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Abstract

Antihydrogen, the bound state of an antiproton and a positron, is an ideal
system for testing fundamental symmetries between matter and antimat-
ter. The Antihydrogen Laser PHysics Apparatus (ALPHA) at CERN has a
proven history of producing and trapping antihydrogen atoms, with many
precision tests of charge-parity-time (CPT) symmetry. The new ALPHA-g
apparatus extends this program to a test of gravity, directly probing the ap-
plicability of the weak equivalence principle (WEP) to an antimatter system
for the first time.

This dissertation presents the first ALPHA-g results, which confirm that
Earth’s gravity acts downwards on antimatter. The ratio between the grav-
itational acceleration of antihydrogen and hydrogen is estimated to be g/g
= 0.75 ± 0.13 (statistical and systematic) ± 0.16 (simulation).

This measurement depends on accurately determining the annihilation
positions of antihydrogen atoms released from the ALPHA-g magnetic trap,
which is accomplished using a time projection chamber (TPC) detector. To
reduce the substantial background due to cosmic rays, a time-of-flight bar-
rel scintillator (BSC) detector was also implemented. The author’s primary
contributions include the commissioning of the BSC, including devising and
implementing time-of-flight measurements, leading to a significantly reduced
background rate. Additional contributions include improving the TPC track-
ing algorithms to reach the required annihilation position resolution.

This dissertation begins with theoretical motivations for testing the WEP
using antihydrogen, followed by an overview of the ALPHA apparatus and
antihydrogen production. The TPC and BSC detectors are introduced, in-
cluding the event reconstruction methods, with care to highlight the author’s
work. Finally, the gravity measurement methodology and results, as well as
future perspectives, are discussed.

This first direct test of gravity on antimatter rules out a large difference
in the gravitational behaviour of antimatter and matter, furthering our un-
derstanding of the fundamental matter-antimatter symmetry, and laying the
foundation for future precision WEP tests using antimatter.
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Lay summary

The known universe is almost entirely made of matter – mainly protons,
neutrons, and electrons. Each of these particles has an antimatter version, a
mirror-opposite counterpart. We study these rare particles in the laboratory.

The ALPHA collaboration researches the simplest antimatter atom, an-
tihydrogen. We recently made headlines by confirming that antihydrogen
falls downwards towards the Earth due to gravity, like normal matter.

To do this, ALPHA produces and traps a few hundred antihydrogen
atoms, and then releases them so they fall and collide with the apparatus.
Each antiatom is destroyed in an annihilation, which we can detect with a
sophisticated set of particle detectors.

In my PhD, I commissioned one of these particle detectors, and developed
algorithms to identify the annihilations. My work contributed directly to the
measurement of gravity, and will enable more precise future measurements.
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Preface

This dissertation is based on the ALPHA-g experiment and the work of the
ALPHA collaboration, an international group of researchers. The apparatus,
data collection and analysis is the result of a combined effort from the entire
collaboration. My contributions were made within the context of the ALPHA
collaboration, and would not have been possible without input from many
collaborators. This text is entirely original.

The apparatus and techniques described in Chapter 3 reflect individual
contributions from the entire ALPHA collaboration. The ALPHA-g detec-
tors described in Chapter 4 were developed and commissioned by M. Fu-
jiwara, P-A. Amaudruz, K. Olchanski, A. Capra, L. Martin, I. Carli, N.
Massacret, D. Duque, P. Woosaree, R. Henderson, P. Lu, D. Gill, A. Olin,
S. Menary, and myself. The TPC reconstruction algorithms described in
Chapter 5 were primarily developed by A. Capra, K. Olchanski, L. Martin,
J. McKenna, and D. Duque, with my own contributions identified throughout
the chapter. The BSC reconstruction and calibration algorithms presented
in Chapters 6–8 are entirely my own work, and the background rejection
algorithms were developed by J. McKenna, L. Golino, and myself. The mea-
surement procedure described in Chapter 9 is the work of the entire ALPHA
collaboration. The conceptual development was led by J. Fajans, simula-
tions led by C. So, magnet design and construction led by W. Bertsche and
C. So, ECR development led by T. Friesen and A. Powell, magnetron-metry
development led by A. Christensen, and escape curve analysis led by G.
Bonomi, M. Uroni, S. Stracka, J. Fajans, J. Wurtele, and D. Hodgkinson.
The discussion of future measurement schemes is my own. For the duration
of my time on the ALPHA collaboration, the spokesperson was J. Hangst,
co-spokesperson was N. Madsen, and technical coordinator was C. Ø. Ras-
mussen.

The gravity measurement presented in Chapter 9 is previously published
in [1], of which I am a coauthor. The BSC calibration methods presented in
Chapter 7 have been presented at the EXA/LEAP 2024 and PD24 confer-
ences, with peer-reviewed conference proceedings in [2] and [3] respectively.

The use of Generative AI in this dissertation was limited to editorial
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Preface

and coding purposes. Selected paragraphs were evaluated by ChatGPT-4o
to ensure grammatical correctness and good flow. Furthermore, ChatGPT-
4o was used for some formatting tasks, such as inputting provided data into
LaTeX tables, or creating BibTeX entries for provided citations. ChatGPT-3
was used to generate code which served as a starting point for the neural
network training data pipeline discussed in Section 5.5, quickly introducing
me to the syntax for the hdf5 data structure. Finally, ChatGPT-4o was used
to generate code which served as a starting point for some figures included
in this dissertation, specifically Figures 3.2, 3.4, 3.5, 3.11, 3.12, 4.3, 4.6, 4.7,
5.16, 8.2, 9.1, 9.8, 9.9, and 9.10. In each case, the generative AI output was
heavily altered to create the code which produced the desired figure.
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Glossary

g The gravitational acceleration of antihydrogen, analogous to g = 9.81m/s2

for matter.

AD The Antiproton Decelerator, CERN’s machine which produces a beam
of slow antiprotons which is further decelerated by ELENA.

ADC Analog-to-Digital Converter, a digitizer which samples an analog sig-
nal to store a full waveform.

ALPHA The Antihydrogen Laser PHysics Apparatus, the CERN-based
collaboration of which the author is a member.

ALPHA-2 The second-generation ALPHA trap apparatus designed to per-
form precision spectroscopy on trapped antihydrogen atoms.

ALPHA-g The new ALPHA trap apparatus designed to measure the grav-
ity of trapped antihydrogen atoms.

alphasoft The reconstruction software developed for the ALPHA detectors.

ASD Analog Sum Discriminator board, a custom circuit board which sums
together the analog signals from multiple SiPMs in the ALPHA-g BSC,
and outputs both an analog and a digital discriminated signal.

AWB Anode Wire Board, a custom circuit board used to read out the
anode wire current of the ALPHA-g TPC.

bar One of 64 scintillating bars in the BSC.

bar hit A data structure in the BSC reconstruction containing ADC and
TDC data from SiPM signals on both ends of a bar.

BDT Boosted Descion Trees, a machine learning multivariate analysis method.

BSC The Barrel SCintillator, a scintillator-based time-of-flight detector in
ALPHA-g.
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CERN The European Organization for Nuclear Research, the leading global
particle physics laboratory located in Geneva, Switzerland.

cosmic ray A particle originating from outside the Earth, or a secondary
particle produced by its interaction in the atmosphere. At ground level,
these are primarily muons.

CPT Charge-Parity-Time, a fundamental symmetry governing the rela-
tionship between matter and antimatter.

cyclotron motion The fast circular motion of a charged particle in a con-
stant magnetic field.

DAQ Data AcQuisition.

DCCT Direct-Current Current Transformers, an electrical system used to
measure large currents.

ECR Electron Cyclotron Resonance, a technique developed at ALPHA to
measure magnetic fields using electron plasmas.

ELENA The Extra Low ENergy Antiproton ring, which further slows an-
tiprotons from the AD and provides them to experiments.

end hit A data structure in the BSC reconstruction containing ADC and
TDC data from SiPM signals on one end of a bar.

FPGA Field Programmable Gate Array, a commercially available repro-
grammable integrated circuit.

Garfield++ A software toolkit designed for the simulation of gas-based
particle detectors [5].

helix The spiral-shaped function fit to tracks in the TPC reconstruction.

Ioffe-Pritchard trap A neutral particle trap which constrains atoms in a
magnetic field minima via their magnetic dipole moment. Consists of
an octupole magnet and two solenoidal mirror coils.

magnetron motion The slow circular motion of a charged particle due to
the E⃗ × B⃗ drift of non-parallel electric and magnetic fields.
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magnetron-metry A technique developed at ALPHA to measure magnetic
fields based on the magnetron motion of an electron plasma.

MCP MicroChannel Plate, a device used to multiple and accelerate elec-
trons. Combined with phosphor screens and CCD cameras to image
charge particle plasmas in ALPHA.

MIDAS Maximum Integrated Data Acquisition System, a data acquisi-
tion system developed and TRIUMF and the Paul Scherrer Institute.

mirror coil The solenoid magnets of the Ioffe-Pritchard trap responsible
for the axial confinement of antiatom.

Penning-Malmberg trap A trap with cylindrical electrodes which con-
strains charged particles using electric fields.

PMT PhotoMultiplier Tube, a devide used to detect photons.

PWB Pad Wing Board, a custom circuit board used to read out the cath-
ode pads of the ALPHA-g TPC.

ROOT A data analysis framework developed at CERN.

SDREVC Strong Drive Regime EvaporatiVe Cooling, a plasma manipu-
lation technique combining evaporative cooling and the rotating wall
technique. It is used at ALPHA to create reproducible plasmas.

SiPM Silicon PhotoMultiplier, a modern silicon-based photon detector.

spacepoint A three-dimensional point in the TPC reconstruction corre-
sponding to an ionization of the TPC gas.

SVD The Silion Vertex Detector, the silicon detector used for track and
annihilation vertex reconstruction in ALPHA-2.

TDC Time-to-Digital Converter, a digitizer which precisely digitizes the
start time of a signal.

time walk The effect where for two signals of the same shape but different
amplitudes, the larger signal will cross a fixed threshold sooner.

TOF Time-Of-Flight, a method where particle information is extracted
from the time between two measurements.
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TPC The Time Projection Chamber, the drift chamber detector which is
used for annihilation track reconstruction in ALPHA-g.

track A group of spacepoints in the TPC reconstruction corresponding to
a single charged particle.

TRIUMF A national physics accelerator laboratory in Vancouver, Canada.

vertex The three-dimensional position of an antiproton or antihydrogen
annihilation.

WEP The Weak Equivalence Principle, the statement that the motion
of an object in a gravitational field depends on neither its mass nor
composition.
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Chapter 1

Introduction

Our current understanding of the motion and interactions of fundamental
particles is governed by two theories: Einstein’s general relativity describing
the force of gravity, and the Standard Model of particle physics describing the
weak, strong, and electromagnetic forces. The combination of these theories
has proven to accurately model the universe around us, despite the fact that
the two frameworks are fundamentally incompatible, with efforts to create a
unified theory of quantum gravity so far unsuccessful.

Nevertheless, there are many observations which remain unexplained by
the Standard Model and general relativity, indicating that our understanding
of the universe is incomplete and motivating searches for new physics. One
such unexplained phenomenon is dark energy, the unknown force which is
required for general relativity to match our observations of the expansion of
the universe. Another is the baryon asymmetry problem, the dominance of
matter over antimatter in our observable universe.

The theoretical description of antimatter in the Standard Model is based
on CPT symmetry, an underlying fundamental symmetry between matter
and antimatter. However, there is another symmetry between matter and
antimatter: their identical gravitational behaviour. This is asserted by the
weak equivalence principle (WEP), which is one of the axiomatic assumptions
of general relativity.

With unsolved problems indicating that both the Standard Model and
general relativity are incomplete, it is important to experimentally verify
their underlying assumptions. Testing the applicability of the WEP to an-
timatter is a natural goal as it lies at the intersection of the two theories,
especially since the WEP was formulated before the discovery of antimatter,
based solely on observations of matter.

Until recently, a direct test of the WEP on antimatter has never been
performed. Such a test requires using electrically neutral antimatter, as elec-
tromagnetic forces would otherwise overwhelm gravity. Excluding antineu-
trons, which are prohibitively difficult to trap and manipulate, the simplest
viable system is the antihydrogen atom: the bound state of an antiproton
and a positron.
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In pursuit of the goal of verifying the fundamental symmetries between
matter and antimatter, the ability to perform measurements on cold trapped
antiprotons and antihydrogen atoms has been developed at the Antiproton
Decelerator (AD) at CERN. A wide range of fundamental properties have
been measured and compared to their matter equivalents, such as the an-
tiproton charge-to-mass ratio [6] and magnetic moment [7], the antihydro-
gen 1S-2S [8] and 1S-2P [9] transition frequencies, and the antihydrogen fine
structure [10] and hyperfine structure [11]. These measurements constitute
a series of independent, direct tests of CPT symmetry, and have so far found
no deviation from the predictions of the standard model.

Recently, the ALPHA (Antihydrogen Laser PHysics Apparatus) collab-
oration at the AD has extended its focus from CPT symmetry to the WEP.
This dissertation presents the first direct measurement of the gravitational
free-fall of the antihydrogen atom, conducted using the new ALPHA-g ap-
paratus. Our results [1] are consistent with antihydrogen behaving in accor-
dance with the WEP. This is the first direct test of the WEP which has been
carried out on a purely antimatter system in the laboratory, and represents
a major milestone towards precision tests.

The ALPHA collaboration is a diverse group from a range of disciplines
and with many areas of expertise. During the 15 months I spent at CERN,
I took part in the development and data-taking for the ALPHA-g measure-
ment, along with various spectroscopy measurements in the ALPHA appa-
ratus. I contributed to a variety of tasks through shift work, such as opti-
mization and development of particle manipulation techniques, installation
of particle detectors and electronics, cryogenic handling, and data analy-
sis. I took initiative to improve the particle tracking algorithms used for
the time projection chamber (TPC) detector. I was also responsible for the
commissioning of the barrel scintillator (BSC) detector and the development
of calibration techniques for this detector, with support from Dr. Andrea
Capra and Dr. Ina Carli among others. I was able to successfully imple-
ment time-of-flight measurements in this detector for rejecting background
events caused by cosmic rays. I then worked closely with Dr. Lukas Golino
to include these measurements into the machine-learning-based cosmic ray
background rejection algorithm used in ALPHA-g. This led to a factor of
10 improvement in background suppression, which will directly enable new
measurement capabilities in ALPHA-g.

Following this introduction, Chapter 2 provides some brief theoretical
background on antimatter, CPT symmetry, and the weak equivalence prin-
ciple. It also provides some motivation for this study, and reviews contempo-
rary experimental efforts towards understanding the gravitational behaviour
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of antimatter. Chapter 3 describes the apparatus and techniques devel-
oped by the ALPHA collaboration to produce and manipulate antihydrogen
atoms. Chapter 4 details the particle detector system used to detect and
reconstruct the annihilations of antiprotons and antihydrogen atoms. Chap-
ter 5 covers the reconstruction algorithms for the main TPC tracking detec-
tor. Chapter 6 presents the commissioning and event reconstruction for BSC
detector, Chapter 7 describes the calibration algorithms implemented for this
detector, and Chapter 8 details the inclusion of this detector into cosmic ray
background rejection algorithms. Chapter 9 reports on the measurement of
the effect of gravity on antihydrogen, including the techniques, analysis, and
the final results. Finally, Chapter 10 provides concluding remarks.
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Chapter 2

Background

This chapter presents the theoretical background and context relevant to the
study of the gravitational interactions of antimatter. We begin by review-
ing the historical and current understanding of antimatter. We then explore
fundamental symmetries in physics, with particular emphasis on CPT sym-
metry and the weak equivalence principle. The question of how antimatter
interacts with gravity is framed within the context of the baryon asymmetry
problem, and as an intersection between the standard model and general rel-
ativity. Finally, we summarize the theoretical expectations and experimen-
tal constraints on the gravitational behaviour of antimatter, and provide an
overview of ongoing experimental efforts towards its direct measurement.

2.1 A brief history of antimatter

In 1915, Einstein published his theory of general relativity [12], describing
gravity as the curvature of spacetime induced by mass and energy. We will
return to this in our discussion of the weak equivalence principle, but it
is important to underline that the postulation and discovery of antimatter
happened long after our current understanding of gravity was formulated.
Einstein’s general relativity also serves as a classic success story for theoret-
ical prediction in physics; his field equations give rise to the phenomenon of
gravitational waves. Despite Einstein’s own skepticism regarding their ob-
servability [13], the LIGO collaboration in 2015 confirmed the existence of
gravitational waves [14], a century after the theory’s publication.

2.1.1 The discovery of antimatter

The story of antimatter begins with a similar prediction and experimental
verification. In 1928, Paul Dirac published a relativistic equation describing
the electron, reconciling quantum mechanics with Einstein’s special relativity
[15]. Dirac observed that his equation admitted solutions “equally well to an
electron with charge e as to one with charge −e” [15]. Although he initially
dismissed the negative energy solutions, he later embraced them, identifying
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2.1. A brief history of antimatter

them in 1931 as “a new kind of particle, unknown to experimental physics,
having the same mass and opposite charge to an electron. We may call such
a particle an antielectron” [16].

Dirac was more fortunate than Einstein when it came to experimental
validation. Just two years later, in 1933, Carl Anderson observed cosmic
ray tracks in a cloud chamber under a constant magnetic field [17]. From
the curvature of the tracks, he determined the charge-to-mass ratio of each
particle, identifying fifteen instances of Dirac’s antielectron. He named this
particle the positron.1

Dirac predicted the existence of the antiproton during his 1933 Nobel
lecture [18] following the discovery of the positron. As further particles
were discovered throughout the 1930’s and 1940’s, it was suspected that
each particle might have a corresponding antiparticle. However, antiparticles
beyond the positron are not observed naturally, and so it was not until the
age of high energy collisions that this theory could be verified.

The antiproton was discovered in 1955 at the Bevatron, a 6.2GeV proton
synchrotron [19]. Protons were collided with a copper target, and negatively
charged particles with a momentum of 1.19GeV were extracted. Their ve-
locity was measured using time-of-flight and Cerenkov counters, confirming
their rest mass and hence their identity as antiprotons. The discovery of the
antineutron followed a year later in 1956 from a group at the same labora-
tory [20]. Antiprotons were passed through a liquid scintillator, which would
observe the occasional antineutron produced through a charge exchange in-
teraction. The antineutron would then pass undetected through additional
scintillator panels, before annihilating in a Cerenkov detector.

As routine production of antiprotons became possible, CERN commis-
sioned the Low Energy Antiproton Ring (LEAR) in 1982 [21]. This machine
supplied 100MeV antiprotons to experiments with a broad physics program.
These efforts culminated in the 1995 detection of nine antihydrogen atoms
in-flight by the PS210 experiment. Antiprotons passing through a xenon tar-
get captured positrons pair-produced in an atom’s electric field [22], briefly
producing an excited state of antihydrogen in flight. LEAR was decommis-
sioned in 1996, and repurposed into the Low Energy Ion Ring (LEIR), which
remains an integral part of the LHC heavy ion program.

The success of LEAR prompted further investment into the new An-
tiproton Decelerator (AD), which began operation in 2000 [23]. Antipro-
tons are produced by directing a proton beam into an iridium target, and a

1Positron is a contraction of positive electron. He also proposed renaming the electron
to the “negatron”, a term which regrettably does not see common usage.
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magnetic horn focuses antiprotons produced at 3.6GeV into the decelerator
ring. These antiproton bunches are slowed to 5.3MeV and delivered to ex-
periments such as ATHENA [24], which succeeded in 2002 to produce cold
antihydrogen atoms from confined plasmas of antiprotons and positrons. In
2010, the ALPHA collaboration became the first to magnetically trap anti-
hydrogen [25].

2.1.2 Experimental attempts to measure antimatter gravity

Since the mass of a particle and corresponding antiparticle are equal, this
suggests that gravity should act equally on both. The work presented in
this dissertation joins a long history of attempts to measure the effect of the
Earth’s gravity on a purely antimatter system (hereafter antimatter gravity
for brevity), by observing the gravitational free-fall of an antimatter system.
While these methods have only placed loose constraints on antimatter grav-
ity, a number of indirect measurements have demonstrated equality between
matter and antimatter gravity much more precisely. However, these indirect
methods rely on other underlying assumptions, and will be discussed in Sec-
tion 2.5.3. Here, we discuss only direct measurements of antimatter gravity,
which involve the observation of the motion of antimatter systems under the
influence of gravity.

In the 1960s, Witteborn and Fairbank sought to compare the Earth’s
gravitational pull on positrons and electrons [26]. Their method was to mea-
sure the particle time-of-flight in a vertical drift tube, taking care to shield
the particle from all external electromagnetic fields. However, this proved to
be prohibitively challenging due to a phenomenon known as patch potentials,
local variations in the electric potential along the surface of the metal tube.
These can be caused by microscopic impurities in the metal tube’s surface
causing local charge build up, by grain boundaries, or other effects [27]. The
resulting electrostatic forces dwarfed the expected gravitational effect.2

Witteborn and collaborators returned to this problem once slow antipro-
tons became available at LEAR [29]. Their idea was that since antiprotons
are much heavier than positrons, they would require less electromagnetic
shielding to achieve sensitivity to gravity. However, this project faced issues
in trapping and cooling antiprotons while maintaining a sufficiently field-
free region for a gravity measurement. The experiment ultimately failed to

2Electrons in the conducting walls of the drift tube also experience gravity, forming an
electric potential gradient which counteracts gravity. Witteborn and Fairbank were able
to confirm that the effect of gravity on these electrons is equal to the effect of gravity on
a free electron in the drift tube, to within 9% [28].
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produce any results before the shutdown of LEAR [30].
This brings us to the present generation of antimatter gravity experi-

ments. To avoid electromagnetic interference in a free-fall experiment, one
must use a neutral form of antimatter. Since antineutrons are difficult to trap
and manipulate, the best candidate for a direct measurement of gravity on a
bound antimatter system is the antihydrogen atom. Other experiments have
been proposed which use an interferometer on a beam of either muonium
[31] or positronium [32].

A precursor to the 2023 result [1] was published by the ALPHA collab-
oration in 2013 [33]. Antihydrogen atoms were released from the ALPHA-2
trap, and a search for an asymmetry in the vertical annihilation positions
was performed. An upper limit of 75 was imposed on the ratio of the antihy-
drogen gravitational and inertial mass. This study was limited by the small
vertical distance over which the antiatoms could free fall before annihilating;
however, its success paved the way for the design of the current ALPHA-g
experiment.

2.1.3 Current antimatter experiments

Today, the Extra Low Energy Antiproton ring (ELENA) further decelerates
the AD antiproton beam to 100 keV [34]. This beam remains the world’s
only source of low energy antiprotons. It fosters an active community of
unique experiments, including:

• BASE [35] — tests CPT symmetry by measuring the antiproton mag-
netic moment [7] and charge-to-mass ratio [6].

• ASACUSA [36] — aims to create a beam of polarized antihydrogen to
study the antiproton mass [37] and the zero-field hyperfine splitting.

• PUMA [38] — aims to study the surface nucleon density of radioactive
nuclei by transporting antiprotons to CERN’s ISOLDE radioactive ion
beam facility.

• AEGIS [39] — aims to use a Moire deflectometer to measure Earth’s
gravity on a beam of antihydrogen.

• GBAR [40] — aims to measure the gravitational free-fall of micro-
kelvin antihydrogen, by photo-ionization of positive antihydrogen ions.

The ALPHA collaboration also remains active at the AD, having per-
formed a wide range of spectroscopic measurements on trapped antihydro-
gen with the ALPHA-2 experiment. The new ALPHA-g experiment has also
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yielded recent results in the measurement of gravity acting on antihydrogen,
which are presented in this dissertation. A detailed overview of the ALPHA
experiment will be given in Chapter 3.

2.2 CPT symmetry

The current generation of AD experiments share a common goal: to study
the fundamental symmetries between matter and antimatter. In physics, a
symmetry is synonymous with an invariance. If a theory remains unchanged
under a certain transformation (such as a translation in space), it is said to
possess that symmetry or invariance (in this case, translational symmetry).

There are three fundamental symmetries that were long believed to be
obeyed by all physical processes, corresponding to the following transforma-
tions:

• Charge conjugation (C): Changes the sign of all charges, effectively
exchanging a particle with its antiparticle.

• Parity inversion (P): Reverses the sign of all three spatial coordinates,
equivalent to a mirror reflection along all three spatial axes.

• Time reversal (T): Reverses the direction of time.

These symmetries were formalized by Wigner [41, 42] and Dirac [16] from
1927 to 1933. It came as a surprise when in 1957, Wu demonstrated that the
weak interaction violates P symmetry [43]. That same year, Landau pro-
posed that the combined CP transformation might still be a true symmetry
of nature [44]. This proposal held until 1964, when a group at Brookhaven
showed evidence for CP violation in the decay of neutral kaons [45].

Today, only the combined CPT symmetry is thought to hold universally.
In 1957, Lüders and Pauli independently proved the CPT theorem, which
states that any Lorentz-invariant local quantum field theory must be invari-
ant under a CPT transformation [46]. The assumptions of Lorentz-invariance
and locality are foundational to both general relativity and quantum field
theory; an observation of CPT symmetry violation would indicate physics
beyond these frameworks.

The history of C and CP violation reminds us that even our most deeply
held theoretical assumptions must be tested. Since CPT symmetry connects
matter and antimatter, its experimental verification necessarily involves an-
timatter systems, as charge conjugation C corresponds to the symmetry
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between matter and antimatter. Consequently, many of the experiments at
the AD – including the precision spectroscopy program at ALPHA – are
designed to search for violations of CPT symmetry.

2.3 The weak equivalence principle

Galileo first formalized the weak equivalence principle (WEP), the statement
that the motion of an object in a gravitational field does not depend on its
mass or composition, around 1590 [47]. Neglecting air resistance, it guaran-
tees that an apple and a cannonball will fall at the same rate; a fact he is
said to have demonstrated by dropping such objects from the Leaning Tower
of Pisa. An equivalent statement of the WEP is that an object’s gravita-
tional mass (its coupling to gravity) and inertial mass (of Newton’s second
law F = ma) are equal.

In 1907, Einstein extended this idea into what is now called the Einstein
Equivalence Principle (EEP) [48], which asserts that the laws of physics are
indistinguishable between an accelerated reference frame and one at rest in
a gravitational field. These equivalence principles were cornerstones of his
1915 theory of general relativity, which has withstood repeated experimental
scrutiny, and remains to this day our most comprehensive theory of gravity.

An observation of a violation of the WEP would necessitate a reformula-
tion of general relativity, and reshape our understanding of gravity. As such,
many generations of experiments have searched for WEP violation using a
variety of techniques. Some of the early precision tests were performed by
Loránd Eötvös from the 1880s to the 1910s [49], using a torsion balance to
compare the ratio of gravitational to inertial mass across various materials.
Variations on this technique were later used to verify the WEP to a precision
of 10−13 [50, 51]. The current best measurement of the WEP was performed
by the MICROSCOPE experiment, which achieved a precision of 10−15 using
Earth-orbiting satellites [52].

The WEP asserts that two objects of the same mass will experience the
same force of gravity, regardless of their composition; this includes a particle
and its antimatter counterpart. Since our understanding of gravity predates
the prediction and discovery of antimatter, general relativity does not give
any explicit role to antimatter. But we should remember that the WEP was
devised based on observations of matter-matter interactions, and is taken as
a starting point for general relativity. That antimatter should also obey the
WEP makes for a very simple and beautiful theory, but as the last hundred
years have demonstrated, it is only by performing experiments that we can
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verify the laws of nature; beautiful theories do not preclude unexpected
results.

2.4 Motivations for the study of the gravity of
antimatter

The concept of antigravity, or gravitational repulsion, has long been the
subject of science fiction. Beyond pop culture, many theorists have investi-
gated the concept, both historically [53] and recently [54]. It is interesting to
consider matter and antimatter which gravitationally repel each other, and
whether such a universe could be consistent with our own.

2.4.1 The intersection of gravity and CPT symmetry

There is a solid reason to study the effect of gravity on antimatter from a
theoretical perspective. Of the four fundamental forces, the Standard Model
describes only three; gravity is left to its own theory, general relativity. De-
spite decades of effort, a unified theory that consistently combines the two
has not been found. Antimatter is deeply connected to CPT symmetry,
which arises naturally from the principles of Lorentz-invariance and locality,
two axioms of the Standard Model. By testing the WEP on antimatter,
we are directly testing the compatibility of the foundations of the two theo-
ries. The results of such a test will constrain any unified theory of quantum
gravity, and perhaps hint towards how the two theories should be united.

2.4.2 The baryon asymmetry of the universe

There is another motivation for studying this area, based on an unexplained
observation. Although the description of antimatter within the standard
model entirely matches experiment, there is a gap in our understanding
known as the baryon asymmetry problem. As the universe cooled from the
very hot and energetic state immediately following the big bang, elementary
particles were created via pair production. This mechanism creates particles
in pairs – one particle and one antiparticle – and so the total balance between
matter and antimatter in the universe is conserved. The problem is that
today’s universe is overwhelmingly composed of matter. What mechanism
gave rise to this dominance of matter? Was less antimatter created, or did
some unknown process preferentially remove antimatter from the universe?

Without violating CPT symmetry, such a mechanism is possible if it
obeys the three Sakharov criteria [55]:
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1. Baryon number violation, i.e. the production of a baryon without the
corresponding antibaryon.

2. C and CP symmetry violation.

3. Interactions out of thermal equilibrium.

Baryon number violation is an obvious requirement to explain the imbal-
ance of baryons and antibaryons. However, it has not yet been observed, and
is not predicted by the standard model except at very high temperatures [56].
The discovery of a process which does not conserve baryon number, such as
proton decay, would be a key piece towards understanding the baryon asym-
metry problem.

C and CP symmetry breaking is a requirement for the development of a
baryon asymmetry; if C or CP symmetry held, then any process which cre-
ated a baryon would have a C or CP conjugate process creating antibaryons
at the same rate. As we have seen previously, C and CP symmetry break-
ing has already been observed. However, the degree of symmetry breaking
observed so far is too small to be solely responsible for the baryon asymme-
try of the universe. Searches for further symmetry breaking processes are
underway, for example in the neutrino sector [57].

In a thermal equilibrium, the forward and reverse of a process occur at the
same rate; clearly a mechanism to generate a baryon asymmetry must occur
outside of thermal equilibrium. Thus understanding the origin of the baryon
asymmetry must go hand in hand with understanding the structure and
thermal evolution of the universe; understanding how the universe develops
will tell us when conditions out of equilibrium would occur. One of the key
factors in this development is the gravitational behaviour of the constituents
of the universe, and in this way, understanding the gravitational behaviour
of antimatter could give us insight into the origins of the baryon asymmetry
problem.

2.4.3 Dark energy

There is a final reason to study the gravity of antimatter: we already have
indications that our understanding of gravity itself is incomplete. In 1917,
Einstein amended his theory of general relativity to include a cosmological
constant, which was required in order to keep the size of the universe static
[58]. This was soon discarded, when Hubble demonstrated in 1929 that the
universe is expanding [59]. However, the idea of a cosmological constant has
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been revived following observations of the universe’s accelerating expansion
[60].

The origin of this acceleration is not understood at all, and so has been
given the mysterious name of dark energy. A cosmological constant is the
leading candidate explanation for dark energy, but not the only one.3 It is
commonly identified with the non-zero energy of the quantum-mechanical
vacuum state, which permeates all space. However, the cosmological con-
stant has its own problem: quantum field theory predicts a value which is
120 orders of magnitude greater than the value which would explain the
accelerated expansion of the universe [62].

This non-zero quantum vacuum energy corresponds to the creation and
annihilation of pairs of virtual particles and antiparticles which occurs con-
tinuously in the vacuum. One highly speculative approach is to consider the
gravitational interactions between these virtual particles as it relates to the
cosmological constant problem [63].

A simpler explanation is that general relativity itself is not correct, and
dark energy could arise from a modified theory of gravity. However, in
the absence of experimental results that conflict with general relativity, it is
difficult to predict how and where such a theory should diverge. Thus testing
general relativity in new regimes, such as with antimatter, is essential for
identifying possible deviations and guiding modified gravity models.

2.5 Theoretical considerations on repulsive
antimatter gravity

It is widely expected among physicists that antimatter should experience
gravity identically to matter. This belief is supported by three classic argu-
ments, described by Nieto and Goldman [54], which are frequently cited in
discussions of antimatter gravity. We outline these arguments here, taking
care to highlight their underlying assumptions. We then consider different
antimatter gravity scenarios from a cosmological perspective, and ask if they
could lead to an evolution of the universe which matches our observations.
Finally, we examine measurements which indirectly constrain the effect of
gravity on antimatter.

3Indeed, recent DESI results [61] are in tension with a cosmological constant solution.
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2.5.1 Arguments for equal matter-antimatter gravitation

The first argument, proposed by Morrison [64], is based on conservation of
energy. This argument is stated more simply by Nieto and Goldman [54],
whose formulation I describe here. Let us first consider an atom-antiatom
pair in a universe where the gravitational behaviour of antimatter and matter
are identical. Work can be done to raise the pair to a height h above the
Earth’s surface, increasing the gravitational potential energy of the pair by
2mgh. If the pair then annihilates and the resulting photons fall back to the
ground, they would be blue-shifted by the Earth’s gravitational field, each
with energy increased by mgh compared to if they were produced at ground
level. This corresponds to the work done to raise the atom-antiatom pair,
and so energy is conserved.

Now suppose antimatter and matter repel gravitationally, so that an
antiatom on the Earth’s surface is repelled upwards with gravitational ac-
celeration −g. Then an atom-antiatom pair could be raised to a height h
at no net energy cost. If the pair annihilates and the resulting photons fall
back to the ground, they would still experience the same blue-shift from the
Earth’s gravitational field. They would end up with an additional energy of
2mgh more than the atom-antiatom pair initially possessed, despite no work
being done, in violation of the conservation of energy. Thus, Morrison con-
cluded that matter and antimatter must experience the same gravitational
acceleration.

The second classic argument, due to Schiff [65], draws on the results
of the Eötvös experiments discussed earlier in the context of WEP tests.
The electric field of an atom polarizes the vacuum and generates virtual
electron-positron pairs, which contribute significantly to the mass of the
atom as quantum-mechanical loop corrections. Since the magnitude of this
contribution differs between atoms, any difference in the gravitational mass
of electrons and positrons would result in composition-dependent variations
in gravitational mass. This would not affect the inertial mass, necessarily
leading to a breaking of the WEP. Such deviations are strongly constrained
by the Eötvös experiments of Section 2.3, leading Schiff to conclude that
antimatter must couple to gravity identically to matter.

The third argument, proposed by Good [66], considers neutral kaon os-
cillations. A gravitational mass difference between the K0 and K̄0 would
induce regeneration of the long-lived KL into the short-lived KS , a CP-
violating process. At the time, this was thought to be forbidden. However,
CP violation in the neutral kaon system was soon observed experimentally
[45], albeit at a smaller magnitude than Good predicted, leaving this argu-
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ment partially undermined but still of interest.
These arguments have been scrutinized in the decades since, especially

with dark energy generating new interest in modified theories of gravity.
A recent review by Chardin and Manfredi [67] outlines various theoretical
approaches that circumvent, dispute, or reinterpret the constraints posed
by Morrison, Schiff, and Good. These debates continue, and there is no
consensus as to whether the classical arguments definitively rule out repulsive
antimatter gravity.

If these arguments were to be considered indisputable, a direct mea-
surement of the gravitational interaction of antimatter could be seen as re-
dundant or unnecessary. However, there remains significant interest among
the community in such a measurement. Each argument relies on underly-
ing assumptions, such as the universality of energy conservation in curved
spacetime, or the applicability of general relativity to virtual particles. These
arguments can then be considered to raise the stakes: a violation of the weak
equivalence principle in antimatter systems would force us to reconsider our
underlying assumptions.

2.5.2 Antimatter gravity cosmologies

Even if repulsive gravity between matter and antimatter were not theoreti-
cally excluded, it could still be ruled out based on observations of our uni-
verse. We must ask whether such a scenario could lead to a universe which is
observationally similar to our own, or whether it is ruled out cosmologically.
The study of cosmologies with exotic gravitational behaviour of antimatter
is not a mature field, and remains largely speculative.

The main cosmology to consider is called the Dirac-Milne universe [68],
which contains an equal amount of matter and antimatter, but gives a nega-
tive gravitational mass to antimatter. It includes antimatter that is gravita-
tionally repelled by both matter and antimatter, violating CPT symmetry.
This mutual repulsion between antimatter particles is necessary to address
the observed baryon asymmetry of the universe: if antimatter was mutually
repulsive, antistars and other large antimatter systems would not form, al-
lowing it to hide in the cosmic voids. This cosmology can reproduce some
cosmological features such as primordial nucleosynthesis rates, but others
such as large scale structure have not been reconciled with observations.
Such a theory of gravity would be a considerable departure from general rel-
ativity, and necessarily violates CPT symmetry, which would have dramatic
consequences.

Other more speculative cosmologies with repulsive antimatter gravity
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have been proposed which would not require CPT breaking [69]. However,
none of these models are compatible with the breadth of our observations of
the universe, failing to explain features such as baryon acoustic oscillations
[70] or the large scale structure of the universe.

Should a difference in gravitational behaviour between matter and anti-
matter be experimentally confirmed, it would necessitate the development
of a new cosmological model capable of reproducing our observed universe.
The fact that such a model is not currently known does not rule out the
possibility of its existence; rather, it reflects limited theoretical efforts. The
existing models can be considered starting points for further development, in
the case where experimental results indicate exotic gravitational behaviour
of antimatter.

2.5.3 Indirect antimatter gravity constraints

While a direct free-fall-type WEP test has never been performed on anti-
matter, and cosmological models are not sufficiently developed to rule out
exotic gravitational behaviour of antimatter, there are a number of indirect
limits on antimatter gravity from other experiments. Here, an indirect limit
refers to a measurement which must be combined with other assumptions
or models in order to constrain antimatter gravity. Such methods are nicely
summarized in [71]. The authors conclude that while indirect reasoning can
be used to rule out WEP violation in antimatter at the 1% level, this anal-
ysis relies on models and assumptions which are also worth testing, and so
a direct test is still highly valuable.

One line of reasoning is that only around 1% of the antiproton mass is due
to the antiquark mass. Most of the remaining mass originates from binding
energy in the gluon field. If only the antiquark mass is treated gravitationally
as antimatter, then the maximum possible WEP violation in antiprotons is at
the 1% level. A more recent treatment of this logic is presented in [72], which
argues that antiquark kinetic energy should also be treated as antimatter.
Based on recent lattice QCD calculations, this brings the total gravitational
antimatter fraction of the antiproton to around 33%. This argument relies
on QCD, and so a precise determination of the gravitational acceleration of
antihydrogen could be re-framed in this way as a test of the Standard Model.

One indirect constraint can be applied based on the reasoning of Schiff
described in Section 2.5.1, which relies on differing fractions of virtual an-
tiparticles in the nuclei of different elements. This is estimated to constrain
antimatter gravity to be equal to matter gravity to within less than 0.5%
[71]. However, this method relies on our understanding of the coupling of
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gravity to virtual particles, which should itself be called into question.
A second category of indirect constraints on antimatter gravity described

in [71] rely on time-scaling effects. Should matter and antimatter experience
different gravitational accelerations, then a matter and antimatter particle
held at the same location will be at different gravitational potentials. As a
result, the antimatter particle will exhibit gravitational time dilation, and
the internal clocks of the matter and antimatter particles will run at different
speeds.

This can result in a number of measurable effects. The first effect is the
one proposed by Good (see Section 2.5.1), where the oscillation between kaon
states would be shifted from theoretical expectations. A difference between
the gravitational acceleration of matter and antimatter of 0.05% has been
ruled out based on these observations. Other measurable effects include a
difference in the cyclotron frequency between protons and antiprotons, which
has been ruled out by the BASE collaboration at the 10−7 level [73], or in
neutrino oscillations [74] at the 0.02% level.

Whereas gravitational time dilation is usually framed in terms of gravi-
tational potential differences, the analysis of each of these time-scaling mea-
surements relies on the use of an absolute gravitational potential. While
this could be valid in general relativity, since we are interpreting a gravity
difference between matter and antimatter, we have already departed from
the realm of general relativity; it is questionable whether the notion of an
absolute gravitational potential is justified in this case. Furthermore, it is
not clear which gravitational potential to use; typically the gravitational
potential of the galaxy or galactic supercluster is used in these calculations.

In conclusion, there are many indirect constraints which rule out a de-
parture of antimatter from the WEP, at least at the level accessible in the
ALPHA-g experiment. However, these indirect constraints each rely on as-
sumptions which are not fully accepted, or at least merit further testing.
As such, there is considerable interest among the antimatter community
in a direct, free-fall type experiment which can be interpreted in a model-
independent fashion.
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Chapter 3

Introduction to ALPHA

The ALPHA collaboration was formed by members of the ATHENA col-
laboration, the first group to produce antihydrogen by combining trapped
positrons and antiprotons [24]. The primary physics goal remained: to study
the properties of antihydrogen, in order to verify the fundamental symme-
tries between matter and antimatter. In 2010, ALPHA became the first
group to trap antihydrogen atoms [25]. This work continues into the present
day with the ALPHA-2 experiment, which has performed a number of spec-
troscopic measurements on antihydrogen, such as the 1S-2S transition [8],
1S-2P transition [9], fine structure [10], and hyperfine structure [11], among
many others.

Building on these successes, ALPHA has recently turned towards a fur-
ther fundamental symmetry between matter and antimatter: the equivalence
of free fall under gravity imposed by the WEP. To this end, the ALPHA-
g experiment was commissioned, reusing much of the existing ALPHA in-
frastructure and technical knowledge. The first results from ALPHA-g are
published in [1]; this publication will hereafter be referred to as the gravity
paper. The details of this measurement are included in this dissertation, as
well as in other dissertations [75–78].

This chapter will outline the various systems, components, and tech-
niques which were used to make these measurements. I will not attempt
to provide an exhaustive description of the ALPHA apparatus; instead, I
will briefly introduce the subsystems and techniques, with a focus on those
used for the gravity measurement in ALPHA-g. More detailed descriptions
are available in the papers cited above and throughout this chapter. This
chapter will focus on the experimental apparatus and individual techniques
used; the overall measurement procedure for the gravity paper, as well as its
limitations and possible extensions, is described in Chapter 9.

3.1 The AD and ELENA

Antiproton production at CERN begins with a proton beam. Negative hy-
drogen ions are accelerated to an energy of 160MeV by the linear accelerator
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3.1. The AD and ELENA

Figure 3.1: A schematic layout of the AD, adapted from [85]. Additional
red labels: 1. AD target and magnetic horn location. 2. Beam injection and
extraction point. 3. RF cavities. 4. Stochastic cooling. 5. Electron cooling.
Also visible are the ELENA decelerator and the ALPHA experimental zone.

LINAC 4 [79]. The electrons are stripped as the beam passes through a strip-
ping foil and into the Proton Synchrotron Booster, an accelerator ring that
further accelerates the protons to an energy of 2GeV [80, 81]. They are then
further accelerated to 26GeV by the proton synchrotron (PS) [82].

This beam is directed into an iridium rod target, where collisions produce
a plethora of particle types and energies. A magnetic lens, or horn, collects
the antiprotons produced, guiding those with a momentum of 3.5GeV/c into
a beamline. From here, the antiprotons enter the Antiproton Decelerator
(AD) [83, 84], a storage ring where they are slowed to a kinetic energy of
5.3MeV. Dipole magnets bend their trajectory into a ring, and quadrupole
magnets focus the beam. The beam deceleration and cooling is facilitated
by a number of systems highlighted in Figure 3.1.
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3.2. Particle trapping

Radiofrequency (RF) cavities lower the momentum of the beam in steps
from 3.5GeV/c to 100MeV/c. The bunch arrival time is synchronized with
an oscillating electric field. In this way, the field applied to the antiproton
bunches opposes the direction of motion and slows down the bunch.

Between each momentum step, cooling techniques are applied to con-
trol the spread of particles in position and momentum space, known as the
beam emittance. There are two stochastic cooling stages at 3.5GeV/c and
2GeV/c. This process involves using a detector, or “pickup”, to detect parti-
cles deviating from the desired bunch centre. The pickup signal is processed
and fed forward to a “kicker”, which applies a corrective electric field.

There are two electron cooling stages at 300MeV/c and 100MeV/c. An
electron gun is used to create a beam of electrons, and the velocity of this
beam is matched to the velocity of the antiproton beam. The two beams are
then overlapped. Any antiprotons with higher than average velocity interact
with electrons, transferring their energy via Coulomb scattering, and slow
down towards the average velocity.

Following the electron cooling at momentum 100MeV/c, or kinetic en-
ergy 5.3MeV, the antiproton beam is injected into a second storage ring
called the Extra Low ENergy Antiproton Ring (ELENA). In this ring, suc-
cessive decelerations using RF cavities are interleaved with electron cooling
stages; a similar technique as the AD. The antiproton beam is slowed to a
kinetic energy of 100 keV. It is extracted at one of two extraction points and
delivered to experiments such as ALPHA, which require such low kinetic
energies to efficiently trap the incoming antiprotons.

An example of an AD and ELENA cycle, including the deceleration and
cooling stages, is shown in Figure 3.2. In typical operation, the cycle lasts
approximately 120 seconds per bunch delivered. The AD team at CERN have
also developed a technique to split each antiproton bunch into four smaller
sub-bunches, enabling simultaneous delivery to multiple experiments. As a
result, antiprotons were available to ALPHA continuously throughout the
run periods.

3.2 Particle trapping

Production of antihydrogen in ALPHA begins with the trapping of antipro-
tons. A single bunch of antiprotons from ELENA contains approximately
7.5×106 antiprotons, of which around 5×105 are successfully trapped. Sim-
ilar numbers of positrons are also generated and captured. These collections
of charged particles, known as plasmas, have sufficiently high densities that
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3.2. Particle trapping

Figure 3.2: Model of beam momentum over an AD (left) and ELENA (right)
cycle. Sloped segments indicate beam momentum adjustments using RF cav-
ities. S.C. indicates stochastic cooling periods, and E.C. indicates electron
cooling periods. The dashed lines indicate beam injection (green) and ex-
traction (black) times.

the interactions between particles cannot be neglected. The trapping and
manipulation of these charged particle plasmas is carried out using a number
of Penning-Malmberg traps. The trapping of electrically neutral antihydro-
gen atoms requires a different type of trap: ALPHA uses a superimposed
magnetic minimum trap to confine these atoms, relying on the interaction of
the antihydrogen magnetic moment with inhomogeneous magnetic fields. In
this section we will discuss the methods used to trap these charged particle
plasmas and neutral atoms, both from a theoretical and practical standpoint.

3.2.1 Charged particle trapping

First, let us consider a single charged particle of charge q and mass m, pro-
pelled by an electric field E⃗ towards a minimum in the electrostatic potential
V . It experiences a force F⃗ and subsequent acceleration ¨⃗x (using the dot
notation for time derivatives) given by:

F⃗ = m¨⃗x = qE⃗ = −q∇⃗V (3.2.1)

One could trap a charged particle by placing it in a quadratic potential
well, so that any motion away from the minimum results in a force returning
the particle to the centre. This works well in one dimension; unfortunately,
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3.2. Particle trapping

Figure 3.3: (a.) The hyperbolic electrodes of a Penning trap, from [89]. A
uniform magnetic field along the Z axis is applied by solenoid magnet. (b.)
The cylindrical electrodes of a Penning-Malmberg trap, from [90].

it was proven by Earnshaw in 1842 [86] that no static electric field configu-
ration can produce a three-dimensional potential minimum. Today, this is
framed in terms of Poisson’s equation −∇2V = 0, a consequence of Maxwell’s
equations.

Since a charged particle cannot be trapped by static electric fields alone,
let us consider now the motion of a particle in a constant magnetic field B⃗:

F⃗ = m¨⃗x = q ˙⃗x× B⃗ (3.2.2)

The particle will experience a force perpendicular to its velocity, resulting in
circular motion in the plane perpendicular to the magnetic field, known as
cyclotron motion. The frequency of this motion is the cyclotron frequency
ωc = qB/m.

The combination of these two ideas led to the development of the Pen-
ning trap [87, 88], where a constant magnetic field confines the particle to
circular motion in the radial dimensions, while an electric potential well traps
particles axially. The electric potential configuration is achieved by two hy-
perbolic end caps and a hyperbolic ring electrode, as shown in Figure 3.3.a.
The magnetic field is applied by a superimposed solenoid magnet.

Achieving a quadratic electrostatic potential on-axis necessarily also cre-
ates a radial electrostatic potential. This leads to a Penning trap potential
of the form:

V (x⃗) =
V0
R2

(
2z2 − x2 − y2

)
(3.2.3)

Here, V0 sets the magnitude of the potential, R is a characteristic trap di-
mension, and x, y, z are the components of the position x⃗. Combining this
electrostatic potential with a constant magnetic field B⃗ = B0ẑ and solving
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the equations of motion (the sum of equations 3.2.1 and 3.2.2) yields decou-
pled axial and radial motions. The axial motion is described by a simple
harmonic motion where ωz is called the axial bounce frequency:

z̈ = −4qV0
mR2

z = ω2
zz (3.2.4)

The radial motion is more complicated; the radial electric field perturbs
the solution from the simple cyclotron motion of a uniform magnetic field.
Introducing u(t) = x(t) + iy(t) as a combined spatial coordinate, we can
write the equation of radial motion as:

ü = iωcu̇− 1

2
ωzu (3.2.5)

This has two independent solutions u(t) = u0e
−iω±t. Here ωc = qB/m is

the classic cyclotron frequency in the absence of the electrostatic field, and

ω± =
ωc

2
± 1

2

√
ω2
c − 2ω2

z (3.2.6)

The validity of this solution depends on ω2
c −2ω2

z > 0, called the trapping
condition, which requires that the magnetic field be strong compared to the
radial electrostatic field in order for the particles to be radially confined.

The frequency ω+ ∼ ωc is called the modified cyclotron frequency. The
solution u(t) = u0e

−iω+t is similar to the motion of a charged particle in a
constant magnetic field, in the absence of electrostatic fields. The frequency
ω− ∼ ω2

z
2ωc

is called the magnetron frequency, and the solution u(t) = u0e
−iω−t

is related to the E⃗ × B⃗ drift a charged particle experiences in constant
electrostatic and magnetic fields. The general solution to the radial equation
of motion is a linear combination of the two solutions. As a result, the
motion of a particle trapped in a Penning trap can be broken down into
three separate components:

1. The simple harmonic axial motion with frequency ωz.

2. The slow circular magnetron motion with frequency ω−.

3. The fast circular cyclotron motion with frequency ω+.

An example of the path traced by a particle in a Penning trap is shown
in Figure 3.4.
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3.2. Particle trapping

Figure 3.4: Radial (a.) and three-dimensional (b.) motion of a charged
particle in a Penning trap. Axes are in arbitrary units; the length scale is
set by the strength of the trapping potentials.

3.2.2 Non-neutral plasma trapping

In ALPHA and many other practical applications, one would like to simul-
taneously trap many charged particles. The hyperbolic geometry of a tra-
ditional Penning trap is not well-suited for this, as the electric fields are
uniform over only a small spatial volume. Furthermore, the hyperbolic elec-
trodes are mechanically cumbersome and offer limited flexibility for particle
manipulation.

A Penning-Malmberg trap offers an alternative solution, formed by a
stack of cylindrical electrodes and a superimposed magnetic solenoid shown
in Figure 3.3.b. By applying a voltage to two electrodes separated by sev-
eral grounded electrodes, a confining axial electric potential is produced.
Combined with a constant axial magnetic field, this configuration confines
charged particles. The electrode cylinder is open at both ends, allowing
access for particle loading or ejection in either axial direction.

The main downside to this cylindrical geometry is that the electric field
is no longer perfectly quadratic. As a result, the motion of particles in a
Penning-Malmberg trap can no longer be described analytically and must
be modelled by simulation. However, this geometry allows trapping of sig-
nificantly larger numbers of particles over an extended axial region. Once
multiple particles are introduced, the mutual repulsion between them makes
describing the situation mathematically more complicated. This system of
interacting particles is referred to as a non-neutral plasma.
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A traditional quasi-neutral plasma is a state of matter where the con-
stituent particles have enough energy to overcome binding energies between
each other, and contains similar numbers of positive and negative particles.
These plasmas exhibit collective effects such as Debye screening, where par-
ticles on the plasma skin will rearrange themselves to shield the interior of
the plasma from an electric field. By contrast, a non-neutral plasma is typ-
ically composed of charged particles of a single species. As a result, it has
a net charge and generates significant internal electric fields. Confinement
requires a combination of electric and magnetic fields, such as those in a
Penning-Malmberg trap, to counteract the internal repulsive forces.

The rotational symmetry of the Penning-Malmberg trap leads to a rota-
tional invariance, and conservation of the canonical angular momentum L of
the plasma [91]:

L =
N∑
j=1

(
mvθ,jrj +

q

c

Brj
2
rj

)
= const. (3.2.7)

In a sufficiently strong magnetic field, the second term due to the mag-
netic field will dominate the first term due to particle angular momentum,
and the condition simplifies to a constraint on the mean radius squared of
the particles:

N∑
j=1

r2j = const. (3.2.8)

Given an initially trapped plasma, this leads to an upper bound on the
fraction of trapped particles which can reach the trap wall [92]. Typically, a
confined plasma will reach an equilibrium state with a constant r-dependent
rotational velocity and density profile.

3.2.3 Antihydrogen trapping

The Penning-Malmberg trap relies on particles being charged, allowing them
to interact with applied electric and magnetic fields. This trap works well
for both antiprotons and positrons, but trapping the neutral antihydrogen
atom requires a different approach.

A neutral atom can still experience a force in a magnetic field due to
its magnetic dipole moment. This is a quantum mechanical property which
is a combination of the orbital dipole moment, due to the positron orbit
acting as a current loop, and the intrinsic spin dipole moment of the positron
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and antiproton. The orbital moment is determined by the orbital quantum
number of the atomic state; this is zero in the ground state, which is by
far the most likely state in a Penning-Malmberg trap. As a result, the
magnetic dipole moment is given entirely by the spin dipole moment. The
axial component of the dipole moment is then µz = −gsµBms, where gs
is the spin g-factor, µB is the Bohr magneton, and ms = ±1/2 is the spin
quantum number of the state.

The Zeeman energy, corresponding to the interaction of the magnetic
dipole moment with an external magnetic field, is given by:

U = −µ⃗ · B⃗ (3.2.9)

where µ⃗ is the magnetic dipole moment of the antihydrogen atom and B⃗ is
the applied magnetic field.

The torque resulting from the magnetic field will cause the dipole mo-
ment to either align or anti-align with the applied field, and so the potential
experienced by the antihydrogen atom will either increase or decrease by µB.
Those antiatoms which see a decreased potential by µB are known as high
field seekers. Since it is impossible to produce a magnetic field with a lo-
cal maximum [93], these antiatoms are deemed untrappable. The antiatoms
which see an increased potential by µB are known as low field seekers. If
moved away from the minimum of a magnetic field, they will experience a
force returning them to the minimum.

This is the basis of the Ioffe-Pritchard trap [94]. A quadrupole, sex-
tupole, or octupole magnet produces a field with strength increasing with
radius, which creates radial confinement. A solenoid applies a constant ax-
ial magnetic field, which is enhanced at the ends by two small mirror coils,
confining the atoms axially. The geometry of a simple Ioffe-Pritchard trap
is shown in Figure 3.5.

3.3 Annihilation

The process of annihilation occurs when a particle collides with its antipar-
ticle. Both the particle and antiparticle are destroyed, with their mass con-
verted to energy following E = mc2. This results in the creation of other
particles (annihilation products) following the conservation of energy, mo-
mentum, spin, charge, and baryon and lepton number.

The complexity of annihilation outcomes increases with the energy avail-
able in the collision. If either the particle or antiparticle have a large kinetic
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Figure 3.5: A simple Ioffe-Pritchard trap. Ioffe bars (red) with alternating
current flow produce a quadrupole magnetic field, while mirror coils (blue)
increase the magnetic field at the ends of the trap.

energy, then many particles can be created; this is the principle of electron-
positron and proton-antiproton colliders. In ALPHA, the highest kinetic
energy involved is the 100 keV with which antiprotons are delivered from
ELENA. This is far smaller than the 938.8MeV/c2 rest mass of the antipro-
ton, and so we will limit our discussion of annihilation to the case where
both particles are (almost) at rest.

3.3.1 Positron annihilation

By far the most probable channels in electron-positron annihilation are the
production of either two photons e++e− −→ 2γ or three photons e++e− −→
3γ. The electron and positron have a very small rest mass of 511 keV/c2; the
only other particles with low enough rest mass to be created are neutrinos,
and these are suppressed by the relative weakness of the weak force.

A low-energy positron is typically slowed down and captured by an elec-
tron to form positronium. After a short time (either 0.12 ns or 13.6 ns), the
electron and positron annihilate. The lifetime and number of photons pro-
duced depends on the alignment of the electron and positron spins. If the
spins are anti-aligned (as in para-positronium), conservation of charge parity
prohibits the production of an odd number of photons, leading to the dom-
inance of 2γ channel. If the electron and positron spins are aligned (as in
ortho-positronium), the production of an even number of photons is prohib-
ited, resulting in primarily 3γ production. It is also possible for a positron
to annihilate directly on an electron without forming positronium, in which
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case the 2γ production is most probable [95].
The relative probability of the 2γ and 3γ annihilations depends on the

formation rates of para-positronium and ortho-positronium. With a triplet
of three spin configurations, ortho-positronium is approximately three times
more likely to be formed than para-positronium, which has only one spin
configuration. However, the exact ratio varies slightly depending on the
material [96].

The single photon channel e++ e− −→ γ is forbidden by conservation of
momentum. In the centre of mass frame of reference, in which the electron-
positron pair has zero total momentum, the resulting photon must also have
zero momentum. Since the photon energy and momentum are related by
p = Ec, this photon would have zero energy, which cannot occur.

In the two photon case, the same argument can be applied to show that
the photons must be created back-to-back, with 511 keV of energy each. This
is incidentally the principle by which positron emission tomography works,
and so we can thank conservation of momentum in annihilations for saving
countably many lives.4

3.3.2 Antiproton annihilation

Antiproton annihilation is a much messier affair than electron-positron an-
nihilation due to two main factors:

1. Protons and antiprotons have a higher rest mass of 938.8MeV/c2, in-
creasing the number and types of annihilation products.

2. Protons and antiprotons are ensembles of three quarks, and not ele-
mentary particles.

The proton is composed of two u quarks and one d quark, while the
antiproton is composed of two ū antiquarks and a d̄ antiquark. Instead of an
antiproton annihilation, we should consider the annihilation of an antiquark
with a quark. An antiquark in an antiproton can also annihilate with a
quark in a neutron, and so we should consider both antiproton-proton and
antiproton-neutron annihilations.

The pion final state branching ratios of these two processes are shown
in Table 3.1. Almost all annihilations end in a state with some number of
charged pions π± (the ud̄ and dū bound states of a quark and an antiquark)
and neutral pions π0 (the (uū + dd̄)/

√
2 bound state). Antiproton-proton

4Positron emission tomography is often cited as a practical application of antimatter.
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annihilation results in an equal number of π+ and π− mesons due to conser-
vation of charge, while antiproton-neutron annihilation results in one more
π− meson.

(a) Antiproton-proton (from [38, 97])
Pion final state %
π0π0 0.028
π0π0π0 0.76
π0π0π0π0 3.0
π+π− 0.32
π+π−π0 6.9
π+π−π0π0 9.3
π+π−π0π0π0 23.3
π+π−π0π0π0π0 2.8
π+π−π+π− 6.9
π+π−π+π−π0 19.6
π+π−π+π−π0π0 16.6
π+π−π+π−π0π0π0 4.2
π+π−π+π−π+π− 2.1
π+π−π+π−π+π−π0 1.9

(b) Antiproton-neutron (from [38, 98])
Pion final state %
π−π0 0.75
π−nπ0 (n > 1) 16.9
π−π−π+ 0.23
π−π−π+π0 17.0
π−π−π+nπ0 (n > 1) 39.7
π−π−π−π+π+ 4.2
π−π−π−π+π+π0 12.0
π−π−π−π+π+nπ0 (n > 1) 6.6
π−π−π−π−π+π+π+nπ0

(n ≥ 0)
0.35

Table 3.1: Measured pionic final states and branching ratios for antiproton-
proton and antiproton-neutron annihilation. In (b), n refers to the number
of π0 mesons. Note that the total adds to 97.7% for each table, since not all
decay channels are shown.

The π± rest mass is 139.6MeV/c2 and its lifetime at rest is τ = 26ns
[56]. Pions are typically produced with around 100MeV of kinetic energy; a
charged pion at this energy has a mean decay length of L = γβcτ = 11m,
and so they can be considered stable particles over the length scale of the
ALPHA detectors.

The π0 has rest mass 135MeV/c2, but its lifetime at rest is much shorter
at 8.5 × 10−17 s [56]. The same calculation yields a mean decay length of
36 nm, and so we should consider the decay of the neutral pion. The domi-
nant mode with 99% of the branching ratio is π0 −→ 2γ, and most remaining
decays are π0 −→ e− + e+ + γ [56]. These photons further interact via pair
production γ −→ e− + e+ in the electromagnetic field of a nucleus, with
an attenuation length on the order of 1 cm. The resulting state as observed
in the ALPHA particle detectors is N π+ mesons, either N or N + 1 π−

mesons, and some number of e−e+ pairs from displaced photon pair produc-
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tion vertices.
A further complication arises when we consider than our antiprotons

are not annihilating on free protons and neutrons, but on those contained
within a nucleus. Some number of produced pions may travel further into
the nucleus and be absorbed, reducing the observed pion multiplicity of
the annihilation. This may have further effects such as causing a nucleon
excitation and subsequent decay, or producing additional particles through
a further pion-nucleon cascade [99, 100].

3.3.3 Antihydrogen annihilation

The annihilation of antihydrogen atoms can be thought of as the combination
of the antiproton annihilation and the positron annihilation processes. When
an antihydrogen atom comes into contact with a regular atom, the antiproton
will annihilate with a nucleus as discussed in Section 3.3.2 and the positron
will annihilate with an electron as discussed in Section 3.3.1.

The positron annihilation contributes only a small fraction of the overall
energy and produces only two or three photons. These are often difficult to
detect among the higher multiplicity of secondary particles from the antipro-
ton annihilation. In some detection schemes, the back-to-back photon signal
of the positron annihilation can be used as a supporting signal to distinguish
antihydrogen annihilations. Primarily, however, the signals of the antiproton
annihilation and antihydrogen annihilation are practically identical, and the
two must be distinguished by a well-designed experimental procedure.

3.4 The ALPHA apparatus

The ALPHA experiment is a mature project which has made many distinct
measurements in the same apparatus. Although they are often said to be
separate experiments, the modular design means much of the apparatus is
shared between ALPHA-2 and ALPHA-g. The ALPHA-2 and ALPHA-g
atom traps are variations on the same design: a Penning-Malmberg charged
particle trap and a superimposed Ioffe-Pritchard neutral atom trap. The
entire ALPHA apparatus is shown in Figure 3.6. This section will describe
the components of the ALPHA apparatus relevant for gravity experiments
in ALPHA-g: the catching trap, positron accumulator, beamline, beam di-
agnostics, annihilation diagnostics, and the ALPHA-g trap.
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Figure 3.6: Cross-section of the full ALPHA apparatus. Adapted from [101].

3.4.1 Catching trap

The ALPHA catching trap is a Penning-Malmberg trap designed to receive
and cool bunches of antiprotons from ELENA. A superconducting solenoid
provides a 3T axial magnetic field for radial confinement, while axial confine-
ment is provided by a set of 20 cylindrical electrode segments. To facilitate
the superconducting magnet, the apparatus is enclosed by a closed-system
liquid helium cryostat. Scroll pumps, turbo pumps, and ion pumps are used
to create a vacuum of 10−10mbar. This is further enhanced by cryopumping
which improves the vacuum to better than 10−13mbar [102].

Upon arrival, an antiproton bunch passes through a 1 µm aluminium
degrader foil, optimized for the 100 keV ELENA ejection energy [103]. A
fraction of the bunch will annihilate on the foil, but the remaining antiprotons
will be slowed to even lower energies, facilitating their capture.

The catching trap features two specialized high-voltage electrodes which
can be biased to up to ±5 kV. The downstream electrode is held at −5 kV,
and the upstream electrode is ramped to the same voltage immediately after
the bunch arrival. This confines antiprotons with energy less than 5 keV
between the two high voltage electrodes, as discussed in Section 3.2.1. This
process is depicted in Figure 3.7, which shows the resulting axial potential
before and after the upstream electrode is raised.

This process also includes loading an electron plasma into the catching
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Figure 3.7: The catching trap electrodes (top) and axial potential (bottom).
The potential is shown before (dashed) and after (solid) HVA is ramped to
−5 kV. Figure from [104].

trap prior to the antiproton arrival, to facilitate electron cooling. This and
other antiproton plasma preparation techniques will be discussed in Sec-
tion 3.5.1. Following this preparation, a potential gradient is applied using
the electrodes, to kick the antiprotons downstream out of the catching trap
and into the beamline.

3.4.2 Positron accumulator

The positrons used in ALPHA are created by the β+ decay of a sodium-22
source with a half-life of 2.6 years [105] and an activity of 2.8GBq [106]:

22
11Na →22

10 Ne + e+ + νe (3.4.1)

They typically have energies on the order of an MeV, too high for trap-
ping. To slow down the positrons, a solid Ne moderator is grown on the
surface of the source. While the majority of positrons annihilate within the
moderator, a small fraction stop near the surface of the moderator and sur-
vive. These positrons are released into the vacuum chamber with an energy
of around 50 eV.

These moderated positrons are electromagnetically steered into a modi-
fied Penning-Malmberg trap known as a Surko trap [107]. A 0.15T magnetic
field confines the positrons radially, and seven cylindrical electrodes provide
axial confinement. The diameter of these electrodes increases from 12.7mm
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Figure 3.8: A diagram of the positron accumulator, taken from [106]. The
inlaid diagram shows the axial potential and pressure.

for the first two electrodes, to 30.5mm for the third electrode, and finally
to 200.7mm for the last four electrodes. A pressure gradient is established
by injecting a nitrogen buffer gas near the narrow electrodes and pumping
it away near the wider ones.

Both the gas pressure and electric field are highest near the narrow elec-
trodes, as shown in Figure 3.8. The incoming positrons are initially confined
along the full length of the trap. They collide inelastically withN2 molecules,
losing energy via electronic excitation. As their energy decreases, they be-
come increasingly confined to the low-pressure, low-field region within the
larger-radius electrodes.

Finally, a technique known as a rotating wall electrode is applied to com-
press the positron plasma. One of the electrodes is divided into six segments
to accommodate this; the procedure will be discussed in Section 3.5.1. The
result is a dense, cold plasma which can be transferred to the main ALPHA
trap for use in antihydrogen formation. A typical accumulation cycle of 100
seconds yields around 3× 106 positrons [1].

3.4.3 Beamline

The overall design of the ALPHA apparatus requires the delivery of an-
tiprotons and positrons to both the ALPHA-2 and ALPHA-g atom traps.
Since ALPHA-g requires a vertical orientation, while ELENA and all exist-
ing ALPHA apparatus is horizontally aligned, transferring both species to
ALPHA-g while maintaining the possibility of positron transfer to ALPHA-2
is not a trivial problem.
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Moving a plasma between Penning-Malmberg traps is already challeng-
ing, as it involves guiding particles through regions with strong magnetic
field gradients. To understand the impact of these gradients, consider a par-
ticle of charge q and mass m in the trap at a Larmor radius r and with
velocity components v⊥ and v∥ with respect to the magnetic field B:

v⊥
r

=
q

m
B (3.4.2)

As B decreases, r will increase and v⊥ will decrease. Increasing r obvi-
ously causes issues for particle transfer; a radial plasma expansion will lead
to particles annihilating on the walls of the beamline. Conversely, as B in-
creases, r decreases and v⊥ increases. Since magnetic fields do no work, the
total kinetic energy is conserved, and so this increase in v⊥ must correspond
to a decrease in v∥. If v∥ is decreased to zero, then the particle will re-
verse direction and begin travelling back towards lower B, in a phenomenon
known as magnetic mirroring. In these ways, any increase or decrease in B
can cause significant losses during a transfer between two Penning-Malmberg
traps.

These effects and many others were extensively studied via simulation
in the design of the ALPHA beamline, which is detailed in [101]. Seven
sections of water-cooled solenoids provide a weaker magnetic field to guide
both positrons and antiprotons. The polarity of the current in each solenoid
can be reversed, allowing a suitable magnetic field configuration for transfers
into either ALPHA-2 or ALPHA-g. The most complicated section of the
beamline is called the interconnect, which is responsible for the bending of
antiprotons and positrons from opposite sides 90◦ upwards into ALPHA-g
without significant beam degradation, while also having a configuration that
allows positrons to be guided through towards ALPHA-2.

3.4.4 Sticks

To monitor and debug the transfer of particles at various stages during prepa-
ration and transfer, ALPHA uses a number of diagnostic stations affection-
ately known as sticks: linear actuators which are able to move a number of
different instruments into the beam path. The specific instruments available
on each stick vary depending on its location and usage. I will give a brief
overview of the most common instruments here.

Electron guns are used to load a plasma of electrons into any of the
Penning-Malmberg traps. This can be useful for trap diagnostics, and is also
used in electron cooling of antiprotons. A barium oxide filament is heated
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through ohmic heating by an applied voltage. This excites electrons in the
barium oxide, which has a low work function of 1 eV to 2 eV, above which
electrons will escape the material. These electrons are then accelerated by a
voltage difference between two plates. The emission current, typically a few
hundred µA, is monitored and a feedback loop adjusts the applied voltage
to maintain a stable emission of electrons.

Faraday cups are a simple diagnostic tool to destructively measure the
total charge of a group of charged particles, used for counting the number
of charged particles in a plasma. The particles induce a charge on a metal
cup as they strike it, which is read out. Around 106 elementary charges will
create a measurable current.

Microchannel plates (MCPs) are used to image plasmas. An MCP
consists of a resistive plate which has many small (5 µm to 20 µm diameter)
cylindrical channels through it. A charged particle striking the MCP will
produce electrons, which are accelerated through the channels by an applied
voltage of around 1 kV. As the electrons strike the walls of the channels,
further electrons are dislodged from an emissive coating. The number of
electrons is amplified at each successive interaction, increasing the signal by
almost 106. Behind the MCP is a phosphor screen, a panel coated with a
material which creates scintillation light after it is excited by an incident
charged particle. These are paired with a mirror at 45◦ which directs the
scintillation light through a vacuum window towards a charge-coupled device
(CCD) camera. The highly variable gain of the MCP makes this system
suitable for imaging plasmas ranging from one to 108 particles.

These tools combine to provide essential feedback for beam alignment,
plasma manipulation, and real-time monitoring during antiproton and pos-
itron transfer operations.

3.4.5 Annihilation diagnostics

The diagnostic sticks work well for understanding plasmas which are con-
trolled sufficiently to be propelled out of a Penning-Malmberg trap towards
them. However, additional diagnostic tools are required for improving the
transfer of antiprotons and positrons between traps, as well as understanding
losses during particle preparation.

A number of plastic scintillator panels are used for this purpose. These
are large (typically 0.4m × 0.6m × 2.2 cm) sheets of polyvinyltoluene doped
with a florescent scintillator material. When a charged particle passes through
the scintillator panel, it will excite a molecule of the scintillator. When it
de-excites, the molecule releases a photon of the characteristic wavelength.
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A minimum-ionizing charged particle (such as a charged pion from an anni-
hilation) will produce around 2 × 104 photons when passing through one of
these panels. Scintillators will be discussed further in Section 4.3.1.

The produced photons will propagate inside the plastic scintillator via to-
tal internal reflection before being collected by photosensors mounted on the
edge of the panel. The panels surrounding the catching trap and ALPHA-2
feature a light guide and PMT, while the newer panels used for ALPHA-g
rely on SiPMs. The details of these technologies will be discussed in Sec-
tion 4.3.2.

The scintillator panel + photosensor system is used throughout ALPHA
to detect charged particles resulting from antiproton annihilation. They are
usually positioned in pairs, so that the coincidence between the two panels
can be used to suppress false triggers due to electronic noise or stray photons,
improving the signal-to-noise ratio. The recovery time of the system is on
the order of 50 ns, fast enough to avoid saturation and be able to count many
annihilations in quick succession.

In addition to the plastic scintillator panels, ALPHA employs a number
of thallium-doped cesium iodide CsI(Tl) detectors. This is a dense inorganic
crystal scintillator, which is directly coupled to a PMT to detect ionizing
particles in much the same way as the plastic scintillator panels. The CsI(Tl)
detectors are particularly efficient at stopping and detecting the 511 keV
photons produced in the annihilation of a positron with an electron, and are
used primarily for debugging positron losses during transfers between traps.

3.4.6 ALPHA-g

At its core, ALPHA-g is an Ioffe-Pritchard magnetic trap superimposed on
a Penning-Malmberg charged particle trap. This is a proven design which
has been extensively tested by the ALPHA collaboration with the ALPHA-
2 atom trap, discussed elsewhere [106]. Whereas ALPHA-2 was designed
as a multi-purpose antihydrogen trap, ALPHA-g was purpose built for the
measurement of gravity on antihydrogen.

A schematic overview of ALPHA-g is shown in Figure 3.9.a. The design
was intended to be entirely symmetric, to minimize the systematic effects on
a measurement of antihydrogen released from the centre of the apparatus by
ensuring systematic bias in field gradients or trap structure affects upward
and downward-released antihydrogen equally. The initial trap design can be
separated into three distinct parts: the bottom trap (a combined magnetic
moment and Penning-Malmberg trap), the top trap (a mirror copy of the
bottom trap), and the central precision region (a purely magnetic trap with
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Figure 3.9: (a.) A schematic overview of the full ALPHA-g apparatus,
adapted from [1]. The dotted box highlights the bottom Penning trap. (b.)
A design schematic for the ALPHA-g Penning-Malmberg and Ioffe-Pritchard
traps, adapted from an upcoming publication. This reflects a recent decision
to include a Penning-Malmberg trap in the precision region (here, analysis
region), due to its utility for magnetic field measurements.
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no Penning-Malmberg electrodes).
Recent developments diverge from this initial plan. The complete sym-

metry between the top and bottom traps has been forgone, since new trap
production techniques have made installing a Penning-Malmberg trap in the
precision region possible by extending the top trap, as shown in Figure 3.9.b.
The magnetic field characterization techniques used in the initial measure-
ment, which will be discussed in Section 9.1.2, rely on electron plasmas
trapped within the Penning-Malmberg trap. The additional electrodes allow
the extension of these techniques to the precision region. The implications
of this modification on the final precision measurement have not been fully
explored.

In the first published ALPHA-g measurement of gravity [1], only the
bottom trap was commissioned and used. Antiprotons and positrons were
combined in this region, and antihydrogen was magnetically trapped there
before being released. In future precision measurements, antihydrogen atoms
will be formed in either the top or bottom trap, before being transferred to
the central precision trap and released.

The electrodes of the bottom and top traps are further subdivided into
two sections: the normal trap and the thin trap. The normal trap has an
internal diameter 29.6mm, and is responsible for re-catching the antipro-
tons and positrons sent into ALPHA-g. The thin trap has electrodes of only
1.5mm thickness, allowing for an increased internal diameter of 44.35mm.
Whereas charged particle plasmas can easily be confined to a small radius,
this is not the case for antihydrogen atoms in the magnetic minimum trap.
Increasing the radius of the trapping area allows for higher energy antihy-
drogen atoms to be trapped.

The ALPHA-g magnet system involves a large number of superconduct-
ing magnet coils, which are shown in Figures 3.9 and 3.10. They are enclosed
by a liquid helium cryostat, which cools the magnets and also acts as a cry-
opump. This is supplemented by scroll pumps, turbo pumps, and ion pumps
in a scheme similar to the one used in the catching trap.

A 1T superconducting solenoid magnet provides the axial magnetic field
of the Penning-Malmberg trap. This magnet is 3m long with internal di-
ameter 50 cm, enclosing the full ALPHA-g apparatus. This magnet uses its
own closed system liquid helium cryostat. In addition to the 1T solenoid,
two additional capture solenoids surround the normal section of the top and
bottom trap. These increase the axial magnetic field from 1T to 3T, cre-
ating a stronger trap for the antiprotons and positrons arriving from the
interconnect. The magnetic minimum trap is formed by a set of octupoles
and a number of solenoidal mirror coils. The long octupole spans the length
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Figure 3.10: The layout of the ALPHA-g magnet system, rotated so that
gravity acts in the leftwards direction. The initial measurement was per-
formed between mirror coils A and G, in the region labelled “up-down mea-
surement”. Image credit: Dr. Chukman So.

of ALPHA-g, and creates a radial magnetic field minimum. This field is
increased by two short octupole magnets covering the top and bottom trap.
They provide radial confinement to antihydrogen atoms with kinetic ener-
gies corresponding to temperatures of up to 0.5K. Axial confinement in the
bottom trap is provided by seven mirror coils, labelled A to G. In the initial
measurement, only the outermost coils A and G were used to confine the
antihydrogen atoms. These were also the coils which were used to test the
effect of gravity.

There are two further mirror coils known as the analysis coils, which cre-
ate a trapping region in the precision trap, and will be used in the upcoming
precision measurement. The depth of the precision trap is smaller than the
two end traps due to the smaller octupole field. This necessitates cooling
the antihydrogen from 0.5K to even lower energies, using techniques which
will be discussed in the next section. Two transfer coils are used to increase
the magnetic field between the top, bottom and precision regions, without
which the field would be too small to facilitate the transfer of antihydrogen
atoms without significant losses.

The details of how this apparatus is used to measure the effect of gravity
are deferred to Chapter 9. This measurement was performed only in the
bottom trap, as the top and precision traps are still undergoing installation
and commissioning. A simplified version of the procedure was used for the
2023 gravity paper: antihydrogen was formed in the bottom trap, in the
region labelled “up-down measurement” in Figure 3.10. Mirror coils A and
G were then ramped down so that the antihydrogen could escape axially,
and the antiatoms escaping upwards and downwards were counted. The
effect of gravity was then extracted from the ratio of the two counts. Future
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measurements following the installation and commissioning of the full trap
will be performed in the precision region; this will be discussed in Chapter 9.

3.5 Particle preparation techniques

The techniques used by ALPHA to manipulate the antiprotons, positrons,
and antihydrogen atoms within the apparatus have been developed over
many years of experimentation. This section will briefly outline some of
the techniques used in the antihydrogen gravity experiment.

3.5.1 Antiproton preparation

Electron cooling

One of the features of a Penning-Malmberg trap is that it has an inherent
cooling mechanism called cyclotron cooling. As a trapped particle undergoes
circular cyclotron motion as described in Section 3.2.1, it will continuously
emit photons via a process called cyclotron radiation. Each photon emitted
decreases the kinetic energy E of the trapped particle, at a cooling rate given
by:

dE

dt
= − q4B2

0

3πϵ0m3c3
E = − 1

τc
E (3.5.1)

We define τc as the cyclotron cooling time; it is a combination of the trapped
particle charge q, mass m, and the applied magnetic field B0. Here, ϵ0 is
the permittivity of free space, and c is the speed of light. This equation is
derived from the Larmor formula [108], which gives the power radiated by a
non-relativistic accelerating point charge. We make the approximations that
the cooling due to the cyclotron motion dominates that due to the magnetron
motion, and that all the energy of the charged particle is kinetic. Note that
the cooling rate is proportional to the energy, and so the solution is given by
E(t) = E0e

−t/τc .
In a 3T field such as the catching trap or ALPHA-g bottom trap, the

antiproton cooling time is τc = 2× 109 s, which is unfortunately far too long
to be useful. By comparison, the same calculation for an electron yields τc =
0.3 s; electrons held in Penning-Malmberg trap will naturally cool to their
minimum energy in seconds. This minimum energy is reached when cyclotron
cooling is in a balanced equilibrium with heating from thermal radiation of
ohmic electrode heating, or from magnetic field inhomogeneities.

39



3.5. Particle preparation techniques

In ALPHA, we take advantage of electron cyclotron cooling to sympa-
thetically cool antiprotons. Before receiving antiprotons from ELENA, a
small electron plasma is loaded from the electron gun on the catching trap
stick into a potential well in the catching trap, where it undergoes cyclotron
cooling. Antiprotons from ELENA are then caught in an overlapping poten-
tial well, and exchange energy with the electrons via Coulomb interactions.
Over a few hundred milliseconds, the antiproton temperature is lowered to
match that of the electron plasma, forming a mixed plasma with a single
temperature confined in a potential well of 50V to 100V. A similar proce-
dure is used to catch and cool antiprotons sent from the catching trap into
ALPHA-g.

Evaporative cooling

One can generally assume that the kinetic energies of charged particles in a
plasma follow the thermal Maxwell-Boltzmann distribution. The majority of
particles have an energy near the mean, but a small fraction form a higher-
energy tail. Partially lowering the electrode potentials providing axial con-
finement allows the more energetic particles to escape, truncating the high
energy tail of the Maxwell-Boltzmann distribution. The remaining parti-
cles undergo Coulomb collisions, redistributing energy and restoring thermal
equilibrium. The kinetic energy will re-equilibrate to a Maxwell-Boltzmann
distribution with a lower average temperature such that the high-energy tail
is below the escape energy, as shown in Figure 3.11. This process is known
as evaporative cooling (EVC).

In reality, the situation is more complicated than this simple picture,
and a full understanding of this process must be achieved by modelling the
trajectories of individual charged particles in the trap. This process has been
used on neutral atoms to great success, for example leading to the creation of
the first Bose-Einstein condensate [109]. However, its previous application to
charged particle plasmas has been limited, and was substantially developed
by the ALPHA collaboration [110].

Rotating wall electrodes

One commonly-used method to control the size and density of a charged
particle plasma is the rotating wall technique [111]. In this method, one
electrode in a Penning-Malmberg trap is segmented azimuthally, into six
segments in the ALPHA traps. Independent sinusoidal voltages are applied
to each segment, with frequencies of order 100 kHz, and a phase offset of
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Figure 3.11: Left: Sketch of the axial potential before and after EVC. Right:
Sketch of the kinetic energy distribution before EVC, after EVC, and after
re-equilibrating to a thermal distribution. The escape threshold energy is
determined by the depth of the potential well after EVC.

2π/n between adjacent segments as shown in Figure 3.12.
The electric field of the rotating wall applies a torque to the plasma, which

changes the total angular momentum of the plasma which would otherwise
remain constant as discussed in Section 3.2.2. This also adjusts the radius
of the plasma and the rotation frequency. One particular method of apply-
ing the rotating technique is known as the strong drive regime (SDR) [112].
Here, the applied rotating wall frequency is close to the initial rotational
frequency of the plasma, and the torque applied forces the two frequencies
to match. The plasma radius then responds linearly to adjustments in the
applied frequency, allowing for precise control, independent of the magnitude
and duration of the applied rotating wall voltage. Furthermore, by control-
ling the plasma radius without changing the plasma length or number of
particles, this technique also directly controls the plasma density.

SDREVC

A development made at ALPHA was to combine evaporative cooling and
the strong drive regime rotating wall technique. This is known as strong
drive regime evaporative cooling (SDREVC) [113]. The strong drive regime
rotating wall controls the plasma radius and density, while evaporative cool-
ing selectively reduces the particle number by removing the higher energy
particles. The combination of the two techniques results in a plasma with a
size, density, and number of particles consistent to within 1% across many
trials with different initial parameters.
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Figure 3.12: Left: A diagram showing segmented electrodes used for rotating
wall in the catching trap and ALPHA-g. Right: The voltage applied to each
segment during a typical rotating wall procedure.

SDREVC is featured extensively throughout the ALPHA antihydrogen
production cycle. It is first used to create reproducible electron plasmas for
the electron cooling of antiprotons, both in the catching trap, and in ALPHA-
g. After receiving antiprotons, it is used to further cool and shape the mixed
electron-antiproton plasma. It is also employed to create a reproducible
positron plasma in ALPHA-g, as well as on Be+ ions, as will be discussed
later in this section.

Electron kick-out

After the capture of antiprotons and subsequent SDREVC of the mixed
antiproton-electron plasma, both in the catching trap and in ALPHA-g, it is
necessary to remove the electrons to obtain a pure antiproton plasma. This
is done by exploiting the large mass difference between the two species.

The velocity of a particle with mass m and kinetic energy Ek = 1
2kBT ,

where T is the particle temperature and kB is the Boltzmann constant, is
given by:

v =

√
2Ek

m
=

√
kbT

m
(3.5.2)

Once the antiprotons and electrons are in thermal equilibrium and have
the same temperature, the electrons travel

√
mp/me = 43 times faster than

the antiprotons.
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To make use of this difference, the axial confinement potential is briefly
lowered and then rapidly restored. The fast-moving electrons escape during
this short time window, while the slower antiprotons remain trapped. This
technique is known as an electron kick-out, or e-kick.

While highly effective at removing electrons, e-kicks can cause heating
of the remaining antiprotons due to abrupt changes in potential. For this
reason, the procedure is staged. After an initial period of SDREVC, a partial
e-kick removes most electrons but leaves a small population. These remaining
electrons facilitate further SDREVC and re-cool the plasma. Subsequent e-
kicks then remove the remaining electrons.

Temperature diagnostics

To determine the temperature of a given antiproton plasma, a destructive
measurement is performed. This measurement uses the assumption that the
velocity of the antiprotons is thermal, following a Maxwell-Boltzmann distri-
bution with a characteristic plasma temperature. The axial (one-dimensional)
kinetic energy E for particles with a Maxwell-Boltzmann velocity distribu-
tion follows a χ2 distribution with one degree of freedom, where T is the
temperature and kB is the Boltzmann constant:

f(E) =
1√

πE kBT
· exp

(
− E

kBT

)
(3.5.3)

To measure the plasma temperature, the confining potential on the elec-
trodes is lowered slowly so that all the antiprotons are able to escape. They
are directed towards a diagnostic stick inserted into the beam path, where
they annihilate and are detected by the surrounding scintillating panels (see
Section 3.4.5). Because the potential barrier is lowered gradually, the time
at which each antiproton escapes corresponds to a known potential energy.
In this way, the energy distribution of the plasma is reconstructed.

Instead of fitting the full energy distribution with Equation 3.5.3, only
the high-energy tail is fit. Here, the

√
E dependence can be ignored and the

distribution can be approximated as an exponential. In practice, the energy
distribution is plotted with the counts on a log scale, so that a linear fit can
be used on the tail of the distribution, as shown in Figure 3.13.

3.5.2 Positron preparation

Preparation of the positron plasma uses many of the same techniques used
for antiprotons. Since the number of positrons transferred from the accumu-
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Figure 3.13: Temperature diagnostic of an antiproton plasma. The blue line
is a fit to the data from the range of 0.1 eV to 0.2 eV, and corresponds to a
temperature of 259K.

lator can vary significantly between cycles, SDREVC is crucial to forming
a reproducible positron plasma. A similar temperature diagnostic is used,
with the positron signal measured on a Faraday cup instead of measuring
annihilations on a scintillator panel.

Since the depth of the neutral atom trap is only 0.5T, only the antihy-
drogen atoms in the low-energy tail of the energy distribution are trapped,
making it imperative to obtain the coldest possible sample of antihydro-
gen. The antihydrogen temperature depends strongly on the temperature of
both the antiproton and the positron. As such, it is desirable to cool the
positrons beyond cyclotron cooling and evaporative cooling; this led to the
recent development of beryllium ion (Be+) assisted cooling.

This method begins with the creation of a Be+ plasma using a beryllium
ablation source mounted on a diagnostic stick. A pulsed 355 nm laser ablates
a beryllium target, generating a plasma of Be+ ions in the ALPHA-g trap.
A 313 nm laser is then used to Doppler-cool this plasma; the basic principle
of laser cooling is described in Section 3.5.4. While laser cooling continues,
SDREVC is applied to fix the Be+ plasma size and density.

Simultaneously, a positron plasma is received from the accumulator, and
stabilized using SDREVC. The positron and Be+ plasmas are then merged,
forming a mixed-species plasma, The positrons are cooled sympathetically
via Coulomb interactions with the Be+ ions. Laser cooling continues during
this phase to maintain the low Be+ temperature. The choice to use Be+ ions
was made because they are light enough for effective sympathetic cooling
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with positrons, easy to produce via ablation, and relatively easy to laser
cool. The Be+ assisted positron preparation will be described in detail in an
upcoming publication.

3.5.3 Antihydrogen formation

The approach used by ALPHA to create antihydrogen was first demonstrated
by ATHENA in 2002 [24], whereby cold plasmas of antiprotons and positrons
are slowly mixed. The dominant production mechanism is called three-body
recombination:

p̄+ e+ + e+ −→ H̄ + e+ (3.5.4)

Two positrons interact electromagnetically, leaving one positron with low
enough energy to be captured by an antiproton and form a bound state.
The excess energy and momentum is carried away by the second positron,
essential for conservation of energy. Further photons are then produced as
the antihydrogen atom radiatively cascades into the ground state.

Application of this mechanism involves spatially overlapping the antipro-
ton and positron plasmas in the Penning-Malmberg trap. This is not trivial
since positrons and antiprotons have opposite charges, and so a single elec-
trostatic potential cannot confine both simultaneously; potential wells that
confine antiprotons will repel positrons and vice versa. A slow merge pro-
cess illustrated in Figure 3.14 is used. The antiproton and positron plasmas
are initially confined in adjacent potential wells. The electrostatic barrier
between them is then gradually lowered, allowing the two species to escape
from their trapping potential well and pass through the plasma of the other
species. This process takes around 1 s, determined empirically so that the po-
tential manipulations do not excessively heat the antiprotons and positrons.

In a typical mixing cycle, almost all antiprotons are converted into anti-
hydrogen, yielding typically around 150 000 antihydrogen atoms. However,
most of these have kinetic energy above the 0.5K Ioffe-Pritchard trap depth,
and immediately escape and annihilate. Only the coldest atoms are retained,
typically resulting in around 20 trapped antihydrogen atoms per mixing cy-
cle in ALPHA-g. Because neutral antihydrogen atoms are unaffected by the
electrostatic fields of the Penning-Malmberg trap, the mixing process can
be repeated multiple times while the magnetic minimum trap remains ac-
tive, accumulating trapped antihydrogen from successive cycles. Following
each mixing cycle, a large electrostatic potential gradient is applied using the
Penning-Malmberg electrodes, in order to clear any remaining antiprotons
trapped by magnetic mirroring.
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Figure 3.14: Schematic diagram showing antiproton and positron plasmas
confined in the ALPHA-2 or ALPHA-g Penning-Malmberg trap in prepara-
tion for (a and b), immediately before (c), and during (d) the antihydrogen
formation process. From [114].

3.5.4 Antihydrogen cooling

For almost any precision measurement involving antihydrogen, it is beneficial
for the sample of atoms to be as cold as possible. This is particularly true
for ALPHA’s laser spectroscopy experiments, where the sample temperature
contributes directly to the spectral linewidth via Doppler broadening, which
we will discuss shortly. However, the temperature also plays a role in a
measurement of gravity. The lower the antiatom temperature, the smaller
the thermal velocity of the atom, and so the more precisely its motion due
to gravity can be isolated and measured.

To this end, two antihydrogen cooling mechanisms have been developed.
Neither was employed in the initial published measurement of gravity [1], but
they will both play a key role in upcoming precision measurements. Both
techniques have been successfully demonstrated in the ALPHA-2 apparatus,
and their implementation in ALPHA-g is ongoing.

Laser cooling

The first cooling method is known as laser cooling. This is a well-known
technique, for which Chu, Cohen-Tannoudji, and Phillips won the 1997 Nobel
prize in physics [115]. In an antihydrogen atom, the positron occupies orbits
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with discrete energy levels. A transition from a higher energy orbital (e.g.
2P) to a lower one (e.g. 1S) releases a photon which carries away the excess
energy. Conversely, the absorption of a photon with energy matching the
level separation can promote the positron to an excited state. This principle
was first demonstrated on the antihydrogen 1S–2P transition by ALPHA in
2018 [9].

In practice, transitions can be excited by photons with a narrow range of
energies around the resonance, due to several line-broadening mechanisms.
One of the most important is Doppler broadening. If an antihydrogen atom
moves with velocity v towards an incident laser photon of frequency f , then
in the frame of reference of the atom, the incident photon will have a Doppler
shifted frequency f ′ given by:

f ′ = f
(
1 +

v

c

)
(3.5.5)

Thus photons with slightly less energy than the atomic resonance can be
absorbed by antiatoms moving towards the laser source, and photons with
slightly more energy can be absorbed by antiatoms moving away from the
laser.

Laser cooling takes advantage of this phenomenon by purposefully detun-
ing the laser to have a lower frequency than the transition frequency, causing
antiatoms moving towards the laser source to be preferentially excited. Since
photons carry momentum p = hf , each photon absorbed gives a momentum
kick away from the laser source. In this way, antiatoms travelling towards
the laser are preferentially kicked backwards (i.e. opposite to their motion),
decreasing the average antiatom momentum.

The energy of the absorbed photon is later re-emitted as a new photon, as
the antiatom relaxes to the ground state. However, this emission is isotropic,
and so has no effect on the average particle momentum. Over many inter-
actions, this photon absorption and subsequent isotropic emission decreases
the overall temperature of a sample of antihydrogen atoms.

This technique was first demonstrated on antihydrogen in ALPHA-2 in
2021 [116]. A pulsed 121.6 nm Lyman-α laser is applied to a sample of
trapped antiatoms, detuned by −240MHz from the 1S-2P resonance, typi-
cally over a time period of 2 h to 4 h. The transverse kinetic energy of the
antihydrogen atoms can be inferred from the time-of-flight distribution of
atoms kicked out of the trap and detected via annihilation; this kickout is
performed by driving a transition to an untrappable high-field-seeking state
(see Section 3.2.3). Using this technique, the median transverse energy of the
antihydrogen atoms was reduced from 15.1 µeV to 1.3 µeV. It is difficult to

47



3.5. Particle preparation techniques

estimate the change in total kinetic energy as the mixing between transverse
and longitudinal energies in the trap is not yet well understood. However,
the implementation of laser cooling has already significantly improved recent
spectroscopic measurements made in ALPHA-2. Work to implement laser
cooling in ALPHA-g is currently underway.

Adiabatic cooling

There is a fundamental limit to the temperature attainable through laser
cooling, since the average momentum of an atom cannot fall below the mo-
mentum imparted by one photon.5 To reach even lower temperatures, an
alternative method is required.

One such method is adiabatic cooling, where the width of the confining
magnetic potential well is slowly expanded, thereby decreasing the temper-
ature of the trapped antihydrogen atom. To understand this effect, consider
a harmonic approximation of the axial trap potential V (z) = 1

2mω
2
zz

2. As
the trapping potential is adiabatically (slowly compared to the axial bounce
frequency ωz) expanded, the axial bounce frequency decreases, since the
antiatom has a longer distance to travel per oscillation.

This is familiar in a quantum mechanical context, where states |ψn⟩ have
quantized energies En = (n + 1

2)ℏωz. By decreasing ωz adiabatically, each
particle remains in the n’th state of the perturbed system |ψ̃n⟩. Since ωz has
decreased, this state now has a lower energy, corresponding to a decrease in
the temperature of the plasma.

In classical mechanics, this concept is encapsulated by adiabatic invari-
ants. These are quantities which remain constant as the Hamiltonian of the
system is slowly changed, related to the phase space area of a system. In the
case of a harmonic potential, the adiabatic invariant is the ratio of energy
to frequency, E/ω [118, 119]. This adiabatic invariant makes the principle
behind adiabatic cooling explicit. By slowly expanding the width of the trap-
ping potential, and thereby decreasing ωz, the energy of each antihydrogen
atom is decreased to keep the value of E/ωz constant.

In reality, the full trap is three-dimensional and non-harmonic, and the
motion of the antiatoms is more complex. We rely on simulations to model
the cooling effect of adiabatically expanding the magnetic trap, the details
of which can be found in [120].

Prospects for adiabatic expansion were a key consideration in the design
of ALPHA-g. In the envisioned precision measurement, antihydrogen will be

5There are techniques such as Raman cooling [117] which can cool atoms below this
recoil limit. However, these require laser systems not currently available at ALPHA.
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initially formed between two close mirror coils, such as coils B and D (refer
to Figure 3.9). After many mixing cycles, the trap will be adiabatically
expanded to between coils A and G. This technique was not employed in
the initial gravity measurement, but it has since been demonstrated in the
ALPHA-2 apparatus [121]. Adiabatic cooling will be essential for performing
upcoming precision measurements of gravity in ALPHA-g.
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Chapter 4

The ALPHA-g detectors

Measuring the effect of gravity on antihydrogen requires determining if each
antiatom exits the magnetic trap in the upwards or downwards direction; in
the absence of other forces, more antiatoms should escape the trap in the
direction of gravity. The simplest method for this is to allow the antihydrogen
to annihilate on the trap walls, and determine the annihilation positions by
detecting the resulting annihilation products. This is the approach taken by
the ALPHA-g annihilation detectors.

Detecting the annihilation of a positron is a well-motivated and well-
studied problem, as it forms the basis of a common medical imaging tech-
nique known as positron emission tomography (PET). A radioactive nuclide
is bonded to a drug or biological compound, and injected into the patient.
The compound then accumulates in a target area, such as a cancer tumour.
There, the radionuclide undergoes beta decay, producing positrons. These
positrons quickly annihilate with electrons, producing primarily two pho-
tons emitted back-to-back, as discussed in Section 3.3.1. By detecting both
photons, the annihilation can be localized along a line between the two detec-
tors. With enough such events, regions of concentrated activity will emerge,
indicating the position of a cancer tumour.

A positron annihilation detector using this principle was employed by
the ATHENA experiment to verify the first production of cold antihydro-
gen at CERN [122]. This was used alongside a silicon strip detector which
detected the charged pions resulting from the antiproton annihilation. The
coincidence of charged pion tracks in the silicon strip detector, together with
back-to-back hits in the positron annihilation detector, confirmed the anni-
hilation of an antihydrogen atom.

With the routine production and trapping of antihydrogen atoms fully
established, the upgrade to the ALPHA-2 apparatus moved away from the
detection of the positron annihilations. Instead, a silicon vertex detector
(SVD) was installed, capable of precisely reconstructing the annihilation
position, or vertex. This detector is shown in Figure 4.1 alongside the other
components of the ALPHA-2 trap.

The SVD is composed of individual rectangular silicon microstrip mod-
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Figure 4.1: The ALPHA-2 apparatus, with the three layers of the silicon
vertex detector (SVD) shown in blue. Adapted from [4].

ules, each with a sensitive volume of 5.8 cm × 11.2 cm × 44.8 cm [102]. These
modules are arranged in three layers around the trap, with 10, 12, and 14
modules per respective layer [123]. When an antiproton annihilates, it typ-
ically produces several charged pions, as discussed in Section 3.3.2. These
travel through the silicon layers, leaving hits that can be used to reconstruct
the pion tracks in three dimensions. The annihilation vertex is then identi-
fied by determining the point of closest approach between all reconstructed
tracks.

The ALPHA-2 SVD has been crucial to the experiment’s precision spec-
troscopy program, providing reliable annihilation imaging with high spatial
resolution of around 8.5mm [123]. A full discussion of silicon tracking de-
tectors and the ALPHA-2 SVD is outside the scope of this dissertation;
this summary is intended to provide context for the ALPHA-g detectors.
Although the detector technologies differ, the principle of reconstructing
charged pion tracks to determine antihydrogen annihilation positions remains
the same and forms the foundation for the detection strategy in ALPHA-g.
This approach has been used for many years in ALPHA-2, and is accepted
as the most straightforward and reliable method of antihydrogen detection.
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Figure 4.2: Diagram of the main components of the ALPHA-g apparatus
inside the time projection chamber detector. Components are listed from
innermost to outermost with their respective materials and thicknesses.

4.1 Pion scattering on internal materials

There is a considerable amount of material between the detectors and the
trap wall, including vacuum and cryogenics components, as well as the su-
perconducting octupole and mirror coil magnets. A radial cross-section of
the apparatus is shown in Figure 4.2, with the materials and thicknesses
listed. Before introducing the ALPHA-g detectors, we consider here the ef-
fects of this material on an annihilation detection scheme which reconstructs
the annihilation position based on charged pion tracks.

While traversing the internal materials, pions lose energy through mul-
tiple elastic scatterings on the atomic nuclei. This is a stochastic process,
which may lead to an overall large angle deflection of the pion trajectory.
This primarily occurs in the octupole magnet and mirror solenoid coils, as
they have are the most dense components and have the largest thickness.

In the case of a large angle pion deflection in the material, the ALPHA-g
detectors will then observe an altered trajectory which does not point back to
the annihilation position. The detector must be able to accurately determine
the annihilation position in the presence of highly scattered pions.

The dense material around the trap also causes absorption and scattering
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of the 511 keV photons from positron annihilations. Using attenuation coef-
ficients from the NIST database [124], we can estimate an attenuation length
of around 22mm in the NbTi/copper magnet coils. This results in around
half of the photons from positron annihilation being attenuated in the oc-
tupole and mirror coils. This is one of the reasons why detection of positron
annihilations was not included in the design of the ALPHA apparatus.

4.2 The time projection chamber

To maximize the gravitational potential difference in the area accessible to
the antiatoms, the vertical ALPHA-g apparatus (see Figure 3.9) is over 2m
long, significantly larger than the ALPHA-2 apparatus. This increased size
meant that constructing a detector similar to the ALPHA-2 SVD was nei-
ther practical or cost-effective. Instead, a different type of charged particle
detector called a time projection chamber (TPC) was developed, capable of
reconstructing the annihilation positions over the larger volume. This sec-
tion will begin with a broad discussion of TPC technology and ionization
drift chambers, before covering specific details of the ALPHA-g TPC. The
readout and data acquisition will be covered later in Section 4.4.1.

4.2.1 Ionization chambers

The ionization chamber is one of the oldest concepts for a charged particle
detector [125], and many variants have since been developed to suit different
applications. The core principle is to use an active medium with a low
ionization potential, typically a gas, and then apply an electric field. When
a charged particle traverses the chamber, it ionizes the gas atoms along
its path, creating many pairs of electrons and positive ions. The applied
electric field prevents recombination by pulling the electrons towards the
anode and the ions towards the cathode. In some cases (around 34% in
argon [126]), the released electron will ionize another nearby atom, creating
an ionization cluster. More rarely, it will have enough energy to ionize many
atoms, creating an ionization trail known as a delta ray.

One common configuration of ionization chamber is the wire chamber,
where the anode is a wire with a large positive voltage applied. The electric
field of a cylindrical wire held at a constant voltage is a textbook calculation:

E(r) =
λ

2πϵ0 r
(4.2.1)
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Figure 4.3: A cross-sectional drawing showing the development of an electron
avalanche (red) near an anode wire (yellow) in a wire chamber.

Here λ is the charge density of the wire, dependent on the applied voltage.
ϵ0 is the permittivity of free space, and r is the distance from the centre
of the wire. As the electrons approach the anode wire, they experience an
increasingly strong electric field. The electric field near the wire accelerates
the electrons to high enough energies to cause additional ionization. This
begins an avalanche, where these newly-freed electrons will ionize subsequent
atoms, leading to an exponential multiplication of electrons, shown in Figure
4.3. The electrons are collected on the anode wire, and the ions drifting
towards the cathode induce a further current on the anode wire. This current
is amplified and read out.

In addition to ionization, incident particles also deposit energy via exci-
tation of the gas atoms, where an electron is raised to a higher atomic energy
level. These excitations decay to the ground state by emitting a photon. If
the active medium is transparent to the photon wavelength, this can allow
an additional readout channel via photon detection. However, these photons
can also produce subsequent electrons via the photoelectric effect, and pro-
duce after-pulsing or even a continual activation of the wire chamber. To
suppress this, a quenching gas is often mixed with the ionization gas, which
absorbs excess photons without re-emitting ionizing radiation.

A multiwire proportional chamber (MWPC) is a type of ionization cham-
ber which uses multiple anode wires; the wire where a signal is observed gives
some spatial knowledge of the ionization position [127]. The signal size is
proportional to the energy deposited by the incident charged particle. This
design was iterated upon to create the drift chamber, where further spatial
information can be obtained from the drift time of the electrons and ions.

The ALPHA-g experiment uses a specific variant of a drift chamber
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known as a time projection chamber (TPC). A traditional TPC design has a
large drift volume with a constant electric field, which drifts electrons towards
multiple anode wires. The specific wire where an avalanche is detected gives
one coordinate of the ionization position. The time of the signal then gives
another coordinate; since the drift velocity is constant in a constant electric
field, the delay is proportional to the distance the electrons travelled. The
third coordinate of the ionization position must be obtained through other
means: either by using two planes of anode wires at an angle to each other,
or by using a segmented cathode plane with readout of the induced charge.
Combining these three coordinates allows full reconstruction of the position
of each gas ionization, making the TPC an effective tracking detector which
has seen widespread use [128, 129].

4.2.2 The ALPHA-g TPC

A conventional TPC uses anode wires at the bottom and/or top of the cham-
ber, resulting in vertical electron drift. However, this layout was impractical
for ALPHA-g due to geometrical constraints. To obtain the best annihilation
position resolution, the distance between the annihilation and pion detection
must be minimized. As such, the TPC must fit in the narrow annular region
between the external solenoid and the cryostat, a volume less than 15 cm in
radial width. It must also cover the full trap apparatus, over 2m in length.
This aspect ratio made the traditional TPC layout unviable, as electrons
would diffuse away from their initial x − y positions over the long vertical
drift length, with many being lost on the walls of the TPC.

The ALPHA-g TPC uses a less common geometry shown in Figure 4.4,
with a ring of 256 anode wires running along the length of the outer edge of
the TPC. A second ring of 256 field shaping wires is positioned slightly inside
the anode wires. The inner wall of the chamber forms the cathode. Electrons
are pulled radially outwards, and ions inwards. In this design, the applied
electric field is no longer constant at varying radius. Furthermore, there is a
significant deflection from a purely radial drift due to the Lorentz force from
the external magnetic field; this deflection has no component in the vertical
direction as long as the external magnetic field is purely solenoidal.

In typical operation, the cathode surface at radius 10.9 cm receives −4 kV,
the field shaping wires at radius 17.4 cm receive −0.1 kV, and the anode wires
at radius 18.2 cm receive 3.2 kV. The field shaping wires ensure that the re-
gion over which the electrons and ions induce a charge on the anode wires is
roughly constant, regardless of the initial ionization position.

The outer wall of the TPC, at radius 19.0 cm, is finely segmented into
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Figure 4.4: Left: A top-down schematic diagram of an antihydrogen anni-
hilation in the ALPHA-g TPC. Shown are the gas region (blue), the anode
wires (yellow), and the cathode pads (dashed line), along with electrons
(black arrows) drifting from ionization sites (black circles) along pion tracks
(green) from an annihilation (red). Right: A Garfield++ simulation (see
Section 5.3.1) showing electrons drifting towards the anode wires. From
[130].

cathode pads. It is azimuthally divided into 32 sections each with width of
3.7 cm, and these sections are divided into 576 pads with a pitch of 0.4 cm,
for a total of 18432 cathode pads. When an electron avalanche occurs near
an anode wire, this also induces a charge on the nearby cathode pads. Both
the anode wires and the cathode pads are read out, and by matching each
anode wire signal to the corresponding cathode pad signals, the location of
the avalanche can be determined. Once an avalanche has been located, the
three-dimensional position of the corresponding gas ionization is determined
using the time projection method.

The gas used in the ALPHA-g TPC is a mixture of 70% argon and 30%
carbon dioxide at atmospheric pressure. The argon is an inert ionization
gas, and the carbon dioxide is a quenching gas; the ratio was decided empir-
ically for good signal gain and stable operation. The gas mixture is flowed
continually through the detector at a rate of 1L/min to ensure a constant
pressure.

The Lorentz deflection due to the external magnetic field causes electron
displacement up to 30◦ from purely radial drift, as shown in Figure 4.4. To
measure this effect, a laser calibration mechanism is included in the TPC
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design. Aluminium strips are located on the inner cathode surface at nine
axial positions along the TPC. A pulsed laser is directed towards each of
these strips in turn, producing free electrons at known positions and times
via the photoelectric effect. These laser calibration measurements were used
to validate electron drift simulations in the PhD work of Dr. Pooja Woosaree
[77], and are periodically repeated to monitor the performance of the TPC.

4.3 The barrel scintillator

Cosmic rays have been a known source of detector background for the en-
tirety of the ALPHA physics program. These rays, primarily high-energy
protons originating from outer space, interact with Earth’s atmosphere to
produce particle showers [131]. These cascades typically include pions de-
caying to muons, which are the only charged particle type with a low enough
interaction cross-section to reach the Earth’s surface. Many of these muons
interact with the ALPHA detectors as relativistic minimum ionizing parti-
cles. Their detector signatures are typically single, straight tracks, with rare
showering interactions or secondary production. These events are identified
and discarded via a machine learning analysis which will be discussed in
Chapter 8.

The ALPHA-g TPC has a larger volume than the ALPHA-2 SVD, and
consequently presents a bigger target for cosmic rays and thus has a higher
background rate. To mitigate this, the ALPHA-g detector suite includes
a dedicated cosmic ray veto detector, called the barrel scintillator (BSC).
The detector is positioned in the region outside the TPC and inside the
external solenoid. It is designed to measure particle time-of-flight (TOF), to
distinguish the direction of charged particles, and identify and reject those
originating outside the detector. This section will first review the scintillator
and photomultiplier technologies used, before describing the details of the
ALPHA-g BSC detector and the measurement principles.

4.3.1 Scintillators

Whereas atomic excitations are an unwanted energy loss mechanism in gas-
eous ionization detectors, they constitute the working principle of scintilla-
tion detectors. A scintillator is a material whose electrons are easily excited
by the passage of an ionizing particle; when the electrons return to their
ground state they emit photons whose wavelength is fixed by the transition
energy. The number of photons produced provides a convenient proxy for
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the total energy loss in the scintillator. There are a wide variety of scintil-
lating materials used in practical applications, each best-suited to different
experimental conditions:

• Liquid noble elements such as argon and xenon combine large atomic
masses with high scintillation yields. The size of their atoms and the
density of the liquid gives them large cross sections as a target for rare
event searches, such as in dark matter experiments.

• Liquid organic scintillators consist of an organic solvent which absorbs
energy from the ionizing particle, and a fluorophore which produces
scintillation light. The high hydrogen content makes this scintillator
type particularly useful for observing neutron-proton scattering, and
its scalability makes it a good choice for neutrino detectors.

• Inorganic crystals such as NaI(Tl) or CsI(Tl) have a high proton num-
ber and are radiation hard, making them suitable for electromagnetic
calorimetry in large collider experiments. In ALPHA, CsI crystal scin-
tillators are used to detect the 511 keV photons from positron annihi-
lation, as discussed in Section 3.4.5.

• Plastic scintillators are inexpensive, have fast decay times, and are eas-
ily produced in a variety of shapes. This makes them ideal for timing
counters, veto panels, and large area detectors. Plastic scintillator pan-
els are used to detect pions from antiproton annihilations in ALPHA,
as discussed in Section 3.4.5.

The type of plastic used in ALPHA is called polyvinyltoluene (PVT),
although a variety of different organic polymers can be used. The key struc-
ture is the benzene ring, a hexagonal arrangement of six carbon atoms with
a unique set of molecular bonds called pi bonds. Here, electrons are delo-
calized over the full benzene ring, supporting low-lying excited states with
energies around 3 eV.

Photons are produced as these excited states decay. However, they can-
not travel through the scintillator without being reabsorbed by the same
transition in another atom. To address this, the plastic is doped with a
small concentration of an atom called a fluorophore. The level structure of
these atoms allows them to emit photons with a different wavelength than
the one absorbed. The wavelength is chosen such that it is minimally atten-
uated by the bulk of the scintillator, and can be easily captured by a photon
detector.
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Figure 4.5: Diagram of a photomultiplier tube (PMT), shown in conjunction
with a scintillator detecting a high energy photon. Image courtesy: Creative
Commons, used under license 3.0. Author: Qwerty123uiop)

4.3.2 Photosensors

Once photons are produced in a scintillator, they must be detected. The
classic technology for this is the photomulitplier tube (PMT), shown in Figure
4.5. An incident photon strikes the photocathode and is converted to an
electron via the photoelectric effect. This electron is accelerated towards a
series of dynodes, each held at increasingly high positive voltage. At each
dynode, the electron frees multiple secondary electrons; these are in turn
accelerated towards the next dynode, creating an exponentially increasing
number of electrons analogous to the avalanche discussed in Section 4.2.
After several stages, the electron cascade reaches the anode, where the total
charge is read out electronically. The combination of a plastic scintillator and
a PMT is well-established and has seen widespread general use in ALPHA
and elsewhere.

However, PMTs have some notable limitations. They have a large phys-
ical footprint, require high voltage power supplies, and are sensitive to mag-
netic fields as the electrons are deflected away from the dynodes by Lorentz
forces. These issues have led to the adoption of a more modern device for
photon detection, called the silicon photomultiplier (SiPM).

SiPMs are composed of silicon, which is a semiconductor. Electron energy
levels form continuous bands rather than discrete levels. In an insulator, the
filled valence band is separated from the empty conduction band by a band
gap. In a semiconductor, this band gap is small, around 1.1 eV for pure
silicon. This allows thermal energy to excite electrons from the valence band
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Figure 4.6: Diagram showing the energy levels of intrinsic, p-type, and n-
type silicon. Dashed lines indicate additional energy levels of dopant atoms.

to the conduction band, producing an electron-hole pair. Both the electron
and the hole have some mobility over the silicon lattice.

Silicon can be doped with ions to add extra electrons or holes, whose
energy is slightly above the valence band or below the conduction band.
This leads to either n-type silicon, which has extra weakly-bound electrons,
or p-type silicon, which has extra vacancies which accept electrons and easily
produce holes. These are shown in Figure 4.6.

A silicon diode is formed by combining p-type and n-type silicon. Free
electrons produced in the n-type region diffuse across the interface to fill the
extra holes in the p-type region. Since both types of silicon begin with a net
neutral charge, this creates a buildup of electric charge, causing a potential
gradient which opposes and eventually halts the flow of electrons and holes.
When an equilibrium is reached, the area around the interface is called a
depletion region, as it has very few free electrons and holes. This is shown
in Figure 4.7.

In a silicon photodiode, a reverse bias voltage is applied to enhance the
intrinsic potential gradient, expanding the depletion region. When a charged
particle deposits energy in this region, it creates electron-hole pairs and
temporarily allows a current to flow; this is the basis of a silicon detector
such as the ALPHA-2 SVD.

In a single photon avalanche detector (SPAD), a significantly higher re-
verse bias voltage is applied, which accelerates electrons towards the cathode
at the edge of the n-type silicon. Above a certain voltage known as the break-
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Figure 4.7: Diagram showing the p-n junction in a silicon diode in an unbi-
ased equilibrium, including charge, electric field, and potential. The deple-
tion region is indicated by lighter shading.

Figure 4.8: Layout of a typical single photon avalanche detector (SPAD). A
silicon photomultiplier is a grid of many neighbouring SPAD cells.
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down voltage, the electron drift velocity is sufficient to create additional
electron hole pairs, causing an avalanche analogous to the gas ionization
avalanche in a wire chamber. In this way, a single photon produces a mea-
surable current. The avalanche is eventually halted by a quenching resistor,
and the SPAD recovers and returns to its initial state. The sensitivity of the
SPAD can also be a downside, as a single thermally-generated electron-hole
pair will also cause an avalanche. These avalanches are indistinguishable
from those produced by incident photons, causing a significant dark count
rate. Although there are many varieties of SPAD, a typical geometry is
shown in Figure 4.8.

In a SiPM, many SPADs are grouped together, each functioning indepen-
dently. The total output signal is the sum of the pulses from each triggered
cell. This provides some benefits: multiple photons can be detected simul-
taneously in different cells, the output signal is proportional to the number
of incident photons, and dead time is minimized as the other cells are still
active while one cell is recovering.

Compared to the PMT, the SiPM is smaller, cheaper, requires lower bias
voltage, and works better in a magnetic field. They are used in the newer
external plastic scintillator panels in ALPHA, as well as in the BSC.

4.3.3 The ALPHA-g barrel scintillator

To veto cosmic ray background events in the ALPHA-g TPC, it is surrounded
by a second detector called the barrel scintillator (BSC). This detector is
composed of plastic scintillator bars coupled to SiPMs. This design was
chosen for a few reasons:

• Compactness: The BSC must fit in the small (around 2 cm) radial
region between the TPC and the external solenoid.

• Speed: Plastic scintillators and SiPMs are fast enough to measure
particle time-of-flight across a few centimetres, which is required for
background identification.

• Simplicity: They are well-understood technologies which already see
use in ALPHA external panels.

• Cost-effectiveness: They are cheaply commercially available, and ex-
pertise is available at TRIUMF for electronics design.

The BSC is composed of 64 bars of plastic scintillator. Each bar is
trapezoidal in shape, with top width 23.9mm, bottom width 21.9mm, and
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4.3. The barrel scintillator

Figure 4.9: Left: A photograph of one end of the BSC, fully assembled
and awaiting insertion into ALPHA-g. Image credit: CERN, 2018. Right:
A diagram showing the coupling of the scintillator bars to the SiPMs, and
accompanying readout electronics. Image credit: Nicolas Massacret.

side length 20mm. The length of each bar is 2.604m. They are wrapped in
reflective tape to maximize internal reflectivity. The bars are bound together
by fishing wire and aluminium clamps into a cylindrical shape with an inner
radius of 223mm and an outer radius of 243mm, allowing this detector to
be placed around the TPC and inside the external solenoid magnet. The
layout of the BSC is shown in Figure 4.9.

The plastic scintillator chosen for the bars is EJ-200 from Eljen Tech-
nologies [132]. A minimum ionizing particle deposits around 2MeVcm2g−1

of energy, or around 4MeV on a 2 cm path through the 1.023 gcm−3 bar. The
light yield of EJ-200 is around 10 000 photons/MeV, for a typical production
of around 40 000 photons by an incident charged particle. These photons
are created over a few nanoseconds: the scintillation rise time is quoted at
0.9 ns and the decay time at 2.1 ns. The bulk attenuation length of EJ-200 is
3.8m; neglecting surface attenuation, at least 10 000 of these photons should
reach each bar end.

As part of this work, a ray tracing simulation was performed to study
the propagation of photons though the scintillator bars. The nominal in-
dex of refraction and bulk attenuation lengths were used, while the surface
reflectivity was varied to best match the BSC data. This hinted towards a
poor surface reflectivity of around 0.9, resulting in ∼ 80% of photons being
lost due to surface attenuation. If this model is accurate, around 2000 pho-
tons should reach each bar end, with this number varying depending on the
scintillation position.

The scintillator bars are coupled to SensL MicroFJ-60035 SiPMs [133],
now produced by ON Semiconductor [134]. These have a size of 6mm by
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4.3. The barrel scintillator

6mm, and so an array of six SiPMs is used to cover each bar end, providing
47% surface coverage. They are optically coupled using 1mm to 2mm of
RTV615 silicon rubber to eliminate air gaps, which was found to increase
light transmission by 30%. The maximum efficiency of the SiPM is at 420 nm,
a good match with the 425 nm peak emission output of the scintillator.

The breakdown voltage of these SiPMs is 24V, and they are operated at
a reverse bias of 27V. The variation in breakdown voltage between SiPMs
is sufficiently narrow that all SiPMs can be biased using the same voltage.
In addition to the standard output, they provide a fast output which has a
full width half maximum of 3.0 ns. An air cooling system is used to carry
away heat from the readout electronics, which also serves to slightly lower
the dark noise rate. A vortex cooler pumps cold air into the volume of the
BSC at the top and the bottom, while a fan maintains an air flow in the
volume between the TPC and the BSC to minimize heating of the SiPMs
due to the TPC electronics.

4.3.4 Detection principles

In this discussion, and in the discussion of the BSC data processing and
calibration in Chapters 6 and 7, I will reference some quantities which are
measured using the BSC. These symbols are listed in Table 4.1 for reference.

Each BSC bar is read out at both ends to allow determination of the
longitudinal position of a scintillation. This can be accomplished by two
methods: charge division, and time difference.

In the charge division method, the number of photons arriving at each
end of the bar is determined by integrating the SiPM signal. The number of
photons decreases with light travel distance: N = N0e

−x/λ, where λ is the
effective attenuation length, x is the distance travelled, and N0 is the initial
number of photons travelling towards a photosensor. Thus the hit position
relative to the bar centre can be determined from the ratio of the top and
bottom signal sizes:

N top

Nbot =
N0e

−dtop/λ

N0e−dbot/λ
= e(d

bot−dtop)/λ

=⇒ z =
dbot − dtop

2
=
λ

2
ln
N top

Nbot

(4.3.1)

Here, we define our coordinate system so that z = 0 is at the centre of
the bar. Consequently, the distance of the hit from the top and bottom
of the bar are given by dtop = L/2 − z and dbot = L/2 + z respectively,

64
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Symbol Description
ttop
i , tbot

i The start time of the SiPM signal at the top or bottom of
the i’th bar. This is measured by a TDC (see Section 4.4)
and includes all time corrections (see Chapter 7).

ttop
TDC,i, t

bot
TDC,i The start time of the SiPM signal at the top or bottom of the

i’th bar measured by the TDC, without any time corrections.
N top

i , Nbot
i The number of photons detected by SiPMs at the top or

bottom of the i’th bar.
Atop

i , Abot
i The amplitude of the SiPM signal at the top or bottom of

the i’th bar. Measured by an ADC (see Section 4.4).
t0,i The bar hit time, the time when a charged particle passes

through the i’th bar.
zi The bar hit z position, the vertical height where a charged

particle passes though the i’th bar. Defined so that z = 0 is
at the centre of the detector.

dtop
i , dbot

i The distance from the bar hit z position to the top or bottom
of the i’th bar.

λi The effective attenuation coefficient of light in the i’th bar.
veff,i The effective speed of photon prorogation in the i’th bar.
L The length of each bar (L = 2.604m).

TOFi,j The time-of-flight between two bar hits on bars i and j.
TOFexp,i,j The expected time-of-flight between two bar hits on bars i

and j, calculated for a cosmic ray travelling at the speed of
light with a straight trajectory.

Table 4.1: A list of symbols used when discussing the data handling of the
BSC. The subscript i or superscripts top and bot are often dropped if the
bar number or bar end is not relevant to the discussion.
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4.3. The barrel scintillator

where L is the bar length. We also use the assumption that photons are
produced isotropically. Instead of using the total number of photons N , one
can equivalently use the signal amplitude A or even time over threshold.

For the time difference method, we use the approximation that photons
travel with a constant effective speed veff along the bar. The difference
between the scintillation time t0 and the photon detection time ttop or tbot

is linear with the distance along the bar between the hit position and the
SiPM: ttop = t0 + dtop/veff and tbot = t0 + dbot/veff. As a result, the hit
position along the bar can be determined using the time difference between
the top and bottom signals:

z =
dbot − dtop

2

=
veff
2

[(tbot − t0)− (ttop − t0)]

=
veff
2

(
tbot − ttop)

(4.3.2)

The main purpose of the BSC is to measure the time-of-flight (TOF) of
charged particles, defined as the time difference between two hits on different
bars. We can find the time t0 that the charged particle hits the bar from the
start time of the top and bottom SiPM signals:

t0 =
1

2

[(
ttop − dtop/veff

)
+
(
tbot − dbot/veff

)]
=
ttop + tbot

2
− L

2veff

(4.3.3)

Taking the length and effective speed of light to be the same across all
bars, the second term is a constant of around 10 ns. Thus the time difference
between two bar hits is given by:

TOF = t0,i − t0,j

=
ttop
i + tbot

i

2
−
ttop
j + tbot

j

2

(4.3.4)

This TOF can be used to distinguish between cosmic ray muons and an-
nihilations, as shown pictorially in Figure 4.10. For relativistic cosmic ray
muons, we expect their TOF to be given by TOFexp = D/c, where D is
the distance between where the muon crosses bars A and B, and c is the
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speed of light. A horizontal cosmic ray passing through the centre of the
detector has TOFexp ∼ 1.5 ns; typical cosmic rays have TOFexp between
1.5 ns and 2 ns. On the other hand, pions produced in an annihilation origi-
nate inside the detector, and travel similar distances outwards to the BSC.
The TOF, as calculated above, does not represent a true particle path, but
rather an effective TOF. Since the distance travelled by each pion is similar,
this effective TOF will be close to zero. By comparing the measured TOF
to the expected cosmic ray TOFexp, cosmic rays can be distinguished from
antihydrogen annihilations.

Using these methods, the longitudinal hit position can be determined
using either charge division or time difference, and measuring the effective
TOF, the BSC can be used to distinguish between antihydrogen annihilations
and cosmic ray muons. To fully implement this scheme, many technical
details and higher order effects were addressed. These details, and the results
of this background rejection scheme, are described in Chapters 6, 7, and 8.

4.4 Electronics and data acquisition

To handle data collection, ALPHA-g adopted the MIDAS data acquisition
(DAQ) framework [135] developed at TRIUMF and at the Paul Scherrer In-
stitute. This software is used in many diverse physics experiments, including
current use in ALPHA-2. It handles many aspects of the experiment:

• A web-based user control interface for many experiment subsystems.

• Continuous logging of slow control variables.

• Hardware frontends for TPC and BSC detector services.

• Streaming of digitized data from the TPC and BSC.

• An event builder that assembles TPC and BSC data by timestamp.

• A configuration database for run control settings.

• Data storage on local disks and CERN servers.

The remainder of this section describes how the TPC and BSC signals
are processed and digitized by custom ALPHA-g readout electronics before
being fed into MIDAS. The full readout chain is shown diagrammatically in
Figure 4.11.
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Figure 4.10: Schematic diagrams of particles traversing the BSC (green),
TPC (blue), and trap wall (yellow). Inlaid boxes indicate hit times. (a.)
A cosmic ray without interacting. (b.) A cosmic ray with a simple shower
interaction. (c.) An antihydrogen annihilation with two charged pions. (d.)
An antihydrogen annihilation with three charged pions.
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Figure 4.11: Diagram of the readout electronics chain for the TPC and BSC
detectors. Taken from [136].

4.4.1 TPC data acquisition

There are two sources of data from the TPC: signals from the 256 anode
wires, and those induced on the 18432 cathode pads. Although there were
originally plans to read out the anode wire charge from both ends, only the
top end of the anode wires are instrumented. This is done by custom pre-
amplifiers called anode wire boards (AWBs). There are 16 AWBs mounted
directly to the top of the TPC, each reading out 16 anode wires. The anode
wire signal is decoupled from the high voltage and amplified by the AWB.
From the AWB, the anode wire signal is carried off the detector to analog-to-
digital converter (ADC) digitizers called the Alpha-16, based on the GRIF-16
digitizers previously developed at TRIUMF [137]. When triggered, they dig-
itize all anode wire signals with a sample rate of 62.5MHz (16 ns sample
length) and a dynamic range of 12 bits. The digitized waveforms are trans-
mitted to the DAQ computer via ethernet. There are 8 Alpha-16 digitizers,
each receiving signals from 32 wires via 2 AWBs.

The readout of the 18432 cathode pads is significantly more challenging
due to the large number of channels. After amplification, these signals are
digitized directly on the detector by application-specific integrated circuits
(ASICs), using the AFTER switched capacitor array originally designed for
the T2K experiment [138]. The capacitors are opened and quickly closed,
one at a time, so that they are charged by sampling the cathode pad signal.
These capacitors are then discharged in turn, and their charge recorded by
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an ADC mounted on the printed circuit board. This cathode pad data
digitization is the limiting factor for the maximum readout rate of the TPC,
nominally 500Hz.

Each ASIC reads out 72 cathode pads. Four of these ASICs are grouped
together on one pad wing board, or PWB, each handling 288 cathode pads.
There are a total of 64 PWBs needed for all cathode pads. The digitized
data from all four ASICs is collected by one central FPGA on each PWB,
and then transferred off the detector and to the DAQ computer via a 1
gigabit/second optical fibre and ethernet switch.

The density of readout and digitization electronics on the detector uses
significant power and creates excess heat. Copper bus bars supply low voltage
to the PWBs, which draw close to 1000W across the whole detector. The
heat created is dissipated by water cooling, flowing through copper pipes
mounted beside the bus bars, and the temperature is carefully monitored by
temperature probes mounted to the readout electronics.

4.4.2 BSC data acquisition

There are 64 BSC bars, each read out by an array of 6 SiPMs at both ends,
for a total of 768 SiPMs. The array of SiPM signals is processed by custom-
built analog sum discriminator (ASD) boards. Each ASD handles four bar
ends, requiring a total of 16 ASDs mounted to each end of the detector.

After initial pre-amplification, the fast output signals from the 6 SiPMs
on a bar end are combined by an analog sum circuit. This is followed by
some further amplification and pulse shaping. Here, the signal path is split:

• One branch of the signal is passed through an RC low-pass filter pulse
shaper, which stretches and lengthens the pulse by an approximate
factor of 5. This signal is carried off the detector to the same ADCs
which digitize the anode wire signals. Each ADC has 16 channels
dedicated to the BSC, which are digitized at 100MHz (10 ns sample
length) and with a dynamic range of 14 bits.

• A second signal branch is passed through a fast comparator on the
ASD. A programmable threshold voltage is generated by a digital-to-
analog converter (DAC) on the ASD; the comparator outputs a digital
pulse when the combined SiPM signal exceeds the threshold. This
digital signal is carried off the detector to a time-to-digital converter
(TDC).
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ALPHA-g uses a single 256-channel TRB3 TDC manufactured at the GSI
Helmholtz Centre for Heavy Ion Research, which has a precision better than
20 ps [139]. The TDC digitizes the signal arrival time using an FPGA delay
line. It uses an externally-supplied 200MHz clock; when a signal arrives from
the BSC, it propagates through the delay line until it is frozen at the start of
the next clock cycle. The number of delay elements traversed by the signal
indicates the signal time relative to the clock cycle. The leading and falling
edge of the signals are digitized separately, although only the leading edge
is used in the BSC analysis. When triggered, all TDC events in a roughly
10 µs window are sent from the TDC to the MIDAS event builder.

Further details on the implementation of the BSC readout electronics
and data acquisition are provided in Appendix A.

4.4.3 Clock, trigger, and test pulse

Synchronization of the ADCs, TDC, and other readout electronics in ALPHA-
g is maintained using a dedicated clock distribution system. A custom clock
module based on the clock developed by the GRIFFIN collaboration at TRI-
UMF [137] provides a stable timing reference. This module receives an input
10MHz clock from the AD, and distributes derived clocks at 100MHz and
62.5MHz to the ADCs, and at 200MHz to the TDC.

The triggering of the detectors is handled by a custom ALPHA-T trigger
module developed at TRIUMF, based on the GRIFFIN GRIF-C module
[137]. Fast discriminated detector hit information is transmitted from the
ADCs to the trigger module. The trigger module processes this data and
makes a trigger decision, then distributes a global trigger signal via the
clock module to synchronize data acquisition across all subsystems. The
triggers are sent directly from the trigger module to MIDAS, allowing for
fast counting of annihilations which is not limited by the 500Hz readout
rate of the detectors.

Many trigger configurations are available via the MIDAS run control sys-
tem. The original design intention was to trigger on a multiplicity of BSC
bar hits, and this scheme has been tested successfully. However, the operat-
ing configuration for the initial gravity measurement instead uses anode wire
signals from the TPC as the trigger source. A trigger is sent when signals
are received on two or more AWBs, with a gap of at least one AWB between
them with no signal. This trigger condition was chosen to suppress cosmic
ray events which create signals on only a single contiguous group of AWBs.

An additional feature implemented is a built-in test pulser system, which
can inject known signals into the TPC and BSC electronics to verify system
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functionality. Each ADC module includes a programmable digital-to-analog
converter (DAC) capable of generating a test pulse with adjustable shapes.
To test the readout of the TPC anode wires and cathode pads, this signal can
be fed into the field wires, which induces a pulse on the anode wires. For the
BSC, the test pulse is injected immediately after the first pre-amplification
stage of the SiPM signal path, enabling testing of the full analog and digital
readout chain.
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Chapter 5

TPC event reconstruction

This is the first of four chapters describing my original contributions to
ALPHA-g. I have spent a significant fraction of my time improving the re-
construction of the TPC data, resulting in considerable developments which
directly lead to the detector performance meeting the resolution and back-
ground rate targets. An attempt is made to quantify the effects of these
improvements on the gravity measurement in Section 9.4.1.

This chapter is organized as follows. Section 5.1 outlines the data process-
ing strategy for TPC data. Section 5.2 describes my work on the ALPHA-g
event display, which was used to inform improvements to the TPC recon-
struction. Section 5.3 describes in detail the annihilation position reconstruc-
tion algorithm, clearly distinguishing my own improvements and original
contributions, primarily in Sections 5.3.4, 5.3.5, 5.3.6, and 5.3.7. Section 5.4
will quantify the results of these improvements. I have also been involved in
an effort to develop an alternative vertex finding algorithm based on machine
learning and neural networks, which is briefly discussed in Section 5.5.

5.1 TPC data processing

The MIDAS data acquisition system described in the previous chapter reads
out the raw data signals from the TPC and BSC into events based on their
timestamp. The acquired data is stored in a memory buffer before being
written permanently to disk. The data structure follows a MIDAS-specific
open-source format. Due to the large number of cathode pads, a substantial
quantity of data is produced: around 60GB per hour for cosmic ray data
with the typical trigger configuration, and up to 100GB per hour during
typical antihydrogen production. This data is automatically copied from
local ALPHA storage drives to CERN’s EOS servers [140] for redundancy
and long-term storage.

ALPHA has developed a dedicated alphasoft software suite [141] to ana-
lyze this data, primarily written in ROOT/C++ and based on the MIDAS
analyzer [135, 142]. This framework has been used for some time to an-
alyze data from the ALPHA-2 SVD. It is modular in structure, allowing
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different executable programs to be constructed from a list of independently
programmed modules. This functionality is used to maintain distinct offline
and online analysis programs which share many elements. The offline anal-
ysis reads the MIDAS data files stored locally or on the EOS servers and
handles the reconstruction steps leading to the determination of the annihi-
lation position. The alphasoft output is a distilled data file in ROOT format
which contains higher-level information such as the reconstructed annihila-
tion position and the number of tracks.

The online analysis mode performs the same reconstruction of the anni-
hilation vertex position, but instead reads directly from a MIDAS memory
buffer filled in real time by the dedicated MIDAS event builder. It is run
on a dedicated computer with 32 cores and 252GB of RAM so that it can
keep pace with the TPC’s 500Hz maximum event rate. The alphasoft suite
includes tools for quickly visualizing the time and position of annihilation
events, including a real-time online display of annihilation positions, to which
I have directly contributed.

A number of summary plots are automatically generated at the end of
each run, allowing detector data to be used in real time for the development
and debugging of antihydrogen production. Quality-of-data monitoring his-
tograms are also produced both online and offline to assess detector and
reconstruction performance.

5.2 Event display

Before discussing the vertex reconstruction algorithm and my contributions
to it, it is prudent to cover the ALPHA-g event display. This was a crucial
tool for finding issues with the reconstruction and testing solutions, without
which many improvements would not have been possible. To this end, I
made considerable contributions to the event display in parallel to my work
on the reconstruction algorithms. This section will give an overview of the
ALPHA-g event display and highlight my contributions. My implementation
of the BSC into the event display will be discussed later in Section 6.9.

The event display for ALPHA-g is based on the XSNOED event display
used for the SNO experiment [143]. Integrated into the alphasoft recon-
struction software as an analysis module, it generates an interactive three-
dimensional rendering of each event. Figures 5.1 and 5.2 show the event
display across a range of events.

To inform the modifications to the reconstruction algorithms, I spent
considerable time debugging and improving the event display, which was not
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Figure 5.1: The ALPHA-g event display, side-on and top-down views. Space-
points are shown as small dots, helix fits as curved lines, and the vertex
position as a red square. Larger dots represent barrel scintillator hits (Sec-
tion 6.9). Simple wireframe mesh cylinders mark the outer TPC radius and
the trap radius. (a.) An annihilation where a vertex (red square) was found
from two helices (purple lines). An attempt was made to add one helix
(green line) to the vertex, but this worsened the fit. Many helices failed the
selection cuts (grey lines). (b.) A simpler annihilation event. A third helix
(cyan line) was successfully added to improve the vertex fit.
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Figure 5.2: The ALPHA-g event display, side-on and top-down views. (a.)
An annihilation event where some pair production tracks have been included
in the vertex fit. (b.) A cosmic ray which was fit with one double-sided helix.
(c.) A cosmic ray which was initially two tracks, but was joined into one by
the track joiner.
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Figure 5.3: The TPC waveform display window in the event display. Both
the anode wire waveform (top) and matched cathode pad waveform (bottom)
are shown. The x-axis is time in 16 ns bins, and the y-axis is voltage in ADC
bits.

previously in a functional state. This work included fixing a number of bugs
in the geometry which caused helices and vertices to be drawn in the wrong
place. I also added a number of features, such as:

1. An option to colour spacepoints based on their track grouping.

2. Inclusion of the truth vertex in simulated events, representing the sim-
ulated annihilation position.

3. Options to display only a subset of events matching given criteria, so
that the event display could be used to diagnose specific problems.

Alongside the visualization, quantitative information are available in pan-
els for the event, for each spacepoint, and for each helix fit. The visualization
is fully interactive: individual spacepoints and helices can be selected to dis-
play their corresponding information panel. I added the helix fit information
panel and greatly extended the data available in these panels, making them
powerful diagnostic tools. A waveform viewer is also built into the event dis-
play. Selecting a spacepoint displays the associated anode wire and cathode
pad signals, as shown in Figure 5.3.
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5.3 Annihilation position reconstruction

The goal of the TPC reconstruction is to determine the three-dimensional
position of each antihydrogen atom as it annihilates, called the annihilation
vertex. In most cases when antihydrogen is released, the vertex lies along the
inside wall of the trap, as this is the first matter the atom will encounter.
However, antihydrogen can also annihilate on background gas inside the
vacuum chamber, and so the reconstruction algorithm must be able to handle
annihilations occurring at any position inside the trap.

The reconstruction proceeds in nine stages, which are illustrated picto-
rially in Figure 5.4 and as a block diagram in Figure 5.5. To aid the reader,
each stage is first introduced in the text with the number corresponding to
these diagrams. These stages roughly correspond to individual modules in
the alphasoft analysis chain.

This section will describe each stage of the TPC event reconstruction in
considerable technical detail. It will also distinguish between three historical
versions of the software: the original pre-2022 version, the version used in
the gravity paper, and the current improved version.

The reader who is not interested in understanding the minutia of how
TPC data is processed to recover annihilation vertices should feel free to
skip ahead to Section 5.4 for a summary of the impact of the changes made
throughout this work.

5.3.1 Signal deconvolution

A charged particle ionizes the TPC gas along its path, as discussed in Sec-
tion 4.2.1. A minimum ionizing cosmic ray muon produces around 0.6 ion-
ization clusters per millimetre, as does a charged pion from an annihilation;
each cluster consists of one or more electron-ion pairs. Many of these ion-
ization electrons drift towards the same anode wire, or induce signals on the
same cathode pads. As a result, the recorded waveforms can be complex,
requiring deconvolution to resolve the individual electron arrival times. In
typical TPC geometries, this can be mitigated by designing the drift direc-
tion to be orthogonal to the expected track directions, so that ionization
clusters along a track are more likely to to drift to different wires. Given the
geometry of the ALPHA-g TPC, this was not practical, and so the need for
accurate signal deconvolution is increased.

The deconvolution procedure is similar for both the anode wire signals
and the cathode pad signals. The goal of the anode wire deconvolution
module (1) and cathode pad deconvolution module (2) is to extract

78



5.3. Annihilation position reconstruction

Figure 5.4: A diagram showing the nine stages of the annihilation vertex
reconstruction in relation to the TPC geometry. The geometry is not to scale,
and the number of wires and pads is significantly reduced for readability.
Inlays show simplified anode wire and cathode pad waveforms.
1. Anode wire signals are deconvolved. 2. Cathode pad signals are decon-
volved. 3. Nearby pad signals are grouped. 4. Corresponding wire and
pad signals are matched. 5. Ionization positions are determined via time
projection. 6. Tracks are identified. 7. Tracks are fit. 8. Segmented tracks
are joined. 9. The vertex position is determined.
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Figure 5.5: A block diagram indicating the reconstruction stages, roughly
corresponding to modules in the alphasoft analysis chain. The stages are
numbered corresponding to Figure 5.4, and also indicate the section of this
dissertation where they are discussed.

signal start times and amplitudes from individual waveforms which may
contain many overlapping signals.

The deconvolution is based on template waveforms which correspond to
the response of the anode wire and cathode pad to a single electron avalanche.
These response functions were produced using Garfield++ simulations of the
avalanche process [5] and verified experimentally.

The deconvolution process for the two types of TPC signal is shown in
Figure 5.6. It begins by iterating through each bin of the digitized waveforms.
For each waveform, if the value in that bin exceeds a given threshold, the
response function is subtracted from the waveform, scaled to account for
the number of electron-ion pairs in the ionization cluster. This process is
repeated for each waveform above the threshold, before proceeding to the
next bin.

In the case of anode wires, additional care is taken to account for in-
duction between adjacent wires. An avalanche will induce an opposite-sign
signal on neighbouring wires [127]. To account for this, a copy of the response
function is also subtracted from the four closest wires on either side. This
copy is inverted and scaled by factors of 12%, 4%, 1%, and 0.4% respectively,
calculated using Garfield++ simulations.
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Figure 5.6: Deconvolution of cathode pad (left) and anode wire (right) sig-
nals. Yellow indicates the digitized signal, red indicates the number and time
of single electron avalanches determined by the deconvolution algorithm, and
black shows the residual waveform after subtracting the response functions.
The x axis is time in 16 ns time bins, and the y axis is signal amplitude in
ADC units. Credit: Lars Martin.

5.3.2 Signal grouping

When an avalanche occurs on an anode wire, a signal is induced on multiple
nearby cathode pads. The goal of the pad signal grouping module (3) is
to group these nearby cathode pad hits together. These combined cathode
pad hits are then associated with their corresponding anode wire hit by the
signal matching module (4).

To speed up computation given the large number of cathode pad chan-
nels, neighbouring pads are not deconvolved simultaneously, as was done for
the anode wires. Instead, each pad signal is deconvolved independently, al-
lowing for parallelization of this computationally expensive task. The sign
of the induced signal is the same for all pads, enabling the pad hits to be
identified individually and grouped later.

As a result of this choice, many pad hits are produced by a single electron
avalanche. The pad signal grouping module merges these neighbouring pad
signals together. First, deconvolved pad signals are grouped by time: those
in the same or adjacent 16 ns time bins are eligible for matching. They are
then grouped by pad column, so that only hits in a single vertical column
can be grouped together. A blob-finding algorithm then identifies groups of
pad signals on contiguous pads. The central z position (i.e. along the TPC
axis) of the group of pad signals is then determined, using either a weighted
average or by fitting the pad signal heights with a Gaussian function.
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Figure 5.7: Garfield++ simulation of a charged pion (green) in the TPC.
The orange lines represent the path of electrons from ionization sites along
the pion path to the anode wires. These simulations were used to create
space-time relation lookup table. Published in [130].

Following cathode pad grouping, next in the analysis chain is the signal
matching module, responsible for combining the pad hit groups with the
anode wire hits. The time difference ∆t and the difference in the azimuthal
coordinate ∆ϕ between each wire hit and each pad hit group are calculated.
Each anode wire hit is matched to the pad hit group which minimizes the
two-dimensional distance D =

√
(∆t)2 + (α ·∆ϕ)2, where α = 3 is a scaling

factor empirically chosen to correctly prioritize ∆t (in ns) or ∆ϕ (in radians).
This matching strategy was implemented using a k-d (k-dimensional)

tree data structure, which is commonly used for nearest neighbour searches
in multidimensional spaces. The technique is similar to a binary tree search,
and avoids computing the distance between all pairs of wires and pads, which
greatly improves computational performance [144].

5.3.3 Spacepoint reconstruction

After matching the anode wire avalanche signals to the cathode pad signals
they induce, the exact position of the avalanche can be determined: the
radial r position is fixed at the anode wire radius, the azimuthal ϕ position
is given by the wire number, and the axial z position is given by the centre
of the group of cathode pad hits. The goal of the spacepoint formation
module (5) is then to determine the original position of the ionization which
created the free electron responsible for the avalanche.
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This requires a detailed knowledge of the electron’s path through the drift
gas as it is guided by both the electric field between the anode wires and
inner cathode, as well as the magnetic field created by the external solenoid
magnet. To this end, detailed electron drift simulations were performed
using Garfield++ [5], illustrated in Figure 5.7. These simulations were used
to create a lookup table for the space-time relation (STR), the relationship
between ionization position and drift time.

To define the drift time, a global zero time for the event is needed. This is
taken as the time of the first signal observed on any anode wire, utilizing the
assumption that a charged particle traversing the TPC will almost certainly
pass close to at least one wire, creating an avalanche with near-zero drift
time. The drift time for each avalanche is then defined as the difference
between this zero time and the start time of the anode wire signal. Using
the STR lookup table, this drift time is converted into a drift length, which
gives the r coordinate of the original ionization. The electron drift is not
completely radial; there is an azimuthal deflection due to the magnetic field,
called the Lorentz angle. This angle is also included in the STR lookup
table, and is used to correct the reconstructed ϕ coordinate. The ionization
z coordinate remains unchanged from the central z position of the pad hit
group.

The final output of this process is a three-dimensional estimate of each
ionization position in the TPC gas volume, referred to hereafter as space-
points. They are assigned a three-dimensional position uncertainty. The
STR lookup table is used to determine this uncertainty from the hit time
uncertainty (from the ADC bin width and the deconvolution), avalanche z
position uncertainty (from the pad signal weighted average or fit), and wire
position pitch.

5.3.4 Track finding

The track finding module (6) attempts to group these reconstructed ion-
ization spacepoints into tracks, which correspond to the paths of individual
charged particles through the TPC.

The original track finding algorithm, termed the adaptive finder, was
able to identify pion tracks sufficiently for vertex position reconstruction.
However, using the ALPHA-g event display discussed in Section 5.2, I iden-
tified some flaws with this method. I addressed these by implementing two
further track finding algorithms. The first improved track finder, coined
the iterative finder, was developed to directly address the issues identified
with the adaptive finder, and was used in the data analysis for the 2023
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Figure 5.8: Cartoon diagram of the adaptive finder. (1.) Spacepoints in
the TPC. (2.) A seed point is chosen close to the anode wires. (3.) The
next point within a cutoff distance (dashed circle) is added to the track. (4.)
This is repeated until the track is completed, adapting the cutoff distance as
required. (5.) A seed point for a new track is chosen. (6.) This is repeated
for all possible seed points at large r.

gravity paper. However, some issues still persisted. The second improved
track finder, called the exhaustive finder, introduced a more fundamental
change to the track finding technique.

Original method: adaptive finder

The original method of track finding, the adaptive finder, was developed
based primarily on simulation and data from a prototype TPC at TRIUMF
[145]. An illustration of this track finding procedure is shown in Figure 5.8.

It begins by sorting spacepoints by radial position r, and then proceeds
as follows:

1. The largest r spacepoint is chosen as a seed point for a new track.

2. If the next spacepoint is within a fixed cutoff distance from the current
point, it is added to the track and becomes the new current point.

3. This is repeated for every remaining point at smaller r.

4. Once there are no further points within the cutoff distance, the cutoff
distance is incrementally increased.

5. The track is completed after the cutoff distance is increased to a max-
imum value.
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Figure 5.9: Cartoon diagram of the iterative finder. (1.) Spacepoints in the
TPC. (2.) A seed point is chosen close to the anode wires. (3.) Spacepoints
within a fixed cutoff distance from the previous point are added to the track.
(4.) The first point in the track is checked for missed points within the cutoff
distance. (5.) The tracking process is restarted from each missed point. (6.)
Each point in the track is checked twice before a new track is seeded.

6. The process repeats from the remaining spacepoints with a new seed
point, until all unused spacepoints up to a cutoff radius have been tried
as a seed point.

In this way, the track is built from large to small r, i.e. from near the
anode wires towards the TPC centre. This algorithm was effective at finding
tracks which could be used to reconstruct the vertex position. However,
some issues became evident once the event display was used to examine the
track finding process:

• Spacepoints would often be missed from a track.

• In many cases, these missed spacepoints would form a second, overlap-
ping track (i.e. the blue points in Figure 5.8).

• Tracks would be missed entirely if no spacepoint had large enough r
to be chosen as a seed point.

First improvement: iterative finder

To address these issues, I developed a new iterative finder, which is shown
schematically in Figure 5.9. It includes three key changes. The first difference
is that there is no adaptation of the cutoff distance; the maximum cutoff
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distance is always used. The second key difference is an additional iterative
step once the initial track has been built. Specifically:

1. After the initial track is formed, each of its spacepoints is rechecked
for nearby, unused neighbours.

2. If a new point is found within the cutoff distance, it is added, and the
track finding process is restarted from that point.

3. The full track is re-scanned twice (i.e. two further iterations).

This iterative augmentation significantly reduced the number of missed
spacepoints and prevented the formation of spurious overlapping tracks. The
third key change was a retuning of the parameters of the track finding algo-
rithm, which led to fewer missed tracks overall.

Second improvement: exhaustive finder

While the iterative finder was a clear improvement over the adaptive method,
it still suffered from two failure modes:

• It would miss tracks that did not extend to large r, since only outer
spacepoints were used as seeds.

• It would fail to correctly handle more complicated events, particularly
those involving pair production from π0 → γ → e+e−, which feature
highly curved tracks that meet at a displaced vertex.

Ideally, the tracking algorithm would identify these lepton pair produc-
tion tracks, and either exclude them or treat them separately. However, the
adaptive and iterative finders would fail in this situation. Since the track
finders start at high r and move inwards, they tend to find subsets of points
which form straight and centrally-pointing false tracks. These false tracks
do not represent real particle trajectories, but are still used in the vertex
position calculation, often leading to an incorrect vertex.

These flaws became clear during manual inspection using the event dis-
play. To address them, I developed a third method: the exhaustive finder,
which is illustrated in Figure 5.10. The exhaustive finder proceeds as follows:

1. Precompute the distance between each pair of spacepoints and compare
it to a cutoff distance.

86



5.3. Annihilation position reconstruction

Figure 5.10: Cartoon diagram of the exhaustive finder. (1.) Spacepoints in
the TPC. (2.) A seed point is chosen at random. (3.) Points within the
cutoff distance are added recursively. (4.) A new seed point is chosen from
the remaining points. (5.) This process is repeated until all tracks are found.

2. Randomly choose a seed spacepoint, and recursively add each space-
point within the cutoff distance to a track.

3. Repeat this with a new seed chosen from the remaining spacepoints,
until each spacepoint has been tried as a seed.

This method is less computationally efficient, but the analysis is still far
faster than the pad signal deconvolution and matching steps. In exchange
for the additional computation, this approach is far more robust. It does not
miss tracks which do not approach the anode wires, and does not find false,
artificially straight tracks in events with complex topologies.

Summary of track finding improvements

From the initial adaptive finder, two improved track finding algorithms
were implemented: the iterative finder was used for the gravity paper, and
the exhaustive finder is used in the most recent reconstruction versions.
A summary of the three track finding methods is given in Table 5.1.

Both improved track finders were informed by problems observed using
the ALPHA-g event display. The iterative finder fixed the issue where many
points were missed from a track, frequently resulting in a second (or even
third) overlapping track being formed from those points. It also led to fewer
missed tracks overall. The exhaustive finder was able to find all possible
tracks in the dataset, regardless of their orientation.
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Table 5.1: Comparison of track finding algorithms used in ALPHA-g TPC
reconstruction. Statistics are approximate and were collected by visual in-
spection of 50 annihilation events using the event display. Charged pion
tracks and other tracks were manually categorized, and the following were
counted by hand: missed points in each track, missed tracks, overlapping
tracks formed from the spacepoints of a single charged particle, and false
radial tracks formed from complicated non-radial trajectories.

Feature Adaptive
Finder

Iterative
Finder

Exhaustive
Finder

Cutoff distance 8mm → 45mm 30mm 30mm

Seed point r > 168mm r > 168mm Any
Method Single pass Two refinement

iterations
Recursive
search

Missed points per
track

∼ 2.4 ∼ 0.02 None

Overlapping
tracks

∼ 48% None None

Missed tracks
(pion)

∼ 38% ∼ 12% None

Missed tracks
(other)

∼ 42% ∼ 28% None

False tracks ∼ 40% ∼ 21% None
Radial bias Strong Strong None
Computation
time per event

96 µs 139 µs 236 µs

The iterative finder was primarily motivated by a desire to improve the
annihilation vertex position resolution; we shall see in Section 5.4 that it
was successful in this goal. By contrast, the exhaustive finder was motivated
by the desire to successfully find all tracks, to extract the most information
possible from the detector.

5.3.5 Track fitting

After grouping spacepoints into the tracks, the track fitting module (7)
fits each track with a helical functional form using independent transverse
and axial fits. In the original and gravity paper versions of the reconstruction,
these helices were parametrized in terms of the radial variable r. However,

88



5.3. Annihilation position reconstruction

this was not compatible with highly curved tracks, which were much more
reliably identified by the exhaustive track finder. To address this, the helices
were reparameterized, and considerable changes were made to the track fit-
ting logic and initial conditions. This section will first describe the elements
common to both the original and current reconstruction versions, then de-
scribe the original fitting routine, and finally describe the changes made in
the current version.

Helix fit function

The trajectories of charged particles in the ALPHA-g TPC are reconstructed
by fitting a helical model to the spacepoints of each track. The mathematical
form of the helix is adapted from [146], and represents the expected three-
dimensional path of a charged particle in a uniform magnetic field. In the
transverse (r–ϕ) plane, the path of the particle traces the arc of a circle due
to the Lorentz force from the axial solenoidal magnetic field. In the axial (z)
direction, where no forces act on the particle, the motion is linear.

This functional form assumes that the charged particle’s energy is con-
stant over its trajectory. The density of the 70:30 ArCO2 gas mixture at
atmospheric pressure is 1.7 kg/m3, and so a minimum-ionizing particle will
deposit around 3.4 keV/cm in the TPC gas. Over a 20 cm path length, which
is longer than a typical charged pion path in the TPC, this results in a total
energy loss of around 68 keV. Thus the constant energy approximation is
valid for the charged pions, which are typically produced in the annihilation
with around 100MeV of kinetic energy.

Mathematically, the helix is described by five free parameters, which are
illustrated in Figure 5.11:

• Rc – the radius of curvature in the r–ϕ plane.

• ϕ0 – the azimuthal angle at the point of closest approach to the origin.

• D – the distance of closest approach to the origin in the r–ϕ plane.

• z0 – the z coordinate at the point of closest approach.

• λ – the pitch of the helix (slope in z as a function of arc length).

This parametrization takes advantage of the fact that the trajectory is
perpendicular to the radius vector at the point of closest approach, meaning
the track is uniquely described by (Rc, ϕ0, D) in the transverse plane. The
final two parameters (z0, λ) describe the z component of the helix.
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Figure 5.11: The free parameters of the helix functions used in track fitting.
(1.) shows the projection of the helix function (red) in the r − ϕ plane,
illustrating the three radial fit parameters. (2.) shows the projection of the
helix function in the r − z plane, illustrating the two axial fit parameters.

The track can be parameterized with respect to a track variable t, which
represents arc length from the point of closest approach:

x(t) = Rc sin (t+ ϕ0)− (Rc +D) sinϕ0

y(t) = −Rc cos (t+ ϕ0) + (Rc +D) cosϕ0

z(t) = z0 + λt

(5.3.1)

This model was successfully used to fit tracks prior to my contributions.
However, the original implementation made a number of further simplifying
assumptions, which I will now discuss. I will then outline the changes I
made to the track fitting algorithms: first relaxing some of these simplifying
assumptions, and then improving the initial fit parameters for more stable
track fitting.

Original method: single-valued helix fitting

Given that we are primarily fitting charged pion tracks originating from
near the centre of the TPC and propagating outwards, we can impose some
constraints on the helix. Firstly, we restrict the track parameter t to be
strictly positive or strictly negative, such that the helix extends in only
one direction from the point of closest approach. Secondly, we require that
the helix does not curve backwards towards the origin. Together, these
constraints ensure that the helix is single-valued in the radial coordinate
r. This allows us to re-parameterize the helix function in terms of r, as
x(r), y(r), z(r).

The helix function is fit to the track in two stages:
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• Transverse (r−ϕ) fit: The parameters Rc, ϕ0, and D are determined
by minimizing the transverse residuals:

RT =
∑
i

[(
x(ri)− xi

)2
+
(
y(ri)− yi

)2] (5.3.2)

where (xi, yi) is the i-th spacepoint in the track, and x(ri), y(ri) is the

helix function evaluated at the radius ri =
√
x2i + y2i of that space-

point.

• Axial (z) fit: The parameters z0 and λ are then determined by min-
imizing the axial residuals:

RZ =
∑
i

[(
z(ri)− zi

)2] (5.3.3)

where zi is the i-th spacepoint, and z(ri) is the helix function evaluated
at that spacepoint.

This track fit is repeated twice, once with t > 0 and once with t < 0,
and the fit with the lower transverse residual is selected. These correspond
to the track extending either clockwise or anticlockwise from the point of
closest approach.

Current method: changes to helix fitting routine

The main modification I made to the helix fitting routine was to lift the
constraint that the track be single-valued in r. This enables the fitting of
helices that curve back on themselves or extend in both directions from the
point of closest approach. These are cases that arise frequently in ALPHA-g
data for particles other than the charged pions around which the helix fitting
procedure was previously designed:

• e+e− pairs from neutral pion decay tend to have small momentum, and
so are strongly curved in the magnetic field. They frequently produce
tracks which curve back on themselves and are not single-valued in r.

• Cosmic ray muons either produce straight line tracks which span both
sides of the point of closest approach, or produce two back-to-back
tracks on opposite sides of the detector.

To accommodate these cases, I retained the helix parametrization of
Equation 5.3.1, but introduced two types of helix:
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• A single-sided helix which retains the restriction t > 0 or t < 0, ex-
tending in one direction only from the point of closest approach.

• A new double-sided helix which has no restriction on t and extends in
both directions from the point of closest approach.

This adjustment required a considerable rewriting of the helix fitting
framework and routine; since we no longer assume the helix is single-valued
in r, we can no longer re-parameterize the helix equations in terms of r.

For the transverse fit, we can no longer evaluate the helix function at the
spacepoint radius. Instead, the smallest distance from the spacepoint to the
circle defined by (Rc, ϕ0, D) is found analytically. The transverse residuals
are defined as the sum of this distance squared, and the radial parameters
are determined by minimizing these residuals:

RT =
∑
i

[(
x(tclosest)− xi

)2
+
(
y(tclosest)− yi

)2] (5.3.4)

For the axial fit, the residual to be minimized is defined as the difference
in z between the spacepoint and the point on the helix that is closest in
(x, y):

RZ =
∑
i

[(
z(tclosest)− zi

)2] (5.3.5)

These changes allow the fitting routine to handle a broader class of tracks
more accurately. They also represent a fundamental shift in the tracking phi-
losophy with regards to unwanted tracks from cosmic ray muons and pair
production. Previously, these tracks were implicitly excluded by reconstruc-
tion algorithms which would fail to find or properly fit them. However, this
would often result in mis-reconstructed false tracks which could interfere with
the vertex fit. The new philosophy is to successfully find and fit these tracks,
and then explicitly exclude them from the vertex fit. This track selection
step will be described in Section 5.3.7.

Current method: improved initial fit conditions

Another area where I significantly improved the helix fitting routine is the
initialization of the fit parameters. Using the event display to visualize the
helices with their initial parameters, I identified and corrected several er-
rors. There were a number of simple mistakes such as a missing factor of π,
which caused the initial transverse fit to be placed on the opposite side of
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the detector, or an omitted minus sign that inverted the initial value of λ.
Improving the initial conditions yielded more stable fitting for the gravity
paper with fewer failed fits.

In the original reconstruction, the initial conditions for the radial fit were
set using the spacepoints with the smallest and largest r. A straight line was
drawn between these two points: its angle determined the initial ϕ0, and
its distance of closest approach set the initial D. A very large radius of
curvature was used for the initial Rc.

In the current reconstruction, the transverse fit is repeated four times,
each with different initial conditions:

1. r-ordered curved initialization: The points are ordered by r, and
the inner, outer and middle points are found. A circle is drawn through
these points and used to define the initial Rc, ϕ0, and D.

2. z-ordered curved initialization: The points are ordered by z, and
the top, bottom, and middle points are found. A circle is drawn
through these points and used to define the initial Rc, ϕ0, and D.

3. Straight positive initialization: The points are ordered by z, and
a straight line is drawn through the top and bottom points. A slight
positive curvature is applied.

4. Straight negative initialization: The points are ordered by z, and
a straight line is drawn through the top and bottom points. A slight
negative curvature is applied.

The fit is repeated with each set of initial conditions, and the fit with the
lowest χ2 is used. Each initialization strategy is better suited to a certain
type of track; while repeating these calculations is computationally slower,
this stage is not a bottleneck, and so the higher number of successfully fitted
tracks is worth the marginal increase in analysis time.

For the axial fit, the original reconstruction sorted the points by r, and
drew a straight line between the closest point and the middle point to find
the initial z0 and λ. The new method is similar, but takes care to only use
spacepoints on one side of the point of closest approach (i.e. either t < 0 or
t > 0). It uses the points with the smallest and largest t value to draw the
line z(t) = λt+ z0, and uses these λ and t parameters to initialize the axial
fit.
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Figure 5.12: Cartoon diagram of cosmic ray tracks in the TPC. (1.) A cosmic
ray skims the edge, and is identified as one double-sided track. (2.) A cosmic
ray passes through the centre, and is identified as two back-to-back tracks.
(3.) The track joining module recombines these into one double-sided track.

5.3.6 Track joining

Although these changes led to improved track finding and fitting behaviour
for many types of tracks, there were two further cases which were not ad-
dressed properly:

• Cosmic rays passing through the centre of the TPC would produce two
back-to-back tracks.

• Delta electrons would create long spiralling tracks which were falsely
identified as multiple tracks.

These cases both contribute significantly to the cosmic ray background rate,
as they produce enough tracks to form a false annihilation vertex. To address
them, I implemented a new reconstruction module called the track joining
module (8), with the goal of recombining initially distinct tracks created
by the same charged particle. This module proceeds in two steps, each
addressing one of the cases above.

Step 1: cosmic ray track joining

Cosmic ray tracks are frequently misidentified as an annihilation with two
back-to-back pions. Indeed, these events are the main background in an-
nihilation detection. If these back-to-back tracks could be easily identified
as belonging to the same charged particle, then the background rate would
immediately be substantially reduced.
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When a cosmic ray skims the edge of the TPC, as shown in Figure 5.12
(1.), then the track is fully identified by the exhaustive track finder and can
be fit with a single double-sided helix. However, if the cosmic ray passes
through the antihydrogen magnetic trap, the spacepoints appear separated
into two back-to-back tracks, as shown in Figure 5.12 (2.). Track identifi-
cation ambiguity can be resolved by combining these into one double-sided
track, as shown in Figure 5.12 (3.).

The cosmic ray track joining step attempts to combine each pair of two
tracks into a single track. The spacepoint groups of both tracks are merged,
and the procedure described in the previous section is used to fit the com-
bined track. The combined helix is used in place of the old ones if the
combined goodness of fit is not significantly worse than either of the indi-
vidual track fit goodness of fits: RT,comb. < 2 ·RT,indiv. for the transverse fit
residuals, and RZ,comb. < 1.5 ·RZ,indiv. for the axial fit residuals.

Since a set of N tracks has 1
2N(N − 1) combinatorial pairs, this step is

only applied to events with 6 or fewer tracks, which is the case for almost all
cosmic ray events. This step was highly successful at combining back-to-back
cosmic ray tracks, approximately halving the rate of false annihilation ver-
tices found in cosmic ray events from 13.65Hz in the original reconstruction
to 6.35Hz in the current reconstruction.

Step 2: cyclotron trapped electron track joining

When a charged particle ionizes the TPC gas, the freed electron will occa-
sionally be released with a large amount of kinetic energy. This delta electron
is itself an ionizing particle, and travels through the TPC, creating a trail of
additional ionizations. Since these electrons have relatively low momentum
compared to the initial cosmic ray, they bend more in the external magnetic
field, experiencing the type of cyclotron motion discussed in Section 3.2.1.
This creates a tight spiral track in the TPC, often with ten or more full ro-
tations over the length of the detector. As they are less massive than pions,
these delta electrons transfer less energy per interaction with the gas, and
so are more inclined to create atomic excitation rather than ionization. This
leads to fewer ionization clusters per unit distance, with larger gaps between
ionizations, making these tracks very difficult to identify and reconstruct
correctly. They are often fit with a stack of multiple short false tracks on
top of each other (see Figure 5.13), which can cause problems for the vertex
finding.

These events with delta electrons are rare with an estimated rate of
0.05Hz, less than 1% of the 6.35Hz rate of false vertices due to cosmic
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Figure 5.13: The ALPHA-g event display (see Section 5.2) showing an event
where a cosmic ray interaction produces two cyclotron-trapped delta elec-
trons which travel the full length of the detector (from left to right here).
The colouring of the small dots indicates the grouping of the spacepoints
into many distinct tracks. The purple lines are helix fits used in the vertex
fit, the grey lines are helix fits excluded from the vertex fit, and the large
blue dots are BSC hits (see Section 6.9).

rays. However, they are much more problematic than simple cosmic ray
events. A machine learning classification algorithm is used to reject the
cosmic ray background, which will be discussed further in Chapter 8. Since
these delta electron events are not well represented in the training sample,
they are almost always incorrectly classified as annihilation events due to
their apparent high number of tracks. These events constituted roughly
40% of the background surviving the machine learning background rejection
algorithm.

The second stage of track joining was designed empirically to address
these events. It searches for helices fit with a radius of curvature smaller
than 25mm, which was determined using the event display to be larger than
a typical delta electron cyclotron radius. If found, it looks for further tracks
which have 90% of their spacepoints contained in a vertical column around
the centre of the small track. If at least five further tracks are found, three
of which have a radius of curvature smaller than 25mm, then the tracks
are joined. The spacepoints are combined into a single track, which is refit
with a helix function according to the previous section. This procedure was
developed such that it is almost never triggered by annihilation events, while
reasonably identifying and fitting cyclotron trapped electrons.
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Figure 5.14: Cartoon diagram of the original vertex fit method. The left
panel shows the vertex seeding from the closest two helices. A point on each
vertex initialized at the trap radius (dark blue), and then allowed to move
along the helix to minimize the distance between them (light blue). The seed
vertex (pink) is the point halfway between them. The right panel shows the
step where additional helices are added in turn. The new vertex (green) is
chosen to minimize its distance from all helices.

5.3.7 Vertex fitting

The final reconstruction stage is to determine the annihilation vertex posi-
tion from the set of fitted helices, performed by the vertex fitting module
(9). To accommodate the reparameterization of the fit helices, this stage was
also heavily modified between the original and current versions of the recon-
struction. This section will compare both reconstruction versions, which are
illustrated in Figures 5.14 and 5.15.

For both versions, the vertex calculation proceeds in four steps:

1. A set of selection criteria are applied to the helices, so that only a
subset of the helices are used to find the vertex.

2. A seed vertex position is determined analytically from two helices.

3. The seed vertex is refined by a fit using only those two helices.

4. Additional helices are added in turn, and the vertex is refit.

Helix selection

The vertex fitting procedure is designed to recover the common origin of a
number of near-straight pion tracks. However, a number of particles such
as delta electrons (Section 5.3.6) or pair produced electrons and positrons
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Figure 5.15: Cartoon diagram of the current vertex fit method. The left
panel shows the vertex seeding from the closest two helices. The circles
traced by the helix projection into the r−ϕ plane are used. The seed vertex
(pink) is the point closest to both circles, found analytically. The right panel
shows the step where further helices are added. The distance squared from
each circle to the new vertex (green) is minimized.

(Section 5.3.4) often lead to tracks that originate at a secondary vertex.
Furthermore, the track finding and fitting process often yields poorly fit
or false helices that do not match a real particle trajectory. To properly
determine the vertex position, these tracks must be excluded from the vertex
fit.

To do this, only helices passing certain selection criteria are included in
the vertex fit:

• Helix fits which did not converge are discarded.

• Cuts are applied on the goodness of fit of both the transverse and axial
fits. These are the residuals RT and RZ defined in the previous section,
divided by the number of degrees of freedom Ndof.

• A cut on the minimum number of spacepoints in a track discards poorly
constrained helices.

• A cut on the distance of closest approach of the helix discards those
which do not pass near the trap, the site of all annihilations.

• A cut on the radius of curvature excludes charged particles with low
momentum, such as delta electrons or e−e+ pairs, which originate from
a displaced vertex.

My changes improved the reconstruction’s ability to identify and fit tracks
with smaller radius of curvature, and so accurately discarding them became
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far more important. With these changes, I undertook a campaign to optimize
the helix selection criteria for the best vertex position resolution, and for the
maximum number of successfully fit vertices. The updated selection criteria
are given in Table 5.2.

Table 5.2: Helix selection criteria before and after reconstruction updates.

Selection Criterion Original Current
Transverse goodness of fit RT /Ndof None < 60
Axial goodness of fit RZ/Ndof None < 110
Number of spacepoints > 7 > 5
Distance of closest approach < 110 mm < 80 mm
Radius of curvature None > 50 mm
Fit convergence required Yes Yes

Vertex seeding

After discarding the helices not meeting the selection criteria, a seed vertex is
initialized using the two helices which pass closest to each other. Originally,
each pair of helices was used in the following manner:

1. A point along each helix (i.e. a t value) is initialized at the trap radius
such that |r⃗i(ti)| = rtrap.

2. The t values are varied to minimize the three-dimensional distance
d = |r⃗1(t1)− r⃗2(t2)| between the two points.

3. This is repeated for each pair of helices, and the pair with the smallest
such distance d is chosen.

4. The seed vertex is set to the point s⃗ = 1
2 [r⃗1(t1)+r⃗2(t2)] halfway between

the two helices.

While this method is possible with my modifications to the helix fits, I
took the opportunity to remove this minimization step. Instead, the point
of closest approach of each helix to the z axis (the axis of the TPC) is found.
The two helices whose points of closest approach are closest to each other are
used to seed the vertex. Since each helix traces a circle in the r − ϕ plane,
the closest point between the two circles can be found analytically and is
used to seed the vertex.
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Initial vertex fit

The vertex fitting proceeds with an initial fit, using only the two helices
which were identified in the vertex seeding step. In the original analysis, a
five-parameter minimization is performed: as well as the t value along each
helix, the vertex position is also varied. The minimization finds a new vertex
position with a minimum distance to the two helices.

In the revised analysis, only the three dimensions of the vertex position
are varied. The closest point to the vertex on the circle traced by each helix
in the r−ϕ plane is found analytically, and the sum of their distances squared
to the candidate vertex is minimized. If this distance squared exceeds a fixed
threshold, then the vertex fit is aborted and no vertex is found for the event;
otherwise the seed vertex position is updated.

Adding further helices

Finally, an attempt is made to incorporate each other helix into the vertex
fit. The helices are tried one at a time, and the fit is seeded from the current
vertex position. The fitting procedure is identical to the one described in
the previous section. In the original analysis, the dimension of the fit is
increased by one with each added helix, due to the additional t value for the
new helix. In the new analysis, the dimension of the fit is unchanged, since
only the vertex position is varied.

After each helix is added, if the total squared distance exceeds the fixed
threshold (the same as above), the helix is removed again. Otherwise, the
helix is kept and the vertex is updated. In this way, only helices which are
compatible with the existing seed vertex are included in the fit.

5.4 Performance improvement results

To benchmark the vertex position resolution of various algorithms, antipro-
tons are held in a narrow and deep potential well in the ALPHA-g Penning-
Malmberg trap. They are held for 2000 s, during which they annihilate on
background gas atoms due to the imperfect vacuum.6 This provides a close
approximation of an annihilation point source.

6The primary use of this procedure is to measure the quality of the vacuum. Remaining
antiprotons are counted by scintillator panels after the 2000 s wait; the number of anni-
hilations is compared with and without the wait to determine the number of antiprotons
lost to background gas collisions. This measurement is repeated regularly.
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Feature Original Gravity Improved
paper

Track finder Adaptive Iterative Exhaustive
Helix initialization Bugged Fixed Improved
Helix selection optimized · ✓ ✓
Helices reparameterized · · ✓
Double-sided helices · · ✓
Track joiner module · · ✓
Vertex fit modified · · ✓

Table 5.3: Summary of the improvements made between the three recon-
struction version: the original pre-2022 reconstruction, the version used for
the gravity paper, and the current improved version. For more information
on each item, see Section 5.3.

The potential well is produced by an electrode held at +150V between
two electrodes held at −150V, where the length of the electrodes is approx-
imately 21mm. This creates an on-axis potential well V (z) = −kz2, where
the well constant is k ∼ 0.35V/mm2. An antiproton with a temperature of
1000K, higher than typical antiproton temperatures used for this measure-
ment, has a kinetic energy of 0.08 eV. This sets a bound on the axial length
of the antiproton plasma of around 1mm in the quadratic well.

This point source is used to quantify the resolution of the many versions
of the reconstruction. We will examine three: the original pre-2022 version
of the reconstruction, the one used for the gravity paper, and the current
improved reconstruction. The improvements made between the versions are
summarized in Table 5.3 and described fully in Section 5.3.

The annihilation z position distributions for each of these reconstruction
versions are shown in Figure 5.16. A double Gaussian function is fit to each
distribution. The integrals of the fit functions are used to determine the
amount of data in each population. The detector vertex resolution is defined
by the combination of the two σ values of the inner and outer Gaussian fits;
it is most insightful to define an inner resolution and outer resolution.

The use of a double Gaussian reflects two populations of events. Around
60% are simple events with vertices which can be reconstructed easily and
precisely from two or more unscattered charged pion tracks which can be
traced back to the annihilation vertex. The remaining 40% are those events
without two charged pion tracks which can be traced back to the annihila-
tion vertex. This can be either because fewer than two charged pions were
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Figure 5.16: Vertex position resolution across three reconstruction versions:
the original pre-2022 reconstruction (top), the reconstruction used for the
gravity paper (centre), and the current improved reconstruction (bottom).
Shown with a linear (left) and logarithmic (right) y-axis. Data shown is from
antiprotons annihilating on background gas. The most recent online back-
ground rejection cut (see Section 6.7) is used; the same events are included
in all three plots.
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produced (around 18% of pn annihilations and 4% of pp annihilations, see
Table 3.1), because one or more pions were scattered or absorbed on the
internal material of the magnet system, or because reconstruction of one or
more charged pion tracks failed. In these events, other tracks from e−e+

pairs or scattered pions must be used, which do not originate exactly at the
annihilation vertex. As a result, the vertex determination is less precise for
these events.

There is a clear improvement in resolution from the original reconstruc-
tion to the gravity paper version. This was in large part due to the intro-
duction of the iterative track finder, which improved the overall resolution
by roughly a factor of two. Further refinements were made to the helix fit
initialization and helix selection, as well as contributions from other collab-
orators on other aspects of the reconstruction. This ultimately improved
the inner resolution from 2.80 cm to 1.18 cm, and the outer resolution from
14.58 cm to 3.90 cm.

The gravity paper requires the localization of annihilations into one of
two regions separated by 25.6 cm. The improvements presented here ensured
that annihilation mis-classification to the wrong region was not a major
experimental systematic; this will be explored further in Section 9.4.1. The
improvements to the outer resolution are the most relevant, as the outer
resolution describes the events most likely to be misclassified.

The resolution improvement between the gravity paper reconstruction
to the current reconstruction is significant but less pronounced: the inner
resolution was improved from 1.18 cm to 1.06 cm, and the outer resolution
from 3.90 cm to 3.02 cm. This reflects a shift in the main purpose behind the
reconstruction changes: while the gravity paper reconstruction was the result
of a focused effort to lower the detector vertex resolution, the changes leading
to the current version were aimed to create a more physically-motivated
reconstruction procedure.

To illustrate this, a number of intermediate metrics are compared across
the three reconstruction versions in Table 5.4. Some limitations of the grav-
ity paper reconstruction are visible here: the track selection criteria do not
reject any tracks, and each vertex is fit using only two helices. The improved
reconstruction fixes these issues, returning to the original intention of in-
corporating as many useful tracks as possible into the vertex fit, explicitly
excluding those which are not useful.

It must be noted that with these improvements, the percentage of anni-
hilation vertices successfully fit decreases from 86% to 67%. Most of those
vertices lost were those which were more difficult to constrain; as a result
of not reconstructing these vertices, the position resolution of the detector
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is improved. This was an active choice in the redesign of the reconstruction
algorithms. However, should statistics become more important than position
resolution in a future experiment, the parameters of the reconstruction can
be easily tweaked to recover some of these vertices.

My efforts have led to significant improvements in the detector vertex
position resolution, ensuring that the detector resolution did not constitute
a major systematic uncertainty to the experiment. In addition, this work has
made a tangible improvement to the rate with which cosmic ray background
events are mis-identified as annihilation vertices. Furthermore, it has led the
reconstructed tracks to match physical particle trajectories more accurately,
improving the foundation for studies of ALPHA-g data extending beyond
the annihilation z position.

5.5 Future work: machine learning vertex finding

Alongside the algorithmic approach to vertex finding described here, I have
also contributed to the development of a second vertex reconstruction method
using machine learning. This method follows the analysis chain up until the
spacepoint reconstruction stage. However, instead of using helix fitting to
determine the annihilation vertex, a neural network is trained to predict the
vertex position directly from the spacepoints. My primary contribution to
this effort has been the design and implementation of a data pipeline to con-
vert raw detector data and simulation output into a dense data structure
suitable for machine learning training.

The initial results of this effort are published in a recent preprint [147].
An architecture called point net ensemble is used for the regression. This is
based on the point net model which is commonly used for object classifica-
tion from a three-dimensional point cloud; our novel architecture is trained
for regression instead of classification, and combines an ensemble of similar
models for enhanced accuracy.

The project, called the point net ensemble for annihilation reconstruction
(PEAR), has successfully learned the z position of the vertex for simulated
annihilations. This method already demonstrates more precise annihilation
vertex positions with a lower fail rate compared to the helix fit method de-
scribed in this chapter. The z position resolution on simulation7 is compared

7It should be emphasized that this method was trained and benchmarked using simu-
lated TPC data; a discussion of the TPC simulation is outside the scope of this disserta-
tion. The helix fit method yields an improved vertex resolution when applied to simulation
compared to real data, the reason for which is still under investigation.
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Figure 5.17: Performance of machine learning PEAR vertex finder, compared
to the helix fit method of this chapter. Left: Simulated vs PEAR annihilation
z position. Right: Residuals for PEAR and helix fit method, fit with a double
Gaussian. Taken from [147].

to that of the helix fit method in Figure 5.17, showing a full-with at half-
maximum (FWHM) of 6.6mm compared to the 14mm FWHM of the helix
fit method. If the reconstruction of the vertex (x, y) position is equally suc-
cessful, and if PEAR performs equally well on real data as on simulation,
then the machine-learning based vertex finder should be implemented along-
side the algorithmic approach in the upcoming years.
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Table 5.4: Comparison of analysis performance across historical snapshots at
three times: the original pre-2022 analysis, the analysis used for the gravity
paper, and the current improved analysis. Values are averaged over 2 hours
of cosmic ray (µ±) data and 50 1 s antihydrogen (H) formation periods (see
Section 3.5.3). Spacepoints indicates the average number of spacepoints in
an event, and (in tracks) indicates how many of these were use by the track
finding algorithm. Tracks indicates the average number of tracks found, (fit
successfully) indicates how many of these had helix fits which converged,
and (pass selection) indicates how many of these helices passed the selection
criteria for use in vertex fitting. RT /Ndof and RZ/Ndof indicate the average
transverse and axial goodness of fit for each track. % vertices fit indicates
the percent of events for which a vertex position was successfully found.
Candidate helices indicates the average number of helices available for use in
successfully fit vertices, and used helices indicates how many of those were
actually included in the vertex fit.

Annihilations
Metric Original Gravity paper Improved
Spacepoints 327.1 297.7 298.4
(in tracks) 99.1 115.5 211.4
Tracks 5.05 3.40 5.55
(fit successfully) 4.30 3.06 5.39
(pass selection) 4.30 3.06 2.35
RT /Ndof 9.41 9.09 4.75
RZ/Ndof 57.18 11.63 7.64
% vertices fit 85.77 85.81 66.96
Candidate helices 4.87 3.43 2.96
Used helices 4.87 2.00 2.62

Cosmic rays
Metric Original Gravity paper Improved
Spacepoints 196.5 180.8 182.3
(in tracks) 54.7 41.9 137.2
Tracks 2.65 1.48 1.86
(fit successfully) 1.87 0.83 1.49
(pass selection) 1.87 0.83 0.60
RT /Ndof 3.98 3.80 3.34
RZ/Ndof 55.51 8.51 6.43
% vertices fit 55.09 31.98 14.9
Candidate helices 3.23 2.06 2.01
Used helices 3.23 2.00 2.01
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Chapter 6

Barrel scintillator
commissioning and data
processing

The primary project of this dissertation is the commissioning of the barrel
scintillator (BSC) detector which is described in Section 4.3. The BSC and
associated detector electronics were developed at TRIUMF by other collab-
orators prior to the start of this work. However, minimal testing had been
performed beyond a precursory inspection of the waveforms recorded by the
DAQ.

Over the course of this dissertation work, I was responsible for the com-
missioning of the BSC hardware, as well as the implementation of the low-
level data processing routine analogous to the TPC reconstruction algorithm
described in the previous chapter. These two tasks were strongly intertwined,
and were performed simultaneously; as the data processing was implemented,
this often revealed underlying hardware problems, and vice versa. This work
ultimately resulted in the successful implementation of time-of-flight mea-
surement using the BSC, which was used to significantly enhance the rejec-
tion of the cosmic ray background (discussed in Chapter 8).

The hardware commissioning included a variety of tasks such as:

1. Diagnosing and solving problems leading to dead or poorly-performing
channels for the ADC and TDC digitizers.

2. Replacing malfunctioning detector electronics components.

3. Determining optimal values for the SiPM bias voltage, ADC and TDC
digitizer threshold voltages, and TDC timing window.

4. Evaluating the in-situ temperature dependence of the SiPMs.

5. Evaluating the z position resolution along each bar using cosmic ray
coincidence with two external scintillator panels.
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Figure 6.1: The stages of analysis for the BSC and TPC data.

The BSC data processing and event reconstruction is performed in the
same alphasoft framework as the TPC analysis. BSC reconstruction modules
are interleaved with the TPC modules, as the two analyses are interdepen-
dent. However, while the TPC analysis was in place and functional before my
revisions, the BSC analysis was entirely my own design and implementation.

There are two data sources corresponding to each scintillation event in a
bar of the BSC: the waveforms recorded by the ADC, and hit time data from
the TDC. The data acquisition system and MIDAS event builder described
in Section 4.4 groups these data into events based on their timestamp.

The data processing and event reconstruction procedure is illustrated
in Figure 6.1. Each step is handled by an individual module in the alpha-
soft analysis. The data processing begins by extracting ADC hits from the
ADC waveforms (Section 6.1), and TDC hits from the TDC data packets
(Section 6.2). These hits are then matched together to form end hits, cor-
responding to a single SiPM-array signal with both waveform and timing
information (Section 6.3). Pairs of end hits from opposite ends of the same
bar are combined into bar hits, which contain all the information from a
single scintillation event (Section 6.4), including a calculated scintillation z
position along the bar (Section 6.5). These bar hits are then matched to
corresponding charged particle tracks in the TPC (Section 6.6). Finally, bar
hits are grouped into clusters (Section 6.7), and the time-of-flight (TOF)
between pairs of bar hits is calculated (Section 6.8). These data structures
are saved in the output ROOT file alongside the vertex information from the
TPC, for use in higher level physics analyses.

This section will further discuss the integration of the BSC into the event
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display (Section 6.9). A description of the online quality of data checks for
the BSC will be reserved for Appendix B, and an investigation into pileup
events using the BSC is given in Appendix C.

This section will present the data processing for the BSC detector in
considerable detail. If the reader is not excited to learn about the signal
processing and hit matching algorithms employed to extract hit bar clusters
and time-of-flight measurements from the the BSC data, they should feel
free to skip this chapter entirely without loss of continuity.

6.1 ADC waveform signal processing

The first task in BSC event reconstruction is to examine each ADC waveform
to determine whether a hit occurred and, if so, to extract the amplitude of
the SiPM signal. A hit finding algorithm is used which does not rely on
any pre-programmed threshold value, instead analyzing the electronic noise
and continually updating hit thresholds for each channel. To address ADC
saturation which occasionally produces truncated waveforms, a waveform
fitting procedure is implemented. Examples of fitted ADC waveforms are
shown in Figures 6.2 and 6.3.

6.1.1 Hit finding

Unlike the TPC anode wire or cathode pad signals, it is rare for multiple
hits to occur within a single ADC waveform. Since the width of one bin
in the ADC waveform is 10 ns, much larger than the charged particle travel
time across the BSC, it is not possible to resolve two pions from the same
annihilation striking the same bar. As a result, a waveform with two distinct
signals only occurs via the coincidence of multiple cosmic rays or antihydro-
gen annihilations within the 7µs ADC window. Since this will still occur,
albeit rarely, our waveform analysis should be designed to handle this case.

The analysis begins with baseline subtraction. The first 100 samples
(1 µs) of the waveform are before the trigger, and so are assumed to contain
no signal. The baseline is estimated as the mean of the first 100 samples,
and subtracted from all samples.8

The simplest technique to find a signal in the ADC waveform, which was
initially tested, uses a predefined threshold level. A hit is declared when the

8After the end of the SiPM signal, once it returns below a programmable data sup-
pression threshold, the ADC firmware does not send any further samples to MIDAS in an
effort to lower the data rate. The MIDAS event builder populates the remainder of the
waveform with a constant value based on a similar baseline calculation.
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Figure 6.2: An unsaturated ADC waveform. The x-axis is time in 10 ns
bins, and the y-axis is voltage in ADC units. The red indicates a fit with
the skewed Gaussian of Equation 6.1.1. Data suppression at the DAQ level
has zeroed all samples after 280.

Figure 6.3: A saturated ADC waveform, fit with the skewed Gaussian from
Equation 6.1.1. The waveform saturation is visible as the data (blue) flat-
tening at y = 32768.
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waveform crosses the threshold, and ended when it falls back below. The
thresholds were set on a per-channel basis, and regularly recalculated with
threshold scans. However, this approach invariably led to missed hits: events
where the SiPM signal would trigger the TDC comparator, but would not
exceed the predefined ADC threshold.

To find as many ADC hits as possible, a dynamic hit finding algo-
rithm was adapted from the ALPHA-2 SVD calibration approach, where
per-channel hit thresholds are recomputed for each run in an ADC calibra-
tion routine:

1. The electronic noise level of each waveform is estimated by the standard
deviation σ of the first 100 samples (the samples also used to compute
the baseline).

2. A level-one threshold is set at +5σ. Hits are saved whenever the wave-
form crosses this threshold. This threshold is recomputed for every
waveform.

3. The amplitude of the hit is defined as the maximum baseline-subtracted
value within the hit window, i.e. while the waveform stays above the
level-one threshold.

4. A level-two threshold for each channel is read from a precalculated
ADC calibration file. If the amplitude of the hit is above this threshold,
the hit is marked as good for analysis.

The computation of the level-two thresholds is handled by a separate
ADC calibration routine, which is combined with the TDC calibration rou-
tine which will be described in Chapter 7. This calibration routine is per-
formed automatically at the end of each run. In online analysis, the calibra-
tion file from the last run is used; otherwise, the calibration file from the run
of interest can be used.

The ADC calibration routine takes advantage of electronic noise crossing
the level-one threshold:

1. A histogram of hit amplitude is built for each channel, as shown in
Figure 6.4.

2. The hits due to electronic noise, those with low amplitude, are fit with
a Gaussian.

3. The level-two threshold is set to µ+ 5σ using the Gaussian fit param-
eters.
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Figure 6.4: The baseline-subtracted amplitude of all ADC hits. The elec-
tronic noise portion is fit with a Gaussian, and only hits with amplitude
greater than µ + 5σ (the level-two threshold indicated by the dashed green
line) are used in the analysis.

In this way, the hit thresholds are dynamically adjusted after each run.
Accurately setting these thresholds is important to avoid missing the smallest
SiPM signals, typically those from scintillations far from the bar end, where
most of the scintillation photons have been attenuated.

6.1.2 Waveform fitting

The primary motivation for full digitization of the SiPM waveforms is to ex-
tract their amplitude. This is useful for estimating the number of scintillation
photons produced, as well as for correcting the time walk effect on TDC time
measurements, which will be covered in Chapter 7. For most ADC hits, it
is adequate to use the simple amplitude defined as the maximum minus the
baseline.

However, a complication is presented by waveform saturation. The ADC
has a fixed dynamic range, with a maximum voltage of 1V corresponding to
a maximum ADC value of 32768. This maximum was chosen to exceed most
SiPM signals sizes; the 16-bit values represent a trade-off between digitizer
cost, data size, and precision. When the true signal exceeds this threshold,
such as when a scintillation occurs close to the SiPM, the waveform is trun-
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cated at the maximum value, producing a flat top. In this case, the size of
the SiPM signal is no longer measurable as the maximum minus the baseline.

There are many approaches to recover an approximate signal amplitude.
A common method is to find the length of the flat top; assuming all sig-
nals share the same general shape, this can be used to calculate the signal
height. Instead, the approach chosen for the BSC was to fit the waveform.
A skewed Gaussian function was chosen empirically as it gives a good fit to
the waveforms. The fit function is similar to a Gaussian, with an additional
parameter k which introduces an asymmetry:

f(x) =

A · e−
1
2(

x−µ
σ )

2

x > µ

A · e−
1
2

(
x−µ

σ−k(µ−x)

)2

x < µ
(6.1.1)

The fit is applied to the waveform within the hit, i.e. where it is above
the level-one threshold. Bins are weighted uniformly, except for saturated
bins, which are assigned zero weight to exclude them from the fit. The
amplitude of the waveform is then defined as the fit parameter A (after
baseline subtraction).

This procedure was validated on both saturated and unsaturated wave-
forms. Figure 6.2 shows an unsaturated waveform fit, while Figure 6.3 illus-
trates the recovery of an amplitude from a saturated waveform. In typical
operation, only the saturated waveforms are fit.

In future work, alternative methods for recovering the amplitude from
saturated waveforms could be explored. If the waveforms are shown to have
a sufficiently uniform shape, a template function could be found. This could
either be used to fit the waveforms directly, or used to calculate the relation-
ship between the amplitude and the length of the flat top. However, this is
not a priority; the primary use for the hit amplitude is in correcting for the
time walk effect, which is strongest for small signals which do not require
fitting.

6.2 TDC event extraction

The TRB3 TDC records time information using three counters with integer
values, described in the TRB3 manual [139]:

• The coarse time counter tracks the number of 200MHz clock cycles.
It is stored in 11 bits, corresponding to a range of 10.24 µs.
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• The 28-bit epoch counter increments each time the coarse counter
overflows, extending the time range to approximately 45 minutes.

• The fine time counter resolves time within a single 5 ns clock cycle.
It indicates the number of elements traversed in the FPGA delay line.

There are two methods to calculate precise hit times from these counters.
The first uses a fine time linearity approximation, while the second requires
precision calibration.

6.2.1 Fine time using linearity approximation

Recall from the discussion in Section 4.4.2 that TDC signals propagate
through a series of FGPA delay elements; the number of delay elements
traversed by a signal at the start of the next clock cycle is recorded in the
fine time counter. The first method to extract the fine time uses the ap-
proximation that each FPGA delay element in the TDC has the same signal
propagation time. This results in a fine counter which increases linearly with
time. The overall hit time can be calculated as:

tTDC = toverflow + tepoch + tcoarse + tfine

=
[(
228 · 211 ·Noverflow

)
+
(
211 · cepoch

)
+
(
ccoarse

)
+
(cfine −m

M −m

)]
· 5ns

(6.2.1)

Here, Noverflow is the number of epoch counter resets, which must be
tracked by the data processing module for runs longer than 45 minutes.
cepoch, ccoarse, and cfine are the respective counter values, and m and M are
the minimum and maximum fine time counter values. These limits must be
determined via calibration for each channel.

This method is simple to implement, and correct to within 100 ps, with
typical systematic errors of around 20 ps on most channels. This is an ac-
ceptable precision for TOF measurements in the BSC; as we shall see in
Section 6.8, the final TOF resolution is around 325 ps, and so using the
linear approximation does not limit the TOF resolution. This method is
available as an alternative in cases where the more precise calibration is not
available.

6.2.2 Fine time using delay element calibration

For the highest precision TDC timing, we instead approximate the true prop-
agation time of the individual delay elements. This is done statistically, using
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Figure 6.5: Histogram of fine time counter values for one TDC channel,
used to determine propagation times for each delay element. Credit: Daniel
Duque.

a large sample of randomly distributed data such as SiPM signals from cos-
mic rays. When the clock signal arrives and the delay line is checked, the
probability of the signal currently propagating through a given delay element
is proportional to the propagation time of that delay element. A histogram
of the fine time counter values can then be used to determine the time of
each delay element, shown in Figure 6.5. The propagation time ∆ti of each
element is computed from the counts ci in the corresponding bin as:

∆ti =
ci∑
j cj

· 5ns (6.2.2)

The propagation times for each delay element for each channel are saved
in a lookup table. During event reconstruction, the final tfine term in Equa-
tion 6.2.1 is replaced by a fine time calculated from the lookup table ∆ti
values of all preceding delay elements:

tfine(cfine) =
∑

i<cfine

∆ti (6.2.3)

This calibration is repeated approximately yearly to account for drift in delay
element behaviour or degradation of the TDC. A standalone calibration algo-
rithm which populates the fine counter histogram and generates the lookup
table was written by PhD student Daniel Duque.
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6.2.3 TDC time corrections

After calculating the TDC hit time, two additional corrections are applied to
determine the accurate arrival time of the first photon at the SiPM. These
corrections rely on careful calibration; Chapter 7 will describe the TDC
calibration algorithms used to determine their values.

The first correction is a constant, channel-dependent offset. These time
delays could be caused by variations in signal path length, although in our
system they are dominated by internal delays within the TRB3 TDC hard-
ware itself.

The second is an amplitude-dependent correction known as the time walk
correction. Recall that the digital signal fed to the TDC is generated when
the SiPM voltage crosses a fixed reference voltage. For two pulses of identical
shape but different amplitudes, the larger amplitude pulse will cross the
threshold first, introducing a timing bias known as time walk.

Consider a pulse with a quadratic rising edge, which is a good approxi-
mation for our SiPM signals: f(t) = A · (t − t0)

2. We can analytically find
the time t1 where this rising edge crosses a constant threshold value B, in
order to recover the true pulse start time t0:

f(t1) = A · (t1 − t0)
2 = B

=⇒ t0 = t1 −
√
B

A

(6.2.4)

This is the primary reason for full ADC waveform digitization: we apply
a correction for this effect based on the amplitude of the signal measured
by the ADC. This correction has the form ∆t =

√
B/A, where A is the

signal amplitude, and B is the threshold value. The threshold values for
each channel are determined using a calibration procedure which will be
described in Chapter 7.

Including both the channel dependent time offset δ and the time walk
correction

√
B/A, the final hit time used for reconstruction is derived from

the hit time reported by the TDC as:

t = tTDC + δ −
√
B

A
(6.2.5)

Both of these corrections are on the order of ns, comparable to or larger
than the measured TOF values themselves. As a result, they are crucial
to the successful operation of the BSC as a timing detector. These time
corrections will be explored further in Chapter 7.
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6.2.4 Cable reflections

The transmission boards which receive the TDC signals (see Appendix A)
include a design flaw where the differential signal lines are improperly ter-
minated. This causes a reflection of the signal, which generates repeated
TDC hits approximately 165 ns after the initial signal. Although there was
discussion on modifying the transmission boards with proper termination,
ultimately it was decided to address these cable reflections in software.

A final stage of TDC data processing identifies and removes these re-
flected hits. Any TDC hit occurring between 160 ns and 170 ns after a pre-
vious TDC hit on the same channel is marked as a reflection, and excluded
from further analysis.

6.3 ADC-TDC matching

The next stage of the event reconstruction aims to match ADC hits with
TDC hits. A pair consisting of one ADC hit and one TDC hit is combined
into a bar end hit, which contains complete information from a single SiPM
signal on one end of a bar. This ADC-TDC matching is performed before
applying the time walk correction described in the previous section.

Since the data acquisition system compiles events based on timestamp,
ADC and TDC hits can usually be matched based on channel number alone,
using a known channel mapping. However, to handle cases where multiple
hits occur on the same channel within a single readout window, a timing-
based matching is also performed.

The ADC hit time is defined as the first sample in the waveform that
crosses the level-one threshold (see Section 6.1), and is relative to the event
trigger. In contrast, the TDC time is absolute: it is measured relative to the
start of the run. Therefore, the key task in this time-based matching scheme
is to estimate the time of the event trigger ttrig relative to the start of the
run, so that ADC and TDC times can be compared.

For each pair of ADC and TDC hits on matching channels, we define a
candidate trigger time ttrigi as the difference between the ADC and TDC hit
times:

ttrigi = tTDC
i − tADC

i (6.3.1)

If both hits are from same SiPM signal, ttrigi should approximate the true
event trigger time. A time residual ϵ for each other pair of ADC and TDC
hits can be calculated using this candidate trigger time:
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ϵ = (tTDC − ttrigi )− tADC (6.3.2)

The candidate trigger time ttrigi which minimizes these residuals over all
pairs of hits is selected as the final trigger time ttrig.

If there are multiple ADC or TDC hits on the same channel, the time
residual ϵ for each pair of ADC and TDC hits is calculated as above, using
the final ttrig. Each ADC hit is matched to the TDC hit which yields the
smallest time residual ϵ. Hits are not reused; a TDC hit matched to one ADC
hit cannot later be matched to a different ADC hit. If there are multiple
ADC hits in the same channel, they are matched in order of ADC amplitude,
so that the larger signals are prioritized. Furthermore, ADC and TDC hits
are only paired if ϵ < 1µs.

6.4 Bar end matching

Once ADC and TDC hits have been combined into end hits, the next step
is to combine two hits on opposite ends of the same bar into bar hits. Each
bar hit represents the detection of scintillation light in a BSC bar resulting
from a single charged particle interaction.

Ideally, each bar hit contains ADC and TDC data from both ends of
the bar. However, in practice, some data may be missing. This can be
caused by hardware issues such as a dead ADC or TDC channel9, by photon
attenuation if the scintillation light is fully absorbed before reaching one end
of the bar, or by differing thresholds between the ADC and TDC.

To account for this, we define different categories of bar hits. A complete
bar hit has ADC and TDC data from both ends. We also define eight types
of incomplete bar hits, depending on which data is missing from the bar hit.
Hits where one end of the bar has both ADC and TDC data are considered
half-complete; these are used later in clustering.

The definition of these hit types, as well as their relative frequencies, are
summarized in Table 6.1. The frequencies are calculated for cosmic ray data.
The probability and type of observed incomplete bar hits is correlated to the
hit position along the bar. Since the distribution of cosmic ray hits is roughly
uniform along the length of the bar, the listed frequencies approximate an
average over the length of the bar.

In most cases, each bar end has no more than one end hit. Matching
the top and bottom end hits to create bar hits can then be done trivially

9For the 2023 gravity paper, there were four fully dead (ADC and TDC) bar ends due
to a lack of bias voltage, and one further dead TDC channel.
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Type ADC 1 TDC 1 ADC 2 TDC 2 Frequency (%)
1 ✓ ✓ ✓ ✓ 61.8± 0.6
2 ✓ ✓ · ✓ 2.63± 0.09
3 ✓ ✓ ✓ · 8.5± 0.2
4 ✓ ✓ · · 10.9± 0.2
5 · ✓ · ✓ 1.24± 0.06
6 · ✓ ✓ · 0.21± 0.02
7 ✓ · ✓ · 0.41± 0.03
8 · ✓ · · 3.3± 0.1
9 ✓ · · · 11.0± 0.2

Table 6.1: The definition of the nine bar hit types, depending on the presence
of ADC and TDC data, and their relative frequencies in cosmic ray data.
The columns ADC 1 and TDC 1 refer to one end hit on either the top or
bottom of a bar, while ADC 2 and TDC 2 refer to the end hit on the opposite
end. Type 1 (green) represents a complete bar hit, while types 2–4 (yellow)
are half-complete. The remaining types (red) are denoted incomplete.

using the channel mapping. However, as in the ADC-TDC matching step,
this process should be robust to multiple hits on the same bar during a
single readout window. For this reason, a timing-based matching procedure
is implemented. The bar hits are created through the following procedure,
applied to each bar in turn:

1. Identify the top and bottom end hits which have the smallest TDC
time difference. If the difference is less than 1µs, combine these into a
type 1 (complete) bar hit.

2. Repeat this process with remaining unpaired end hits to form addi-
tional type 1 bar hits.

3. After all type 1 bar hits have been formed, attempt to create type 2
bar hits by matching remaining end hits with an unpaired TDC hit on
the opposite end.

4. Once all type 2 bar hits are formed, repeat this for bar hits of type 3,
and so on for the other bar hit types, in order of decreasing complete-
ness.

Only complete or half-complete bar hits are used for clustering, and only
complete bar hits are used for TOF calculation. All types of bar hits are
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saved for use in event visualization and machine learning event classification.
Further work is required to recover the timing of incomplete bar hits for use
in TOF analysis.

6.5 Bar hit z calculation

At this stage, the z position of each bar hit, i.e. the point where scintillation
light was produced, can be calculated. As discussed in Section 4.3.4, there are
two available methods: charge division and time difference. Both methods
are implemented and recorded, but only zTDC calculated using the TDC time
difference is used in the subsequent analysis. The zADC from ADC charge
division is recorded in each event for future studies.

The zTDC position is calculated as:

zTDC =
veff
2

(
tbot − ttop) (6.5.1)

Here, ttop and tbot are the TDC times described in Section 6.2, including
channel offset and time walk corrections. The parameter veff ∼ 0.53c is
the effective speed of light propagation through the scintillator, which is
determined in the TDC calibration routine discussed in Chapter 7.

The zADC coordinate is calculated using the charge division method as:

zADC =
λ

2
ln
Atop

Abot + z0 (6.5.2)

Here, Atop and Atop are the ADC pulse amplitudes for the top and bottom
SiPM signals, described in Section 6.1. The parameter λ is the photon atten-
uation length in the scintillator, including both bulk and surface absorption,
and z0 is the position where a scintillation creates equal top and bottom
signal amplitudes.

The values of these parameters are determined in the ADC calibration
routine, which is performed alongside the TDC calibration routine of Chap-
ter 7. As shown in Figure 6.6, the zTDC is plotted against 1

2 ln
Atop
Abot

for each
bar, and the slope and y-intercept of a linear fit yield λ and z0 respectively.
This is performed individually for each bar, with typical values of z0 ∼ 0.2m
and λ ∼ 0.9m. These parameters vary between bars by up to 20%.

One notable feature of this plot is the apparent kink at x ≈ −0.2, sug-
gesting a change in slope of around 30% in some bars. This indicates an
inconsistency between the two z reconstruction methods. The origin of this
discrepancy remains unresolved. However, a comparison between zTDC and
the zTPC of matched TPC tracks showed good agreement, while zADC was
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Figure 6.6: zTDC plotted against 1
2 ln

Atop
Abot

for one bar in cosmic ray data.
The red line indicates a linear fit, the parameters of which are used to set λ
and z0 in Equation 6.5.2. The colour scale denotes counts per bin.

systematically inconsistent with both. For this reason, only zTDC is used in
subsequent analysis.

6.6 BSC-TPC matching

The next stage of the event reconstruction matches bar hits in the barrel
scintillator (BSC) to helices reconstructed in the time projection chamber
(TPC). The BSC has full azimuthal coverage of the TPC, with gaps only
at the top and the bottom of the detector. As such, nearly every charged
particle that produces an ionization track in the TPC is also expected to
deposit energy in the BSC and generate scintillation light.

Until this point, the BSC and TPC event reconstruction routines have
been entirely independent. The BSC-TPC matching is the first stage where
data from the two detectors is combined. This analysis module is placed
after the helix fitting and track joining modules, so that the final helices
are available. However, it precedes the vertex fitting module. This ordering
enables exclusion of unmatched helices from the vertex fit, to reduce con-
tamination from poorly reconstructed tracks. Although this approach has
been tested, it did not yield immediate improvements, and so the technique
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is not adopted in the current analysis.
Each bar hit is matched to the closest helix, with multiple bar hits al-

lowed to be associated with the same helix. This design is compatible with
observations made using the event display, where a single charged particle
often produces bar hits on multiple neighbouring bars. Furthermore, only
complete bar hits are used in matching, although this constraint could be
relaxed in the future.

The matching for a given bar hit proceeds as follows:

1. The closest point on each helix to the bar hit is found, using the bar
hit zTDC from the TDC time difference method.

2. The transverse (x−y) distance between the bar and this point on each
helix is calculated.

3. The bar hit is matched to the helix with the smallest transverse dis-
tance, provided the separation in ϕ between the bar centre and the
helix point is smaller than 17.2◦, approximately the angular width of
three bars.

This is a robust procedure which results in 84.7± 0.7 % of complete bar
hits being successfully matched to a TPC helix. The matching performance
is illustrated in Figure 6.7. The residual ϕ between the bar and the matched
helix has a full width at half maximum (FWHM) of roughly 5.5◦, comparable
to the angular width of one bar (5.625◦). The residual in z has a FWHM of
roughly 12 cm. This can be taken as an indication of the z position resolution
of the BSC using the time difference method. While far worse than that of
spacepoints in the TPC, this resolution matches design expectations, and is
more than sufficient for validating hit matching between the two detectors.

6.7 Bar cluster formation

Since a charged particle can produce bar hits on multiple neighbouring bars,
the next event reconstruction stage groups bar hits into clusters. These extra
bar hits are most commonly produced by charged particles with a sharp
angle of incidence to the BSC, which directly pass through multiple bars.
However, secondary particles are occasionally produced inside the bars or in
surrounding material, leading to additional neighbouring bar hits. Clustering
aims to group together all bar hits from a single initial particle, helping to
simplify events and create a higher level of abstraction.
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Figure 6.7: Left: ϕ residuals between bar hits and matched TPC helices, fit
with a double Gaussian function. Angular units are converted to bars (1 bar
= 5.625◦). Right: z residuals between bar hits and matched TPC helices, fit
with a double Gaussian function.

The main motivation for implementing bar hit clustering was to optimize
the identification of cosmic ray background events. There are typically more
charged particle tracks in an annihilation, and so the number of bar hits can
be used to distinguish these events. However, the number of bar hit clusters
is a far more powerful discriminator. Since cosmic rays often strike the BSC
at an angle, they are more likely to create bar hits on multiple neighbouring
bars. On the other hand, pions produced by annihilations have a mostly
radial trajectory, and so mostly strike only a single bar.

Clusters are formed by grouping together all bar hits on contiguous neigh-
bouring bars. A key design decision was the choice of which bar hit types to
include in clustering. Including all nine bar hit types increases the number
of clusters but introduces significant noise. Using only complete bar hits is
cleaner but omits useful information. The final choice was to include only
complete or half-complete bar hits, balancing data quality with granularity in
the number and size of clusters. A comparison of these clustering strategies
is shown in Figure 6.8.

In the real-time online event reconstruction described in Section 5.1, a
cut on the number of clusters is used to classify events and reject vertices
caused by the cosmic ray background. A comparison of the performance of
this discriminator with different cluster definitions is given in Table 6.2.
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Figure 6.8: Number of clusters per annihilation (a.) or cosmic ray (b.) event.
Shaded (grey) is current definition of a cluster, using only complete or half-
complete bar hits. Red and blue lines indicate other possible definitions,
using all bar hits (red) or only complete bar hits (blue).

All Bar Hits Half-Complete Complete
Number of clusters to pass cut >= 4 >= 4 >= 3

Annihilations passing cut 87.3% 72.7% 76.1%
Cosmic rays failing cut 89.3% 97.1% 93.5%

Cosmic ray pass cut rate 0.73 Hz 0.20 Hz 0.44 Hz

Table 6.2: Comparison of the performance of the online BSC cluster-based
classifier with different cluster definitions. The half-complete bar hit cluster
cut is currently used in online analysis.
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6.8 Time-of-flight calculation

The final stage of the BSC event reconstruction is the calculation of time-
of-flight (TOF) between pairs of bar hits. As described in Section 4.3.4, the
time of a single bar hit is calculated from the TDC times at both ends of
the bar:

t0 =
ttop + tbot

2
− L

2veff
(6.8.1)

Here, ttop and tbot are the TDC times including the channel offset and
time walk corrections described in Section 6.2. L refers to the bar length of
2.604m. Although each bar has its own calibrated effective speed of light
veff,i for z reconstruction, a single average value is used for all bars in this
timing calculation. This approximation was verified to have a minimal effect
on the resulting TOF resolution.

The TOF between two bar hits is calculated by taking the difference
between their reconstructed hit times:

TOF2,1 = t2 − t1 =
ttop
2 + tbot

2

2
− ttop

1 + tbot
1

2
(6.8.2)

Note that the second term in Equation 6.8.1 cancels out in this subtraction,
due to our approximation of equal veff across all bars.

For cosmic rays travelling between two bars, the TOF is set by the dis-
tance D between the two bar hits and the speed of the cosmic ray. The mean
energy of a cosmic ray muon at the surface is 4GeV [148], corresponding to
a relativistic speed of β = 0.9997. With the approximation that all cosmic
rays travel at the speed of light c, we define an expected TOF as:

TOFexp =
D

c
(6.8.3)

The expected TOF of cosmic rays is used to benchmark the timing perfor-
mance of the BSC. Figure 6.9 compares the expected TOF to the measured
TOF in cosmic ray events. Two populations are visible: a large-TOF group
corresponding to muons passing entirely through the BSC, and a small-TOF
group due to hits on neighbouring bars. The population separation is due
to the trigger condition, which selects only cosmic rays passing through the
TPC as well as the BSC.

The residual TOF, defined as the difference between the measured and
expected TOF, is plotted in Figure 6.10. The width of the residual TOF dis-
tribution is used to characterize the detector resolution. A double-Gaussian
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Figure 6.9: Measured vs expected TOF in cosmic ray data. In events with
more than two bar hits, the TOF of all pairs of bar hits is included. The sign
of the measured TOF is given by the assertion that the higher z position hit
is the first one, which will be substantiated in Section 7.2.2.

fit to the residual distribution shows that the inner Gaussian (82% of events)
has a width of σ = 325 ps, which is taken as an upper bound on the TOF
resolution of the BSC. The outer Gaussian corresponds to more complicated
cosmic ray event topologies.

In annihilation events, charged pions originate at the trap wall and travel
radially outward. The time difference between two bar hits does not corre-
spond to the time-of-flight of a physical particle. Instead, it represents an
effective TOF. This is typically small, since all pions travel similar distances
from the annihilation point to the bars, at similar velocities of around β = 0.8
(for a pion with kinetic energy 100MeV). Thus the effective TOF will be
small; when compared to a cosmic ray’s expected TOF, these annihilation
events show large negative residuals. This difference is the key principle for
TOF-based background rejection, which will be covered in Chapter 8.

The two-dimensional distribution of measured (effective) TOF compared
to expected TOF is shown in Figure 6.11 for antiproton annihilations. The
key feature of this plot is that events are far from the line TOF=TOFexp,
indicating that TOF can be effectively used to distinguish between the an-
nihilations and cosmic rays.

Similarly to cosmic rays, this distribution contains two populations. The
first with TOFexp ∼ 0.1 ns corresponds to hits on neighbouring or nearby bars
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Figure 6.10: The residual TOF, i.e. the diagonal projection of Figure 6.9.
The histogram (black) shows the data, which is fit with a double Gaussian
(red). The inner Gaussian (blue) contains 82% of the data by total integral
and has σ = 325 ps. The outer Gaussian (green) has σ = 1.149 ns.

caused by the same charged particle. The second population at TOFexp ∼
1.5 ns corresponds to hits on opposite sides of the detector. Since annihilation
events are much less vertical than cosmic rays, with hits at nearby z positions,
the spread in TOFexp is much smaller.

Currently, TOF is calculated only for pairs of complete bar hits, i.e., those
with both TDC times and ADC waveforms available. In future work, the
analysis could be extended to include the significant fraction of incomplete
bar hits. For example, if a signal is only recorded on one bar end, the hit time
could be inferred using the z position of a matched TPC track to estimate
the scintillation light travel time.

6.9 Event display implementation

The development of the ALPHA-g event display was previously discussed
in the context of the TPC reconstruction in Section 5.2. The BSC was
integrated into the ALPHA-g event display to verify and demonstrate the
effectiveness of the BSC analysis. Bar hits are visualized as larger circles
positioned in the x-y plane at the centre of the corresponding bar, with their
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Figure 6.11: Measured vs expected TOF in antiproton annihilation data.
Note the change in x axis from Figure 6.9, as the hit ordering based on z
position can no longer be used to determine the sign of the TOF. The red
line indicates the expectation TOF=TOFexp for cosmic rays.

z position derived using the TDC time difference method. Only complete
bar hits are shown by default, with an option to show incomplete hits with
an artificial z position. The event display is shown here in Figure 6.12, as
well as Figures 5.1 and 5.2.

Several colouring options are available for bar hits. The default assigns
each bar hit the same colour as the spacepoints of its matched TPC track,
to visually verify track matching. Additional options include colouring by
ADC amplitude, TDC time, or by cluster, to demonstrate the cluster finding
algorithm. These colouring modes are useful for quickly verifying correct
analysis of a given event, and for quickly visualizing the event structure and
timing.

Bar hits can be interactively selected by clicking, with an info panel dis-
playing detailed information about the selected hit. Another panel10 shows
the ADC waveforms and TDC hit times for the selected hit, as shown in Fig-
ure 6.13. A further panel displays the TDC timing for the selected bar hit,
visually indicating the channel offset correction and time walk correction.

10The event display uses a “dark mode” by default, which is somewhat easier to interpret,
but sadly unsuitable for print.
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Figure 6.12: Event display of an antiproton annihilation. Large circles cor-
respond to bar hits, while small dots correspond to TPC spacepoints. The
colour of the spacepoints indicates the track finding, with blue indicating
those not included in a track. The colour of the BSC hits is the same as
the colour of the matched TPC track. Two tracks with one matched bar hit
each are visible on the right of the image, and a single track is matched to
three bar hits in the centre.
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Figure 6.13: BSC waveform panel showing ADC waveforms (green) and TDC
hit times (solid pink) from top and bottom of a selected bar hit. Also shown
are the region above threshold (grey), the waveform fit in case of saturation
(black), other TDC hits on the channel (dashed orange), and 165 ns cable
reflections (dashed red) from Section 6.2.4. The x-axis is time in 10 ns bins,
and the y-axis is voltage in ADC units.
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Chapter 7

Precision time calibrations

As discussed in Section 6.2, there are two corrections which are applied
to SiPM signal start time measured by the TDC: individual channel time
offsets, and the time walk correction. The form of these corrections is given
by Equation 6.2.5, repeated here:

t = tTDC + δ −
√
B

A
(7.0.1)

The meaning of these symbols, and the symbols which will be used
throughout this chapter, are given in Table 7.1 for reference.

These time corrections use correction constants δtop
i , δbot

i and Btop
i , Bbot

i

for each bar end which must be calibrated prior to running the alphasoft
analysis. Accurate calibration is essential to achieve the time resolution
necessary for cosmic ray identification and rejection using the time-of-flight
(TOF) method. Initial simulations [149] indicated that a time resolution
better than 500 ps is required for effective background suppression. The
channel offset correction and time walk correction are each on the order of
multiple ns, and so any attempt to measure TOF without first implementing
these corrections was futile.

Traditional calibration methods, which are described in Section 7.1, were
found to be inapplicable due to the constraints of the ALPHA-g detector sys-
tem. Instead, a novel calibration procedure was developed to meet the re-
quirements. This procedure updates the values of these calibration constants
for each run, based on the cosmic ray data recorded between antiproton in-
jections to ALPHA-g. The calibration algorithm was designed to yield the
best possible time resolution, as well as to be robust and require minimum
manual intervention.

A schematic diagram of the calibration procedure is shown in Figure 7.1;
the calibration steps will be discussed in the remainder of this chapter. Sec-
tion 7.2 describes the determination of the time walk correction parameters
Btop

i and Bbot
i . Section 7.3 outlines the calibration of the bar hit z posi-

tion. Section 7.4 details the calculation of the channel offsets δtop
i and δbot

i .
The specifics of the implementation of this algorithm into the ALPHA data
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Symbol Description Type

ttop
TDC,i,t

bot
TDC,i

The raw hit time measured by the TDC for a hit
on the top or bottom for the i’th bar.

Measured

Atop
i , Abot

i
The ADC waveform amplitude of a hit the top
or bottom of the i’th bar.

Measured

ttop
i , tbot

i

The hit time measured by the TDC for a hit
on the top or bottom for the i’th bar, with the
channel offset and time walk corrections applied.

Calculated

δtop
i , δbot

i
The channel offset time correction for the top or
bottom of the i’th bar.

Calibration
constant

Btop
i , Bbot

i
The time walk correction parameter for the top
or bottom of the i’th bar.

Calibration
constant

veff,i The effective speed of photon propagation in the
i’th bar.

Calibration
constant

∆bot-top
i

∆bot-top
i = δbot

i − δtop
i — The difference between

bottom and top channel offsets of the i’th bar.
Intermediate

δi
δi = (δbot

i +δbot
i )/2 — The average of the bottom

and top channel offsets of the i’th bar.
Intermediate

∆i,j
∆i,j = δi − δj — The difference between the
average offsets of the i’th and j’th bars.

Intermediate

Table 7.1: A description of the symbols used throughout this chapter. Sub-
scripts and superscripts are dropped when the specific bar end or bar number
i is not relevant to the discussion. A distinction is drawn between quantities
which are directly measured or calculated in each event, constants which
must be calibrated beforehand, and intermediate values used in the calcula-
tion of these calibration constants.
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Figure 7.1: Schematic diagram of the BSC calibration algorithm. The steps
leading to the calibration of channel time offsets and time walk correction are
discussed in this chapter, while the ADC calibration procedure is discussed
in Sections 6.1 and 6.5.

processing framework is reserved for Appendix D. This chapter will describe
the calibration algorithm and methods in considerable detail, and can be
skipped without loss of continuity.

7.1 Issues with traditional methods

In many particle physics experiments, channel offsets are determined using a
pulsed calibration source which generates simultaneous signals across many
channels. This source can take various forms, such as a laser calibration
system [150], low rate bunch crossings in collider experiments [151], or a test
pulse injected directly into the readout electronics.

For the BSC, the initial design aimed to use the test pulse generator
described in Section 4.4.3 to inject signals after the first stage of SiPM signal
amplification. However, this approach encountered several issues.

Firstly, the observed pulses in the ADC were too small for use in timing
calibration. In many channels the signal was below the readout threshold.
Furthermore, smaller pulses are more susceptible to the time walk effect,
and so amplitude variation between channels caused calibration pulse time
variation between channels which was difficult to quantify. The test pulse is
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differentially coupled to the readout electronics, and so increasing the size
of the response required a faster rise time in the injected signal. This was
achieved to a degree by introducing a fast external pulser.

Secondly, the test pulse is distributed to each ASD board by interface
modules called rear transmission modules (RTMs), described in Appendix A.
Due to a design fault, these modules introduce significant noise into the ADC
waveforms when the test pulse distribution is enabled. Furthermore, the
behaviour of these modules was inconsistent: with a common input pulse,
the output pulse distributed to the ASD boards differs significantly between
modules.

A third issue is presented by the TRB3 TDC itself. The magnitude of
the channel offsets observed in TDC data cannot be explained by differences
in signal path length alone. Instead, the channel offsets are dominated by in-
ternal behaviour of the TDC. These channel offsets change significantly after
power cycling of the TDC. Compounding this issue, the TDC was found to
be unstable during continuous operation, crashing frequently. These crashes
are believed to be due to an unstable clock signal provided to the TDC from
the CDM (see Section 4.4.3), which would require a significant hardware
upgrade to address. With each crash scrambling the internal TDC chan-
nel offsets, any one-time or periodic calibration would be quickly rendered
obsolete.

Traditional time walk calibration methods also proved unfeasible. These
typically rely on events with a known initial time t0, such as calibration
test pulses, or bunch crossing times in collider experiments. The signal time
delay δt = t − t0 is typically plotted against the pulse amplitude, and the
relationship is parameterized, often using the ∆t =

√
B/A parametrization

from Section 6.2 [152–156].
In ALPHA-g, with the calibration pulser deemed unreliable, there is no

mechanism to generate events with a well-defined t0. Instead, events are
spontaneous and self-timed, and so the traditional time walk calibration
method is not applicable. A laser-based calibration source could have been
considered in the initial BSC designs for in-situ calibration; however, signif-
icant problems with the timing calibration were not foreseen, and so such a
system was not included.

A further limitation is presented by the nature of the ALPHA-g exper-
iment. Given the fast pace of work at ALPHA, any calibration procedure
which takes operator time or requires specific data collection would not be
ideal. Such a procedure would be increasingly problematic if it is slow or
requires frequent repetition.

With this in mind, cosmic rays were chosen as the source of calibration
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7.2. Time walk correction calibration

data. Cosmic ray data is already routinely collected, both in pure back-
ground runs used to verify detector functionality, as well as between cycles
of antihydrogen formation. Cosmic ray detector signatures are simple and
well understood, as they travel at roughly the speed of light and strike typ-
ically only two or three bars. The rate of cosmic ray events is sufficiently
high for timely collection of a good calibration dataset, and their uniform
distribution prevents any bias.

7.2 Time walk correction calibration

The first stage of the calibration algorithm determines the correction for
time walk, the effect where smaller SiPM signals will cross the fixed TDC
threshold later than larger signals of the same shape. As discussed in Sec-
tion 7.1, this effect cannot be measured by directly comparing signal time
and amplitude, since the true hit time is unknown. However, we can still
use the parametrization of the time walk effect

∆t =
√
B/A (7.2.1)

where ∆t is the time correction to be subtracted from a TDC hit time, A is
the pulse amplitude, and B is an effective threshold constant which must be
calibrated using data.

We use cosmic ray data to determine unique values of Btop
i and Bbot

i for
the two ends of each of the 64 bars. These time walk correction parameters
will vary between bar ends based on a number of factors, such as SiPM
breakdown voltage and gain, coupling between the scintillator and SiPM,
and readout electronics amplification and signal shape.

7.2.1 Determining the time walk correction parameters

The time walk correction parameters are inferred from the cosmic ray data.
A brute-force search of different values of Btop

i and Bbot
i is used. For a

given set of B values, the TOF distribution of cosmic rays between two
bars is calculated. The time walk correction parameters which lead to the
narrowest TOF distribution are chosen; this method ensures that the TOF
resolution is minimized.

The computation of Btop
i and Bbot

i for a given bar i is performed using
cosmic rays interacting with bar i and one other specific bar. Usually, the bar
directly opposite (bar i±32) is chosen. This maximizes the available number
of cosmic rays passing through both bars, and provides good time separation
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7.2. Time walk correction calibration

between the two hits. In the case where the readout of the opposite bar
is malfunctioning, the closest fully functioning bar is chosen instead. The
sample is further limited to events with three or fewer bar hit clusters, which
minimizes the interference of annihilation events11 or other events with more
complicated topologies, such as scattering inside the detector.

The TOF calculation on this sample of cosmic rays involves four param-
eters: Btop

i , Bbot
i , Btop

i±32, and Bbot
i±32. To properly minimize the width of the

TOF distribution, all four B values must be varied simultaneously. This is
done by a grid search, where 10 different values are tried for each B, for
a total of 104 combinations. The combination yielding the smallest TOF
distribution width is chosen. The grid search is then repeated once, trying
a further 104 combinations, centred on the current best combination of B
values and with a smaller step size.

The approach follows these steps:

1. Apply a time walk correction ∆t =
√
Bi/A to each bar end.

2. For each cosmic ray, calculate the expected TOFexp = D/c based on
the distance between the bar hits, with z from the TDC time difference.

3. Plot the residual TOF, i.e. after subtracting the expected TOF:

TOFres = TOF − TOFexp =
ttop
i±32 + tbot

i±32

2
−
ttop
i + tbot

i

2
− D

c
(7.2.2)

4. Fit this distribution with a Gaussian and extract the width σ.

5. Repeat this for many different values ofBi, performing a four-dimensional
grid search to vary the values of Bi individually for each bar end.

6. Repeat this grid search once with a finer step size.

7. Select the Bi values which minimize the width σ of the residual TOF
distribution.

Figure 7.2 shows an example of a residual TOF distribution before and
after applying the time walk correction, with the associated Gaussian fits.

11The calibration procedure is designed to use pure cosmic ray data. However, the
majority of cosmic rays collected during ALPHA-g data taking are not in dedicated cosmic
ray background runs, but between antihydrogen formation periods, while waiting to receive
antiprotons from ELENA. Low rates of antihydrogen annihilations on background gas are
possible during this time period, and so methods to exclude them are still helpful. More
information on which time periods are used in long runs is given in Appendix D.
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7.2. Time walk correction calibration

Figure 7.2: Residual TOF distribution from a bar to the opposite bar, with
no time walk correction (left) and with the time walk correction parameters
which minimize the distribution width (right). Both are fit with a Gaussian
(red), with σ improving from 582 ps to 283 ps.

The σ of these fits are plotted for each bar in Figure 7.3. Note that the
residual TOF distributions are not centred around zero; there is a large offset,
due to the channel time offset between the two bars in question. However,
this offset is constant for all events, and does not affect the width of the
TOF distribution.

7.2.2 Determining the direction of cosmic rays

The sample of cosmic ray events contains two distinct classes: cosmic rays
travelling from bar i to bar i± 32, and cosmic rays travelling in the opposite
direction from bar i± 32 to bar i. These classes must be separated in order
to properly subtract the expected TOF. Due to the potentially large channel
time offsets shifting the TOF distribution away from zero, this cannot be
done using the sign of the TOF.

Instead, we can identify the direction of the cosmic rays based on the z
position of each bar hit. Since cosmic ray muons are unable to penetrate the
Earth, the flux of cosmic rays at the surface is highly directional. The angular
distribution of cosmic rays at the surface is approximately I(θ) ∝ cos2 θ [148],
where θ is the zenith angle, with no cosmic rays coming from below. Thus
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7.3. Bar hit z position calibration

Figure 7.3: σ parameters of TOFres fits, such as in Figure 7.2, for each
bar. White diamond indicates with no time walk correction applied, and red
square indicates with the final choice of time walk correction parameters.

we can use the vertical position of the hits to determine the direction of the
cosmic ray: the hit with the higher z position must have occurred first. This
phenomenon is shown in ALPHA-g data in Figure 7.4.

The direction of the cosmic ray, and hence the sign of TOFexp, is deter-
mined by the sign of ∆z. With the order of hits determined in this way,
the residual TOF can be calculated properly and used to determine the time
walk correction parameters.

Note that the alignment between the two directions of cosmic rays still
has a small unexplained systematic shift, visible as a slight mis-alignment
(around 0.5 ns) of the two populations in the right of Figure 7.4. For this
reason, the positive ∆z component was excluded. When determining the
time walk correction parameter for bar i, only cosmic rays hitting first bar
i and then bar i ± 32 were used. The cause of this shift requires further
investigation.

7.3 Bar hit z position calibration

Since no reference time is available, such as a precise annihilation time,
we cannot measure absolute hit times. Instead, only the time difference
between two SiPM signals can be measured; this limits our ability to directly
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Figure 7.4: Left: The TOF of cosmic rays between a given bar and its
opposite, plotted against the difference in hit z position. Note the linear
correlation, where cosmic rays appearing to go upwards (positive ∆z) have
negative TOF, corresponding to an inverted hit ordering. Right: The resid-
ual TOF after subtracting the expected TOF, plotted against the difference
in hit z position. The sign of the TOFexp is determined by the sign of z.

determine the individual channel offsets.
There is one important time difference for which we have a good calibra-

tion reference: the difference between the top and bottom of a bar, which
is proportional to the z position of the bar hit. The z position of matched
TPC tracks is used as an independent reference to calibrate this bar hit z
position.

7.3.1 Determining ∆bot-top and veff

Recall the calculation of z position from Equation 6.5.1, written here with
the channel offset corrections δ explicitly included:

zTDC =
veff
2

[
(tbot − δbot)− (ttop − δtop)

]
=
veff
2

(
tbot − ttop −∆bot-top) (7.3.1)

Here, δtop and δbot represent the channel offset corrections for a given
bar, and ∆bot-top = δbot − δtop represents the offset difference between the
top and bottom of the bar.
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7.3. Bar hit z position calibration

Figure 7.5: The TDC time difference between two ends of an individual
bar, plotted against the z position of the matched TPC track. The red line
indicates a linear fit, whose parameters are used to define ∆bot-top and veff.

The next stage of the calibration routine is to determine the offset differ-
ence ∆bot-top for each bar. This is done using cosmic ray bar hits which were
successfully matched to TPC tracks. The relationship between tbot−ttop and
zTPC is plotted and fit with a line, shown in Figure 7.5. Setting zTDC = zTPC
in Equation 7.3.1 allows us to extract the offset and effective speed of light
for each bar from the fit parameters:

veff =
2

slope
∆bot-top = y-intercept

(7.3.2)

Typical values of ∆bot-top and veff are shown in Figures 7.6 and 7.7 respec-
tively. The veff values are slightly lower than those expected based on the
nominal index of refraction of 1.58 [132]. There is a range of path lengths
taken by photons to reach the SiPMs, depending on the number of reflections.
This discrepancy in veff corresponds to a non-zero number of reflections for
the average photon reaching the SiPMs.

This method takes advantage of the good matching between TPC tracks
and BSC hits. It ensures that, to first order, there is no systematic bias
in the z position of hits measured in the BSC compared to the TPC. It is
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Figure 7.6: Time offsets between the top and bottom of each bar, determined
via linear fit (shown in Figure 7.5). Data is from October 26, 2024.

Figure 7.7: Effective speed of photon propagation in each bar, determined
via linear fit (shown in Figure 7.5).

141



7.3. Bar hit z position calibration

important to note that this step defines only the difference in channel offsets
∆bot-top = δbot − δtop, which is used in the calculation of zTDC. It does not
fix the sum of channel offsets δbot + δtop, which is the relevant quantity for
calculations of TOF. These channel offsets will be determined individually
in a later step.

7.3.2 Interplay between time walk correction and hit z
position

As we have seen in Section 7.2, the bar hit z position is used in calibrating
the time walk correction. Thus the calibration of the bar hit z position must
come before the calibration of the time walk correction. However, the hit
z position calibration described in this section is highly impacted by any
correction for the time walk effect.

To understand this, consider the case where a large time walk correction
∆t is applied to only the bottom end of a bar. The calculation of zTDC
following Equation 7.3.1 is then shifted:

zTDC =
veff
2

[
(tbot −∆t)− ttop −∆bot-top]

=
veff
2

[
tbot − ttop −∆bot-top]−veff

2
∆t

(7.3.3)

With this in mind, it should be clear that the calibration of ∆bot-top

and veff should be done with the time walk effect properly corrected for.
Ideally, the time walk correction would be calibrated first, and only then
would ∆bot,top and veff be determined. However, since the z position is used
in the time walk calibration procedure, this is not possible. Instead, the
calibration of ∆bot-top and veff is repeated for each given set of time walk
correction parameters Bi, before building the residual TOF distribution.

Figure 7.6 shows typical values of ∆bot-top with and without the time walk
correction. There is an interesting systematic increase when the values are
calculated after the time walk correction is applied, corresponding to earlier
top hit times. The SiPMs on the top of the detector have systematically
smaller signals (see discussion in Appendix A), and hence later hit times due
to the time walk effect. Correcting for time walk thus makes the top hits
disproportionately earlier, increasing the ∆bot-top values.

Figure 7.7 shows typical values of veff with and without the time walk
correction. These also exhibit a significant systematic increase when calcu-
lated after the time walk correction is applied. To understand this, consider
a scintillation event near the top end of a bar. Many photons will quickly
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reach the top SiPMs, resulting in quick signal with very little time walk ef-
fect. Due to attenuation, fewer photons will reach the bottom SiPMs, and
those that do will arrive later due to the longer propagation distance. Thus
the bottom signal, which is already later, will be made even later by the
time walk effect. In this way, time walk has the effect of slowing down the
apparent speed of photon propagation in the bar. It is expected, then, that
correcting for the time walk effect will increase veff.

7.3.3 Summary of time walk and hit z position calibrations

For a given bar i, 10 values of each time walk correction parameter Btop
i ,

Bbot
i , Btop

i±32, and Bbot
i±32 were tried, in a grid search over 104 possible config-

urations. For each configuration of B values, the calibration of ∆bot-top
i and

veff,i was performed first. Then, a residual TOF distribution was built up,
using only cosmic rays hitting first bar i and then bar i ± 32, determined
using their z position. This distribution was fit, and the width σ of the dis-
tribution was saved. The configuration with the smallest width was chosen
as the best. A finer grid search of 104 more configurations is then performed,
centred on those values. After this finer search, the best time walk correction
parameters Btop

i and Bbot
i for bar i are saved, alongside the corresponding

values of ∆bot-top
i and veff,i.

7.4 Bar to bar offsets

In Section 7.3, we determined the difference between the offsets of the ends
of the same bar, ∆bot-top

i = δbot
i −δtop

i . In this section, we will determine the
value of each δbot

i and δtop
i individually. This is done by decomposing each

offset as follows:

δbot
i =

δbot
i + δtop

i

2
+
δbot
i − δtop

i

2
= δi +

∆bot-top
i

2

δtop
i =

δbot
i + δtop

i

2
−
δbot
i − δtop

i

2
= δi −

∆bot-top
i

2

(7.4.1)

With no fixed reference time, we cannot measure the value of each δi
directly. We can, however, measure the difference between two channels to
obtain ∆i,j = δi − δj . The approach taken is to extract these ∆i,j values
from cosmic ray data, and then use them to determine the δi values, which
are finally used to determine the δtop

i and δbot
i values.
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Figure 7.8: Residual TOF distributions from bar 0 to bar 38 (left), and from
bar 5 to bar 29 (right). Gaussian fits are used to extract the time offset
between the two bars.

7.4.1 Determining time offsets between pairs of bars

The determination of the offset between a given pair of bars i and j is
performed using a similar method to the previous section. The residual TOF
distribution is built from cosmic rays hitting first bar i and then bar j, with
the order of hits determined using the hit z position. Since there are 64 bars,
64× 63 = 4032 residual TOF distributions are populated simultaneously. In
events with three or more bar hits, each combination of two hits is used.
The same selection criteria as the previous section is applied: events must
contain no more than three clusters of bar hits.

The determination of the time offset ∆i,j between bars i and j proceeds
as follows:

1. Populate the residual TOF distribution using cosmic rays hitting first
bar i and then bar j (determined using hit z positions).

2. Fit the residual TOF distribution with a Gaussian function.

3. Set the offset to the mean of the Gaussian ∆i,j = µgaus.

Examples of the residual TOF distributions between pairs of bars are shown
in Figure 7.8, populated using 12.75 hours of cosmic ray data.
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7.4.2 Determining time offsets of individual bars

At this point, the time offset difference ∆i,j = δi − δj between most pairs
of bars is known. The remaining step is to use these 4032 measured values
of ∆i,j to determine the 64 individual channel offsets δi. These can then be
used in Equation 7.4.1 to determine each δtop

i and δbot
i .

From our measurements of the differences ∆i,j , we can determine the
individual offsets δi as follows:

∑
all j

∆i,j =
∑
all j

(
δi − δj

)
= 64 · δi −

∑
all j

δj

=⇒ δi =

∑
all j ∆i,j

64
+

∑
all j δj

64

(7.4.2)

Note that here, the second term is a constant. Since only time differences
can be measured in the BSC, adding a constant time to every hit has no
effect. Thus the second term can be safely dropped, and the individual
channel offset δi can be found by averaging all the ∆i,j ’s.

While mathematically valid, this approach has some practical flaws. It
requires successful measurement of all ∆i,j values, and quickly breaks down
once we introduce fit failures, malfunctioning bars, or low statistics. A more
robust approach is to relax the sum to include only a subset of bars. When
calculating the offset δi for bar i, we define Gi to be the subset of bars j ∈ Gi

for which the difference ∆i,j was successfully measured. The calculation of
δi then becomes:

∑
j∈Gi

∆i,j =
∑
j∈Gi

(
δi − δj

)
= |Gi| · δi −

∑
j∈Gi

δj

=⇒ δi =

∑
j∈Gi

∆i,j

|Gi|
+

∑
j∈Gi

δj

|Gi|

(7.4.3)

Here, |Gi| represents the size of Gi.
Note that the second term is no longer constant, and so can no longer

be dropped from the calculation. As a result, the offset δi can no longer
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Figure 7.9: Time offsets for each bar, measured on October 26, 2024. Error
bars are covered by the symbol.

be calculated analytically. Instead, we have a system of 64 equations in 64
unknowns (the δi values), which must be solved simultaneously numerically.

An iterative approach is taken. The δi values from Equation 7.4.2 are
taken as starting values δ0i . These are then substituted into Equation 7.4.3
alongside the ∆i,j values to find updated values δ1i . These updated values
are then plugged into Equation 7.4.3 to find δ2i , and so on, following:

δ
n+1
i =

∑
j∈Gi

∆i,j

|Gi|
+

∑
j∈Gi

δ
n
j

|Gi|
(7.4.4)

This is repeated for 50 iterations; in practice, fewer than 10 iterations
are required for convergence. The set of offsets δ50i are then taken as the
final values of δi for each bar. These final offsets are plotted for each bar
in Figure 7.9. Note that there is not one unique solution to this system
of equations: since we can measure only time differences, a constant can
be added to every δi without affecting the measurements. This procedure
converges on a set of offsets with a mean of µ = 0.
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Chapter 8

Cosmic ray background
rejection

Cosmic rays are a substantial background for the TPC detector, triggering
the detector at a rate of 58Hz. Of these events, the reconstruction algorithm
of Chapter 5 creates false annihilation vertices at a rate of 6.35Hz; this is
improved from 13.65Hz as a result of my work on the TPC track reconstruc-
tion. This is problematic for physics measurements in ALPHA-g, as only a
small number (∼ 20) of antihydrogen are created per experiment cycle. The
general strategy to address this background is to record all events, and dis-
tinguish between annihilations and cosmic ray background events afterwards
at the analysis stage.

There are two methods used to reject the cosmic ray background in
ALPHA-g. The first is with the BSC cluster-based cut described in Sec-
tion 6.7. This method is used primarily in the live online alphasoft recon-
struction described in Section 5.1, so that annihilation vertices can be used
as a real-time diagnostic for antihydrogen production, with some straight-
forward background rejection.

The second method is using a machine-learning-based classifier called a
boosted decision tree (BDT). This method combines many variables, which
each provide a small degree of separation between signal and background,
into a single strong classifier. A decision tree is a classification method which
uses a branching structure, with the decision path split into two branches
at each node. At each node, one of the input variables is compared to
a cut value, and the result of the comparison specifies which of the two
branches should be traversed. After reaching the end of the tree, each event
is assigned a classifier value. The boosted decision tree is a method of training
successive decision trees in an ensemble. Events which were misclassified by
the previous decision tree are boosted, i.e. given higher weight in training;
this focus on the harder-to-classify events results in a more accurate classifier.

This is an established method which has been successfully used to reject
cosmic ray background events from the ALPHA-2 silicon vertex detector
(SVD) [157]. A version using similar input variables was implemented in

147
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the ALPHA-g analysis for the 2023 gravity paper [1]. Following the time
calibration work described in Chapter 7, TOF variables from the BSC were
added to the ALPHA-g BDT, leading to a new classifier with significantly
improved background rejection capability.

For context, Section 8.1 will briefly detail the BDT used in ALPHA-
2. Section 8.2 will then describe the adaptation of this BDT to ALPHA-g
for the gravity paper, and Section 8.3 outlines how the BSC TOF mea-
surements were later included to further enhance the ALPHA-g BDT. The
variables used as inputs to these two versions are listed in Section 8.4, and
the final performance of each background rejection method is summarized in
Section 8.5. Conlusions are drawn in Section 8.6.

8.1 BDT background rejection in ALPHA-2

Decision trees are regularly used to identify and reject cosmic ray events
in the ALPHA-2 SVD [157]. This classifier is periodically retrained using
antihydrogen production data as signal and pure cosmic ray background
data, in order to keep the model updated as the performance of various
detector components changes over time. The variables included are listed in
Table 8.1. These variables were selected for their separation between signal
and background events, and to be minimally correlated to each other [75].

Variable Description

Nhit Number of SVD hits.

Nhelices Number of reconstructed tracks.

Ñhelices Number of reconstructed tracks used in vertexing.

ϕvertex ϕ component of the reconstructed vertex position.

rvertex r component of the reconstructed vertex position.

δ Squared residual (measures track straightness).

Σϕ ϕ component of the sphericity tensor eigenvector.

Σz z component of the sphericity tensor eigenvector.√
λ21 + λ22 Combination of the two largest sphericity tensor eigenvalues.

Table 8.1: Discriminating variables used to distinguish signal (annihilation)
and background (cosmic ray) events in the ALPHA-2 SVD.

The last three variables make reference to the sphericity tensor of an
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event, given by:

Sab =
1

Nhelices

Nhelices∑
i=1

pia p
i
b

|p⃗i|2
, (8.1.1)

Here, pi is the momentum of the ith track, and a, b refer to x, y, z. By
diagonalizing this matrix, the eigenvalues and eigenvectors are found. The
eigenvector Σ corresponds to the largest eigenvalue, and can be thought of
as the principle direction of momentum in the event. The sphericity tensor
eigenvalues, as well as the first eigenvector, are frequently used for describing
event shapes in collider experiments [158].

The classifier yields a score c from −1 (background-like) to 1 (signal-like)
for each event. A cut value C is then chosen to enable a binary classification:
events with c < C are rejected as background, while events with c > C are
accepted as signal. The cut value C is chosen based on the requirements of
each individual physics analysis, depending on the required level of signal
purity.

8.2 BDT background rejection in ALPHA-g

Based on the success of the BDT classifier in rejecting cosmic rays in the
ALPHA-2 SVD, a similar classifier was trained for offline background rejec-
tion in ALPHA-g. This effort was lead primarily by Dr. Lukas Golino as
part of his PhD project [75]. An initial version of this BDT classifier, using
variables inspired by the ones used in the ALPHA-2 classifier, was used in
the data analysis for [1]. The variables used in this classifier are primar-
ily based on the TPC; only numbers of hits and hit clusters are used from
the BSC. A full description of the variables used in this analysis is given in
Section 8.4.

The training of a BDT classifier requires labelled data: events which are
known to be either antihydrogen annihilation signal, or cosmic ray back-
ground. A sample of 255 000 cosmic ray background events was recorded
between experiments when there are no antiprotons in ALPHA-g. A sam-
ple of 179 000 annihilation signal events was recorded during antihydrogen
production, when a fraction of the newly formed antiatoms annihilate on
the walls of the trap because their kinetic energy exceeds the magnetic trap
depth. This is an intense 1 s time window with a TPC trigger rate of around
40 000Hz. To ensure signal purity, this time window is subdivided into 2ms
sub-windows, and only those sub-windows where the detector readout rate
is saturated at 500Hz are used in training.
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8.3 Inclusion of TOF in background rejection

After finishing the calibration described in Chapter 7, I worked to implement
TOF measurements from the BSC into the BDT classifier. The measured
TOF and the residual TOF (after subtracting expected TOF for cosmic rays)
were both expected to be powerful discriminatory variables, supplementing
the existing variables along a new axis. However, it was not initially clear
how to combine the timing information of complicated events with many
different hits.

A pragmatic approach was taken. Many quantities with possible discrim-
inating power were calculated for each event utilizing the TOF information
from the BSC. A total of 107 new variables were implemented and tested,
in addition to the 20 variables used in the gravity paper version. A final
set of 20 variables was selected by dropping those with high correlations to
each other, as well as those with low separation between signal and back-
ground. These final variables are described in Section 8.4. The BDT trained
with these 20 final variables had equivalent performance to the BDT trained
with the full set of 127 variables. The classifier output is shown in Figure 8.1,
which indicates very good separation between annihilation signal and cosmic
ray background. The performance of this classifier is discussed in Section 8.5.

The introduction of variables based on TOF adds considerable complex-
ity to the training procedure, as it requires the generation of BSC calibra-
tion files for the entire training dataset. A version of the offline calibration
pipeline described in Appendix D is used to generate the training data in a
reproducible fashion, and perform the BDT training. This allows the classi-
fier to be easily retrained periodically, so that the model can be updated to
reflect hardware performance changes.

8.4 Input variables

As described previously, an initial BDT was trained for use in the gravity
paper analysis. This initial classifier used 20 input variables, primarily based
on TPC data, but including some basic information from the BSC. Many
of these variables were inspired by those used successfully in the ALPHA-2
classifier. After completing the TOF calibration for the BSC, I added many
additional variables based on BSC data, and retrained a new BDT. The
list of variables was then slimmed to the current 20 input variables with no
significant decrease in classifier performance.

The variables used as input to the initial and final classifiers are summa-
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Figure 8.1: Classifier output c of the best-performing BDT trained with
TOF and other variables. Classifier values range from −1 (background-like)
to 1 (signal-like). The y-axis indicates counts, with data from a portion
of the training dataset which was set aside for validation. Signal refers to
antihydrogen annihilation data, and background to cosmic ray data.

rized in Table 8.2. Only 8 variables are shared between the new classifier and
the initial version used for the gravity paper. While the initial version used
only 4 variables based on BSC data, the new classifier uses 15 BSC variables.
Of these, 9 rely directly on the calibrated timing information, either for the
determination of the bar hit z positions, or for measurements of the TOF
between bars. The remaining 6 are simple counting variables, or use only
the ADC waveform.

It is notable that three quarters of the 20 variables selected are based on
the BSC. This indicates that the BSC is fulfilling its role as an important
detector for cosmic ray background rejection. It successfully measures event
features which are not captured by the TPC, such as hit time and TOF
information, and these features are powerful contributors to the background
rejection algorithm.

The distributions of some of these input variables in signal and back-
ground are shown in Figure 8.2. These variables were selected to illustrate
that the BSC calibration campaign has ultimately lead to a number of TOF-
based variables with good separation between annihilation signal and cosmic
ray background.

Given that the measurement of the z position of annihilations is central
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to the gravity measurement strategy, special care was taken to ensure that
the classifier output is completely independent of the vertex z position. The
annihilations used for training take place in a very small region of ALPHA-
g, and so any variable with correlation to z could be used to efficiently
recognize annihilation signal based on z position, leading to a highly biased
classifier. For this reason, each input variable was checked to ensure it has
no correlation with vertex z position in both signal and background.

Table 8.2: Comparison of variables used in the BDT trained for the gravity
paper (initial), and the BDT trained incorporating my BSC work (final).
Variables using calibrated hit times are highlighted in blue, and other BSC
variables are highlighted in green.

Variable Description Initial Final
Nhit Number of TPC spacepoints. ✓ ✓
Nhelices Number of reconstructed tracks. ✓ ✓
Npads Number of TPC cathode pad hits. ✓ ✓
ΣTPC
z z component of the sphericity tensor

eigenvector using TPC tracks.
✓ ✓

ΣTPC
ϕ ϕ component of the sphericity tensor

eigenvector using TPC tracks.
✓ ✓

Nclusters Number of bar hit clusters. ✓ ✓
Nbars Number of bar hits. ✓ ✓
NADC Number of BSC ADC hits. ✓ ✓
max(A) Largest bar hit ADC amplitude. ✓
Nunmatched

helices Number of reconstructed tracks not
matched to a bar hit.

✓

Nmatched
helices Number of reconstructed tracks

matched to a bar hit.
✓

(√
λ21 + λ22

)BSC Combination of the two largest
sphericity tensor eigenvalues, calcu-
lated using bar hit positions.

✓

Tθ Polar angle of the vector from first to
last bar hit, determined using TDC
time.

✓

max(TOF) Largest TOF between two bar hits. ✓
min(TOF4) Smallest TOF between bar hits sep-

arated by at least 4 bars.
✓

max(∆z) Largest ∆z between two bar hits. ✓
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Variable Description Initial Final
NTOF Number of pairs of bar hits with

valid TOF measurements.
✓

max(∆TOF) Largest difference in TOF between
two pairs of bar hits.

✓

max(∆TOFbar-to-bar) Largest difference in TOF between
two pairs of bar hits, calculated us-
ing the 4032 directly measured bar-
to-bar offsets (see Section 7.4).

✓

stddev(TOF) Standard deviation of TOF mea-
surements between all pairs of bars.

✓

Nends Number of bar end hits. ✓
Ñhelices Number of tracks used in vertexing. ✓
NAW Number of TPC anode wire hits. ✓
Rmin Minimum helix radius of curvature. ✓
Rmean Mean helix radius of curvature. ✓
λmin Minimum helix slope. ✓
λmean Mean helix slope. ✓∑
c± Integer sum of helix curvature (+1

for right curved tracks, -1 for left
curved tracks).

✓

µpoints Mean spacepoints per track. ✓
µχ2

r
Mean χ2 of track radial fit. ✓(√

λ21 + λ22
)TPC Combination of the two largest

sphericity tensor eigenvalues, calcu-
lated using TPC tracks.

✓

vstatus Vertex status, indicates if tracks be-
yond the first two were added.

✓
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Figure 8.2: Six of the 20 variables used in the final BDT classifier, chosen
to illustrate the separation between annihilation signal and cosmic ray back-
ground in TOF-based and other BSC variables. Values of -20 are assigned
to events with no good TOF pairs.
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8.5 Background rejection performance
improvement

As this work was carried out concurrently with the development of antihydro-
gen production in ALPHA-g, the first measurement of gravity was performed
before the background rejection work was completed. As such, there have
been numerous historical background rejection methods. The annihilation
signal acceptance and cosmic ray background rates are shown in Figure 8.3.
The following methods are compared:

• Initial online cut: During the commissioning of the ALPHA-g traps
leading up to the first measurement, a simple cut on the number of bar
hit clusters Nclusters was used in online analysis (see Section 6.7).

• Initial BDT: A BDT classifier was trained for use in the first grav-
ity measurement, using primarily TPC variables modelled after the
successful classifier used in ALPHA-2 (see Section 8.2).

• Improved online cut: Following many of the TPC track fitting
changes described in Section 5.4, the cosmic ray background vertex
rate in ALPHA-g was significantly reduced. The same simple cut on
Nclusters now yields improved performance.

• Improved BDT: After the implementation of the BSC calibration
routine, a new BDT classifier was retrained using TOF variables (see
Section 8.3).

It should be noted that the TPC tracking changes and inclusion of TOF
information both had the effect of lowering the background rate of the im-
proved BDT. No intermediate BDT was trained with the improved tracking
but without TOF variables, and so the contributions of the two improve-
ments are difficult to disentangle.

8.6 Background rejection conclusions

Overall, the results shown here indicate that an order of magnitude improve-
ment in the background rate of the ALPHA-g detectors has been achieved.
This is the result of my work developing the BSC event reconstruction, which
includes a substantial TOF calibration algorithm, and my work including
TOF measurements into the BDT classifier. My work on the TPC track re-
construction algorithms also benefited the background rate. The impact of
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Figure 8.3: Comparison of signal efficiency and background rejection perfor-
mance between the initial (2023) analysis used for the gravity paper [1], and
the improved (2025) analysis at the completion of this work. The dashed
line indicates the background detector trigger rate, and the circles indicate
events for which a vertex is successfully found. The Nclusters cut used for
online analysis is indicated by triangles, while the BDT classifier is indicated
by the stars. The choice of cut C = 0.146 on the classifier output is shown
for the 2023 BDT, which was used in the gravity paper, chosen to optimize
the significance for an expected 1 count of signal in a period of 8 seconds.
For the 2025 BDT, the choice C = 0.134 is shown. This choice is arbitrary,
and should be re-examined prior to interpreting experimental results.
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this improvement on the measurement of antihydrogen gravity in ALPHA-g
will be the focus of the next chapter.

This improvement comes at the cost of a lower signal yield: the an-
nihilation vertex is found successfully in around 15% fewer antihydrogen
annihilations, translating to around 9% fewer annihilations being accepted
by the BDT classifier. This reflects an intentional choice where events with
complex topologies, for which the annihilation vertex can not be accurately
found, no longer yield a vertex position. If a future analysis requires a high
number of vertices, parameters of the vertex reconstruction could easily be
re-tuned in order to recover some of these lost vertices.
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Chapter 9

Measuring antihydrogen
gravity with ALPHA-g

The first results from ALPHA-g, constituting the first direct measurement
of gravity acting on an antihydrogen atom, were published in 2023 [1] based
on data collected in 2022. The main result of this publication, referred
to throughout this dissertation as the gravity paper, was that the Earth’s
gravitational acceleration g on antihydrogen has the same sign as the Earth’s
gravitational acceleration g on regular matter. The ratio of the two constants
was determined to be:

g/g = (0.75± 0.13 (statistical+systematic) ± 0.16 (simulation)) (9.0.1)

The probability that this measurement is consistent with no gravitational
action on antihydrogen is 3×10−4, and the probability of it being consistent
with repulsive gravity (g = −g) is less than 10−15.

The first three sections of this chapter will summarize the key elements of
the gravity paper. Section 9.1 describes the experimental procedure, includ-
ing the magnetic field control and characterization, details of the recorded
data set, and the unprocessed results. Section 9.2 presents the statistical
analysis used to extract the results quoted above. Section 9.3 addresses
statistical and systematic uncertainties on the results, which inform future
measurements.

Section 9.4 highlights the author’s contributions in the broader context
of ongoing and upcoming ALPHA-g measurements. It discusses how the
improved track reconstruction and background rejection impacted the grav-
ity paper, and how they will benefit subsequent measurements using the
same apparatus. It concludes with a discussion of long-term plans involving
the precision trapping region of ALPHA-g, and outlines possible alternative
measurement schemes enabled by this work.
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9.1 Gravity measurement procedure

The design of the ALPHA-g trap apparatus was presented in Section 3.4.6.
The reader should refer back to Figures 3.9 and 3.10 in particular. The mea-
surement procedure of the gravity paper used only a subset of the ALPHA-g
trap magnets, as commissioning of the full magnet system is still ongoing. A
more precise measurement using the full apparatus will be performed in the
future. This section will describe the procedure used in the gravity paper,
with upcoming measurements discussed in Section 9.4.

9.1.1 Measurement technique

The measurement strategy begins with the accumulation of antihydrogen
atoms in ALPHA-g, as described in Chapter 3. The accumulation cycle is
repeated 50 times in each run, trapping around ∼ 50 antihydrogen atoms
over 3-4 hours. During this time, the antihydrogen atoms are held by the
magnetic field of mirror coils A and G (see Figure 3.10), collectively referred
to here as the mirror coils or simply mirrors. They are radially constrained
by the combined field of the long octupole magnet and the short octupole
magnet.

The key step in the gravity measurement is to slowly release the trapped
antihydrogen atoms from their axially confining magnetic potential (shown
in Figure 9.1), while keeping them radially constrained. This is done by
ramping down the current in the mirror coils simultaneously over 20 seconds,
hereafter called the mirror rampdown. The antiatoms can then escape the
trap axially, either upwards or downwards. They remain radially constrained
by the octupole field until they exit the short octuple magnet, at which point
they annihilate on the trap walls. The ALPHA-g detector system is used
to count the annihilations in the up and down regions, and the asymmetry
between the counts in these regions indicates the net vertical force acting on
the antihydrogen atoms.

The success of the experiment depends on precise magnetic field control.
Mirror coils A and G are separated by 25.6 cm; the gravitational potential
difference (for matter) between the two mirrors is mg∆z = 2.6 × 10−8 eV.
This corresponds to a Zeeman energy µ⃗ · B⃗ for a magnetic field of 4.53 ×
10−4T. This sets the necessary precision for the control of the magnetic
field.

Simulations indicate that under the effect of gravity with g = g, around
80% of the trapped antiatoms should annihilate in the down region. How-
ever, this ratio can be adjusted by holding one of the mirror coils at a slightly
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Figure 9.1: A sketch of the on-axis potential (magnetic + gravitational) in
the ALPHA-g trap, with different applied magnetic biases compensating for
gravity. The dotted purple line indicates the maximum magnetic potential
under mirror A, which sets the kinetic energy required for antihydrogen
atoms to escape into the down region.

higher current than the other throughout the magnet ramp. This applies a
magnetic bias which can either counteract or enhance the effect of gravity.
For example, by decreasing the field of mirror G by 1g = 4.53 × 10−4T as
shown in Figure 9.1, gravity can be compensated for and the balance of anni-
hilations restored to 50% up, 50% down. Here, we introduced the convention
of using units of g for magnetic field difference. It should be emphasized that
this magnetic bias must be applied before, after, and throughout the mirror
rampdown.

To accomplish precise magnetic control, the mirror coils are energized in
series by a 70A power supply, ensuring the two magnets receive equal cur-
rent regardless of power supply noise or drift. A differential current is then
supplied to mirror G alone to generate the magnetic bias. Direct-current
current-transformers (DCCTs) are used in combination with a 50 kHz ADC
to precisely measure the current flowing through the mirror coils. The mea-
sured current is then used to control the output of the magnet power supply
using a proportional-integral-derivative (PID)-based loop, as well as to con-
firm consistent magnet power supply behaviour throughout the experiment.

The reader should note that the one-dimensional picture presented here
is highly simplified. In reality, almost all antihydrogen atoms escape the
trap off-axis, and so the entire three-dimensional magnetic field profile of
the trap should be considered. The gravity compensation is only approx-
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imate: for example, mirror coil currents which balance the up and down
potentials on-axis (the gravity compensation curve in Figure 9.1) will not
necessarily balance the potentials at all radii. As such, an accurate inter-
pretation of the experiment relies on the antihydrogen trajectory simulations
described in Section 9.2.3, which must be informed and validated by accurate
measurements of the magnetic fields throughout the measurement.

9.1.2 Magnetic field measurements

To ensure precise and repeatable control of the magnetic fields, and to char-
acterize the applied bias in each configuration, a magnetic field measurement
technique called electron cyclotron resonance (ECR) was developed at AL-
PHA. A small plasma, or reservoir, of electrons is created by an electron gun
mounted on the ALPHA-g bottom diagnostic stick (Section 3.4.4), and pre-
pared using the SDREVC technique (Section 3.5.1). For each measurement,
a small bunch of electrons is extracted from the reservoir, and moved to the
target region of the trap.

As discussed in Section 3.2.1, the electrons undergo cyclotron motion in
the Penning-Malmberg trap, with cyclotron frequency ωc = qB/m depending
on the magnetic field strength. By determining the cyclotron frequency,
the local magnetic field strength can be inferred. This is accomplished by
injecting microwaves into the ALPHA-g bottom trap. When the microwave
frequency matches the cyclotron frequency, the electron plasma undergoes
resonant heating.

The temperature of the electron bunch is measured via slow extraction to
the MCP mounted on the bottom diagnostic stick, in a procedure similar to
the one described for antiprotons in Section 3.5.1. As the confining potential
is slowly lowered, the electrons escape, and the kinetic energy of each electron
is determined from its arrival time at the MCP. The energy distribution is
fit to determine the plasma temperature.

Many small bunches of electrons are extracted from the reservoir and
moved to the target location in rapid succession. Each is exposed to mi-
crowaves of a different frequency. The temperature at each frequency is
measured, and the spectrum is fit to determine the resonance peak frequency,
which corresponds to the cyclotron frequency. The magnetic field strength
at the target location is determined from this measured frequency. Two ex-
ample frequency measurements are shown in Figure 9.2. For further details
on the ECR technique, see [78] and [1] (Methods).

This technique was used to measure the magnetic field under the mir-
ror coils three times during the measurement procedure: before the mirror
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Figure 9.2: Frequency spectra measured in ALPHA-g using ECR. Orange
and blue lines represent measurements at the same location in the same
magnetic field, but with different Penning-Malmberg confining potentials.
For further information, see image source [78].

rampdown, after the mirror rampdown, and after zeroing all mirror coil and
octupole magnet currents. This procedure helped ensure that the magnetic
field behaved as expected across all trials. In addition, the ECR technique
was used to map the magnetic field produced by each of the magnets, and
these field maps were used as inputs to the antihydrogen simulations dis-
cussed in Section 9.2.3. ECR was also used to study persistent magnetic
fields after the end of the rampdown caused by persistent currents in the
superconducting mirror coils.

A complementary technique for measuring the magnetic field, called
magnetron-metry, was also developed based on the electron magnetron fre-
quency. A small plasma of electrons is displaced from the trap axis, and
precesses around the trap centre due to its magnetron motion described in
Section 3.2.1. By imaging the plasma using the ALPHA-g MCP after a
short time, the number of precessions around the trap centre can be counted
to extract the magnetron frequency, and thus determine the local magnetic
field. This technique was used to further constrain the magnetic field models
used in simulation, and is described further in [27] and [1] (Methods).
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Figure 9.3: A block diagram of the measurement procedure for each run.
Antihydrogen accumulation is shown in green, the main mirror rampdown
in pink, other magnet ramps in grey, and ECR measurements in blue.

9.1.3 Data collection

The data collection process for the gravity paper was divided into experi-
mental runs. Each run consisted of 3-4 hours of antihydrogen accumulation,
followed by a measurement with a specific magnetic bias. A total of 11 dis-
tinct bias values were used, each repeated 6 or 7 times depending on the
number of collected events. To minimize systematic effects, the bias values
were interleaved in a pseudo-random sequence.

Figure 9.3 illustrates the measurement process for a single run. The
antihydrogen accumulation period was chosen to achieve a good signal-to-
background ratio in the mirror rampdown. Following accumulation, the long
octupole magnet was ramped down, leaving the antihydrogen atoms confined
only by the mirror coils and short octupole. This step avoids potential sys-
tematic bias due to the asymmetry of the long octupole around the bottom
trap. However, it lowers the depth of the radial confining potential, which
causes slightly more than half of the trapped antihydrogen to escape. The
fraction of antihydrogen lost is independent of the magnetic bias, which al-
lows for a calibration of the total number of antihydrogen atoms accumulated
in each run.

After an ECR measurement of the initial field, the mirror coil currents
are ramped down while maintaining the magnetic bias. Counting the annihi-
lations in the up and down region during this mirror rampdown constitutes
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the main measurement. A second ECR scan measures the final field where
the trap depth is near zero, but the magnetic bias is still maintained. The
short octupole magnet is then ramped down, and finally the mirror coil cur-
rents and octupole currents are fully zeroed. A final ECR measurement is
taken to monitor the background field of the external solenoid magnet.

In addition to the main dataset of 75 runs across 11 magnetic biases,
two supplementary datasets were taken. An additional ±10g calibration
dataset of 12 runs was taken where the applied bias was large enough that
almost all antiatoms annihilate in the same (either up or down) region. This
dataset was used to determine the relative detector efficiency in the two
regions, and to evaluate cross-contamination due to annihilation position
mis-identification. A second auxiliary dataset of 18 runs was taken where
the mirror rampdown was carried out over 130 s instead of 20 s. This was used
to crosscheck the robustness of the result, and the outcome was consistent
with the main dataset (see [1]).

The results of these runs are given in Table 9.1, including the number
of annihilations in the up and down regions during the mirror rampdown,
and the annihilations in the long octupole rampdown. The expected cosmic
ray background (using the BDT background rejection of Chapter 8) was de-
termined using dedicated cosmic ray runs with no antimatter in the system,
and has been subtracted from the given counts. The z distributions of the
annihilation events for each bias are shown in Figure 9.4.

9.2 Analysis procedure

The analysis strategy used in the gravity paper was to construct an escape
curve — a plot of the probability that an antihydrogen atom escapes the trap
downwards (or upwards) as a function of applied magnetic bias. We define
Pdn as the probability that an antihydrogen atom annihilates in the down
region, and the asymmetry as A = 2Pdn − 1; the escape curve plots these
quantities as a function of the applied magnetic bias. The final measured
escape curve is shown in Figure 9.5. A naive estimate of g can be made from
this curve by identifying the bias value for which Pdn = 0.5, corresponding
to the point where the magnetic bias precisely compensates for gravity, and
up/down annihilations are balanced.

A more precise determination of g was obtained using simulation. For
each assumed value of g and for each magnetic bias, the trajectories of
many antihydrogen atoms were simulated using a magnetic field model of
the ALPHA-g trap. This process generated a family of simulated escape
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Figure 9.4: Annihilation position z distributions for different applied biases.
Lines at ± 12.8 cm and ± 32.8 cm indicate the z cuts used to define the up
and down regions. Figure from [1].

Figure 9.5: The measured escape curve, the probability that an antihydrogen
atom annihilates in the down region plotted for different magnetic biases.
The data is compared to simulations described in Section 9.2.3. Figure from
[1].
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Table 9.1: Measured antihydrogen annihilation counts for each magnetic
bias. Bias of ±10 indicates calibration dataset, and 130s indicates cross-
check with slower mirror rampdown. Event counts have expected cosmic ray
background subtracted, and are subject to data selection cuts described in
Section 9.2.1. LOc indicates annihilations during the long octupole ramp
down. Adapted from [1].

Nominal
bias (g)

Number
of trials

Nup (events) Ndn (events) LOc (events)

−3.0 7 151.7 16.5 199.2
−2.0 7 128.7 33.5 168.2
−1.5 6 128.9 57.7 192.0
−1.0 7 69.7 62.5 183.2
−0.5 7 55.7 67.5 201.2
0 7 36.7 94.5 144.2
0.5 7 36.7 124.5 177.2
1.0 7 17.7 119.5 185.2
1.5 6 13.9 180.7 234.0
2.0 7 6.7 163.5 228.2
3.0 7 7.7 147.5 199.2

−10.0 6 142.9 0.7 169.0
10.0 6 −0.1 185.7 213.0

−2.0 (130 s) 6 22.6 145.2 219.0
−1.0 (130 s) 6 70.4 85.2 249.0
0 (130 s) 6 125.4 26.5 239.0
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curves, each corresponding to a different gravitational acceleration. These
curves were then compared to the experimental data to quantify compatibil-
ity with various g hypotheses. Three simulated escape curves are included
in Figure 9.5.

To extract Pdn for each bias setting from the experimental data, a Bayesian
likelihood analysis was employed. This analysis was then extended to esti-
mate the value of g by directly incorporating the simulated escape curves.

This section is organized as follows. Section 9.2.1 describes the data se-
lection criteria used to obtain the annihilation counts presented in Table 9.1.
Section 9.2.2 outlines the Bayesian methodology used to derive the values of
Pdn and the final value of g. Section 9.2.3 describes the antihydrogen trajec-
tory simulations and magnetic field models used to generate the simulated
escape curves.

9.2.1 Data selection

To maximize sensitivity to the few antihydrogen annihilation events while
minimizing contamination from the cosmic ray background, selection cuts
were applied to both the z position of the annihilation vertex and the event
time.

The accepted z range for the down region is −32.8 cm < z < −12.8 cm,
and for the up region is 12.8 cm < z < 32.8 cm. In this coordinate system,
the centre of mirror coils A and G are located at −12.8 cm and 12.8 cm
respectively, which define the inner boundaries of the selection regions. The
outer boundaries were chosen based on the annihilation distribution of the
±10g calibration runs. These spatial cuts are indicated in Figure 9.4.

A time cut was also applied to exclude events outside the main measure-
ment window. Only annihilations occurring during the second half of the
20 s mirror coil rampdown were accepted, since the first half of the ramp-
down did not contain any annihilations significantly above the background
rate. Although there was a significant number of antihydrogen annihilations
after the end of the mirror coil rampdown, these were excluded. This time
selection is illustrated for the 0g bias trials in Figure 9.6.

9.2.2 Bayesian analysis

A Bayesian approach is taken to determine the most likely values of Pdn for
each bias given the observed annihilation counts. This method is outlined
here and described more fully in [159]. Other methods were also explored
[76] and yielded similar results.
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Figure 9.6: Time distribution of annihilations during the mirror coil ramp-
down. Only events in the window 10 s< t <20 s are accepted. Figure from
[1].

For a given bias index i, the counts in the up and down regions nup,i
and ndown,i during the mirror coil rampdown, as well as during the long oc-
tupole rampdown nLOc,i, are assumed to be independent Poisson-distributed
random variables. The means of these distributions are calculated from the
model parameters given in Table 9.2. These parameters include the under-
lying downwards annihilation probabilities pi for each bias.

Given values for the model parameters, the probability P (O|ρ,η,λ, β,p)
of making a set of observations O (comprising up, down, and long octupole
counts from each bias) can be calculated.

The prior distributions for the probabilities pi are set to uniform proba-
bilities between 0 and 1. The priors for the detection efficiencies and cross-
contamination η were based on the ±10g calibration dataset. Broad uniform
priors were assigned to λi and β. The priors for the detector background
rates ρup, ρdown and ρLOc were based on cosmic ray measurements. A global
prior probability P (ρ,η,λ, β,p) is then assigned to each set of parameters
based on the independent prior distributions.

Using Bayes theorem, the posterior parameter probability distribution
given a set of observations is:
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Table 9.2: Model parameters used in the Bayesian analysis of the gravity
paper dataset.

Parameters Description
ρup, ρdown Cosmic ray background rate in the up and down regions.
ρLOc Cosmic ray background rate during long octupole ramp.
ηu,u, ηd,d Detection efficiency in the up and down regions.
ηu,d, ηd,u Cross-contamination between the up and down regions.
β Proportionality constant between long octupole and mirror

rampdown annihilations.
λi Annihilations during long octupole ramp at bias i.
pi Down region annihilation probability for bias i.

P (ρ,η,λ, β,p|O) ∝ P (O|ρ,η,λ, β,p) P (ρ,η,λ, β,p) (9.2.1)

The marginalized posterior distribution for each pi is then obtained by
integrating over the other variables (nuisance parameters):

P (pi|O) ∝
∫
dρ

∫
dη

∫
dλ

∫
dβ

∫
j ̸=i

dpj P (O|ρ,η,λ, β,p) P (ρ,η,λ, β,p)

(9.2.2)
These distributions of P (pi|O) are determined via the Markov Chain

Monte Carlo (MCMC) method, using the STAN package [159]. The maxi-
mum of the posterior probability distribution P (pi|O) is taken as the best
estimate of Pdn in Figure 9.5.

To determine the most probable value of g, this analysis was extended by
incorporating the simulation results described in Section 9.2.3. The escape
curves generated via simulation (which will be shown in Figure 9.7) are
given by the same functional form differing by a horizontal shift. These
simulated escape curves were aligned and interpolated in order to determine
the simulated down annihilation probability psim(ϕ) as a function of the
magnetic bias ϕ, in the absence of gravity.

In this extended analysis, the independent parameters pi were replaced
with the simulated probability psim(ϕi+ag) evaluated at each bias value, with
an additional offset ag due to the effect of gravity. The posterior distribution
of ag was then determined using the MCMC method by integrating over all
other parameters:
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P (ag|O) ∝
∫
dρ

∫
dη

∫
dλ

∫
dβ P (O|ρ,η,λ, β, ag) P (ρ,η,λ, β, ag)

(9.2.3)
The value of ag with the maximum posterior probability P (ag|O) is

quoted as the final measurement of g.

9.2.3 Escape curve simulation

To quantify the compatibility of the ALPHA-g measurements with different
gravitational scenarios, the observed annihilation distributions were com-
pared to trajectory simulations of antihydrogen atoms escaping from ALPHA-
g under different magnetic biases. As outlined in the previous section, the
extraction of a value of g relies directly on simulation, and so the accuracy
of these simulations is central to the experiment.

One crucial input to the simulations is a precise model of the magnetic
field in the ALPHA-g trap region. The field model was constructed to match
measurements as closely as possible. It is divided into independent models
of the magnetic field produced by each magnet: the main external solenoid,
and each individual octupole and mirror coil.

The external solenoid field model was initially computed based on the
design geometry, and updated to reflect measurements taken with an NMR
probe. This field was then perturbed by the insertion of the inner cryostat
and internal magnets. The resulting modified field was measured on-axis
using ECR (Section 9.1.2), and the field model updated to reflect these in-
situ measurements.

The magnetic fields of the octupole and mirror coils were calculated based
on the winding geometry measured during construction. These field models
were also fine-tuned to match both ECR and magnetron-metry. To reproduce
the time evolution of the magnetic fields during magnet ramps, the current
histories measured using DCCTs were applied in the simulation. The com-
bined field model matched all ECR and magnetron-metry measurements,
both offline and those taken during the measurement procedure, to within
2× 10−5T, and to within 1× 10−6T in the region under the mirror coils.

The total magnetic field was precomputed and stored in a grid with
0.5mm spacing, which was then interpolated during the simulation. To
model the antihydrogen accumulation cycles, atoms were initialized in a
cylinder near the bottom of the trap and allowed to evolve for a random du-
ration between 0 and 4 h. The time evolution followed a stepping algorithm
with step sizes of 1 µs or 3mm, whichever was smaller. The atoms were
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Figure 9.7: Escape curves generated using antiatom trajectory simulations.
Each line corresponds to a different assumed value for the antihydrogen
gravitational acceleration g, and each data point represents a simulation
with a different magnetic bias applied during the mirror coil ramp down.
Figure from [1].

initialized with a 50K thermal energy distribution and a principal quantum
number of 30, then allowed to radiatively cascade to the ground state. After
this process, 6726 antihydrogen atoms remained trapped.

These surviving atoms were then used as initial conditions for every mir-
ror coil rampdown simulation. Their trajectories were evolved using the
stepping algorithm and time-dependent field models described above, and
their annihilation positions and times were recorded. This process was re-
peated for each of the 11 applied magnetic biases and for a range of assumed
values of g. The resulting escape curves are shown in Figure 9.7.

9.3 Measurement uncertainties and systematics

To contextualize my contributions within the broader ALPHA-g measure-
ment program, it is important to discuss the sources of uncertainty and
systematic effects in the gravity paper. There are three types of uncertainty
quoted:

• Magnetic bias uncertainty: the uncertainty in the magnetic field
applied to the antihydrogen atoms during the mirror coil rampdown,
which affects the x-axis values of the escape curve.
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• Statistical uncertainty: the uncertainty in the measured probability
of downward annihilation at each magnetic bias, reflected in the y-axis
error bars of the escape curve.

• Simulation uncertainty: the uncertainty arising from the modelling
of antihydrogen trajectories and magnetic fields used to generate the
simulated escape curves.

These three components contribute respectively to the horizontal, verti-
cal, and model-based uncertainties shown in Figure 9.5. Each is propagated
into the final quoted uncertainty on the gravitational acceleration g.

9.3.1 Magnetic bias uncertainties

For each trial, the currents in mirror coil A and G were ramped down in
a way intended to maintain a constant magnetic bias between the two, as
described in Section 9.1.1. However, the actual magnetic bias experienced
by the antihydrogen atoms may have deviated from the nominal value. Un-
certainties reflecting how well the true magnetic bias is known define the
horizontal error bars in Figure 9.5.

The dominant contribution arises from the precision with which the mag-
netic field difference between the two mirror coils can be measured using the
ECR technique. As shown in Figure 9.2, the cyclotron frequency resonance
has a finite width. The standard deviation of a Gaussian fit to each spectrum
defines the ECR spectrum width uncertainty, which was found to be
0.07g across all measurements.

A second contribution arises from trial-to-trial variability in the ECR
measurements of the magnetic bias. The standard deviation of the measured
bias values defines the repeatability uncertainty, with a value of 0.014g.

Due to the influence of background field gradients, the maxima of the
magnetic field do not lie directly under the geometric centres of the mir-
ror coils. The peak positions were determined in each configuration via a
quadratic fit to ECR measurements at different axial positions. The uncer-
tainty in this fit contributes a peak field fit uncertainty of 0.009g.

Another contribution stems from persistent currents in the superconduct-
ing mirror coils, which create residual magnetic fields that decay slowly after
the rampdown ends. Because there is a delay of approximately 96 s between
the end of the mirror rampdown and the second ECR measurement, the
measured magnetic field does not exactly match the field during the ram-
pdown. Offline ECR measurements showed a decay of 6 × 10−5T over the
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96 s following the rampdown, with a decay rate difference between the two
mirror coils leading to a field decay asymmetry uncertainty of 0.02g.

The magnetic bias is not constant during the mirror rampdown. Using
the field model described in Section 9.2.3, the magnetic bias felt by each
antihydrogen atom is calculated based on its annihilation time. The mean
of these values defines the x-axis position of each data point in Figure 9.5,
and the standard deviation defines a bias variation uncertainty of 0.02g
across all measurements.

This bias determination for each antiatom depends on the accuracy of
the magnetic field model, particularly for determining the bias off-axis. The
level of agreement between ECR/magnetron-metry measurements and the
field model defines a field modelling uncertainty, estimated at 0.05g.

9.3.2 Annihilation counting uncertainties

The second major type of uncertainty arises when determining the probabil-
ity that antihydrogen atoms annihilate in the up or down detector region at
each magnetic bias. This defines the vertical error bars in Figure 9.5.

There are two main contributions to this uncertainty. The first uncer-
tainty is statistical uncertainty in the main measurement dataset, with only
around 200 annihilation events for each magnetic bias value. This statistical
finite data size uncertainty is estimated at 0.06g across all measurements.

The second contribution is from uncertainty on the detector efficiency
asymmetry, the difference in annihilation detection efficiency between the
up and down regions. This is calculated using the ±10g calibration dataset,
where the applied biases are large enough to force all antihydrogen atoms
to one of the two regions. However, less than 200 rampdown annihilations
were detected for each calibration bias, leading to a statistical detector
efficiency calibration uncertainty estimated at 0.12g.

9.3.3 Simulation uncertainties

While the mirror rampdown measurements agreed well with simulation, there
were discrepancies between measurement and simulation in other time peri-
ods. In the measurement, fewer atoms survived the mirror coil rampdown,
more atoms escaped during the post-rampdown waiting/ECR period, and
fewer atoms were released in the final short octupole rampdown.

The trajectory simulations were repeated with a series of systematic per-
turbations. Some of these perturbations were able to explain the differences
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between measurement and simulation. The largest changes in the resulting
Pdn values were used to define the simulation error band in Figure 9.5.

The change to the fraction of antiatoms surviving the mirror coil ramp-
down was found to be consistent with different initial antihydrogen energy
distributions between simulation and experiment. Modifying the initial an-
tihydrogen energy distribution in simulation was found to produce an anti-
hydrogen initial energy distribution uncertainty of 0.03g.

Field model perturbations compatible with ECR and magnetron-metry
measurements were explored. These include dipole, quadrupole, sextupole,
and octupole perturbations with zero on-axis component applied to the bot-
tom half of the trap field model, as well as misalignment of the axes of the
mirror coils, octupole magnets, and external solenoids. These produced the
dominant uncertainty of the measurement, a magnetic field modelling
uncertainty of 0.16g.

Other simulation perturbations included adding an artificial mechanism
for mixing the parallel and transverse energy of the antihydrogen atoms,
which was consistent with the increased annihilation count in the post-
rampdown waiting period. A final change investigated was the addition
of physical vibrations of the magnets. These did not produce a significant
effect on the escape curve.

9.3.4 Summary of experimental uncertainties

A summary of the experimental uncertainties considered in the gravity paper
is presented in Table 9.3. It should be noted that most of these uncertainties,
including the dominant uncertainty, reflect our limited understanding of the
magnetic field during the mirror coil rampdown. These will be significantly
reduced in future measurements using the precision region of the ALPHA-g
trap, which was designed to reduce the magnitude and possible asymmetries
of the magnetic fields involved. The other main uncertainties stem from
limited annihilation statistics, especially in the calibration dataset. These
are already being mitigated by improvements in the antihydrogen trapping
rate in ALPHA-g.

9.4 Future measurements and the impact of this
work

Although only partially completed at the time of its publication, the work
described in Chapters 5-8 has had a substantial impact on the gravity paper.
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Table 9.3: Summary of uncertainties affecting the measurement of g in the
gravity paper. Adapted from [1].

Uncertainty Value (units of g)
Uncertainties in bias determination
ECR spectrum width uncertainty 0.07
Field modelling uncertainty 0.05
Field decay asymmetry uncertainty 0.02
Bias variation uncertainty 0.02
Repeatability uncertainty 0.014
Peak field fit uncertainty 0.009
Annihilation counting uncertainties
Detector efficiency calibration uncertainty 0.12
Finite data size uncertainty 0.06
Simulation uncertainties
Magnetic field modelling uncertainty 0.16
Initial energy distribution uncertainty 0.03

This is evidenced by the list of dominant uncertainties in the previous section,
which notably excludes any contributions due to misidentification of the
annihilation region or contamination from the cosmic ray background, issues
which were mitigated through these improvements. The full implementation
of the improved tracking algorithms and TOF-based background rejection
was completed for the 2024 data taking run, leading to improvements in
multiple metrics.

A significant impact of this work will be on upcoming future precision
measurements using the complete ALPHA-g apparatus. This section will
discuss future directions for ALPHA-g as the experiment progresses towards
a more precise determination of g, and highlight the role played by the im-
proved tracking and background rejection. Following the medium-term plan
to use the precision trap region of ALPHA-g, there are some more speculative
alternative approaches which are directly enabled by these improvements to
the background rate and position resolution.

Section 9.4.1 will discuss and attempt to quantify the impact of this work
on the published gravity paper. Section 9.4.2 will outline ongoing and short-
term improvements using only the ALPHA-g bottom trap. Section 9.4.3
will discuss medium-term measurements which will be taken using the full
ALPHA-g trap. Finally, Section 9.4.4 will outline potential alternative ap-
proaches, and the future of antihydrogen gravity measurements.
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9.4.1 Impact on the gravity paper

My work contributed to the gravity paper in two key ways: improvement of
the annihilation vertex finding algorithm, and development of background
rejection techniques using the BSC.

As discussed in Section 5.4, the annihilation z position resolution for
the more poorly-constrained vertices (the larger of two values) was orig-
inally 14.6 cm. Given the 25.6 cm distance between the mirror coil cen-
tres, this resolution was insufficient to reliably distinguish between up and
down annihilations, and would have necessitated a careful treatment of ver-
tex misidentification as a systematic uncertainty. After the introduction of
my iterative track finding routine and subsequent refinements, the resolu-
tion was improved to around 3 cm for the more poorly-constrained vertices.
This greatly reduced the number of misidentified vertices, such that vertex
misidentification was no longer a significant source of uncertainty.

In addition, my work on the BSC was crucial for background rejection
in the gravity paper. While the BDT background rejection algorithm was
being developed, an online cut based on the number of bar hit clusters served
as the primary tool for background suppression. Given the trapping rate
of less than 2 antihydrogen per 4-minute accumulation cycle, this online
cut was instrumental for antihydrogen trapping optimization, which requires
accurately measuring the number of trapped antiatoms as the accumulation
sequences are incrementally adjusted.

Furthermore, BSC variables were crucial in the machine learning back-
ground rejection algorithm used in the gravity paper. Without the BSC, the
background rejection performance would have been significantly worse. Al-
though a background rejection BDT was never trained using only the TPC
(i.e. without the BSC), we can attempt to estimate the performance of such
a classifier. As the online BSC cluster cut reduced the background rate by a
factor of 10 (shown in Section 8.5), it is reasonable to estimate that a clas-
sifier trained without the BSC would have a similarly worse performance,
yielding a background rate of around 2Hz instead of the 0.19Hz achieved in
the final analysis.

Impact estimate via simulation

To evaluate the quantitative impact of the improvements introduced in this
work, a toy model simulation was developed to reproduce the annihilation
detection process. Annihilation positions were sampled from Gaussian dis-
tributions based on the ±10g data. These positions were convoluted with
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Figure 9.8: 200 simulated up annihilations and 200 simulated down annihila-
tions, under different detector performance assumptions. Top: Gravity paper
performance of σinner = 1.06 cm, σouter = 3.02 cm, λbkg = 0.19Hz. Bot-
tom: Hypothetical worse performance of σinner = 2.80 cm, σouter = 14.58 cm,
λbkg = 2Hz.

a double-Gaussian detector resolution function using the σinner and σouter
parameters from Figure 5.16. Cosmic ray background events, uniformly dis-
tributed in z, were added based on a Poisson distribution with the measured
average background rate. The annihilation z distributions of a typical sim-
ulation are shown in Figure 9.8, comparing the analysis used in the gravity
paper with a hypothetical analysis lacking the vertex resolution and back-
ground rate improvements developed in this work.

Two key effects arise from the degraded detector performance. Firstly,
the fraction of events reconstructed in the correct annihilation region de-
creases from ∼ 99% to ∼ 71%, reducing measurement statistics. Secondly,
the fraction of events reconstructed in the wrong annihilation region increases
from ∼ 0% to ∼ 9.5%, leading to cross-contamination.

A true Pdown value was assumed as an input for each simulation. Roughly
200 events were simulated per trial: the number of events simulated in the
down and up regions were drawn from Poisson distributions with λ = 200 ·
Pdown and λ = 200·(1−Pdown) respectively. The z position of each event was
sampled from the corresponding Gaussian, and convoluted with the detector
performance. After each trial, the events in the up and down regions were
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Figure 9.9: The Pdown measured from simulated data, as a function of the
simulation input Pdown values. (Left:) With perfect detector resolution and
zero background. (Centre:) With the detector resolution of 1.06 cm inner
Gaussian and 3.02 cm outer Gaussian, and background rate 0.19Hz, used in
the gravity paper. (Right:) With the detector resolution of 2.80 cm inner
Gaussian and 14.58 cm outer Gaussian, and background rate 2Hz, in the
absence of this work.

counted, and a measured Pdown = ndown/(nup + ndown) was computed.
To quantify the purely statistical uncertainty, for each input Pdown =

[0, 0.1, ..., 0.9, 1], 5000 trials were performed with no cosmic ray background
background and perfect detector resolution. The mean and standard de-
viation of the measured Pdown values are shown in the left panel of Fig-
ure 9.9. The largest standard deviation is taken as the purely statistical
uncertainty u[Pdown] (stat.) = 0.035, corresponding to the statistical uncer-
tainty u[g] = 0.06g quoted in Section 9.3.2.

To include the impact of the finite detector resolution and the cosmic ray
background rate into this uncertainty, these simulations were repeated with
the resolution and background rate values from the gravity paper (Figure 9.9
centre), and with the hypothetical worse detector performance without my
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Input parameters Simulation results
σinner σinner Bkg. u[Pdown] u[Pdown] u[Pdown] u[g]
[cm] [cm] [Hz] (stat.) (stat. & mis.) (mis.) (mis.)

0 0 0 0.035 0.035 0 0
1.06 3.02 0.19 0.035 0.036 0.006 0.01g
1.06 3.02 2.0 0.035 0.038 0.019 0.03g
2.80 14.58 0.19 0.035 0.039 0.016 0.03g
2.80 14.58 2.0 0.035 0.042 0.024 0.04g

Table 9.4: Uncertainty values derived from toy model simulation, for the ver-
tex resolution and background rate values from before and after this work.
(stat.) indicates Poisson statistical uncertainty, while (mis.) indicates un-
certainty from misidentifying the annihilation region. u[g] is calculated from
u[Pdown] by a scaling factor.

improvements (Figure 9.9 right). The largest standard deviations are given
as the u[Pdown] (stat. & mis.) values in Table 9.4, which summarizes the
results of these simulations.

To examine the uncertainty due purely to annihilation region misclassi-
fication, i.e. not including the statistical uncertainty, these simulations were
repeated where the number of events in the bottom and top regions were
fixed exactly to Nbot = 200 · Pdown and Ntop = 200 · (1 − Pdown) instead of
being drawn from a Poisson distribution. The results from these simulations
are reported as the u[Pdown] (mis.) values in Table 9.4.

We can conclude that the uncertainty on Pdown was marginally improved
by this work, which prevented an uncertainty on the measured gravitational
acceleration of around u[g] = 0.04g. It is worth noting that this toy simula-
tion did not include any correction for the detector efficiency asymmetry in
the two regions. As we have seen in Section 9.3.2, the uncertainty based on
the measurement of the detector efficiency asymmetry using the the ±10g
calibration samples is dominant over the purely statistical uncertainty. De-
graded detector performance would also have a large impact on our ability
to measure the detector efficiency asymmetry, leading to a further increase
in uncertainty not quantified here.

9.4.2 Repeated measurements in the same apparatus

There are at least four short-term avenues of improvement available using the
trap apparatus which was used in the gravity paper, the ALPHA-g bottom
trap. Proof of principle demonstrations for three of these were performed
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Figure 9.10: Preliminary results from the 2024 data-taking run, showing im-
proved trapping rate only (orange), slower rampdown (green), and adiabatic
cooling (red), compared to gravity paper data (blue).

during the 2024 data-taking run: improved antihydrogen production using
Be+, slower mirror coil rampdown speed, and adiabatic expansion. Prelimi-
nary results from these methods are shown in Figure 9.10. All new results are
compatible with the gravity paper results. The adiabatic expansion yields
a slightly steeper escape curve, which corresponds to improved precision in
the determination of g. The fourth avenue of improvement, laser cooling
of the antihydrogen atoms, will be attempted in the current or upcoming
experimental campaigns.

Improved production rate

As described briefly in Section 3.5.2, a positron plasma cooling method us-
ing laser-cooled beryllium ions was developed and implemented after the
2022 measurement. The reduced positron temperatures leads directly to a
colder initial temperature distribution for the produced antihydrogen. Con-
sequently, a higher fraction of the antihydrogen atoms have kinetic energies
below the trap depth, significantly improving trapping rates from < 2 per
cycle to ∼ 20 per cycle in the 2024 data taking run.

This has multiple advantages. Firstly, experiments can be conducted
more rapidly, reducing susceptibility to long-timescale systematic drifts. Sec-
ondly, this enhances the signal-to-background ratio by allowing the exper-
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iment to be performed only once per bias. Thirdly, increased annihilation
counts per trial reduces statistical uncertainties, which is especially relevant
for the detector calibration dataset. Finally, a shorter experiment time al-
lows for a higher number of systematic checks to be performed, such as to
validate various aspects of the antihydrogen trajectory simulation.

Mirror rampdown speed

During the mirror coil rampdown, when the confining potential of a mirror
coil is lowered below the kinetic energy of an antihydrogen atom, it does not
instantaneously escape the trap. It continues on its trajectory, and escapes
only if it encounters the magnetic field minimum under the mirror coil. This
is highly likely given enough time to explore the phase space. However, if the
potential of the second mirror coil drops below the antiatom’s kinetic energy
before it has a chance to escape through the first, the atom may escape in
either direction. This weakens the correlation between escape direction and
gravitational bias.

To mitigate this effect and improve directional sensitivity, a slower mirror
coil rampdown can be employed. Increasing the ramdpown duration from
the 20 s used in the gravity paper improves the likelihood that the antiatom
escapes in the preferential direction, leading to a steeper escape curve.

This technique is only feasible as a result of the lower background rates
provided by the BSC TOF analysis. Taking advantage of this, a 600 s ramp-
down was attempted in 2024. However, this technique did not immediately
yield a noticeably steeper escape curve. Further trajectory simulations and
systematic investigations will be important to understand the level of im-
provement expected from this change.

Adiabatic expansion cooling

The temperature of the trapped antihydrogen plays a large role in the gravity
experiment. Colder antiatoms have reduced thermal motion, allowing their
trajectories to be more strongly influenced by gravity and applied magnetic
bias, steepening the escape curve.

There is no intrinsic cooling mechanism for trapped antihydrogen. The
implementation of adiabatic cooling (described in Section 3.5.4) provides a
mechanism to reduce the temperature of the antihydrogen atoms. Prac-
tically, however, there are losses in the adiabatic expansion process, and
so decreasing the antihydrogen temperature comes at the cost of reduced
statistics. Adiabatic cooling has been demonstrated in ALPHA-2 [121], and
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in 2024, it was first demonstrated in ALPHA-g, producing a marginally
steeper escape curve.

Laser cooling

Laser cooling (see Section 3.5.4) is another promising approach to reduce the
kinetic energy of trapped antihydrogen, and has been successfully utilized
in the ALPHA-2 apparatus. There, laser cooling was typically applied over
several hours. The time-of-flight (between a laser pulse and annihilation)
during spectroscopy experiments provides a method to estimate the anti-
hydrogen temperature, indicating a temperature of less than 35mK [160].
When combined with adiabatic expansion, significantly lower temperatures
can be achieved. Preliminary attempts to combine these strategies have been
made in ALPHA-2.

Efforts are currently underway to implement laser cooling in the ALPHA-
g apparatus. The combination of laser cooling and adiabatic cooling promises
to provide much cooler antihydrogen for the gravity experiment, improving
the steepness of the escape curve and the precision of future determinations
of g.

Laser cooling offers a further benefit to the gravity experiment, beyond
a steeper escape curve. The cooling laser in ALPHA-g decreases the average
axial velocity of the antihydrogen atoms; however, the axial and transverse
kinetic energy mix over time, and so this also leads to a decrease in the
transverse temperatures. As a result, the antiatoms will be more radially
confined and stay closer to the central trap axis, which is the deepest part of
the trapping potential. This is beneficial since the magnetic fields are better
understood closer to the trap axis: fringe effects due to the magnet wind-
ings are minimized, and the field can be better measured using ECR. With
antihydrogen trajectories more constrained to the centre of the trap, the tra-
jectory simulations will be more accurate and present smaller uncertainties.
The magnetic bias felt by each antiatom as it exits the trap will also be
better known, since only the on-axis magnetic bias is measured throughout
the rampdown.

9.4.3 Measurements using the precision trap region

While the gravity paper measurements were performed using only the bot-
tom trap, the most precise measurements will be performed using the full
ALPHA-g apparatus. As discussed in Section 3.4.6, the ALPHA-g trapping
system is divided into three sections: the top, bottom, and precision mag-
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netic traps. The bottom and top traps are reflected copies of each other,
with stronger radial confinement provided by short octupole magnets. The
central precision trap has a lower octupole field from only the long octupole
magnet, leading to smaller magnetic field uncertainties. Furthermore, the
magnet layout is symmetrical around the centre of the precision trap, mini-
mizing systematic uncertainties of the magnetic field.

To enable measurements in the precision trap, a method of transferring
antihydrogen atoms between traps must be developed. This will involve
slow manipulations of multiple mirror coil currents in order to adiabatically
translate the magnetic trapping potential, using a procedure which must be
developed.

The improved background rejection and vertex resolution resulting from
this work could play a crucial role in the development of this transport
technique. Given the antihydrogen trapping rate of around 20 antiatoms per
4-minute cycle, identifying antihydrogen losses requires sensitivity to single
annihilations. Furthermore, the improved vertex reconstruction will be very
helpful to localize any antihydrogen losses, helping to optimize the transport
procedure.

A laser- and adiabatically-cooled antihydrogen atom with 1mK of kinetic
energy travels at approximately 4m/s, corresponding to an axial bounce time
of 100ms in a 25 cm trap. To avoid unintentional heating or antiatom loss,
the mirror coil current adjustments must be slow relative to this timescale.
Consequently, this transport process will take several seconds. The improved
background rejection developed in this dissertation will be essential for diag-
nosing losses during antihydrogen transfer, by allowing the transport process
to be improved using only the trapped atoms from a single accumulation cy-
cle.

9.4.4 Alternative measurement schemes

All of the improvements discussed thus far retain the same core measurement
principle: antihydrogen is confined in a magnetic trap, and the trapping
potentials are slowly lowered, allowing the antiatoms to escape under the
influence of gravitational and magnetic biases. This rampdown method has
proven effective, and will remain the core ALPHA-g measurement principle
in the medium-term. However, alternate techniques do exist, each with
distinct advantages and systematic uncertainties.

After the rampdown technique has been implemented in the precision
trap region, the ALPHA collaboration will explore these alternative measure-
ments schemes. Independent confirmation of the gravitational acceleration

183



9.4. Future measurements and the impact of this work

g using a different technique will be critical for validating and establishing
the robustness of the ALPHA-g results. This will be particularly important
to the broader community in the event that the other antimatter gravity
experiments at CERN (i.e. GBAR and AEGIS) have not published results.

Even if many underlying components in ALPHA-g are the same, using a
new technique will inevitably lead to a different set of systematic measure-
ment uncertainties. A successful cross-check using an alternative method
would lend strong credibility to the ALPHA-g results. For this reason, it
is important to consider other measurement schemes which could be imple-
mented using the ALPHA-g apparatus.

This section will discuss some alternative and speculative possible mea-
surement schemes. These are preliminary ideas, and their realization will
require further considerations and developments, but they are presented here
to stimulate the discussion of these approaches. Many of these techniques
are directly enabled by my work on the vertex reconstruction and back-
ground rejection, and this section will highlight the importance of my work
to each potential measurement. It concludes with a discussion of the future
of antihydrogen gravity research.

Smaller trapping regions

The improved vertex resolution may allow a class of measurements where
the separation between the up and down regions is smaller. Recall from
Section 3.4.6 that both the ALPHA-g bottom and top traps are constructed
with many independent mirror coils. An escape-curve-type measurement
could be performed using antihydrogen trapped between any two mirror
coils, for example between mirrors A and B; the distance between these
mirror coils is much smaller than the distance between mirrors A and G. As
such, the vertex position resolution improvements presented here would be
crucial for such a measurement.

These measurements could be used to test some of the systematics of the
main measurement. The results from escape curves generated from many
small regions within the ALPHA-g trap could be compared to antihydrogen
trajectory simulations. This could serve as a cross-check to validate the
magnetic field models used in the simulation, independently studying the
fields in each small region.

184



9.4. Future measurements and the impact of this work

Magnetic heating

An alternative method for constructing an escape curve involves inducing
antihydrogen loss not by lowering the confining potentials, but by heating
the antihydrogen atoms until they have sufficient energy to escape. This
method offers one significant advantage: the axially confining mirror coil
fields remain static throughout the experiment. As a result, the magnetic
bias between the top and bottom mirror coils remains fixed, and is much eas-
ier to characterize using ECR and other techniques. The would significantly
reduce the uncertainty arising from knowledge of the magnetic bias.

A possible method to heat the antihydrogen atoms out of the trap is
stochastic heating. By applying an oscillatory time-varying magnetic field
using the internal mirror coils, the antihydrogen atoms experience random
magnetic kicks, each imparting a small amount of momentum. The combined
effect of many such kicks is to raise the antihydrogen kinetic energy; after
sufficient heating time, the antiatoms will escape the confining well. The
kinetic energy imparted by a single interaction must be significantly lower
than the trap depth, and so such a measurement would take hundreds of
seconds, if not hours. Without the improvements in background rejection
described in this work, such a measurement would not be feasible.

Laser heating

Another possible method of inducing antihydrogen escape is laser heating.
By tuning the cooling laser frequency slightly above the 1S − 2P resonance,
atoms moving away from the laser source are preferentially excited, trans-
ferring momentum and increasing the kinetic energy by around 1.3mK per
photon [160]. If laser excitations occur too rapidly, the resulting momentum
kick can introduce a directional bias and potentially interfere with the grav-
ity measurement. To mitigate this, excitation rate must be slow compared to
the axial bounce frequency; there are also practical laser power constraints
which limit this excitation rate.

Consequently, the laser heating must proceed gradually over multiple
hours, similar to the laser cooling process demonstrated in ALPHA-2. This
means that the BSC TOF-based background rejection would be crucial to
any laser heating measurement. For example, the 0.01Hz background rate
illustrated in Section 8.5 would yield around 100 background counts over a 3
hour measurement. This would be acceptable given the current antihydrogen
accumulation rate of ∼ 1500 antiatoms over a 4 hour accumulation period.
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TOF-based techniques

The TPC has inherently poor time resolution, as it relies on electron drift
times on the order of microseconds. By contrast, building upon the calibra-
tion work presented here, it is possible to use the BSC to obtain annihilation
times accurate to within a nanosecond.

This precise event time could be used directly in a determination of g. A
TOF-based method is proposed by the GBAR experiment [161], where H̄+

ions are created and held in a Penning-Malmberg trap, and then ionized using
a pulsed laser. The time between the ionization and annihilation detection is
used in combination with the annihilation position to determine the degree
to which the antihydrogen atom was accelerated or decelerated by gravity.

A similar TOF-based measurement method is possible in ALPHA-g us-
ing existing apparatus and techniques. In ALPHA-2, the 1S-2P resonance
is driven to laser cool trapped antihydrogen atoms, as described in Sec-
tion 3.5.4. Antiatoms can be driven to the 2Pc hyperfine state, the relaxation
of which yields antiatoms in both high-field-seeking and low-field-seeking
states [116]. Those antiatoms in the high-field-seeking state are immediately
ejected as the direction of the confining magnetic force is reversed. The
1S-2P laser is pulsed, with a pulse length of 10 ns.

A possible TOF-based gravity measurement in ALPHA-g could begin
with antihydrogen collection in a small trapping region. The pulsed 1S-2P
laser is used to drive transitions to untrappable states, ejecting the antiatoms.
The time between the laser pulse and the annihilation is then measured using
the BSC.

In an axially symmetric trapping potential, the TOF of the antiatoms
would be equal in the up and down directions. However, under the ac-
celeration of gravity, the TOF of antiatoms escaping downwards would be
shortened, and the TOF of antiatoms escaping upwards would be increased.

For example, a laser-cooled antiatom with 50mK of axial energy would
have an axial speed of roughly 30m/s, taking 0.33ms to travel 1 cm. Gravity
alters this velocity by around 0.01% over 1 cm, leading to an annihilation time
difference of around 100 ns between antihydrogen annihilating 1 cm above
and 1 cm below the trapping region. This measurement is feasible using the
BSC detector for time measurement, and with the improved vertex position
resolution presented in this dissertation.
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Atomic fountains

Fundamentally, ALPHA-g is limited by the inhomogeneous magnetic field
required to trap antihydrogen. The ultimate precision which is expected to
be attainable using ALPHA-g is predicted to be around the 1% level. To
surpass this, future antihydrogen gravity experiments will require measure-
ments performed in a region free of large magnetic fields and field gradients.

The HAICU project is taking the first steps towards this next generation
of experiments, by constructing an atomic fountain compatible with both
hydrogen and antihydrogen. The apparatus uses a hydrogen source and
a Zeeman decelerator which supplies a normal-conducting Ioffe-Pritchard
quadrupole trap. In this trap, laser cooling will be applied in three dimen-
sions [162].

To measure gravity, antihydrogen atoms will be ejected vertically from
the trap, forming an atomic fountain. They will be interacted with while in
free fall using lasers to perform Raman interferometry [163]. In this tech-
nique, each atom is split into a quantum superposition of two momentum
states which follow spatially separated trajectories. These states are then
made to reconverge to the same position. Since each path is accelerated
differently by gravity, there will be a relative phase shift between the two
states, causing interference. The interference pattern can be used to ex-
tract the gravitational acceleration. This technique has already been used
to measure gravity in matter to a precision of 3×10−9g [164]. If successfully
applied to antihydrogen, it would improve upon the gravitational sensitivity
of ALPHA-g by several orders of magnitude.
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Conclusions

This dissertation presents the first results from the ALPHA-g experiment,
which constrain the acceleration of antihydrogen atoms due to the Earth’s
gravity. Published in [1], this is the result of work by the entire ALPHA
collaboration. My personal contributions outlined here are centred on the
commissioning of the antihydrogen detectors, and development of the de-
tector data reconstruction algorithms. I was able to dramatically improve
the annihilation position resolution, as well as implement time-of-flight mea-
surements using a newly commissioned scintillator detector, improving the
background rate by over an order of magnitude. These improvements mit-
igated uncertainties in the published result, and will directly enable new
techniques in the future.

The measurement presented in this dissertation represents the culmina-
tion of a decades-long effort to investigate the effect of gravity on antimatter,
a project first undertaken by Witteborn and Fairbank in the 1960s [26, 28].
It is the first direct confirmation of Einstein’s weak equivalence principle for
antimatter, supporting the long-predicted gravitational equivalence between
matter and antimatter. This result constrains many speculative theoretical
and cosmological models, and has already impacted the antimatter gravity
community [165, 166].

In the ALPHA-g experiment, antiprotons are supplied by CERN’s ELENA
decelerator to a Penning-Malmberg catching trap, where they are prepared
and subsequently transferred to the ALPHA-g apparatus. Simultaneously,
positrons from a 22Na source are accumulated, trapped, and also transferred
to ALPHA-g. The two particle species are combined to form antihydrogen,
some of which is trapped in an Ioffe-Pritchard magnetic trap.

To measure gravity, the vertical confining magnetic potentials are grad-
ually lowered, allowing antiatoms to escape out of either the top or bottom
of the trap. The subsequent annihilations are detected, and the ratio of
counts in the two regions is plotted as a function of an applied magnetic
bias. By comparing the results to antihydrogen trajectory simulations, the
gravitational acceleration of antihydrogen was found [1] to be:
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g/g = (0.75± 0.13 (statistical+systematic) ± 0.16 (simulation)) (10.0.1)

where g ≈ 9.81m/s2 is the gravitational acceleration of matter at the Earth’s
surface.

This measurement depends upon detection of the annihilations, with pre-
cise determination of the annihilation positions. This was achieved using a
time projection chamber (TPC) detector. The first of my individual contri-
butions was a significant improvement to the track reconstruction and vertex
finding algorithms, described in Chapter 5. The track finding algorithm was
rewritten to be much more exhaustive, accurately finding different types of
tracks which previously avoided reconstruction. The track fitting and ver-
tex fitting functions were then rewritten to properly accommodate the more
complete set of tracks. This lead to a vertex reconstruction algorithm which
reflects the underlying charged particles much more accurately. This ulti-
mately improved the vertex position outer resolution from approximately
15 cm to 3 cm, effectively eliminating annihilation position misidentification
uncertainty as a significant uncertainty in the overall measurement.

Cosmic rays represent a substantial background in the TPC, and TPC
data alone was insufficient for accurate background rejection. To address
this, a barrel scintillator (BSC) detector was incorporated in ALPHA-g, ca-
pable of identifying cosmic rays based on their time-of-flight. The second
of my individual contributions was the commissioning of the BSC detector,
and the development of the low-level BSC event reconstruction described in
Chapter 6. For the published gravity measurement, I used BSC hit informa-
tion to reduce the cosmic ray background rate to an acceptable level.

This work also included an extensive time-of-flight calibration effort, de-
scribed in Chapter 7, and the integration of BSC information into a machine-
learning-based background rejection algorithm described in Chapter 8. The
successful measurement of particle time-of-flight using the BSC has further
improved the background rate, reducing the 58Hz cosmic ray trigger rate
to a false vertex rate of 10mHz. The combination of the improvements to
the vertex position resolution and to the cosmic ray background rate was
estimated to have prevented an uncertainty on the measured gravitational
acceleration of around u[g] = 0.04g. Beyond these main contributions, I
made a number of smaller contributions also described here, such as de-
veloping the ALPHA-g event display used to visualize detector data and
understand events.

Looking forward, there are several short- and medium-term improve-
ments to the ALPHA-g method which could enable a measurement of g with
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precision at the 1% level. With the improved detector performance presented
here, such a measurement would feature a slow release of a large number of
laser- and adiabatically-cooled antihydrogen atoms from the ALPHA-g pre-
cision trap. These experimental efforts will be complemented by trajectory
simulations using a precise field model consistent with an extensive magnetic
field measurement campaign.

Beyond the 1% measurement, this work paves the way for alternative
measurement strategies in ALPHA-g. The improved detector background
rate unlocks a new category of experiments with a duration of hours, such
as slowly heating antihydrogen atoms out of a fixed magnetic trap. While
these techniques may not significantly outperform the current method in
precision, they offer valuable complementary measurements with a different
set of systematic uncertainties.

Alongside the detector-focused contributions presented here, I was heav-
ily involved in other aspects of the experiment while on shift at CERN, such
as the optimization of antihydrogen production, cryogen management, design
of auxiliary systems, and many other tasks essential to the functioning of the
ALPHA-g experiment. I also participated in development, data-taking, and
analysis for a number of other experiments in the ALPHA-2 apparatus. I
have learned from experts across the wide range of disciplines involved in the
ALPHA program, and have passed on my knowledge to the next generation
of students.

It has been a genuine pleasure to work in the ALPHA collaboration
and to directly contribute to our collective understanding of the relationship
between antimatter and gravity. While the ALPHA-g results were not sur-
prising from a theoretical perspective, they represent another key piece in
our understanding of the universe, direct experimental confirmation of a fun-
damental symmetry of nature, and another stone overturned in our search
for answers to some of the largest unanswered questions in physics.
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Appendix A

BSC electronics and DAQ
implementation

The hardware of the BSC detector is described in Section 4.3, and the central
components to the BSC data acquisition (DAQ) are outlined in Section 4.4.2.
However, a more detailed discussion of the BSC electronics and DAQ may
be useful here. This section will cover components not covered in the main
text, and outline some of the practical problems faced during this work. It
is intended as a reference for future work on the BSC, or for those who are
highly interested in the readout electronics. A diagram of the BSC electronics
and DAQ system is shown in Figure A.1.

Power distribution board

The ASD boards require low voltage power, requiring inputs of 5V, 3V, and
−5V. These are supplied by a low voltage power supply via a customized
power distribution board. This board is also nominally responsible for the
distribution of the 27V SiPM bias voltage from an external high voltage
power supply.

Due to a design or fabrication error, the power distribution boards are
not able to distribute this high voltage; instead, one wire is removed from
each connector and routed into two common connectors which are connected
to the high voltage power supply via a custom implementation. The seating
of these wires in the common connectors is not secure, and commonly leads
to ASD boards without bias voltage. This power distribution board will soon
be redesigned.

Rear transmission module

The signals from the 128 ASD boards are carried off the detector by ribbon
cables. To distribute these signals to the ADC and TDC, a custom rear
transmission module (RTM) was designed. Eight of these modules are used,
with each module receiving signals from four ASD boards, corresponding to
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Appendix A. BSC electronics and DAQ implementation

Figure A.1: A diagram of the detector electronics and DAQ system for the
BSC. Customized modules and circuit boards developed at TRIUMF are
shown in yellow, commercially available units in purple, and power supplies
in red.
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the top and bottom of eight bars. Each RTM passes the analog SiPM signals
to the ADC sitting opposite it in a Versa Module Eurocard (VME) crate. It
also passes the digital discriminated signals to the TDC via a twisted pair
ribbon cable.

One further feature of the RTM is to pass an electronic test pulse to each
ASD board, which is injected directly after the first preamplification stage
of the SiPM signal. The test pulse is supplied to each RTM via lemo cable
from a digital-to-analog converter (DAC) on an ADC module. The RTM
also includes a set of switches to enable or disable this test pulse for each
ASD board.

There were numerous problems observed with this test pulse circuit. De-
spite each RTM being given identical input pulses, there was significant
variation in the test pulses observed in the ASD boards. Furthermore, leav-
ing the switches open during data-taking couples a large electronic noise into
the system. For these reasons, a test-pulse-based TOF calibration cannot be
used with the current RTMs12.

SiPM gain

One issue is that the gains of the SiPM arrays show variation between each
bar end, with some bar ends yielding consistently larger SiPM signals. In
particular, the signals are significantly larger on the bottom end of each bar.
This SiPM signal amplitude discrepancy is higher than can be explained
through factors such as temperature variation.

One working theory was that the physical seating of the BSC bars was
not robust. The force of gravity could have pushed the bar into the SiPMs
at the bottom, increasing the coupling of photons into the bottom SiPMs.
To address this, I performed a compression test using two prototype bars at
TRIUMF, with a replica of the DAQ system. The bars were clamped into
place and a metal plate pushed into one end of the bars by tightening a pair
of screws. Increasing the compression pushing the bars and SiPMs together
had no affect on the signal sizes observed by the ADC.

With this theory ruled out, the most likely cause now seems to be a
systematic drop in the bias voltage applied to the bottom SiPMs. The
redesign of the power distribution board could lead to individual bias voltages
being supplied to each SiPM array, which could help to ameliorate this issue.

12There are other reasons to want a redesign of the RTMs: poorly soldered ground pins
on the ribbon cable connectors often fall out, and the cable retention of the ribbon cables
is poor, frequently leading to ADC or TDC channels with no signal.
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Bias voltage selection

With the current external bias voltage supply, one common bias voltage must
be chosen for all SiPMs in the BSC. The maximum bias voltage recommended
by [133] is 30.7V, corresponding to 6V over the breakdown voltage. Initially,
a bias voltage of 30V was used: the larger the bias voltage, the larger the
SiPM signals, and so the more accurately the signal start time can be found.
When a bias voltage of 27V was tested, the performance of the bar hit
cluster background rejection was found to be similar, and so the lower 27V
bias voltage was used instead for the initial gravity measurement.

Once the TOF calibration was completed, the bias voltage was revisited.
Cosmic ray data was taken with 27V, 29V, and 30V bias voltage. The TOF
calibration algorithm was run using each dataset, and the data analyzed.
The results indicated minimal change to the TOF resolution between 27V
and 29V, but that increasing the bias voltage to 30V led to larger ADC
waveforms, more bar hits, but worse TOF resolution. For this reason, the
bias voltage was not changed from 27V.

This bias voltage selection could be revisited in future work. After adjust-
ing the bias voltage, many further parameters may have to be reoptimized,
such as the TDC thresholds. It is also possible that the TOF calibration
algorithm should be modified for better performance using data taken with
higher bias voltages.

TDC threshold selection

The digital signals sent to the TDC are produced by a comparator which
compares the SiPM signal to a reference threshold voltage. This thresh-
old voltage is produced by a digital-to-analog converter (DAC) on the ASD
board. The voltage is determined by a Raspberry Pi mounted on the power
distribution board, which can specify a unique threshold voltage for each bar
end.

To choose the value of the TDC threshold, a threshold scan is regularly
performed. The thresholds are decreased from 30mV to 0mV in steps, and 5
minutes of cosmic ray data is taken at each step. The TDC hit rate is plotted
against the threshold voltage for each channel. The hit rate increases steadily
as the threshold is lowered, before a dramatic increase once the threshold
reaches the electronic noise level. The threshold for each channel is then set
to the voltage immediately before this sharp increase in hit rate.

208



Appendix A. BSC electronics and DAQ implementation

Malfunctioning TDC channels

The digital signal output from the comparator is carried into one of 8 RTMs,
and then into the TDC by twisted pair ribbon cable. The TDC uses four
FPGAs to perform the time digitization, with 64 channels per FPGA. Each
FPGA has its own circuit board with four connector ports. The ribbon
cables from the eight RTMs are fed into eight of these connectors.

After the TOF calibrations were completed, it quickly became obvious
that some of the TDC channels had problems. Despite a successful fine
time calibration, 11 of the 128 TDC channels used had a curious 6-peaked
time structure when probed with the test pulser, and similar timing issues
in cosmic ray data. The timing variation on these channels was around 4 ns,
which made them unusable for TOF measurements.

To circumvent this issue, the signals from these 11 bar ends were rerouted
into different TDC channels. This was done by splitting the corresponding
wires from the twisted pair ribbon cable carrying the signal into the TDC,
and recombining them into a 9th connector, which was plugged into an
empty port on the TDC. This successfully recovered the time measurements
on these 11 bar ends, allowing them to be used for TOF measurements.
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BSC quality of data

To check the BSC detector quality of data during normal operation, a number
of plots are automatically generated during each run. These plots can be
monitored by detector experts, to ensure proper functioning of the BSC.
These plots have already proven useful for diagnosing both hardware and
software issues.

The set of plots is shown here in Figure B.1; the meaning and use of each
plot is described in Table B.1. This information is provided primarily as a
reference to those who will be working with the BSC in the future.

Table B.1: Descriptions of the quality of data plots shown in Figure B.1.

Row Col Description
1 1 Occupancy plots for the 128 bar ends. Shows ADC hits,

TDC hits, and matched ADC+TDC end hits. Used to
find bars with no signal, or too many signals, or failed
ADC+TDC matching.

1 2 Occupancy plots for the 64 bar ends. Shows all bar hit types,
complete bar hits, and bar hits matched to the TPC. Used
to validate bar end matching.

1 3 Number of end hits per event, including ADC hits, TDC
hits, and ADC+TDC matched.

1 4 Number of bar hits and bar hit clusters per event. Used to
validate hit clustering.

2 1 ADC hit amplitude, including raw amplitude and amplitude
from waveform fits. Used to validate waveform fitting.

2 2 ADC hit amplitude per channel. Used to monitor variation
in gain for each channel.

2 3 Fine time per channel. Used to ensure fine time is calculated
correctly for each channel: if some channels do not have a
uniform distribution from 0 ns to 5 ns, the fine time calibra-
tion of Section 6.2.2 should be repeated.

2 4 Time difference between matched ADC and TDC hits.
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Row Col Description
3 1 Bar hit z position from TDC time difference between bar

ends.
3 2 Difference between bar hit z position and matched TPC

track z position. Used to validate TPC matching and time
calibrations.

3 3 TOF between bars plotted against expected cosmic ray TOF.
3 4 Residual TOF (TOF − expected TOF) for each bar. Used

to validate TOF calibrations per bar.
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Figure B.1: The quality of data plots automatically generated during regular
operation of the BSC. Data is from cosmic rays, with BSC calibration.
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Appendix C

Pileup rejection

The maximum drift time of ionization electrons in the TPC is around 4 µs; if
a second charged particle crosses the TPC during this time, the two events
cannot be separated. This can be problematic for vertex reconstruction;
since the time projection step uses the first anode wire signal as the zero
time, electron drift times will be miscalculated for the second track.

The 325 ps time resolution of the BSC provides a convenient method
to address this. If the effective TOF between a pair of bar hits exceeds
200 ns, the later bar hit is flagged as being caused by pileup. Any TPC track
matched to this hit can be excluded from the vertex reconstruction. This
modification to the vertex reconstruction was tested, but is current disabled
as it did not yield significant improvements to any metric.

Currently, the main use of this pileup tagging is to exclude events con-
taining pileup from the machine learning training set (see Chapter 8). This
is crucial as pileup is prevalent in the high rate antihydrogen mixing data
which is used for training, but rare in the low rate annihilations typical of
gravity experiments.

The theoretical pileup rate can be estimated by modelling detector trig-
gers as a Poisson process. This makes the approximation that there is only
one underlying process; if both cosmic rays and annihilations are present in
the data, the cosmic rays are neglected. For a Poisson process, the time
between successive hits follows an exponential distribution. The theoretical
pileup rate can then be obtained integrating this probability density function
P (t) = λe−λt over the maximum drift time:

P (t < 4µs) =

∫ 4µs

0
λe−λtdt (C.0.1)

This relies upon knowledge of the average trigger rate λ. This value is
based on the measured detector trigger rate (using the trigger-level data sent
from the ADC to the trigger module, as described in Section 4.4.3). This
reported trigger rate is not limited by the readout rate of the TPC.

These theoretical pileup rates are compared to the pileup rates measured
using the BSC for different ALPHA-g data-taking modes in Table C.1. The
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Event Type Trigger Rate Theoretical Pileup Measured Pileup
Cosmic ray µ 78Hz 0.03% 0.338± 0.008%
H release 200Hz 0.08% 4.3± 0.1%
H mixing 44.3 kHz 16.2% 20.9± 0.5%

Table C.1: Comparison of theoretical and measured pileup probabilities for
different ALPHA-g data-taking modes.

measured and theoretical rates are roughly comparable, but inconsistent.
To investigate this, the event display was used to examine pileup events.

Many of these events included tracks of secondary particles in the TPC,
hinting towards other processes which could mimic pileup. For example, the
decay of a captured muon creates a secondary electron approximately 2.2µs
after the initial muon track. The time between successive bar hits in the
same readout window exhibited a distribution with a similar time constant,
consistent with the hypothesis that some of these secondary particles are
caused by muon capture.

Events including delayed-secondary-producing processes such as muon
capture are also tagged as pileup by the BSC. Since these processes affect
only a small fraction of events, and the magnitude of their effect is small,
further investigation and proper treatment of them is left for future work.
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BSC calibration algorithm
implementation

The calibration procedure described in Chapter 7 is implemented into a
standalone ROOT macro, which takes as input one or more ROOT files
produced by the alphasoft analysis of MIDAS data. This macro typically
takes 20 minutes to process 3 hours of cosmic ray data. The output of the
macro is a new calibration ROOT file, which contains:

• Individual time offsets δtop
i and δbot

i per bar end.

• Time walk correction parameters Btop
i and Bbot

i per bar end.

• Effective speed of photon propagation veff per bar.

• ADC thresholds per bar end (see Section 6.1).

• z0 and λ per bar end (see Section 6.5).

• Diagnostic plots to verify the success and quality of each stage of cali-
bration.

• The overall cosmic ray residual TOF distribution with these corrections
applied, with a double Gaussian fit (see Figure 6.10). This indicates
the TOF resolution achieved via the calibration.

The alphasoft event reconstruction will search for the most recent calibra-
tion ROOT file, with a run number at most 100 runs before the run number
being analyzed, to extract the calibration constants. It is also possible to
run the alphasoft reconstruction with a manually specified calibration file.

The online mode of alphasoft (described in Section 5.1) is used to provide
real-time diagnostics, and so it is essential that an up-to-date calibration file
is available. After each run, the BSC calibration macro is run automatically
using data from that run. If it does not meet the predefined threshold of
3 hours of cosmic ray data, it will include data from additional previous
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runs to reach this threshold. This automatic calibration procedure was used
successfully over the 2024 ALPHA-g data-taking period.

Two countermeasures are taken to prevent contamination of the calibra-
tion cosmic ray dataset by annihilations; these allow the calibration to be
performed even using runs where antiprotons or antihydrogen were present
in ALPHA-g. Firstly, only events with three or fewer clusters of bar hits are
used. This removes around 70% of annihilation events, while removing less
than 1% of cosmic ray events. The second method is to use our knowledge
of the antihydrogen production cycle to automatically exclude time windows
where antiprotons are present in ALPHA-g.

As well as being executed automatically after every run for live online
calibrations, the calibration macro described in this section is used for of-
fline, publication-quality data. An offline calibration pipeline was developed
which is compatible with CERN’s condor batch computing grid. It was de-
signed to be entirely decoupled from any ROOT files produced by the online
alphasoft reconstruction, allowing full reproducibility from the MIDAS data
files alone. This pipeline performs the BSC calibration and runs the alpha-
soft reconstruction with the resulting calibration file, following these steps
for each run:

1. Perform a lightweight analysis of the previous 20 runs to determine the
total time without antiprotons in ALPHA-g.

2. Starting with the given run, add runs in reverse chronological order
until a pre-defined total time without antiprotons is reached.

3. Analyze these runs with alphasoft to produce the ROOT output files.

4. Execute the BSC calibration macro on the produced ROOT output,
creating a calibration ROOT file.

5. Check the calibration file to ensure successful calibration, with a TOF
resolution better than 500 ps.

6. Run the alphasoft analysis again, using the new calibration file.

The most likely cause of calibration failure is if the calibration dataset
contains runs from before and after a TDC power cycle (see Section 7.1), i.e.
where the channel offsets shift partway through the calibration dataset. In
this case, the pipeline looks for a run shortly after which was also analyzed,
and for which the calibration was successful. This calibration file is used if
one is available; otherwise, the analysis is aborted.
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Figure D.1: Time-of-flight resolution dependence on the length of the dataset
used for BSC calibration. Based on 2023 data which does not reflect TOF
resolution improvements.

One major question is how much cosmic ray data is required for accurate
calibration. This is addressed in Figure D.1, using data from 2023 when
there were still some hardware issues limiting the TOF resolution. The
resolution appears to flatten out with around 3 hours of calibration data,
and so the threshold was set to use at least three hours of data for the 2024
run. Figure D.1 should be regenerated using 2024 data to update the data
requirements.

A further area of investigation is the stability of the calibration constants
over time. While they are known to change after a TDC power cycle, if they
are otherwise stable, a single calibration file per inter-power-cycle period
could be used for offline analysis.
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