in 

Figure 2.1 and are separated by 2.7 m.  

In the context of the ALPHA apparatus, the terms ñupstreamò and ñdownstreamò 

are used throughout to relate the apparatus to the direction which the antiproton beam 

enters. The most upstream point of the beamline is the catching trap degrader, and the 

most downstream point is the positron source. 243 nm light is injected into the 

enhancement cavity at the upstream end of the AT. Where applicable, images are 

orientated so that the antiproton beam enters from the left side. 

2.1.1 Penning traps 

The CT, AT, and positron accumulator all contain a variant of a Penning trap. 

Penning traps are composed of a set of at least three electrodes within a homogenous 

axial magnetic field, such as the central region of a solenoid. The magnetic field 

confines charged particles radially, and a static electric potential provided by the 

electrodes confines oppositely charged particles axially. In an ideal trap, the electrodes 

are either hyperbolically shaped, or have hyperbolic end-caps to produce a perfectly 

quadratic electric field. However, simpler electrode structures such as the stacked 

cylinders of Figure 2.2 still form functional traps. These so-called Penning-Malmberg 

traps are used by ALPHA as the shaped electrode design would take up more radial 

space and reduce the depth of the magnetic trap, whilst the end-cap design would make 

it much more technically challenging to load particles into the trap. 
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(2.1) 

The movement of charged particles within a Penning trap is described by the 

Lorentz force; 

Ὂ ή╔ Ἶ ║ ȟ 

where q is the charge of the particle, Ἶ is its velocity, and ╔ and ║ are the electric and 

magnetic fields respectively. In a perfect Penning trap, the axial motion is decoupled 

from the radial motion and undergoes simple harmonic motion within the confining 

electric potential. The radial motion consists of a high frequency solution known as 

the (modified) cyclotron frequency, and a slower drift around the trap axis known as 

the magnetron frequency. Note that the emission of cyclotron radiation is the dominant 

source of cooling for electron and positron plasmas in a strong magnetic field. 

Removing energy from the magnetron motion (e.g. by collisions with background gas) 

causes the orbit to increase, and is the dominant source of loss from a trap which is not 

operated under UHV conditions. The radiative loss associated with the magnetron 

frequency is low enough that the motion is otherwise stable for many years [27]. Figure 

2.3 shows the combined motion within a Penning trap. [28] 

Figure 2.2: A simple Penning-Malmberg trap constructed from three stacked cylindrical electrodes. 

Figure 2.3: The motion of a single particle in a Penning trap is described by a combination of the magnetron 

(green), cyclotron (black), and axial motion (red). The image is adapted from [28] . 
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2.1.2 Catching trap  

The CT is a cryogenic Penning-Malmberg trap consisting of an electrode stack 

within a 3 T external solenoid field. The electrodes are overlapping, but electrically 

isolated from each other using ruby balls, and the outer diameter of the electrode stack 

is wrapped in Kapton to isolate it from the surrounding cryostat. The 5.3 MeV 

antiproton beam from the AD is extracted and steered into the ALPHA zone using a 

series of dipole magnets, and focussed onto a layered Al/Be foil degrader at the nose 

of the catching trap using a pair of quadrupole magnets. The degrader also separates 

the ALPHA beamline vacuum from the vacuum of the AD. A small fraction of the 

beam passing through the degrader has a low enough energy to be trapped between 

two specialised 5 kV electrodes labelled HVA and HVB in Figure 2.4. HVB is 

energised in advance, and a fast amplifier triggered at the arrival of the beam energises 

HVA to close the trap. The trapped antiprotons are then sympathetically cooled by 

collisions with electrons pre-loaded into the trap from the CT stick, and transferred 

into a six-segmented electrode (RW1).  

A high frequency sinusoidal electric field with a phase difference of 60° between 

neighbouring electrode segments is used to apply a torque to the combined antiproton-

electron plasma to compress it using a technique known as órotating wallô compression 

[29]. This technique also heats the plasma, so electrons are required throughout to 

sympathetically cool the antiprotons. Lowering one side of the confining potential in 

the Penning trap for 75 ns allows the lighter electrons to escape, whilst retaining the 

majority of the heavier antiprotons. After several stages of rotating wall compression 

and electron removal, a pure antiproton plasma containing between 105 and 106 

Figure 2.4: A sketch of the catching trap electrode stack. The trap has a length of 396 mm and an inner 

diameter of 29.6 mm.  The two high voltage electrodes are shown in blue and the segmented electrodes used for 

plasma compression are shown in yellow. An external solenoid provides a 3 T field to complete the Penning 

trap. The antiproton beam enters from the left of the image. 



 15 

particles with a temperature of a few hundred Kelvin is ready to be transferred across 

to the AT. Figure 2.5 shows images of the antiproton and electron plasmas at various 

stages of the preparation cycle, generated by ejecting the plasma towards a 

multichannel plate (MCP) mounted on the catching trap stick (which we will discuss 

in more detail in section 2.2.4). Multiple shots from the AD can be stacked to capture 

additional antiprotons. [30] 

2.1.3 Positron accumulator 

Positrons are emitted via ɓ+ decay from a 22Na source mounted to a coldhead 

(shown in blue in Figure 2.6). The source is cooled to 5 K, and a solid Ne moderator 

film is grown over the surface as gas which is allowed into the chamber condenses. 

This reduces the emission energy of the positron to around 50 eV meaning the can 

readily be formed into a beam. The positrons are guided into a Surko-type accumulator 

[31], which employs a nitrogen buffer gas cooling technique to slow down and trap 

the positrons within a three stage Penning-Malmberg trap [32]. The accumulator is 

differentially pumped from both ends so that the hotter positrons in the first stage have 

more interaction with the nitrogen gas than the cooler positrons in the third stage (see 

Figure 2.7). A six-segment rotating wall electrode in the third stage is used to compress 

the positron cloud. [33] 

Figure 2.5: a) After an initial stage of rotating wall compression, the antiprotons (left) and the electrons 

(right) are centrifugally separated [30] . b) Kicking out 90% of the electrons allows the antiprotons to be 

compressed further. c) Finally, the remaining electrons are kicked out and the antiprotons are ready for transfer. 

The two species map to different locations on the MCP due to a small misalignment between the electrode stack 

and the magnetic field. 
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After 150 s, the accumulator reaches a saturation point with around 50 million 

trapped positrons. The rotating wall compression is run continuously, so at this point 

the accumulator can be thought of as an on-demand positron reservoir. Before ejecting 

the positrons towards the atom trap, the nitrogen buffer gas is pumped out to reach a 

vacuum of 10-8 mBar. The positrons are transferred through a 100 mm long tube with 

a narrow pumping restriction, and a 1.2 T solenoid which covers the length of the tube 

is pulsed to prevent the positrons annihilating on the wall. CsI diode detectors are 

placed in various locations around the apparatus to identify and quantify positron 

losses by detecting the 511 keV gamma rays emitted by electron-positron annihilation. 

Figure 2.6: A schematic of the positron accumulator. Positrons are emitted from a 5 Kelvin 22Na source (blue) 

and accumulated in a three stage Penning-Malmberg trap (orange). The accumulator is equipped with a small 

vertical translator containing a phosphor screen (red) for imaging the positrons and a grounded pass-through 

tube. The image is adapted from [33] . 

Figure 2.7: The high energy positrons are cooled by interacting with a nitrogen buffer gas within the 

electrodes. The accumulator is differentially pumped such that the cooling interactions are strongest in the first 

stage (right hand side of graph) and the lifetime is prolonged in the third stage (left hand side of graph). The 

image is adapted from [33] . 
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2.1.4 Atom trap 

The AT (shown in Figure 2.8) consists of a Penning-Malmberg electrostatic trap 

nested within a Ioffe-Pritchard magnetic minimum trap. Not pictured is the 1 T 

external solenoid, which provides the magnetic field for the Penning-Malmberg trap. 

The magnetic trap is composed of a superconducting octupole magnet for radial 

confinement, and a set of short solenoids known as mirror coils (labelled A-E in Figure 

2.8) for axial confinement. The five mirrors allow for a flatter central field, as well as 

the realisation of more complex well shapes compared to the original ALPHA 

apparatus which only had mirrors in locations A and E. The design trap depth is 1.16 

T [34], which corresponds to a peak trappable antihydrogen temperature of 0.78 K. In 

practice, the octupole only runs at 70% of the design current, reducing the well depth 

to 0.54 K. 

The Penning-Malmberg trap is separated into three independently controllable 

regions nicknamed the re-catching, mixing, and positron traps. The re-catching trap 

functions to catch and further cool the antiprotons transferred over from the CT. 

Electrons loaded from the AT stick are used to sympathetically cool the antiproton 

plasma in a second round of rotating wall compression and cooling, and the end result 

is a dense plasma with a temperature of 70 K. The positron trap is a mirror of the re-

Figure 2.8: A schematic of the nested Penning-Malmberg and Ioffe-Pritchard traps within the ALPHA-2 atom 

trap. The antiprotons are transferred in from the left hand side and the positrons are transferred in from the right 

hand side of the image. The electrodes are in the UHV space, whereas the magnets are in direct contact with liquid 

helium. An outer vacuum chamber and a layer of super-insulation reduce the heat load on the cryostat. Not shown 

is an external 1T solenoid. 
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catching trap, and is used to catch and compress the positrons from the accumulator. 

Both of these traps have a six-segment electrode for rotating wall compression, and a 

booster solenoid which locally raises the magnetic field to 3 T for more effective 

cyclotron cooling of leptons. The mixing trap electrodes are much thinner to allow 

antihydrogen atoms to approach closer to the octupole, maximising the neutral trap 

depth. The antiprotons and positrons are brought almost simultaneously into the centre 

of the mixing trap to adjacent electrostatic wells. The wells are reduced slightly to 

evaporatively cool the antiprotons to 50 K and the positrons to below 20 K [35], and 

the two species of particle are now ready to be mixed to form cold, trappable 

antihydrogen. 

2.1.5 Sequencing and data acquisition 

A set of FPGA-based sequencers are used to maintain the timing and 

reproducibility of experiments. The sequencers are equipped with National 

Instruments (NI) PXI-6733 cards to control the Penning trap voltages and an NI PXI-

7811R card for communicating with external hardware using TTL logic. A frontend 

created using NI LabVIEW allows an experimental sequence to be written by 

generating a set of óstatesô. A state can include a voltage change of the Penning trap 

electrodes or a trigger to/from an external device. The sequencers maintain the timing 

of states to within 500 ps, and will respond to external triggers with a timing jitter of 

approximately 100 ns. This allows for complex operations to be performed 

simultaneously and with a high level of reproducibility. 

2.2 Tools and diagnostics 

2.2.1 Sticks 

Two vertical translators, or ósticksô (locations shown in Figure 2.1), are used to 

position various pieces of essential hardware onto the ALPHA beamline. The CT stick 

carries an electron gun and an MCP which face the CT, and a Faraday cup which faces 



 19 

the AT, whilst the AT stick carries an electron gun and an MCP, both of which face 

the AT. Both sticks also carry a pass-through electrode for particle transfer. The sticks 

are driven by stepper motors, and use a laser range-finder to consistently position the 

instruments on the beamline. 

2.2.2 Electron gun 

Electrons are essential for sympathetically cooling antiprotons via their short 

cooling time in a strong magnetic field (0.4 s at 3 T) by the emission of cyclotron 

radiation. The electron guns consist of a thermionically emitting barium oxide filament 

and an accelerating plate. The resulting electron beam is guided into the Penning-

Malmberg traps by the axial magnetic fields generated by several transfer magnets. 

2.2.3 Faraday cup 

A Faraday cup is a simple piece of conducting material with a known capacitance. 

Electrons and positrons dumped to a Faraday cup will generate a voltage, which can 

be converted to the amount of charge collected, and thus the number of particles. Using 

an SRS SR560 amplifier, a resolution of around ς ρπ particles can be achieved. A 

Faraday cup is mounted to the CT stick and faces towards the AT, whilst the CT 

degrader functions as a Faraday cup for diagnostics from the CT. 

2.2.4 Multichannel plate 

The MCP devices used on the catching trap and atom trap sticks are manufactured 

by PHOTONIS, and consist of a single layer MCP, a P45 phosphor screen, and a 45° 

mirror for reflecting the light from the phosphor. Plasmas trapped in the Penning-

Malmberg traps can be imaged by manipulating the trapping potentials to eject them 

towards an MCP. The front surface of the MCP can be biased with either a positive 

voltage to accelerate electrons and antiprotons towards it, or negative voltage to 

accelerate positrons towards it.  
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Particles hitting the channels produce a shower of electrons, with a gain of between 

104 and 106 depending on the bias voltage across the plate. The bias voltage is typically 

between 400 and 900 V, and is chosen to avoid saturation. The electron shower is then 

accelerated towards the phosphor screen by a 4 kV potential difference, and the spatial 

distribution of the plasma can be reconstructed by imaging the phosphor screen using 

a CCD camera looking through a vacuum viewport [36]. 

The MCP can be used to calibrate the number of leptons by measuring the charge 

drawn away from the front surface. However, calibrating the number of antiprotons is 

more difficult as they will annihilate upon impact with the MCP, and the products of 

the annihilation can trigger electron emission in other channels, drawing away more 

charge than a proton collision would. Instead, scintillator panels (which we will discuss 

in section 2.2.6) are placed close to the MCP to count the antiproton annihilation 

events. 

2.2.5 Flappers 

The atom trap contains two beamline shutters, or óflappersô, which are heat sunk in 

their respective ends of the AT cryostat. When closed, these prevent black body 

radiation from the room temperature parts of the beamline entering the trap. The 

flappers use a small coil to open and close within the field from the external 1 T 

solenoid. Note that the flappers were not used in this work, as they are still in the final 

stages of testing, and it was deemed too risky to run them during the antiproton beam 

periods because the atom trap would have to be aired up if one was to get stuck in the 

closed position. 
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2.2.6 Scintillator panels 

To detect antiproton annihilations, scintillator panels are placed in key locations 

around the ALPHA apparatus. As particles pass through a scintillating material, the 

material emits a small amount of light which can be detected by a photo multiplier 

tube (PMT). The panels are paired and read out in coincidence to reduce the dark noise 

of the PMTs, and pairs positioned on both sides of the catching trap and atom trap 

(shown in Figure 2.9) can further improve the signal to noise ratio by using 

coincidence to reject cosmic events. The scintillators are useful for measuring the 

antiproton lifetime, as well as counting the number of annihilations when the 

antiproton plasma is dumped to a solid surface. 

Figure 2.9: The locations of the scintillator panels are highlighted on the CT (left) and AT (right). The scintillators 

are positioned in pairs either side of the solenoids. Portable scintillator pairs are positioned next to the diagnostic sticks 

when additional information about the annihilation position is needed. 

Catching trap 

Atom trap  
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2.2.7 Silicon vertex detector 

 Antiproton annihilations result in typically 3-5 unstable pions being emitted, but 

there can in theory be as many as 13 [37]. These secondary particles travel at a 

reasonable fraction of the speed of light and can either interact with other material or 

decay naturally at a rate given by their lifetime. ALPHA uses a silicon vertex detector 

to detect and reconstruct the paths of these pions and their by-products to identify the 

point of antiproton/antihydrogen annihilation [38]. The detector consists of three 

layers of position sensitive silicon strips (shown end-on in Figure 2.10). As particles 

pass through the silicon they deposit a small amount of charge, which registers as a 

hit. If all three of the layers register hits, then a vertex can be traced out, taking into 

account any potential curvature from the magnetic field. If two or more vertices cross 

on or within the electrode walls, then the event is recorded as an antiproton 

annihilation, whilst vertices beyond the electrodes are recorded as cosmic events. [39] 

The typical online analysis used to detect the annihilations based on the methods 

described above has a detection efficiency of 63.4% and a false-positive rate of 48.8 

mHz, which can be reduced by limiting the search to specific parts of the trap. An 

offline multivariate analysis (MVA) allows a high degree of tuning of the background 

rate at the cost of detection efficiency (as demonstrated in Figure 2.11). The MVA is 

Figure 2.10: An example reconstruction of an antiproton annihilation (left) and a cosmic ray event (right). 

The blue diamond indicates the position of the reconstructed annihilation event, the red dots the positions of the 

detected hits, and the inner circle shows the radius of the Penning trap electrodes. Image adapted from [39] . 
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trained on annihilation events during the mixing process, and cosmic runs where no 

antiprotons or positrons were present in the apparatus. 

2.2.8 Temperature diagnostics 

We have discussed the temperature of the plasmas held within the Penning traps 

without yet quantifying how they were measured. The temperature of a plasma can be 

diagnosed by directly sampling the energy distribution. This is done by measuring the 

charge that escapes when one side of the confining potential well is lowered and the 

particles are extracted to the MCP front. Although antiprotons can also be extracted to 

the MCP, as we discussed earlier a better signal can be attained by detecting the 

annihilations using the scintillator panels instead. 

For a plasma in equilibrium, it has been demonstrated [40] that the number of 

particles (ὔ) with charge (ή) that escape the trap is approximately related to the change 

in the confining potential (ὠ) by 

Figure 2.11: A plot of the detection efficiency against the accepted background rate for the MVA analysis. For 

reference, the performance of the standard online analysis is circled in red. The data displayed is from around 670 

mixing cycles and 82 hours of cosmic data from 2014. The Y-axis error bars are negligible. 
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(2.2) 

(2.3) 

‬ÌÎ ὔ
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where Ὧ  is the Boltzmann constant and T is the plasma temperature. The equation is 

approximate for two reasons: Firstly, the approximation is only valid for the very first, 

highest energy particles to escape from the potential well, as the change in space charge 

of the remaining particles is neglected. Secondly, the manipulation of the potentials 

required to extract the plasmas necessarily change the shape of the well, causing the 

plasma to lengthen and adiabatically cool. The expected influence of these two factors 

can be numerically calculated and used to correct the measured plasma temperature. 

By incorporating these corrections, it has been demonstrated that the temperature of 

the plasma can be determined to within 20% [34]. However, this method has never 

been calibrated by ALPHA in an absolute sense. 

2.2.9 Magnetometry 

The magnetic field of the CT, AT, and positron accumulator are continuously 

monitored using Hall probes. However, for experiments such as the 1S-2S transition 

measurement, a more precise measurement is needed in the AT. This can be achieved 

by measuring the electron cyclotron resonance (ECR), which is the circular movement 

of an electron in a static and uniform magnetic field due to the Lorentz force. The 

frequency of this motion (Ὢ  is related to the magnetic field ὄ by the equation 

Ὢ
Ὡὄ

ά
 ȟ 

where Ὡ is the charge and ά is the mass of the electron. 



 25 

An electron plasma containing around 40 million particles with a diameter of 1.5 

ï 3 mm is loaded into a single electrode. Microwave pulses are then injected into the 

trap via a waveguide situated behind the downstream flapper, and the electric fields 

associated with these pulses heat the electron plasma when the frequency of the 

microwave radiation matches the electron cyclotron frequency [34]. Typical 

measurements inject a microwave pulse only every 15 seconds to allow the plasma to 

cool to its equilibrium temperature between each pulse. The temperature change can 

be inferred by monitoring the vibrational modes of the plasma. The quadrupole 

vibrational mode of the plasma is excited by applying high frequency Gaussian noise 

to a neighbouring electrode (typically centred around 25 MHz), and the response of 

the plasma is measured on the confining electrode through a high pass filter. This 

frequency increases in a manner which is approximately linearly proportional to the 

temperature of the plasma [41]. Figure 2.12 shows a trace of an ECR line shape which 

was taken during the 2016 run. The peak of the line shape is resolvable to around 10 

MHz, which corresponds to a magnetic field accuracy of ± 0.5 mT. The technique is 

detailed in [42]. 

 

 

Figure 2.12: An example of an ECR line shape recorded during the 2016 beam period. The trace shows the 

quadrupole vibrational mode frequency of an electron plasma when excited by microwave pulses of increasing 

frequency. 
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2.3 Antihydrogen formation and trapping 

The formation of antihydrogen by mixing antiprotons and positrons has been 

relatively routine since the early ATHENA and ATRAP experiments, but the 

formation of antihydrogen with a low enough kinetic energy to be confined by the 

magnetic trap is a much more difficult endeavour. Antihydrogen is thought to be 

created by a three-body recombination process where a óspectatorô positron carries 

away the excess energy of the óactiveô positron ï antiproton pair [43]. It is therefore 

beneficial to have the positron plasma as cold and dense as possible during the mixing 

process to maximise the three-body recombination cross section. In this section, we 

will discuss two different methods that have been employed to make cold, trappable 

antihydrogen, as well as a technique for bringing additional antiprotons and positrons 

into the trap for further antihydrogen production and antihydrogen accumulation. The 

silicon vertex detector has been (and remains) an essential tool for analysing and 

tuning the antihydrogen production techniques. 

2.3.1 Autoresonant mixing 

Autoresonance is an effect which has been observed in a variety of non-linear 

oscillators, including plasma modes [44]. When a swept frequency drive is applied to 

a non-linear oscillator whose frequency varies with its amplitude, the response can 

become phase-locked to the drive [45]. This technique can be applied to the antiproton 

plasma to gradually excite it into the positron plasma whilst being largely independent 

of the initial conditions of the positrons and antiprotons [34]. The antiproton bounce 

frequencies are typically too low for the autoresonant drive to have a direct effect on 

the positrons, however, the positrons are observed to heat from 20 K to around 50 K 

after antiproton injection is finished. Increasing the number of antiprotons would 

increase the positron heating, and result in a lower trapping rate. Autoresonant 

excitation was used up until the 2016 beam period and yielded a peak trapping rate of 

2 atoms per trial and a maximum of 4 atoms detected within the trap simultaneously 

(using the standard online analysis method with a detection efficiency of 63.4%). 
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2.3.2 Slow merge mixing 

During the 2016 run, an older mixing technique was revisited which lead to a 

trapping rate of 10.5±0.6 atoms per trial using an MVA analysis tuned to give a 

efficiency of 73.0±0.4%. In this scheme, the positron and antiproton electrostatic wells 

are slowly merged over 1 s, effectively allowing the two species to flow into each 

other. The positron plasma evaporatively cools to below 20 K during the merge, and 

increasing the antiproton number doesnôt have the same adverse heating effect as it 

did during autoresonant mixing. This technique is potentially more sensitive to the 

initial plasma conditions, but the use of evaporative cooling during the earlier rotating 

wall compression stages allowed the plasmas to be prepared with a high degree of 

consistency [46]. A fraction of the positron plasma is retained after the mixing step for 

temperature diagnostics and sanity checks. Figure 2.13 shows a comparison of the 

autoresonant and slow merge mixing techniques. 

Figure 2.13: In the autoresonant scheme (left), the antiprotons are excited into the positrons by a chirped 

frequency. In the slow merge scheme (right), the initial wells (solid line) are reduced until the two species spill into 

each other (dashed line). 


























































































































































































