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Abstract

We have laser-cooled beryllium ions in a Penning-Malmberg trap dedicated for antihydro-
gen formation. This trap is combined with a magnetic minimum trap to confine antihydrogen.
This can be used to assist in the studies of antihydrogen in two distinct ways. The first appli-
cation of the cold Be* is to sympathetically cool positrons, which are used for antihydrogen
formation. With this assistance we expect to produce colder antihydrogen and ultimately
enhance the trapping rates of antihydrogen inside a magnetic trap by at least an order of
magnitude. This would greatly improve measurements of antihydrogen properties allowing
for increased precision. Cold Be™ could also be used for in-situ measurements of magnetic
fields in our antihydrogen traps. The method proposed in this work is to measure an elec-
tron spin-flip transition frequency in the ground state of Be™, which is highly sensitive to
the external magnetic field strength. The electron spin-flip transition could be induced by
microwave radiation and detected via fluorescence from laser-cooling transition. Magnetom-
etry plays a crucial role in trapped antihydrogen research, especially for antimatter gravity
measurement, performed at high magnetic fields. Also, with increasing precision of the an-
tihydrogen spectroscopy measurements, the uncertainty of the magnetic field will increase
the contribution to the systematic errors. Additionally, the benefit of using electron spin-
flip in Be™ is that it could be used to characterise the strength of the microwaves inside the
ALPHA-2 trap. In this work, the feasibility of magnetometry using °Be™ inside the ALPHA’s
Penning trap was studied. The microwave induced electron spin-flip in Bet was observed for
the first time within the ALPHA apparatus. The uncertainty of the external magnetic field
derived from this proof-of-principle measurement was comparable to the currently used Elec-
tron Cyclotron Resonance method and there are prospects for significant improvement. The
laser-cooling procedure was improved, which should allow further study with sympathetic

cooling of positrons and application of this technique to antihydrogen production sequence.
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TABLE 1 Timeline of the beryllium experiment

2013

2014

2015

2016

2017

2018

September 2019

December 2019

February 2020
Aug-Sep 2020
June 2021

July 2021

February 2022
March 2022
July 2022

September 2022

Procurement of the 313nm laser (35 mW)

Design and procurement of a test vacuum chamber for the demonstration and

characterisation of ablation of a beryllium metal target.

Construction of the test chamber and first demonstration of laser ablation with

an aluminium target.

Continued ablation experiments with aluminium and beryllium targets in the test
chamber. Design of ion source and other diagnostics to be mounted on a linear

translator in ALPHA-2
Installation of the linear translator (stick) assembly in the ALPHA-2.

First Beryllium ions trapped in ALPHA-2. Successful demonstration of laser cool-

ing of °Be™ ions in the ALPHA-2 Penning trap.
Demonstration of positrons sympathetic cooling with laser-cooled beryllium ions

Observation of centrifugal separation between beryllium ions and positrons and
sympathetic cooling of positrons in an octupole magnetic field (with a smaller
number of ions)

Stick intervention: MCP shields added and on-axis mirrors installed
Ablation and loading study, Bet preparation only in RCT, catching in SolA
New 313nm laser installed (800mW)

Stick intervention: MCP shileds improved and additional big mirror on DS stick
added
UV fibres installed, USAT stick bellow replaced

On-axis laser demonstration, study of cooling and fluorescence detection
Demonstration of electron spin-flip in °Be*

Further study on on-axis laser cooling with rotating wall compression
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Thesis outline

In this thesis I will discuss all the physics fundamentals necessary to perform laser cooling
of 9Be* in a Penning-Malmberg trap. This work was performed in the context of antihydro-
gen physics research. Therefore, in Chapter 1 the motivation behind antimatter research and
an overview of the ALPHA Experiment will be given. Chapter 2 discusses physics of trapping
charged particles, non-neutral plasma and diagnostics methods. In Chapter 3 introduction
and fundamentals of laser cooling and atom light interactions will be given.

Further chapters will present the work I have performed within my postgraduate research
project. Chapter 4 discusses pulsed laser ablation method to produce Be™ ions. In Chapter 5
information regarding laser cooling in the ALPHA Experiment will be given. In that chapter,
I will discuss all the hardware upgrades I performed to the laser system. Chapter 6 presents
results of the first proof-of-principle experiment of microwave induced electron spin-flip in
Be™ performed in the ALPHA-2 trap. In the final Chapter 7 I will summarise the work
that has been done and discuss the future prospects of using laser-cooled beryllium ions for
magnetometry and improved antihydrogen production in the ALPHA Experiment.

Chapter 5 and Chapter 6 contain a lot of technical information, where I discuss all the
possible failures we went through. I collected these in the highlighted box, to hopefully help
save time for future generations that might want to perform a similar type of experiment.

They look like the box below:

Advice: How to laser cool beryllium ions?
1. Produce ions via laser ablation
2. Trap ions in the Penning trap

3. Use 313 nm laser

10



Chapter 1

Introduction and physics motivation

1.1 Antimatter research

1.1.1 The history of antimatter research

The existence of antimatter was theoretically predicted by relativistic quantum theory,
as a consequence of the mathematically possible negative energy state of an electron. When
Paul Dirac derived his theory in 1928 [8], he did not interpret it yet as a prediction of a new
particle, but J. Robert Oppenheimer interpreted his result as a positively charged electron [9].
Just a few years after, in 1932 Carl David Anderson observed positively charged electrons
in the cosmic rays [10], which were called positrons. This was the evidence confirming the
existence of antimatter, so it was also expected that other particles like protons should also
have their antimatter counterpart.

The antiproton was first produced in 1955 by the physicists Emilio Segre and Owen
Chamberlain at the University of California Radiation Laboratory in Berkeley, USA [11]. This
was achieved by using the Bevatron particle accelerator to smash protons into a copper target,
producing numerous types of particles, including pairs of protons and antiprotons. They
have detected six antiprotons and determined the energy threshold for proton-antiproton
pair production to be 4.3 GeV. A detailed review of the work that led to the discovery of
antiprotons was published by K. Orrman-Rossiter [12]. A year later, antineutrons were also
produced from antiprotons through a charge exchange process with scintillators [13]. After
the discovery of the antiproton, numerous experiments were performed to study this newly

discovered antiparticle. A significant experiment was the observation of antiproton-proton
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CHAPTER 1. INTRODUCTION AND PHYSICS MOTIVATION

annihilations, giving insights into the energy released during matter-antimatter annihilation
[14]. This research led to the development of the technique for detecting antiprotons using
their annihilation signatures, a method that is used in current antimatter experiments (see
Subsection [1.2.1)). After the initial experiments at the Bevatron in Berkeley, the antiproton
research moved to Tevatron in the Fermilab and Low Energy Antiproton Ring (LEAR) at
CERN.

A single positron was first trapped in a Penning trap by Schwinberg, Van Dyck and
Dehmelt in 1981 [15] to compare its g-factor with an electron. Later, Cliff Surko and collabo-
rators developed a technique to accumulate large numbers of positrons by cooling them with
a nitrogen buffer gas [16]. Antiprotons were trapped for the first time by Gerald Gabrielse
and collaborators in 1986 [17]. They developed cooling techniques to reduce antiproton en-
ergies to < 100 meV [18]. Trapping positrons and antiprotons began the era of precision
measurements of charged antimatter properties: charge-to-mass ratio [19] and magnetic mo-
ment measurements [20], pioneered by the ATRAP Collaboration and later continued by the
BASE Collaboration [21],22].

Having antiprotons and positrons naturally led to the idea to combine them to form the
first antimatter atom: antihydrogen. It was already predicted that the most efficient method
for antihydrogen production would be merging cold p and e* plasmas [23], but a proof of
principle of antihydrogen atom production was carried out on a 2 GeV antiproton beam
from the LEAR at CERN in 1995 [24]. The antiproton beam was sent through the xenon
gas target. The positrons came from the production of pairs ete™, which occurs when the

antiproton passes through the Coulomb field of a Xe nucleus
p+Xe—ptete +Xe— H+e +Xe™ (1.1.1)

The condition for H production is that the difference between antiproton and positron energy
is < 13.6 eV. If the antiproton captures a positron, the antihydrogen atom is formed. In
that experiment 11 highly energetic antihydrogen atoms were observed. The validity of
this experiment was confirmed two years later by scientists from Fermilab [25]. To study
antihydrogen properties, longer interaction times are needed: cold antihydrogen beams or
trapped antihydrogen must be produced. Very soon after the first antihydrogen production,
the Low Energy Antiproton Ring was converted into a Low Energy Ion Ring (LEIR) to
provide heavy ions to the Large Hadron Collider (LHC) and the Antiproton Collector, which

12



1.1. ANTIMATTER RESEARCH

was previously providing p beams to the LEAR, was converted to the Antiproton Decelerator
(AD), which produces the low energy antiproton beams since 2000 until today. Multiple
experimental groups are studying antiprotons [26], antihydrogen [27], antiprotonic atoms [2§].
Since the shutdown of Tevatron at Fermilab in 2011, the Antiproton Decelerator is the only
source of antiprotons in the world. The Facility for Antiproton and Ion Research (FAIR) at
GSI in Darmstadt is under construction, but this will deliver antiproton beams in the GeV
energy scale. There is a possible extension to low-energy antiproton beams (FLAIR) [29],

which could allow for similar types of experiments as those performed at CERN.

Trapping antihydrogen requires producing cold antihydrogen atoms of sub-Kelvin tem-
perature. Cold, trappable antihydrogen can be formed if the constituent antiparticles have
significantly lower kinetic energies than in the beam experiment performed at LEAR and
those cold antiprotons and positrons can be achieved by using various cooling techniques
that are available for trapped ions in Penning traps (more about it in Section . Cold
antiprotons and positrons were the key components to increase the antihydrogen produc-
tion rate, as demonstrated by the ATHENA Collaboration at CERN [30]. In 2011, the
ALPHA Collaboration confined antihydrogen in the magnetic bottle trap for the first time,
demonstrating a storage time of over 15 minutes [31,32]. This allowed for spectroscopic
measurements of the structure of lowest energy levels (1S — 2S5 [33] and 1S — 2P transi-
tion [34], hyperfine structure of the 15 ground state [35] and investigating the fine structure
of the excited levels [36]), as well as the recently made first free-fall test of antihydrogen [3].
Other experiments (ASACUSA, AEgIS and GBAR) at the Antiproton Decelerator facility
are working on hydrogen beam production for the ground-state hyperfine spectroscopy [37]
and gravitational free-fall experiment [38-41]. Recently ALPHA has applied the laser cooling
technique to antihydrogen atoms [2], which is very promising for future improvement of pre-
cision antihydrogen measurements. There is ongoing work to introduce a hydrogen [42/-44]
inside the ALPHA trap to perform a direct CPT symmetry test using the same experimental

protocol, in the same apparatus and at the same time.

Currently, a great effort is being focused in the antimatter community on developing a
technology to transport antimatter. In principle, this should be possible, since the mobile
Penning trap was already built by C. H. Tseng and G. Gabrielse in the early 1990s [45]. At the

moment two project at CERN are working on the transportable Penning trap for antiprotons.
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CHAPTER 1. INTRODUCTION AND PHYSICS MOTIVATION

A STEP project [46], which is part of the BASE Collaboration, wants to move the antiprotons
out of the AD experimental hall to reduce the background magnetic noise level for their
precision measurements with antiprotons. The second is a PUMA experiment, which aims
to bring antiprotons to the ISOLDE facility to measure their annihilation with radioactive
nuclei to study the effects of nuclear physics [47]. Transportable antiprotons would not only
benefit the fundamental research community, there are also expected medical applications
for antiprotons such as the generation of radioisotopes for PET and radiotherapy |48|. Early
studies on the use of antiprotons for medical purposes were carried out by the Antiproton
Cell Experiment (ACE) at CERN [49,/50], which studied the biological effects of antiprotons.
They demonstrated that antiprotons were four times more effective than protons in killing

cancer cells.

1.1.2 Fundamental physics tests with antimatter

Antimatter provides a unique platform for testing the fundamental principles of physics.
Standard Model of particle physics makes precise predictions about the properties of antimat-
ter, and any deviation from these predictions could hint at new physics that could explain
one of the biggest mysteries of modern physics: why is there so much more matter than
antimatter in the observable universe? Several experiments have been designed to perform
high-precision measurements of antimatter’s properties, like antiproton’s mass [51], charge-
to-mass ratio [21] and magnetic moment [22] and frequencies of quantum transitions in the

antihydrogen atom [33H36].

The antihydrogen is a great test bench for testing the symmetries between matter and
antimatter by measuring its energy level structure and it is the only neutral, entirely an-
timatter system that can be used to test the gravitational interaction. Testing gravity on
charged particles, such as positrons and antiprotons, in a free-fall experiment is not feasible,
since the interaction with electromagnetic field suppresses the effects of gravity (i.e. the
gravitational interaction is 10%? times smaller than the electrostatic interaction between two
electrons and 1036 for two protons), while other neutral systems like positronium [52,/53] and

muonium [5455] are bounded states of electron and antilepton.
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1.1. ANTIMATTER RESEARCH

Baryon-antibaryon asymmetry problem

The observed Universe seems to be strongly dominated by matter, whereas most of the
currently known physical processes produce an equal amount of matter and antimatter. A
few mechanisms that do not produce exactly equal amounts of matter and antimatter have
been observed, but the imbalance is not sufficient to explain the observed dominance of
matter particles. If there was any significant amount of antimatter around us, eventually it
should annihilate with matter and produce ~ rays that could be detected. There are searches
for these annihilation signals, for example, looking for candidates for hypothetical antimatter
stars [56]. The Alpha Magnetic Spectrometer (AMS) installed on the International Space
Station is looking for cosmic-ray charged particles including searches of antihelium nuclei,
detection of which would be an argument for existence of antimatter sources in space. They
have observed some antihelium signatures, but these events were not confirmed with high
confidence [57].

Many physicists believe that in the early Universe there was an equal amount of baryonicﬂ
and antibaryoni(ﬂ matter and at some point this symmetry has been broken by some process
called baryogenesis, which cannot be explained so far. This is known as a baryon-antibaryon
asymmetry problem. Sakharov introduced three conditions to classify whether any process

could be responsible for causing baryon-antibaryon symmetry breaking [5§]:

a) baryon number violation - the total baryon number B = (n,—ng)/3, where n, is number

of quarks and n; is number of antiquarks, must change during the process.

b) C-symmetry and CP-symmetry violation - breaking C' symmetry means that there must
be more processes that favour matter production over processes favouring antimatter
production, while C'P symmetry violation is needed to introduce the imbalance between
matter and mirror reflection of antimatter (antimatter for which the spatial coordinates

were transformed) production.

c¢) departure from thermal equilibrium - the decay rate in the process that violates B
number and C' and P symmetries must be much smaller than the expansion rate of
the Universe, so produced matter and antimatter does not achieve thermal equilibrium,

decreasing the annihilation rates.

1Protons, neutrons, systems built from 3 quarks.
2 Antiprotons, antineutrons, systems built from 3 antiquarks.
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CHAPTER 1. INTRODUCTION AND PHYSICS MOTIVATION

A detailed review of the concept of baryogenesis can be found in Ref. [59]. Alternatively,
antimatter world might be ruled by different physics. Antimatter might have slightly differ-
ent properties than matter (mass, charge, magnetic moment, etc.), interact differently with
known forces (e.g. different gravitational constant), or even be subject of other not yet dis-
covered interactions. Therefore, it is important to study and measure precisely all possible

properties of antimatter in search for any even small deviation from the properties of matter.

CPT invariance theorem

Wigners formulation of quantum mechanisms used a parity quantum number as a sym-
metry property of wave functions of the states of the atom. This parity quantum number
predicts that physical processes are unchanged in mirrored systems (parity transformed). By
1956 no violations to parity symmetry were observed in strong interactions, electromagnetic
interactions nor gravitational interactions. However, a review by Lee and Yang illustrated
that violations were not yet excluded in the weak sector. Informed by Lee and Yang [60],
Chien-Shiung Wu in collaboration with the low temperature group of the National Bureau
of Standards (NIST nowadays) performed an experiment to test the conservation of parity
in weak interaction [61]. Their experiment used Cobalt-60, which decays via negative beta
decay. This spin polarisation within a magnetic field allowed for a parity test, as the Cobalt-
60 nucleus has a spin of +5 prior to the beta decay to Nickel-60 with a nuclear spin of +4,
which can be verified by the directionality of gamma emissions of the produced nucleus with
respect to a spin polarising magnetic field. The Cobalt-60 beta decay emits an electron with
its quantum spin aligned parallel to the nuclear spin. By cooling Cobalt-60 atoms to low
enough temperatures within a magnetic field, a 60% nuclear spin polarisation was obtained
by Wu et al. The emission direction of beta decay electrons could be either parallel or anti-
parallel to the applied magnetic field due to conservation of quantum angular moment. The
experiment observed an electron emission bias direction, antiparallel to the nuclear spin di-
rection. This bias can be understood as the electron momentum direction being opposite to
the electron spin direction; the projection of spin onto the direction of momentum is called
helicity, categorised as left-handed and right-handed. This experiment observed that the
weak interaction only couples to left-handed particles, not to right-handed particles, which

was a discovery of the parity symmetry violation.
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With this observed parity breaking in the weak interaction, an alternative symmetry was
proposed, which was known to be satisfied by the other interactions, C'P-symmetry. At the
time, this symmetry was also conserved in all known interactions from the strong, electro-
magnetic and gravitational sector. It was proposed that one of the fundamental symmetries

of physics is a C'P-symmetry [62], together with momentum and energy conservation laws.

However, C'P violating processes have been observed in kaon decays: in 1964 a long-
lived neutral kaon was observed to decay into two pions [63], which was forbidden for if
C'P-symmetry was conserved. Subsequently C'P violation was characterised by NA31/48
experiments at CERN [64}/65] and the KTeV Collaboration at Fermilab [66]. Additionally,
the C'P violation was also observed in the decays of B-mesons by the BABAR Collaboration
at SLAC in the US [67] and the Belle Collaboration at KEK in Japan [68]. To theoret-
ically explain the C'P-violation Kobayashi and Maskawa introduced a third generation of

fundamental particles , which were not observed at the time [69).

Neither C' nor C'P operation does a true transformation between matter and antimatter
physics, even though for most interactions transforming only C' or C'P already gives a correct
physical description. C'PT symmetry which includes additional time reversal is believed to
be a fundamental symmetry of physics. Modern particle physics theories assume the C'PT
symmetry, which considers the previous C' and C'P violating processes and includes additional
time reversal, is a fundamental symmetry of physics. Since parity and C'P-symmetry have
been violated in the weak interaction, it is rather expected that a possible C'PT asymmetry (if
it exists) would also occur in the weak interaction. Comparisons of matter and antimatter’s
properties allow for direct CPT symmetry tests. Antihydrogen is of interest because the
15-2S transition in hydrogen is the most precise spectroscopic measurement and is the best

theoretically understood atomic system.

Possible violations of C'PT symmetry can be quantified using the Standard Model Ex-
tension framework (SME) [70]. SME is an effective theory of the Standard Model of Particle
Physics, which allows for Lorentz and CPT symmetry violation. The model has additional
coefficients that quantify the strength of the violations. SME framework allows for the com-
parison of results of various independent experiments by placing limits on the coefficients of
Lorentz and C'PT violating terms [71]. A very broad overview of the antimatter tests in the

context of the Standard Model Extension can be found in Ref. [72] and [73].
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Gravitational interaction of antimatter

Standard Model of Particle Physics does not include gravitational interaction and General
Relativity, a theory of gravitation, does not include antimatter. One of properties of General
Relativity is the universality of the free fall, which means that the gravitational mass and
inertial mass are the same. This is known as a Weak Equivalence Principle (WEP), which
so far holds in all experiments performed on test bodies made of matter. Performing a
free fall experiment of antimatter in the Earth’s gravitational field is called a free-fall Weak
Equivalence Principle (WEP ).

Up until recently, there was no direct observation of antimatter interacting with mat-
ter gravitationaly, therefore multiple contradicting models of antimatter’s gravitation were
made. Many were predicting the same attractive gravitational force between matter and an-
timatter particles [74], but also some investigated the possibility of antigravity [75-77] that
would cause antimatter particles to be repelled by matter. Previous attempts at free-fall
measurements of gravity with charged particles have failed, due to systematic effects, such as
stray charges [78]. Gravity measurements of neutral systems containing antimatter became

possible recently:

a) antihydrogen - progress in cold antihydrogen production and trapping, allows for the
free-fall measurements [79], and pulse antihydrogen beam would allow for the interfer-

ometry type measurement [80]

b) positronium - metastable positronium beam is promising for the interferometry mea-

surement [81],

¢) muonium beams are being produced at the Paul Scherrer Institute (PSI) in Switzerland
[82,[83] and ultracold muonium beams produced from the superfluid helium are under

the development [84].

Positronium and muonium are exotic atoms containing an antilepton (positron or antimuon)
and an electron. (Anti)muon is 207 times heavier than an electron. Therefore, muonium
mass is dominated by mass of the antiparticle, which makes it a better candidate for testing
antimatter’s gravitational interaction. Interferometry measurements are proposed to test
the gravity of positronium (AEgIS Collaboration at CERN [81] and David Cassidy at UCL
[52,53]) and muonium (LEMING Collaboration at PSI [541/55]).
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Antihydrogen is the only neutral and fully antimatter system available so far. There are

three experiments proposed to test the behaviour of an antihydrogen under gravity:

i. AEgIS: interferometry measurements, similar to that of positronium and muonium,

performed in the zero magnetic field [39],

ii. GBAR: free-fall of the ultracold hydrogen atom produced from the antihydrogen ion by
photodetachment of the positron (scheme proposed by J. Walz and T.W. Héansch [85]),

experiment performed in the zero magnetic field [40,41],

iii. ALPHA-g: release many antihydrogen atoms from the high magnetic field Ioffe-Pritchard
trap [86).

The first ALPHA-g experiment aims to determine the sign of the interaction, to test the idea
of antigravity [3]. Although the antiproton mass (same as proton mass) mostly originates
from gluon interactions, it was expected that the most likely outcome of that measurement
would be the same as for matter. The first free-fall measurement in the ALPHA-g apparatus
has been performed last year showed the local gravitational acceleration of antihydrogen
in Earth’s gravitational field to be consistent, within the experimental errors ﬁ, with +1g
and it ruled out the idea of antigravity. The precise value of the gravitational constant
for the antihydrogen, denoted as g or ag, to the level of < 1% could inform us about the
gravitational masses of the quarks. The GBAR experiment has been designed to achieve even
higher precision [87]. The ALPHA-g experiment could achieve this precision with careful
assessment of systematic errors generated by the magnetic field of the antihydrogen trap.
Higher precision could be achieved by an antihydrogen atomic fountain experiment [88].
Another fundamental consequence of General Relativity is that the existence of mass
curves the space-time and the clock’s frequency is changed by the mass nearby the clock,
which is known as gravitational redshift of clock’s frequency. Charged particle in the magnetic
field can be considered as a clock, since the cyclotron motion has its own characteristic fre-
quency, which is redshifted by the gravitational field. By measuring the cyclotron frequency
of the antiproton or positron in a Penning trap, the gravitational interaction of antimatter
with Earth’s gravitational field can be tested. If the universality of clocks Weak Equivalence

Principle (WEP,.) in the antimatter system holds, then the redshift of matter and the equiv-

3Measured gravitational acceleration of antihydrogen was 0.75g, where g = 9.81 m/sQ, with statistical and systematic error

of +0.13 and error originating from the simulations used to model the magnetic field in the trap being +0.16.
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alent antimatter clock should be the same [89]. As Earth moves around the Sun during the
year, it gets closer or farther away from the Sun, changing the total gravitational potential
experience on Earth. The magnitude of the redshift should change throughout the year, so
measuring the cyclotron frequency of the antimatter charged particle would be a universal-
ity of clocks Weak Equivalence Principle test. This experiment was recently performed on
antiprotons by the BASE Collaboration and they constrained the possible WEP,.-violations
to be < 0.03 [21]. Similarly, the transition frequency in the antihydrogen atom is a different
type of antimatter clock. Measuring the antihydrogen’s 15 — 25 transition frequency, which
is the best characterised transition in hydrogen, at different times of the year and comparison
with hydrogen would be a test of the Weak Equilibrium Principle of the clock, which could
potentially offer higher precision [90].

Other fundamental physics tests

Assuming that antimatter properties are the same as matter (within some uncertainty),
antimatter can be used for testing other physics theories and hypothesis. For example the

QED can be tested in various ways:

a) positronium and muonium spectroscopy [91,92]: both exotic atoms are purely leptonic,
so their atomic levels can be calculated with greater precision than of the hydrogen

atom, which contains proton, due to the proton’s internal structure.

b) muonic and antiprotonic atoms [93,94]: atoms with muon or antiproton bounded instead
of one of the valence electrons; Since muon is 207 times heavier and antiproton is 1836
times heavier than electron, they are stronger bounded to the atomic nucleus, therefore

more sensitive to nuclear effects.

Additionally antimatter can be used to test the coupling to the axion-like dark matter to
constrain the strength of their interactions. The interaction with axion-like dark matter with
antiparticle in the Penning trap is expected to introduce noise at characteristic frequency. The
BASE Collaboration has analysed their recorder frequency spectra of antiprotons in search
of this coupling to axion-like dark matter [95]. So far no interaction has been observed, and

they managed to set constraints on the coupling between axions and antiprotons.
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1.2 ALPHA antihydrogen experiment

ALPHA is one of the experiments installed in the Antiproton Decelerator (AD) facility
at CERN. It uses traps for charged particles, called Penning-Malmberg traps, to confine an-
tiprotons and positrons that are used to form antihydrogen atoms. The Penning-Malmberg
trap is a stack of cylindrical electrodes inside a vacuum chamber, installed inside a solenoid
magnet, which produces a combination of magnetic and electric fields that allows for three-
dimensional confinement of charged particles and low-energy plasmas. The principle of op-
eration of charged-particle traps will be discussed in Chapter 2l ALPHA apparatus consists
of 4 independent Penning-Malmberg traps and two of them, called Atom Traps (which could
also be referred to as Mixing Trap), where antiproton and positron plasma are mixed and
where antihydrogen is formed. Each of Atom Traps is combined with a magnetic minimum
trap called a Ioffe-Pritchard trap [96] (also referred to as a neutral trap), which is used to
trap antihydrogen atoms. The ALPHA apparatus consists of:

1. Catching Trap, which captures antiproton beam from the AD and performs initial cool-

ing and compression of the antiproton plasma and sends it further to the Atom Trap.

2. Positron Accumulator is a specialised trap to store large quantities of positrons, emit-
ted by a radioactive source, by cooling them with a buffer gas; from the accumulator

positrons can be transported to the Atom Trap whenever they are needed.

3. ALPHA-2 Atom Trap, antihydrogen synthesis trap, overlaid with an antihydrogen trap,
which is used for spectroscopy measurements: it has laser access ports and a waveguide

for microwaves. It is installed horizontally along the antiproton beamline.

4. ALPHA-g Atom Trap, antihydrogen synthesis trap, overlaid with an antihydrogen trap,
which is used for the gravity measurement, so it is installed vertically. It also contains a
microwave waveguide to perform magnetic field measurements (using the ECR method,

described in Section [6.1.1]) and the laser access port for future use of the laser-cooling

technique [2] [1.2.2

Each of these traps, except for the positron accumulator, operates under Ultra High Vacuum
(UHV) and cryogenic conditions and uses superconducting solenoid magnets to generate
external magnetic field (1T in both Atom Traps and 3T in the Catching Trap). The Positron

Accumulator uses a 0.14T magnetic field, which is generated by a standard electromagnet.
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The Positron Accumulator uses a nitrogen gas to cool positrons, therefore, the internal
pressure in this trap is higher than in the traps operating with antiprotons. The accumulator
operates at room temperature, since there is no need for the cryogenic temperatures of the
trap - positrons are warmer and will be accelerated anyway during the transport to one of
the mixing traps. Antiproton traps must operate in the UHV and cryogenic environment,
because the annihilation cross-sections with the background gas is significantly higher for
antiprotons than for positrons, and to achieve the lifetimes of antiprotons long enough for
the plasma preparation (longer than a few minutes, preferably at the level of hours), the
operational pressures must be below 107'2 mbar. For the same reason, the antihydrogen
lifetime in the traps is limited by the condition of the vacuum. In the current state of art,

the antihydrogen lifetime in the ALPHA-2 trap is 66 hours [111].

Figure 1.1 — Schematic of a ALPHA-2 trap adapted from Ref. . The innermost is a stack of cylindri-
cal electrodes (yellow), which together with external solenoid magnet (not shown on the diagram) form
a Penning-Malmberg trap. The electrodes are installed in the ultra-high vacuum chamber (grey), which
is placed in the liquid helium cryostat (not shown). Superconducting wires winding around the vacuum
chamber (referred to as inner vacuum) for a magnetic Ioffe-Pritchard trap for neutral atoms. Octupole
magnet (green) provides radial confinement, while mirror coils (red) restricts the axial motion of antihy-
drogen atoms. There are also two short superconducting solenoids magnets included in the internal magnet
assembly, not shown in this diagram, which are used to increase the magnetic magnetic field locally from
1T to 3T to boost plasma compression (see Section . The cryostat is enclosed by an outer vacuum
chamber (not shown). This is surrounded by a charged pion detector, a Silicon Vertex Detector (blue).

The outermost assembly is an external solenoid (not shown) producing a background 1 T magnetic field.
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Figure 1.2 — Schematic of all of the ALPHA apparatus. Only bottom electrode stack is shown in the

ALPHA-g trap, as a current hardware status, since the top electrodes stack was not installed yet.

Both Atom Traps, are joint charged particle traps and neutral atoms, and in principle they
have the same design. The stack of cylindrical electrodes is the most inner and the external
solenoid magnet is the most outer component, they together form a Penning-Malmberg trap.
A vacuum chamber with electrodes is installed inside a liquid helium cryostat. The internal
superconducting magnets, forming an Ioffe-Pritchard trap, are winded around the vacuum
chamber and submerged in the liquid helium bath. The cryostat is placed inside the outer
vacuum chamber (OVC) to reduce the heat transfer from the outside of the trap. There
is a multilayer insulation (MLI) surrounding the cryostat to reduce thermal radiation that
reaches the liquid helium volume. Between the outer vacuum chamber and the external
solenoid magnet, there is a charged particle detector, which is used to record products of the
antihydrogen annihilation.

The ALPHA-2 trap is installed horizontally between the Catching Trap and Positron
Accumulator. The ALPHA-2 cross-section is presented in Figure [[.LI. ALPHA-g trap is
a vertical trap installed on top of the beamline that connects the ALPHA-2 trap to the
Positron Accumulator. The beamline allows for positrons to be sent to both the ALPHA-2
and ALPHA-g traps and to send antiprotons to the ALPHA-g, through the ALPHA-2 trap.
The ALPHA-g experiment uses a more complex trap than ALPHA-2: there are two stacks
of cylindrical electrodes, one above the other, and the Ioffe-Pritchard trap contains nearly 30

internal superconducting magnets.
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Those internal magnets in fact form two loffe-Pritchard traps, separated vertically by
around 1 meter and there is additional magnetic trap in the middle aimed for a precision
measurement of antihydrogen’s gravity, called precision or analysis trap. Multiple internal
magnets allow for expanding the trapping volume and transport of the antihydrogen vertically
upward and downward. There is an electrode stack inside the bottom Ioffe-Pritchard trap to
allow for antiproton and positron preparation and mixing to form antihydrogen within the
trapping volume. In the future, a second electrode stack is intended to be installed inside the
top loffe-Pritchard trap to be able to produce antihydrogen in the top trap as well. A double
trap system was designed for a precision measurement of the gravity of antihydrogen. When
the magnetic field of the internal magnets are changed Eddy currents are induced, which
could influence the result of the precision measurement. By having a system of magnets
that is symmetric around the centre of the z-axis of the trap, both magnetic traps could be
changed simultaneously at the same rate, so the induced fields are expected to be symmetric

as well [98]. An overview diagram of the entire ALPHA apparatus is shown in Figure

1.2.1 Antihydrogen production and trapping

To probe antihydrogen before it annihilates, it must be confined in an ultra-high vacuum
region. ALPHA uses magnetic traps designed to trap neutral atoms, which are only capable
of trapping sub-Kelvin antihydrogen atoms. Therefore, the antihydrogen produced within
ALPHA experiments must have a sufficiently low energy to be trapped. The reaction used
for the cold antihydrogen production is three-body recombination (TBR). The three-body

collision process involves two positrons and one antiproton:
p et +et — H* et

An additional positron scatters, causing energy to be extracted from the positron that then
binds to an antiproton, which increases the reaction rate [99,/100]. The reaction rate of
the three-body recombination Irgg scales with the temperature of the reagents T and the

density of the positrons n. as [23,101]
Irpp ~n2 T792 (1.2.1)

which means that at cold temperatures this process is highly enhanced, but negligible even

at room temperatures.
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Figure 1.3 — Nested trap for positron and antiproton plasma, where both species overlap spatially allowing
for collisions between antiprotons and positrons. On the top a schematic of electrodes confining plasma

and electrostatic potentials at the bottom. Figure adapted from Ref. [104].

The antihydrogen atom produced in this process is in a highly excited state H** (high
Rydberg states, with high principal quantum numbers n), which can be easily ionised back
to the antiproton and positron via collisions with positrons or via field ionisation process
as they travel through electric field gradients (for example exiting the non-neutral plasma).
Some collisions with positrons cause the antihydrogen atoms to deexcite to lower Rydberg
states, from which they deexcite to the ground state via photon emission. Those deexciting
antihydrogen atoms undergo many scattering events, in which their kinetic energy changes.
They remained trapped in the Ioffe-Pritchard trap as long as their kinetic energy is smaller
than the confining magnetic-field potential. The fraction of antihydrogen atoms that are
trapped from the entire population produced is highly dependent on the positron density
[102]. The temperature of the trapped antihydrogen can be reduced in an adiabatic cooling
process, which is performed by slowly expanding the length of the loffe-Pritchard trap by
manipulating the magnetic potentials. For this reason there are multiple mirror coils in the
ALPHA’s neutral trap, which allow to increase the separation of the axial magnetic potential
barriers by ramping up the outer coils and ramping down the inner ones. More information

about the adiabatic cooling process can be found in Danielle Hodgkinson’s Ph.D. thesis [103].
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Cold antihydrogen synthesis

Large quantities of antihydrogen can be synthesised in a three-body recombination pro-
cess by mixing cold plasmas of positrons and antiprotons; this is a scheme that ALPHA
Experiment uses. Each species population is trapped and cooled to < 50 K before mixing.
The temperatures of each population affect the energy distribution of the produced antihy-
drogen. The antihydrogen production is enhanced with an increase in the density of both
plasmas and with a maximum in their spatial overlap.

Antiprotons are sourced from CERN’s Antiproton Decelerator and are initially caught by
the Catching Trap. The antiproton catching protocol uses preloaded electrons for compression
and sympathetic cooling |7_f] The antiprotons are transferred to the ALPHA-2 Atom Trap,
where they undergo the same cooling and compression procedure. The resulting antiproton
plasma has a radius of 0.4 mm and a temperature of roughly 100 K.

Before antihydrogen synthesis the antiprotons are cooled down to 40 K by using the evap-
orative cooling technique. The remaining antiprotons have a radial extent of 1 mm and a
population size of around 9 - 10*. The positrons are source from the Positrons Accumulator.
1.6 - 10° positrons are transferred to the ALPHA-2 atom trap in parallel with the previ-
ously mentioned antiproton preparation protocol. Positrons are transferred between traps at
energies of tens of eV, and once the positrons are caught within the ALPHA-2 trap, they
undergo cyclotron cooling in the high magnetic field of 3T, causing the positrons to be deeply
trapped. In addition, the positron temperature is cooled by adiabatic expansion to 30 K.
The radial size of the positron plasma is similar to that of the antiproton plasma. Positrons
are slowly mixed with antiprotons, so that the positrons undergo evaporative cooling. On
average 2.2 - 10* antihydrogen atoms are produced and ~ 10 are trapped per mixing.

Plasma preparation and cooling techniques have been developed in the configuration
with the loffe-Pritchard trap energised and this trap can remain energised continuously for
hours, allowing the mixing process to be repeated multiple times allowing accumulation of

the antihydrogen [105].

4Plasma manipulation and cooling techniques will be explained in the Section

26



1.2. ALPHA ANTIHYDROGEN EXPERIMENT

ENERGY OFFSET (GHZ)

MAGNETIC FIELD (T)

Figure 1.4 — The relative energy of the antihydrogen ground states as a function of magnetic field.
Trappable (low-field seeking) and non-trappable (high-field seeking) states depend on the alignment of
the positron spin with the direction of the magnetic field. The figure was adapted from Ref. .

Antihydrogen trapping

Antihydrogen atoms can be trapped by a magnetic field due to their magnetic moment .
Magnetic moment is a vector quantity that describes the magnetic strength and orientation
of the object. A particle placed in a magnetic field has a potential energy proportional to its

magnetic moment and to the strength of that magnetic field

U=—ji-B (1.2.2)

Depending on whether the magnetic moment vector and direction of the magnetic field are
aligned or antialigned, the potential energy decreases or increases with increasing magnetic
field value. If it decreases, then that magnetic moment will be attracted towards regions
of higher magnetic field. In the same way, if the potential energy increases with increasing
B-field, the magnetic moment will tend towards the magnetic field minimum. Based on this
phenomenon, one could design a magnetic field with a local minimum to confine the atom
with magnetic moment fi. According to Earnshaw’s theorem a three-dimensional minimum
of the magnetic field potential can be obtained, but it is not possible to produce a local

maximum [106]. The same trapping mechanism applies to any matter atoms or charged

particles that have a non-zero magnetic moment.
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The magnetic moment of antihydrogen results from the magnetic moments (spins) of

positron and antiproton
P = Het + Hp

Antiproton spin can be aligned or anti-aligned with the positron spin, therefore there are two
possible values of antihydrogen magnetic moment. Antihydrogen magnetic moment ji7 in
the magnetic field can be aligned or anti-aligned with the field vector B, therefore there are
4 possible states of the antihydrogen atom. The antihydrogen energy levels in the ground
state are shown in Figure [1.4] In principle, only two out of for antihydrogen states can be
trapped:

la) = |1}) and |b) = |1}) are untrappable high-field-secking states,
lc) = |4) and |d) = |}}) are trappable low-field-seeking states.

The symbols [1) and ||) correspond to the spin states of the positron, and |{) and [{})
correspond to the antiproton spin. The antihydrogen magnetic moment is dominated by the
positron magnetic moment pgz =~ p.+ and this, according to our current knowledge, equals

the electron magnetic moment, which is one Bohr magneton:

B eh
ﬂB*zm

(1.2.3)
This type of trap was developed by David E. Pritchard to cool sodium atoms to ultra low
temperatures [107]. The name Ioffe originates from the magnet configuration, which are two
Helmholtz coils (in ALPHA referred to as mirror coils) and an even number of wires (2n)
parallel to the central axis between the two coils and evenly spaced from that axis, where
the direction of electrical current is opposite between each neighbouring wire, as shown in
Figure [I.5] Toffe configuration of magnets provides a magnetic field minimum at the centre
of the trap. The minimum of the magnetic field is offset from zero in the same direction as
the magnetic field generated by the magnetic trap because atoms crossing a zero-field region
could undergo Majorana spin-flips between trappable and non-trappable states, leading to
atom losses. These types of traps are used i.a. to produce Bose-Einstein condensates [106].

The trapping potential is a function of a magnetic field generated by the loffe-Pritchard

trap in cylindrical coordinates [104]:
U(r,0,2) = —pug|B(r,0,2)| (1.2.4)
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Figure 1.5 — In the top row there are schematics of an ideal Ioffe traps with infinitely long rods generating
perfect quadrupole (a) and octupole (b) fields. The bottom row shows the real geometry of a (c¢) quadrupole

and (d) octupole Ioffe-Pritchard trap with wire windings at the edges of the trap.

The potential energy of ground state low-field-seeking antihydrogen atoms near the centre
of idea Toffe trap (neglecting mirror coils at the end) depends on the number of parallel current

wires 2n and their distance from the trap axis R:

U(r,0,z =~ 0) = —pup|B.(r,0,2 ~ 0)| = —uBBR(£>n 1 (1.2.5)
In result the trapping potential of the octupole magnet (2n = 8) is stronger than that
generated by a quadrupole (2n = 4). For the Ioffe-Pritchard trap combined with the Penning
trap, the total magnetic field of is offset by the value of the magnetic field ByZ generated by
an external Penning trap solenoid E[ The magnetic fields generated by the loffe-Pritchard
trap break the axial symmetry of the Penning trap, so the motion of charged particles is
affected by the radial changes of magnetic field and it leads to increases losses of charged
particles at higher radii. In the ideal Penning trap, the confinement time of charged particles
is indefinite, and in practice it depends on the vacuum quality, e.g. the BASE collaboration
demonstrated storage of antiprotons for a duration of more than a year [108,[109)].
The ALPHA experiment uses an octupole version of the Ioffe-Pritchard trap (see Figure
combined with a 1T magnetic field generated by the Penning trap. This Ioffe-Pritchard

trap is often referred to as a neutral trap.

51T in case of ALPHA’s traps.
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ALPHA’s trap has multiple mirror coils that allow the trap volume to expand axially
to perform adiabatic cooling of trapped antihydrogen atoms. There are also two additional
solenoid magnets, around the region of a segmented electrode, to locally increase the magnetic
field from 1T to 3T, which is used to compress the ion plasma by the Rotating Wall technique
(more information in Section [2.4.2)).

Antihydrogen detection

The antihydrogen atoms can be detected by annihilation events occurring when they
are released from the magnetic trap. When antihydrogen atoms reach the apparatus wall
(gold electrodes), the antiprotons annihilate with either protons or neutrons within the wall
material. Unlike positron-electron annihilation, which produces two photons, antiproton
annihilation is more complex due to the internal structure of the nucleons. The hadronisation
process occurs and other particles, mostly pions (7 mesons) are created [110]. Pions exist in
two charged forms: 7+ and 7~ and one neutral form 7°. Charged pions are detected with a
charged particles detector. The number and type of pions produced depend on the energy of
the antiproton at the moment of annihilation. For example, at low energies, typically two or
three pions are produced (Table 6.1. in J.T.K. McKenna’s PhD thesis [112]). Antihydrogen
annihilation events are detected by reconstructing the trajectories of pions measured by a
barrel detector surrounding a vacuum chamber. Pions produced from the same antihydrogen
atom originate from the same point, so the intersection point of their trajectories, a vertex, is
assigned as the annihilation position. A boosted decision tree algorithm is used to distinguish
signals generated by a cosmic ray and reject them from the data analysis.

A detector used in the ALPHA-2 trap is a Silicon Vertex Detector (SVD) with three
layers of Double-sided Silicon Strip Detector (DSSD) [112]. Pions give a "hit” signal in the
position they pass through each silicon layer, and having three layers allows reconstructing
their trajectory. Silicon detectors are expensive, so for the ALPHA-g trap, which is around
3 times longer, a radial Time Projection Chamber (rTPC) is used [113]. The time projec-
tion chamber is a gas detector in which charged particles are detected by ionising the gas
mixture (90% argon + 10% COs) as they pass through a detector volume. The ionisation
products, electrons and gas ions, are accelerated in opposite directions by concentric elec-

trodes installed on the outer and inner bore of the detector. Electrons drift towards the outer
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Figure 1.6 — Schematic diagram of the Silicon Vertex Detector and the charged pions trajectories recon-
struction. Single counts in each of the detector layer, that are closely correlated in the time and position,
are used to reconstruct the track of charged particle. The vertex is found on the intersection of the recon-
structed tracks. If the vertex is on the inner wall of the apparatus, the event is classified as antiproton
annihilation (a). If the vertex is outside of the trapping volume (b) or no vertex has been found, it is

classified as an event caused by a background cosmic radiation. This figure was adapted from Ref. [31].

electrode, where readout pads are installed. Reading the positions where electrons drifted to
the outer electrode gives a projection of the charged particle track. Annihilation detection
is a destructive detection method, which has the obvious downside of losing the antihydro-
gen sample. To combat this, the ALPHA Collaboration is currently working on introducing
photon detectors inside the ALPHA trap to measure the fluorescence light emitted by the
antihydrogen.

1.2.2 Spectroscopy of antihydrogen

Spectroscopic measurements probe the electromagnetic forces acting on atoms. By mea-
suring the electronic transitions of the antihydrogen, we can compare the energy-level struc-
ture to that of the hydrogen. Due to its simplicity and lack of nuclear structure, hydrogen
is the best theoretically understood atom. The transition between the ground state and the
excited state 1.59-25 of hydrogen is the most precisely measured transition, measured to a few
parts per 10'® [114] by the Theodor Hansch group at Max-Planck-Institut fiir Quantenoptik
(MPQ). Other transitions in the hydrogen atom have also been extensively studied [115,116].
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Comparisons of antihydrogen and hydrogen transitions provide a very precise test of Quantum
Electrodynamics (QED) and the Lorentz and C'PT invariance [5,[72]. The same transition
in antihydrogen has been measured to parts per 102 [33].

The experimental protocol for hydrogen spectroscopy performed at MPQ differs signifi-
cantly from the antihydrogen measurement performed at CERN by ALPHA: they use a 6K
hydrogen beam and detect 121nm photons emitted in decay from excited to ground state,
while in ALPHA magnetically trapped antihydrogen of less than 1K is used and detection
relies on ionising antihydrogen atoms in excited state and detecting released antiprotons.
Antihydrogen measurement is performed in a strong magnetic field of 1 T, while hydrogen
measurement is performed in a weak magnetic field of 0.5 mT. Both experiments are per-
formed with different methods and in different laboratories, therefore the systematic errors
of both measurements differ, which will become more relevant with increasing precision. The
best test of the C'PT invariance would involve measuring antihydrogen and hydrogen with
the same protocol, in the same reference frame: in the same apparatus and at the same time.
This is challenging because the antimatter community would have to either develop the same
measurement technique as MP(Q and other groups measuring hydrogen beams or hydrogen
would have to be trapped in an antihydrogen trap. ALPHA is currently looking for ways to

introduce hydrogen atoms into their Ioffe-Pritchard trap in a few independent ways:
a. synthesis from protons and electrons in a similar way as antihydrogen is produced [44],
b. photodissociation hydrogen from molecular ion BaH* [42],
c. laser ablation of hydrogen ions from solid target of LiH [43].

All of these methods plan for the production of cold trappable hydrogen in situ. Commercial
sources of protons and hydrogen are not practical for antimatter experiments because of the
very strict vacuum requirements. An additional challenge is to develop detection methods
that are compatible with both hydrogen and antihydrogen. Hydrogen/protons obviously
do not annihilate when released towards apparatus walls, therefore photon detection for
antihydrogen fluorescence would have to be developed. There is work to introduce photon
counting, possibly by using silicon photon multiplying chips SiPM, which is ongoing [117], but
this is technically challenging. Alternatively, protons and antiprotons could be detected using
charged particle detectors, for example, a MCP, after ionisation of hydrogen/antihydrogen
in the excited 2.5 state.
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Figure 1.7 — Schematic diagram of transition in the antihydrogen atom that are being excited (solid
lines) in the ALPHA Experiment and the decay channels from those levels (dashed lines). The energy
levels in the zero magnetic field are marked with the spectroscopic notation nL;. The ket notation for
the high magnetic field (left side of the diagram) uses the m; values of the positron and the orientation

of the antiproton spin (ff or {}). Figure adapted from Ref. |[103].

1S-2S transition

The ground and first excited level in the (anti)hydrogen are separated by the energy
corresponding to 121.6 nm wavelength, called a Lyman-« line. Although the 1.5 and 2S5 are
both states of the same parity, i.e. an electric dipole transition is forbidden by selection rules,
meaning that the transition mediated by a single photon is very unlikely. This means that
the lifetime of the 25 state in the (anti)hydrogen is relatively long, ~ 0.12 ms, so the state is
metastable. This means that the transition linewidth is very narrow (1 Hz), making a 15-25
transition frequency a value that can be determined very precisely.

The 15-2S transition is measured in the two-photon spectroscopy scheme, meaning that
two counter propagating photons of 243 nm wavelength are absorbed by an atom, which
conserves the angular momentum. The first-order Doppler shift is cancelled in the two-
photon absorption, so the broadening of the transition linewidth is reduced. The laser used
for the spectroscopy is a commercial Toptica laser, which uses two second harmonic generation
crystals to convert 972 nm light produced by a laser diode into the 243 nm laser beam. The
two-photon transition is achieved with an enhancement cavity built around the antihydrogen

trapping volume, allowing the absorption of two counter propagating photons.
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The enhancement cavity also allows for the building up of laser power to about 1 W. High
precision measurement of the transition requires stable and accurate frequency reference for
the 243 nm laser. To precisely measure the frequency of that laser, a frequency comb is
used [118] in both hydrogen and antihydrogen measurements (more information can be found
in Steven Jones’ Ph.D. thesis [119] in Section 5.2.2). To achieve relative precision at the level
of 10715, the hydrogen group at MPQ used a caesium fountain clock [120}/121]. To achieve
competitive precision of 1.5-2S transition frequency in antihydrogen, ALPHA Experiment has
also installed a caesium fountain in the Antiproton Decelerator facility, which is currently

under commissioning.

1S-2P (Lyman-«) transition

The Lyman-« transition in the hydrogen [122] is a transition between a ground state
151 /2 and second excited state 2P3/5. The S and P states have different parity, so an electric
dipole transition between these states with a single photon is allowed. This transition is highly

probable and the 2P3/; is a short living state, which means that it is a cycling transition:
151/2 — 2P3/2

that can be used for laser cooling hydrogen and antihydrogen atoms. The transition occurs
with a wavelength 121.6 nm that is extreme ultraviolet, which propagates only in vacuum.
The 121.6 nm laser light is very difficult to generate, especially as an intense continuous
radiation. To measure the Lyman-« transition, ALPHA uses a pulsed source of 121.6 nm
radiation, which is produced in two stages: initially the 730 nm laser pulse is frequency
doubled, and next the third harmonic is generated from the 365 nm in a high-pressure Kr/Ar
gas cell. The third harmonic generation efficiency is very low, below 1076, Pulses of 121.6
nm of around 12 ns are injected into the ALPHA-2 ultra-high vacuum system through an
MgFy window. The antihydrogen atoms in two ground trappable states are exposed to the
Lyman-« laser pulses at the 10 Hz repetition rate for few hours, since the transition rate of
antihydrogen in ALPHA-2 magnetic trap is very low due to the low density of antihydrogen
atoms (500 antihydrogen atoms interrogated with laser pulses for 2 hours in the first 15-2P
measurement [34]). At resonance H the atoms are excited to one of the 2P, states (denoted
2P,), from which they can decay back to the trappable or non-trappable ground state and

the later events are detected by annihilations of antihydrogen atoms escaping from the trap.
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15-2P, but between different sublevels of excited state, was also used for Doppler laser
cooling of antihydrogen atoms [2]. Exposing antihydrogen atoms to 121.6 nm radiation
detuned slightly below the resonance of the 1S; — 2P, transition for 4-5 hours resulted
in a reduction in the antihydrogen temperature by around a factor of 2. Those laser cooled
antihydrogen samples were used to perform the 1.5 — 25 spectroscopy, resulting in narrowing
of the transition linewidth. Laser cooling is a highly promising tool not only for antihydrogen

spectroscopy, but also for gravitational experiments [86,88].

Hyperfine transitions

The hyperfine structure is the result of the interaction of the electronic spin with the
nuclear spin. In the case of antihydrogen, we have a positron spin interacting with antiproton
spin, which results in splitting of the energy levels. The ground state 1.S splits into two
branches: lower energy singlet state and higher energy triplet. The triplet state in fact
contains 3 sublevels that separate from each other in the presence of magnetic field. The
energy splitting between singlet and triplet state, the hyperfine splitting, in zero magnetic
field equals 1.42 GHz, the transition between the two hyperfine levels is the famous 21
centimetre hydrogen line studied in astronomical observations. In a high magnetic field, this
energy structure reorganises, since the interaction of electron/positron spin with magnetic
field dominates the hyperfine interaction between spins of both particles. The energy of
states with positron spin aligned with the magnetic field direction, referred to as spin-up
|1}, increases with increasing magnetic field strength, while the energy of states with anti-
aligned positron spin, spin-down |}), decreases with increasing magnetic field. This is the
origin of the trappable and non-trappable states - the spin-up states are low-field-seeking
and spin-down states are high-field-seeking.

The hyperfine interaction in antihydrogen is studied by ALPHA [35]. Antihydrogen
atoms trapped in the magnetic Ioffe-Pritchard trap are equally distributed between the two
trappable ground states. The energy splitting between those states and the non-trappable
states in the 1T field used in the ALPHA-2 trap is around 29 GHz. Microwave radiation at
the frequencies around the resonance of the two transitions 1S; — 15, and 1S, — 15, is
used to drive transitions from trapped to non-trapped states. Both transitions correspond

to changes in the alignment of the positron spin with respect to the magnetic field direction.
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These transitions are commonly referred to as positron spin-flip transitions. Microwave ra-
diation is produced by an Agilent 8257D PSG frequency synthesiser and a Miteq AMF-4B
amplifier and delivered to the ALPHA-2 trap through a waveguide. The hyperfine transition
strength is measured by counting the number of annihilation events after the antihydrogen
atoms are released from the magnetic trap for given microwave frequency. The difference in
frequency between the two transitions 1.5; — 15, and 1S, — 15} is the hyperfine ground-
state splitting, which is independent of the magnetic field strength. The higher frequency
transition, 1.5; — 15,, has been measured to have a wider line width and a lower intensity
than the other transition. This is explained by the technical limitations of the experimental
apparatus: The Penning trap interior and the electrode stack are a complicated boundary
surface for the injected microwaves. The microwave radiation inside the ALPHA-2 trap,
instead of being a freely propagating wave, is a mixture of standing and travelling waves,
and the pattern of those standing waves changes for different microwave frequencies. There-
fore, the strength of microwave radiation at a given location in the trap is a function of its
frequency. The strength of the electric field component of the injected microwave in the
region of the trapped antihydrogen is measured by studying the electron cyclotron resonance
heating of the electron plasma trapped in the same volume as the antihydrogen atoms (FCR
technique of magnetic field measurement is discussed in Section . These studies have
indicated that when the microwave source power is kept fixed, its electric field strength at
the lower resonant frequency is seven times larger than the upper resonant frequency. Cur-
rently, this difference in electric field strength is managed by using an injected microwave
strength of 160 mW for the lower transition frequency and 320 mW for the upper transition
frequency. However, the positron spin-flip is a magnetic dipole transition, so it is the mag-
netic field component of the microwaves that drives the transition between hyperfine levels.
The relationship between the microwave electric and magnetic field components has not been
measured so far. Since the magnetic field component of the microwave radiation cannot be
measured directly with current experimental methods used in ALPHA, it has been proposed
to use beryllium ions E to probe strength of the magnetic component of the microwaves. The
energy structure of the ground state of “Be* is well characterised, and a microwave transition

of electron spin-flip is also induced by the magnetic field component of the microwaves.

60riginally used for sympathetic cooling of positrons with laser-cooled Be™t, which will be discussed in the Section m
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The electron spin-flip transition frequency in Be™ in the ~ 1 T field of the ALPHA-2
Penning trap is around 27.6 GHz, which can be produced by the same synthesiser used for the
antihydrogen hyperfine transition and electron cyclotron resonance study, can be performed
in the ALPHA-2 trap without any hardware modification, since the beryllium ions source
and all the laser system and detectors are already installed. This measurement will be the
key part of the work presented in this thesis, and the results of the first proof of principle

measurement will be presented in Chapter [6]

1.2.3 Antimatter - matter gravitational interaction

A new antihydrogen trap, called ALPHA-g, has been built to test the gravitational
behaviour of antimatter. The principle of the gravity measurement relies on the fact that
the trapping potential of the magnetic Ioffe-Pritchard trap in the axial direction (along the
central axis of the trap) is a combination of the potential generated by the magnetic field of

the trap and the gravitational potential:
UH:ﬂg‘B}—i—Mggz (1.2.6)

where Mg refers to the gravitational mass of antihydrogen, g is the gravitational acceleration
acting on antihydrogen and z is its vertical position in the gravitational field. The idea is to
vary the height of the potential barrier on one axial end of the trap by changing the magnetic
field generated by one of the magnets, such that it compensates or not for the potential differ-
ence due to gravity, as shown in the Figure[L.8| If the gravitational potential is compensated,
an equal number of antihydrogen atoms should escape through the bottom and upper ends
of the trap. If the gravitational potential is undercompensated or overcompensated, there
should be an asymmetry in the number of annihilation events detected below and above the
vertical centre of the trap. From this measurement the strength of the gravitational potential
acting on the antihydrogen could be deduced and the gravitational mass of antihydrogen Mg
could be compared to its inertial mass mg known from interactions with other forces in the

trap. The ratio of gravitational mass to inertial mass
M,
F=" (1.2.7)
mg
is the quantity being tested and if the Weak Equivalence Principle of the free-fall holds this

value should equal to 1.
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Figure 1.8 — Gravity potential compensation with magnetic field potential generated by mirror coils of the
Ioffe-Pritchard trap. The gravity experiment is performed by varying the height of potential well barrier
around the value that compensates for gravitational potential and compare the numbers of antihydrogen

atoms released on the top and bottom of the trap (corresponding to right and left on this diagram).

This experimental protocol was proposed 10 years ago and was tested by analysing anni-
hilation data collected in the first ALPHA spectroscopy trap [79]. The horizontal symmetry
of the original ALPHA trap meant that first of all the gravitational potential gradient was
very small because the vertical dimension of the antihydrogen trap was limited to the radius
of the Penning trap’s electrodes, just a few centimetres. Second, the horizontal geometry of
the Toffe-Pritchard trap meant that the confinement in the vertical direction was provided by
the octupole magnet, and independent manipulation of bottom and upper trapping potential
was not possible. In the vertical configuration of the loffe-Pritchard trap, the bottom and
upper confinement is provided by mirror coils, which can be energised independently, allow-
ing one to set the potential barrier difference in vertical direction as desired. The vertical
configuration also allows the antihydrogen to span a greater range of vertical positions, since
the diameter of the electrodes is no longer a limit. The ALPHA-g experiment is designed
with around 40 cm of vertical trapping length |123].

Recently, the first up/down measurement was performed to determine the direction of the
antihydrogen fall in the Earth’s gravitational field. being the same as for ordinary matter [3].
The force acting on the H atoms has been shown to be attractive and the gravitational

acceleration g was measured to be consistent with ¢ for ordinary matter:

g/g =0.75+0.13 (statistical + systematic) +0.16 (simulation) (128>
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To further improve the sensitivity of gravity measurements, ALPHA-g will aim to re-
duce the kinetic energy of antihydrogen atoms via laser cooling [2] and adiabatic expansion
cooling [103]. Systematic errors could be reduced mostly by improved precision on magnetic
field measurements: the electron cyclotron resonance technique, nuclear magnetic resonance
(NMR) probes, and possibly beryllium magnetometry, which will be discussed in this dis-
sertation. The statistics can be improved by increasing the number of H atoms trapped by

implementing sympathetic cooling of positrons with laser-cooled Be™ [1] to the ALPHA-g.

1.3 Laser cooling beryllium ions in ALPHA

1.3.1 Enhanced antihydrogen production

The antihydrogen production mechanism used in the ALPHA experiment is a three-
body recombination process, one antiproton and two positrons, where an additional positron
mediates the recombination by carrying away excessive kinetic energy. The three-body re-
combination rate increases with decreasing temperature of antimatter plasmas and it is a
dominant process at low temperatures, below 4 K [100], therefore, the coldest possible an-
tiproton and positron plasmas are desired. Currently antiproton plasmas or around 40 K and
positron plasmas of ~ 30 K are used for antihydrogen synthesis. A single mixing of antipro-
ton and positron plasma at these temperatures results in the production of tens of thousands
of antihydrogen atoms, but only about 10 have temperatures below 0.5 K, so they could be
confined in the ALPHA magnetic trap. In the ALPHA mixing scheme antiprotons thermalise
with positrons before antihydrogen formation, therefore the rate of antihydrogen formation
depends on the positron temperature. To produce colder antihydrogen the positron tem-
perature needs to be lowered. Enhancement of cold antihydrogen production would benefit
the trapping efficiency, since there would be more antihydrogen atoms that are sufficiently
cold to be trapped in the ALPHA Ioffe-Pritchard trap. Positrons cool down by cyclotron
radiation (described in Section , but their temperature stops decreasing when various
heating mechanisms inside the trap start counteracting the cooling effect and some thermal
equilibrium is established. These heating mechanisms are i.a. radiation temperature and
noise temperature of the surroundings. Temperatures below the surrounding temperature

can be achieved by removing positrons of the highest kinetic energies in so-called evaporative
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cooling process (see Section , but those lower temperatures cannot be maintained due
to the heating mechanisms. The evaporative cooling causes radial expansion of the plasma,
and if the magnetic antihydrogen trap is energised, the octupole magnet generates a non-
homogeneous radial field, which causes heating of plasma at higher radii |[124]. To maintain

the temperatures below the surrounding temperature an active cooling mechanism is needed.

1.3.2 Sympathetic cooling of positrons with laser-cooled Be*

The active method of cooling available for atoms and ions is laser cooling, but this
requires many-body systems that possess an electronic structure. Positrons cannot be laser-
cooled directly, but they can be sympathetically cooled by interacting with other ions that
are actively cooled with a laser. Sympathetic cooling is based on kinetic energy transfer
between two species in collisions until a thermal equilibrium between both species is reached.
If one of the species is laser-cooled during the interaction with hotter species, heat can be
effectively removed from the system and the achieved final equilibrium temperature could
be maintained as long as the cooling power of the laser is provided. In principle, laser
cooling could obtain milli-Kelvin temperatures, which is significantly below the environment
temperature of the trap (~ 4 K for cryogenic traps). “Be™ ions are one of the most common
choice for laser-cooled species, since the cooling laser sources of 313 nm are commercially
available and beryllium ions are not difficult to produce. The benefit of using *Be™ to cool
positrons is that beryllium is the lightest ion that can be laser cooled because on average
more momenta are transferred per collision due to the smaller mass difference between the
species than if using other heavier ions. We require laser-cooling ions, not atoms, to trap
them in large quantities in the Penning trap and manipulate them together with positrons.

The idea of sympathetically cooling positrons with laser-cooled Be™ to temperatures <
4K was proposed by Wineland, Weimer & Bollinger in 1993 [125]. They suggested that these
cold positrons could be used for antihydrogen production, even before the first antihydrogen
was formed. A pioneering experiment of laser cooling positrons with Bet in a Penning trap
was performed by Jelenkovié et al. at NIST in 2002 [126,127]. They used the simplest method
of Doppler laser cooling. They have cooled roughly 1700 positrons of density > 4 - 10 cm™!
to temperatures of at least 5 K using 1.3-10° Be™. They suggested that this technique could

be used to accumulate large amounts of cold positrons (~ 10?) in room temperature traps.
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The feasibility of using this technique to form antihydrogen in ALPHA was theoretically
studied by N. Madsen, F. Robicheaux and S. Jonsell [12§]. Tt is required to cool down 2 - 10°
positrons, which are typically used in a mixing process with antiprotons to form antihydro-
gen. A sympathetic cooling of this number of positrons was theoretically studied with laser
cooled Be™ and Mg" and beryllium, resulting in a more promising route. Later, Muhammed
Sameed and Daniel Maxwell studied a method of pulsed laser ablation of beryllium ions from
the metal target to introduce Bet into ALPHA-2 without unnecessary contamination of the
ultrahigh vacuum system [129}/130]. After successful Be™ ablation tests, the beryllium source
was installed in the ALPHA-2 apparatus and the work has been continued by Daniel Maxwell,
Jack McCauley Jones and myself. We have demonstrated sympathetic cooling of 2.6 - 10°
positrons with 3 - 105 Be™ to temperatures below 7 K [1,/131]. We have used a very similar
scheme as group at NIST with a major difference, that in ALPHA Penning traps we cannot
use a perpendicular laser beam for efficient laser cooling of beryllium ions nor rotating wall
technique at the location of ion cooling, so the preparation time of beryllium ion plasma was
lengthy, ~ 10 min which is longer than our usual positrons & antiprotons mixing cycle for the
antihydrogen formation. Additionally, due to significant large radial extent of beryllium ion
plasma and difficulties to compress it, standard number of positrons used for antihydrogen
synthesis could not be successfully cooled with magnetic Ioffe-Pritchard trap energised as
required for antihydrogen accumulation because of the heating caused by radially homoge-
neous magnetic field generated by the octupole magnet. We have successfully managed to
sympathetically cool smaller numbers of positrons ~ 10%, using similar numbers of Be™, with
the octupole magnet energised to the standard magnetic field used for antihydrogen trapping,
proving that, in principle, it is possible for small enough plasmas. To combat the problem
of radial size of beryllium ion plasma, we have upgraded the hardware of the laser system to
introduce an additional cooling laser beam, well aligned on-azis of the Penning trap, to allow
simultaneous laser cooling and rotating wall compression of Be™. We have also obtained a
new 313 nm laser of significantly higher power (800 mW) to efficiently improve the cooling
and shorten the preparation time for beryllium ions. Implementing those technical upgrades
was the main part of my Ph.D. work in the ALPHA experiment. In the meantime, I have
been pursuing the idea of using the laser-cooled Be™ for characterising magnetic fields in the

ALPHA-2 trap, which will be introduced in the next section.
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1.3.3 Cold Be™" for magnetometry in ALPHA traps

We propose an alternative method to measure the magnetic fields inside ALPHA’s Pen-
ning traps using beryllium ions. The idea is to measure the electron spin-flip transition
frequency in the 25, ground state of Be™, which depends on the magnetic fields strength.
The 1) — ||) transition is induced by microwave radiation, which opens an interesting possi-
bility of using Be™ to characterise the microwave intensity distribution in the ALPHA-2 trap.
The strength of the electric field component of the microwaves can be extracted by measure-
ments of the cyclotron frequency of electrons, but there was no method so far to characterise
the magnetic field component of the microwaves propagating inside the ALPHA-2 trap. The
spin-flip of the electron in Be' is a magnetic dipole transition, which means that it is sensi-
tive to the amplitude of the oscillating magnetic field. Information about the strength of the
magnetic component of the microwaves would benefit the antihydrogen hyperfine structure
measurements. The hyperfine transition in the antihydrogen is a positron-spin flip, which is
also a magnetic dipole transition that depends on the amplitude of the oscillating magnetic
field in the same way as the electron spin-flip in the beryllium ion does.

This measurement was inspired by the experiment performed by Shiga, Itano & Bollinger
at NIST with laser-cooled ?Be™ in a Penning trap to characterise the hyperfine energy level
structure of those ions [132]. The basic idea is to look at the fluorescence of the trapped
9Be™t (fluorescence is induced by the 313 nm cooling laser), while sending microwave pulses
of changing frequency. A sudden drop in the fluorescence signal level would indicate that the
electron spin-flip transition has occurred and the size of the drop should correlate with the
amount of beryllium ions that changed the electron spin state.

In this work I will present the results of our progress towards beryllium magnetometry in
the ALPHA experiment. We have demonstrated the spin-flip of electrons in *Be™ induced by
microwave absorption within the ALPHA-2 trap. Based on this we have measured spectra
of the electron spin-flip transition in around 1 T magnetic field. The resonance frequency
value of the electron spin-flip transition can be used to calculate the magnetic field strength
experienced by beryllium ions with precision up to around 5 p'T. This is still a two orders of
magnitude worse performance than the current precision of the ECR measurement, but the
electron spin-flip measurement, presented in this thesis, was a proof of principle experiment

performed in only 3 days. Therefore, there is plenty of room for improvement.
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The experiment performed by Shiga et al. used a Rabi method, in which the duration
of the microwave pulse was chosen such that it gives the highest possible spin-flip transition
probability, called a m-pulse (the physics of Rabi cycles and 7-pulse will be explained in
Section . We used microwave pulses that were tens to hundreds milliseconds long, so it
is expected that the beryllium ions undergo many cycles between the spin-up and spin-down
states and those and those oscillations are no longer coherent with each other, which would
cause a broadening of the electron spin-flip transition linewidth. Additionally, the beryllium
ions samples, not the parameters of the cooling and probing laser beam were not optimised

and systematic errors were not studied.
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Chapter 2

Trapping ions and plasmas

2.1 Ion trapping

In many research applications, like e.g. quantum computing, mass spectrometry, pre-
cision measurements of fundamental constants, it is essential to isolate ions from the bulk
materials to remove interactions that are in the domain of solid state physics and access
the properties of single particles. It is beneficial not only to produce isolated ions but also
to be able to store them in order to increase the interaction time for the processes studied.
Since we speak of charged particles, we can benefit from their interaction with electric fields
to confine them. We want to find a shape of the electric potential that can provide stable
confinement of the charged particle motion within a closed volume of space. The Farnshaw
theorem tells us that only electrostatic potentials cannot be used to trap ions, because any

potential U must satisfy the Laplace equation
VU =0 (2.1.1)

which means that there are no three-dimensional minimum or maximum of electrostatic
potential. Although the electrostatic potential U can have a location with a saddle point. If
the electric potential around that saddle point becomes varied over time in such a way that
the electric potential at that point does not change in value and the high potential around
the saddle point rotates fast enough around that point (at the radio-wave frequencies), the
ion can see a stable minimum of the effective potential. In this way by using fast oscillating
electric field we can trap charged particles. The device operating on this principle is called a

Paul trap or radiofrequency trap [133].
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Figure 2.1 — Schematic diagram of a shape of quadrupolar potential. In the Penning trap the quadrupolar
potential has a cylindrical symmetry around the z axis, meaning that the electrostatic potential has this

shape in any r-z plane, where r is an axis lying in the radial plane (z-y).

If we want to use static electric fields, there is another way to walk around the Farnshaw
theorem. We can add a magnetic field on top of our electrostatic potential, in a special
configuration, to provide a stable three-dimensional confinement. The ion trap that uses a
combination of static electric and magnetic fields is called the Penning trap E|, even though

it was developed by Hans Georg Dehmelt in 1960s |134].

2.1.1 Penning Trap

In this section, the mechanism of trapping charged particles by combined static electric
and magnetic fields will be discussed. Presence of the magnetic field introduces a circular
motion of the ions, which is used to confine the ion’s motion in the direction(s) of the de-
confining electric potential, which in total provides a stable 3D confinement. Let us introduce
a uniform magnetic field along the z-axis. A charged particle moving in the direction o,
which is perpendicular to the magnetic field direction B would experience a Lorentz force,
perpendicular to the direction of the B and to the direction of motion ©. This results in a

circular motion of the particle that is called cyclotron motion.

1The name Penning trap comes from the fact that the original device built by Dehmelt was inspired by a geometry of a
vacuum gauge designed by Frans Michel Penning. Dehmelt did not get enough credit for his invention, and the device remained

referred to as Penning trap. At least in 1989 Dehmelt received a Nobel Prize for his work on trapping ions
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Figure 2.2 — The direction of E X B motion depending on the orientation of the electric field E in respect
to the magnetic field B. a) £ =0,b) F || B and c) E L B . Figure adapted from \\

If the particle is placed only in the constant and uniform magnetic field (v L B) without
an electric field present (situation in Figure[2.2la), the cyclotron motion of the ion will form
a closed orbit. Adding a constant electric field F introduces a drift of the centre of cyclotron
motion, and the ion trajectory no longer follows a closed orbit. The direction in which the
centre of motion drifts depends on the alignment of the electric field vector with respect to
the magnetic field. If the electrostatic field is parallel to the magnetostatic field F || B (as
in Figure [2.2]b), the drift of the centre of motion occurs in the direction parallel to both of
the fields. In the situation when the electrostatic field is perpendicular to the magnetostatic
field £ L B, the centre of cyclotron motion will drift in the direction perpendicular to both
of the fields (Figure [2.2lc), which is called a Ex B drift.

We confine the motion of the charged particle in the direction perpendicular to the mag-
netic field B (projection on the x-y plane in Fig. in the first and second scenarios, but
there is no stable confinement for the particle in the direction out of that plane (z-direction).
In the case of the magnetic field only, we do not have any restoring force in the direction
perpendicular to the x-y plane, so any distortion of the cyclotron motion that gives an ion
additional energy in the z direction would lead to loss of the ion. For the parallel fields E || B
configuration, if the electric field is uniform, we already see that there is a force acting on
the ion in the direction out of the plane. If we wanted to limit the motion in the direction of
E. we would have to vary the strength of the field to create a minimum of the electrostatic
potential in the z-direction. But we already know from Laplace equation that the existence
of the potential minimum in one direction at a given point in space automatically enforces

this point to be a potential maximum for at least one or even both perpendicular directions.

46



2.1. ION TRAPPING

This means that by creating a minimum of electrostatic potential along the direction parallel
to the magnetic field E || B, we must introduce the maximum in the other direction(s) and
that means that we have just introduced a vector of electric field in the direction perpen-
dicular to the magnetic field £ L B. In consequence we need to consider the EX B motion
nevertheless.

The EX B drift shifts the centre of the cyclotron orbit in the direction that is a cross
product of the £ and B fields vectors. For constant £ and B the Ex B drift velocity is
constant, but if any of the fields are changing, the EX B drift will experience a velocity
change. Now consider an electric field F(z,y) with a radial symmetry such that an electric
force acting on the test ion will always point outward from the same point on the x-y plane
(we can assign the coordinates © = 0,y = 0 to this point). This means that the electric
field vector F points inwards to the central point for a negatively charged particle and F
outwards for a positively charged particle. Electrostatic potentials of this type can be realised
by electrodes with radial symmetry (e.g. inside a cylindrical electrode). As the electric force
vector is spinning around, the direction of drift velocity of the centre of cyclotron motion
(Ex B drift) changes to always point in the direction perpendicular to both E and B. The
centre of the cyclotron motion will move on a closed circular orbit (called the magnetron
orbit), with the acceleration vector always pointing towards the (0,0) point and the drift
velocity vector v tangent to the orbit. In this way we confined the particle’s motion in the
x-y plane, although the range of motion on that plane is bigger than initially considered
pure cyclotron motion. The EX B drift is called magnetron motion in distinction from the
cyclotron motion, which is the result coming purely from the magnetic field. In the presence
of EX B drift, the cyclotron orbit is modified and the radius of cyclotron motion 7. increases
and decreases periodically, as shown on Figure 2.4 This is called modified cyclotron motion.
It happens because we have defined the electric force to point outwards from the centre of the
magnetron orbit, so the point of coordinates (x,y) = (0,0), and this means that the direction
of motion of the ion changes between being aligned and antialigned with the electric field F
during a single period of cyclotron motion, and this causes the ion to periodically accelerate
and slow down. This changes the magnitude of the velocity vector perpendicular to the

magnetic field v, and is directly related to the cyclotron radius:

muv
Te =
q| B

(2.1.2)
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(v ]

X

Figure 2.3 — Motion of the charged particle in the Penning trap. The axial motion (blue line) occurring
in the z direction has a frequency w.. The projection on the x-y plane (dark violet line) is the radial
motion of the ion, which is the result of combined cyclotron and magnetron motion with frequencies w,
and wy, respectively (magnetron motion is represented by grey line and the fragment of a full combined

motion in red). Figure was adapted from [136].
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Figure 2.4 — Motion of a charged particle in the Penning trap in the radial direction is a combination of

cyclotron motion and EX B drift.

A combined magnetron motion and modified cyclotron motion are referred to as a radial
motion. So far we described a method for trapping ions in the x and y direction, but we are
still missing the last ingredient to prevent the ion from escaping in the z direction. This can be
solved by introducing the electrostatic potential minimum on the z-axis to obtain a confining
potential. This can be done since the electrostatic potential in the x and y directions is
deconfining already (without the B-field, charged particles would be repelled away from the
central point). This configuration of electric potential is called a quadrupole potential. The
ion will be bouncing back and forth inside the potential well along the z direction, which we
call an axial motion. The combined radial and axial motions in the trap are shown in Figure

m (the red line represents a fragment of the combined motion trajectory).

2.1.2 Charged particle motion and energy in a Penning trap

Charged particles confined in the Penning trap are moving on closed trajectories that
are a superposition of previously discussed axial, cyclotron and magnetron motions. Each
of these motions is periodic and it could be characterised by a characteristic frequency and
energy ,. Let us simplify the description of motion by using the harmonic electrostatic

potential ¢g, represented in a cylindrical coordinate system (r, z):
¢p(r,z) = —Ur® + U,z (2.1.3)
where constants U, and U, defining the depth of the potentials in axial and radial direction.
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Figure 2.5 — Schematic of a Penning trap. On the left there is an original design with electrodes in
shapes of the equipotential lines. On the right cylindrical electrodes used in the Penning-Malmberg trap,

which is the most common modern design. Figure was adapted from [136].

We define harmonic potentials because we want to use the description of harmonic oscillator
motion. The potential in the axial direction is confining (potential energy is increasing
with increasing distance away from central location) and potential in the radial direction
is deconfining (potential energy decreasing with increasing radial position). In the absence
of magnetic field there is no E X B force and the ion in the central point » = 0 is in
an unstable equilibrium and if it happens to be in any other position r # 0 it would be
repelled radially outwards (in practice that means the ion would be attracted towards the
electrodes walls). This means that the magnetron motion is unstable and it requires strong
magnetic fields to overcome the deconfining electrostatic potential (usually on the order of
> 1T'). Potentials in the radial and axial directions are defined to generate a quadrupolar
electrostatic potential (symmetric equipotential lines in the (z,7) plane, the quadrupolar
field has cylindrical symmetry), which is the case if the condition U, /2 = U, is satisfied. The
classic Penning trap is built by electrodes shaped as hyperboloid of revolution (left diagram

in Figure , which surfaces are the equipotential lines of the quadratic potential (of the
type as in Eq. , which gives a condition

22% — r? = const (2.1.4)
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Classical Penning trap consist a ring electrode in the shape defined by the equation:
222 —1r? = —r] (2.1.5)
placed in the middle and two end electrodes defined as:
227 —1? =225 (2.1.6)
The potential generated by ideal E| Penning trap has a quadratic form:
bp(r, z) = Vo(22% — 1)/ (rg + 227) (2.1.7)

where 7 and zy are the distances of electrodes from the central position (r, z) = (0,0) and V;
is the voltage applied between the ring electrode and each of two endcaps. These electrodes

are placed in a uniform magnetic field along the z-axis
B = Byz (2.1.8)

The electric force is the only restoring force acting in the axial direction, so this motion is a
simple harmonic oscillator, described by a single frequency w,, which is independent of the

amplitude of the oscillation (it is defined directly by the shape and strength of the electric

potential).
2

Vi = m;Z (r2 + 222) (2.1.9)

Axial frequency:
4eV(
we = 4| — (2.1.10)
m(rs + 2z5)
The equation of motion in axial direction for single ion in a Penning trap:
F+wiz=0 (2.1.11)

The radial motion is determined by the cyclotron motion introduced by the magnetic
field B. The frequency of that motion is called cyclotron frequency and is proportional to

the strength of the magnetic field and the charge-to-mass ratio of the particle.

2To be more precise, the ideal quadratic potential would be generated by electrodes are placed infinitely far away from the

trap centre and this geometry gives approximately ideal quadratic potential.
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Cyclotron frequency:

B
we = L0 (2.1.12)
m

It is convenient to represent the motion in the radial direction as a motion in the complex
plane, by writing equation for complex variable u = x + iy:

L w?

U — Wl — ?u:O (2.1.13)
which corresponds to equation of motion in x and y respectively:

2

i—wcy—%xzo (2.1.14)
§ . w?
U+ wed — iy:O (2.1.15)

The solution of Equation [2.1.13| must have the form of
u=e (2.1.16)
which transforms this equation to a quadratic equation of variable w:

1
w? — ww + §wg =0 (2.1.17)

Roots of Equation correspond to two frequencies characterising the radial motion. The

higher frequency w, is the modified cyclotron frequency (also denoted as w.) and the lower

frequency is the magnetron frequency w, (also referred to as wy,).

Modified cyclotron frequency:

Wi = we/2 + /(we)2)? — w?/2 (2.1.18)

Magnetron frequency:

Wo = we/2 =/ (we/2)? — w?/2 (2.1.19)

We put condition for frequencies w,,w_ to be positive and from that we get the trapping

condition:

w?—2w?>0 (2.1.20)
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Figure 2.6 — Frequencies of motion in a Penning trap as a function of voltage V applied between electrode.

Stable trapping of charged particles also requires the condition that the modified cy-
clotron frequency is greater than the magnetron frequency (w. > w,,). The standard opera-

tion of a Penning trap should fulfil the hierarchy of frequencies:

We 2wl > w, > wy (2.1.21)

Y

The true cyclotron frequency w, is independent of the trapping voltage, but all other
frequencies depend on V. Magnetron and axial frequency increase with increasing trapping

voltage and modified cyclotron frequency decreases (see Figure .

From Equations [2.1.18] and [2.1.19| we see that the sum of magnetron and modified cy-

clotron frequency are always equal to true cyclotron frequency:
We = Wy, + Wiy (2.1.22)

According to Brown-Gabrielse invariance theorem [139] the sum of squares of modified
cyclotron frequency, axial frequency and magnetron frequency is equal to square of the true
cyclotron frequency:

2= w4+ W+ (2.1.23)

w
This relation holds even if the trap electrodes are slightly misaligned in respect to the B-field
direction or field is not ideally quadratic. We can measure the true cyclotron frequency in
experiments. This makes the Penning trap the best tool for high precision mass comparison

and g-factor measurements of various nuclei [140] and fundamental particles [19-22].

53



CHAPTER 2. TRAPPING IONS AND PLASMAS

Figure 2.7 — The potential of electric field experienced by particle is confining in the axial direction U,
but deconfining in the radial direction Ur. The shaded area corresponds to the range of radial potentials

experienced by particle moving with a combined cyclotron and magnetron motion.

The important thing to discuss is the energies associated with each of the motions. We
already said that the potential energy of the axial motion increases with increasing distance
z away from the trap centre, while for the modified cyclotron and magnetron the potential
energy decreases with increasing radial distance r. The kinetic energy of any type of motion
is always positive and increases with increasing amplitude of the oscillation. Total energies
are the sums of the corresponding potential energy and kinetic energy. The potential ener-
gies are defined to be zero at centre of the trap and when the ion is motionless. The kinetic
energy of the axial motion is equal to the potential energy of the axial motion (equipartition

of energy), which is not the case for the two radial motions.

Total energy of the axial motion:

B = mav; | W M (2.1.24)
2 2 2

Total energy of the modified cyclotron motion:

ot _ e (et — wn) .

T D)) 2

Total energy of the magnetron motion:

mriw?  mu mrswh (W, — wp)

—_ (2.1.26)
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+
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Figure 2.8 — Penning trap energies as a function of a distance away from the trap centre for the axial,

cyclotron and magnetron motion.

The relationships between potential energy and total energy for axial, (modified) cy-
clotron and magnetron frequency are shown on Figure 2.8, Radial motions see decreasing
potentials for increased radial positions, which means that removing energy from the mag-
netron motion causes an increase in the magnetron radius r,,, so the volume within which
the charged particle moves increases. This will have a practical consequences for laser cooling
in the Penning trap, because reducing the total energy of a magnetron motion increases the
ion orbit and in the application of laser cooling of ion plasma it would increase the radius
of the plasma. People quite often say cooling magnetron motion when they mean decreasing
the radius 7,,, which can be confusing. The name “cooling” refers there to decreasing the

kinetic energy of the ion, which causes reduction of the magnetron radius r,, (see example
in Ref. [143]).

All considerations so far have been concerned with the trapping of single charged particles
in the Penning trap. Adding any more ions makes the motion more complicated, because
we need to consider the Coulomb interactions between ions as well. Especially if we want to
trap large numbers of ions and plasmas, we will look at the collective behaviour of all the

ions ensemble in the next Section 2.2

55



CHAPTER 2. TRAPPING IONS AND PLASMAS

2.1.3 Penning-Malmberg trap

The ideal Penning trap is made with electrodes shaped as equipotential surfaces of the
harmonic well (left diagram in Figure . The voltage V; is applied to the middle ring
electrode and the two end caps are grounded. This configuration allows for the trapping of
single ions in a well defined volume of space, but it does not allow for much manipulation
of the ions (the depth of the quadrupole well can be manipulated by the applied voltage V4,
but we cannot change the shape of the axial or radial well independently, neither ions can be
shifted from one location to another). Moreover, in the traditional Penning trap ions of the
opposite charge, like antiprotons and positrons, cannot be trapped jointly, and this aspect is
crucial for the low energy antihydrogen production. For this reason, plasma physicist John
Malmberg developed a new design of a Penning trap, which consists of a stack of simple
cylindrical electrodes [144}|145] (see right drawing on Figure . The inner cylinder acts as
the ring electrode, and two neighbouring cylinders are grounded. Applying the same voltage
Vb creates an anharmonic potential well, but for deep wells the bottom of the potential well
can be approximated as a harmonic potential Fj In fact, many cylindrical electrodes can
be stacked together, which makes it possible to introduce multiple neighbouring wells of
varied depth, length and also opposite polarity. Penning-Malmberg trap allows for flexible
manipulation of the axial well depth and length, which allows the length of the plasma
to expand or squeeze very rapidly, and it can also accommodate multiple species of varied
mass but the same charge sign in the same potential well, which is necessary for studying
multiple-species plasma. While the cyclotron and axial motions are stable oscillations around
a minimum of potential energy, the magnetron motion is an oscillation around a maximum
of potential energy. The total energy of the magnetron motion is negative, which implies
that the magnetron motion is unstable. This makes the magnetron motion sensitive to any
perturbations, which could cause the particle to drift away from the centre of the trapping
field. This could be caused by, for example, collision of the trapped particle with another atom
or molecule of a residual gas in the trap. For this reason, high or even ultra-high vacuum
conditions are required within the Penning trap. Additionally, precision measurements in
Penning traps often require operating in cryogenic conditions (< 4 K) to minimise the heating

of trapped particles due to the thermal radiation emitted by the interior of the trap.

3This is no longer true for trapped plasma, if the potential generated by charged particles significantly shifts the value of ¢ .
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Penning-Malmberg traps have been realised to be the best approach to confine the anti-
matter particles, since they allow to suspend large quantities of antiprotons and positrons in
vacuum and manipulate the properties of trapped charged antimatter clouds to change their
size, density and temperature. Long term storage of antimatter plasma allowed production

of antihydrogen atoms in large quantities [30].

2.2 Plasma in Penning trap

Penning-Malmberg trap is a great tool to confine many charged particles (> 10° particles),
which means that storage of non-neutral plasma is possible. In this section, the physics of
non-neutral plasma trapped in the Penning trap will be discussed. Fundamentals necessary
to understand operations on charged particles in the ALPHA Experiment will be presented
here, based mostly on work done by the plasma group at University of California, San Diego
(UCSD) [144-149]. A detailed review on plasma manipulation techniques in the context of

positrons was written by Danielson, Dubin, Greaves and Surko [150].

2.2.1 Plasma definition

Plasma is an ensemble of many ions with a density high enough that it produces non-
negligible electric and/or magnetic fields, which affect the motion of individual ions. Inside
the plasma, the ions are shielded from the external electrostatic fields. Electrostatic fields
are still present on the surface of the plasma, but they decrease exponentially (by a factor
1 — 1/e) on the distance Ap, called the Debye length. The Debye length depends on the
density of the plasma ng, charge of the ion species ¢ (in our application we always consider

singly charged ions, so we will use the charge of the electron) and plasma temperature 7":
60]{7 BT

Ap = 2.2.1
P noq> ( )

Beneath the skin depth on the order of few Debye length the plasma is fully screened from
the external electric fields. For a collection of ions to show plasma properties, its physical

size L must be significantly greater than the Debye length:

Ap < L (2.2.2)
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Additionally the density cannot change too fast on the scale of the mean inter-particle spacing
a=n, /3 which gives condition:

Ap >

1 (2.2.3)
N

A large enough size of the plasma shields the inner ions from the static electric fields.
Shielding occurs because ions reorganise to provide sufficient enough density to shield the
external field. If the oscillation of the electric fields occurs faster than the ions could rearrange,

then the collection of ions does not exhibit plasma behaviour. The time at which plasma

responds to changing electric field 7, is the inverse of the so-called plasma frequency:

2
q=no

€Egm

wp = (2.2.4)

which depends on the ions species charge ¢, mass m and plasma equilibrium density ny.
Usually plasma is the ionised atomic gas, so it contains electrons and ions. In this context,
the plasma oscillation at w, will refer to oscillation of electron density and the mass in the
Equation would be an effective mass of the electron m*. The phenomenon is known as
Langmuir waves [151].

Plasmas are usually created from very dense and hot gases by ionising the atoms. Most
of the plasmas occurring in nature (ionised gases in interstellar space, lightnings, auroras,
stars) are the mixtures of ions and electrons with zero net electric charge and this is referred
as a neutral plasma. Neutral plasmas can also be created by heating up dense gas, e.g. neon
lights in glass bulbs or in fusion reactors. Another type of plasma contains only particles of
the same charge (only electrons or ions), and this is called a non-neutral plasma.

Non-neutral plasmas experience similar collective effects as neutral plasma: Debye shield-
ing of electric fields and plasma waves [144]. Non-neutral plasma has a few advantages over

neutral plasma:

e it is easier to confine the plasma with a single sign of charge that neutral plasma, since

electron-ion collisions increase the rate of radial expansion [147}/148|;

e longer storage time of many ions of the same electric charge are available thanks to
Penning-Malmberg traps, potential wells can be made deeper by increasing the applied

voltage and this allows for confinement of high number of ions;
e longer confinement time allows the plasma to evolve to the thermal equilibrium [149];
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2.2. PLASMA IN PENNING TRAP

e non-neutral plasma can be stored in the state of thermal equilibrium, which is easier to

control the plasma properties (size and density) and diagnose the temperature;

e non-neutral plasmas can achieve lower temperatures than neutral plasmas (even cryo-
genic temperatures), because in neutral plasmas electrons start to recombine with ions

while cooling [147];

2.2.2 Non-neutral plasma in Penning-Malmberg trap

Instead of considering a motion of each individual ion in a trap, we will describe a shared
behaviour of all the ions in the non-neutral plasma. Ions in the plasma exhibit various
collective effects like plasma heating, instabilities, waves and oscillatory motions that are not
present in a single-particle regime. These plasma phenomena will turn out to be crucial in
diagnostics and preparation of charged particles (electrons, positrons, antiprotons and single

charge ions) for the antihydrogen experiments.

Space charge in plasma

Having a plasma in the Penning trap causes each individual charged particle to see the
electric field generated by other ions. The field generated by the plasma itself is called space
charge (or self-potential) ¢p and adds an offset to the electric trapping potential generated
by electrodes ¢r (denoted as ¢g in Section E] There is also an additional term coming
from the potential induced on electrodes due to the presence of trapped ions ¢;,q(r, z), but
this term can be neglected if the dimensions of the trap are significantly greater than the size

of the plasma [147]. The ions inside the plasma see an effective electric potential:

o(r,z) = or(r, z) + op(r, 2) + Ginalr, 2) = or(r, z) + ¢p(r, 2) (2.2.5)

The trapping potentials ¢ used in ALPHA Experiment are usually tens of volts (up to 140V
in the normal traps: Recatching Trap and Positron catching and 100V in the thin electrodes
of the Atom Trap, while the space charge of typical plasmas of singly-charged ions, that we
operate with, varies from sub-electronvolts up to a few electronvolts (eV') for small plasmas,

used for antihydrogen synthesis, up to tens of eV for the initial plasmas trapped in ALPHA

4The trapping potential generated by electrode are denoted in some previous ALPHA theses, e.g. |152], as potentials in

vacuum ¢yqc to distinguish them from potential experienced by particle inside the plasma
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Penning traps (p from Antiproton Decelerator, e™ transferred from the Positron Accumulator
and e~ generated by e-gun, see Section on particles sources in ALPHA experiment). For
small plasmas in deep wells, ions are well confined and the potential experienced by each
particle is mainly originating from the trapping potential, so usually we can safely use the
approximation ¢ & ¢. This is good if we manipulate only the particles EL but we do not study
the plasma properties in detail. In the case of large reservoirs of charged particles or if the
exact value of the potential experience by particles is needed (to obtain precise values of ions
numbers, plasma densities or motional frequencies), the space charge needs to be evaluated
carefully. This type of evaluation is performed by solving the Poisson equation and requires
readjusting the value of ¢p until the density profiles obtained from the measurements match

the n(r, z) profiles from Equation [2.2.17] (more about the plasma density measurements in

Section [2.3.2)).

Ions motion in the plasma

We want to discuss the motion of ions inside the plasma trapped in Penning-Malmberg
trap. Penning-Malmberg trap has a cylindrical symmetry, so its cylindrical coordinate system
(r,0, z) will be the simplest way to describe the system. The non-neutral plasma is placed in

the static axial magnetic field (Eq. [2.1.8]). The vector potential of the magnetic field is:
A=04(r) (2.2.6)

where Ay(r) = Br/2. The potential of electrostatic field is described by Eq. [2.2.5] The

Hamiltonian describing N charged particles (charge ¢ and mass m), inside the plasma:

HY = i%vf +i€¢(ﬁ') = il% (ng + (6;75)° +ZJ2> +i16<¢T (75) + ép (@‘))

(2.2.7)
The canonical momenta of ' ion moving in the Penning-Malmberg trap are
pr; = M7 (2.2.8a)
po, = mr0 + %Ae(rj)rj (2.2.8b)
Pz, = ME; (2.2.8¢)

5For example to just get the rough values for the potential well depth and shape, e.g. for the particles transport or to get

number of ions in the sample correct to the order of magnitude
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Total canonical angular momentum of all N particles

N
Py = Zpgj =L (2.2.9)

Jj=1

Substituting Equations [2.2.5)], o the Hamiltonian in Equation we get:

Br? 2
N 2 97 2 N N
pr- |:p9J c 2 :| pz-
HY = I S B Wit 7)) -+ o
2zt o Tam | T @) + X eh () (2.2.10)
d trapping)otential space?crharge

kinetic energy
This Hamiltonian represents total energy of N-particles in the Penning-Malmberg trap, that
is a conserved quantity since Hamiltonian is invariant under time translations (Hamiltonian
is time-independent). Hamiltonian is also invariant to rotations #, which means that the
total canonical angular momentum Fp is conserved for ideal cylindrical symmetry. Of course
real particle traps are not ideal and the imperfections in the manufacturing of the electrodes
or magnet and misalignments of the fields do occur, which breaks the cylindrical symmetry
and contributes to the torque force acting on the plasma. Additionally, ions collide with
the background gas atoms, which give an excess energy for the ion to move away from the
centre of the trap and eventually get lost from the trap. The trapping region is a high
vacuum environment, in order to reduce collision rates with residual neutral atoms, such
that practical trapping lifetimes of ions are achieved. Depending on the requirements of the
study, the operational pressure is typically 10~® mbar or below. Plasma in the Penning trap
naturally expands, but the ions that remain confined inside the trap will eventually reach

thermal equilibrium, and in this state they can remain confined for many hours.

Plasma in thermal equilibrium

Ions within the trapped plasma undergo a complex motion, which can be approximated as
bounce motion in the axial direction, and B-field induced cyclotron motion and F X B drift in
the radial direction. But the situation with plasma is more complicated, because ions collide
and interact with each other so there is energy exchange between the ions. Ions do not move
on stable orbits with constant frequencies (w,, w’, wy,), but the velocities and trajectories of
the ions are constantly changing. After some time 7., (usually on the order of seconds), the

heat exchange between ions brings all of the plasma to the thermal equilibrium [149].
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The collisions between particles act as a shear force in the rotational flow, making the
average angular velocity of ions the same in all of the plasma, thus independent of the radial
position 7. The plasma spins around the z-axis of the trap with a frequency wg (technically
the plasma rotation frequency is —wg for a positively charged particle [147,/148|), which can
be viewed as a rigid rotor rotation. When ions are in thermal equilibrium, their velocities
can be described by the Maxwell-Boltzmann distribution function, where a single particle

energy H is offset by the kinetic energy related to plasma rotation —wgps:

m 3/2 1
f(v) = nO(QWl@T) exp[ T (H + wrps) (2.2.11)

which means that in the frame of reference rotating with a frequency wg, ions behave just
like a thermal gas of the temperature T. A peak density ng, plasma rotation frequency wg
and the temperature T in the thermal equilibrium depend on the total number of ions N,
angular momentum Py and energy of the system H [147].

By putting the expressions of H = mv?/2+q¢(r, z) and py = mvgr+qBr?/2¢[f] into Equa-
tion [2.2.11] gives the expression that looks like a thermal velocity distribution superimposed
on rigid-body rotation, which offsets the standard Maxwell-Boltzmann velocity distribution

by the value of the average velocity of the ions in the Penning trap

(0) = —wgrd (2.2.12)
giving a velocity distribution:
3/2 _ N2
~ m 1 (04 wgrb)
= -——-m— 2.2.13
10 = i) (g ) o]yt (22.13)

Tons within the plasma see the effective trapping potential ¢ (7, 2)

1 1
2 2.2
oo (r,2) = qo(r, 2) + 5 MWRWeT — SMWRT (2.2.14)
. . N -~ > N - >
electric potential rotation induced potential centrifugal potential

where last two terms provide a radial confinement, if the condition below is satisfied
0 <wr/w.<1 (2.2.15)

and the confinement due to rotation through magnetic field is stronger than deconfining

centrifugal force.

SEquivalent to Equation [2.2.8b where vy = or
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U roTt Ueent

Figure 2.9 — Radial electric potential Ur generated by the cylindrical electrodes in red and rotation
induced potential Uror with centrifugal potential Ucentr in dashed grey. The resulting effective potential

Ueyy is represented in blue.

At low temperatures the density of ions inside the plasma is approximately constant and
equal to ng, but it drops exponentially at the edges of the plasma. The density change on
the edge of the plasma is described by a plasma density profile:

qo(r, 2) + ymwp(we — wr)r®

kgT

(2.2.16)

n(r,z) =ng exp | —

where w, is the same as single particle cyclotron frequency (2.1.12]).
The plasma rotation frequency wg is greater than magnetron frequency and smaller than

cyclotron frequency of a single particle in a Penning trap [146.|153]:
W < Wr < We (2.2.17)

The plasma density profile depends on the temperature of the plasma, and it scales as
n(r,z) ~ exp(1/T). To avoid infinitely high densities inside the plasma for low temperatures
(T — 0), the condition is introduced:

1
qo(r, z) + Eme(wc —wr)r* =0 (2.2.18)
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This means that the electric potential inside the plasma for zero temperatures would be

independent of 2z position
¢(r, 2) = ¢(r) = —mwg(we — wr)r*/2q (2.2.19)

so there would be no force acting on ions in the axial direction (along B-field lines). Potential
¢(r, z) includes the plasma space-charge (Equation [2.2.5)), so the potential depends on the

charge distribution p(r, z) via Poisson equation:

V2o(r, z) = _pnz) _anlrz) (2.2.20)

€o €o

Solving Poisson equation for the potential in Equation [2.2.19| obtained as the condition for
T — 0, we can obtain the maximum ions density ng, which is constant inside the plasma [146]

2egmwp(we — WR)
nNg = q2

From Equations [2.2.4] and [2.2.21] we can see that the plasma rotation frequency wg is

(2.2.21)

related to the plasma oscillation frequency w,

drg’ng
w2 = = 2wr(we — Wg) (2.2.22)

A parameter characterising the plasma is the Coulomb coupling constant I'asma

E
I c

asma — 2.2.23
pl kBT ( )

which is a ratio of the Coulomb energy per particle inside the plasma Eg to the thermal

energy kgT'. This Coulomb energy is given by

2
=1 (2.2.24)

4megag

where the effective ion-ion distance at a given ion number density n is described by Wigner-

Seitz radius ag

3
as =\ 2.2.25
41y ( )
Combining last three equations we get plasma coupling constant I p4sma
e
I asma — 2.2.26
pl 4dme oas k BT ( )

which characterises the state of plasma. If the charged particles are cold enough and I',145ma >
175, the plasma can change state to a Coulomb crystal, which would rotate around the trap

axis at frequency wg.
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2.2.3 Centrifugal separation

Centrifugal separation is an effect that occurs in plasmas of mixed species with different
masses and charges to mass ratios, when two species radially separate from each other due
to the difference of their rotation frequencies [138,148,155,/156]. Shear between both species
a and b due to difference of rotations wg; and due to collisions between particles of both

species at the rate v, cause azimuthal drag forces
Fyo = —maVayr(Wra — WRp) (2.2.27)

which produces Fy, X B radial drift, causing an inward radial flux I, of lighter species:

cn
Fra = —I a 2.2.28
B ( )

and similarly equivalent Fy;, will produce outward flux I, of heavier species. This causes
momentum transfer until thermal equilibrium is reached and both species rotate with the
same frequency wg. In the state of thermal equilibrium, the density of each species will have

different radial distributions [148]

) = o 0| = 22 (90) - 000+

and equivalently for n,(r). One species has maximum density in the centre of the plasma

2.2.29
2c Qo 2 ( )

r, = 0 and the density exponentially decreases with higher radii. The other species has
a maximum density at a radial position away from the trap centre r, > 0 and its density
decreases moving inwards to the radial centre and as well moving outwards. If one of the
species a is dominant and the species b does not contribute significantly to the potential ¢(r),

then the factors inside the exponential function that determine the density distribution:

2 2,.2

bo == 7 (o) - o0+ 2 - ) (2230
o 1 my, Mg\ wir?

wo= o Byo4 k:_Tq”<Z _ Z> ; (2.2.31)
charge difference ) centrifugal separation ’

The difference between both density distributions comes from a so-called charge difference
separation and centrifugal separation caused by the mass-to-charge ratios difference. If two
species have the same charge, the relative density distribution would be proportional to the

centrifugal separation term

. 1
a(r) x exp{%—T(ma - mb)w?{rz} (2.2.32)
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Figure 2.10 — Example MCP image of centrifugal separation between antiproton and electron plasma.The
offset between the centres of both plasmas is caused by the high voltage tabs of the MCP electrodes generate

a static electric field and the resulting force acts in opposing directions on particles of different charge.

For the centrifugal separation to be noticeable within the plasma of the radius Rp, the

centrifugal term must be large in respect to the thermal energy:
my my,

dv Ga
Two species in the plasma can be partially separated if the separation length is smaller than

@ wiR% > kpT (2.2.33)

radius of the plasma l,, < Rp and fully separated if separation is significantly larger than
Debye lengths of both species Apg, Apy <K lsep. In the case of full separation, the heavier
species will form a shell around the lighter species. The separation length between the two

species depends on the equilibrium temperature 7"
kgT
mg — my|lwiRp

(2.2.34)

lsep = |

Two-component plasmas in the ALPHA experiment are used to sympathetically cool one
species with another species of lower temperature (more on sympathetic cooling in Section
2.4.1). For example, during the antihydrogen production sequence, antiprotons are cooled
with electron plasma [157], since electrons cool by cyclotron radiation to around 20K. Another
example is sympathetic cooling of positrons with Be™, which we have recently demonstrated
. In both cases, centrifugal separation was observed with the MCP detector. Since the
sharpness of separation depends on the equilibrium temperature, measurements of the radial

profile can be used to extract information about the plasma temperature, which will be

discussed in Section 2.3.3]
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2.3 Plasma diagnostics

The detection methods used in the ALPHA experiment are mostly destructive, which
means that the ions must be released from the Penning trap []and sent to the detector. This
means that every sample of particles must be discarded to measure the properties of the
plasma, and for any further study a new sample must be loaded to the trap. If we want to
characterise the dynamical changes in plasma properties, we need to dump the ions into the
detector at a desired step of particle manipulation and then load a new sample and repeat the
same manipulation steps as before. This is a clear disadvantage of destructive measurement
methods. The advantage is that they are relatively easy to implement from the hardware
point of view. The number of particles and the equilibrium temperature of the plasma is
measured using a Faraday Cup (FC'), which is a metal plate with a simple electronic circuit.
The plasma radial profile is measured using a single Chevron Microchannel Plate (MCP),

which is a commercial detector from Photonis.

2.3.1 Plasma size, shape and density

In experiments with trapped plasmas, the size and shape of the plasma will determine
the overlap volume between two species of plasma (e.g. positron and antiproton plasmas
during antihydrogen formation [158], beryllium ions and positron plasma in sympathetic
cooling [1], etc.) or the overlap with the laser beam for the spectroscopy measurements and
laser cooling. Plasma size also defines the plasma density, which is important for interactions
between constituent charged particles. The collision rate of charged particles within the
plasma depends on its density and temperature. Plasma density is inferred from the number
of particles within the plasma and plasma size. The number of particles is measured with
a Faraday Cup technique that will be described in the next section. Plasma size in the x-y
plane (radial profile of the plasma) can be measured using the MCP detector, while axial size
cannot be measured directly and has to be calculated based on the knowledge of the shape of
the trapping electric well. The MCP detector is a thin plate with an array of microchannels
that amplify the signal of charged particles reaching its surface via an electron avalanche,
then the amplified electrons reach the phosphor screen where they impact the surface to

produce phosphorescence, which is detected on the CCD camera.

7Or antihydrogen atoms are released from the magnetic bottle trap.
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The CCD camera consists of an array of pixels, which enables imaging the radial distri-
bution of charged particles within the plasma. The signal intensity for each pixel corresponds
to the sum of charged particles at a given radial position. Therefore, the values measured
in the MCP picture are in fact the axially integrated radial density profile. To correlate the
intensity of the signal recorded by the CCD camera pixels with the real number of charged
particles that were deposited on the front surface of the MCP, a calibration is made by mea-
suring the total number of charged particles inside the plasma using a Faraday Cup detectoxﬂ

The measured radial intensity profile of the plasma is fitted by the Gaussian power law curve:

Snop(r) = anp{— (T —bro)”} + Sheg (2.3.1)

where a corresponds to the peak signal intensity in the plasma centre, b is the plasma radius

1

defined as e™" of the central intensity, ry is the centre position of the plasma on the MCP

image and Sy, is the background level offset.

Plasma Solver

Plasma density profile in the thermal equilibrium n(r, z) is defined by Equation .
The temperatures of the plasma is measured by the Temperature Diagnostics technique that
will be described in Subsection [2.3.3] The unknown values in the density profile equation
are the space charge (contributing to ¢(r, z)) and the plasma rotation frequency wg. The
plasma size is calculated using a closed form method. The guess for an initial density profile
Nguess(T, 2) is informed by an MCP measurement and knowledge of the trapping electric
potentials. In each i iteration of the closed form method, the total electric potential ¢;(r, 2)
is obtained by solving the Poisson equation

o qnguess (T, Z)
€0

V2gi(r, 2) = (2.3.2)

for the boundary conditions set by applied voltages on the surfaces of the electrodes and by

the current guess of the density distribution [138].

8For the best result of a MCP calibration, the Faraday Cup detector should be placed in the same location as the MCP and
both instruments should have a large enough surface, such that all particles in the plasma are deposited on the detectors surface.
In the ALPHA experiment, detectors are installed on a linear translator inside a vacuum chamber, which allows detectors to be
moved in and out of the axis of the Penning trap. In the case of the ALPHA-2 trap we use the same MCP instrument in two
configuration: standard radial profile imaging and in the Faraday Cup configuration, with the front plate of the MCP connected

to the Faraday Cup signal readout electronics.
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Figure 2.11 — Assembly of the MCP detector. Photon multiplier channels are placed between the front
and back electrodes. The front of the phosphor screen is biased to ~ 5 kV. The voltages are delivered to
the electrodes by the tabs extending out of the MCP assembly.

This electric potential ¢;(r, z) is used to calculate the plasma density distribution profile

of the i*" iteration using Equation [2.2.16}

n;;(r,z) = C’exp{— 5

kBLT [gbi(r, z) + 1meJ»((,uC - wR’j)rﬂ } (2.3.3)
where C'is a normalisation constant related to the maximum density ng inside of the plasma
and wg ; is the plasma rotation frequency in the ith iteration of the electric potential calcula-
tion and ;™ iteration of the plasma rotation calculation. A plasma rotation frequency must
be chosen to calculate n; ;(r, z). The plasma rotation frequency is set to an initial value wi,“*”
based on an educated guess to calculate the density distribution n;o. This calculated density
distribution is then axially integrated and compared to the axially integrated density profile
measured by the MCP detector. If the difference between the two axially integrated density
distributions is greater than the chosen error value, then a new guess is made for the plasma
rotation frequency wg ; and a new density distribution n; ;(r, z) is calculated. When the error
falls below a desired value, the latest plasma density distribution n; ; is set as a guess value
for the next evaluation of the Poisson equation. The plasma density distribution n; ;(r, 2)
is iteratively calculated until the difference between two consecutive iterations, n;(r, z) and
ni—1(r, z), is below some defined threshold. More details about the Plasma Solver for the

density distribution profile can be found in Chukman So’s Ph.D. thesis [152].
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MCP detector

The MCP detector is an array of microchannels covered on both sides with a metallic
surface (see Figure 2.11). Metallic surfaces form front and back electrodes, to which a
voltage is applied to accelerate charged particles. The voltages on the MCP detector are
with respect to the ground of the apparatus. The front has a positive voltage for negatively
charged particles (e, p, anions) and a negative voltage for positively charged particles (e*,
Be™, other cations) to accelerate particles toward the MCP detector. The absolute front
electrode voltage is usually set at |Vione| = 100 V in the ALPHA experiment setup. Inelastic
collisions between charged particles and atoms on the surface of the MCP cause emission of
secondary electrons. All types of charged particles, independently of the sign of the electric
charge, can initialise an avalanche of electrons within the microchannels of the MCP device,
so the voltage applied to the back electrode is always positive: Vi, =~ 1 kV and the difference
between the front and back electrodes defines the gain value for the MCP detector. Electrons
are accelerated between the back electrode and the phosphor screen by applying high voltage
to the surface of the phosphor screen. This high voltage is Vinosphor =~ 5kV.

The overall MCP efficiency of detecting a single charged particle depends on the impact
energy of the particle [159]. For the same gain settings (front to back electrode voltage), the
detection efficiency depends on the particle type and mass - heavier ions have lower detection
efficiency than leptons, since the same front voltage causes slower acceleration for heavier
species, and antimatter particles have different detection efficiency than matter particles.
The detection efficiency of ions can be improved by increasing the front voltage. An example
using Be™ is shown in Figure , where Vo was increased from —100 to —300 V, which
allowed for the imaging of samples with a smaller number of Be™ that could not be detected

using standard front voltage setting.

2.3.2 Number of particles

Number of particles is measured using the Faraday Cup technique. Faraday Cup detector
measures the number of charges arriving at the metal surface in units of time. Ions are
deposited on a metal plate connected to the ground through a resistor. The plate charges
as the ions arrive at its surface, which represents the integrated time-of-flight spectrum of

ions released from the trap, and then it slowly discharges to the ground through a resistor.
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a) MCP gain = -100/900/5000 b) MCP gain = -300/700/5000
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Figure 2.12 — The MCP image of small (< 1M) beryllium ions sample for different front voltage settings.
a) Viront = —100V and b) for the Viron: = —300V. The MCP gain is denoted as Viront/Veack/Vphosphor-

The behaviour of this circuit can be described as an RC-circuit with a capacitance C' and a
resistance R:
av 1 1(t)

— 4+ V() = el (2.34)

I(t) = dQ(t)/dt is the amount of charge arriving at the detector in the time dt [| V is
a voltage difference between the metal plate and the ground reference and G is the signal
amplification gain factor. The decay of the FC signal occurs on the time scale of 7 ~ 1ms,

where

T =RC (2.3.5)

and this should be much greater than the arrival time of the particle beam (usually ~ ps).
There is an amplifier present in the circuit that allows adjustments to the gain level G.
Our amplifier (Stanford Research Systems SR560) has built-in low-pass and high-pass filters
to remove background noise and clean the signal. Ideally, we want to amplify the signal
without amplifying the background, but avoiding saturating the voltage measurement device
(National Instruments PCI-6132). The height of the voltage peak with good approximation
corresponds to a total number of particles N in the sample (example FC signal in Figure

2.13). But if any ions arrive after the FC plate starts discharging, these charges will not

9Here we should account for the charge of single ion, but in our case we only measure singly charged particles
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be accounted for when we take only the maximum peak value. To get an accurate number
of particles, we need to fit the acquired signal with the function in Eq. [2.3.5 Fitting a
signal with one peak originating from a single beam of single-ion species is simple. If we have
multiple different species trapped in the same potential well (e.g. p and e~ or et together
with Be™) their arrival time to the FC detector after release from the trap will be different,
due to their mass difference: lighter species arrive faster to the detector. Depending on the
distance travelled, different species can be well separated or multiple peaks can overlap with
each other. Since the arrival of the second ion beam in principle happens at the same time
as a discharge after deposition of the first beam, a more complex fitting routine is needed
to extract the exact values of ions of each species (see example in Patrick Mullan’s Ph.D.
thesis, Chapter 5.6 [44]). For our application of Be™, we also use a beryllium source as a
Faraday Cup (since it is electrically isolated from the frame assembly) to see the amount of
charges leaving the plate, which is sufficient to measure an order of magnitude of ablated
ion number. The ablation process is highly non-reproducible and we lose some ions in the
trapping process, so we are not able to infer an exact number of ions that were held in
the potential well. The decay time of signals with this hardware is much longer than the
duration of the arrival of charged particles, which allows for a suitable approximation of the
total number of particles to be obtained by integrating Equation between the period

before particles arrive at the plate and the time at which the voltage signal reaches a peak

/—dt+—V( )dt = /G%dt (2.3.6)

In this situation the voltage peak value gives already a good enough estimate:

Vmaz O
G

We have a few Faraday Cup detectors that are simple metallic surfaces (a beryllium

Qtotal ~

(2.3.7)

source is a plate that looks like a standard Faraday Cup detector), but more commonly we
use a front plate of the MCP detector as a Faraday Cup detector. In this mode of operation,
the MCP voltages are disabled and the front MCP electrode is connected to the standard
FC circuits and the same type of signal is measured. There is also a newer setup, more
suitable for a smaller and colder plasma, which extracts the charge from the measurement of
the intensity of photon emission caused by ions striking the MCP [160]. In this configuration

a Silicon Photomultiplier (SiPM) converts the photons into an amplified electrical signal.
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Figure 2.13 — a) Simulated signal of 1 million singly charged particles read by the Faraday Cup detector.
b) Flux of particles arriving to the Faraday Cup detector. ¢) Comparison between charged particles current

and voltage signal read by the Faraday Cup detector.

The integrated light intensity across the SiPM surface is measured as a function of time,
similar to the FC signal, contrary to standard MCP measurement which measures spatial
distribution of photons emitted from the MCP. The measured SiPM signal can be calibrated
using a secondary FC to use the SiPM as a FC with improved sensitivity for plasmas with

low numbers of particles because of the relatively low noise of the SiPM electronics.

2.3.3 Plasma temperature
Parallel temperature diagnostics

Plasma Temperature Diagnostics method (internally referred as TDiag) allows to mea-
sure the axial temperature of the plasma trapped in the Penning trap [161]. In certain
scenarios, if the parallel and perpendicular energy are thermalised with each other, this
measurement can inform about the global temperature of the plasma.

Plasma is released from the Penning trap by lowering one side of the confining potential
well in a sequence of discrete steps by changing the voltage applied to one outer electrode in
a series of 10% — 10* steps of around 1-15 ms. Each step of lowering the wall of the potential

well causes ejection of particles, with axial kinetic energies between the axial potential energy
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of the trapping well before and after the voltage change (see Figure . The duration of
each potential lowering step must be longer than the period of the axial bounce frequency
w;, but shorter than the thermalisation timescale 74, such as the velocity distribution of
charged particles remaining inside the plasma does not change during the particles dump.
The number of charged particles that escape from the trap for various confining potentials
in each step is measured with a detector. In ALPHA we use a phosphor screen electrode
of the MCP detector configured in a Faraday Cup mode. The electrical signal is amplified
inside the MCP via electron avalanche, but instead of detecting the spatial distribution of the
photons emitted by phosphor screen, the total current signal is measured. In the Temperature
Diagnostic mode, the electrode voltages setting on the MCP are different from standard MCP
operation: the front-to-back electrode gain is high, but the phosphor electrode is low.

If the plasma could be treated as a thermal gas, the number of particles ejected at each
potential drop step would correspond to a certain energy interval AEy, | of the total Maxwell-
Boltzmann distribution of the axial energy. Although, the space-charge ¢p (i.e. plasma’s
self-potential) plays a significant role in the total potential experienced by charged particles

inside the plasma (see Equation [2.2.5)). The kinetic energy of ions that escape the plasma

By > —q(ér — ¢p) (2.3.8)

The energy interval that is being probed with the Temperature Diagnostics method at each
dump step corresponds to the changing effective potential Ap = A¢pr + App. Plasma self-
potential changes as charged particles are extracted from the plasma, but for first few steps of
decreasing the trapping potential, the space-charge does not change significantly A¢p = 0.
The change in the trapping potential A¢r can be related to the energy slice A¢ of the

Maxwell-Boltzmann distribution of the axial kinetic energies:

Particles released from the trap during these first steps of Temperature Diagnostics dump
are those of the highest kinetic energy out of all the population, which corresponds to the
high-energy tail of the Maxwell-Boltzmann distribution. The number of particles with the

highest energy in the population can be well approximated by the exponential function

N(pr) o exp{ kﬁ% } (2.3.10)
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Figure 2.14 — a) Signal recorded by the Faraday Cup for the Temperature Diagnostics (TDiag) mea-
surement. b) Change in the on-axis trapping potential during the release of the plasma. ¢) TDiag in the
analysis format with the fit to the exponential tail. An exponential function is fitted to the initial part of
the measured signal, but we display this in a logarithmic scale as it is visually easier to identify the period

of time when the signal increases exponentially across orders of magnitude.

Given the voltages applied to the electrodes we can calculate the vacuum trapping electric
potentials experienced by the particles at various axial and radial positions of the trap, which
determines the well depth. The most weakly confined particles in a plasma are those close
to the central axis of the trap and the confinement increases with increasing radial position.
Therefore, when the well depth is reduced, the first particles extracted from the trap are the
on-axis particles. This means that, in fact, during the first dump steps, we are sampling the
upper energy distribution of the core of the plasma. As the well depth is further reduced, the
radially outer regions of the plasma begin to be ejected onto the detector, which causes the
signal measured at later steps to be a convolution of information about energy distribution
and particles location within the plasma: lower energy slices from the axial position will
be mixed with higher energy intervals from radially outer positions. For simplicity, only
the initial high energy distribution is analysed and fitted with the exponential tail of the
Maxwell-Boltzmann distribution. Since, according to the assumption, the plasma was in

thermal equilibrium before the T'Diag dump, the temperature of the plasma core is the same
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as the temperature of the entire plasma, therefore the information extracted from the initial
signal of particles ejected from the centre is representative of the temperature of the plasma
in its entire volume. To perform the Temperature Diagnostics method in a way that gives
correct temperature information and does not change plasma properties during the first few
steps, multiple parameters of the dump process must be adjusted for each specific plasma,
based on the type of charged particles, space-charge of the plasma, size of the plasma, etc.

These dump parameters are
e what is the initial and final applied electric potentials,
e how many voltage steps are performed,
e what is the total duration of all steps,
e and the magnitude of the amplifier gain used on the detector’s signal.

Trapping potentials will produce different axial frequencies for various species, which affects
how quickly you can perform the voltage steps. When the amplification gain on the detector
signal is chosen to increase the signal-to-noise ratio of the Maxwell-Boltzmann exponential
tail, disregarding the signal quality of later steps. In practise, there is no universal tempera-
ture diagnostic configuration for all plasmas within these experiments; the parameters of the
TDiag dump need to be optimised with a trial and error method.

The Temperature Diagnostics method was developed to measure low energy plasmas in
Penning traps. We found this method to work reliably in the range from tens of kelvins to
tens of thousands of Kelvins. Initially only larger plasmas could have been measured, but the
application range was expanded by E.D.Hunter et al. [160] by using silicon photomultiplier
(SiPM) to improve the signal-to-noise ratio of small and cold plasma. SiPM measures light
emitted from the phosphor screen instead of directly measuring the current of phosphor screen
directly, which reduces the microphonic noise. This allowed for reproducible measurements
of plasmas of only 300 electrons at temperatures of 10-30 Kelvins. This improved technique
of measuring plasmas’ temperatures allowed us to develop an improved method for Electron
Cyclotron Resonance measurement, called a Reservoir ECR [162]. More details on Reservoir
ECR can be found in Section[6.1.1] We used this improved Temperature Diagnostics method
with SiPM to measure the temperature of the plasma of beryllium ions in the sympathetic

cooling experiment of positrons [1] performed in 2019. We have measured cold beryllium
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ion plasma temperatures of 5-30 K with the Temperature Diagnostics method, and we also
extracted plasma temperatures by measuring the prominence of the centrifugal separation
between Be™ and positrons (more details concerning the centrifugal separation effect in Sec-
tion . These two methods gave a good agreement, which confirmed the applicability
of the Temperature Diagnostics method in this low temperature regime (above 5 K). More
information about those temperature measurements can be found in Jack Jones’ Ph.D. thesis
in Section 7.6.3 [131].

It should be stressed that this Temperature Diagnostics method measures only the axial
temperature of the plasma. The axial temperature and plasma temperature are equivalent
when the plasma is non-magnetised. A plasma is considered magnetised when the cyclotron
radius is smaller than the distance of closest approach for Coulomb scattering at mean kinetic
energy, which means that the collisions can be viewed as collisions of point-like particles and
energy of the cyclotron motion is not transferred to other motions. More information about
collisions in magnetised plasma can be found in Ref. [194]. If the plasma can be shown to be

non-magnetised then the Temperature Diagnostic method measures the plasma temperature.

Centrifugal separation analysis

Centrifugal separation is an effect that occurs in a mixed plasma of multiple species
with different charge and/or mass, which causes heavier species to drift outward and lighter
species to locate in the centre of the plasma. The migration of charged particles occurs
until a thermal equilibrium is reached. The phenomena was discussed in Section in
more detail, but now it is only needed to know that the separation length depends on the
mass difference between the species and the final temperature that the mixture reaches. We
have used this effect to measure the temperature of beryllium ions and positron mixture
in sympathetic cooling measurement [1,|131] by measuring the integrated radial profile of
beryllium ions. Positron plasma at around 20 — 30 K was mixed with laser cooled Be™ of
< 1 K. There were around 0.1M positrons and around twice as many beryllium ions. The
mixed plasma was exposed to the cooling laser, the frequency of which was chirp towards the
cooling transition resonance frequency. The final frequency of the laser defines cooling power
and, as a result, determines the final plasma temperature. For each sample, the positrons were

removed from the mixture using the e-kick technique (described in Section [2.4.4). Be™ were
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ejected to the MCP immediately after removing the positrons to maintain the hollow shape
and unaffected density profile of beryllium plasma [%l The axially integrated radial profiles
of beryllium plasmas for different final laser frequencies were measured to compare these
profiles with results of calculations of the density profiles at various equilibrium temperatures
(more information about these calculations can be found in Jack Jones’ Ph.D. thesis in
Section 7.6. [131] and in Ref. [157]). Temperatures obtained from radial profiles measurements
were compared with the measurements obtained using our standard Temperature Diagnostic
method and showed very good agreement. We have demonstrated sympathetic cooling of
positrons with laser-cooled Be' and reached temperatures as low as 6 — 7K. By using
centrifugal separation measurements, we have cross-validated the Temperature Diagnostic

method and we have proven that this method can also be used for plasmas at T 2 5K.

2.4 Plasma manipulation and cooling

Multiple plasma manipulation techniques are used to prepare samples of particles with
desired properties, such as plasma size, density, and temperature. Most of these properties
can be controlled by manipulating in a very specific way the trapping electric potential well
depths and shapes. A technique of evaporative cooling, plasma length adjustment, radial
compression or radial tailoring of the plasma and removal of lighter particles is performed
by changing voltages applied to the electrodes. When it comes to the temperature control,
charged particle plasmas can be cooled by interaction with other particles by transferring the
energy via collisions, which is known as sympathetic cooling. The temperature of the ions
inside the Penning trap can also be controlled by adjusting the magnitude of the external
magnetic field, which defines the strength of the cyclotron cooling effect. The controllability
and reproducibility of plasma samples is a key aspect in the ALPHA experiment, as destruc-
tive detection techniques are used. Reproducibility is key to reliably performing systematic
studies. Preparation of the antimatter plasmas for the antihydrogen synthesis involves many
complicated steps in order to manipulate its properties in such a way that the next operation
can be efficiently performed. A systematic studies of scanning various experimental param-
eters at each step (e.g. electrodes potential shapes and well depths and speed at which they

are being changed, changes of external magnetic field and alternating electric fields, number

10Hollow plasmas are not stable and they are known to collapse towards the centre due to Helmholtz instabilities

78



2.4. PLASMA MANIPULATION AND COOLING

Figure 2.15 — Evaporative cooling diagram, adapted from Ref. [164]. When particles begin to evaporate
from the trapped plasma, the space charge ¢p is limited by the depth of the trapping potential well ¢yeir-

Adjusting the trapping potential allows to control the space charge within the plasma.

of other charged particles introduced to the system) requires that previous steps reliably led
to a plasma of the same properties. These changes are diagnosed by discarding the plasma
samples towards a detector at each step multiple times. If the plasma properties are repro-
ducible at a given step, we assume that we have control over this preparation step. For the
entire experiment to be performed successfully, individual steps must be performed in a re-
producible manner. For example, the Strong Drive Regime Evaporative Cooling (SDREVC')
technique [163,/164], which improves the repeatability of positrons and electrons preparation,

allowed some trappable antihydrogen atoms to be produced in every mixing cycle.

2.4.1 Cooling techniques

Evaporative cooling

Evaporative cooling is a technique of reducing plasma’s temperature by removing the
particles that have the highest kinetic energy, which causes the mean kinetic energy of the
remaining plasma to be reduced. This is performed by reducing the depth of the trapping
electric well to the level of the plasma’s space charge so that most energetic particles will
have enough kinetic energy to escape the trap, referred to as evaporation. Collisions between
particles within a plasma lead to thermalisation of the particles’ energy towards a Maxwell-
Boltzmann distribution. The mean average kinetic energy after evaporation is reduced, and
there are more particles occupying lower thermal energy states. The clear consequence of this
cooling method is that some of the particles are lost. If plasma before the evaporation was
in a thermal equilibrium state, then the highest energies of particles within the population
corresponded to the exponential tail of the Maxwell-Boltzmann distribution, which means

that removing a very small fraction of the population can lead to a significant cooling effect.
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Cyclotron cooling

Cyclotron radiation is an effect of an electromagnetic wave emission by a charged particle
due to its acceleration in the magnetic field. A charged particle in a magnetic field performs a
cyclotron motion in the plane perpendicular to the magnetic field direction, with a velocity v
tangent to the orbit of motion and an acceleration vector a; = w.v, pointing along the radius
of motion. This charged particle emits an electromagnetic wave in the same perpendicular
plane. The energy of the emitted wave depends on the velocity of the particle £, = muv, /2,

so the particle loses energy at the rate given by the Larmor formula [138]:

dEi o g QQCL%_ _ q2wc

E. (2.4.1)

dt  3dmegc  3meomcd
For a thermal Maxwell-Boltzmann distribution of charged particles the perpendicular tem-

perature changes as

drl, 3T,
ik 24.2
dt 27, ( )
with a radiation time 7, dependent on the particles mass, charge and the B-field strength
_ 9megm3c?

When the relaxation time is significantly greater than the timescale of of collisions between
charged particles, the perpendicular and parallel temperatures are equal 7' = T} = T" and
an entire plasma is in a thermal equilibrium. If the perpendicular and parallel temperature is
coupled, the energy stored in all three degrees of freedom is irradiated by the perpendicular

direction, reducing the total temperature at the rate

drT T

o - (2.4.4)
which is a good approximation of the cyclotron cooling rate of hot plasmas in the Penning
trap, when the plasma temperature is significantly higher than the surrounding heat bath
temperature and the quantum effects do not play a significant role. For the temperature
T approaching the temperature of the interior of a Penning trap, the black-body radiation
of the surrounding environment becomes a significant contribution to the balance of energy
absorbed and emitted by charged particles. This causes the cooling rate at temperatures

close to the trap’s temperature to differ from Equation [2.4.4] and the cooling rate to slow

down. It has been shown, in Ref. [165], that in practise the cooling rate starts deviating
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from the exponential decay at higher temperatures than close to the heath bath, which is an
indication of addition heating sources acting on the plasma.

Cyclotron radiation causes efficient cooling of light particles (electrons and positrons),
as the radiation time is 7, ~ 3.87s/B[T]?, which corresponds to less than 0.5 s in a 3 T
magnetic field used in the ALPHA Experiment. Although this is not practical for ions as
the radiation time of ions in the same magnetic field would take years, for example 84 years
for the proton and more than 60 thousands years for Be™. Heavier particles must be cooled
by dissipating the energy via collisions with different species at lower temperatures, which
is known as sympathetic cooling, and this will be discussed in the next section. Cyclotron
cooling is limited to the temperatures of the surrounding environment. The black-body
radiation of the interior of the Penning trap is the practical limit for cyclotron cooling and
for this reason modern precision measurements are performed in the cryogenic condition.
Cryogenic temperatures are necessary to obtain the cold antimatter plasmas that can lead
to the production of trappable antihydrogen atoms.

By effectively converting the particles’ axial kinetic energy into cyclotron energy and
then radiatively dissipating it as electromagnetic waves, cyclotron cooling can substantially
reduce the overall energy (and thus temperature) of the plasma. This plays a key role in

long-term confinement and manipulation of the antimatter plasmas.

Sympathetic cooling

The sympathetic cooling method relies on the principle of energy exchange between
different species of charged particles through their mutual interactions. In a Penning trap,
a cloud of ions of one species, the coolant ions, is first cooled down by other techniques,
e.g. cyclotron cooling for electrons or laser cooling for some atomic ions like Bet. These
coolant ions are then mixed with the ions of a second species, the target ions, which are
intended to be cooled. Through repeated Coulomb collisions, energy is transferred from the
warmer target ions to the colder coolant ions. This leads to a reduction in the temperature
of the target ions. Cooling of target ions occurs until a thermal equilibrium is reached. Ion
species of two different masses in a Penning trap would start radially separating as their

temperatures become closer to each other, which decreases the sympathetic cooling rate.
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In the ALPHA experiment we use sympathetic cooling for cooling antiproton plasma
with electron plasma. Electrons can reach temperatures of around 20 K due to the cyclotron
cooling mechanism. Collisions between electrons and antiprotons allow to achieve temper-
atures of ~ 100 K [105]. Electrons are later removed from the mixture by using an e-kick

method, which will be described in Subsection [2.4.4] Further reduction of antiproton plasma

temperature is made by evaporative cooling.
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Figure 2.16 — The figure and caption is adapted from . The images (right) show Be® ejected to the
MCP /Phosphor imaging assembly 5 us after the ejection of et in the opposite direction immediately
following the laser cooling of the Be™. (a) Laser detuning —207o, (b) detuning —36+o, and (c) detuning
—128~9. The measured longitudinal temperatures were (a) 7.1+0.5 K, (b) 10.1£0.2 K, and (c) 370+100 K,
respectively. To the left of each image is a plot of the extracted axially integrated radial density profile,
overlaid with the best fit distribution from calculations assuming thermal equilibrium at the temperatures
stated. The fit results were (a) 6.2+ 0.6 K, (b) 1942 K and (c) 253 & 54 K. The corresponding e™
densities were (a), (b) 6.2+ 0.1 X 10" em™® and (c) 1.2 £ 0.2 X 10® em™>. The calculations were made
using the N2DEC' code in ref. where thermal equilibrium of the two species is assumed. Note that
due to the distortion in the imaging, the plasma image is elliptical; the extraction of the radial profile took
this into account. Additionally, at higher radii (> 1.25 mm) the images are distorted by stray electric
fields near the MCP as well as physical aperture effects.
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Low temperatures of antiproton and positron plasmas are required to form cold antihy-
drogen, such as few of the produced antihydrogen atoms would have low enough temperature
(< 0.5 K) that we can trap it in the magnetic loffe-Pritchard trap. The thermal distribution
of the antihydrogen produced has been observed to correlate with the temperature of the
positron plasma. Therefore, it is expected that further cooling of positron plasmas would
enhance cold antihydrogen production [128]. We have recently developed a method to sym-
pathetically cool the positron plasma by interaction with laser-cooled “Be™. Beryllium ions
can be cooled to at least ~ 0.2 K in the ALPHA-2 Penning trap, while positrons on their own
can only reach the same temperatures as electrons due to the cyclotron cooling mechanism.
We have achieved a reduction by more than a factor of 2 in positron temperatures and there

are prospects for future improvement.

Sympathetic cooling is particularly useful when the target ions cannot be directly cooled
by other techniques, for example, due to the absence of appropriate laser cooling transitions
or too heavy a mass for applying cyclotron cooling. It is used not only in the context of
cooling non-neutral plasmas, but in general for cooling ions, atoms and molecules. A final
example of sympathetic cooling in the ALPHA experiment is buffer gas cooling used in the
positron accumulator, where high energy positrons (545 keV) emitted from the source are

cooled via collisions with the nitrogen gas molecules (more information in Section [2.5.2)).

TIGHT WELL A FLAT WELL
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Figure 2.17 — Axial expansion of the potential well involves increasing the length along z axis, where the

potential has minimum value. This applies to the minimum of the electrostatic potential in the Penning
trap, as well as magnetic field potential in the Toffe-Pritchard trap for antihydrogen. Axial expansion of
the trapping well increases length of the plasma/antihydrogen cloud and it can be used for the adiabatic

cooling of antiprotons/antihydrogen atoms [103].
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2.4.2 Plasma size and density control

Axial size control

The length of the plasma can be easily changed in the Penning-Malmberg trap by adjust-
ing the voltages on the neighbouring electrodes, as shown in Figure 2.17. In the ALPHA-2
trap, when the axial length of the plasma is expanded, the plasma radius typically does not
change. Therefore, axial expansion can be used to reduce the plasma density. When the
plasma gets compressed axially, the density increases, and the radial size might also increase,
if the space charge changes significantly with respect to the trapping potential. We typically
use a single or double electrode well, especially as at least two electrode wells are needed
for the Rotating Wall compression, which will be discussed in Section 2.4.2 The main ap-
plication of axial expansion of the plasma is adiabatic cooling, which is performed by slow
expansion of the trapping potential well. Adiabatic cooling is one of the methods to reduce

the temperature of the antiproton plasma [166].

Rotating Wall compression

Confined non-neutral plasmas might radially expand due to imperfections in the Penning
trap assembly or the charged particle collisions with the residual gas. Maintaining or even
reducing the radial size of the plasma is important while overlapping two plasmas of different
species to maximise the rate of interactions, for example sympathetic cooling between Be™
and et or antihydrogen production by merging antiprotons with e*. Controlling the radial
size of the plasma is more complicated than controlling the axial size, which can be done
just by adjusting static voltages applied to the cylindrical electrodes. Plasma can be radially
compressed or expanded by azimuthally rotating multipolar electric field, which is called a
Rotating Wall (RW) technique developed by Huang et al. at UC San Diego in 1996 [167]
and also applied to positron accumulator design by C.M. Surko group [168].

Plasma in a Penning-Malmberg trap rotates around its central axis at the frequency wg,
this rotation is the net drift from the Penning trap solenoid magnetic field and the plasma’s
own radial electric field and it relates to the plasma density as in Equation [2.2.21] The radial
electric field in the Penning-Malmberg trap is azimuthally symmetric, so the plasma’s radial
profile is a circle. Applying a dipolar radial field breaks the plasma’s symmetry around the

trap axis, and the plasma’s radial profile becomes elliptical.
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Figure 2.18 — Rotating Wall electrode is one of the cylindrical electrodes, which is azimuthally divided

into multiple segments (6 in the case of ALPHA traps). Rotating Wall electrode should be placed on one
of the ends of the plasma, as shown in Figure a). The voltage applied to each segment changes sinusoidally
with a different phase offset for each of the segments; see Figure b), which generates a dipolar electric field

rotating around the radial centre of the trap at frequency wrw. Figure adapted from [138].

Rotating this dipolar electric field around the trap axis with a frequency wgry would
apply a torque on the plasma, which modifies the rotation frequency of the plasma wg. If
wrw > wpr and rotation of the electric field occurs in the same direction as plasma rotation,
the plasma is compressed E, otherwise the plasma is expanded. In practise the rotating
electric field is generated by applying suitably phase shifted sinusoidal signals on to each
segment of an azimuthally segmented electrode, see the Figure [2.18, The applied rotating
electric field must spatially overlap with the plasma, and for optimal performance this should
overlap with one of the axial ends of the plasma, as the coupling mechanism involves certain
plasma modes. This means that the plasma should be axially longer than the length of the
RW electrode, which should be position on one of the ends of the plasma to apply a torque on
one of the plasma ends, as shown in Figure In practise controlling the plasma rotation
frequency is much more complicated, and it depends on the properties of specific plasma.
Typically coupling to the plasma requires coupling to the plasma modes at a very specific
frequency of the rotating wall field, which can cause a slow, gradual change of the plasma’s
rotation frequency wg, this is known as weak drive regime. For low oscillation amplitudes
of the RW drive, plasma compression occurs then only at discrete frequencies wry . If the
density of the plasma is sufficiently high and the temperature is low enough, the plasma can
be in a Strong Drive Regime (SDR) and efficient compression can be achieved over a broad

range of frequencies without tuning to plasma modes.

HTn literature [167,/169}/170] the Rotating Wall is usually expressed in frequency frw, not angular frequency wgry and for

consistency the plasma rotation is also expressed as rotation rate fg, so the compression condition is given as frw > fEg.
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Figure 2.19 — Segmented electrode of the Penning-Malmberg trap that allows to apply Rotating Wall
compression technique. Here the RW electrode is splitted into 4 segments for simplicity of the drawing.

In case of the ALPHA Penning traps, the RW electrodes are splitted into 6 segments.

This Strong Drive Regime was first observed by J. R. Danielson and C. M. Surko at UC
San Diego in 2005 and it was obtained by increasing the RW drive amplitude from 0.1 to 1
V [169]. In this regime there is a linear relationship between the applied RW frequency and
plasma density. Therefore, Rotating Wall technique can be used to control plasma’s density.
In the ALPHA Experiment we are using the Rotating Wall technique in the Strong Drive
Regime to be able to precisely control the number of particles (positrons or electrons) by

combining rotating wall compression with evaporative cooling (SDREVC technique which

will be discussed in Section [2.4.3]).

In ALPHA traps the RW electrodes are split into six segments, which can produce a
rotating electric dipole field with a distinct direction of rotation, unlike a four-segmented
electrode (see Figure [2.19). The peak-to-peak voltage of the rotating wall signals used in
ALPHA experiments are typically between 0.1 Vpp and 5 Vpp. Larger amplitudes improve
the coupling strength between the plasma and the rotating field, though this causes too much
heating. The typical rotating wall frequencies used in ALPHA experiments are 0.1 — 1 MHz
and the plasma density response is linearly proportional to the RW drive in this frequency
range in the Strong Drive Regime. There are two Rotating Wall electrodes in the ALPHA-2
trap, one on the antiproton end and the other on the positron end, which allows simultaneous
preparation of two species. Both Rotating Wall electrodes are placed under short solenoid
magnets, built into the internal superconducting magnet setup of the Ioffe-Pritchard trap, to
boost the magnetic field from standard 1 T to 3 T in order to enhance the Rotating Wall in

the Strong Drive Regime via increasing the cyclotron cooling of the trapped leptons.
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The undesired consequence of the plasma compression using Rotating Wall is plasma
heating. During the compression, particles’” magnetron orbit decreases and since magnetron
energy is negative, this causes the energy of magnetron motion to increase. Without a
cooling mechanism to compensate for this effect the plasma heats up. The method used for
efficient laser cooling of a plasma in the Penning trap is to combine RW compression with
cooling using a perpendicular laser beam. Laser cooling of the radial motion compensates the
magnetron heating induced by compression and Rotating Wall mixes the degrees of freedom,

allowing to achieve three dimensional cooling with only one perpendicular cooling laser.

Radial size tailoring

In our work on Be™ plasma, we initially struggled to efficiently compress all the plasma
with the Rotating Wall method, since some of the ions loaded by the laser ablation occupied
very high radii. The density on the outer shell of the beryllium was so low that collisions
might not have occurred frequently enough for those ions to experience the plasma behaviour.
Therefore, the RW compression did not work well. We developed an alternative method to
tailor the radial size of the plasma by cutting its outermost parts, which we called centre-
extraction. We relied on the fact that whenever the confining potential is lowered and plasma
is released from the well, the extraction of particles begins from the radially central part of the
plasma. We released the inner core of the Be' plasma and recaptured it in the neighbouring
potential well, while blocking ions that were extracted later, so the outer shell. Depending
upon how soon the blocking of remaining ions occurs, we can extract a bigger or smaller
fraction of the plasma’s core. The downside of this method is that some of the particles are
lost in this process. Using the centre-extraction method on Be™t plasmas allowed us to remove
the ions at very high radii, which were preventing compression with RW.In the next step we

have applied a RW field and managed to successfully compress the remaining plasma.

2.4.3 Plasma reproducibility

Strong Drive Regime Evaporative Cooling (SDREVC)

We never load exactly the same number of particles with exact same energies and as we
learnt in previous sections, plasma parameters (number of particles, density, size and shape,

temperature) are related to each other. At the same time, plasma properties and plasma
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stability (plasma expansion, particle losses) are dependent on the environmental conditions.
Changing the number of ions, shape of potential well, or magnetic field strength can greatly
change plasma properties. In a real experimental setup, the conditions of background gas
level, trap temperature, electric field generated by electrodes, magnetic fields, etc. fluctuate.
That means that even consecutive ion samples, loaded for the same trapping configuration,
can produce plasmas of different properties. Controlled and reproducible ions sample with
approximately similar parameters are crucial for the success of antihydrogen production and
diagnostics of the magnetic field inside the trap. In the ALPHA Experiment, we can already
prepare reproducible samples of electrons for the Electron Cyclotron Resonance (See Section
and reproducible positron samples for H formation, but heavier charged particles,
such as antiprotons or beryllium ions, are more difficult to cool down. A method to prepare
reproducible samples of lepton plasmas uses an Evaporative Cooling applied to the plasma

in a Strong Drive Regime developed by Celeste Carruth Torkzaban in her Ph.D. thesis [164].

The Rotating Wall drive at the Strong Drive Regime allows us to tune the plasma’s
density, while the Evaporative Cooling gives control over the space charge of the plasma by
lowering the trapping potential wall to a desired value of ¢p as shown in Figure[2.15 A space
charge and the density define the number of particles within the plasma, therefore Strong
Drive Regime Evaporative Cooling technique allows the control of the number of particles
within the plasma. As long as the initial number of particles is sufficient to bring plasma
to the Strong Drive Regime, adjusting the Rotating Wall frequency and amplitude together
with choosing a depth of evaporation gives reproducible control over plasma parameters:
particles number, density and space charge. In principle, using the same SDREVC sequence
should result in the same final properties of the plasma, but in practise the initial number
of particles might fall below the minimum threshold required. Whenever SDREVC' stops
working properly, sometimes increasing the number of particles loaded into the trap (longer
accumulation time of positrons or running the electron source for longer) allows us to bring

the operation back to the Strong Drive Regime.

For the SDREVC method to work properly, the plasma must be sufficiently cold. This is
easy to achieve for leptons, electrons, and positrons, since they cool down to around 20 — 30K
via cyclotron radiation (see Section [2.4.1). The SDREVC on the antiproton plasmas has

been unsuccessful so far, since the antiprotons heated up too much during the Rotating
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Wall drive (from around 100 K to 3000 — 4000 K, see C.Carruth Torkzaban Ph.D. thesis
[164], Section 5.4.). Applying SDREVC on beryllium ions seems to be more promising,
since those ions can be directly laser cooled to counteract the RW-induced heating. The
application of the SDREVC method to prepare reproducible Bet samples is currently under
development, carried out by Kurt Thompson and Maria Gomes Gongalves. So far, the Be*
samples loaded into the ALPHA-2 trap varied significantly between shots. Since the number
of ions, their momentum and spatial distribution produced in the laser ablation process
are not well reproducible, then trapping a beam of those ablated ions does not produce
consistent plasmas either. We tried multiple methods to obtain more reproducible samples,
mainly trapping multiple bunches from consecutive ablation shots to average the variation
in number of ions and then we tried to radially and axially reduce the plasma size and apply
the Rotating Wall compression, but this never provided good reproducibility of beryllium
plasma samples (see Section . Successful SDREVC on Be™ plasma and preparation of
reproducible samples would greatly benefit any systematic study on beryllium ions, e.g. Be™
electron spin-flip magnetometry (Chapter @, and it will be a key for implementing laser-
cooled beryllium ions to the antihydrogen production sequence, since positrons need to be

reliably cooled in every e™ and p mixing cycle.

2.4.4 Purifying the plasma

Light particles removal (e-kick)

In the mixed plasma of two species with greatly different masses, e.g. electrons and
antiprotons or Be™ and positrons, the lighter species can be removed from the mixture by
briefly removing the potential barrier. The potential wall is lower for a short period of time,
on the order of 100 ns, allowing the light particles to escape, and the wall is raised up to block
the ejection of heavier particles. This is possible since the axial bounce frequency of charged
particles in the Penning trap scales with mass as ~ m~/? (Equation , so leptons have
43 higher axial frequency than antiprotons and 129 times greater than “Be™. This method of
removing lighter species from ion plasmas is internally referred to as electron-kick or e-kick
for short. The e-kick duration must be adjusted carefully to avoid heating of the remaining

ion plasma.
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Heavy particles removal (ion heating)

After charged particles are transferred between Penning traps through the magnetic
beamline guide secondary ion production is observed. Charged particles are transferred
between Penning traps with energies of 50-100 eV within approximately 10 o s. There is
a negligible amount of secondary ions produced during the transfer that would be trapped
together with the original charged particles. Instead, most of the secondary ion production
is observed during the capture and thermalisation. The charged particles are caught with
kinetic energies of the order of 1 to 10 eV and inelastic collisions between trapped charged
particles and background gas are enhanced at these energies. While the charged particles
thermalise, on the order of milliseconds to tens of milliseconds, they can inelastically collide
with the residual gas, causing the produced ions to be captured within the electrostatic
potentials of the Penning trap. This production of ions spoils the plasma with impurities
that might act as heating sources or suppress physical processes. These secondary ions are
removed from the trap in the process called ion heating, which is a standard technique
within the ALPHA Experiment. This is done by resonantly driving the ions out of the
trapping potential well by using an oscillating electric field. ALPHA’s Penning traps were
not designed to produce ideal harmonic electric potentials, rather anharmonic potentials
are produced. An anharmonic potential causes the trapped charged particles to oscillate
at different frequencies depending upon their axial energies. The oscillating electric field is
generated by the sinusoidally changing voltage applied onto a cylindrical electrode with the
chirp of the oscillation frequency. The oscillating signal is applied into the outermost electrode
confining the plasma and it changes the potential well shape on one of the plasma ends, which
can affect the trapped particle motions. When the frequency of the oscillating signal is close
to the particle’s frequency of axial motion, the particle’s motion will couple to the signal.
The anharmonic trapping potential causes the oscillation frequency of the particle to decrease
for larger axial kinetic energies. When the frequency sweeps downward, the particle motion
is amplified, causing its kinetic energy to increase, reaching sufficient energies to overcome
the trapping potential barrier. The axial frequency of trapped charged particles is defined
by their charge-to-mass ratio, so secondary ions can be targeted for removal by a suitable
configuration of a frequency sweep. The process of ion heating is routinely performed on

positron plasma after transfer from the accumulator to the Atom Trap.
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Figure 2.20 — Diagram of ALPHA-2 Penning trap electrodes.

2.5 Charged particles in ALPHA

ALPHA uses very specialised Penning traps to prepare antimatter plasmas. Positron Ac-
cumulator uses buffer gas to cool et and uses cylindrical electrodes that increase in diameter
moving away from the positron source to decrease the gas density in the accumulation region.
Catching Trap is a cryogenic Penning trap that aims to capture antiproton bunches from the
Antiproton Decelerator and perform initial preparation of antiproton plasma. ALPHA-2 and
ALPHA-g are Penning traps combined with the magnetic Ioffe-Pritchard trap to trap anti-
hydrogen that has been produced by mixing plasmas of positrons and antiprotons. Those
traps are also referred to as Atom Trap or mixing trap. Electrodes of smaller diameter on the
sides of Atom Trap are intended to trap transported bunches of antiprotons and positrons
and compress them using Rotating Wall electrodes. Thinner traps in the middle are where
antiprotons are mixed with positrons and where antihydrogen atoms are made. The middle
electrodes have larger radius to increase the trapping volume of the antihydrogen, and they
are thinner to reduce the amount of material with which the antiproton annihilation products

could interact for better vertex reconstruction.

The particles are transported between the traps using magnetic guides. In the past Catch-
ing Trap, ALPHA-2 trap and Positron Accumulator were connected with a short vacuum
section with only a few steering magnets between. Installation of the ALPHA-g experiment,
located between the ALPHA-2 trap and the Positron Accumulator, required to introduce a
specialised beamline capable of transporting positrons and antiproton in opposite directions
(positrons to ALPHA-2 and antiprotons to ALPHA-g) and to guide both species around the
90° bending upward towards the ALPHA-g trap [4]. This beamline was designed by Mark

Johnson, all details concerning the beamline can be found in his Ph.D. thesis [171].
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Figure 2.21 — Schematic diagram of CERN accelerators complex. Antiproton Decelerator (AD) with
newly commissioned in 2018 Extra Low Energy Antiproton ring (ELENA) are located in the southern
campus in Meyrin. The proton beam used to produce antiproton is sourced from the Proton Synchrotron
(PS), currently the oldest accelerator at CERN, which is still in operation. Low Energy Ion Ring (LEIR)
is a former Low Energy Antiproton Ring (LEAR), where first antihydrogen atoms were produced in 1995.

2.5.1 Antiprotons

Antiproton production at CERN involves a series of complex processes aimed at creating
and cooling antiprotons for use in various experiments. The process begins with the Proton
Synchrotron (PS), which accelerates protons to an energy of 25 GeV. The resulting proton
beam from the PS is used to produce antiprotons by colliding it with an iridium target ,
resulting in pair-produced proton-antiprotons . After the collision, antiprotons are se-
lected by a mass separator and are guided to the Antiproton Decelerator (AD) complex .
The AD plays a crucial role in reducing the energy of the antiproton beam from an initial
energy of 2.69 GeV to a final energy of 5.3 MeV, after going through processes of stochastic
cooling and electron cooling, as well as RF cavities for phase space compression. The energies
after the first and second stochastic cooling are 1.27 GeV and 47 MeV, respectively. The
energy is further reduced by AD using electron cooling to 5.3 MeV. All of these steps are

performed in a cycle of 120 min.
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Figure 2.22 — Antiproton Decelerator facility with location of all the user experiments present in 2022.
Antiprotons are produced in the collision of proton beam on the iridium target. Proton beam of 25 GeV
is provided by the Proton Synchrotron, CERN’s primary accelerator. Antiprotons are separated from
protons and formed in a beam, which is reduced in the kinetic energy in the Antiproton Decelerator ring.
This beam is further cooled down in a phases space by new decelerator ELENA installed inside the AD
ring. From the ELENA decelerator, antiproton beams of ~ 100 keV are delivered to the experimental

areas over magnetic beamlines.

In 2018, an additional decelerator named Extra Low Energy Antiproton, abbreviated
as ELENA, was introduced to further reduce the energy of the AD beam from 5.3 MeV to
100 keV . Reduced beam energy is expected to increase antiproton trapping efficiencies
by two orders of magnitude, which was typically 1% with the beam from the AD. The
deceleration cycle duration of ELENA is 13 s, with an injected beam population of 3.2 - 107.
The decelerated antiproton beam is split into four bunches, then delivered on request to
experimental areas through electrostatic beamlines, and the extracted beam efficiency across

four bunches is 80%.

In the ALPHA experiment, the antiproton beam passes through a degrader that mod-
erates the beam to lower energies and gets injected into the Catching Trap. The emittance
of the antiproton beam increases after passing through the degrader, resulting in 1% trap-
ping efficiencies. The antiproton annihilation lifetime within the Penning traps is sensitive

to vacuum quality, so the Catching Trap must operate in the ultrahigh vacuum condition.
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ELENA’s antiproton beamlines are designed to operate at a vacuum pressure of 107° mbar,
which is 100 times higher pressure than inside the Penning traps. The degrader used be-
fore the ELENA decelerator was introduced was thick enough to act as a primary vacuum
window, disconnecting the ALPHA UHV from the AD vacuum. Since the antiproton beam
provided by ELENA has significantly lower energy, the degrader foil must also be thinner and
the Catching Trap vacuum system had to be upgraded to include the differential pumping
region [176].

The Catching Trap is designed to catch antiprotons with axial energies up to 5 keV. The
moderated beam is then captured by applying high voltage to electrodes on both ends of
the trap, in a well time-controlled manner. Antiprotons caught in a Penning trap form the
non-neutral plasma, which is further cooled by sympathetic cooling with a preloaded electron
cloud. The cooled antiprotons are then transferred to one of the Penning traps, ALPHA-2
or ALPHA-g, where the antiprotons will be mixed with positrons to form an antihydrogen.

The last cooling step of antiprotons inside the mixing trap involves evaporative cooling [124].

2.5.2 Positrons

ALPHA obtains positrons from a radioactive sodium-22, which is a beta positive decay

emitter with a half-life of 2.6 years [177].
7INa =7 Ne + et + 15 (2.5.1)

One alternative solution for sourcing positrons is shooting an accelerated electron beam on
the target of specialised material to produce bremsstrauhlung light leading to the production
of electron-positron pairs [178]. This method is used by the GBAR experiment [87], it can
produce beams of higher intensity of positrons than typical radioactive sources. This source
takes more of the floor space, and its positron intensities are beyond the current needs of
ALPHA’s antihydrogen experiments.

The energies of the positrons emitted from the sodium source are above 545 keV, which
is too high to be caught directly in a Penning trap. A solid neon moderator is used to reduce
the energies of the positrons and increase the flux of trappable positrons [179]. A disk of
sodium-22 is placed on the end of a cold finger inside a vacuum chamber and cooled to 7 K.

Neon gas is injected into the chamber such that it sublimates onto the surface of the source
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Figure 2.23 — Schematic diagram of 3 stage positron accumulator. a) Cross-section of the Penning trap
system: external electromagnet and cylindrical electrodes of varied diameter. b) Nitrogen gas pressure
change along the electrostatic potential well due to changing size of the electrodes. Electrostatic well is

shaped to accumulate positrons in the lowest gas density region.

to produce solid neon. The positron and neon moderator are cooled to 6 K. Positrons lose
energy while passing by the solid neon moderator, most of them getting stopped inside the
moderator. About 1% of the positrons diffuse out of the moderator and they are transferred

by a surrounding magnetic beamline, which guides the beam towards Positron Accumulator.

Positron Accumulator is a specialised Penning trap system to capture, cool and compress
positrons [180]. Cooling of the positrons is achieved with a buffer gas present within the
trapping volume, causing the positrons to cool sympathetically via scattering. Molecular
nitrogen gas is leaked into the Penning trap vacuum system through a needle valve. The
Penning trap is formed by a conventional electromagnet that generates a 0.14 T field and a
stack of cylindrical electrodes of varying size. The diameters of the Penning trap electrodes
increase axially along the path of the positron beam, creating a pressure differential across
the axial length of the trap by restricting the flow of nitrogen gas. The electric potentials
applied onto electrodes create a biased electric field that directs positrons towards the lower
pressure regions, such that the positron lifetime is increased. The accumulated positron
cloud is radially compressed using the rotating wall method from a continuously rotating
field generated by a six-segmented electrode. This type of trap is known as a Surko-type

buffer gas trap or a three-stage positron accumulator |16].
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During operation, this system can accumulate 30 million positrons over ~ 70 seconds.
The vacuum pressure is 3 - 107% mbar at the positron cloud, which is much worse than other
Penning trap systems. During accumulation, a gate valve connecting the accumulator to
the magnetic beamline towards other traps is closed. Before the positrons are transferred
to other Penning traps the vacuum must be improved by using a turbomolecular pump to

evacuate the nitrogen gas.

2.5.3 Electrons and ions

Other types of charged particles trapped within ALPHA Penning traps are electrons and
beryllium ions. Electrons are used for sympathetic cooling of antiprotons and Be* are used
for sympathetic cooling of positrons. Electrons are generated by an electron gun, a thermionic
metal wire, which emits electrons when heated, and neighbouring electrodes guide electrons
into a beam. Beryllium ions are generated by pulsed laser ablation from a beryllium target
installed inside the ALPHA-2 apparatus. Details concerning beryllium ions production will
be presented in Chapter

Additionally, other (usually unwanted) ions are generated inside the ALPHA Penning
trap by ionising background gas during transporting charged-particle beams between the
traps. These are mostly hydrogen ions. The residual gas also comprises some He, Ny and
O, [181]. Nitrogen originates from the Positron Accumulator and it is transferred together
with positrons. The Ny contamination in the ALPHA-2 trap improved, as the accumulator
was moved farther away to install the beamline and the ALPHA-g experiment. Hydrogen ions
generated from the background gas could be used in the ALPHA Experiment. A large amount
of protons could serve as an antiproton mock-up for a plasma dynamics study and they could
also be used for hydrogen formation in an analogue scheme to antihydrogen formation [44].
H~ ions, of a mass very similar to the antiproton mass could be used for beamline transfer
commissioning, during the time when antiprotons are not available. However, in current
experimental conditions of the ALPHA Experiment the negative hydrogen ion production is

not feasible.
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Chapter 3

Light and atoms interaction

3.1 Atoms in electromagnetic field

3.1.1 Atomic transitions induced by electromagnetic field

An atom placed in the electromagnetic (EM) field will interact with the field and this
interaction is usually described in a semi-classical way: the atom behaves according to
quantum-mechanical rules, but the EM field is introduced as a classical wave. If the fre-
quency of the EM wave matches the difference between two energy levels, the atom will
continuously cycle between the ground level |g) and the excited energy level |e). This cycling
between states lasts as long as the EM field is present and the state of the atom changes from
the ground state to the excited state with a characteristic frequency called the Rabi frequency.
Rabi frequency is denoted as {2 and depends on the specific transition and intensity of the
EM wave. The probability of a transition between two energy levels depends on the coupling
strength between these levels, which is characterised by a transition matrix element cige. A
very simplified idea is based on the symmetries of those two electronic states, the transition
conserves or breaks specific quantum numbers (generally referred to as selection rules). The
transitions within the atom are induced by an oscillating electric or magnetic field. If an
atomic transition between states |g) — |e) causes a change of the charge distribution, then
we say that this is an electric multipole transition, so we have electric dipole transition (E1)
if there is an electric dipole present and the transition is induced by the dipolar electric fields,
electric quadrupole transition (E2) for the electric quadrupole present, electric octupole tran-

sition (E3) for the octupole moment and so on. Similarly, if there is a resulting magnetic
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moment present for the transition of the electron within the atom, we call it magnetic mul-
tipole transition and in the same way we have magnetic dipole transition (M1), magnetic
quadrupole transition (M2), etc. In general, electric transitions couple states of opposite
parity (e.g. S and P) and magnetic transitions couple states of the same parity (e.g. S with
another S). The probability of an electric dipole transition depends on the intensity of the
oscillating electric field, while the probability of an magnetic dipole transition depends on the
intensity of the oscillating magnetic field. Transitions between strongly coupled states are
dipole transitions and are characterised by higher transition probabilities. Other multipole
transitions (quadrupole, octupole, etc.) decrease in probability with increasing order of the

multipole [182]. So the hierarchy of the transition probabilities is
El> M1> E2> M2> E3> M3> .. (3.1.1)

Electric dipole transition changes the parity of the electronic state and requires changing
the electronic angular momentum Al = +1; magnetic moment may change Am = 0, +1 and
a spin remains unchanged As = 0. The example of electric dipole transitions is 15 — 2P
transition used for laser cooling.

The magnetic dipole transitions do not change the parity and the selection rules for these

transitions are [

1. AJ=0,%1, except of J =0+ 0
2. AM; =0,+1

3. AJ =0 and AM; = 0 together are not allowed

The example of the magnetic dipole transition is the hyperfine transition in the ground state
2515 of the antihydrogen (positron spin-flip) and in beryllium ion (electron spin-flip). Since
an electron spin-flip transition in Be* is an equivalent of the hyperfine transition in H that
we study in the ALPHA Experiment [35], the transition frequencies are similar and the same
EM-wave source (microwave synthesiser installed in the ALPHA-2 Atom Trap) can be used
to drive those transitions. For this reason, we proposed to use beryllium ions as a probe for
the magnetic field in the ALPHA Experiment. Hyperfine transitions in the ground state of

9Bet are well known and commonly studied as qubit states for quantum computing [183}/184].

IThere are addition selection rules for H-like ions: AL = 0, AS = 0 and no change in electronic configuration.
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3.1.2 Rabi flopping

An atom exposed to continuous electromagnetic radiation of angular frequency wy, con-
necting states |i) and |j), will oscillate between two states with Rabi frequency (2. If the
angular frequency w of the EM wave is close to the resonance frequency, the change in the

state of the atom will occur with higher frequency, at the so-called generalised Rabi frequency:
Q' =P+ 52 (3.1.2)

where ¢ is the frequency detuning of the EM wave
d=wy—w (3.1.3)

This continuous change of atom’s quantum state is referred as Rabi flopping. The frequency
of Rabi flopping depends on the strength of the oscillating field and the coupling between
the two energy levels |i) and |j). For the electric dipole transition, the Rabi frequency isE|
di; - E
0= JQ—hO (3.1.4)
where Ej describes the intensity of the oscillating electric field and d;; is the dipole matrix
element for the electric dipole transition. For the magnetic dipole transition, the intensity
of the electric field would be replaced with the magnetic field intensity A, and the equiv-
alent matrix element. Therefore, the Rabi frequency (2 depends on the intensity I of the
electromagnetic wave that induces the |i) <> |j) oscillation.
The probability of finding the atom in the excited state |j) at time ¢ (if the atom-wave
interaction started at t = 0) depends on the Rabi frequency (2 and frequency detuning of the

wave ¢, which is expressed by Rabi formula:

2t o
That means that for no detuning (§ = 0) after time ¢ = 7/(2, we know that atom will be in
the excited state |j) and after the time ¢t = 27/(2 it will be back in the lower state |i).

In real systems Rabi flopping decays at the rate
1/re=¢€-12 (3.1.6)

where 7. is the decoherence time and £ is the damping coefficient.

2In fact there are two definitions of Rabi frequency different by a factor of 2. Another definition is 2 = d;j -E/h.
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Figure 3.1 — Example of Rabi flopping at frequency 2 = 15 kHz with damping coefficient & = 0.005 (red
line) compared to undamped Rabi flopping (bright blue line).

The decoherence time depends upon environmental conditions (interaction with magnetic
field, with electromagnetic radiation, and thermal fluctuations) and interaction with other
atoms via collisions. The coherence time is ultimately limited by the spontaneous emission
lifetime [} The decoherence effect modifies the Rabi formula in Figl3.1.5to behave as
1@
2P 452

Let us neglect the damping of Rabi oscillation for now. If the EM wave is detuned

[1 — cos (t 7 52) -exp(—t/rc)} (3.1.7)

from the resonance frequency of the atom, the probability decreases and the frequency of
oscillation changes to (2 (see Figure . The atom still oscillate periodically and, if there is
no damping present, achieve the maximum transition probability for 2t = (2n+1)m,n € W.

In an ideal Rabi flopping scenario, with no detuning, at every moment for which the
relation 2t = (2n+ 1), n € W holds, the atom will be in the upper state, for 2t = 2nm,n €
W in the lower state and for any other value of 2t the atom will be in the superposition of
both states. This phenomenon could be used to prepare the atoms purely in the upper state

by using a m-pulse, so radiation of the duration equal to
tr=— (3.1.8)

If we would expose an atom to the EM radiation for a time shorter by half (a F-pulse)
the atom would be in an equal superposition of both states. m-pulse is a basis of a Rabi

experiment, which allows to measure the lineshape of atomic transition.

3For the hyperfine states that will be considered in this work the spontaneous emission is not a practical problem.
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Rabi flopping vs. frequency detuning
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Figure 3.2 — Rabi flopping for various values of frequency detuning é. Here ideal Rabi flopping with no

damping of oscillation is presented.

In the Rabi experiment, the initial state atoms are exposed to consecutive pulses of EM
waves of different frequencies, each pulse of duration ¢,. The probability of transition is the
same as in Equation [3.1.5] so for pulse at frequency w; the probability is

02
o (wo — w;)?

Pi=1

sz’nQ(%\/((f + (wo — w;)?) (3.1.9)

After the each m-pulse, the state of atoms is measured, which breaks the superposition state
and makes the atoms to manifest in one of the states with a probability P;. For an ensemble
of atoms, the probability P; can be viewed as a fraction of ions that changed their quantum
state. A plot of the fraction of ions that underwent the transition as a function of pulse
frequency gives a Rabi resonance curve, from which the resonance frequency wy and the
linewidth of the transition can be extracted.

The m-pulse duration depends on the intensity of the EM radiation, which defines the
Rabi frequency. The relationship between Rabi frequency and m-pulse time is shown in Figure
3.5l Experiments are usually performed in the regime when ¢, is on the order of hundreds
of microseconds ,. Longer pulses would make the time of probing full lineshape
longer, on longer time scales this could mean that for example the resonance frequency wy
is changing due to B-field drift of fluctuations, which changes the effective detuning of of
later pulses. Short pulses require a higher power of EM-waves. For longer pulses, the same

absolute intensity fluctuations lead to larger change in the associated m-pulse duration.
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Figure 3.3 — Rabi resonance curve generated by pure m-pulse (blue lines) in comparison to various
different pulse durations (red lines). The m-pulse resonance curve is meant to reconstruct the microwave
induced electron spin-flip in the 25} /> ground state of Be™ measured by Shiga et al. in Ref. (FIG. 5.
in Section C). The m-pulse duration used was 600 ps and Rabi frequency (£2 = 5.235 kHz) was adjusted
such as on resonance the transition probability is 77 = 1, which means all the Be™ have changed the

electron spin state.
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Figure 3.4 — Rabi resonance curves with decoherence effect (red line) in comparison to Rabi resonance
curves generated for the infinite coherence time (light blue lines). The coherence time is varied in respect

to the m-pulse duration.
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n-pulse time vs. Rabi frequency
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Figure 3.5 — Relationship between Rabi frequency {2 and time ¢, corresponding to a m-pulse. For the
future reference a Rabi frequency measured in ALPHA-2 trap for antihydrogen (= -15 kHz) [187] is marked.

The duration of the m-pulse is around 210 ps.

Experimentally the Rabi frequency can be found by exposing the atom to resonant pulses
(w; = wp) of varied duration but constant intensity. Plotting the transition probability as
a function of pulse duration should give a data set that would look like the plot in Fig.
.1l From this plot, the time corresponding to the m-pulse could be extracted and the Rabi
frequency calculated. For an unknown resonance frequency, this scan should be performed
for multiple pulse frequencies w;. As we can see in Figure [3.2], for constant {2, the period of
probability change in time decreases with increasing frequency of detuning. This means that
the Rabi flopping measured with the slowest oscillation and also with the highest initial am-
plitude will occur at a frequency that is closest to the resonance frequency wg. Alternatively,
a 7 pulse can be found by setting a constant pulse duration and adjusting the pulse power
to obtain variable Rabi frequencies.

The duration of the EM-wave pulse with respect to the Rabi frequency changes the tran-
sition probability for the off-resonant (0; # 0). Figure presents how the Rabi resonance
curve changes depending on the duration of the EM pulse compared to the use of the perfect
m-pulse. The damping of the Rabi oscillation is neglected here. We can see that for the same

phase of the (2t factor, the transition probability on resonance is the same, for example:
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e for ¢t = m,3m, .. the probability is P(fy) = 1;

o for t = im, 3, 2m, it is P(fo) = 0.5

o for t =27, 4m, ..., P(fo) = 0.

Examples of Rabi resonance curves, as in Equation for even and odd multiple of 7= and
5-pulse are presented in Figure For longer pulses (corresponding to odd multiple 7-pulse,
which gives the maximum signal at resonance frequency) the main resonance line becomes
narrower, sidebands increase in magnitude, and approach closer to the 0** order peak. For
an ideal Rabi resonance, without decoherence playing a role, increasing the pulse duration
would infinitely narrow the central peak, infinitely increasing the resolution of the measured
resonance frequency wy. For a real experiment, the decoherence of quantum states between
atoms in the sample must be considered. Decoherence causes damping of Rabi flopping, which
means that with increasing pulse duration, the fraction of atoms in each state oscillates closer
to the value % (see Figure , eventually reaching an equal population distribution when
atoms are subjected to continuous EM radiation. The effect of the decoherence on the shape
of Rabi resonance curve is that the heights of the main peak and sidebands decrease and
the values of local minima between the sidebands increase, which leads to smoothing the
curve. Whenever the pulse duration is a few times longer than the decoherence time 7., the
sidebands merge into a single broad peak with a maximum value equal to % A comparison
between resonance curves with and without the effect of decoherence is presented in Figure
B.4] In conclusion, if the pulse at resonance frequency wy is too long, the maximum fraction
of atoms that will change the quantum state is only half of the population.

Rabi experiment of this type was performed at NIST by Shiga, Itano and Bollinger with

beryllium ions, where a microwave m-pulses induced an electron spin-flip transition [132]. In

that work they measured the frequency of the electron spin-flip transition:
1) =281 j2(mr = +3/2,my; = +1/2) = [}) =*Sijo(mr = +3/2,m; = —1/2)

at a few values of the magnetic fields to extract the value of the diamagnetic correction of
the hyperfine constant in the ground state of Be™*.

The fraction of ions that changed the electron spin state was measured via fluorescence
induced by 313 nm laser tuned to the laser cooling transition , since ions in the |1) state

takes part in the cooling transition and emit photons while decaying from the excited state.
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Figure 3.6 — Light induced shift of energy levels of two coupled states. (2 is the Rabi frequency for the
transition between the two states and ¢ is the frequency detuning of the lightwave driving the transition

from the resonance frequency. The figure was adapted from Ref. [185].

The work of Shiga et al. was an inspiration for us to use the beryllium ions we already
have in the ALPHA Experiment (for the purpose of positron sympathetic cooling [1]), to
perform a similar experiment in order to measure the magnetic field and to characterise the
strength of the microwave radiation inside the ALPHA Penning trap. Magnetometry with
9Bet was the main subject of this Ph.D. project and the initial results will be presented in
Chapter [6]

It is important to underline here that the presence of laser field introduces shift of energy
levels called a light shift [185], as shown in the Figure The magnitude of the shift
depends upon the intensity of the laser field. If the microwave pulse is sent during the time
that the ions interact with the laser, the resonance frequency would be offset and the peak
broadened as reported by Nakamura et al. [186]. They reported a transition linewidth 8 kHz
for the Rabi method (laser off during microwave pulses), while the linewidth obtained in
the so-called continuous method (laser on during microwaves) was 5 times greater and light
shift changed the resonance frequency by —16 kHz. Precise measurement of the magnetic
field requires obtaining a narrow transition linewidth. Therefore, future magnetometry with

beryllium in the ALPHA Experiment should use the proper protocol for the Rabi method.
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3.2 Laser cooling theory

Here laser cooling process will be discussed, which is a phenomena of reducing a kinetic
energy of atoms (or atomic ions) by interaction with coherent light radiation. Atom is
a complex system containing internal energy structure, the photon will interact with the
internal degrees of freedom (electronic levels) and with the external degrees of freedom related
to its motion. It relies on the fact that atoms absorb photons from a laser beam of very
well defined momentum, but then it spontaneously emits a photon in the random direction,
which causes that the final momentum of the atom in the direction parallel to the laser
beam gets reduced. The momentum in the perpendicular direction increases in the single
scattering event (atom absorbing and re-emitting a photon), but it averages to zero over
many absorption-emission cycles. This leads to a final reduction in the kinetic energy, which
can be associated with decreasing temperature. The explanation presented in these chapters
is based mostly on Wineland and Itano’s papers [143]/188] and few popular atomic physics
textbooks [182}189,190].

A requirement for laser cooling of a specific atom is the existence of a so-called closed
cycle transition. The closed cycle transition means that the electron gets excited from a
ground state |1) with high probability to the short lived excited state |2) and that the vast
majority of atoms spontaneously decay back to the same ground state |1) from which it can
be excited again by the cooling laser (electric dipole transitions fulfil this requirement). There
is always some non-zero probability of the electron to fall down into another state |3) than
the initial one |1), which does not interact with our cooling laser, we call it a dark state [l
Even though the probability of the transition |2) — |3) is very small compared to the decay
|2) — |1), after many laser cooling cycles the state |1) gets depopulated due to increasing
number of atoms trapped in the |3) state. In order to maintain the number of atoms that
interact with the laser and take part in the laser cooling process, people introduce additional
laser(s) that drive the transition |3) — |2), to bring atoms back to the excited state |2) from
which the initial ground state |1) can be repopulated. This process is called repumping, and

an additional laser for |3) — |2) transition is called a repump laser.

4Technically dark state is a state that does not couple to any EM radiation, since any transition out of this state is forbidden
(to the first order). But often researchers refer to dark states in the respect of the transition of interest driven by the light

source existing in the experimental setup.
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Figure 3.7 — a. photon from the laser beam of momentum k;, interacting with the atom moving with
initial velocity ¥ (atom in a ground state |g); b. atom absorbs the photon, gets excited to the |e) state and
continues moving with velocity v’; c. atom spontaneously decays back to the ground state |g) emitting a

photon of momentum hks

3.2.1 Doppler cooling

Doppler effect is a phenomena occurring for any type of waves including electromagnetic
waves. The Doppler effect experienced by atoms in motion can give rise to a scattering force,
which could reduce the kinetic energy of those atoms, which is called a laser cooling. The
introduction to the theory behind laser cooling based on the Doppler effect will be given
based on “Laser cooling of atoms” (Phys.Rev.A, 1979) by D.Wineland and W.Itano [188].

If we consider an atom of a mass m, moving with velocity v and a monochromatic beam
of light: laser of a frequency wy,, propagating with a wave vector kz, the atom will experience

a shifted frequency of light comparing to the the observers sitting in the laser lab:
Wit =wp — kg -0 (3.2.1)

For the case when atom is moving in the direction counter propagating to the laser beam
(kz -9 < 0), the atoms sees higher frequency of the photons than measured in the lab frame.
Now we should consider interaction of an atom with the laser. We use an approximation

that atom is a two-level system with a ground |g) and excited |e) states separated by energy:
E., = hw (3.2.2)
where wy is a frequency of a photon that could cause transition |g) — |e).
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The difference between laser frequency in the laboratory frame and the resonance frequency
is called a frequency detuning:

§ = wp —wy (3.2.3)

If the laser frequency seen in the atom’s frame of reference is equal or greater than the
transition frequency (w$* > wy), atom can absorb a photon. The excessive energy is converted

into the kinetic energy of the atom
W = wo + Eree/h (3.2.4)
E,.. is called a recoil energy and equals to:

Eyee = (RkL)?/2m (3.2.5)

By combining Equations [3.2.1] and [3.2.4] we obtain the frequency of the absorbed photon [}

Wabs = W, = wo + k- U+ Erec/h (3.2.6)
Detuning of the laser frequency in the absorption process is equal to
§=kp -0+ Eee/h (3.2.7)

Since the first term on the right side of the Equation [3.2.7] associated to the Doppler shift,
is significantly greater in absolute value than second term with the recoil energy ﬁ, the
detuning is negative for the counter propagating laser beam and atom’s velocity. Then the
laser frequency wy, is smaller than that of wg, which is referred to as red detuning. This means
that the laser frequency tuned below the resonance of the atomic transition targets atoms
that move towards the laser beam at velocity v.

After photon absorption, the atom gets excited to a higher electronic state |e) and con-
tinues its motion with a velocity v’. The atom will decay back to the ground state |g) with
a time constant 7 = 1/7, emitting a photon of a energy Aiw, and a wave vector k,, which

causes a recoil of the atom [7]

Wem = Ws = Wy + ks - 0 — Eree/h (3.2.8)

5 wr =wo+kr -0 —woB?/2 + Erec/h, but the second order Doppler effect is very small 8 = v/c << 1, so we can neglect it.
6The recoil energy is small comparing to the energy lost due to the Doppler cooling, so quite often it is neglected in calculations.
"The recoil caused by emitting a photon is E..., = (hks)?/2m, where k2 = (k1 + Ak)? = k2 + 2kg, - Ak + (Ak)?2, but (Ak)?

is small and kj, - Ak averages to zero, so in approximation E;EC ~ Frec
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The process of spontaneous emission produces photons of random momentum #k, and
the atom is recoiled due to momentum conservation. So in total the process of photon
absorption and re-emission could be seen as photon scattering of the atom. A well defined
initial velocity of the atom becomes a random final velocity vg. That causes the atom’s
kinetic energy in the direction defined by the incoming photons kz to be reduced for every
event in which |0g-0| < |0| and for the cases where the final velocity is parallel or antiparallel
to the initial velocity |og| = |v| the kinetic energy in that direction remains unchanged. The
momentum change of the atom in the perpendicular plane can cause an increase or decrease
in the kinetic energy, depending upon whether the perpendicular momentum change was
aligned or antialigned with the original momentum of the atom before the scattering event.
Since photons get scattered in all directions with equal probability, the average momentum
change in the perpendicular direction after many scattering events is zero (we can set the
second term of Equation equal to zero). The energy transferred from atom to photon

in one single scattering event
AEgk (atom) = —AE(photon) = —h(Wem — Waps) = —h(ws —wr) = Ak -0+ 2E,e. (3.2.9)

For hky -+ 2E,.. < 0 the kinetic energy of the in the direction of the laser beam is reduced.
Recoil contributes to increasing kinetic energy by a small fraction, but as long as the laser

frequency is red-detuned and detuning fulfils the condition
§ < —Epee/h (3.2.10)

the total kinetic energy will be reduced in a single scattering event. For the opposite case,
if we would use a laser frequency with a detuning 6 > — FE,../h, after re-emission the kinetic
energy would increase. The change of total kinetic energy can be related to the change of
temperature

AEg = ;kBAT (3.2.11)

The total kinetic energy (and simultaneously the temperature) changes proportionally to
the number of scattering events. If the kinetic energy of the atom decreases as a result of
interaction with a red-detuned laser, the process is called Doppler cooling.

Specific detuning of the laser frequency wy, targets atoms moving with a specific velocity
v. When that velocity is changed after the scattering event, the detuning of the laser must

also change to increase the probability of the next scattering event to occur. With decreasing
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temperature, the laser frequency must be shifted closer to the resonance frequency wgy, which
is often referred to as a frequency chirp. After a sufficient number of scattering, atoms can

reach very low temperatures, on the order of millikelvin.

Absorption cross-section and cooling rate

The rate of change in kinetic energy for a single atom depends on the average energy

charge per scattering event (AFE)
(AE), = 2E,ec + Bk - v (3.2.12)

and the photon scattering rate «,, which is equal to the number of photons times the photon
absorption cross-section o(w)

co(w) (3.2.13)

which depends upon the intensity of the laser I ﬂ and the absorption cross-section o(w) for

the photon at frequency w:

(70/2)?
(wabs - w)Z + (70/2)2

where 7, is the natural linewidth of the transition and oy is the resonant scattering cross-

o(w) = o9 (3.2.14)

section depending upon the electric-dipole moment of the transition cieg, its resonance fre-
quency wp and light’s polarisation é:

6rc? -
00 = o |é - deg? (3.2.15)
Wo

For a single laser beam, incoming from z-direction, rate of kinetic energy change for

single atom equals to:

dF I
@ _ L L+ 2E., 2.1
— = = 0(w) kv, +2E..) (3.2.16)

For a collection of atoms, the average cross section could be obtained by averaging ve-
locities in the direction of the laser beam v,, which are described by Maxwell-Boltzmann

distribution:

“+o00

B exp|—(ve//2kpT/m)?| dv,
o) =oo | NN R LT ey el

8Laser intensity across the atoms motion is assumed to be uniform to avoid necessity of considering the intensity gradient

force acting on the atoms
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The average rate of kinetic energy change for ensembles of atoms can be obtained by

substituting this average cross-section to the Equation |3.2.16}

—+00

<d—E> Iny / exp|—(va) /25T Im) (hkv, + 2E,e0)dv, (3.2.18)
i) R ] T JmekeTim L4 @)@t e+ Brfh- WP

Laser cooling of free atom would reduce the kinetic energy in the direction of the laser beam

propagation, but increase the energy in the other directions due to the recoil heating. For this
reason, three pairs of counter-propagating laser beams in x,y,z directions, are often used. This
six-laser beam configuration is called an optical molasses. Two counter-propagating beams
create a force on the atom that can be described as a viscous force. From that configuration,

the maximum cooling rate occurs for a frequency w = wg + Erec — 1/27, and it is equal to

dE,  2log <  hk*vl)

= o E) (3.2.19)

Doppler cooling limit

The minimum kinetic energy FE, is achieved when there is no further energy decrease

dE,/dt =0 (3.2.20)
and this minimum kinetic energy is equal to
1

The minimum kinetic energy does not depend on the laser intensity. Since the thermal energy
associated with a single degree of freedom is E, = %kBT, the minimum temperature of the

atoms that can be reached with this method is

1

and the temperature T is called a Doppler limit. This lowest temperature predicted by the
Doppler cooling mechanism was derived for the configuration of two counter propagating laser
beams detuned by the same frequency ¢ and this is a temperature in the co-linear direction.
To achieve cooling in all three dimensions, additional two pairs of beams, in the two other
perpendicular directions are needed, referred to as three-dimensional optical molasses, in
the case if there is no coupling between the degrees of freedom, which is a case for freely
propagating atoms. Although Doppler cooling is not the only mechanism for cooling atoms

and temperatures below Doppler limit can be achieved [141}/142].
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3.2.2 Laser cooling in a Penning trap

The picture of laser-cooling freely propagating atoms is suitable for atomic beams, when
atoms are given a certain initial velocity (for example from the thermal energy of the oven or
laser energy in the ablation process), but for many modern applications, including this work,
laser-cooling is performed on trapped atoms or ions. Here we will be discussing laser-cooling
of ions trapped with electric and magnetic fields. For ions trapped in the potential wells,
their motion is a combination of oscillations defined by the shape of the potential and the
velocities of the ions are changing periodically. The mechanism of laser cooling of ions in
a harmonic and Penning trap is well explained by W.M.Itano and D.J.Wineland in “Laser
cooling of ions stored in harmonic and Penning traps” (Phys.Rev. A, 1982) [143]. Here, only

key points regarding cooling of trapped ions will be presented.

Laser cooling in a harmonic trap

The motion of an ion trapped in the three-dimensional harmonic well can be described
by oscillations in three directions and the frequencies of these oscillations are w;, wy,w,. In
the Penning trap we will look at the characteristic frequencies: axial w,, cyclotron w,. and

magnetron w,, (Equations [2.1.10} [2.1.18] [2.1.19).

We distinguish two regimes depending upon the decay time from the excited level, related
to the transition linewidth 7 = 1/7, to the motional frequencies w;, i = x,y, x in Cartesian

coordinates in 3D harmonic trap or ¢ = ¢, m, z in a Penning trap:
— weak binding regime: w; < Yo
— strong binding regime: w; > Yo

During the oscillation period T; = 27/w; the velocity of the atom v; changes, for the ideal

harmonic trapping potential the relationship would be
0;(t) = Vi mazSin(wit + @) (3.2.23)

For the non-harmonic potential the velocity change would have to be evaluated. The most
important message at this moment is that the velocity of the trapped atom/ion changes
periodically. For a given laser frequency w , the Doppler-shifted frequency seen by the atom

(Equation 3.2.1]) will also change periodically.
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In the weak binding regime the frequency of scattering of photons on the ion is much
greater than the frequency of the ions’s motion in the trap and in this regime Doppler cooling
is applicable. The photon’s scattering occurs on the time scales significantly shorter than a
period of oscillation in a harmonic trap, so at each moment of atomic semi-constant velocity
there are many absorption and emission events occurring (of course if the Doppler-shifted
frequency lies in the absorption spectrum of the atom). It is a good approximation that
the atom is propagating freely between scattering events with the photon. We can say that
for each velocity of the atom we can apply the same energy change equations as for the
unbounded atom (Eq. . Then one can find the average velocity (v;) to get the average
cooling rate for the atom in the harmonic potential well during one oscillation period. In the
case of many ions, if the frequency of collisions between them is much higher than than the
optical transition rate , we can average over a Maxwell-Boltzmann velocity distribution as
for the case of free atoms in Equation |3.2.18] Rate of energy change for each direction in the

case of one laser beam propagating in the x-direction:

dE, I )
= (0w, ) [k + Bree (14 f)l), (3.2.24)
dE, I )
dty = a<a(wa U)>vErecfsya (3224b>
dE, I B

=z E 2.24
dt hw <U(wa U)>v recfsz (3 C)

where f; = 12722 and fo = [ Ps(ks)l%?dﬂ are the parameters characterising the photons scat-
tering angular distributions, so the recoil energy is distributed among the degrees of freedom
according the probability 735(1%3) of scattering in the direction ks. As mentioned in the previ-
ous section, cooling in the direction of the beam, here in the = direction, occurs if the cooling
due to the Doppler effect hkv, is greater than the heating due to the recoil R,c.(1 + fsz).
For the remaining two degrees of freedom, there is only heating due to the recoil. If only
one laser beam is used for the Doppler cooling, its intensity should be limited, such that the
transition rate is small enough to avoid heating the motion in the directions perpendicular to
the laser beam due to recoil heating. In many modern applications this is solved by using 3
perpendicular laser beams.Alternatively, another method of cooling the ion in the harmonic
well with a single laser beam is to tilt the beam such that it is not parallel to any of the

principal axes and it effectively has a cooling component in every of the x, y and z directions.
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Laser cooling in a Penning trap

In the Penning trap, the motion of an ion is a combination of three fundamental motions:
axial bounce along the z axis and a superposition of two circular motions in the xy plane,
which are fast cyclotron motion due to the uniform magnetic field and slower magnetron
orbiting in the xy plane due to the E X B drift. Axial motion can be a harmonic oscillationﬂ
w, (Equation [2.1.10]), while the radial motion, instead of the frequencies in the Cartesian co-

ordinates w, and wy, is described by two frequencies: magnetron w,, and (modified) cyclotron

W (see Equations [2.1.18 and [2.1.19). The term “cooling”, in the context of a Penning trap,

refers to decreasing the kinetic energy. Laser cooling reduces the kinetic energy of an ion, so
it reduces the amplitudes of motions (axial r, , cyclotron r. and magnet r,,). For the axial
and cyclotron motion, cooling reduces the amplitude of motion and effectively causes that
the total axial and cyclotron energy to decrease. In the case of magnetron motion, reducing
rm, reduces the radial position r away from the trap centre, causing an increase in total
magnetron energy (see Figure . A laser beam aligned in the z axis would cool the axial
motion but heat the magnetron and cyclotron motions by recoil. The cyclotron motion is
cooled, hence 7. reduced, when the velocity change of the scattered photon Av = A(k —k,)/m
is tangential to and in the opposite direction to the cyclotron motion, similarly to the axial
motion (harmonic oscillator). The magnetron radius r,, is reduced, so the magnetron motion
is cooled, when the photon scattering occurs in the tangential direction, but in the same
direction as the magnetron motion. For the laser beam in the zy plane, e.g. aligned with
the = axis, the axial motion is heated by the recoil, and when one of the radial motions is
heated, the other gets cooled. Adding some beam component along the z axis can cool the
axial motion, but the cyclotron and magnetron motions cannot be cooled at the same time
with combination of multiple laser beams, aligned through the centre of the Penning trap,
if the beams have uniform intensity. Cooling cyclotron and magnetron motion at the same
time can be achieved with a non-uniform laser beam in the xy plane, which is offset from
the trap’s centre (with yo > 0), such as the higher intensity is on the side on which the laser

beam is co-propagating with the magnetron motion, see in Figure [3.8a.

9In the Penning-Malmberg trap with a stack of cylindrical electrodes, the electric potential well is in principle anharmonic,
but the bottom of the well can be approximately a harmonic potential. If the particle has a lot of kinetic energy or is inside
the plasma, which offsets the potential generated by the trap ¢ by a value of the plasma space-charge ¢p, it moves through

potentials that are no longer harmonic.
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Assume a linear change of the laser intensity along the y-axis

I(y) = Li(1+y/yo) (3.2.25)

where [ is the laser intensity in the middle of the trap y = 0 and that intensity increases
as I1/yo. The laser beam intensity gradient causes cooling of the magnetron motion, while
it heats up the cyclotron motion. The cyclotron motion is cooled due to the Doppler effect,
if the laser detuning is negative d; < 0, which still causes heating to the magnetron mo-
tion. Axial motion can be cooled by having another red-detuned laser beam d, < 0 in the
z-direction of the uniform intensity 5. Here, the cooling of motion in the Penning trap is
referred to as reduction of the amplitude of this motion. Therefore, the cooling rate would

be expressed as the change of the radii associated with each motion.

Magnetron radius 7, change:

intensity gradient cooling Doppler heating (61 < 0)
7\ 7\

d (r? s < - }
Uond b (72 (o, — om) 4281 R0 1) f = o) [(30/2)° 4+ 5]

+ ('YlereC/m(Wé - wm)2) [1 + (1 + %2/%1) (fsa: I fsy)]

TV
heating due to recoil

(&

(3.2.26)
Cyclotron radius 7, change:
intensity gradient heating Doppler cooling (61 <0)
d (r? - "]
02) s (2 e, om) 1L () (e [/ 1 8
+ (’VSlErec/m(w{; - wm)2) [1 + (1 + 752/751) (fsx + fsy)]
heating d?;e to recoil
(3.2.27)
Axial bounce amplitude r, change:
Doppler cooling (d2 < 0) heating due to recoil
d T2 -~ ~\ 7~
iltz> = — 29620hk5 (r2) /m[(10/2)* + 83] + (2vs2Brec/mw?) [1+ (1 + Vs1/7s2) fs2]
(3.2.28)
Scattering rates 7 and 7y of both laser beams (I = 1,2) with wavenumber k;:
1 2)?
— oo (00/2) (3.2.29)

T T (30/2)% + (wo — wn)?

where og; are the absorption cross sections for both laser beams.
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LASER INTENSITY

Figure 3.8 — Schematic diagrams representing cooling-laser orientation in space in respect to the ions
motion in the Penning trap. a) Offset from the trap’s centre in the -y plane necessary to achieve gradient
cooling of the magnetron motion. b) Tilt in the z-z plane to cool axial and radial motions with at the

same time with just a single laser beam. Figure adapted from Ref. \\

There is a regime in which the intensity gradient cooling is dominating in the magnetron
motion and the Doppler cooling is dominating in the cyclotron motion:

o/ + 8 _

Wi 3.2.30
2k1900; ( )

The r,,, r. and r, will continue to change until a steady state is reach when the cooling and
heating forces compensate each other. The total kinetic energy in this final state, therefore
the minimal temperatures achievable depend on the detunings of both beams (w; and w,)
and their relative intensity s /7s2-

A cooling laser in the z axes could also be achieved with the first beam tilted out of the
xy plane to introduce a laser beam component in the axial direction, intersecting the centre
of the trap in the xz plane at the angle 6 from the z-axis, as shown in Figure [3.8 This
single laser beam still has the same intensity gradient along the y-axis. Equations [3.2.26
3.2.27], will be modified by inserting axial and radial component of that single laser
beam, a function of sin%0, instead of two beams (wy, k1) and (w2, k2) [? and the condition for

simultaneous cooling of cyclotron and magnetron motions is the same as in Eq. [3.2.30

10See Eq. 65a-c in Ref. \
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In a Penning trap, these motions can be coupled to each other, meaning that cooling one
of them can reduce the kinetic energy of the other motions and provide three-dimensional
cooling. Coupling between ion’s motion might be caused by the collisions between the ions
for a trapped plasma or by the anharmonicity of the potential well, which is often used
with Penning-Malmberg traps. The imperfections of the trap design and misalignments, e.g.
between the electrodes and the axis of the magnetic field, also contribute to mixing of the
ion’s motion. Additionally, some special methods can be applied to couple the cyclotron and

magnetron motions in the Penning trap:

- axialization, using radial field weakly oscillating at the true cyclotron frequency w. [192];

- Rotating Wall technique, driving the rotation frequency of the non-neutral plasma [167].

3.2.3 Laser cooling plasma in the Penning trap

In our experiment the plasma of beryllium ions is laser cooled. The main difference
between the single particle regime and plasma in the Penning trap is that plasma rotates
around the trap axis at a frequency wg. The velocity distribution of the charged particles
within the plasma is shifted by a value of wgr, where r is the radial distance away from
the trap centre. For trapped plasmas, the kinetic energy is transferred between different
degrees of freedom by collisions between charged particles, which means that in principle a
single laser beam can provide three-dimensional cooling [193]. This laser beam should be
perpendicular to the z-axis of the Penning trap with the offset along the y-axis (similarly
to Fig. [3.8la), but the laser beam size should be smaller than the radial extent of the
plasma. For a laser beam co-propagating with the plasma rotation, the amplitude of radial
motion is reduced. As the plasma cools, it becomes more magnetised and a collision rate
decreases, leading to reduced energy transfer [194]. Due to the nature of magnetron motion,
the perpendicular laser beam, which is reducing the amplitude of radial motion, will not
allow to reach the Doppler cooling limit. To achieve the lowest temperature, a perpendicular
beam that provides radial compression should be supplemented with a higher intensity axial
beam of a detuning § = —70/2. Alternatively, radial compression can be provided by the
Rotating Wall technique (discussed in Section [2.4.2)). The configuration of combined axial
beam Rotating Wall compression was chosen for cooling Be™, due to the fact that radial

access for the laser is not possible in the ALPHA Penning trap.

118



Chapter 4

Beryllium ions production

4.0.1 Laser ablation of beryllium ions

Beryllium ions are generated by pulsed laser ablation (PLA). Laser ablation is a general
term to describe a collection of processes that remove atoms, ions, and small clusters from
the surface of the bulk material after impact of pulsed laser beam. It might be heating of
the material’s surface that causes evaporation, mechanical stress that affects the surface,
or breaking structural bonds between atoms in the material [195]. The main advantages
of pulsed laser ablation, as a production method for trapped ion experiments, are lower
contamination of the vacuum compared to other methods such as atomic oven sources, and
stricter control of loading in the form of an ion beam at a time well defined by the laser
pulse trigger. Adjusting the laser pulse energy gives some control over number of ablated
ions, but the number of ions trapped is the most difficult experimental parameter to control.
The ablation process depends upon the energy deposited by the laser per surface area, this
is defined as fluence. The minimum fluence required for the ablation process to occur is for
singly charged beryllium ions Be™. We require an increasingly higher fluence for production

2+ Be', etc. Each of these minimal fluences is called

of increasingly higher charged ions: Be
ablation thresholds. We are interested in Be™ generation, so we will use ablation threshold to
refer to the minimal fluence required to produce Be™. Increasing a fluence above the ablation
threshold increases the number of ions produced. Since we do not want to generate any higher
charged ions, we try to keep the fluence immediately above the ablation threshold. In the

scenario when higher numbers of ions are required, we loaded many bunches of beryllium

ions from consecutive ablation pulses, in the process we call stacking.
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The average kinetic energy of the ion bunch also increases with increasing laser fluence.
In our case we can modify the kinetic energy of the ion bunch with an electric field generated
by electrodes within the beryllium source assembly (more details in Subsection . We
can still use laser pulse energies just above the ablation threshold and accelerate ions to a
desired velocity if needed. In general, we do not want ions to have too high kinetic energies,
since we want to trap them in a Penning trap using a blocking potential of at most 140 V.
All ions that have higher energies that blocking voltage will just pass through the trap. One
can imagine tuning the ion beam energy to be high and to generate many more ions, such as
we will be trapping only a low energy tail, but since increasing the fluence gives rise to the

number of unwanted higher charged ions, this seems to be non-practical approach.

The next parameter that affects the process of ablation is the wavelength of the laser
pulse. It has been observed that the shorter the wavelength, the higher the ion yield (Ref.
[129,/130]). A shorter wavelength of the ablation laser would cause more atoms to be ionised
in the process and eliminate the need for an additional ionising laser. In general, UV or
near-UV lasers are desired for pulsed laser ablation [197]. The disadvantage of using shorter
wavelengths is that the fluence threshold for double and higher ionised approaches the fluence

threshold of the singly ionised products.

The last important aspect during ions generation in the laser ablation process is the
angular distribution of the ablated ions. Unlike in the case of atomic oven sources, the
angular distribution of the laser ablated ions is not isotropic. There is a maximum yield in
the direction perpendicular to the source surface [196]. This produces ions in a collimated

beam, giving the additional advantage of using the PLA method in the ALPHA trap.

There is a minimum fluence required for the production of ions (ablation threshold)
There is a higher fluence threshold for generation of doubly charged ions, then triply ionised, and so on.
Shorter wavelengths of laser pulse give lower fluence threshold for ablation
Increasing fluence increases number of ions generated

Using shorter wavelengths increases the number of ions generated

Increasing fluence increases average kinetic energy of the ions.

® N s N

The maximum number of ions is generated in the direction normal to the surface of the source.

Tons ablated close to the ablation threshold can be well described by the Maxwell-Boltzmann distribution.

Table 4.1 — Summary of the most important characteristics of the pulsed laser ablation process. Adapted

from Muhammed Sameed’s Ph.D. thesis [130]
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Figure 4.1 — Schematic of the laser setup for beryllium ions ablation. The 355nm pulsed laser is delivered

from the laser lab to the experimental apparatus through a periscope.

4.0.2 Beryllium source

The source of Be™ is a beryllium metal plate (size 13 x 15 mm?, 0.5 mm thick) installed in
a special cage assembly (Figure . This cage is installed inside the vacuum chamber, at the
bottom of a motorised linear translator (called a stick) on the upstream end of the ALPHA-2
trap, so that it can be moved in and out of the position in front of the trap’s axis. The
ablation laser enters the vacuum chamber from the direction perpendicular to the trap axis,
reflects at 34° to the normal direction to the mirror installed inside the source assembly, and
strikes the beryllium foil at 45°. The beryllium foil is in front of the ALPHA-2 trap, aligned
to the radial centre so that the generated ion beam would be loaded along the z-axis of the
trap. An electrode with an aperture installed in front of the beryllium foil before ions are
injected into the trap helps to form a beam of ions with low transverse energy. This electrode
with an aperture is called acceleration plate and is connected to the negative voltage. The
beryllium foil can also be biased to the positive voltage in a similar way, this plate is referred
to as a source or a target. Both acceleration plate and source are electrically isolated from
each other and from the rest of the cage assembly. The electric field generated between the
source and acceleration plate guides positive ions from the beryllium foil to the aperture and
as well repels negative ions (like electrons) to prevent them from being sent into the trap.
During the 2019 experimental run, we used voltages 425 V on the source and —10 V on the
acceleration plate. Although in 2022 we observed that using +10 V on the source and 0 V
on the acceleration plate gave better results with loading Be™ into the ALPHA-2 trap.
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The position of the aperture on the acceleration plate defines the direction of velocity of
an ion beam injected into the ALPHA-2 trap (to be more precise, it is about how the initial
velocity of the ions aligns with the z-axis of the trap). Good alignment of the beryllium
ion bunch with the z-axis of the trap is essential for efficient trapping. The cage with a
beryllium source is installed at the bottom of the stick inside the upstream Atom Trap (US
AT) vacuum chamber. The stick can be inclined from the vertical position in every direction
to move within a cone-like volume (the pivot point is the top of the cross-shaped vacuum
chamber). The possible movement is limited by the walls of the vacuum chamber. The
US AT stick must be able to translate freely in between each instrument (beryllium source,
electron source, MCP detector, laser mirror, aperture to transport antiproton bunch to the
ALPHA-2 trap). The structure of the cage is small and compact, so it does not interfere
with the walls of the vacuum chamber, but other instruments protrude significantly from the
main body of the stick. The biggest instruments, a laser mirror and a MCP detector, are
the most at risk of damage, because they are fragile instruments. The risk of hooking the
MCP assembly into the wall is even higher after the upgrade of adding electrostatic shielding
plates in front of the high-voltage tabs (more details in Section 6.5.5 of Jack Jones’ Ph.D.
thesis |131]). Correct alignment of the beryllium source is one of the most difficult tasks,
since after translation of the stick the electron source must also remain aligned with the trap
axis. Both the source of particles were designed to have apertures aligned with the vertical
axis of the stick translation, but in practise they did not happen to be aligned so well. Good
alignment is defined by a high trapping rate in the Penning trap. For given species and
Penning trap configuration, trapping is provided up to a finite radius. Plasma caught off-
axis will produce Helmholtz instabilities causing a radial transport of particles, leading to
losses. Additionally, for the antihydrogen generation study [128], which must happen with
neutral trap magnets energised, the ions trapped at the high radii will be heated by the
octupole field (see J. Jones Ph.D. thesis [131], Section 8.2.1). Particles loaded to the trap
follow lines of the magnetic field, so what actually matters is the alignment of the particles
sources to the magnetic field apertures. In practise, the alignment of the stick must be a
compromise between the best loading and trapping of beryllium ions and electrons. Electrons
are lighter and more perturbed by magnetic field imperfections, and they are also crucial for

antihydrogen formation, so good alignment of the electron source is a priority.
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Figure 4.2 — Schematic of the cage assembly for the beryllium source.

4.0.3 355nm pulsed laser

The laser used for the ablation of beryllium ions is Quantel Ultra 20, a 1064 nm Nd:YAG
pulsed laser with third harmonic generation stage to give 355 nm light [198]. The 355 nm
laser source was chosen (instead of other popular 532 nm ablation laser), since it photoionises
a significant fraction of ablated beryllium ions, so there is no need to implement additional
ionisation laser. The ablation laser outputs 6 ns pulses of 2 mJ. This is too much energy per
pulse for our application, so we reduce laser power by using a half-waveplate and a polarising
beam splitter (PBS) cube. The PBS filters out one of the polarisations and the half-waveplate
rotates the polarisation of the incoming laser beam, so it allows us to modulate the fraction of
light that matches the polarisation transmitted through the PBS. The shot-to-shot variation
of the pulse energy is around 10%. To achieve fluencies in the beryllium ablation range and
to be able to easily tune between 2 — 5 J/cm?, the optics of a 355 nm laser was designed to
have ~ 20um laser spot size at the beryllium target. The Near Field Beam Diameter of the

Quantel laser beam is 1 mm and has a divergence of 1 mrad.

Q-switched laser operation

Quantel Ultra 20 is a lamp-pumped laser, which means it uses a flashlamp for optical
pumping, which is a typical design for generating higher-energy pulses of light. Flashlamp

is a gas discharge lamp in a long glass tube, which emits light that is used to pump the gain

123



CHAPTER 4. BERYLLIUM IONS PRODUCTION

APERTURE

Q-SWITCH LASER GAIN MEDIUM

HIGH REFLECTIVE ‘
CONCAVE MIRROR OUTPUT
COUPLER

Figure 4.3 — Schematic diagram of Q-switched laser cavity. Figure adapted from Ref. [199].

medium of the laser. The flashlamp fires with a repetition rate 20 Hz, so every 50 ms the
population inversion in the gain medium is prepared, ready to output the laser pulse. To
generate the light output from the resonator cavity, the Q-switching technique is used [199).
Q-switching method relies on modulating the losses inside the laser cavity, so changing the
quality factor (Q factor) of the laser resonator. Q-switch is an active optical modulator
(like our Quantel Ultra 20 laser) or passive saturable absorber inside the resonator that can
attenuate (reduce) the light from returning to the gain medium, so increasing the losses and
decreasing the Q factor of the resonator (schematic design of the Q-switched laser on Figure
4.3). Flashlamp is pumping the gain medium to create a population inversion, increasing
the energy stored in gain medium. When the added energy compensates for losses from
spontaneous emission and other sources, then the medium reaches saturation level. At the
beginning the resonator losses are kept at a high level above the gain of the laser medium,
which causes that there is not enough light building in the resonator to cause a lasing action.
Next, the resonator losses are suddenly reduced to the value way below the gain medium
by putting the Q-switch into its transparent state, which causes light feedback to the gain
medium and laser power to promptly build up in the resonator. This initialises optical

amplification by stimulated emission, which is the start of laser action.

Due to large amounts of energy stored in the gain medium, the intensity of light inside
the resonator builds up very quickly, but it also gets released very rapidly, which results in
outputting a short laser pulse (nanoseconds long) with high peak intensity. The schematic
diagram of this process is presented in Figure[4.4], which presents a repetition of the flashlamp

cycle when Q-switch is triggered.
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Figure 4.4 — Diagram showing the relationship between output power of the laser and a gain in the

Q-Switching method. Figure adapted from \ .

The Quantel Ultra 20 could be operated in continues pulse mode, when the actions from
the Figure leading to laser pulse emission repeat. This is useful for laser alignment, but
for beryllium ablation, we need to generate a laser pulse on request with a microsecond level
of control to trigger the gate electrode in the ALPHA-2 Penning trap at the correct moment
to catch Be™. We also want to send only as many laser pulses as desired number of ablation
shots. For this we use single pulse request mode, in which the flashlamp remains operating
at a standard rate of 20 Hz, but Q-switch is triggered to output a laser pulse only upon the
request from the Beryllium Control System. The Quantel’s electronics unit ICE450 has two
inputs for the flashlamp and Q-switch triggers and two outputs to signal that each of the
two (flashlamp and Q-switch) has been fired. When the ablation pulse is requested from the
Sequencer, the FPGA level code of Beryllium Control System waits for the Flashlamp Output
signal, then waits a constant time (called Q-switch Delay) before sending a trigger to fire
the Q-switch (Q-switch Input) and gets the laser’s acknowledgement that the ablation pulse
has been sent (Q-switch Output). The Q-switch Output is used to trigger the Faraday Cup
signal of the beryllium source to record the estimated number of ablated ions.The Q-switch
Delay time defines the pulse energy and width. In our experiment it is set to 150 us to give
the maximum pulse energy H We considered an option of adjusting Q-switch Delay instead
of a half-wavelength plate in front of PBS to change the ablation pulse energy without going
to the laser lab every time, but the shot-to-shot variation of energy was greater (Figure .

n fact in the FPGA code sets the Q-switch Delay to 133 us that account for electronic delay.
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Figure 4.5 — Each data point is 10 pulses of the laser. Error bars are standard deviations. For the blue
points, the Q-switch delay was varied in the FPGA software and the FPGA controlled the timing. For
green points, the delay was changed with the laser’s control unit and the laser handled the timing. The

red point is the setup used in the experiment.

Ablation laser delivery to the beryllium source

The 355 nm laser propagates in a free space from the laser lab to the ALPHA-2 trap
through roughly a 5 m long periscope. The ablation laser beam is collimated using a telescope
(two spherical lenses ), installed just after PBS and before a periscope, to send it to the
experimental zone without the beam increasing in size significantly. Right in front of the
vacuum window on the US AT chamber there is a focusing lens f = 25, which is aligned to a
25 cm optical path to the beryllium foil (accounting for the laser reflecting off of the mirror
inside the beryllium source cage). The focusing lens is installed on a translation stage with
a micrometre screw, allowing for motion along the laser propagation direction to move the
focal point of the lens. Alignment of the focal point of the lens must be done very precisely,
because even a minimal change of the beam waist position significantly changes the beam
size at the beryllium target. This changes the effective fluence, so the number of ablated ions
changes drastically. To change the fluence in a controllable manner, it is easier to change the

laser pulses energy rather than the beam size at the beryllium foil.

Advice: Avoiding damage to the mirror with ablation laser
One should be careful not to focus too much power on the mirror inside the vacuum

chamber, which could destroy the surface of the mirror. Start the alignment of the

ablation laser with rather lower pulse energies.
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To align the laser waist on the beryllium foil, we perform a rough alignment based on
the estimated distances, and then walk the beam and move the focusing lens while looking
at the signal on the oscilloscope connected directly to the beryllium plate (source electrode).
Beryllium source acts like an inverse Faraday Cup: it shows the amount of electrical charge
leaving the metal plate when the laser pulse strikes the surface. We fine-tune the ablation
laser alignment to achieve the desired fluence: low enough to not generate multiply charged
ions, but also high enough to stay above the ablation threshold for many ablations shots.
The ion yield does not remain stable; after some time, it always eventually dropped down to
zero and the position of the ablation laser had to be realigned. Usually it took tens to a few
hundreds of ablation shots for the Bet yield to start to decrease. The example of around 200

consecutive ablation shots is shown in Figure |4.6]
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Figure 4.6 — The ion yield is decreasing after executing too many ablation shots (no change in the
alignment). Brighter dashed lines connect the consecutive shots. Darker dashed lines connect the moving
average values calculated for 11 data points. Data points are the approximated number of charges leaving
beryllium source, are obtained as a fit to the Faraday Cup signal. The numbers presented on the vertical
axis are the approximated number of charges leaving beryllium source, which are obtained as a simplest
exponential fit to the Faraday Cup signal, and this fitting routine has never been optimised.
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This was a single data set taken, one run for each laser pulse energy, and it is not
conclusive at all how the pulse energy is related to the number of shots that can be executed
before the ablation drops. The observed mixed ordering might be caused by other factors,
not just pulse energy. This has not been studied in a controlled manner. Other factors that
influence these results are the initial surface state, the beam waist of the ablation laser, and
the pulse energy.What we get from this study is that for a given alignment of the ablation,
we get 100-150 ablation shots before having to align again. We never studied in great detail
how much the number of laser pulses and time it took since the last realignment of the
ablation laser were related to number of ablated ions. In fact, we spent a significant fraction
of the experimental time realigning the ablation laser. We found that in most cases, when
the ablation laser was initially well aligned, in order to recover the ablation process that
occurred, it was enough to gently poke the position of the final mirror before the focusing
lens in the random direction or move the beryllium source position (by translating the stick
up or down). We observed that, in fact, it was enough to move the stick in any direction and
then come back to the initial position for the ablation signal to return. We already know that
there is a tiny hysteresis of the position after translation of the sticks, due to the inaccurate

step size of the stepper motor.

A very small offset of the laser spot at the beryllium target can already recover the
ablation signal, so we drew a hypothesis that after some number of ablation pulses the
surface of the beryllium source gets locally damaged. The position of the stick can end up
being displaced by a submillimeter distance after returning to the same position according
to the stick’s controller. We observed that offset of the laser beam position at the beryllium
source on this scale brings back good ion yield. Of course, the real offset of the laser spot at
the beryllium target might be bigger than the stick position offset, since by translating the
stick we move all the source assembly cage, including the beryllium plate as well as the last
45° mirror. If the angle of incidence of the laser with respect to the mirror surface changes,
the position of the laser beam at the beryllium plate could be shifted more than the value
of the stick position offset. In fact, the beam spot size could change slightly, but the fluence
change in this case should not be higher than the fluence change due to the shot-to-shot
variation of the pulse energy, which is at least 10%. We have not investigated the surface of

the beryllium plate under a microscope to see how it looks after many months of ablation.
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4.0.4 Loading Be" into ALPHA-2 trap

Initially we believed that the shot-to-shot variation of the number of generated beryllium
ions came only from random fluctuations of the ablation process itself, since we measured
fairly stable pulse energies (£5% in Section 6.2.1 of J.M.Jones’ thesis [131]) for given position
of a half-waveplate ﬂ Measurements with a new pulse energy meter (Pyroelectric Energy
Sensor ES111C by Thorlabs) showed that the shot-to-shot variation of the pulse energy is
actually greater, at least 10%. So the contribution of fluence fluctuation between consecutive
laser pulses might be a more significant contributor to the observed variation of the number
of ablated ions. Since we do not have the method to measure the energy of exactly the
same pulse that is used for the ablation pulse, we could not study the correlation between
fluctuations in the pulse energy and the precise number of ablated ions. Practically for
the laser ablation of beryllium ions, we were never trying to extract the exact number of
ablated ions, we usually only care about the order of magnitude of the Faraday Cup signal

of beryllium source.

In the context of this work, we developed a method to characterise the beryllium samples
before the laser cooling and other manipulations (or at the desired step of the sequence), by
splitting the sample into two equal parts and imaging half on the MCP detector at the
beginning of each sequence. We internally refer to this method as a Half~-Dump. By doing
so, we could at least compare the number of ions and radial profile of the sample between
different experimental sequences, but the properties of the samples still varied between the

sequences, making it very difficult to perform a proper systematic study.

Advice: Alignment of the ablation laser on the source

The easiest way to perform the alignment of the ablation laser is to run the pulses in
the continuous trigger mode while walking the laser beam. Since the ion yield decreases
after some amount of ablation shots, the laser beam should be blocked immediately
after a good ablation signal is observed. Any further fine tuning should be done in single
laser pulse request mode, otherwise the performed alignment might become obsolete

in a few seconds.

2We were using old Pulse Energy Sensor from EnergyMax-RS series by COHERENT
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Advice: Periscope for delivering laser beams on long distances

1. The long pipes used to cover the laser beam path between the periscope’s mirrors
should be made (or coated) with a material that does not reflect the wavelength of the
laser. Otherwise, during the alignment of the periscope, the beam reflected off of the
pipe’s wall could be confused with the actual beam propagating straight through.

2. It is useful to be able to remove the long pipes covering the laser beam (at least the
long vertical parts) to see laser beam movement while walking it with the mirrors.

3. A small change in the alignment before and inside the periscope can cause a big
misalignment of the final beam position, so it might be worth considering automatised
opto-mechanics to correct the output beam position (since the beam is not continuous,

traditional active beam stabilisation system would not work).

4.0.5 Beryllium ions detection

Beryllium ions are detected using standard plasma methods used in ALPHA: MCP and
Faraday Cup detectors (discussed in Section and by photon emitted in the laser cooling
process (see Section . A Hamamatsu photon counter is installed outside of the vacuum
chamber, about 2 metres downstream of the centre of the ALPHA-2 trap (middle of the
electrode E'14) and tilted at an angle of 2.4° from the z axis. The photon counter is connected
to the C8855-01 counting unit and controlled by LabView software provided by Hamamatsu.
It operates in trigger mode once when the data acquisition signal is sent to the counting unit.
Photon counts are acquired in the specified time window, called a gate time, the shortest

time it can be set to is 50 us.
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Chapter 5

Beryllium ions laser cooling

5.1 “Be’ energy structure

9Be™ is a lithium-like atom with 2 electrons in the closed shell of 1s and one valence
electron on 2s 25, /2 orbital in the ground state. It is an S-state, so a total angular momentum
of that electron (J = L+ ) is equal to its spin J = S = 1/2. The first excited state is 2p *P
with electronic total angular momentum J = 3/2. A spin-orbit interaction causes splitting
of the excited 2P state into two manifolds of a fine structure: 2P, /2 and 2P3/2 separated by

energy (in units of frequency) 197 GHz [200,1203].

The nucleus consisting of 4 protons and 5 neutrons has a nuclear spin of I = 3/2,
which interacts with the total electronic angular momentum and introduces a hyperfine
splitting to the energy level structure. The hyperfine splitting for the ground state 25/,
equals approximately Apfs(*S1/2) = 625 MHz [132] and for the excited state 2Py energy
splittings are Apfs(*Pij2) = 118 MHz [201}202] The standard hyperfine constant (magnetic
dipole) of the 2Py5 excited state is around Ajzs(*Ps/2) = 1 MHz and there is also an electric
quadruple contribution of around Byys(*Psj2) = 2 MHz [203,204], but those splittings are
small comparing to the hyperfine splitting of the ground state, so they can be ignored in our
case. In the presence of a magnetic field the degeneracy of the energy levels is lifted and we
observe a splitting of all the hyperfine levels due to the Zeeman effect. For the ground state of
beryllium ion, the Zeeman splitting has a significant contribution, and it has to be accounted
for to evaluate the transition energies properly. For the excited state, we can safely neglected

the Zeeman splitting in our application of laser cooling.
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5.1.1 Ground state 5,

For the ground state, we consider the hyperfine interaction between electronic angular
momentum J and nuclear angular momentum I as well as the interaction of both angular
momenta, J and I, with the external magnetic field B (electronic and nuclear Zeeman inter-
action). In the low magnetic field the coupling between electronic angular momentum .J and
nuclear angular momentum I is stronger than coupling of each of them to the magnetic field
and energy levels are well described by the Zeeman effect. The interaction can be viewed
as a total angular momentum vector F' = J + I interacting with the B-field. This can be
visualised as a vector F' precessing around axis in the direction of the magnetic field. In
the situation of a weak magnetic field, quantum numbers F' and mp are a good basis to
represent the Hamiltonian of the interaction (so-called coupled representation: |J, I, F,mp)).
The ground state splits into two manifolds according to the total angular momentum: F' =1
with 3 energy levels and F' = 2 with 5 levels.

In a strong magnetic field, the coupling of spin and orbital angular momentum to the
magnetic field is stronger than the interaction between them, and myr and F' are no longer
good quantum numbers. Both angular momenta, J and I, are precessing around the mag-
netic field direction independently and we call it the Paschen-Back effect. If we want to
describe the energy levels in high magnetic field the representation of |J, I, m;, m;) (uncou-
pled representation) is more suitable to be used. For the fields B > 0.17", the energy splitting
induced by the strong magnetic field very quickly overcomes the hyperfine splitting structure
and instead of two manifolds determined by the total angular momentum of the atom/ion
F =1 (3 levels) and F' = 2 (5 levels), we are getting 2 manifolds defined by the orientation
of the spin in the magnetic field: m; = 1/2 and m; = —1/2 with 4 energy levels each.

9Be' ground states interaction Hamiltonian

A simple Hamiltonian defining energy levels of the ground #H[2S) ;] state of 9Be*, in-
cludes the magnetic dipole hyperfine interaction (first term), electronic Zeeman interaction

(second term), and nuclear Zeeman interaction (third term )}

1Electric quadrupole moment of the nucleus is neglected
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Figure 5.1 — Energy levels structure of Be® in a high magnetic field. |132]

where Ay, is the magnetic dipole hyperfine constant value for the 25/, state in 9B et (which

relates to the magnitude of the hyperfine splitting in B = 0 T'), up is the Bohr magnetron

and the g-factors are defined [

gJ

_ M

5.1.2

T (5.1.2)
M1

M 5.1.3

Tin (5.1.3)

The hyperfine splitting term is diagonal in the representation |J, I, F, mg), which means

that states expressed as |J, I, F,mp) (or |F,mpg) for short) are the eigenstates of the hyperfine

interaction. Two other terms are diagonal in |J, I, my,m;) (= |m,, ms)) representation, so

the eigenstates of the Zeeman interaction are described on the basis of |m, m;). This means

that one or more terms need to be converted to the other representation in order to calculate

the energy levels. There is an analytical solution to the Hamiltonian for a specific case of

J =1/2, called Breit-Rabi formula, that can be used to calculate the energy levels for states

with spherically symmetric charge distribution.

2This g} is different from gy = py/(Ipn) with a nuclear magnetron pp .
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Energy levels for Be * ground state 251/,
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Figure 5.2 — Energy levels in °Be’. Shaded region on the left plot represents the operational range of

magnetic fields of Carlsberg magnet (external Penning trap solenoid), which is usually 1 — 1.02 T

Breit-Rabi formula

For the states of J = 1/2, for which the electronic charge distribution is spherically
symmetric (because L = 0) and its interaction with the electric quadrupole moment of the
nucleus can be neglected (e.g. the ground state 255 of ?Be™), we can use the Breit-Rabi
equation to calculate the energies as a function of the magnetic field strength . The
energy levels of the ground state 2S;/2 (L = 0) of Be® for F' = I +1/2 are described by the

Breit-Rabi formula:

1 ¢gmpupB 21+ 1\/ dmp
E(F =hAprs| — - + 1 X+ X2 5.1.4
(Eyme) = hAdus ( 17 WA 1 arr1 " (5.1.4)
and for special case F' =1+ 1/2, mp = £(I +1/2):
I r9s pupB
E(F,mp) = hA S—i<— 1’) 1.
(F,mp) hf [2 5 1o hAth (5.1.5)

where

_ p1BB(gs—9g7)
X = 5.1.6
(I + 1/2)hAhfs ( )

The values of parameters Ajfs and g¢; are evaluated in the Reference [132] and remaining
constants: h, pp and g; are taken from the CODATA [7,[206].
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Parameter Value Source
A —625 008 837.044(12) Hz Shiga et al. |132]
k 2.63(18) - 10711 72 Shiga et al. |132]
97/9s 2.134 779 852 0(23) - 10* Shiga et al. |132]
h 6.62607015 - 10734 J - s CODATA 2006 [206]
uB 9.2740100783(28) - 10~ J/T CODATA 2006 [206]
97 2.00226239(31) CODATA 2006 [206]

Table 5.1 — Numeric values of the parameters used for calculating the energy levels of the ground state
2512 “Bet from the Breit-Rabi equation in the Ref. [132] (assuming they used CODATA 2006 values
available at that time E-I)

Diamagnetic shift in Be™

As reported by Shiga, Itano and Bollinger [132], hyperfine structure of ground state in
9Bet is more complicated: the hyperfine interaction term between electronic and nuclear
angular momenta hAsJ - I in fact has a small dependence on the magnetic field strength
due to so-called diamagnetic shift. The hyperfine constant A depends on the magnetic field
strength, which means that it is not a constant. Assuming the quadratic field dependence

[207] the hyperfine constant takes the form:
Anps(B) = Ao(1 + k - B?) (5.1.7)

where Ay a hyperfine constant in zero-field B = 0 and k is a diamagnetic shift coefficient.
Shiga et al. [132] have measured the electron spin-flip f, and three nuclear spin-flip frequencies
(f1, fo, f3) in a high magnetic field of 4.4609 T" and combined these results with previously
measured transitions in a lower magnetic field E] to obtain values of Ag, k and v = ¢}/gy,

which are given in Table [5.1]

5.1.2 Excited state *Ps

The excited energy levels 2P are calculated based on the work performed by Bollinger,

Wells, Wineland and Itano [201]. The main interactions of the excited states H[2P] are

e H;, := the coupling between electron spin S and orbital angular momentum L (fine-

structure interaction);

3Table II. in Ref. [132)
4Ref. [132] was published in 2011, but CODATA 2010 was published in 2012.
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Figure 5.3 — Laser cooling transition in °Be™, Equation [5.1.9] as a function of magnetic field.

e H,, = interaction of external magnetic field B with nuclear magnetic moment I (nu-

clear Zeeman effect);

e H 7. := interaction of external magnetic field B with total electron moments J (electronic

Zeeman effect);
e neglect the relativistic, diamagnetic, and finite nuclear mass correction of the Hz. [H’,.];

e neglect coupling between total electronic spin J and nuclear spin I (hyperfine structure
interaction) [Hprs = Hnpsm + Heo (magnetic dipole interaction and electric quadrupole

interaction)]

The Hamiltonian of the excited energy levels 2P in the ?Be* is

H[2P] = Hes +Hon +Hze + H/Ze +Hups = His +Hon + Hze
(5.1.8)

2 o o
=3AEL-5—giunl - B+ (gL B +gs5 - Bus

The approximation of g-factors being a pure angular orbital momentum g, = 1 and gg a
free-electron g-factor were used. The calculations of the laser cooling frequency, presented in

Figure [5.3] were performed by Francis Robicheaux.
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5.1.3 Cooling transition for “Be*

To reduce a kinetic energy of beryllium ions we use the simplest laser-cooling scheme,
which is a Doppler cooling. Laser cooling requires the existence of so-called cycling transition,
which means that the atom after transitioning to the excited state decays back to the initial
ground state and photon absorption can occur again, and atoms undergo multiple scattering
events. For ?Be* there is a cooling transition 2s 231/2 — 2p 2P3/2 at 313 nm. We use the

specific transition
281 j9(my = +1/2,m; = +3/2) = 2Psja(my = +3/2,m; = +3/2) (5.1.9)

driven by o polarisation laser. This laser cooling transition has a linewidth of 19.6 MHz,
which corresponds to a lifetime of 8.1 ns [208].

Laser cooling is a cycling-transition meaning that most of the ions decay back to the orig-
inal state, but in fact some ions do decay to the ground state of the opposite spin orientation,
just with significantly smaller probability. An ion in the state 25} /2(m; = —1/2,m; = +3/2)
no longer interacts with the laser beam tuned to the cooling transition, so the ions would
slowly accumulate in the dark state, reducing the efficiency of the laser cooling. Additional

laser beam tuned to the transition
2S1ya(my = =1/2,m; = +3/2) = *Pypa(my = +1/2,m; = +3/2) (5.1.10)

to bring ions from the dark state to the excited state from which they will in majority decay
back to the bright state. The rate of repumping from the dark states to the bright states

depends on:

1. Transition properties: the natural linewidth (decay rate) and saturation intensity of the

transition.
2. Repump laser intensity: the intensity of the off-resonant repump laser.

3. Detuning: the frequency difference between the repump laser and the atomic resonance

frequency.

Additionally, the efficiency of the laser-cooling process is reduced by the fact that there

are sources of heating acting on the plasma in a Penning trap.
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5.2 Laser system for cooling Be™

5.2.1 313nm cooling laser

TA-FHG pro Toptica laser

To generate 313nm radiation for Doppler cooling Bet we use a frequency-quadrupled
diode laser from Toptica [209]. It is a TA-FHG pro system, which converts 1252 nm into 313
nm using two stages of resonant frequency doubling (2x SHG = FHG). The initial IR source
is a tunable semiconductor diode laser (DL) with a tapered amplifier (TA) [210] to increase

the intensity of IR light. The frequency output of the DL can be controlled in three ways:
e by an electrical current flowing through a diode (so-called “diode current”)

e by a position of the grating installed in the external cavity of the DL; this change is
made by changing voltage applied to the piezo actuator installed under the diffraction
grating (so-called “piezo voltage”); this provides the widest frequency scan range and is

a standard method to tune the laser frequency in the system like this
e by a temperature of the DL; this is very slow and it serves more like the repair adjustment

There are two optical isolators (one right after DL casing, second right after TA) to prevent
the diode and the amplifier from damage due to back-reflected light of a high power. Next
there is an SHG stage, which is a nonlinear doubling frequency-crystal, converting 1256 nm
into 626 nm laser beam, installed inside a bow-tie cavity. The crystal type used in this laser
is a manufacturer trade secret, and they did not want to tell us the material they used. A
popular crystal for second harmonic generation is Beta Barium Borate (BBO). Before SHG
cavity there is a mode matching optics. The SHG cavity consists of 4 mirrors (Figure

and the precise alignment of all of them is crucial for building up the power inside the cavity:

M1 input cavity mirror; it also serves as an output mirror for light leaking from the cavity

to measure a power building up inside
M2 mirror installed on two piezo actuators (fast and slow) to scan the cavity length
M3 mirror that directs the laser beam onto the doubling crystal and
M4 output cavity mirror, this mirror has to have lower reflectivity than M2 and M3
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Figure 5.4 — Schematic diagram of the SHG cavity used in the TA-FHG pro laser by Toptica. The cavity

is in the bow-tie configuration, using 4 mirrors. Figure adapted from the laser operational manual.

The doubling crystal can be tilted inside the cavity to increase the output of SHG beam. The
efficiency of SHG is improved by temperature control of the SHG crystal. The SHG cavity
must be kept sealed to prevent nonlinear crystal degradation due to moisture in the air (bags
with hygroscopic beads are put inside) and to keep the cavity’s mirrors clean (the process of
cavity alignment is performed in a clean room). The photodiode detector installed behind
the SHG cavity (DET on Fig is detecting the light leaking out of the cavity. It is used
to measure the laser power built inside the SHG cavity, which is a signal used to frequency

lock the cavity. Frequency mode lockup will be discussed in Section [5.2.4]

Right on the output of the SHG we have beam shaping optics for one of the axis. After
that the frequency doubling system (mode matching optics, SHG cavity, photodiode, and the
output beam shaping optics) repeats to convert 626 nm into 313 nm. All of that is enclosed in
the chassis that can be opened if any of the internal optics needs to be tuned. The standard
internal alignment procedure should involve only steering pairs of mirrors that couple into:
TA, SHG cavity, and FHG cavity. Power at each stage can be measured by flipping a prism,
installed on the longer wall of the chassis, to deflect the beam path into the aperture in the
chassis that sends the beam outside of the box. A dedicated detector (IR or UV photodiode)
or a universal one (thermal head), placed in front of the aperture, can be used to measure
power at each stage of the laser and this should be compared with a specification sheet (or

service sheet) during any laser maintenance to diagnose the source of laser power losses.
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In our lab we have two 313nm TA-FHG pro lasers from Toptica. The old 313nm laser was
bought in 2013. In 2021 we purchased a new Toptica 313nm laser that could deliver higher
power and had higher level of automated control. For the beryllium experiment performed
in 2019 we used the old 313 nm laser. For the electron spin flip in the Bet data collected in

2022, we used a new laser.

The old laser outputs at most 35 mW of 313nm light, which after passing through the
rest of external optical components gave around 8 mW injected through a glass window to
the ALPHA-2 trap. The new 313 nm laser provides us with 800 mW. We initially did not
need that much power and we were concerned about running too high power through the
AOM, since the damage threshold for the device was not known. The power of the new laser

was reduced by lowering the TA current to obtain a ~ 200 mW output laser power of 313nm.

The old laser had to be manually re-aligned, and it could be controlled by analogue
signals applied to the diode current or voltage applied to the piezo actuator under diffraction
grating on the DL’s external cavity (called later piezo voltage). The new 313 nm laser has a
Auto Align system for automatic re-alignment of the steering mirrors that couple the laser
beam into the TA and both doubling cavities (SHG & FHG) and it can be entirely controlled
over a network by using DLC pro software [211]. It means that all the parameters, like diode
current, piezo voltage, temperatures of DL, SHG and FHG, TA current and many others, that
required turning knobs in the old Toptica laser, in the new laser can be controlled remotely.

More details about frequency control will be presented in the next section [5.2.4]

Both lasers have implemented a Feed-Forward control, which adjusts the diode current
by pre-set correction factor whenever the piezo voltage is changed. This increases the range
of frequencies between which the laser can be changed in the continuous way (Mode-Hop-
Free tuning range), which will be discussed in more detail in Section . The Mode-
Hop-Free (MHF') tuning range of the new laser is around 120 GHz at 313 nm. According
to the specification, the MHF' tuning range for the old laser is 20 GHz. Since during the
2019 experimental run the old laser was controlled by changing the DL current (instead of
controlling voltage of the piezo), our operational mode-hop-free range was only around 2.3
GHz. This was a limitation for our laser cooling measurements in 2019, because we could not
start the frequency chirp further than this detuning. Later we upgraded the control system

to tune the voltage applied to the piezoactuator instead of current of the diode.
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Figure 5.5 — A diagram of the TA-FHG pro laser system by Toptica. The diode laser (DL) produces a
1252nm laser. The intensity of this light is increased by tapered amplifier (TA. There is an electro-optic
modulator to generate sideband frequency for the PDH locking scheme (discussed in Section . The
first frequency-doubling cavity (SHG) generates light of 626nm and second (FHG) produces 313nm light

used for laser-cooling Be™. Figure adapted from the laser operational manual.
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Advice: Polarising Beam Splitter cube at 313 nm
PBS cube keeps burning over time at the interface of the two glass pieces. Laser beam

power 30 — 40 mW, beam size ~ 1 mm.

Originally we were considering various setups using both old and a new 313 nm laser after
the upgrade (they will be discussed in Section . on future prospects), but we came across
various technical problems with the old 313 nm laser (misalignment of the doubling cavity
and broken piezo actuator, broken steering mechanism of the cavity’s incoupling mirror) and
it had to be sent to Toptica for maintenance service. For the entire 2022 we used the new
313 nm laser, running with 200 mW power output, which was split into two beams to create
two paths: on-axis and off-axis of the ALPHA-2 Penning trap (details on the laser beam
preparation in the next Subsection and more about physics motivations for having two
beams and achieved performance in Section .

5.2.2 Laser delivery to the trap

The optical system that was used for the 2019 run (demonstration of sympathetic cooling
of positrons with laser-cooled Be™) was built earlier by Daniel Maxwell and Jack Jones. The
upgrades introduced later to the laser system were done by myself with the help of Kurt
Thompson, Maria Gomes Gongalves and Steven Armstrong Jones. The upgrades described

in this section were the main part of my postgraduate study at ALPHA.

313 nm laser on the optical table

All the lasers are located in a separate room called laser lab, from where they need
to be transported to the ALPHA-2 trap located in experimental zone. Lasers need to be
transported to ALPHA-2 through the opening in the wall. The total distance from the laser
box to the ALPHA-2 vacuum window is roughly 10 m. Most of the optics installed on the
table serves the purpose of shaping the beam profile, to deliver a desired beam size at the
position of beryllium ions in the trap. The only active component installed on the beam
path is an accousto-optic modulator (AOM) that allows for sweeping a laser frequency in
the range of a few tens of MHz. The device used for that was AOM 3200-1210 by Gooch &
Housego (G&H). More details about AOM are provided in Section [5.2.4]
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The beam sizes of both 313nm lasers (new and old TA-FHG pro) are similar, approxi-
mately d, = 1.7mm and d, = 1.3mm of Gaussian diameter. Since the beam profile coming
out of the Toptica laser is elliptical, it needs to be corrected using a pair of cylindrical lenses
(cylindrical telescope). The first cylindrical lens is f; = 200 and the second fo = 150,

installed 35 cm away to reduce the size of the X-axis to the same as the Y-axis following:

hi
f2
The 313 nm laser radiation was delivered to the ALPHA experimental zone through

dy -2 =d, (5.2.1)

a periscope during 2019 experimental run and by optical fibres since 2022, which will be
discussed in the next subsection|5.2.3| There is a small optical table installed on the upstream

side of the ALPHA-2 trap to align the lasers into the vacuum chamber.

Off-axis cooling laser

There are 4 dedicated laser ports on each, upstream and downstream, side of the ALPHA-
2 trap, which makes 4 possible laser paths connecting the US and DS ports diagonally. Lasers
enter the trap through special laser windows. Each laser path is tilted from the z-axis of the
trap by an angle 2.4°; it passes through a radial centre r = 0 at electrode E14. Two of
these laser paths have an internally built-in enhancement cavity for 243 nm laser (one used
for the 1.5 — 2S5 measurement and one spare), one path is used for Ly-a laser and the last
path was left free, so we could use this one to install 313 nm laser for laser cooling Be™.
The centre of the ALPHA-2 trap (electrode E14 where the laser cooling process and the
antihydrogen synthesis occurs E[) is at 135 cm away from the US window port, so laser’s
entrance to the vacuum chamber. Since this laser path was easily accessible without any
hardware modification to the ALPHA-2 trap, it was used in the beryllium experiment from
the beginning. This laser beam is called off-axis laser. Even though the tilt angle is small and
the laser path is nearly parallel to the axis of the Penning trap at the position of the central
electrodes, it has significant radial offset from the radial centre in the Recatching Trap (Be™
loading and preparation) and in the positron end (mirror reflection of the RCT trap on the

DS side to catch and prepare positrons).

5Beryllium ions are held in the double well E14E15, because these two electrodes used to get internally shorted during
cool-down and warm-up cycles, so now all electrode potentials are programmed to assume electrical connection between the two

and apply the same voltage to electrodes E14 and E15.
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Most importantly, cooling laser does not overlap with beryllium ions under segmented
electrodes (Rotating Walls electrodes E3 and E25), which does not allow to cool and com-
press ions at the same time (about the plasma compression using Rotation Wall method read
2.4.2). The motivation for simultaneous compression and cooling is to shorten the beryllium
preparation time for sympathetic cooling of the positrons (details in Section . Addition-
ally, overlapping laser with ions is a condition for beryllium magnetometry which relies on
detecting the fluorescence signal induced by interaction of Be™ with the 313 nm laser (see
Chapter @ If we could detect the electron spin-flip in Be™ at different axial positions, the
precise value of the magnetic field along the z-axis of ALPHA-2 could be extracted H

On-axis cooling laser

For the reasons mentioned at the end of the previous paragraph, in 2020 we started
working on implementing a new laser path that would align with the z-axis of the ALPHA-2
trap. This required hardware modifications to introduce laser mirrors on the sticks on both
sides (upstream and downstream) of the ALPHA-2 trap. The idea was to inject the 313 nm
laser via inspection window on the side of the US AT stick chamber, perpendicular to the
z-axis of the trap (approaching from the laser lab side of the ALPHA-2 trap. Next the laser
gets deflected from the mirror inside the vacuum chamber by 90° to overlap with z-axis of the
Penning trap, passes through the trap, reflects off of the mirror installed on the DS AT stick at
90° again and gets ejected through same type of inspection window on the downstream stick
chamber. A special type of mirrors were installed on stick, with a coating that reflects 313
nm, 243 nm (antihydrogen’s spectroscopy) and 532 nm (green pointing laser) manufactured
by LASEROPTIK GmbH. The vacuum mirror had to be mounted on an existing stick body,
the surface of which was already nearly entirely occupied by other instruments (detectors
and particles sources). On the upstream side we could have used a space where optical fibre
for collecting fluorescence signal was installed before |Z| The vacuum mirror installed on the

Upstream AT stick was rectangular of dimensions of 2.5 — 3.5 cm.

60f course assuming that we can detect fluorescence for all these positions. Currently with a photon counter installed outside
of the trap, on the downstream laser port can see the fluorescence signal in the Atom Trap’s thin electrodes (E8-E20), but it

disappears when we move ions to Recatching and Positron end of the trap.
"There was a hope to collect photons from Bet decay, emitted on axis towards a stick. This was disproved to work before I

joined the experiment in 2019, no fluorescence signal was detected.
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Initially, in early 2020, we installed a small circular mirror of around 2 cm diameter [
on the downstream AT stick. It turned out to be very difficult to align the on-axis laser
through the trap with such a small mirror. (Stick can tilt inside the vacuum chamber so
that the mirror is displaced from the designed position). In 2021 we added the rectangular
mirror (similar to the one on upstream end) on the downstream stick. This has been installed
on the back of that MCP, which is facing the Positron Accumulator. Together with adding
mirrors on the ALPHA-2 trap sticks, the modifications to the MCP detector were performed
to shield electrostatic fields coming from high voltage tabs (see the discussion of the problem
in Section 6.5.5 of Jack Jones’ Ph.D. thesis [131]). We benefited from the fact that in 2021 the
Catching Trap was rolled out of the beamline path to undergo an upgrade of the antiproton
beam degrader and vacuum system, so we could have inspected the alignment of both US

and DS sticks.

The surfaces of the mirrors lie in x + z = 0 planes ﬂ Despite the fact that the positions
of both mirrors are well aligned to the axis of the trap, they may still be tilted out of the
desired plane [T_U] If the incident laser beam is parallel to the z-axis, even a small tilt of the
upstream mirror can cause a misalignment of the on-axis laser. A tilt of the downstream
mirror does not influence the alignment of on-axis laser, but it changes the path of the laser
beam leaving the chamber via downstream inspection port. The extraction of the laser beam
from the ALPHA-2 trap at the downstream end is our best diagnostics to determine whether

on-axis laser passes through the trap without any obstacles.

Advice: Alignment of a laser through a big trap with small apertures

The method we use for aligning the 313 nm laser through the ALPHA-2 trap is to send
a laser pointer beam from the downstream end (the laser pointer is installed directly in
front of the downstream inspection port), such as it goes out on the vacuum chamber
through the upstream inspection port and reflects on the steering mirrors for 313 nm.
Then we can walk the 313 nm beam to overlap with the laser pointer beam at the two

most distance points available on the upstream optical mini-table.

8The small size of the downstream mirror was due to the space limitation between instruments already installed on the stick.
9Coordinate system: z is a horizontal direction, y is vertical and both are perpendicular to z which is the axis of the trap
10For this reason, it might be worth to consider designing vacuum mirrors installed on piezoelectric actuators.
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Advice: Alignment of a two distant points to the trap axis

We had to align two mirrors installed on both sides of the ALPHA-2 Penning trap,
separated by ~ 3 m, where the designed aperture was around 12 mm in diameter,
while the laser beam is around 2.5 mm. The real aperture was even smaller due to
misalignments of the internal components of the trap. The aim was to make a clear path
for the laser beam to propagate through the trap along the z-axis. When the apparatus
installed in front of the trap can be removed (or in the alternative design does not exist
at all), the easy way to align two distant mirrors inside the vacuum chamber was to
look directly through the trap, along the z-axis. We looked downstream via a vacuum
widow installed temporarily on the upstream flange of the US AT stick chamber, and
we used for that a mirror camera with a telephoto lens, the focal length of which can
be adjusted between positions of both sticks. The position of the camera was fixed on
a tripod and aligned to the radial centre of the trap (r = 0) as much as possible (even

a small offset can distort the perception of angles).

The waist diameter of the beam at the position of the ions is around 2.5 mm, the beryllium
ions cloud around 1 mm radius and the total aperture size along the z axis of the ALPHA-2
trap is around 12 mm. This means that there is still quite a lot of space for the laser beam
to pass through the trap without clipping on mechanical apertures but missing the ions. For
this reason, a system for precision beam positioning was needed for on-axis laser. The fibre
output and a collimating telescope were installed on a double-axis translation stage to scan
in the y-z plane. Initially, each translation stage was adjusted with a manual micrometre
screw, later the manual micrometre screws were replaced by Travel DC Servo Motor Actuator
(Z812 Thorlabs). First attempts to align on-axis laser manually with a micrometre screw

showed that it is really difficult to overlap the laser beam with ions.

During the early 2022 mini-run, we did study the laser cooling as a function of the on-
axis laser beam position. We held the Be™ sample in the trap and moved the beam position
with a micrometre screw, while looking at the number of photons counted by a detector
installed on the downstream off-axis laser port. The background level of the photon counter
signal was significantly higher than for the off-axis laser (~ 10X, but the background photon

count for the on-axis laser highly depends on the alignment through the trap) and increasing
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the photon counter signal more likely means increasing a scattered light rather than actual
fluorescence signal. There were a few good data points taken, but unfortunately scanning
the on-axis laser position in one way and returning to the original would not give the same
fluorescence signal. It cannot be ruled out that the signal goes down as a result of losing
ions, but we rather suspect that it was due to possible shift of all of the assembly mount

when touching the micrometre screw to change its position.

Later the Servo Motor Actuators were installed and the fluorescence signal detected by
the photon counter, which is a measure of beryllium laser cooling, was very well reproducible.
Laser cooling as a function of on-axis laser beam position was not systematically studied with
Servo Motor Actuators, since it just happened to be initially aligned with the position that
gave really nice and efficient cooling. We preferred to rather focus on using the limited time
we had for beryllium experiment to study laser-cooling mechanism. More details of this work

are provided in Section

2019 Setup: A single beam of 313 nm laser was sent to the trap over a periscope (~ 5m
long), which accounts to total beam path of 8.2 m in the air up to the laser input port in
Atom Trap. This laser beam enters the trap through a glass window port and is tilted from
the trap axis by an angle 2.4°; it passes through a radial centre » = 0 at electrode E14. This
laser beam is called a off-axis laser. The angle between the laser beam and Penning trap
z-axis is very small, so it was believed that only the axial motion gets cooled, and cooling of

the radial motions occurs through collisions between ions [131].

This laser beam was shaped with a pair of cylindrical lenses (cylindrical telescope) to
correct the flattening of the beam produced by the TA-FHG pro laser from Toptica. The
beam diameter at the centre of the AT was approximately 2.5mm (measurement done without
the AOM in place, the AOM’s optics is designed to output a beam of the same size as the
input beam). The AOM in the laser setup was installed in the double-pass configuration,
which means that the frequency offset was added twice (details in Section . In reality,
as it was discovered after the 2019 run, the AOM was never aligned to output the beam with
doubled frequency offset, it was adding a frequency offset only once. The power used for the

off-axis laser injected through the vacuum window was ~ 8 mW.
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Figure 5.6 — Laser lab setup in 2019 (left) and 2022 (right).
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2022 Setup: The main upgrades for the 313 laser setup were:

1. second beam was added to the trap that overlaps with the z-axis of the trap,
2. old Toptica laser was replaced with the newer version of higher power (up to 800 mW),
3. photonic fibres were introduced to deliver the 313 nm laser to the ALPHA-2 trap,

4. AOM driver was replaced with a new one with a wider range of RF output: 140-280
MHz (G&H AODR 1210FM-3 2.0W) instead of 180-220 MHz (G&H AODR 1200AF-
AEF0-2.5).

Around 200 mW is divided in half nearly equally by Polarising Beam Splitter into two beams:
off-axis and on-axis. There is a half-wave plate before PBS to give the possibility of changing
the power distribution between two beams. The AOM is installed in the on-axis beam (most
of the power was usually directed to the on-axis beam due to losses through the AOM).
There is a common cylindrical telescope before PBS to change the elliptical beam shape to
circular and two independent spherical telescopes to reduce the beam size from 1.3 mm to
around 1 mm to achieve the best coupling to the fibres. Each of the beams is delivered to
the zone through its own optical fibre. The fibres are connected to a special collimator and
there is a half-wave plate in front of each of the fibres. We aimed to have at least 8-10 mW

available as the output of each fibre.

313 nm laser beam position detector

We share an optical table in laser lab with the 243 nm laser for antihydrogen spectroscopy.
The optical mini-table on the ALPHA-2 upstream end is not mechanically decoupled from the
trap. That makes it more likely for our lasers (cooling and ablation lasers) to get misaligned or
move during the experiment. We spent a significant fraction of our time realigning the lasers
all over again. We have considered a beam stabilisation system with piezoelectric actuators
to stabilise the beam path as it propagates along the periscope and through the AT trap. We
have tested this concept in 2020, using hardware borrowed from the H spectroscopy setup,
but at the end we decided to move towards testing the concept with laser delivery through
the fibres. We purchased beam position detectors from Thorlabs (Segmented Quadrant
Thermal Sensor S440C) to monitor both 313 nm lasers on the output from the ALPHA-

2 trap. The equivalent window ports are installed on the downstream side of the trap:
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larger perpendicular inspection port E for the on-axis beam and 1 of 4 small laser-dedicated
ports for the off-axis beam (the one diagonally opposite to the window through which the
off-axis laser was injected). The idea was to record the position of both laser beams to
monitor whether the laser position drifts during the measurements. The Thermal Sensors
from Thorlabs were chosen due to their operation range for laser powers and the option to
switch between measuring laser position and power. The power of 313 nm laser sent to the
trap is usually a few milliwatts, which is within an operational range of the sensor (0.5 mW
- 5 W), but it would not reliably detect powers below 5-10 mW. The power used in 2022

experimental mini-runs was usually 8-10 mW.

5.2.3 UV fibres

All lasers and most optics are placed in a separate room (laser lab) from the ALPHA
experimental area due to safety requirements E and stability of the operation of the lasers.
There is a optical mini-table on the upstream end of the ALPHA-2 Penning trap where all
the lasers (beryllium experiment: 313 nm cooling laser and 355 nm ablation laser, 243 nm
laser for antihydrogen spectroscopy and Ly-a 121.6nm for laser cooling of antihydrogen) are
injected to the ALPHA-2 trap. The optical mini-table, vacuum chambers with windows, so
basically all the upstream part of the beamline, are enclosed in the light-shielding box with
removable panels to work on aligning the laser through the Penning trap. The distance from
the optical table in the laser lab and optical mini-table in the zone is roughly 8m (the beam
path must bend upward and travel above people’s heads to allow passage between the laser
lab’s wall and the ALPHA-2 trap). The laser beam must be transported from the laser lab
to the ALPHA-2 trap in such a way that all stray and reflected light is covered up, so people

working in the experimental zone do not need to wear protective googles.

Advice: Thermal position sensor S440C from Thorlabs
This sensor was meant to work for laser powers > 0.5 mW, but it did not detect reliably

the beams of a few milliwatts, and probably could be trusted only above 10 mW.

111t is an inspection window that is installed on every cross-chamber that contains a motorised stick with detectors and

particle sources, to see the position of the instruments inside the vacuum chamber and safely install and align the stick.
121t is about safety of people non-authorise to work with lasers and safety of the laser system itself.
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In the original design, which was used during the 2019 beryllium experiment (demonstra-
tion of sympathetic cooling of positrons |1]), both 313 nm and 355 nm lasers were delivered to
the experimental area over a periscope. We struggled to deliver a clean and well collimated
beam over the periscope. Furthermore, having such a long optical path (around 10 m in
total) was more prone to misalignment in the laser lab causing a possible offset of the laser
beam inside the ALPHA-2 trap. We did investigate using an active beam stabilisation sys-
tem for the 313 nm laser with mirrors installed on piezoactuators with PID controller based
on the photodiode readout of the beam position. In early 2020 we borrowed hardware from
the experimental setup of the H spectroscopy experiment to test this concept, which gave
satisfactory results in terms of stability, but, of course, it did not improve the beam shaping
in the trap. Adding piezo-actuated mirrors and detectors took more space on the optical
mini-table in front of the ALPHA-2 trap. Since we planned to introduce an on-axis 313 nm
laser beam and we still had to keep enough space for the 243 nm laser setup, this caused a
limitation to implement the beam stabilisation system. There was simply not enough space
to have beam stabilisation hardware for two laser beams. Finally, since exactly the same
mirrors inside the periscope were used to reflect 313 nm and 355 nm lasers, it meant that
the two light beams were coupled and had to be steered together from the laser lab to the
experimental zone. The laser alignments would become even more difficult in the case of two
independent 313 nm laser beams that would have to travel together in the same periscope.
Separation of the delivery paths for each laser would allow to independently steer and re-align

each beam if needed.

We have been encouraged by work of other groups using photonic crystal fibres to deliver
313 nm light, so we decided to upgrade the laser system to replace the periscope. Fibres
for UV are not commercially available and need to be custom made, usually by the research
groups themselves. Over time the UV radiation damages the glass material in standard
photonic fibres due to a process called UV solarisation. UV solarisation is a chemical process
that involves the formation of colour centres in the silica of the fibre glass, causing an increase
in the opacity of the fibre [212,213]. The way to prevent fibre damage is to perform the
hydrogen-loading procedure [214},215]. This is done by diffusing hydrogen gas into the fibre
structure under higher pressure and increased temperature and then exposing the fibre to

UV radiation (called curing) to bound hydrogen inside the glass structure.
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The first investigation steps to introduce optical fibres to the 313nm system were done
by Daniel Maxwell and Jack Jones. Later I took over and it was one of the major projects I
worked on during my PhD programme. I got the help of Kurt Thompson and Maria Gomes
Goncalves to prepare the fibres and especially to bring them to the experimental zone and
align the output through the ALPHA-2 trap. I need to acknowledge here the advice and
guidance of Celeste Carruth Torkzaban who shared with us her experience of working on
313 nm optical fibres Trapped Ion Quantum Information Group at ETH and hosted me and
Jack in their laboratory in Zurich. It seems like there is a big interest of the community
in the preparation of hydrogen-loaded fibres for 313 nm laser application, so this motivated
me to describe our experience UV photonic crystal fibres in great detail. We used jacketed
fibres (fibre glass covered with PVC protection, like commercial telecommunication fibres),
unlike all other people from the ion trapping experiments I have met so far, who are using
bare fibres. We seemed to struggle much more to maintain stable transmission through the
jacketed fibres than people who are using bare fibres. We observed a huge sensitivity of
the transmission to the fibre’s shape, orientation in space, and the tensions applied (mostly
applying the tension on the input end was necessary). This was even the case for bends with

a greater bending radius than the critical radius of around 5cm.

UV optical fibres hydrogen-loading

To prepare the UV -resistant photonic crystal fibres we followed the procedure described
by Marciniak et al. [215]:

1. place the fibre in the chamber with high pressure hydrogen gas and increased tempera-
ture (> 60° C) and hold for few hours

2. if the fibre needs to be transported, place it in a cold box (< 0°C') until the fibre can
be cured with UV light

3. set the nitrogen gas flow through the fibre collimators to avoid particles deposition on

the fibre’s interface

4. cure the fibre, so expose the fibre to the UV radiation over full length of the fibre for

several hours

5. in case if the fibre has PVC jacketing, stretch the fibre for couple of days
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We do not have the capabilities of hydrogen-loading the fibres ourselves, so we (as most
research groups) had to use the service of external companies. Initially in 2019 we have tried
to use 17M LMA-PM-10-UV-FUD from NKT Photonics and we sent it to O/E Land Inc.
in Canada for hydrogen-loading, but this fibre broke before we started curing it. We found
a fracture of the fibre glass and our suspicion was that the fibre was manipulated while still
being cold and fragile. We have no evidence whether the damage was our fault or not, but
we got overly paranoid while handling the fibres later. The next time we took the fibres
out of cold box, we left them untouched on the table to warm up to the (hopefully['¥) room
temperature. It should be remembered not to leave the fibres outside the cold box for too
long and to cure as soon as possible, since the hydrogen diffuses out of the fibre glass over
time at room temperature. Ref. [215] states that curing should begin within 24 h.

We had two more successful rounds of hydrogenating fibres, each time with two 10M
LMA-PM-10[%| from NKT Photonics: in 2020 (name the fibres 1A and 1B) and in 2021 (2A
and 2B). This time for hydrogen-loading we used a company in France called iXblue. Fibre
1A has been cured with 100 mW input power for 1 day and fibre 1A with 20 mW for 3 days.
We used the nitrogen gas (GNz) to purge the fibre collimator with the flow rate 30 sL/hr
(although at that point the special fittings for connecting the gas inlet to the fibre collimator
did not arrive yet, so we just taped the gas hoses to the collimator, which meant the nitrogen
gas flow rate might have been lower due to possible leaks on that “seal”).

In the second series of hydrogen-loading and curing (fibres 2A and 2B) we already got
proper fittings for purging the collimators with GN, E, but we came across other problems
related to the cold box warming up to quickly while at the same time the piezo actuator
in the FHG cavity of the old laser happened to break . Additionally the fibre 2B was ac-
cidentally left for entire day in the room temperature before curing. We did not know how
fast the hydrogen was diffusing out of the fibre, but Marciniak et al. [215] suggest that the
UV-curing process should start within 24 hours after removing the fibres from the cold box.
The fibres were placed in the freezer in the hope of preventing further loss of hydrogen until

we could start the curing process.

13since we have no way of measuring the internal temperature of the fibre’s glass.

4 Later on LMA-PM-10-UV fibres were not available in stock, so we had a choice of polarisation maintaining PMA non-UV

fibres or UV, but not maintaining the polarisation.
15The collimator is installed in the unthreaded adapter AD12NT from Thorlabs with a hose barb.
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The fibre 2A was cured for 50 h with an input power of 4.0-2.5 mW. The last fibre 2B was
cured for more than 80h, the input power was in the range of 5-3 mW. During curing the fibre
2B, the laser kept falling out of lock due to a broken piezo actuator in the FHG cavity, so the
UV light kept pulsing for some time until the cavity lock was readjusted. This was repeated
until the piezo actuator died completely E During the whole curing process we controlled
the output power. We have observed that the output power would always gradually decrease
over time. This could be corrected by moving the fibre around and pulling on its input end
(the fibre was loosely spooled, with both ends extended on the optical table). This was most
likely due to the plastic deformation of the jacketing decreasing the transmission. We think
that this deformation was introduced during hydrogen loading in an increased temperature of
the pressure chamber. For this reason, the authors of Ref. [215] suggest stretching the fibres
to “mitigate plastic memory which can destabilise transmission and even inhibit appropriate

curing”. Stretching procedure will be described in the next subsection.

Advice: Unstable transmission of hydrogen-loaded LMA-PM-10 (NKT
Photonics) jacketed fibres, even after stretching

The transmission of light through the fibre after hydrogen-loading process is very sen-
sitive to the shape and orientation of the fibre in the space and the tensions applied to
the fibre. If you can, it is better to avoid using fibres with plastic jacketing. As these
jackets mould the fibre into a very specific shape that significantly reduces the trans-
mission, sometimes stopping transmission entirely. If using a version of jacketed fibre
is necessary, both input and output ends should be tensioned, and the fibre should be
clamped to the table (or other mechanically rigid structure) immediately outside the
metal conduit. The fibre will have to be manoeuvred around along its entire length to
find an orientation in space that provides the highest possible transmission. It might
help fix the fibre at various points along its length. The mechanical state of the fibre
with highest transmission possible possibly will not remain stable, we have seen the
highest transmission signal to decay very quickly, probably due to the fibre deforming

back. Aiming for the most stable transmission level might be more desirable.

16In our case there was a temporary solution to maintain the cavity lock, but we have learnt about the trick right after

finishing the fibre’s curing process. This is described in the Advice box in the subsection TA-FHG pro Toptica system.
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In the end, after hydrogen-loading and the curing procedure, there was no noticeable
difference in the performance of the fibres of the first (1A & 1B) and second (2A & 2B)
series. Transmissions through the fibres before and after hydrogen-loading did not change
in an observable way. Since the main transmission loss comes from the shape of the fibres
and the applied tensions (more details in Section |5.2.3)), we were unable to quantify whether
there is any degradation of the fibre after longer periods of UV light exposure. After running
the experiment for a few weeks [[7| with transmission around 10-15%, we were always able
to recover the transmission to this level by moving the fibre around. During the actual
beryllium experimental mini-runs in 2022, we did not purge the collimators due to concerns

of overloading the air in laser lab with nitrogen gas.

Stretching optical fibres

We performed the procedure of stretching the fibres to mitigate plastic memory of the
PVC jacketing that introduces undesired bends and stresses to the fibre structure, which
decreases or completely stops the transmission of the UV light. In the Ref. [215] Marciniak
et al. say that they stretched the fibre before and during hydrogen-loading (they had 1 m
long fibre). We did not have a good way to stretch the 10 m long fibre while curing. We also
did not stretch the fibres before curing because we were afraid that if something goes wrong
with our laser or incoupling of the light to the fibre, we would lose the time during which the
hydrogen is diffusing out of the fibre after taking it out of the cold box (we assumed that
stretching the fibre while it is still cold is not a good idea).

The first pair of fibres (1A & 1B) in 2020 was stretched on the floor using two pulleys,
made of a standard fibre spool, to save space (there was no safe place to stretch the 10 m
long fibre). One end of the fibre was connected to the adapter installed in a fixed position
on the floor and the other end was attached to the translation stage to controllably apply
the tension (Figure[5.7a). For tensioning the second fibre 1B we used a force meter (Sauter
FK-50 dynamometer). We started with 6 N IT_gL but the force kept gradually decreasing. On
the 4" day it reached 3 N, then we increased it back to 6 N and continued to be stretched
for 10 more days. The 1A fibre was stretched for 12 days. There was no force meter installed

on that fibre, but comparing the tension with another fibre, the applied force was ~ 3 —6 N.

17Laser is not on all the time, we open shutters only when we actually want expose ions to the 313 nm radiation.
181t was an arbitrary choice of the force made by looking at the fibre’s tension.
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Figure 5.7 — a) Setup of pulleys for stretching the first series of fibres (1A&1B) in 2020. Pulleys were
installed on the floor and tension was applied with moving a micrometer screw. b) Setup of pulleys for
stretching the second series of fibres (24&2B) in 2021. Pulleys were installed on on the stand and a weight

was attached to one end of the fibre to apply a tension.

The transmission through the fibres after stretching improved in stability and was around
40 — 50%. After stretching, the fibre 1A was stored in the box, with a bend radius similar
to or slightly smaller than the bend radius in the package delivered by NK'T' Photonics ( 15
cm). After about two weeks (the time to stretch the fibre 1B) we tested the transmission
through the fibre 1A and observed that the stability of the transmission level achieved during
the stretching process was gone and the fibre behaved like before the stretching process. We
stretched the fibre 1A once again for 12 days with force in the rage of 4.5-5.6 N. After that
we achieved transmission around 35 — 45%. The two fibres have been stored in the original

box fairly loosely (> 15 ¢m bending radius).

The second series of fibres (24 & 2B) was stretched on a vertical frame with 3 pulleys,
where a tension was applied by hanging a weight at one end of the fibre while the connector
at the other end was attached to the top of the frame (Figure [5.7}b). The weight was made
from the circular optics size adapter attached to the fibre connector, which weight must have
been below 0.5 kg, so the tension applied to the fibre was significantly lower this time (the
force meter was not used this time). The setup build allowed us to stretch both fibres at
the same time. The bending radius on the pulleys was 6.7 ¢m (comparable to the pulley of
the horizontal setup). After 10 days, the fibres were swapped “upside down” and continued
to be stretched for another 6 days. Fibres 2A&2B were meant to be installed in the laser
system around 2 months after stretching and at this time the transmission performance was

comparable to the one before the stretching process. They were stretched in the vertical
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setup once again for a few days, just before beryllium mini-run, but this did not improve
performance. We installed the fibres 24 & 2B (one for off-axis and the other for the on-axis
laser) between the laser lab and the experimental zone. We struggled a lot to keep a stable

transmission at the level of 10-15%. At this point fibres 14 & 1B performed similarly.

The transmission of light through the fibre after the hydrogen-loading process is very
sensitive to the orientation of the fibre in space and the tensions applied to the fibre. What
mattered the most for good transmission through the fibre was a tension applied to the
fibre on the input end (the fibre’s connector was clamped at the optical table and the fibre
on that end was tensioned using a custom-made 3D-printed clamp. Transmission was also
significantly reduced when any bend was applied to the fibre in its first 30-50 cm from the

input side, even if the radius of bend was greater than critical bend radius @

At each end of the fibre, behind the connector, the fibre is reinforced with a metal
conduit of around 25 c¢m in length, which is meant to secure the fibre. The first series of
fibres from 2020 (1A&1B) had a fairly flexible metal conduit, which would slightly bend
following the direction of bend of the following part of the fibre. The second series of fibres
from 2021 (2A&2B) had a very stiff metal conduit that would not follow the bend of the
further part of the fibre. This was causing that bend created at the end of the conduit would
be significant if the fibre was pulled up to be transported overheads to the experimental zone
(fibres were transported inside the same periscope that was used previously for free-space
laser propagation). The fibre is glued to the metal conduit at the ends. One of the fibres
from the second round was glued poorly enough to go out of the conduit with a bend already.
For this reason, special 3D printed clamps were designed to fix the fibre after the end of the
metal conduit and straightened first foot of the fibre’s length. A clamp is installed on the
optical table to fix the input end of the fibre. The final length of the fibre just before the
output connector also had to be at least straightened (same min. last 30-40 cm) and secured
in a good position, which we did not predict initially, so we did not design any clamp for the
output end. Fibre’s output end is not attached to the optical mini-table at the ALPHA-2
trap, it just approached from the above of the laser shielding box (roughly the height of the
top of ALPHA-2 solenoid magnet). There was no good point on the mechanical structure in

the near proximity to clamp and straighten the fibre, so its output position was not well fixed.

191t is know phenomena that too big bends cause a light leaking out of the fibre through the cladding.
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We spent a lot of time manipulating the fibres to get decent stable transmission of around
10 — 20% (we did not aim for highest possible transmission, because this was falling down
within minutes time scale) and even despite attaching the fibre to the frame and mechanical

structures around, we had to correct the fibre’s position nearly every day.

Coupling light in and out of the fibres

The 313 nm laser beam needs to be coupled from a free space into the fibre. The best
input coupling is provided if the beam size at the fibre faced is equal to the mode-field
diameter (MFD), so the radial size for which the light intensity falls to 1/e? of the peak
value, for the beam propagating inside the fibre. The core diameter of the LMA-PM-10 fibre
is 10.1 £ 0.5 pm and MFD is 8.4 £ 1.0 pum at 532 nm wavelength. From our 0.9 + 0.1 mm
roughly collimated beam 7] we want to focus the laser beam to ~ 9 um to couple it into
the LMA-PM-10 fibre. For that we used the fibre collimator 60FC-4-S24-49-XV by Schafter
+ Kirchhoff GmbH with a bore hole for flushing purposes [216] (N2 gas purging to avoid
dust deposition on the fibre’s facet). The fibre coupler has a plano-convex lens f = 24mm
installed on the cylinder threaded from the outside, which sits inside the cylinder of the main
body of the collimator. The threading can be accessed with a special tool (“eccentric key”)
through a hole in the outer body to shift the lens along the axis of laser propagation. The
problem is that, after aligning the lens to a good axial position, a small stud is screwed in
to fix the position of the inner cylinder holding the lens. The stud is meant to clamp the
cylinder in the stable position, but in practice the stud pushes the lens out of the previously
aligned position and introduces a tilt of the inner cylinder. The method to deal with this
problem is described in the Advice section. Since a good input coupling to the fibre was
found, we did not have to realign the coupling nearly at all (for the fibre winded in the spool
in its “natural” orientation). If the fibre was unplugged and plugged back to the collimator
very gently, the transmission would usually remain, and a small beam walking was sufficient
to achieve the best possible coupling. To find the initial alignment to couple the laser into a
fibre, we send a backward propagating laser beam from another end of the fibre 1] to align

the input beam path with the outgoing beam of the backwards propagating laser.

201nitial eliptical laser beam produced by TA-FHG pro laser by Toptica of around 1.7 X 1.3 mm gets reshaped by cylindrical

and spherical telescopes to the circular beam of size 0.9 mm.
21Using the FibreDock output of the 626 nm on the Toptica laser or green pointer laser with a special collimator setup.
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1.

10.

11.

To find the best alignment of the fibre collimators, we follow the procedure:

Install input of the fibre with the collimator 1 in front of the circular, collimated 313

nm beam, with at least two steering mirrors right in front of the fibre’s input

. Connect output of the fibre to the 626 nm fibre interface on the TA-FHG pro laser (fibre

dock), which normally is used to send a reference signal to the wavemeter EI

Align 313 nm beam to overlap with the red laser leaving through the input end on the
longest path available (at least ~ 30 — 40cm; the longer overlap distance, the easier it
will be to find initial coupling), the centres of two beams need to be really well aligned

to give a minimal transmission through the fibre

. Disconnect output end of the fibre from the fibre dock and install it on the table in front

of the power meter (at the beginning it might be actually easier to detect transmitted

light by eye on the piece of paper)

. The output end can be installed already with the other fibre collimator 2, that we will

be aligning later

Walk the 313 nm beam to enhance the transmission signal until decent transmission is
found (eventually moving the lens inside the collimator 1 could also help, but this way
it is very easy to entirely lose the coupling); what we considered a decent transmission

at this stage was around 10%
Remember to scan the angle of the half-waveplate installed in front of the coupler
If step no. 5 has not been done yet, it should happen now

Align the collimator 2 installed on the output end of the fibre to give a beam profile
that is the most similar to the profile of the input beam (it is the easiest to make nearly

collimated beam on the input and aim for similar at the output)

Collimator 2 that was installed on the output end should be now better aligned than
than collimator 1 on the input and they could be swapped to get better input coupling
(repeat steps 1-7)

Step 9 could be repeated to find the best alignment for collimator 1

22Very little of red light is needed, so the coupler on the fibre dock was always misaligned and the aperture was barely open
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Advice: Coupling free-space propagating beam into the fibre by using back-
wards propagating light

Use 626 nm red light connected to the FibreDock of Toptica laser to send it backward
through the fibre. The 313nm laser can be steered using mirrors installed before fibre
input collimator to overlap with the red laser beam. They should overlap at a distance
of at least tens of centimetres. If the centres of the two beams overlap very well along
all the path, the a tiny amount of 313 nm light should already be transmitted through
the fibre. Be careful which of the red beams is real, because 626 nm can also reflect

from the back of the mirror and create additional beam spot.

Polarisation of the light

LMA-PM-10 is a single-mode fibre, which allows propagating only a fundamental mode of
light. The PM stands for polarisation-maintaining [217], which means that the polarisation
of the laser light inside the fibre should be preserved throughout the length. The linear
polarisation is maintained along a specific axis of the fibre, so the polarisation of the input
light should match that axis for a maximum transmission through the fibre. This is achieved
by placing a half-waveplate in front of the fibre’s input collimator. The half-waveplate can
be rotated around the laser propagation axis to choose an azimuthal position that provides
the best input polarisation matching and the highest transmission. The beam coming out of
the fibre has a specific linear polarisation. For our ? Be™ laser-cooling transition 25 jo(m, =
+1/2,m; = +3/2) = 2Ps5(my; = +3/2,m; = +3/2) circular polarisation o is needed.
To convert a linear polarisation of light coming out of the fibre into a circular polarisation,
we use a quarter-waveplate installed right behind the output collimator. To obtain correct
direction of the circular polarisation we change the azimuthal angle of the quarter-wave plate
around the laser propagation axis and look at the intensity fluorescence signal that is directly
related to the laser-cooling transition rate @ Despite the fact that the output connector of
the fibre was fixed in one specific azimuthal position, we observed the output polarisation
changing. The quarter-wave plate had to be rotated between our beryllium experimental

mini-runs in 2022.

23Previously it was done by looking at final beryllium ions temperature measured with plasma Temperature Diagnostics

method (Figure 6.16 in Jack Jones’ PhD thesis [131].
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Advice: LMA-PL-10 fibres for 243 nm
We also tried using the same LMA-PL-10 fibre from NKT Photonics (it is not a UV
dedicated fibre) for the 243 nm laser, but we did not see any transmission of this

wavelength.

Future prospects: bare fibres

After installing the fibres in final location, between the laser lab and the ALPHA-2 trap,
the transmission stability performed very poorly. Fibres were installed inside a periscope
used previously for free-space delivery of the laser, and fixed in a few points along the way,
but not tensioned along the way. The fibre’s orientation in space, bends, and tensions along
all the length were constantly changing. We had to move the fibre around almost every day
to recover a decent transmission level (10 — 20%). From discussions with people working
in the Trapped Ton Quantum Information Group at ETH Zurich and other people in the
trapped ion community working with 313 nm lasers, we know that the bare fibres (without
PVC jacketing) did not cause as many problems with keeping a stable transmission. We
did not meet anybody who used jacketed fibres like ours. We based our fibre preparation
procedure on the work performed by Marciniak et al. [215] @, who did not report problems
with transmission stability over time after performing the stretching procedure, which we
experienced. The problems with stable transmission through the fibre seem to be related to
the tension, bends, and twists applied to the fibre that keep changing even if the fibre remains
untouched. This effect was meant to be reduced by stretching the fibres. Our impression was
that the stretching procedure relaxes the fibre’s jacketing only temporarily, and after some
time (days/weeks, especially if stored away in the bundled form) it comes back to its initial
properties, when the transmission is ultra-sensitive to the orientation in space and tension
applied. The transmission could change from not detectable output signal below a few pW
to hundreds of uW just by manipulating the fibre along its length. As mentioned previously,
the main enhancement came from applying a tension to the fibre at the input connector and
removing bends on the first 30-40 cm of the length. The reference [215] did not mention these
problems in the case of the jacketed fibres, so we did not expect it would require correcting

the fibre’s position all over again.

24With a difference that we stretched the fibres after curing, while they did that before and during the curing.
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Advice: Fiber Collimator 60FC by Schafter + Kirchhoff GmbH

After releasing the small stud that holds the cylinder with the lens inside the main
body, the lens can move off axis by a tiny angle. If the stud is released entirely when
moving the lens tube, after an attempt to tighten the stud after finding the best focus,
the stud will offset the lens out of its best position, often resulting in a completely loss
of the coupling into the fibre. Following the method described in Schéfter’s manual
and holding the lens tube with an eccentric key did not work. The method I found
working best was to tighten the stud as strongly as possible to still be able to slide
the lens and then use some very small tool to push the lens tube by pressing on the
groove in desired direction instead of using eccentric key. Using other small tools (like

a tiny flat screwdriver) gave me more control over the offset of the lens than using the

eccentric key. After doing that, I did not tighten the stud anymore.

5.2.4 Frequency control

The TA-FHG pro system by Toptica is a tunable (~ 1 nm) diode laser (DL pro) of very
narrow linewidth P’ with two Second Harmonic Generation (2 x SHG = FHG) cavities to
obtain 313 nm light. DL pro are single-mode operating lasers thanks to active stabilisation
methods implemented. The frequency of the laser can be scanned continuously (so-called
Mode-Hop-Free tuning) thanks to External Cavity design. The laser frequency is stabilised
to an additional external reference using a precision wavelength meter (WLM, also called
a wavemeter). The frequency readout from the wavemeter serves as a feedback to the PID
controller that executes the far-frequency scan during the initial laser cooling of beryllium
ions (up to 15 GHz in our experiment). Smaller and more precise frequency sweeps (tens-
hundreds of M Hz) are performed by the Acusto-Optic Modulator (AOM). Another benefit
of the acusto-optic modulation is the fact that the AOM device can act as a fast switch
(< 50 ps) to turn on and off the cooling laser beam. In this Section we will discuss the design

features of the TA-FHG pro and our frequency control setup for the 313 nm laser.

25Linewidth < 500 kHz according to information provided on Toptica website.
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Figure 5.8 — Schematic diagram of an external cavity design used for the Toptica diode laser (ECDL).

This design allows for narrow wavelength and single mode operation of the laser.

Extended Cavity Diode Laser: narrow & tunable frequency

The diode lasers are made from semiconductor p-n junctions, in which the recombination
of electrons and holes generates photons. Surfaces of the p-n junction act as an optical
resonator to amplify the light emitted from the energy band gap. The emission spectrum of
the laser diode’s gain medium is still broad for the precision atomic physics applications, but
narrower linewidth can be achieved by applying the Extended Cavity (or External Cavity)
design concept [218]. The diode with a built-in resonator (internal cavity) is installed before
another external reflective element that creates extended/external cavity (ECDL) (Figure
[5.8). If the output facet of the diode laser has low reflectivity (rp < 1), due to anti-reflective
coating, the external reflector and the rear mirror of the laser diode would form the ECDL.

The frequencies allowed inside an optical cavity (cavity modes) are determined by the
cavity length L and the refractive index n of the medium between the two cavity mirrors, and
those frequency modes are separated from each other by a frequency equal to the fundamental

cavity mode. The spacing between axial modes of the cavity is a free spectral range (FSR):

Cc

The mode spacing of the internal cavity will be defined:

Cc

A int —
f ! 2n1L1

(5.2.3)
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Figure 5.9 — Diffraction gratings, where diffraction modes are generated by refraction (left) and trans-

mission (right). Figure adapted from Ref. |219].
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Figure 5.10 — Littrow configuration of External cavity diode laser (ECDL).
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For the external cavity, formed by rear reflective surface of the internal cavity and the

external tunable reflector:

C

A ext — 5.2.4
f ¢ 27’L]L1 +2n2L2 ( )

The external cavity would be longer than internal cavity L; < Ly and the refractive index
of the air smaller than the refractive index of the laser gain medium n, < n;. In this case,
the mode spacing of the external cavity will be smaller than that of the internal cavity
Afort < Afine. Only those frequencies that are simultaneously modes of the internal and

external cavity and fulfil the condition
mintAfmt = mertAfezt (525>

where my,,; and m.,; are the modes numbers of the internal and external cavities. The
linewidth of the external cavity modes is significantly narrower than the width of the internal
cavity modes. The optimal design would set the external modes spacing high enough with
respect to the internal cavity frequency spectrum linewidth, such that only a few (ideally only
one) of external modes could overlap with a single internal mode and satisfy the condition in
Eq. Thanks to introducing the external cavity, narrower line width with higher modes
spacing can be achieved, but we still have multiple frequency modes that can be enhanced
in the ECDL. The single-mode operation is achieved by introducing the diffraction grating
to the system; in order to select only one internal cavity mode that is sent back to the gain
medium to generate optical feedback, this way we can choose only one wavelength to be
output from the system.

The diffraction grating is at the same time the reflector for the external cavity, which
is placed a few centimetres away from the diode laser. There are two principle designs of
the ECDL with a diffraction grating: Littrow configuration and Littman-Metcalf (grazing-
incidence) configuration. In our laser the ECDL in Littrow configuration is used [220].

The light of a wavelength A striking the grating at the angle of incidence ¢; to the normal
will diffract at the angle ¢4, the grating equation will be:

mA = a(sin ¢; + sin ¢q) (5.2.6)

where m € Z is the diffraction order, a is the grove spacing on the diffraction grating. In the

Littrow configuration, incident and diffracted angle is equal to Littrow angle 0 = ¢; = ¢4.
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Then Equation becomes
mA = 2a sin 6 (5.2.7)

Usually the first order of diffracted beam (m = 1) is reflected back to the internal cavity of
the laser diode. The frequency f, that satisfies the grating angle criterion

C

f, (5.2.8)

~ 24 sind
gets reflected back to the ECDL. The laser beam size is significantly bigger than the grove
spacing, so many groove lines will diffract the laser light. The diffraction grating is tilted
with respect to the incoming beam, so the effective length of the external cavity is slightly
different for each grating line, leading to the broadening of the frequencies that are building
in the external cavity. The linewidth Af; depends on the number of grating lines N on
which the laser beam was diffracting off (the smaller the size of the laser beam and the fewer

grating lines have been illuminated, the smaller the linewidth Af, will be)

Af, 1
= (5.2.9)

fo N
The output laser frequencies are those that satisfy the grating angle criterion and the

criteria for constructive interference in the internal and external cavity

f=1Tq=fewt = fint (5.2.10)

There is a mode competition between all possible laser output and the selected output mode
is the one with the largest overall gain (Figure [5.11]).

The frequency of the output mode can be tuned by turning the grating around the
pivoting point and changing the diffraction angle, resulting in a change in the frequency that
satisfies the condition [5.2.8] Frequency shift df introduced by turning the grating by angle
df (deriving Eq. for m =1)

df 2ac cosf

Changing the angle of the diffraction grating alone will shift the grating profile, which changes
the external mode that is winning the modes competition, but that change occurs in discrete

jumps when the f.;; and f; get separated by more that half of free spectral range:

1 ¢
— > -

(5.2.12)
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The change of the mode that is matching the cavity length is called a mode-hopping.
To achieve a continuous frequency sweep, the external modes must shift simultaneously with
the grating profile in such a way that the number of modes in the cavity is preserved. This
is done by changing the length of the external cavity while at the same time rotating the

diffraction grating. The change in length dL.,; causes a shift of the frequency 0f:

aLez Lex
L (5.2.13)

of —  f

Synchronising the rotation of the diffraction grating and change the cavity length can be

achieved by adjusting the grating angle around the pivoting point which lies in front of the
back mirror of the laser diode (which is the rear facet of the diode). Rotation happens by
applying a voltage to the piezoelectric transducer (PZT, often called a piezoactuator or piezo
for short) that expands to push the lever arm on which the diffraction grating is installed.

While external modes are shifting in the frequency space, they are also moving with
respect to the internal modes structure, and similarly whenever frequency changes by around
half of the external mode spacing, the mode-hop will occur (scale of a few GHz). To provide
a mode-hop-free (MHF') operation, internal modes also need to be changed together with
external modes and grating profile. The length of the internal cavity L; is predetermined
by the size of the semiconductor gain medium, but its change can be tuned by the injection
current to the laser diode. Changing the current value through DL the refractive index of the
medium n; is modulated [221] and temperature modulation [222] (lasers like TA-FHG pro
also have independent temperature control for DL). Modulating the current running through
the diode laser (diode current) in correlation with the voltage applied to the piezoelectric
actuator that moves the diffraction grating (piezo voltage) can give a pretty wide (tens of
GHz) mode-hop-free frequency tuning range, while maintaining the single-mode operation of
the narrow frequency linewidth output of the laser system. The correlated change of diode
current and piezo voltage in the TA-FHG pro laser is implemented under the function of the
feed-forward control. Whenever piezo voltage is changed, diode current also changes by a
value of a pre-defined correction factor.

The TA-FHG pro laser from Toptica has two analogue control inputs: for the diode
current and piezo voltage. Applying external voltage offset to the piezo voltage gives a wider
frequency range than controlling a diode current, so this is a proper way to implement a

frequency scan for this type of laser.
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Figure 5.11 — Mode lock of the Toptica DL pro laser, it shows which mode of the cavity are locked.

Figure adapted from the laser operational manual.

The technology of External Cavity Diode Lasers allows us to achieve narrow-line laser
source of a wide mode-hop-free tuning range of frequencies, that can be controllably chosen
by adjusting the input parameters: laser diode current, voltage applied to the piezoactuator
that moves the diffraction grating of the external cavity and the temperature controller of the
laser diode. The exact wavelength emitted by the DL pro module (diode laser with external
cavity) can change over time due to fluctuations of the current driving the laser diode, acoustic
vibrations, or changes in the surrounding air pressure and temperature (Figure . For the
timescales of experimental sequences lasting minutes to hours El and the experimental run
campaigns lasting even months E| we want maintain stable frequency of 313 nm cooling laser.
The stability of the 313 nm frequency depends on the stability of 1252 nm emitted from the
DL pro module) and stability of both doubling cavities SHG and FHG. This can be achieved
by active control of input parameters to the diode laser and to the SHG and FHG cavities
based on the feedback signal of the present frequency measurement. Frequency measurement
for the feedback controller might be direct by comparison with a reference frequency source

or indirect by measuring changing intensity of light inside a reference cavity).

26 aser-cooling of Bet plasma in ALPHA-2 takes few minutes. We operate the laser nearly continuously during 8h long shift.
27Like beryllium experiment run in 2019 when we demonstrated sympathetic cooling of positrons [1].
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Figure 5.12 — Time scales of various sources of laser’s frequency drift. Figure adapted from [223]

In our setup for 313 nm laser we use direct frequency readout of the SHG (626 nm)
provided by a Wavelength Meter (commonly called a wavemeter) with a PID controller to
generate analogue input signal for the DL: diode current and piezo voltage, which allows for
long-term stabilisation of laser frequency up to the level of ~ 20 MHz, as well as controllable
frequency sweep for laser cooling of Bet (more details of the setup in the Subsection :
Wavemeter: Frequency measurements and stabilisation). To maintain their stable, single-
mode operation of both frequency doubling cavities in TA-FHG pro lasers, Toptica imple-
mented cavity mode-locking solution based on the Pound-Drever-Hall technique (PDH) [224],
which uses the intensity of the light reflected from the doubling cavity to generate a modu-
lation of the voltage applied to the piezoactuator holding one of the mirrors inside each of
the cavities (technically, each doubling cavity has two piezoactuators: Piezo 1 and Piezo 2).
More details of the PDH technique and doubling cavity mode-locking will be described in
the following Subsection Pound-Drever—Hall technique: frequency mode locking. The

overview of the Toptica’s locking solutions can be found on their website: [225]226].

Pound—Drever—Hall technique: frequency mode locking

Fabry-Pérot cavity [227,[228] is used as a frequency reference for measuring laser fre-
quency, due to the fact that Fabry-Pérot cavity transmits through only the frequencies of
light that are integer multiplicity of its free-spectral-range (Eq. |5.2.2)):

fo=nxAfpsp, n€EL (5.2.14)

Fabry-Pérot cavity acts as a frequency filter by reflecting back all other frequencies.
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The spectrum of reflected light would have dips at frequencies separated by A frgg,
which are the modes of the cavity. We could look at the intensity of the light reflected (or
transmitted) from the cavity and from that we can deduce whether the laser frequency f is
in resonance with the cavity. The frequency of the laser could be tuned to match the cavity
of length L or oppositely, the cavity length L can be tuned by a piezoactuator, installed
beneath one of the mirrors, to give a maximum light transmission condition. Whenever the
photodetector sees the intensity of light change, the correction voltage could be applied to
the piezoactuator to change the length of the cavity. If we look at the signal reflected back
from the cavity, starting from the minimum intensity, whenever the intensity of reflected
light increases, we could expect that the laser frequency is moving away from the resonance
with the cavity (this of course assumes that the total intensity of the light source is stable,
which is the main flaw of this simple method). But looking at reflected light intensity alone
is not enough to tell whether it moved toward lower or higher frequencies, since the signal is

symmetric around the resonance. Possible solutions to overcome this problem:

1. move away from the resonance by a small step of frequency, such as there is still enough
light transmitted through the cavity (e.g. half of the intensity); for known direction of
that step we can get information about the direction of the frequency drift that we want

to compensate for. This method is called side-of-fringe locking.

2. get information about direction of the frequency drift by looking at the derivative of the
intensity, which is an asymmetric function of frequency: below resonance the derivative
of the reflected light intensity is negative and above it is positive. This is called top-of-

fringe locking

In order to obtain the derivative of the intensity signal, the frequency should be varied
slightly over small frequency range to see how the intensity of reflected laser light changes.
By applying a sine-wave modulation to the laser’s frequency, the signal reflected back by the
cavity will also vary like a sinusoidally in phase with the modulation signal. Depending on
the sign of the derivative, the correction signal can be applied to tune the laser frequency
to be back in resonance with the Fabry-Pérot cavity. The correction signal can be sent to
the laser source to lock the laser to the cavity or input to the cavity by shifting one of the
mirrors to lock the cavity to the laser. This is the basic idea behind the Pound-Drever-Hall

phase and frequency stabilisation technique.
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Figure 5.13 — PHD setup diagram. The carrier frequency generated by the diode laser (DL) is overlapped
with the frequency sidebands generated by the electro-optic modulator (EOM) and the frequency of those
sidebands is modulated by the local oscillator (LO). Both frequencies are sent to the reference cavity (in
our case it is the SHG cavity). The light reflected of the cavity is measured by the detector (DET) and
the resulting signal is mixed with the modulation signal to generate the error signal. Based on the error
signal, the the servo amplifier adjust the voltage applied to the piezoelectric actuator (PIEZO), which
controls the length of the cavity.

Pound-Drever-Hall technique was created for the gravitational wave interferometry ex-
periment [229] by R.W.P. Drever and J.L.Hall in 1983 [224] and it was based on a technique
developed for microwave oscillators by R.V. Pound in 1946 [230]. The technique involves plac-
ing an electro-optic modulator (EOM device, like a Pockels cell) between the laser source
and the reference cavity. The EOM gets the input modulation signal from local oscillator
(LO), which creates two symmetric sidebands of the laser frequency that are sent together
with the original laser frequency (carrier) to the reference cavity. The signal of light intensity
reflected from the cavity is mixed with the modulation signal applied to EOM, the mixed
signal goes through a low-pass filter to generate error signal (Figure . Based on the
error signal a feedback control signal is created. A good explanation on the PDH technique

can be found in References [231}232] by Eric D. Black from the LIGO project.

In our case, we lock the doubling-cavities (SHG & FHG) to the frequency of light entering
the cavity. The idea is that whenever we sweep the frequency of 1252 nm using a wavemeter,
the output frequency mode generated by the DL becomes mismatched from the SHG cavity.
To avoid mode-hopping and maintain a continuous single-mode output of SHG, its length has

to be readjusted by acting on the piezo actuator installed beneath the M2 mirror in Fig5.4]
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Figure 5.14 — Laser intensity transmitted through a cavity and an error signal used for the Pound-Drever-

Hall laser locking technique.
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Figure 5.15 — Frequency modes present in the doubling cavity in the scanning mode. Example of the
signal around the turning point of the scan (in grey dotted frame) shows that by having only two modes
on display might cause confusion in determining the free-spectral-range (especially if the sidebands are

very weak, which is s desired state). It is recommended to always display 3 modes on the oscilloscope.
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Advice: Broken fast piezo actuator in the SHG cavity of the TA-FHG pro
Toptica laser

If the Piezo 1 (big, slow acting piezoactuator connected to the PID 110 module)
breaks, which can be determined by low resistance (the resistance of properly operating
piezoactuator should be 1 M(?2), the other piezoactuator (small, fast-acting Piezo 2
connected to the FALC 110 module) can be used instead. It is enough to swap the
BNC cables on the back of the TA-FHG pro box between the two channels of the
same doubling cavity. It should be possible to find and catch a lock just with that
one small piezo driven by the controller in the PID 110 module dedicated to the slow
piezoactuator. Although the range of the drift compensation is going to be limited. It

is good as a temporary solution; however, the piezoactuator will eventually have to be

replaced for a proper cavity lock and to maintain long-term stability.

A photodetector to measure the light reflected back from the cavity (sometimes also
called a light leaking from the cavity) is installed behind the input mirror M1. The light
intensity measurement is sent to the PDD 110 module on the DLC pro controller of the old
laser. The PDD 110 generates the PDH error signal that is sent to the PID controller to
adjust the piezo actuator inside the cavity. Technically there are two piezoactuators installed
on the same mirror to achieve a wider mode-hop-free tuning range. Piezo 1 is bigger and
connected to the PID 110 module, which provides the standard response. Piezo 2 is a smaller
piezoactuator connected to the FALC 110 (Fast Analog Linewidth Control) module (15 ns
signal delay) giving a locking bandwidth of ~ 10 MHz according to Toptica. The same setup
repeats for the FHG cavity, which is stabilised to the 626 nm output mode from the SHG

cavity in the same way.

Wavemeter: Frequency measurements and stabilisation

To extract the absolute frequency of the TA-FHG pro laser, we use a Wavelength Meter
(WLM), commonly referred to as a wavemeter. Wavemeter is a device that uses an interfer-
ometer to measure the laser frequency with respect to other well-known and stable frequency
reference. A Fizeau interferometer is used to generate an interference pattern between the

measured laser and a reference laser. The laser used for the reference in our case is a He-Ne.
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We use a Wavelength Meter by High Finesse from WS series, model HF-MC4-SM460,
460 nm version with 4 channel switch. Switch has 4 fibre inputs for different lasers and single
fibre output capable of transmitting all the wavelengths to the wavemeter. So the switch itself
and the fibres are the limitation for the wavelengths of the laser that could be measured. Its
operational range of wavelengths according to specifications is 450-600 nm, but Ly-a team
uses it for 730 nm laser measurement and achieves sufficient transmission through the switch.
Lasers connected to the wavemeter via the switch must be within the operational range, so
for beryllium experiment and antihydrogen spectroscopy the laser wavelengths from SHG

stage are coupled to the fibre via Fibre Dock on the Toptica laser. Inputs to the switch are:

1. 486 nm 1S-2S spectroscopy
2. 730 nm Ly-a [
3. 626 nm beryllium laser-cooling

4. 633 nm He-Ne calibration laser

A reference He-Ne laser is calibrated to the ULE cavity every some time. Wavemeter measure-
ments combined with feed-back loop controller can be used to stabilise the laser frequency, as
well as to perform controllable long-range frequency sweeps @ The wavemeter is connected
to the computer to display the interference pattern and the current measured frequency in
the software Wavelength Metre WS. There is a solution for frequency stabilisation and sweep
implemented in the software, which runs the PID feedback controller and determines an
analogue control voltage that is output from the PCI card installed in Wavemeter PC. This
signal from the wavemeter can be sent to the laser diode to actively update the frequency.
During 2019 beryllium experiment run, when we demonstrated sympathetic cooling of the
positron with laser-cooled Be™ [1], wavemeter control signal was connected to the diode cur-
rent input of the old Toptica laser controller m This was not the best design, since it allowed
to sweep the 313nm laser frequency only by around 2.5 GHz without mode-hops to occur.
Changing the piezo voltage gives a significantly wider mode-hop-free tuning range 20 MHz
for the old laser and 100 MHz for the new Toptica laser. The wavemeter control output could
be connected directly to piezo voltage and due to the Feed-Forward solution from Toptica,

the diode current is adjusted together with the change of piezo voltage.

28The wavemeter from High Finesse works for 730 nm, even though this wavelength is beyond the manufacturer’s specification.
29Up to 100 GHz for the new Toptica laser, the available frequency range depends on the design of the laser, not the wavemeter
30The signal applied to the input terminal is a voltage, that gets converted to current by internal electronics.
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The frequency sweep by the wavemeter controller was requested via the LabView inter-
face that was communicating over the network with the CompactRIO that runs the master
Beryllium Control Software VI on FPGA. This master VI was sending the sweep start and
final frequency and the sweep rate to LabView VI running on Wavemeter PC' to update the
sweep parameters and trigger sweep execution. The frequency sweep used in 2019 was not the
ideal linear ramp from current frequency to the final setpoint; the setpoint was updated in
steps. The main concern of the 313 nm laser frequency sweep was to avoid overshooting the
final setpoint frequency, because if we would like to approach very close to the resonance fre-
quency of the laser cooling transition, accidentally moving the frequency to the blue-detuned
will heat the ions. The PID control by wavemeter worked well, but the problem was that
we had only one wavemeter output signal available (PCI card had two outputs, one used
already by Ly-« laser), while we were planning to add a new Toptica laser to the system.
Having two 626 nm inputs would already require upgrading the switch to the version with
more input channels, but an additional voltage control output channel would still be needed.
High Finesse offered us a solution with upgrade PCI card, but at the end it was decided
to go with the budget solution of a postdoc designing a PID controller for the new laser.
In the meantime, the old laser broke and had to be sent to Toptica for repair, so in 2022
we were left with only one laser that had to be connected to the wavemeter. The new TA-
FHG pro laser runs on an internal FPGA and has a DLC pro software interface that can
be run on a computer. All operational parameters can be controlled directly from DLC pro
software or via commands sent to the laser control system by a program written in one of
the common programming languages. In our case, we used LabView since this is how the
rest of the ALPHA experiment is controlled. There is a command that lets the user update
piezo voltage, and the updated value of the voltage applied to the piezoactuator inside the
laser diode could be sent over a network from different computers or compactRIO. The new
PID controller for sweeping the frequency of the 313 nm laser was written by Steven Jones.
This PID control runs on the master Beryllium Control Software VI on compactRIO and it
receives the current value of the laser frequency from the Wavemeter PC over the network.
A ramp for the frequency sweep is defined in the Beryllium Control Software VI running a

FPGA code and executed by a trigger in the Laser sequencer [}

31New FPGA-running program to execute laser-related actions (opening/closing shutters, switching and sweeping the laser,

photon counter, etc.) in a manner similar to the main ALPHA Sequencer software (main control system for the experiment)
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AOM: Frequency scans and laser switcher

Devices based on the acousto-optic effect are commonly used to modulate the frequency
of light. Acousto-optical devices use a sound wave to generate additional sidebands of laser
frequency that are shifted by an integer multiple of frequency of the sound wave. A detailed
introduction to the acousto-optic effect can be found in Fundamentals of Photonics by Saleh
& Teich [233] and in Ref. [234]235]. The principle of operation is that the acoustic wave
travelling through the crystal with a velocity v,. induces vibrations of atoms/molecules,
which locally changes the optical polarasibility and modulates the refractive index of the
crystal. The refractive index in the crystal changes periodically (period of the wavelength
of sound A,. = 27v,./2,.) and it varies in time as the sound wave propagates. The laser
passes through a crystal perpendicularly to the acoustic wave and it reflects off of planes
created by varied refractive index (planes separated by A). Since the timescale of the laser
field oscillation is orders of magnitude smaller than for the acoustic wave, during a single
oscillation of the optical wave (T' = 27 /w = A/c), the refractive index is basically constant.
The reflection occurs if the laser beam approaches with the angle 6; to the normal of the

direction of the sound wave propagation, which satisfies a Bragg condition:

sin 0; = —— 5.2.15

b2/ ( )

This condition gives constructive interference between light waves reflected off the different
planes of that quasi-constant refraction index. The output light wave is reflected from the

plain moving with velocity v,. and the angular frequency is Doppler-shifted

; (5.2.16)

T (1 n 2v_sm€>
where v,.stnf is a velocity component of the sound wave in the direction of propagating
light and 6 = 0; 4+ 6, is the angle between the diffraction peaks and § = 260; for isotropic
crystals. Bragg diffraction produces light of angular frequency shifted from the laser light by

the frequency of the sound wave:

Wy, = w x 24 (5.2.17)
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Figure 5.16 — The principle of AOM operation. The acoustic wave is generated by applying a RF signal
to the piezoelectric actuator installed on the side of the AOM. Laser entering AOM crystal scatter on the

acoustic wave which causes generation of the frequency shifted sidebands. Figure adapted from [235].

The angle of the diffracted beam depends on the frequency of the acoustic wave, which
means that changing the frequency (2,. varies the direction of the outgoing sidebands. In the
practical application of the laser setup, this is undesired, since it might change the laser beam
position in the experimental volume during the frequency sweep. The solution to overcome
the movement of the sideband beam is to use the AOM in a double-pass configuration [230].
This means that the first sideband, generated after passing the AOM first time, is reflected
back through the AOM and the first sideband of the second pass (double-shifted frequency
Wl = w+ 2§2,.) is sent further out. In this configuration, the beam position shift is meant to
cancel after double-pass thanks to alignment through the optics, and the beam pointing of

the outcoming beam maintains stable position.

Advice: AOM 3200-1210 Gooch & Housego
The AOM crystal works only for one light polarisation (perpendicular to the mount-
ing plate). Standard double-pass configuration would not work, the incoming and

outcoming beams must be offset vertically, for example, using a prism.
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Standard double-pass AOM setup includes a quater waveplate to change the polarisation
of the laser (from one linear polarisation to the opposite) and a polarising beam splitter
to separate spatially incoming and outcoming laser beams of different polarisations (Figure
. This is how AOM double-pass for 972 nm light (diode laser wavelength that is doubled
in frequency twice to obtain 243 nm laser source) in 1S-2S laser setup was built, so the same
configuration was design for 313 nm laser in 2019. As we did not know at that point, the
AOM crystals for UV light operate only for one polarisation (perpendicular to the mounting
plane). That means that in the setup presented in Fig. , the 1%¢ order sideband entering
the AOM after passing the quater-waveplate twice has wrong polarisation for the 2" sideband
generation to occur. Since the only light transmitted through this set-up was the sideband
of 1% order, that means that for the entire 2019 experimental run, when we performed the
experiment of sympathetic cooling of positrons with Bet [1], we were using a single shifted
frequency w + 2, instead of the desired double shifted w + 2(2,..

This was hard to realise in the experiment since, due to the unknown heating mechanism
acting on trapped Be™, the laser cooling rate was different from that theoretically predicted.
The double-pass AOM setup was corrected in the setup prepared for the 2022 experimental
mini-run, by removing the quater-waveplate and beam splitter and introducing a Retrore-
flecting Hollow Roof Prism Mirror @ to vertically separate the incoming and outcoming
beams (Figure shows the top view and Figure shows the side view). This idea
comes from the work of the Trapped Ton Quantum Information Group at ETH [237].

The acoustic wave is generated by a piezoelectric transducer by applying a radio frequency
(RF) signal to the electrode (schematic in Figure [5.16). The acoustic wave is generated by
a RF driver. The AOM driver used in 2019 was 1200AF-AEF0-2.5 by Gooch & Housego
which gave a 180-220 MHz signal and got upgraded to 1210FM-3-2.0W (140-280 MHz) for
2022 measurements that after properly implemented double-pass configuration was capable

of shifting the laser frequency by 280-560 MHz.

Advice: Do not operate the RF driver if the output is not connected
If the output of the RF driver is not connected to the AOM, the generated signal might

be reflected back, due to the impedance mismatch, causing damage to the device.

32HRS1015-F01 by Thorlabs.
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Figure 5.17 — Simple double pass AOM setup used in 2019, top view. The laser light of linear polarisation
passes twice by a quarter waveplate and the polarisation is rotated by m/2. This setup works with the
AOM crystal for the 972 nm (diode laser source for the 1S-2S transition), but not with the crystal for
the 313 nm laser, which can transmit only one polarisation (perpendicular to the mounting plate). This

meant that in experiment in 2019, the n = 1 diffraction mode was extracted instead of n = 2.

AOM

Figure 5.18 — Double pass AOM setup used for 313 nm laser in 2022, top view. Laser light of the
same linear polarisation passes twice through the AOM crystal, but the incoming and outgoing beam are
vertically separated (as shown on the Fig. [5.19) to extract the n = 2 diffraction mode through a different

path than incoming laser beam.

\/

N Y C ]

Figure 5.19 — Double pass AOM setup used for 313 nm laser in 2022, side view. The AOM crystal
for UV works only for one polarisation (perpendicular to the mounting plane), so incoming and outgoing
beams must be vertically separated to extract the output beam from the AOM arm. The outgoing beam

reflected by the mirror on the left continues propagating into a page.
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The 313 nm laser beam had to be coupled into a fibre to be transported to ALPHA-2 trap,
which was a limitation to how far the laser frequency can be scanned using the AOM. Despite
the fact that the double-pass configuration is meant to mitigate the beam position shifts, in
practice it is very difficult to align the sideband beam to follow exactly the original incoming
beam. The core of the fibre has only 10 pum, so movement of the laser beam even by a few
micrometres can cause significant power losses. For our best AOM alignment we measured
the transmission through the fibre and decided to use the frequency range for which power
stays above 50% of the maximum power available at the central AOM frequency. The power
of the sideband peak can be modulated by changing the amplitude of the RF signal applied
to the AOM’s input (input called Analog REF' Modulation/Level Control). The input voltage
of AOM modulation can be adjusted in the range of 0-1V, which corresponds to the power
range of 0-2W for the new driver (2.5W for the old driver). Setting AOM modulation to OV
completely stops the generation of sidebands and since the original unshifted laser beam is
blocked by physical apertures, this effectively stops the laser beam going to the ALPHA-2
trap. We use the AOM as the switcher for the 313 nm laser beam. The time to ramp up the
input of the RF signal from 0 to the maximum level takes < 20us. For comparison, the time
it takes to open a mechanical shutter is around 10 ms. This is important for the Be™ electron
spin flip measurement (Section [6.2)), when time for turning on/off the 313 nm laser needs to
be very short in order to properly detect a level of a dip in the fluorescence signal, which is a
measure of how many beryllium ions underwent the electron spin-flip after microwave pulse

was sent to the ALPHA-2 trap.

5.3 Beryllium laser cooling in ALPHA-2

Be™ are produced in all possible electronic states and then decay to all possible ground
states, so they need to be optically pumped into our desired 25 )2(m; = +1/2,m; = +3/2).
An initial period of 313 nm laser exposure is needed to bring most of the Be™ this state;
after optical pumping only 1 in 17 of the Be' ends up in a different state ground state [238].
To pump ions the most efficiently, the initial detuning of the laser should correspond to the
average velocity of ions loaded to the Penning trap. The temperature of ions is reduced from

the temperature of 15.000 K (baseline without laser cooling) to below 1 K in a few minutes.
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In our experiment, the initial cooling phase takes more time than in typical experiments
with trapped ions or atoms (~ ms timescale), because we have 10° —10° ions with significantly
wider velocity spread (ions are loaded at ~ 10 eV). In the original experiment of sympathetic
cooling of positrons |1,[131], we had only one 313 nm laser beam, which was introduced via a
special optical port on the upstream end of the ALPHA-2 trap. The injection port is tilted
from the centre of the Penning trap at an angle of 2.4°, therefore the name off-axis laser.
For the central electrodes, the laser beam is nearly parallel to the z-axis of the Penning trap,
but the further away from the central electrode E14, the larger the radial offset between the
laser beam path and the centre of the cylindrical electrode. The consequence of this is that
for the plasma of ~ mm size, there is no overlap between laser and ions outside of the thin
trap (electrodes E8 — E20) and laser cooling can only occur in the middle of the ALPHA-2
trap. Efficient cooling also requires a small radial size of the plasma Eland efficient mixing
between axial and radial motions. Mixing the axial and radial energy could be achieved by
laser cooling ions under Rotating Wall at frequency driving the radial compression of ions
— RW compression increases the energy of the magnetron motion, by decreasing the radius
of the magnetron motion. In principle, heating by RW compression can be compensated by
laser cooling. This was not possible to achieve for the off-axis laser, because at the positions

of both Rotating Walls (electrodes E3 and E25) it does not overlap with Be™.

In the original work performed in 2019, we managed to achieve sympathetic cooling of
positrons to temperatures ~ 7 K, we had to cool down Be™ by a series of subsequent periods of
laser cooling in central electrodes, transfers to RW, compression under RW and repeated laser
coolings. This method was sufficient for demonstration of sympathetic cooling of positrons
with laser-cooled beryllium ions, but Be™ preparation was long (total cycle with positrons
cooling was around 10 min) and for numbers of positrons required for antihydrogen synthesis,
the compression was not possible to be performed with the H trapping magnets energised @
For these reasons our procedure for laser cooling of beryllium ions was incompatible with the
standard antihydrogen production sequence. We decided to introduce an additional 313nm
laser beam, which would overlap with beryllium ion plasma at the position of both Rotating

Walls, so it would propagate exactly along central axis of the Penning trap, so on-axis laser.

33Ideally significantly smaller than the laser radial beam profile, to not vary too much the laser intensity across all the plasma.
34The octupole magnet produces significant magnetic field for non-zero radial positions, causing heating of ion plasmas, which

held in the Penning trap. Ion plasma must be small in radius, when magnetic trap for H is energised.
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The on-axis cooling laser was introduced by splitting the beam generated by the new
Toptica laser (providing up to 800 mW) and delivering both beams via the optical fibres
to the experimental area. The on-axis beam is injected through a large optical port in the
upstream AT stick chamber at the 90° angle from the z-axis and it reflects from the special
rectangular mirror installed at the stick (at the 45° angle of incidence) to pass through the
trap exactly in the middle of each cylindrical electrode. On the downstream AT stick there is
the same mirror to eject the beam at 90° via similar port on the side of the DS AT chamber.
The mirrors are 2.5 X 3.5 cm and they have coating that reflects 313 nm, 243 nm and 532
nm (green pointer laser that helps with the alignment). Mirrors for the on-axis laser must
be installed on the sticks, such as they can be moved away from the axis to inject and eject
particles from the trap, therefore they were integrated onto the stick.

In our measurement in 2022, both on-axis and off-axis beams originated from the same
laser source and were offset from each other by a value of 400 MHz with the Acousto-Optical
Modulator (AOM), whose frequency could not be tuned by much to not loose coupling to
the fibre. At the moment of beryllium spin-flip measurement, the old 313 nm laser, which
was used in the previous experiment, was not operational. Now that the laser is repaired,
it could be integrated to the experiment. The advantage of two independent laser sources is
that we could have two different frequencies. That would allow to have separate laser-cooling

and a probe laser for various applications:
i. To characterise the lineshape of the cooling transition 25; /2 —> ’p, /2 as a method of
measuring ions temperature.
ii. To introduce a repumping laser to the system.

iii. To laser-cool and detect Be+ ions at two different magnetic fields at the same time (for

example, 1T in trapping volume and 3 T under Rotating Wall)
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Chapter 6

Magnetometry with Be™

There are two aspects of magnetic field measurements in ALPHA experiment:

1. the absolute magnetic field generated by superconducting magnets, that determines the

Zeeman splitting of energy levels and the magnetic force experienced by atoms;

2. the strength of the magnetic field that drives the transition, relevant for the positron

spin-flip in the antihydrogen, which is induced by the microwave radiation.

Measurements of the absolute magnetic field inside the trap [ are important for every
type of antihydrogen experiment performed by ALPHA: for 1S-2S spectroscopy, positron
spin-flip (hyperfine spectroscopy), laser cooling to determine the energy levels splitting and it
is crucial for antihydrogen’s gravity measurement to distinguish the gravitational acceleration
g from the acceleration caused by the magnetic field ap [} For all the previous ALPHA work,
the absolute magnetic field value was obtained with an Electron Cyclotron Resonance (ECR)
technique [162,239], which relies on measuring the cyclotron frequency of the electron plasma
in a Penning trap (more details in the next Section[6.1.1)). So far, the main limitations of the
ECR method were that it works for the high and flat (non-gradient) fields and measures the B-
field only on the axis of the Penning trap (plasmas are confined at radial positions r ~ 0). The
ECR technique is under continuous development and significant progress has been made to
address these issues. An alternative technique for measuring magnetic field inside the ALPHA

trap would first of all serve as a cross-validation of our present magnetometry method.

'n context of antihydrogen experiments we usually refer to the magnetic field of the Ioffe-Pritchard trap for neutral atoms.

Knowledge of the magnetic field of the Penning trap is useful for developing methods of charged plasma manipulation etc.
2We the symbols related to antimatter with a bar at the top, so it is also common to use a bar above the symbols of physical

variables to denote that they are referred to antimatter systems, E.g. antimatter’s gravitational acceleration g.
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CHAPTER 6. MAGNETOMETRY WITH BE*

The beryllium ion source and diagnostic tools dedicated to it already existed in the
ALPHA-2 trap for the previous work on sympathetic cooling of positrong’] The promising
aspect of beryllium magnetometry is non destructive diagnostics via emitted fluorescence
light and the prospects of improving the precision of the measurement. With an improved
detection scheme for Bet (photon counters installed inside the Penning trap), significantly
smaller samples of ions and possibly even single ions could be used, increasing the spatial
resolution of the magnetic field measurement.

Another aspect of magnetometry is to measure the intensity of the magnetic field com-
ponent of the microwaves used inside the ALPHA-2 trap. This is important for the hyperfine
spectroscopy of antihydrogen. The hyperfine structure in the antihydrogen is measured by
a microwave-induced positron spin-flip, which is a magnetic dipole transition caused by an
oscillating magnetic field. Knowledge of the magnetic field component of the microwaves
is crucial for evaluation of the hyperfine transitions. The microwave power was estimated
based on the calculation of the freely propagating wave, but we already empirically know
that microwaves inside the ALPHA-2 trap do not propagate in the same way as in free space
and the intensity of the microwave radiation changes depending on the axial position in the
Penning trap [35]. The amplitude of the magnetic field component of the microwaves could
be estimated by using electron spin-flip transition of Be™t in the Rabi-style experiment (more

details are given in Section [6.2.2]

6.1 Current magnetometry methods in ALPHA

The main technique used in ALPHA for magnetometry is the Electron Cyclotron Res-
onance (ECR) technique, which will be presented in this section. The ECR is the method
to probe the magnetic field inside the Penning trap in situ using an electron plasma. Ad-
ditionally, the magnetic field is monitored during the experiments with online Hall probes
installed outside of the trap. The magnetic field generated by external solenoid magnets
of the Penning traps can be characterised offline with Nuclear Magnetic Resonance (NMR)
technique. More information about the Hall probes and NMR method can be found in the
Ph.D. thesis of Nathan Evetts [240], which focuses on the development of NMR probes for

low temperatures to possibly use them as online monitors in the ALPHA Experiment.

3MCP and Faraday Cup are the same as used for antiprotons, positrons and electrons.
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6.1. CURRENT MAGNETOMETRY METHODS IN ALPHA

6.1.1 Electron Cyclotron Resonance technique

The cyclotron frequency of a given particle is constant in a static magnetic field; therefore,
this frequency is used to characterise the magnetic field inside a Penning trap. The cyclotron

frequency for electrons within a magnetic field of around 1T lies in the microwave regime:

B
JECR = 97 28 GHz B Al (6.1.1)
2mm

The cyclotron frequency of an electron plasma can be determined by inducing a heating of the
plasma by microwave radiation and then measuring the change in plasma temperature either
passively or destructively in a method called Electron Cyclotron Resonance. This method
samples the radially-central (r = 0) magnetic field strength of Penning traps. The earliest
ECR method used by ALPHA was a passive measurement. That method involved observing
the heating of an electron plasma by measuring the temperature sensitive frequency of the
quadrupole mode of an oscillating plasma, as this oscillation generates image currents on
electrode surfaces [239]. The induced quadrupole mode frequency shift is correlated with
the injected microwave frequency to obtain the ECR resonance. This method required that
the electron plasma be physically large, with radii of 0.1 cm and length 4 c¢m, such that
the image currents can be measured. One problem with this method is that the larger
volume occupied by the plasma induces broadening of the ECR resonance due to magnetic
field inhomogeneities. A microwave frequency sweep to obtain an ECR resonance takes 10
minutes. Recently, an improved method was introduced that uses small electron plasma
samples, called scoops, (~ 1500 electrons) extracted from a trapped electron reservoir (24
million). This method called Reservoir ECR was developed by Eric Hunter |[162,[241]. The
temperature of the electron plasma is measured with the Temperature Diagnostic technique
2.3.3l 60 — 120 scoops can be extracted from the reservoir. Each scoop is interrogated
with a different microwave frequency to obtain the ECR resonance. Small scoops of electron
plasma allow for faster scan of microwave frequencies (around 2 minutes) and since scoops
are smaller than previously used electron plasma they probe smaller volume of the magnetic
field inside the trap. Temperature Diagnostic technique, using SiPM detectors [160], is more
sensitive than modes diagnostics, which results in increased precision of the ECR frequency

measurement, which allows to resolve peaks of the ECR frequency and other plasma modes.
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The ECR measurement produces multiple resonance peaks: the ECR resonance and
various sidebands resulting from the axial and magnetron dynamics of the electron plasma.
The ECR resonance peak is identified as one that does not change its frequency when the
axial frequency is modified by varying the shape of the trapping well.

Electrons used in ALPHA for ECR measurements are produced on demand by an electron-
gun instrument installed on a stick. All sticks neighbouring the ALPHA Penning traps
include an electron-gun. The same microwave hardware used for the hyperfine spectroscopy
of antihydrogen is used for exciting the cyclotron motion of the electron plasma as the FCR
frequency is close to the frequency of the positron spin-flip in H). Microwaves at frequencies
between 26 and 30 GHz and powers up to 20 dBm are generated by an Agilent HP 8673D
synthesiser E| and sent to the ALPHA-2 trap via a waveguide ended with a microwave horn.
The microwaves propagate inside cylindrical electrodes of radius 2.25 cm (central electrodes
that overlap with the magnetic minimum trap where the antihydrogen is confined), which
is comparable to the size of the microwave wavelength (~ 1 ¢cm). There are gaps between
electrodes, the radius of the electrodes differs between normal (RCT and POS) and thin
(ATM) traps and there are many physical apertures inside the vacuum chamber that restrict
the free-wave propagation of the microwaves. The electrode geometry acts as a microwave
cavity, modifies the freely propagating microwaves and creates some not-well-known standing
waves, which cause the power of the microwaves to vary depending on the position inside the
trap. The standing-wave pattern is highly sensitive to the microwave frequency, so that the
microwave power at a given position is frequency dependent. This effect was studied using
a set of replica electrodes and simulations [243]. Heating of an electron plasma induced by
microwaves is proportional to the intensity of the electric field component of the microwaves,
so the electrons’ temperature measured in FCR experiments was used to extract information
about the intensity of the electric field component of microwaves inside the ALPHA-2 trap.
Although the pattern of the magnetic field wave generated inside the trap can be different
from the electric field component of the wave EL which is important for measuring A positron

spin flip. The polarisation of microwaves is also mixed inside of the trap.

4The relative accuracy of the microwave synthesiser Agilent 8257D PSG is 10~7, and resolution 10 mHz.
5The electrodes are made of a good electrical conductor (aluminium with gold plated surfaces), which makes electric field

lines to terminate at the electrodes surfaces. Electrodes, as well as all other components of the ALPHA-2 trap, are made
from material with low magnetic content, so the magnetic field is slightly distorted but does not terminate at the boundary of

electrode surfaces.
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ECR measurements for the H hyperfine spectroscopy

The positron spin-flip in the ground state of H (1S) is a method to investigate the
hyperfine interaction in the H atom. The basic idea of the measurement is that H atoms
are trapped in the ALPHA magnetic trap only in 2 out of 4 hyperfine states (so-called low
field seeking states, with an electron spin anti-aligned with the magnetic field ||), referred as
|c) and |d) states in Ref. [35]) and they are irradiated with microwaves. If the frequency of
microwaves matches the energy difference between ||) and a corresponding high field seeking
state |T) of the same antiprotons spin state (referred to as |a) and |b) states), the transition to
the |1) state (transitions |c¢) — |b) and |d) — |a)) can occur and those H atoms that changed
the positron spin state are ejected from the magnetic trap (more details in Section. The
main factor that determines the frequency of the hyperfine transition is the strength of the
external magnetic field due to the Zeeman effect. We operate in the high-field regime, where
both of the positron spin-flip transitions increase with increasing external magnetic field.
Both positron spin-flip transitions are offset in frequency by a value of 1,420.4 + 0.5 MHz.
The positron spin-flip is induced by the microwave pulse and the probability of the transition
depends on the intensity of the microwave field, frequency detuning from the resonance of

the transition and duration of the microwave pulse (the same as for the electron spin-flip, see

Eq. 3.1.5).
ECR measurement vs beryllium magnetometry

The FCR method in ALPHA Experiment has some limitations:
(a) it is a destructive method that requires loading new electron sample for every probed
microwave frequency

(b) ECR works well in flat magnetic field, but does not work in the high gradient fields

(work ongoing, first measurements under Mirror Coils)

(c) it works for static, but not for changing magnetic fields, which would be desired for

ALPHA-g measurement

(d) ECR is a good method for high magnetic field, but not for low fields

The possibility of using electron spin-flip in “Be* induced by an oscillating magnetic field

opens a new endeavour for the precise magnetometry in the ALPHA Experiment.
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First of all, the intensity of the magnetic field component of microwave radiation inside
the ALPHA-2 could be investigated with Bet. The benefit of using beryllium ions over
an electron plasma is that it is a non-destructive detection method. The probability of
the transition is measured by the change in fluorescence level, and a single sample of Be™
can be used even for multiple microwave frequency sweeps. Currently, this measurement
technique has some limitations; the main problem being the limited axial range in which
fluorescence can be detected with a photon counter placed outside of the trap. With an
upgraded fluorescence detection system, such as photon detectors are placed inside the trap
in the vicinity of beryllium ions increasing the detection solid angle drastically, even single
ions could be detected, which would greatly improve the precision, by removing collective
effects and by probing significantly smaller volume within the trap, which could possibly allow
applying beryllium magnetometry to do the measurement in the magnetic field gradient.
Similar measurement time scales as the ECR technique could be achieved for the current
photon detection system (if the repumping laser would be introduced) and possibly even ~

sec for the photon detectors installed inside the trap.

6.2 “Be’ electron spin flip measurement

6.2.1 Idea for using beryllium for magnetometry

In our case of electron spin-flip in *Be™, we are interested in one of the hyperfine transi-

tions in the ground state 25 /2 H
1) 2 2S1e(my = 4+1/2,mp = 4+3/2) — L, 1) : 2S1ja(my = —1/2,m; = +3/2).

Tons in the |T,1}) state, denoted as |1) for short, can be detected by fluorescence of light,
which is emitted from Be™ ions while they decay from the excited state back to ground state

during the cycle of laser-cooling transitions
251/2(mJ = +]./2,’ITL[ = —|—3/2) — 2P3/2(mJ = +3/2,m[ = +3/2),

therefore the |1) is refereed as a bright state. The ||, 1), denoted as |]), is not part of this

laser-cooling cycling transition and does not emit light, so it is called a dark state.

6In general electron spin-flip transition is any transition that changes m; from +1/2 to —1/2. We have chosen the hyperfine

transition such as it uses the ground state of the cooling transition that we typically use in our experiment.
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(m, = +3/2)
(my=+1/2)
(m;=-1/2)
(my =-3/2)
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(my=-1/2)

FLUORESCENCE

I

COOLING LASER

(m;, my)

(-8/2, +1/2)
(-1/2, +1/2)
+1/2, +1/2)
(+3/2, +1/2)

N

(+3/2, -1/2)
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(-1/2, -1/2)
(-3/2, -1/2)

Figure 6.1 — Energy levels structure of Be™. The transitions relevant to the laser-cooling process and
electron spin flip transition in the ground state are marked. In our experiment we did not have a separate
repump laser, we relied on the fact that the cooling laser off-resonantly repumps the ions from the m; =

—1/2 to the my = 1/2 state.
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Figure 6.2 — (a) Frequency of the electron spin-flip in Be' and frequency of the ECR. (b) Frequency
change for the electron spin-flip of Be™ and ECR as a function of the magnetic field. The blue shaded
region is the range of magnetic fields that ALPHA-2 usually operates at. The red shaded region is the
microwave frequency operational range in the ALPHA-2 trap [244].

The frequency of the electron spin-flip transition f. depends on the strength of the ex-
ternal magnetic field, as shown in Figure[6.2] Based on the frequency calculations in Section
of this electron spin-flip transition at standard magnetic field in the ALPHA-2 trap
B ~1.02 T is around 27.6 GHz.

We can detect whether microwaves interact with *Be*t and cause the electron spin-flip
transition by looking at the fluorescence of the cooling transition. Ions that go into the dark
state do not fluorescence until they are repumped back into the bright state. If we send the
microwave pulse at frequency f; near the resonance f, while shining the 313 nm laser at the
ions we will see a characteristic dip in the fluorescence signal (example of the spin-flip signal
in Figure . The depth of the fluorescence signal drop corresponds to the fraction of ions
for which the electron changed the spin state. Since during the laser cooling experiment we
rely on the laser off-resonantly repumping Be™, the ions will come back to the [1) state a few
seconds after the microwave pulse has been applied. In fact, this was the first time we had
measured directly the repump rate of beryllium ions inside ALPHA-2 Atom Trap.

Electron spin-flip measurement in °Be’ could address both aspects of magnetic field
measurement in the ALPHA Experiment mentioned in the Introduction Section [6.1 Mea-
surement of the electron spin-flip frequency f. could inform us about the strength of the

external magnetic field inside the ALPHA trap similarly to the ECR technique, which would
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first serve as cross-calibration our current magnetometry and next it could push our mag-
netic field measurements methods further towards increased precision and simpler protocols.
Beryllium magnetometry is based on reading an atomic transition via fluorescence, which is a
non destructive method. This would allow to measure full transition lineshape or even many
of them with the same sample of ions, unlike ECR, which requires loading a new electron
plasma to probe each microwave frequency. In order to make this measurement a reliable
and robust magnetometry technique, we would have to prepare Be™ samples that are repro-
ducible in size and number of ions, similar to the electron scoops in the ECR method. Since
the beryllium ion plasmas produced from the laser ablation can differ significantly in size, we
might also want to use SDREVC method on Be™ (when developed), as in the case of electron
reservoirs. The SDREVC requires turning on the internal superconducting magnets [}, which
changes the overall magnetic field in the ALPHA-2 trap. So far only the measurements in
the flat field of the Carlsberg magnet only were made. In fact the final goal is to develop this
method to work with the internal magnetic Ioffe-Pritchard trap for H energised, so study of
the electron spin flip in Be™ for various magnetic fields configuration must be performed. It
should be noted that ramping the internal superconducting magnets up and down, induces
persistent currents in the external solenoid magnet of the Penning trap, which change the
initial magnetic field by a small amount. Also it is not know how ramping up the down
the magnets of the transfer beamline influences the B-field of the ALPHA-2. It would be
favourable to not have to change any of the magnetic fields configuration during the actual
B-field measurement.

The second possible application of the electron spin-flip transition in beryllium ions
could be to map the strength of microwaves inside the ALPHA-2 trap along the z-axis of the
trap. We already know that the microwave field is not uniform along the entire H trapping
volume, because the electrode stack of the Penning trap acts as the cavity (the microwave
wavelength is around 10 cm, which is a scale comparable to the electrode size) that causes
an unknown pattern of standing waves inside the trap. The amplitude of the microwave field
defines the Rabi frequency (2, which is one of the factors determining the probability of the
hyperfine transition in antihydrogen. In the latest measurement [35], the approximation of

free-propagating wave was used.

"Internal solenoids ramp to 2T on top of the 1T of the external solenoid of the Penning trap (Carlsberg magnet in ALPHA-2,
but the same design is implemented for ALPHA-g trap), to give total 3T at the position or Rotating Wall.
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Simulating microwave propagation inside ALPHA-2 Atom Trap is difficult, because it is
very sensitive to the precise placement of the internal components, and we prefer to rely on
the actual measurement. So far the FCR technique has been used to estimate the magnitude
of the electric field component of microwaves at different positions of the trap by looking at
the strength of the resonance signal. However, the a positron spin-flip is a magnetic dipole
transition, therefore it is driven by the magnetic field component of the microwaves and this
could not be measured so far. Electron spin-flip in the ground state of the beryllium ion is
equivalent to the positron spin-flip measured in antihydrogen, so it could serve as a probe to
characterise the amplitude of the magnetic field component inside the Atom Trap. This could

reduce systematic errors of the ground state hyperfine measurement in the antihydrogen.

Electron spin-flip in Be™ measurement at NIST

An inspiration for the work presented in this thesis was a Rabi measurement with beryl-
lium ions performed by Shiga, Itano and Bollinger [132]. In their experiment at NIST Shiga
et al. used a laser-cooled plasmaﬁ of approximately 500 beryllium ions confined in a Penning
trap to measure the hyperfine transitions in the ground state of “Bet: 1 electron-spin-flip
transitions and 3 nuclear-spin-flip transitions. The electron spin-flips were performed using a
m-pulse of microwaves, which is the standard Rabi method and nuclear spin-flips were mea-
sured with a series of two 7/2-pulses of radiofrequency radiation, which is a technique known
as the Ramsey method or Ramsey interferometry [242]. Be™ were prepared in the initial
state i) = 2S12(mr = +3/2,m; = +1/2) = |1, 1)) (both electron and nuclear spin up) by
optical pumping using a 313 nm laser tuned to the cooling transition (the same transition as

in our Be™ laser cooling experiment, see Figure
281/2(771[ = +3/2,MJ = +1/2) — 2P3/2(m1 = +3/2,mJ = +3/2)

and probed with 600 us pulses (corresponding to a w-pulse at the resonance) of varied mi-
crowave frequencies. The ions in the |T) state undergo a transition to the |]) state with a
probability dependent on the detuning of the microwave pulse with respect to the electron
spin-flip resonance frequency f.. The number of ions in the |1) state is measured by fluores-

cence, which occurs during a decay from the excited level 2 Psjo(m; = +3/2,m; = +3/2).

8More on laser-cooling in the Sections
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The fluorescence signal decreases proportionally to the number of ions that changed an
electron spin state to |). In fact, the dark state interacts very weakly with the cooling laser,
which nonresonantly drives the dark state into the *Pjn(m; = +3/2,m; = +1/2) state,
from which it decays to the bright state. This process is called off-resonant repumping and
takes on the order of a few seconds to pump ions back into the bright state, and the time of

the process depends on the rate of the repumping transition
QSl/Q(m] = +3/2,mJ = —1/2) — 2P3/2(m[ = +3/2,MJ = —|—1/2)

All ions need to be repumped back into the bright state before they are exposed to the
next microwave m-pulse. The time that it takes to perform the full microwaves frequency
sweep is usually determined by the time to repump all the ions to initial state between each
pulses ﬂ The repumping process could be sped up by introducing an additional laser, which
is detuned further away from the cooling transition and closer to the repumping transition, to
faster populate the > Py o(m; = +3/2,m; = +1/2) state. This has been done in the discussed
work of Shiga et al. by adding a dedicated repump laser along the z-axis of the Penning
trap, which reduced the repumping time from 5s to < 1 ms. In the NIST experimental setup
there were two cooling lasers: one on the axis of the trap to cool the axial motion and the
other perpendicular to cool the radial motion of the beryllium ions.

Those ions that changed electron spin state after interaction with microwaves will no
longer emit photons when exposed to the 313 nm laser, which accounts for reduction of the
fluorescence signal. The fluorescence signal after the microwave pulse Syfter(f;) normalised

to the signal Spefore(fi) equals the fraction of ions that remained in the |1) state:

Saﬂﬂ“(fl’) _ |T>z -1 L (6.2.1)

Sbefore(fi) B |T>1 + ‘\L>1 S H\>z + H/)z

The fraction of ions that changed the electron spin state Fy;, for given microwave fre-

quency f; equals then

. ) — |\l/>z 1 _ Safter(fz’)
thp(fl) H\>z + H/>1 ! Sbefore(fi) (622)

which is related to the probability of the electron spin-flip transition P; for given microwave
frequency f;. In the experiment performed at NIST, signals were recorded for 0.5 s before

and after the pulse and the cooling laser was off during the microwave /radiofrequency pulses.

9The 7-pulse time is usually on the order of hundreds of microseconds (for Shiga et al. work 600 us), while repumping time

varies from milliseconds to seconds
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The repump laser was turned on after the detection period. The cooling laser beam is at the
same time the probing beam, so in fact it changes the population of ions in a dark state due
to the off-resonant repumping, but it seems like in the experiment performed by Shiga et al.
this has been neglected.

In the work of Shiga et al. the values of fractional drop of the fluorescence signal Fy;,
as a function of the microwave frequency f; were fitted with the Rabi resonance curve (as
in Equation to obtain the resonance frequency of the electron spin-flip transition f,.
in “Be™. This frequency combined with the results of the nuclear spin-flip transition mea-
surements was used to obtain the value of the diamagnetic correction to the ground state

hyperfine constant in Be™ (see more details in Section [5.1.1]).

6.2.2 Rabi measurement with Be™ in ALPHA

We planned to perform the Rabi-type experiment, in which we look for the resonance
peak at the transition frequency after sending the microwave pulse, similar to the experiment
performed by Shiga, Itano and Bollinger [132]. Scan of different microwave pulse frequen-
cies around the resonance frequency f. would give us the resonance curve defined by the
probability of the spin-flip transition:

(£2/m)?
(fe = fi)? + (£2/m)?

where (2 is the Rabi frequency, t is the time of the microwave pulse and f; is the frequency

P=1-— sin® (mt\/(fe — fi)2 + (£2/7)?) (6.2.3)

of the i*" pulse. Equation can also be expressed as a function of the frequency detuning
A; = f.— f; from the electron spin-flip resonance. In a proper Rabi experiment, the duration
of the microwave pulse should correspond to m-pulse ¢, = 7/(2 (see Figure .

The idea is to measure the probabilities P; for various microwave pulse frequencies f;, to
get a data set that could be fitted with Equation [6.2.3] with f. and (2 as fitting parameters.
From the electron spin-flip resonance frequency f, we could derive the strength of the static
magnetic field generated by the external solenoid magnet (Carlsberg magnet), the internal
magnets of the loffe-Pritchard trap H and also background generated by other magnets in
the background, mostly ALPHA-g external solenoid (ALPHA-g external solenoid magnet),

if present.

10During the development work the internal magnets are turned off, but ultimately we want to apply this technique during

experiments with antihydrogen, when the magnetic trap for antihydrogen or internal solenoids for SDREVC are ramped up.
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The Rabi frequency (2 is proportional to the intensity of the oscillating magnetic field
generated by microwave radiation. To improve the accuracy of the fit, it would be helpful
to be able to approximate the expected value of the Rabi frequency 2, by independent mea-
surement in which the microwave pulse time scan ?,,se is performed for constant microwave
power to observe Rabi flopping (as in Figure [3.1)), from which the Rabi frequency could be
extracted. Alternatively, the microwave strength can be scanned for a constant pulse dura-
tion to find a Rabi frequency, for which this pulse becomes a 7-pulse. This seems to be the
most common approach to get a nicely rounded value for the pulse duration (e.g. t, = 600us
in Ref. |132] or t, = 450us in Ref. [186]). Using a m-pulse is beneficial in maximising the
probability of the on-resonance transition f., which in theory should correspond to changing
the spin state of all Be™ that experience a field oscillating with frequency {2 for the duration
of t;. In principle, the longer the pulse time, the more ions in the population will gain some
phase offset in their Rabi oscillation due to the influence of the environment (decoherence ef-
fect), so the fraction of ions Fyy;;, that change spin state after interaction with the microwave
pulse at resonant frequency f, would decrease. On the other hand, for very short pulses
(microseconds and below), the microwave power required to perform a 7-pulse would be very
high, higher than practical for many experiments.

The experimental sequence of Rabi measurement with Be™ should look as follows:
I. preparation: laser cooling of ions sample
II. fluorescence background acquisition (with ions)

ITI. microwave pulses and signal acquisition

(i) record fluorescence

(i) turn off the 313 nm laser

(iv) turn on the 313 nm laser

)
)
(iii) apply microwave pulse
)
(v) record fluorescence
)

(vi) repump and cool

IV. * fluorescence background (with ions)

V. * laser background (no ions)
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It might be helpful to measure the fluorescence background (the last two steps marked
with %) multiple times during the frequency sweep if the fluorescence signal level is not
stable. Measuring laser background with no ions, might be difficult since it is better to use
the same sample for entire microwaves sweep or even for many of them in case of performing
a parameter scan. Loading a new sample of Be™ takes time, and so far the number of ions
produced is not well under control. Applying a SDREVC method to beryllium ions could
make the ion preparation process much more reproducible, but that would require even more
time on sample preparation, which has the clear disadvantage of long times required to
perform the full microwave frequency sweep, during which the field of Carlsberg magnet and
the background magnetic field can drift already enough to disturb the electron transition
lineshape. An alternative method to measure the laser background with fluorescence coming
from beryllium ions would be to shuffle the ions to a neighbouring electrode, where they would
not overlap with the laser beam anymore, which could be done within 10 — 100 ms. If this
approach is taken one should ensure to perform a potential well manipulation in such a way
to not disturb the plasma properties and to not lose the ions during the shuffle. Beryllium

ions are heavier than electrons, so slower steps > 10 ms might have to be used.

Challenges of the Rabi measurement in ALPHA-2
1. Determine correct timings for the experimental sequence

a. correct microwave pulse duration and power to perform a 7-pulse,

b. correct time between microwave pulses to give enough time for ions to get re-pumped

back to the bright state and cooled to initial equilibrium temperature,

c. correct time for turning off the laser to not let them heat too much when they are not

laser-cooled.

The time t.g for which the laser is switched off must be equal to or greater than the
duration of the microwave pulse t,¢ > t,. The 313 nm laser induces fluorescence to detect
the |1) states and at the same time provides cooling to the trapped beryllium ions. In the
absence of the laser, ions’ temperature depends on the various sources of heating inside the

trap (with the cooling laser beryllium ions have temperatures of thousands of Kelvins [131]).
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When ions are exposed to a red-detuned laser, initially their kinetic energy is getting
reduced due to the laser-cooling effect until some equilibrium temperature is achieved when
cooling by the laser is compensated by heating mechanisms acting on ions confined in the
Penning trap and new equilibrium temperature is maintained, when heating in the trap and
cooling force of the laser remain constant in time. This laser-cooling equilibrium temperature
depends on laser-cooling parameters: the laser detuning and intensity of the laser per ion,
as well as parameters that determine plasma temperature: ions density, trapping potential
depth (electric and magnetic fields), shape of the electric well, and temperature of the cryo-
stat. Turning off the 313 nm laser stops the cooling source, so the ions start heating. We
want to switch off the cooling laser for as short as possible to avoid heating the beryllium
ions sample. We also want to make sure before each new microwave frequency pulse that we

have re-cooled the ions back to their initial temperature.

2. Optimise laser cooling process

Since the magnetic field of the Carlsberg external solenoid of the ALPHA-2 trap is de-
caying over time, the shortest possible time for a full microwave frequency sweep over the
full electron spin-flip transition would be preferred. It is also possible that there are some
short-term fluctuations of the magnetic field that have never been detected with previous
techniques. The main factor determining the measurement sequence is the time between
microwave pulses, when we wait for ions to be repumped back to the |1) state and cooled
back to the initial temperature before the pulse. Both the repump rate and the cooling rate
depend on the cooling-laser intensity and the spatial overlap between the ions and the laser
beam. Assume that all ions are exposed to the uniform laser field and that the laser power
can be adjusted to the reach transition saturation intensity I, to drive the cooling transition
at the highest rate, but the final equilibrium temperature achievable in the cooling process
could still vary, depending up the strength of the heating mechanisms in the trap. For ex-
ample, larger plasmas experience stronger heating, since ions radially further away from the
centre of the trap are more affected by the electrical noise on the electrodes surfaces and
oscillating electric field is known to be a source of heating in the plasma. Electrostatic field
anomalies have also been observed on the electrodes surfaces, called patch potentials, that

significantly contribute to the heating rate of plasmas in the Penning trap [6].
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The patch potentials are expected to be generated i.a. by the UV laser used for the 1525
spectroscopy of antihydrogen. Additionally, in the case if the magnetic trap for antihydrogen
would be energised, the octupole generated magnetic field that raises for non-zero radial
positions in the trap, would significantly contribute to heating the ion plasma, unless the
plasma size is very small E The equilibrium temperature of the Be™ sample determines the
thermal broadening of the electronic transitions linewidth, so the electron spin-flip linewidth
would also be broadened for larger ion plasmas, leading to lower precision of the final result.

Another experimental parameter that should be chosen carefully is the frequency de-
tuning of the cooling-laser. On the one hand, we wish to optimise the cooling process and
increase the fluorescence signal-to-noise ratio, so close red-detuning would be desired. On the
other hand, if the same laser beam is used for probing the states of Be™, a higher laser-cooling
transition rate would also mean higher off-resonant repumping of the ions into the dark state,
and that would disturb the signal during the detection period right after the microwave pulse
Safter, Which is needed to correctly interpret fraction of ions that changed the electron spin
state for given microwave frequency. An additional problem with using a closely tuned prob-
ing laser is that it could disturb the background fluorescence signal level generated by ions
in the bright state. The rate at which the fluorescence signal changes for changing frequency
detuning is significantly higher for smaller detunings. If the cooling/probing frequency is
set close to the resonance, then smaller changes of the magnetic field (caused, for example,
by changes of the magnetic field generated by the external solenoid) would cause a greater
change of the fluorescence signal, which could be wrongly attributed to the effect of the in-
teraction with the microwave pulse. The problem of choosing the frequency of cooling laser
could be solved by having a separate probing and cooling beams, which could be frequency
tuned independently or by fast switching the frequency of the laser between probing and
cooling frequencies. The probing beam could be set to low power to not change significantly
the state of ions, while a higher power cooling beam could be switched on after the detection
period to speed up the cooling process and reduce time needed to perform a full sweep of
microwave frequencies. The reduced time of the full frequency sweep should at least limit

the influence of the external solenoid magnet decay.

11 For example in the experiment of sympathetically cooling positrons with laser-cooled Be™ [1,/131], we had to significantly

reduce the beryllium plasma size in order to efficiently cool it in the octupole’s magnetic field.
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Whether the probe beam should be tuned to close- or far-detuning is still a matter of
compromise between getting sufficient fluorescence signal and minimising the signal change
due to the possible changes of effective detuning caused by changes of the external magnetic
field. It is possible to implement two laser beams, which could be frequency tuned inde-
pendently, because we already have two 313 nm lasers: one is the old Toptica laser used in
the past for the positron sympathetic cooling measurement and the second is the new laser
of the same type that was used for these Be™ electron spin-flip measurement. We did not
have enough time to recommission the old Toptica laser to be used for this experiment. The
laser could also be fast switched between cooling and probing frequencies by the AOM, if the

frequency between them was on the order of tens of MHz.

3. Transition broadening due to changes in the magnetic field

There is another source of spatial effect on the transition line broadening due to the
magnetic field inhomogeneities. For larger plasmas, the external magnetic field would be
less uniform across the axial and radial extents of the plasma. This would cause the ef-
fective detuning of the cooling-laser frequency with respect to the actual resonance of the
2S1/2(+3,4+3) <> 2Pyp(+3,43) transition, which is a function of the magnetic field, to be
different for ions at different positions inside the plasma, which is another possible source
of the transition linewidth broadening. These effects due to the plasma size are in fact the
same problems that the ECR method has to deal with. The effect of a non-uniform magnetic
field across the radial position is especially apparent in the situation when the neutral Ioffe-
Pritchard trap is turned on during antihydrogen experiments. The octupole magnet, one of
the internal superconducting magnets, generates a magnetic field increasing radially outward
to confine antihydrogen atoms. The effect of the octupole field on the Be™ laser-cooling
efficiency has been observed in the positron sympathetic cooling experiment [1], where only
smaller Be™ plasmas were cooled sufficiently (more details can be found in J.Jones” Ph.D.
thesis [131], in Section. 8.2.1). Ideally, we would use the smallest sample of ions possible,
but this reduces the fluorescence signal, which is proportional to the number of ions. Our
current fluorescence diagnostics are limited to a very small solid angle of 2.3 uSr (assuming
that the photon counter detector is well aligned to the centre of the trap, where beryllium
ions are confined and that fluorescence emission is approximately uniform in all directions),

resulting in a very small signal and a low signal-to-noise ratio.
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All of this gives some trade-off between getting a decent fluorescence signal and narrowing
the transition linewidth. The intensity of the fluorescence signal could be improved by
upgrading the detection system to cover more of the solid angle, but it would require installing
a photon detector inside the trap in the cryogenic volume.

An additional well-known effect is the decay of the magnetic field generated by a su-
perconducting magnet that produces the external B-field in the Penning trap (Carlsberg
magnet). It has previously been measured that the ECR frequency changes by around 1.6
kHz/min, which corresponds to 60 nT/min. This rate of the magnetic change has to be ac-
counted for if the microwave sweep duration is on the order of minutes. This is an additional

argument to reduce the time needed to collect data for single spin-flip transition lineshape.

4. Determine the number of beryllium ions in the sample

It is important to interpret the drop in fluorescence level correctly as a fraction of Be™
for which the transitions from |1) to |}) state occurred. We must understand the relation
between the photon count signal and the number of beryllium ions emitting photons. The
first step is to optimise the overlap between the plasma and the laser beam to ensure that the
number of ions in the trap is equal to the number of ions generating fluorescence. It would be
beneficial to measure the number of Be™ with another device (destructive measurement with
a Faraday Cup or non-destructive plasma modes diagnostics) to calibrate the photon count
rate vs. number of beryllium ions in the trap. The intensity of the laser should be uniform
across the entire ion plasma, or the intensity distribution should be known to obtain the
conversion factor between number of Be™ in the trap and total number of emitted photons.
From this the actual photon detection efficiency could be inferred.

The intensity of the laser beam should be stable. Otherwise, the background photon rate
might increase (e.g. scattered light inside the trap), as well as the number of photons emitted
by ions could change if the laser intensity is smaller than saturation intensity I, since the
laser-cooling transition rate would change accordingly. Next, number of beryllium ions in the
sample should remain constant or depletion rate should be characterised in order to extract
the fluorescence signal decrease that is related to decreasing number of Be' in the trap.
Alternatively, if the SDREVC technique for beryllium ions is developed and reproducible
samples can be loaded into the trap, each microwave frequency could be probed if a new

sample of Be™ to avoid the ion depletion problem.

200



6.2. “Be” ELECTRON SPIN FLIP MEASUREMENT

5. Changing microwave intensity problem

One of the motivations to develop the beryllium magnetometry, that relies on electron
spin-flip transition in Be™, is to characterise the intensity of the magnetic field component of
the microwave field in the ALPHA traps. The electrode stack acts as a form of cavity for the
microwaves, which causes that instead of freely propagating wave, some non-uniform stand-
ing wave is created. A pattern of this standing wave depends on the frequency, which means
that for given position inside the trap, the intensity of the oscillating microwave field varies
depending on the frequency of microwaves. The Rabi frequency 2 would differ for different
microwave frequencies, which means that using a constant pulse duration ¢, during the
microwave frequency sweep would cause the ions to experience a different phase shift from
the m-pulse: 2t,sc # m. Therefore, a better approach would be to measure the Rabi fre-
quency at each microwave frequency individually by probing various pulse durations ¢, at
the constant microwave synthesiser output power and the constant microwave frequency (or
alternatively probing the microwave synthesiser output power, while maintaining constant
pulse duration and frequency), in order to measure Rabi flopping similar to the oscillation
shown in Figure [3.1, This measurement could be directly used to extract the intensity of
the magnetic field component of the microwaves and if performed at various locations inside
the Penning trap it would allow to map how the standing magnetic wave pattern looks like,

which would benefit the antihydrogen positron spin-flip measurement.

6. Perform a Rabi-type experiment (laser off during microwave pulse)

In principle a measurement with any arbitrary pulse duration could be performed and the
data obtained could be fitted by the function in Equation [3.1.9| with resonance frequency f.
and Rabi frequency (2 as the fitting parameters. Although in a real experiment, after multiple
Rabi oscillations, the ions lose coherence, which results in damping of the Rabi oscillation
(as presented in Figure , so the magnitude of the main resonance peak will decrease for
each successive multiple of the m-pulse. For the case where the duration of the microwave
pulse would be equal to or greater than the decoherence time, Equation [3.1.7| could be used
to fit the measurement data and would require that the decoherence time 7. be an additional

parameter of the fit.
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Proper Rabi-type experiment requires turning off the cooling/probing laser during the
time that the ions are exposed to the microwave pulse. If we test f. by applying microwaves
during the laser exposure, the resonance will be broader and the frequency is offset from
the real resonance due to the AC Stark shift (as presented by Nakamura et al. [186] (see
the schematic of the energy level shift in Figure [3.6). Although this method is proposed
as an initial quick hunt for the resonance. We can start the experiment by running FCR
measurement in the same electrostatic potential well to get a good initial estimate of f.. To
perform a measurement of the magnetic field that achieves better precision than the FCR

method, we would have to use the proper Rabi method.

Experimental setup

Beryllium ions obtained by pulsed laser ablation [130] were trapped in the cryogenic
ALPHA-2 Penning trap, which is primarily used for the production and trapping of antihy-
drogen (it contains an additional set of internal superconducting magnets that allow magnetic
trapping of antihydrogen). Beryllium ions are confined in this Penning trap with a magnetic
field of 1 T. Beryllium ions are laser-cooled with a 313 nm laser beam of 9 mW at the input
to the trap. The same laser beam, propagating with a small angle, 2.4°, with respect to the
z-axis of the ALPHA-2 trap, so-called off-axis laser (see details in Section [5.3)), was used to
cool ions, induce a fluorescence signal and repump ions after the microwave pulse. The flu-
orescence signal was recorded with a Hamamatsu photon counter with a C8855-01 counting
unit. The photon counting head was installed more than 1 meter away from the trap’s centre
on one of unused laser access widow ports on the downstream end of the trap, which means
it is also pointing at the angle of 2.4° from the trap axis. The photon counter was usually
set to count photons for 10 ms (referred to as gate time). To generate microwave pulses,
we have used the same Agilent 8257D PSG microwave synthesiser that is being used for the
electron cyclotron resonance and H hyperfine measurements. The relative accuracy of this
microwave synthesiser is 1077 and the resolution 10 mHz [245]. The operational microwave
frequency range in the ALPHA-2 trap is 25-30 GHz [244]. The maximum power output of
the synthesiser is 20 dBm, for our measurement we did not use any amplifier. Microwaves
are delivered to the ALPHA-2 trap via a waveguide and injected on-axis of the trap through

a microwave horn installed on the linear translator (stick).
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Figure 6.3 — Simplified scheme of the apparatus, where beryllium experiment was performed. A cross
section of the ALPHA-2 trap (a Penning trap combined with magnetic minimum trap, same apparatus as
shown in Figure is presented. Beryllium ions are loaded from the upstream side and the cooling laser
is passing through the trap with an angle of 2.4° from the z-axis of the trap. A microwave source and the

photon counter for fluorescence detection are installed on the downstream end of the trap.

Preparation of the Bet sample

We load Be™ sample by a pulse laser ablation from beryllium target installed inside the
vacuum chamber on the upstream side of the ALPHA-2 trap (see discussion in the Chapter
4)). Before probing Be™ with microwave pulses at various frequencies, we had to cool the
beryllium sample. We apply an initial long range sweep from A ~ —15 GHz to —920 MHz
in 80 s, next a slower sweep to —70 MHz in 40 s and then a few manual steps of 10 MHz, 10
s each, to reach the final detuning around —40 MHz, which is around 27,. The detunings for
which the chirp rate is changed were chosen by a few test cooling sweeps, during which it has
been determined that we should start from detunings greater than 10 GHz. The first sweep
can be fast, we chose the shortest time of the second, slower, sweep that resulted in successful
cooling. The last manual sweep starts roughly around the detuning for which the fluorescence
signal starts to raise rapidly. The last steps of the detuning chirp are requested manually,
and the final detuning is chosen based on the observed fluorescence signal with respect to
the signal level observed for the far detunings. We have done this to avoid overshooting the
resonance and heating the ions, which used to happen if the frequency chirp was automated.
This is because the requested detuning sweep is based on the frequency calculation using
magnetic field, which has to be repeatedly updated due to the decays of magnetic field
generated by the Penning trap solenoid. If the magnetic field drifted down too much since

the last setpoint update, then our transition frequency calculation gives a too high value.
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Figure 6.4 — Fluorescence signal measured during laser cooling Be™ samples used for electron spin-flip

measurement. Cooling-laser is chirped in frequency from > 700y to ~ 2vo.

Therefore, the laser frequency chirp can go on the blue-detuning side of the resonance.
The solution would be to automate the setpoint update of the magnetic field value. The
decay of the magnetic field is already known and is simple to predict. More problematic
would be the prediction of shifts caused by internal superconducting magnets ramping up
and down and the persistent currents induced in the main solenoid due to those changes.

The exact number of ions is not known because calibration of the MCP pictures was not
possible at the time. The pictures of beryllium ion plasma were too distorted to perform
a fit using a Gaussian beam profile. The ablation and trapping procedure was similar to
that used for sympathetic cooling of positrons, where the number of ions measured was
0.1-0.5 million [1]. That calibration was also imperfect because of the distortions of the
images caused by the electrostatic apertures of the MCP’s high-voltage tabs. Calibration of
the MCP signals for the Be™ plasma was performed a few months after the electron spin-
flip experiment. Using the results from the calibration performed later, we would have had
around 80 millions of Bet. This discrepancy means that we do not know the exact number of
ions or even the order of magnitude. Between the measurements in 2019 and 2022, the MCP
voltages were changed (front voltage changed from —100V to —300V). The camera position,
determining the pixel-to-size calibration, and possibly some other settings might have been

changed between the data taking and the calibration performed a few months apart.
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To perform a proper calibration of the MCP for Be™, the plasma must be small enough
to fit in the sensitive region of the MCP and not get distorted on the edges. Similarly,
the Be™ plasma imaged during the experiment must have the same small, non-distorted
radial profile. Reliable calibration and ion number calibration should be possible whenever
a SDREVC technique is established for Be' to control the density of the ions and obtain
reproducible samples. From the fluorescence signal level readout for small detuning, we
could make a relative comparison of how many ions have been trapped. For each new
sample, we discarded half of the ions before the laser frequency chirp to image them on the
MCP detector, intending to measure the initial number of ions. This is called a Half~-Dump
measurement. After the sweep microwave pulses, the remaining ions are also dumped and
imaged on the MCP. After the ejection of remaining ions, the background photon count is
measured. Usually, a beryllium ion sample was used for a few frequency sweeps, each sweep
lasting 10-15 minutes. The background photon count was then measured 1-2 times per hour,
and the background photon count rate for the off-axis laser beam was measured to be 2-
3 kHz. This background level is subtracted from all the photon count measurements. If
the fluorescence signal level after initial cooling was lower than ~ 5 times the background
photon count, the sample was discarded. In the future, it will be important to correlate the

fluorescence signal with the number of ions obtained with plasma measurements techniques.

6.2.3 Electron spin-flip in Be™ demonstration in ALPHA

In July 2022 we managed to perform a proof of concept experiment, in which we demon-
strated microwave induced electron spin flip in Be™ and we took couple of f, transition
lineshapes from which we have extracted the values of the external magnetic field on the
level comparable to the ECR technique. The example of the observed electron spin-flip in
the “Be* signal is shown in Figure [6.5] The measurement was carried out only for 3 days
due to the ongoing commissioning of the ALPHA-g experiment. Due to the limited time in
which we could use the ALPHA-2 trap, we did not manage to characterise the microwaves
strength and study the sources of systematic errors. The results presented here are the first
trials to induce and detect electron spin-flip in Bet. It was more a debugging phase during
which we have tried to vary the microwave pulse parameters and see which settings maximise

the fluorescence-dip signal.
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Figure 6.5 — First observation of microwave induced electron spin-lip in °Be* in ALPHA-2. Example
of the signals from the same dataset (single microwave frequency sweep) for two different microwave
frequencies. The microwave pulse length was 100 ms. The actual signal is marked with grey points, red

line is the moving average over 20 datapoints. The gatetime for single datapoint acquisition is 10 ms.

The main unknown for this experiment was the duration of the microwave pulse that
would correspond to the m-pulse for a given microwave power. Additionally, we could not
well control the number of beryllium ions, their overlap with the 313 nm laser beam and
laser’s power stability (due to unstable transmission through the UV fibres discussed in
Section . We did not study the correlation between the number of counted photons
with the actual number of beryllium ions held in the trap.

The protocol of electron spin-flip experiment that we performed differed significantly
from the initially planned Rabi method. We did not have enough time to find the pulse
duration that corresponds to the m-pulse or even an approximate value of t,. We performed
complete microwave frequency sweeps around the expected f, resonance using eight different
lengths of the pwave pulse, shown in Figure [6.11] Pulses of 100-200 ms gave the deepest
fluorescence drop corresponding to the strongest spin-flip signal. The maximum fraction of
Be™ that changed the electron spin state was < 50% for 10 ms, suggesting that the duration
of the m-pulse must be shorter than this. The linewidth of the transition did not depend as
much on the microwave pulse parameters, as on the time when the lineshape measurement
was taken. This is shown in Figure [6.12, where lineshapes collected during different days,

but for the same microwave pulse parameters (t,,sc = 100ms and power of 20dBm).
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The second major difference from the Rabi method was that for most of the recorded
data the cooling laser was turned on all the time while the ions were exposed to microwave
pulses and we continuously measured the fluorescence of Be™. This is expected to broaden
the lineshape and offset it from the centre of the resonance due to the laser-induced AC Stark
shift, as shown by Nakamura et al. [186]. During the last 2 hours we attempted the spin-
flip measurement with no laser during the microwave pulses and got 7 transition lineshapes.
The microwave pulses were 50 ms, and the laser was blocked for 100 ms by turning off
using the AOM. As shown in Figure [6.13] there was no convincing evidence for lineshape
narrowing between runs with the laser off and the laser on during the microwave pulse. This
is most likely due to the fact that the transition lineshapes are already broadened due to the
decoherence effects and other effects play a more significant role.

In our case, most of the ions are repumped within 0.5-1 s after the end of the microwave
pulse. Only the very initial fluorescence signal right after the microwave pulse would corre-
spond to the number of ions for which the electron spin-flip was induced. In fact only for the
runs, in which laser was turned off during the microwave pulse, the initial signal after the
microwave pulse truly corresponds to fraction of ions that went from the [1) to the |]) state.
When the ions remained exposed to the laser, the off-resonant repumping continued during
the microwave pulse. Therefore, the magnitude of the fluorescence signal drop is smaller than
it would be if the laser was off.

To know whether this effect of repumping significantly influences the population in the
|4) state during the microwave pulse, the repump rate and the rate at which the spin-flip
transitions occur would have to be estimated. If the repump rate would be significantly
smaller than the spin-flip rate, then this effect could be neglected, and the fluorescence signal
drop right after the microwave pulse could be well approximated as the fraction of ions
that changed the electron spin state. Information about the repump rate can be extracted
by fitting the fluorescence signal after the microwave pulse ends, as it recovers to the level
before the microwave pulse. During the microwave pulse, if the probe laser is on, the observed
signal is decreasing at a rate that is a combination of spin-flip rate and counter acting repump
rate. The repump rate obtained in the previous step could allow us to estimate the spin-flip

rate during the microwave pulse.
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The fluorescence signal was very noisy and global non-uniform instability of the flu-
orescence level was observed, which makes it more difficult to evaluate a baseline and a
background signal, so I decided to use a more complicated method to extract the fraction of
ions that changed the spin state Fj;p, by using a fit function that models the dynamics of
ions changing the electron spin state between |1) and |/), which will be discussed in the next

subsection.

6.2.4 Electron spin-flip data analysis

A series of fluorescence signals for multiple microwave frequencies were recorded around
the expected electron spin-flip frequency. The expected resonance frequency f. was obtained
based on the ECR measurement of the B-field. The microwave frequencies were usually
scanned over 1 MHz and later 500 kHz around the expected resonance in 101 equally spaced
frequency steps. Each fluorescence signal started before the microwave pulse was triggered to
record the signal when all ions were in the |1) state (pre-pulse signal). The microwave pulse
of the duration t,,; is sent to the trap and the fluorescence signal continues to recorded
during the pulse (u-wave pulse signal) and after until the ions get repumped back to the
initial state (repumping signal). For most of the data that we have recorded, the cooling
laser was on all the time during the microwave pulse, which means that the line broadening
and offset might be expected due to the AC Stark shift as reported by Nakamura et al. [186).
The fluorescence signals for which the electron spin-flip occurred look like Figure b. and
6.6l The lineshape of the electron spin-flip transition is built by extracting the probability
P; of the transition associated with each microwave frequency f;. The resulting transition
probability for each microwave frequency could be fitted with a function from Equation [6.2.3
to get the resonance frequency f.. We do not know the Rabi frequency (2 and in fact the
Rabi frequency can vary for each microwave pulse, as discussed on page 201 This will be
ignored for now, and the centre of the lineshape will be assigned as f..

To obtain the spin-flip transition probability for a given microwave frequency, we need
to evaluate the fraction of beryllium ions that went to the dark state, which is given by the
fractional drop of the fluorescence signal from the initial level of S,,,:

S
Fpiip = Sﬂ - (6.2.4)

where Syjip = 1 — Spae 1s the signal drop corresponding to electron spin changing the state.
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Figure 6.6 — Analysis regions for fitting the piecewise functions. The blue region is the pre-pulse (¢t < to),
fitted with the average value Smaz. The red region is the repumping time (¢1 < t). The fitting range was
reduced in the repumping region to the time at which half of the ions were repumped back to bright states
or to 0.5 s, depending on which occurred first. In Model I repumping region is defined from the beginning
of the microwave pulse t1 = to. Model II uses additional region during the pulse (to < ¢ < t1), marked in

green. In Model IIT the fluorescence signal during the pulse is set to zero (not shown in this figure).

In a Rabi method (laser off-during pwave pulse) the Sy, would be directly related to the
minimum of the fluorescence signal, right after the pulse. If the pwave pulses are sent to ions
during the laser is on, continuous method, which is the case for most of our data collected,
58/65 of the microwave frequency sweeps, the ions that have spin-flipped are continuously
repumped back to the bright state during the microwave exposure, so the Sy, does not reach

the value that it would if the laser was off.

To extract the values of Sy, from the collected data, a fitting function was used that
accounts for the dynamics of spin-flipping and repumping. The level of the initial signal
changes during the full microwave frequency scan, so for each frequency a new value of S,,42
must be assigned. The initial hypothesis was that the sample of ions is depleting over time
and S, is steadily decreasing. This, in fact, is not true, the global change of the signal
is sometimes increasing and there is no general trend. Furthermore, the recorded signal is
subject to noise, so even a fluorescence signal recorded for a single microwave frequency is
difficult to assign the correct value of the initial signal S,,,,. The fluorescence usually did
not recover to the same level as before the pulse, so only the initial part of the signal after

the end of the pulse was used for the analysis, as shown in Figure [6.6]
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Model I: spin-flips occur instantaneously (Step Fit Function)

The assumption of this model is that the u-wave pulse duration is not greater than
spin-flip transition time-scale:

1
brse < = (6.2.5)
K

where k is the spin-flip rate, so an average probability per second that a single ion changes
the electron spin state from |1) to []).

The electron spin-flip occurs instantaneously and the fluorescence signal & drops from
Smaz t0 Spip in a single step at the time ¢y when the microwave pulse is triggered. In this
simplest model, the only dynamic change of the signal occurs due to the repumping of the
ions back to the bright state at the rate a. Since the cooling laser is turned on during the
microwave pulse, the repumping process starts immediately when the p-wave pulse starts.

The fluorescence signal before ¢y is constant and equal to the maximum signal corre-

sponding to all ions in the bright state:

S(t) = Sz (6.2.6)
After the time ¢y the signal changes as:
ds
— = Siax — S 6.2.7
repumping
=11

The solution S(t) of this ordinary differential equation (ODE) has a form
S(t) = coexp(—at) + Spaz (6.2.8)

and the constant ¢j is obtained by applying a condition that all the ions changed the spin

state immediately when the microwave pulse started
S(to) = Simaz — Siip (6.2.9)
which in this case gives
co = —Spipexp(aty) = —P;Spmaz exp(aty) (6.2.10)
The piecewise function describing the fluorescence signal in this model looks like
Smaz if t < to

S(t) = (6.2.11)
Snaz (1 —Piexp | — aft — tO)D if t >t
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Model II: spin-flips occur in a finite time (Curve Fit Function)

For long microwave pulses (duration of multiple m-pulses) the condition does not
apply and the electron flips between ||) (dark state) and |1) (bright state) states multiple
times. Since we do not know how our pwave pulse duration relates to the m-pulse duration for
unknown microwave field intensity, instead of talking about transition probability for given
microwave frequency, we will try to consider dynamics of the system and find the spin-flip
rate x to get the information about the signal drop Sy, that could occur if the laser was off.
For that we will use the model that accounts for microwaves driving transition from a bright
to dark state, as well as microwaves repumping the ions back to the bright state, both at the
rate k and laser repumping ions to the bright state at the rate a.

Before the pwave pulse (t < tg) the signal is equal to S,4., Which is the same as the

initial signal in the first model (Equation [6.2.6)). The pulse ends at
1 =1to + tpulse (6212)

During the microwave pulse the fluorescence signal changes due to simultaneous repumping

with the 313 nm laser at the rate @ and Rabi flopping induced by microwaves with a spin-flip

rate x:
ds
i + kS —K(Smaz —S) +a(Smax — S) (6.2.13)
t A/_/ ~~ ~\~
spin— flip spin— flip repumping
M=) =1 =1

The general solution to this ODE has a form

a4+ K

S (t) = Smamm

(1 +erexp[— (a+ 2/<a)t]) (6.2.14)

Constant ¢ is assigned by condition of continuity between boundaries of first and second

region:
a+ K

S(to) = Smax = Smaxm (1 + 1 exXp [ - (Oé + 2:‘4,)150}) (6215)

The constant ¢; that satisfies the condition above is equal to

K

C1 =

P [(a + 2K)to) (6.2.16)

which gives a solution of the signal function in the second region

a+ﬁ+ K
a+2k a+ 2k

S(t) = sm( exp [ — (o + 2r)(t — to)]) (6.2.17)
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At the end of the pulse (¢t = ¢;) the fluorescence signal reaches value

o+ K K

S(t) = sm(a Tt g exp [ (a4 26) (L~ fo) ]) (6.2.18)
tputse=const
which is a constant value, equal to the lowest value S,,;,
S(t) = F * Simaz = Siin (6.2.19)
where
F= Tl R exp[ = (ot 26)se] = 1 — Fruip (6.2.20)

a+2k o+ 2k

is a constant informing about what fraction of the initial signal does the minimal value
correspond to. The value Fy;, could be plotted against the microwave frequency to obtain
the approximated lineshape of the electron spin-flip transition.

After the pywave pulse (¢ > t1), the laser repumping still continues and the fluorescence
signal changes in a similar way as in the second region of the first model (Equation .
For this case the constant ¢y of general solution in a form given by Equation is found

by applying the continuity condition between second and third region
S(tl) =F- Sma:c = Cp exp(_atl) + Smaa: (6.2.21)

co = Spmaz(F — 1) exp(—aty) (6.2.22)

which gives the final piecewise function form of the expected fluorescence signal

Smal: if ¢ S tO

S(t) = { Sman (jj; + —fexp [ — (a+ 2k)(t — to)}) iftg<t<ty (6.2.23)
Smaz (1 — Frupexp [ — ot — tl)}) ift; <t

In the absence of laser repumping (o = 0) during the pwave pulse, as it should be

performed in proper Rabi method, the signal function in Equation [6.2.17, in the second
region, would look like

S(t) = %sm(1 Fexp [ (a+26)(t — 1)) (6.2.24)

which means that the signal approaches to half of the initial signal for longer microwave
pulses. This behaviour is similar to interaction with continuous electromagnetic wave, when

the population is evenly split between the lower and upper states.
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a) laser on, 100ms, 20dBm, data collected on 22.07.2022 b) laser on, 100ms, 20dBm, data collected on 22.07.2022
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Figure 6.7 — The example of fluorescence signal fits using Model I: Step Fit (solid red lines) and Model
II: Curve Fit (dashed black lines) for laser on during the microwave pulses (top row) and Model III: Step
Fit (solid red lines) for laser off cases (bottom row). Each curve was fitted to the raw signal (left column)
and the averaged signal (right column). Moving average uses 11 data points. The solid blue lines represent

the initial guesses of the parameters for the fit functions.

An obvious consequence of Model II is that this model cannot detect spin-flip signals
greater than % Therefore, this model cannot be used for the Rabi method to find (2. Although
it can still be useful to find the spin-flip resonance frequency f,, as for the fixed microwave

pulse duration, the spin-flip rate k is the greatest at f. and decreases with increasing detuning.

Data obtained using the Rabi method could be fitted by Model I, where pre-pulse signal
and repumping signal are disconnected to obtain the value of signal drop. If the pulse time
is greater than the decoherence time (which is already assumed in Model II), a modified

version of the signal function in the microwave pulse region

ds
pri + kS —K(Spmaz — S) (6.2.25)
¢ S——— ~~ o
spin— flip spin— flip
M= ) —11)
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can be used to relate the spin-flip rate x with the fractional drop Fl;, as in Equation |6.2.20}

L 1exp ( — 2K tpulse) (6.2.26)

Frin =5 =3

F't1;p is obtained from the boundary condition between second and third region.

Model III: no repumping during microwave pulse (Step Fit Function)

It is a modification of Model I: Step Fit Function that is used to fit the data collected
in Rabi-style experiment, when the laser was switched off during the microwave pulse. The

piecewise function describing the fluorescence signal in this model looks like

Smaa: if ¢ <ty
Sit)=10 to <t <ty (6.2.27)

Sonaz (1 —Piexp | — aft — tl)]> ift, <t
Fitting fluorescence signals for individual microwave pulses

The fluorescence signal recorded for each microwave pulse were fitted with the Step Fit
Function and signals recorded with the laser on during the pulses were additionally fitted
with the Curve Fit Function. The fits were performed on the raw fluorescence signals, as
well as using moving average (over 11 data points) of the collected signals for comparison.
The fitting routing requires an initial guess of the fit function parameters, which should be

correct at least to the order of magnitude. The initial guess value for the repump rate is

In(2
Qguess = n< ) (6228)
t1/27rep

where 11/3_,¢p is the time when half of the population gets repumped back to bright state,
assuming the after repump the signal level comes back to initial value of S,,,,. The guess
value of the spin-flip rate is made on the signal drop during the microwave pulse
Suin
2t puise

(6.2.29)

Rguess =

where S,,;, is the minimal signal from the moving-averaged data. For each microwave pulse
the fit function was plotted together with the collected fluorescence signal, the example with

one of the clearest signal dip is presented in Figure
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Figure 6.8 — Example of the fraction of beryllium ions that changed the spin state F';;;, as a function of

frequency of microwave pulse obtained using different functions to fit the fluorescence drop signals.

The dips in the fluorescence signal are more clearly visible on the moving average plots,
but fitting is more precise with the raw data, because averaging smooths the sharp edge at
the beginning and end of the microwave pulse. The results of all these fits for each microwave
frequency sweep were plotted as a function of frequency in plots as an example presented in
Figure The Curve Fit Function performed significantly better than Step Fit Function
in fitting individual fluorescence signals, but there was no qualitative difference between the
two models when it comes to reconstructing the transition linewidth. Similarly, there was no
significant difference between lineshapes based on moving average and raw data. For sweeps
with laser off during microwave pulses Step Fit Function was also compared with a fraction
drop value Fy;, defined as a ratio of minimal signal right after the laser turns back on to
the average signal collected for 1 s before the microwave pulse. This method has an obvious
weakness that the information about the fractional drop is obtained from a very short time
window compared to the averaged signal before the pulse. For a noisy signal, as in our case,
this method will be inaccurate. For the rest of the analysis the Curve Fit Function applied
to the raw data was used to analyse the microwave sweeps data for the laser ON and Step
Fit Function applied to the raw data for the laser OFF. Since the fluorescence level does not
recover to the initial S,,4, signal, a simple fitting routine usually overestimates the repump
time.This has been solved by fitting only to the initial part of the signal in the third region,
so after the end of the pulse ¢t;. The fitting region was defined up to the time needed to
repump half of the ions in the dark state or 0.5s in the case if this repump level of % is not
reached within this time. Using this constraint, most of the signals were fitted well in region

IT during the microwave pulse and in that new limited region III right after the pulse.
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Except for short-term fluctuations, the fluorescence signal level is drifting over time. The
rate of that drift is not constant, neither is the direction. The fluorescence signal globally
decreases over a long time (tens of minutes), but locally it was also observed to increase. The
long-term decrease could be caused by the loss of beryllium ions over time. The increase in
fluorescence signal could be caused by fluctuation in the power of the laser that probes the
states of Be™. Laser power was not stabilised nor measured online. In the next attempt of
this experiment, it needed to correlate the probing laser power with the fluorescence signal
to improve stability of the fluorescence signal and study other mechanisms that contribute to
this signal. If the change of the fluorescence signal for all ions in the bright state is known,
for example by ion loss rate, the fluorescence signal collected over full microwaves frequency
sweep could be fitted with a function that would be used to scale accordingly the dip signals
for each individual microwave pulse.

Currently in a vast majority of fluorescence signals the photon count rate does not repump
to the initial value S,,,, before the pulse. To understand whether depletion of ions is directly
related to the microwave pulses, ion loss without microwave exposure would have to be
understood. The analysis tool could probably be improved by adjusting the fluorescence
signal based on the global decay, but what is more important for the correct analysis of the
fractional drop signals is the short term variations, which at the moment could not have been

characterised.

Fitting electron spin-flip transition lineshapes

Figures [6.11] and show examples of electron spin-flip transition lineshapes obtained
by fitting the raw signals of the fluorescence dips with Model II: Curve Fit Function, which is
the model that includes spin-flip dynamics that occurs if the microwave pulse is significantly
longer than the Rabi oscillation period. The electron spin-flip peaks obtained this way were
fitted using a Gaussian profile (continuous lines) and a Rabi resonance profile that accounts
for decoherence in the system as in Equation [3.1.7] (dashed lines). The data points were
also fitted with a Voigt profile, but the fit results were worse than for Gaussian profile by
overestimating the transition linewidth. Therefore, they are not presented here. The Rabi
resonance profile in the limit of long microwave pulses, ¢, > 7., is constrained to have a

maximum value at Fy;, ~ 0.5, which does not fit well many of the transition lineshapes.
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The long microwave pulse limit is justified by the fact that the Model II: Curve Fit

Function fits the dips in fluorescence signals significantly better than Model I: Step Fit

Function with an instantaneous drop in the fluorescence signal, which indicates that the

microwave pulse duration is significantly longer than the duration of the corresponding -

pulse. During the microwave pulse, beryllium ions are undergoing many Rabi oscillations, so

it is expected that they lose coherence during the pulse.
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Figure 6.9 — Example of fitting the lineshape with different functions: Gaussian profile, Voigt profiles and

with Rabi resonance curve that accounts for the decoherence from Equation for different methods of

extracting fractions of ions in the dark state. This example microwave sweep was collected on 22.07.2022,

with the laser on during the 150 ms microwave pulse of 20 dBm power. The Voigt profile fit often

overestimated the linewidth of the transition compared to the Gaussian profile fit. The result of the fit

with the Rabi resonance profile was highly dependent on the choice of the initial guess parameters, mostly

the guess of Rabi frequency. For the Rabi resonance the assumption was made that the time scale of

the decoherence is smaller than the microwave pulse duration, so the measured peak is the smeared-out

envelope transition frequency and the sidebands. This condition requires that the fraction of ions in the

dark state be equal to 0.5 at the resonance frequency, which was not the case for most of the collected

data. To satisfy Frip = 0.5, the Rabi resonance profile result was often narrower than the measured

transition peaks. The conservative approach was taken to use the result of the Gaussian fit and FWHM

of that fit was associated with the errorbar of the transition frequency.
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The fits with the Rabi resonance profile were performed, restricting the decoherence time
to be significantly shorter than the microwave pulse duration. Fitting with the Rabi resonance
profile required very good guess of initial parameters to fit the points well. In fact, the fit
result was strongly dependent upon the initial conditions. Therefore, more understanding
about the system, e.g. good estimate of Rabi frequency and decoherence time, must be made
in order to use this fit method to extract physical information from the fit parameters. This
function is not particularly useful for fitting broad resonance in long-pulse regime, but it
will be the function that should be used in around m-pulse regime, when the linewidth is

narrowed and it manifests the fringe pattern.

The main argument against using the Rabi resonance curve is that, by definition, it
restricts the maximum of the peak to be equal % in the long-pulse limit, while most of the
sweeps resulted in shorter peaks, which means that the Rabi resonance profile results in an
underestimated linewidth of the transition.The reason for the decrease in the maximum value
of Fp is unknown. It is possible that this is an error in analysis of not the best quality data
or the intensity of microwaves is too low or varies too much across the volume of beryllium

ion plasma.

For the few microwave frequency sweeps recorded in the mode, when the laser was
switched off during the pulses, a Model I1I: Step Fit Function was used, in which two parts of
the piecewise function from Model I were disconnected and during the pulse the values of the
fit function were set to zero. The fractional drop Fy;;, obtained by this method was obtained
by fitting the raw data and moving average of the data (more than 11 points). These were
compared with a simple ratio of the minimum of the fluorescence signal (equal to the first
readout after the laser shutter opens) to the average signal recorded before the microwave
pulse. The example lineshape comparing these two methods is presented in Figure .b).
Frup extracted from the Model I1I fit of the raw data was chosen for the final analysis.

Only 7 frequency sweeps with laser off were correctly recorded, 6 of which could be fitted
with a lineshape, the results are shown in Figure [6.13] Gaussian, Voigt profiles and Rabi
resonance curve (with decoherence effect) were fitted to those 6 spectra to find the transition

frequency f..
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Results of the electron spin-flip in Be™ measurement

The FWHM of f. varied between around 100-400 kHz. The lineshapes recorded for dif-
ferent lengths and powers of the microwave pulses differ from each other, but not significantly
more than the data collected for the same pulse parameters (100 ms and 20 dBm) during the
first two and the last day (see comparison of the laser on and laser off in Figure . The
plasma parameters might change over time, as it has been observed that the time needed for
repumping ions from the dark state increased from around 1 s on the first day to multiple
seconds during last day. This might be the possible source of the transition linewidth broad-
ening observed at the end of the data taking, which caused that the sweeps with laser off
during microwave pulses were wider than linewidths collected during the first two days with

the laser on during microwave exposure.

The resulting electron spin-flip transition frequencies obtained from the Gaussian fit of
all reconstructed lineshapes are plotted in the top Figure[6.10, The magnetic fields calculated
from those frequencies are on the lower part of the figure. The error bars of the transition
frequencies were conservatively assigned as the FWHM of the Gaussian lineshape. We have
observed that f. drifts down over time at a rate similar to that of the ECR frequency, due
to the decaying magnetic field of Carlsberg magnet E[ The transition resonance frequency
changes by around 1.6 kHz per minute, and the full microwave sweep of 101 frequencies
lasts around 8-10 min during the first two days and around 15 min on the last day. For
the transition lineshapes measured in this experiment the decay of the magnetic field during
the microwave frequency sweep is not significant, but whenever the transition linewidth will
be reduced to the order of few kHz, this effect will have to be accounted for. Depending
on whether the microwave frequency is swept towards higher or lower values, the resonant
frequency f. would move toward higher or lower values. If the time of the frequency sweep is
significantly reduced, this shift will have a proportionally smaller contribution. Additionally,
with the changing f. due to the magnetic field drift, the laser-cooling rate changes accordingly,
since the probing laser causes Doppler cooling. Detunings closer to resonance would have a
greater effect on the cooling rate change. This effect could be reduced by using a separate

probing laser of a power significantly lower than the power of a cooling laser.

12This effect is well known and it is a standard behaviour of these type of magnets, caused by the non-zero resistance of the

superconducting coil’s joint.
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Magnetic field in ALPHA-2 over time
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Figure 6.10 — Electron spin-flip transition frequency in Be™ is changing over time due to decaying
magnetic field of the superconducting solenoid magnet. During the experiment, the magnetic field was
additionally measured with the ECR technique. The magnetic field has increased on the fourth day due
to ramping up the ALPHA-g solenoid magnet. The decay rate of the magnetic field was obtained using
linear regressions, first linear fit included points collected during the first 2 days and the second fit included
points collected during the last day, combining laser on and off runs. In a high field of around 1T, the fe
is well approximated as being linearly dependent on the magnetic field strength (see Figure.
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The initial guess for the resonance frequency f. was made by running ECR sequence
to calculate the value of the magnetic field. The electron cyclotron frequency was usually
determined within less than 30 kHz, which translates to around 1 pT. The ECR frequency
was measured a few times in between the f, measurement for comparison. The errorbars
for ECR frequencies were automatically extracted in the analysis tool used in ALPHA. The
upper limit for the uncertainty of magnetic field measurements with Be' is given by the
FWHM of the transitions and corresponds to 10-30 pT and accuracies were not assessed due
to not having sufficient information about systematic effects, especially concerning plasma
effects, which were not possible to study within the limited time we had to perform this
experiment.

From Figure [6.10] we can see that the magnetic field values extracted from the central
values of the electron spin-flip transition linewidth agree well with measurements performed
with the ECR technique, so major frequency shifts are not expected. The ECR method is
more precise than the first results of the electron spin-flip in the Be* measurements presented
in this work by at least one order of magnitude, but beryllium magnetometry could be
improved by systematic study of the system and technical upgrades, which will be discussed
in the final chapter in Section Future Prospects.

At the moment the Reservoir ECR technique allows for faster measurement of the ex-
ternal magnetic field than beryllium magnetometry, since 100 electron plasma scoops can be
extracted and measured over 10 seconds [162]. In the measurement we performed with Be™
we had to separate each microwave pulse by around 2-8 seconds due to the time required to
repump all the ions back to the [1) state and to collect enough signal prior to each pwave
pulse. There is a lot of room for improvement to reduce the repump time by using smaller
Be™ samples, higher laser powers and making use of all of the ion trapping volume overlap
with the laser beam. With improved fluorescence detection (increased solid angle of detec-
tion, reduced noise of the photon counter), the time before microwave pulse exposure could

also be reduced.
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Figure 6.11 — Example lineshapes of electron spin-flip transition in Be’ plasma obtained for different
duration and power of microwave pulses, that have been tested. Data points are extracted by fitting the

Model II: Curve Fit Function to the raw data. The offset frequency f. is the centre of the Gaussian profile.
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Figure 6.12 — Example lineshapes of electron spin-flip transition in °Be™ plasma for 100 ms microwave
pulses of 20 dBm power, which was used for most of the sweeps. Data points are extracted by fitting

the Model II: Curve Fit Function to the raw data. The offset frequency fe is the centre of the Gaussian
profile. 223
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Figure 6.13 — All the lineshapes recorded for the pwave pulse with laser off (left column) compared
to examples of ywave pulse when laser was on (right column). The points presented on the plots are

extracted using Model I & III: Step Fit Function, so the vertical scale differs from Figures and
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Chapter 7

Conclusions and outlook

7.1 Summary and conclusions
Motivation for beryllium magnetometry

The scope of this work was a proof of the concept that beryllium ions could be used for
precision magnetometry in ALPHA Penning traps. Precise measurements of the background
magnetic (mostly generated by the Penning trap’s solenoid magnet) are crucial for the spec-
troscopic and gravity measurements on the antihydrogen in the ALPHA Experiment. In
ALPHA we study properties of antihydrogen that is confined in the magnetic trap by the
fields of around 1T. These strong fields cause shifts to the antihydrogen energy level struc-
ture due to the Zeeman effect. Antihydrogen is meant to be compared with hydrogen and
the most precise measurements of hydrogen performed so far [114,/121] were performed in
a low magnetic field of 0.5 mT, so comparing the two results requires precise knowledge of
the magnetic field at which the antihydrogen has been measured. To investigate the be-
haviour of the antihydrogen in Earth’s gravitational field, it is also required to characterise
the strength of the magnetic forces acting on the anti-atom. Currently, the best method to
measure the magnetic field inside the ALPHA Penning traps is Electron Cyclotron Reso-
nance (ECR) [162,1239], which has been demonstrated to an absolute accuracy 1 ppm and
relative precision 26 ppb. This accuracy corresponds to determining the absolute magnetic
field within 1 pT. The alternative method to characterise the external magnetic field is to
use a well known atomic species and measure the transition between its electronic states in

order to extract the magnetic field strength.
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In this work it has been proposed to use “Be™ trapped in the Penning trap to find the
frequency of the hyperfine transition in its ground state 25 /5, the energy levels of which are
well characterised as a function of the magnetic field [132]. The main reason to use beryllium
ions for magnetometry was the fact that we have already installed a beryllium source and
all necessary hardware to perform this measurement in the ALPHA-2 trap. Laser-cooled
beryllium ions were originally intended to sympathetically cool the positron plasma, which

is expected to enhance cold antihydrogen production [11|128§].

The proposed magnetometry technique with Be™ relies on measuring the frequency of
the electron spin-flip transition, which is induced by microwave radiation. In the magnetic
field of ALPHA-2 trap this frequency is around 27.6 GHz. We could use the same microwave
source as for the antihydrogen hyperfine transition or ECR. The electron spin-flip transition
in Be* is a magnetic dipole transition induced by the oscillating magnetic field component of
the microwave, similarly to the positron spin-flip transition in the antihydrogen. This brings
an additional and more unique application of beryllium magnetometry, which could allow us
to characterise the strength of the microwaves, more precisely the magnetic field components
of the microwaves, which are important for antihydrogen hyperfine structure spectroscopy.
Microwave radiation does not propagate freely inside the interior of the ALPHA-2 trap, the
stack of cylindrical electrodes acts as a cavity, causing microwaves to form irregular pattern
of standing waves mixed with freely propagating microwaves. This varies the intensity of
microwave radiation along the z-axis of the trap and since the trapped H atoms travel within a
roughly cylindrical volume of 44 mm diameter and length of 280 mm, they experience different
strengths of the microwaves during their motion. In situ measurement with beryllium ions
would allow us to probe the oscillating magnetic field from microwaves along the axis of the
trap with sub-millimeter resolution. So far this magnetic field component of the microwaves
could not be measured at all, since the electron cyclotron resonance is sensitive to the electric

field component.

The electron spin-flip transition in Be™ is studied by measuring the fraction of trapped

ions that changed the electron spin state under exposure to a specific microwave frequency f;.

Initially, all beryllium ions are optically pump into the |1) state, 251/ (m; = —i—%, my = —I—%),

with the 313 nm cooling laser tuned to one of the laser-cooling cycling transitions, which also

cools down the beryllium ions sample.
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Tons in the |[T) state can be detected by a fluorescence emitted while exposed to the
laser tuned to the cycling transition 251/, <+ 2Py, (laser-cooling transition). Trapped Be™
are exposed to microwave pulses, and the microwave frequency is scanned for consecutive
pulses. If the microwave pulse changes the electron spin state of the ion to ||) = 251/, (m; =
—%, my = —i—%), that ion is no longer excited by the laser, so it does not emit fluorescence
light. The difference in the fluorescence signal before and after the pulse corresponds to the
fraction of ions that changed the spin state. Relating the fraction of ions that undergo the
electron spin-flip transition under a given microwave frequency allows us to find the resonance
frequency f., from which the local strength of the magnetic field can be extracted. To achieve
a narrow electron spin-flip transition linewidth, therefore high precision of the magnetic field
measurement, a Rabi method could be used. Rabi method relies on exposing the beryllium
ions to m-pulses, which means that the microwave pulses duration and intensity are adjusted
such that, in principle, the pulse at the resonant frequency should induce the spin-flip of all
ions.

This measurement technique was inspired by the measurement performed at NIST (see
Ref. [132]) with Be™ in a Penning trap. The Rabi frequency will have to be found to choose
the correct time of the m-pulse. Measuring the Rabi frequency in the electron spin-flip of
beryllium ions, so the frequency of oscillation between the spin-up and spin-down states which
depends on the intensity of the electromagnetic field driving the transition, would allow access
to information about the strength of the magnetic field component of the microwaves inside
the ALPHA’s trap. As explained previously, knowledge of the microwave intensity is one of
the main parameters determining the hyperfine transition in the antihydrogen.

The electron spin-flip in Be™ could be measured at different axial positions of the Penning
trap, which overlaps with the central axis of the loffe-Pritchard trap for confining antihy-
drogen atoms, to scan the magnetic field and microwave intensity along the z-axis. Due to
the nature of the confinement of charged particles within the Penning trap, beryllium ions
can only probe radially central positions of the trap, and so far it is not possible to measure
the magnetic field for the off-axis positions. The same limitation applies to the Electron

Cyclotron Resonance technique.
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Probing off-axis positions inside the Penning trap would require developing new tech-
niques, either on the trapped plasma frontier to understand the dynamics of charged particles
loaded off-axis of the trap or on the optical trapping frontier to manipulate ions with opti-
cal tweezers. An optical dipole trap combined with a radiofrequency trap has already been
demonstrated for 2*Mg* ions by a team from the Max Planck Institute of Quantum Optics in
Garching [246]. Developing an optical trap operating together with Penning trap would re-
quire research and development such that it will not be a practical solution to our application

in the nearest future.

Electron spin-flip in Be™ observation

In this work the first observation of the hyperfine transition of the ground state of Be®t
inside the ALPHA-2 apparatus was reported. The feasibility of using the electron spin-flip
in Be™ for magnetometry in ALPHA combined Penning trap and Ioffe-Pritchard trap for
antihydrogen was studied. A proof of principle experiment was performed in the ALPHA-2
trap, in which the beryllium ions sample was exposed to microwave pulses of varied frequency
to find the resonance frequency f. of the electron spin-flip transition. After each microwave
pulse, there is a wait of 1 — 5 seconds allowing the laser to repump the ||) states back to
I1). We did not have separate repumping laser, we used the same laser beam for laser-
cooling, probing and repumping, so the repumping process was inefficient. Each sweep of
the microwave frequency used 101 microwave pulses and it took in total around 10 — 15
min. The experiment was performed over 3 days, during which more than 50 microwave
frequency sweeps were performed to measure the transition lineshape. The initial guess of
the resonant frequency was made based on magnetic field measurements using the ECR
technique. Since this was the first attempt to observe the electron spin-flip transition in Be™,
for most of the microwave frequency sweeps that were collected, the fluorescence signal was
observed during the microwave pulse, such that the spin-flips could be detected as a sudden
drop in the recorded signal. Laser light induces an AC Stark shift to the energy levels,
which offsets the centre of the transition lineshape and broadens the transition linewidth as
reported by Nakamura et al. in Ref. |186]. Exposing beryllium ions to microwave radiation
simultaneously to laser exposure is a good method to initially search for the resonance, but

for precision measurement the laser must be off during probing Be™ with microwave pulses.
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In the proof-of-concept experiment presented in this work, we did not use m-pulses and
we did not manage to characterise the Rabi frequency of the hyperfine transition in the
ground state of Bet. We varied the microwave pulse duration between 10 and 400 ms, which
is expected to be significantly longer than m-pulse duration. The maximum signal drop
under microwave exposure was not greater than % In the long pulse regime, when an ion is
exposed to microwave radiation for a time significantly longer than the decoherence time, the

number of ions in spin-up and spin-down should tend toward an even distribution. Therefore,

the fraction of ions measured in spin-up should always be close to F; = % In this regime

the fringe structure of the resonance curve vanishes and the sidebands around the central

frequency reduce to a smooth and wide transition linewidth as shown in the Figure |3.4]

For many of the transition linewidths reconstructed from the collected data the maximum
1

fraction of ions in the spin-down state was significantly less than 5, but this could be caused

by other, not yet understood, sources of systematic errors.

The fraction of ions that underwent the electron spin-flip transition was extracted by
fitting the drops in the fluorescence signal with a function that describes the dynamics of
transitions between the two spin states due to the interaction with the laser and microwave
radiations. The FWHM of the transition lines were assigned as the uncertainties of the reso-
nance frequencies f., which was a conservative approach. The linewidths were few hundreds
of kHz, corresponding to an uncertainty of magnetic field measurement < 30 p'T', which is still
at least one order of magnitude worse than the current performance of the ECR method [162].
We have tried using a protocol in which the laser was off during the microwave pulses, but
this did not produce narrower lineshapes than those with the laser on. The linewidths of
the transition have already been broadened because of the fact of using pulses longer than
m-pulse. Most likely there are other sources of broadening, which could not be studied due
to very limited time we had to use ALPHA-2 apparatus for this experiment. The decay of
the magnetic field generated by an external solenoid magnet of the Penning trap has been
measured to be around 1 nT /s, which is consistent with the decay rate measured with the
ECR technique. Further progress on that project was not possible due to the start of the
antihydrogen experiment in the ALPHA-g trap, as so far both traps cannot be operated at

the same time [1

1The main limitation is the liquid helium consumption to kept the cryostat cold
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Implemented upgrades to the laser system

Laser-cooled beryllium ions are primarily meant to be used for sympathetic cooling of
positrons, which is expected to produce more of cold and trappable antihydrogen atoms. By
interaction with cold Be™ plasma we have managed to obtain positron plasmas that were at
least twice colder than the usual positron samples prepared in ALPHA [1]. ALPHA-2 trap
is designed to synthesise, confine and detect the antihydrogen, which means that it is not
the most optimal apparatus to perform laser cooling of ion plasma. In the original setup,
the laser beam was slightly tilted from the z axis of the Penning trap, which meant that
the laser overlaps with the beryllium ions only in the axial centre of the trap. There is no
overlap between laser and ions in the position of the Rotating Wall electrode, which typi-
cally is used to compress plasma and transfer the energy between Penning trap’s motional
degrees of freedom. In order to sympathetically cool positrons we had to perform initial
preparation of beryllium ions in multiple steps of alternating cooling in the centre of the trap
and compression under Rotating Wall. This made the entire process to cool the positron
samples to last around 10 min, which is longer than the ~ 4 min time of the typical antihy-
drogen production sequence. The next step of this project is to make sympathetic cooling
compatible with the antihydrogen synthesis protocol. For this reason, we have introduced an
additional laser beam that would be well aligned with the central axis of the Penning trap,
which would allow simultaneous cooling and compression under the Rotating Wall electrode.
This required the installation of mirrors on the motorised translators at both ends of the
ALPHA-2 trap. Additionally a new 313 nm laser was purchased, capable of providing 20
more power, performing wider frequency sweeps in the mode-hop-free operation (up to 100
GHz) and having an automated and programmable control system that requires significantly
less maintenance that need to be performed by a laser expert, to simplify future operation.

Within the postgraduate research project, I worked on setting up a new laser, introduc-
ing on-axis laser beam and other upgrades to the laser system. A significant part of the
project was to introduce optical fibres to deliver the 313 nm laser from the laser lab to the
experimental zone. It was expected to simplify the laser setup, reduce the space on the op-
tical tables needed for laser delivery and beam profile shaping, and improve the laser beam
quality. UV light is known to degrade photonic crystal fibres and significantly attenuate

transmission [212].
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The fibres for UV light were not commercially available at that point, but there are know
techniques to protect the fibres from the damage caused by the UV radiation. The process
relies on the diffusion of hydrogen gas into the fibre’s glass core, called hydrogenation, and
then exposing the fibre to ultraviolet (UV) light, called curing the fibre. We have used LMA-
PM-10 by NKT Photonics, but unlike other research groups we know, we used jacketed
fibres instead of bare fibres. We also required 10 m long fibre, while others typically use
~ 1 m fibres. Although the hydrogenation and curing processes were most likely successful,
the operation with the fibre installed between the laser lab and the ALPHA-2 trap in the
experimental area was very problematic. In principle the transmission was poor and it was
necessary to manoeuvre the fibre in space, change the shapes of the bends, and twist to find
a decent transmission of at least 10%. Even if higher transmission was achieved, it was a
very short-lasting effect. The fibre position required at least daily realignment, but often
even more frequent. The power loss through the fibre and the instability of the transmission
made those fibres very unpractical to use in our application. We tried 4 fibres and they all
showed the same result. The possible explanation is that the plastic jacketing of the fibre
plastically deformed during hydrogenation at increased temperature (2 60° C) and that
the deformation could not be removed during the stretching of the fibre. In our setup we
only fixed the fibre in a few points along the 10 metres-long path, and most of the fibre
has a freedom to twist and hang on its own. Therefore, the shape changes over time were
attenuating the light transmission. We stretched the fibres as suggested by Marciniak et
al. [215], but the straightening effect was only temporary and after a few days the fibres
regained their previous contortion. We have observed that a great gain in transmission
could be achieved by applying significant tension to the fibre ends, especially on the input
side. It is possible that tensioning the fibre along the full length during the operation could
improve transmission stability, although this has never been tried. The idea of using optical
fibres to transmit the 313 nm laser to the ALPHA-2 trap was abandoned after the beryllium

magnetometry experiment in 2022.
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7.2 Future prospects

7.2.1 Beryllium magnetometry

Measurement of the of the electron spin-flip in Be™ with the transition linewidth of a few
kHz trapped in the Penning trap, similar to our experiment, has been reported [132], so we
believe the same order of magnitude precision should also be achievable in the ALPHA traps,
if the Rabi method is applied. A lot of development needs to be done before this method
can be used reliably in the ALPHA Experiment. The most important steps would be:

1. Reproducibility of Be* sample would aid any systematic study of the system. This
could possibly be achieved with the SDREVC technique [164], thanks to the new on-axis

laser beam that allows simultaneous laser-cooling and Rotating Wall compression.

2. Reduce or characterise the ion loss rate: in principle we could confine the beryllium

ions sample in the ALPHA-2 Penning trap for multiple hours

3. Laser beam and ions overlap: make sure that all trapped ions are overlapping with

the laser beam and there is no change in the overlap over time

4. Laser power stabilisation: the fluctuations of the recorded fluorescence signal level
might be due to changing power of the 313 nm laser if saturation of the laser cooling

transition is not reached. Study the transition linewidth dependence on laser power.

5. Reduction of the noise in the photon counter: verify that there is no external
electrical noise present in the detector. We have already improved the optical shielding,

which removed the periodic noise due to background light in the experimental area.

6. Introduce repump laser detuned from the laser cooling resonance to repump ions from
the spin-down state after the microwave pulse faster; this could reduce the repumping
time by possibly even a factor of 1000. This could be achieved either by using the other
laser source (at the moment we have two lasers, the old Toptica laser was not used in this
experiment) or by sweeping the frequency of the laser further away from the resonance

after probing the spin states.

7. Correlate the number of trapped ions with the number of photons counted by
the detector: this would help to study the dependence of electron spin-flip resonance

as a function of number of ions and sample size.
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8. Introduce a probing beam for state detection after the microwave pulse, this beam
could have a lower intensity but be detuned very close to the resonance of the laser
cooling transition. This could be done either by adding a new laser beam or simply
by fast switching of the Acusto-Optical Modulator present in the system to attenuate
power and frequency (140-280 MHz frequency sweeps available).

9. Lower number of Be™ ions: small samples would probe lower volume of the trap
and the broadening due to the magnetic and electric fields non-uniformity would be
reduced. Ultimately, to reduce collective effects, one could use only a single Be' ion,
but this requires improved fluorescence detection (SiPM inside the Penning trap as in the

BASE at Heidelberg design [247]), which is currently being developed in ALPHA [117].

10. Account for the magnetic field change during the microwave frequency sweep:
The Carlsberg magnet decays at a rate of ~ 1.6 kHz/min. When the linewidth narrows

to ~ 1 kHz, this frequency shift during the sweep would have to be taken into account.

As reported by the NIST group, relative accuracies on the level of 1071° can be achieved
if the electron spin-flip is combined with nuclear spin-flip measurement. This would require
a radiofrequency wave source, which currently does not exist in the ALPHA-2 trap. Alterna-
tively, a Raman transition could be performed between the two hyperfine levels in the ground
state [248]. This requires using two 313 nm laser beams equally detuned from the transition
between each of the hyperfine levels and the excited level. The feasibility of using the Raman

transition in Be™ for magnetometry in the ALPHA Experiment would have to be studied.

7.2.2 Cold Be™ for antihydrogen synthesis

Positron plasma of parameters comparable to samples used for antihydrogen synthesis
has been cooled to ~ 7 K by interaction with laser-cooled Bet. The next steps would involve
integrating this technique into the antihydrogen production sequence. The same experimental
procedure as presented in Ref. [1,|131] could be used to study the mixing of positrons with
antiprotons. We expect that beryllium ions could remain in the trap and continue to provide
cooling during mixing. The currently used mixing scheme is the so-called slow merge, during
which the positron and antiproton plasmas are slowly overlapped by manipulating the shape

of the trapping potential wells. Positrons and Be™ in their thermal equilibrium state are
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radially split by a centrifugal separation effect, with heavier species forming a shell around
lighter ones. In this situation, positrons could be mixed with antiprotons, while beryllium
ions on the outside would still provide a cooling mechanism as long as cooling laser is present.
This would be an experiment to see whether colder positrons indeed increase the antihydrogen
production rate, but to make this technique practical for antihydrogen precision experiments,
the procedure of cooling of positrons would have to be upgraded. The first limitation is the
fact that preparing the Be™ sample is too lengthy, around 10 minutes, so we would miss
roughly 4 out of the 5 antiproton bunches from ELENA. The long preparation was caused
by nonefficient laser-cooling of Be™ due to the too large radial size of the beryllium plasma,
while the too hot plasma was not efficiently compressed by the Rotating Wall method. Laser-
cooling should become more efficient thanks to the higher power of the new cooling laser.
Now it is also possible to implement a dedicated repumping laser in ALPHA-2, but this
has not been done so far. With the new on-axis laser beam, Bet could be laser-cooled and
compressed at the same time, so this issue should be possible to overcome. Compression
of beryllium ion plasma should also allow positron cooling on standard plasmas of ~ 3
million of positrons, while the magnetic minimum trap for antihydrogen is energised, which
would allow for antihydrogen accumulation [105]. The octupole magnet, which provides
radial confinement of the antihydrogen atoms, alternates the magnetic field at higher radii,
so the greater the radial size of the plasma, the more heating it would experience. We
have demonstrated sympathetic cooling with the octupole magnet on only for radially small
positron plasmas, with only 0.1 million positrons. Finally, simultaneous laser-cooling and
compression by the Rotating Wall technique opens a path towards applying the SDREVC
method on the beryllium plasma, which would allow us to control plasma size and density.
This would greatly improve and accelerate all systematic studies involving to beryllium ions.
Recently, Beryllium Team has made progress towards using SDREVC on Be™ plasma.
Laser-cooled “Be* ions are a very promising tool for future improvements in the field
of antihydrogen research. We have proved their potential to reduce the temperature of
positron plasma and an improved laser cooling setup allows us to apply this technique to the
antihydrogen synthesis procedure. In this work, it has been shown that Be™ could also be
used in the ALPHA Penning trap for precision magnetometry and could potentially be used

to characterise the intensity distribution of the microwaves along the trap axis.
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List of symbols

Physical constants [7]

c = 299792458 = speed of light in vacuum
h = 6.62607015 - 103* J - s Planck constant
h=1.054571817... - 10%* J - s reduced Planck constant

m, = 1.67262192369(51) - 1072" kg  proton mass
me = 9.1093837015(28) - 103! kg electron mass

e = 1.602176634 - 10* C elementary charge
eV = 1.602176634 - 10* J electronvolt
kp = 1.380649 - 10 J/K Boltzmann constant

€0 = 8.8541878128(13) - 1072 F//m  vacuum electric permittivity
o = 1.25663706212(19) - 105 H/m  vacuum magnetic permeability
pup = 9.2740100783(28) - 1072 J/T  Bohr magnetron

pn = 5.0507837461(27) - 10727 J/T  nuclear magnetron

ge = 2.00231930436256(35) electron g-factor

a = 7.2973525693(11) - 1073 fine-structure constant
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Physical variables

R R T
I
S
Ry

Rl ]

ok /

~+

fECR

electric field intensity

electric field vector

magnetic field intensity

magnetic field vector

position vector

momentum vector

wave vector

time

power

angular frequency

frequency

frequency detuning

Rabi frequency

time of the m-pulse

electron spin-flip frequency

cyclotron frequency

Electron Cyclotron Resonance frequency
axial (angular) frequency

cyclotron (angular) frequency

modified cyclotron (angular) frequency
magnetron (angular) frequency

optical transition (angular) frequency
natural linewidth of the transition
Coulomb coupling constant

solid angle

electric dipole moment of the transition
probability

total angular momentum quantum number

scattering rate of photon on the two-level atom
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Acronyms used in ALPHA Experiment

AD
ALPHA-2

ALPHA-g

AOM
AT

Beam

Beryllium Experiment

Carlsberg magnet

CPT
cT
DL
DOF
DSAT
ECR
ECDL
egun
EVC
FHG
FPGA
FSR
HTS
IR
LHe

Antiproton Decelerator

Atom Trap for spectroscopic measurements (Atom Trap + Re-
Catching trap)

Atom Trap(s) for gravity measurement (Atom Trap + Re-Catching
trap)

Acusto-Optic Modulator

Atom Trap

packet of particles provided by accelerator; in the context of this
work, it usually refers to the beam of p from the Antiproton Decel-
erator

all the hardware, software, and experiments involving the use of
beryllium ions

ALPHA-2 Penning Trap solenoid, named after Carlsberg Founda-
tion funding ALPHA research

Charge-Parity-Time (symmetry or transformation)

Catching Trap, a Penning trap used to cool antiprotons

Diode Laser

degree of freedom

Downstream Atom Trap

Electron Cyclotron Resonance

Extended/External Cavity Diode Laser

electron gun, electron emitter

Evaporative cooling

Fourth Harmonic Generation

Field Programmable Gate Array

Free Spectral Range

High Temperature Superconductor leads

infrared

liquid helium
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LN,
LS2

MCP
MHF
ODE
ove
PDH
PID
PLA
RCT
SDR
SGH
SME
SolA
SolB
SVD
TA
UHV
ULE
USAT
uv
VIS
VUV
WEP
WLM

CHAPTER 7. CONCLUSIONS AND OUTLOOK

liquid nitrogen

Long Shutdown no.2 (2019 - August 2021), period of technical break
with no particle beams at CERN
Micro-Channel Plate detector
Mode-Hop-Free (tuning range)
ordinary differential equation
Outer Vacuum Chamber
Pound—Drever—Hall technique
Proportional-Integral-Derivative controller
Pulsed Laser Ablation
Re-Catching Trap

Strong Drive Regime

Second Harmonic Generation
Standard Model Extension
Solenoid A

Solenoid B

Silicon Vertex Detector

Tapered Amplifier

Ultra High Vacuum (< 107 mbar)
Ultra Low Expansion cavity
Upstream Atom Trap

ultraviolet

visible (optical) radiation

vacuum ultraviolet

Weak Equivalence Principle

Wavelength Meter, also called Wavemeter
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