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Thesis summary

Our current understanding of physics suggests that matter and antimatter should be
created and destroyed in equal amounts, but this seems inconsistent with the
observation that our universe consists almost entirely of matter. Comparisoasiie
matter and antimatter couldweal new physics which explaiwhy the universe has
formed with this apparent imbalance. The-2S transition of hydrogen has been
measured with incredible precisiamda similarly precise measurement of the2s
transition of antihydrogen wouldonstituteone of the best comparisons between
matter and antimatter.

The ALPHA collaboration have been producing argpping antihydrogen since
2010. This thesis preserdn overview of the apparatus and technicare$ examines
the theoretical aspects of antihydrogen spectroscGgyerating sufficient optical
intensity at 243 nm to excite tHES-2S transition in a reasonable amount of time
requires an enhancement cavity. The development of this enhancement ity a
setup of the ultrstable 243 nm laser source form the main focus of this thesis.

The thesis concludes by reporting the first observation of th2S1®ansition in
trapped antihydrogen, which can be interpreted as a comparison between matter and
artimatter at the 200 parsertrillion level. This result was aided by a significantly
improved trapping rate of 10.5 + 0.6 detected trapped antihydrogen atoms per
production cycle, and the stacking of multiple production cycles without ramping
down the mgnetic trap to accumulate more than 70 simultaneously trapped
antihydrogen atoms.
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Figure 2.1: An overview of the ALPHA beamline. Antiprotons are captured in the
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Figure 2.2: A simple PenniAglalmberg trap constructed from three stacked
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Figure 2.3: The motion of a single particle in a Penning trap is described by a
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image is adapted frOfR8]. .........uuuuiiiiiiiiiiii e 13

Figure 2.4: A sketch ahe catching trap electrode stack. The trap has a length of
396 mm and an inner diameter of 29.6 mm. The two high voltage electrodes are shown
in blue and the segmented electrodes used for plasma compression are shown in
yellow. An external solenoid prades a 3 T field to complete the Penning trap. The
antiproton beam enters from the left of the iImage........cccccoviiiiiicec. 14

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

(left) and the electrons (right) are centrifugally separated [30]. b) Kicking out 90% of
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electrons are kicked out and the antiprotons are ready for transfer. The two species
map to different locations on the MCP due to a small misalignment between the
electrode stack @the magnetic field.............cccuiiiiiiiiieee 15

Figure 26: A schematic of the positron accumulator. Positrons are emitted from a
5 Kelvin ??Na source (blue) and accumulated in a three stage Peliaiingoerg trap
(orange). The accumulator is equipped with a small vertical translator containing a
phosphor scree(red) for imaging the positrons and a grounded plassigh tube.
The image is adapted from [33]......ccooiiiiiiiiiiiee e 16

Figure 2.7: The high energy positrons are cooled by interacting with a nitrogen
buffer gas within the electrodes. The accumulator is differentially pumped such that
the cooling interactionare strongest in the first stage (right hand side of graph) and
the lifetime is prolonged in the third stage (left hand side of graph). The image is
adapted from [B3]. ..o e e e anenaas 16

Figure 2.8: A schematic of the nested Pentadmberg and loffePritchard traps
within the ALPHA:2 atom trap. Thantiprotons are transferred in from the left hand
side and the positrons are transferred in from the right hand side of the image. The
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Figure 2.9: The locations of the scintillator panels are highlighted on the CT (left)
and AT (right). The scintillators are positioned in pairs either side of the solenoids.
Portabk scintillator pairs are positioned next to the diagnostic sticks when additional
information about the annihilation position is needed.............c...ccooovieeeeiiinnn. 21

Figure 2.10: An example reconstruction of an antiproton annihilation (left) and a
cosmic ray event (right). The blue diamond indicates the posititreaeconstructed
annihilation event, the red dots the positions of the detected hits, and the inner circle
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Figure 2.11: A plot of the detection efficiency against the accepted background rate
for the MVA analysis. For reference, the performance of the standard online analysis
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is circled in red. The data displayed is from around 670 mixing cycles and 82 hours of
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Figure 2.12: An example of an ECR line shape recorded during the 2016 beam
period. The trace shows the quadrupole vibrational niepiency of an electron
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Figure 2.13: In the autoresonant scheme (left), the antiprotons are excited into the
positrons by a chirped frequency. In the slow merge scheme (right), the initial wells
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Figure 2.14: The number of trapped atoms increases linearly with each successive
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Figure 3.1: The energy levels of the hydrogen atom are illustrated asdiacy
of models which describe them improves. The horizontal axis shows the quantum
numbers which describe the energy levels, and are introduced in the text. The vertical
axis shows the energy of the levels, but the scale is illustrative. only............. 32
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Lamb Shift [50].....ccooiiiiiiee e e e e ena e s 36

Figure 3.3: The calculated Brd®abi diagrams of the 1S (bottom) and 2S (top)
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Figure 3.4: A ot of three possible magnetic field configurations. The black
markers labelled A& show the approximate sizes and locations of the mirror coils.
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Figure 3.5: A simulation of the interaction between the antihydrogen atoms within
the flattened trap yields the excitatioterand the linewidth of the summed and d
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Figure 3.6: A closaip image of an antiproton annihilation on an MCP which has
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Figure 4.1: A twemirror FabryPerot CaVvity.........cccouiiviiiieeericceiiiiieeeeeee 48

Figure 4.2: A plot of the beam waist (top) and the wavefront radius of curvature
(bottom) for a Gaussian beam witht T8 & ah_ ¢ 1 & ¢ anddrt  0.517 m
over a 6 m propagation length.............coooiiiiiiii 52

Figure 4.3: The stability of different cavity configurations as defined by their g
factors (@,g2). Only the configurations under the blue shaded region are stable. Image

0]V (25 OSSR PR PP 53
Figure 4.4: Hermité&Saussian (top) and Laguetr@aussian (bottm) modes. Image
LLCO LT (7 PSR OPPPPPPPPPPRPP 54
Figue 4. 5: The O0x06 shows the |l ock points for

amplitude modulation error signal (right). The frequency scale is the same for both

Figure 4.6: The frequency/phase modulation adds sidebands to the beam, which
are visible in the transmitted signal ¢()efThe capture range of the PDH error signal
extends to the sidebands, yet maintains a shi;
10 0TS (o To3 Qo o o | PSPPI 56

Figure 4.7: An athermal mirror cell consisting of an optic (green) bonded within a
metal ring (grey) using an epoxy (orange). Autédesentor mode.................... 57

Figure 4.8: A close up view of the cell making jig, showingldieations where the
ring and optic sit (Autodesk Inventor drawing).............cccceeeeeeeeeieeenvvnneieeeeeennn. 61

Figure 4.9: The optic and ring are placed onto the jig. The ring is clamped via two
slashcut needles and the optic is clamped via a Teflon spacer whilst the epoxy cures
(Autodesk INVentor MOdel)..........ooo oo e 61

Figure 4.10: The mirror cell is epoxied to a staislsteel adapter piece using the
same epoxy and curing process as the cell manufacture. The adapter piece threads into
a copper heat sink which is cooled to 20 K by the inner stage of a coldhead. The heat
sink is equipped with a Cernox temperature sensbadreater element. Connected to
the outer stage of the coldhead is a copper radiation shield, which has a @ 12 mm hole
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Figure 4.11: The coldhead cools from room temperature to 20 K in just under 3
hours, which is similar to the cooldown rate of the ALPHA apparatus............ 63

Figure 4.12: A 767 nm singlaode laser is coupled into a fibre and output onto an
optical bench. The light is collimated at @ 10 mm and split into two beams using a 50
50 beam splitter. One beam is reflected from the mirror cell under test, whilst the other
is reflected from a flataference mirror. The vacuum window and the beam splitter
have THORLABSI B NIR antireflection coatings to prevent multiple images. The
test and reference mirrors are both THORLABS R&8%nirror blanks, which have a
ground back surface to prevent multipéflections. Recombining the beams creates
an interference pattern which is imaged on a screen. A webcam placed behind the
screen saves the image for analySiS.........ccccceeiiiiiiiccecciicic e 64

Figure 4.13: An example of two interference patterns generated by the
interferometer. The image on the left has no tilt betwkeriwo mirrors, whereas the
image on the right has a tilt of 6 waves. The edge of the images corresponds to the
edge of the @10 MM laser DEAML..........cooviiiiiiiii e 65

Figure 4.14: The image on the left shows the interference pattern with the dark
fringes traced, and the image on the right shows a reconstrudtthe surface using
Zernike PolYNOMIAIS........ciiii i 66

Figure 4.15: An initial measurement of the 0.5 mm H77 titanium cell. The chamber
Is at room temperature and under a vacuum gd It @mbar..............ccceee 68

Figure 4.16: A measurement of the surface of the 0.5 mm H77 titanium cell when
cooled to 20 K for the first time. The mirror appeto have bulged outwards by >1100
nm. The surface looked similar for the subsequent two cooldowns. The vacuum
reaches 1 p 1 Ymbar when the coldhead is at 20.K.........cccooeeeeiiiiiiiceeceennn. 68

Figure 4.17: A measurement of the surface of the 0.5 mm H77 titanium cell at room
temperature and still under vacuum afteth@rmal cycles. There appears to be a
residual deformation of around 400 NM..........coeviiiiiiiiiiieene e 68

Figure 4.18: An initial measurement of the 0.5 mm T7109 titanium cell. The

chamber is at room temperature and under a vacuum pfit @ mbar.............. 69
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Figure 4.19: A measurement of the surface of the 0.5 mm T7109 titanium cell when
cooled to 20 K. Ther is no obvious deformation within the precision of the
LT g (S g0 g L] (T PP PP PR PP PP PRSPPI 69

Figure 4.20: A measurement of the surface of the 0.5 mm T7109 titanium cell at
room temperature and still under vacuum after tlalyncycling. There is no obvious
change from the initial SUMface..........ccoooviiii i 69

Figure 4.21: In this improved interferometer setup, a stabilised 532 nm laser is
coupled into a single mode fibre and output onto an optical bench which is directly
mounted to the cryostat. Not shown are a 400 V pieaz@dand a laptop equipped
with a NFDAQ module for controlling the piezo and acquiring images from the
camera. The optics are coated for visible light and the vacuum window is wedged to
prevent interference patterns from the window surfaces being imabedsetup is
designed to be as compact and lightweight as possible to avoid coupling vibrations
(oIt TSIl Y0 1] = | PP 71

Figure 4.22: The deformation of a mirror blank in a 0.5 mm athermal cell cooled
LC0 12O I OO PR OPPPPPPPU 72

Figure 4.23: The residual deformation of a mirror blank after being thermally
cycled between room temperature afd2.............ccceeviiiiiiiiiieee e 72

Figure 4.24: A plot of theadial gap size of an athermal cell vs the cooldown
deformation of the central @ 12 mm of the optic. A positive deformation indicates a
bulging of the mirror surface. In each case, the deformation was almost purely a
defocussing of the mirror. For smallfdemations the error is approximately the
resolution of the interferometer, whereas for larger deformations, the error is
dominated by knowledge of the beam size and image edge. Inset is the result of the
Deluzio stress calculation based on equation 48@h is in rough agreement with
the trend and the zet@0SSING POINL.........cccciiiiiiiiiiie e ere e 74

Figure 4.25: From left to right: The upstream triangle, the upstream end of the
magnet form, the downstream end of the magnet form, and the downstream triangle.
Both triangles contain two slots for mounting a mimesembly, but are shown with

only one mirror assembly installed............cccccoooiiiiieecieee e 05
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Figure 4.26: The mirror cell, piezo (yellow with grey electrodes), and downstream
adapter piece mounted within the alignment jig. A similar jig is used to ensure the
alignment of the upstream assembIlY..........cccooveiiiiiiiiceciciie e 76

Figure 4.27: The upstream and downstream mirroptadgieces................... 76

Figure 4.28: The denstream adapter pieces still mounted into the triangle (left)
and one of the piezo assemblies (right). The piezos were attached to the adapter pieces
by placing beads of epoxy around the outer diameter, but the piezo also seems to have
bonded close to thmner diameter. Piezo material can be seen still bonded to the
2 T0 Eo o (=T g o[ ot S PU P PP PP PP P URRTPPPRPY 4 4

Figure 4.29: The modified downstream adapter...........cccoeeeeeeeeceeiiccceneennnn. 77

Figure 4.30: As the triangle was inserted, one of the support rods (highlighted)
came into contact with the piezesembly and sheared it off. A kapton bumper was
installed to protect the piezo against knocks during installation, but this had also been
sheared and epoxy had been scraped off the piezo, implying that the damage was done
when holding tension was appliemithe back of the triangle.............................78

Fipure 4.31: A 13 mm Pl Ceramicd6s PAHH+O0C
on a coldhead. The travel was measured interferometrically as the piezo warmed up.

Figure 4.32: A Bode plot of the piezo electrical response at 7 K. The black curve
shows the magnitude and the blue curve shows thsepbf the response relative to
the driVe SIgNAL.......oeiiii e 79

Figure 4.33: A photograph of the assembled mirror flange. The flange adapter
contains holes to allow the space in the bellowsrakHlito be pumped, but it is an
acknowledged pumping restriction. The mirror, piezo, and adapter are bonded using
EPOTEK T7109 EPOXY....vivieiereeeieeeeeeseeemsessesessssessessessssssmasesssssesesesessesessenns 80

Figure 4.34: The mirror is mounted on a piezo between two bellows. The window
is clamped in place, allowing the mirror flange to be titled using a neodifi

COMMETCIAl MIITOT MOUNT. ... et ee e e e e naaens 81
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Figure 4.35: An Autodesk Inventor rendering (left) and photograph (right) of the
structure designed to clamp the external cavity assembly to the beamline. The vacuum
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Figure 4.36: The highlighted nuts on the M4 threaded rods were loosened or
tightened to adjust the ahigient of the cavity Mirror...............veiiiiniiieccinnnnnnns 82

Figure 4.37: A histogram of the cavity length fluctuation in nm over 100 s, as
measured by a wave meter when the laser was locked to the external.cavityd3

Figure 4.38: In a confocal cavity, transverse modes (red) are frequency degenerate
as all path lengths are equal. As the cavitsnale longer or shorter, the transverse
MOdES Will SEPArate..........ccooiiiiiieiieeee v e e e e e 84

Figure 4.39: A photograph of the 2015 upstream window mounted on the bench.
A large diameter 243 nm beam was sent through and the transmission was measured
using a CCD camera. The laser induced damage can already be seeddri tpot
within the blue flUOrESCENCE. ... 89

Figure 4.40: A small burn spot is present on the AR coating of the upstream mirror.

Figure 4.41: The PDH error signal (upper) and the transmitted intensity (lower) as

the piezo is scanned linearly over 50 V to cover a full free spectral range of the cavity.

Figure 4.42: A saturated image of the transmittedm when the cavity has been
locked on resonance for 1 s (left) and 30 S (right)............ouvveiiiiiiieenciiiiiiiineee. 91

Figure 5.1: A schematic of the optical elements in th3Spectroscopy setup.
The red, cyan, and navy blue lines show the propagation of the 972, 486, and 243 nm
light respectively. Some steering mirsdrave been removed for simplicity.......94

Figure 5.2: The internal layout of the Toptica-FAG pro laser, which generates
the high power 243 nm light for antihydrogen spectroscopy. Image modified from [61].

Figure 5.3: A flow chart of the frequency control setup..............cccceeeeeeeee. 96
Figure 5.4: The set point of the PDH lock to the reference cavity was adjusted at
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Xviii


file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464232
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464232
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464232
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464233
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464233
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464234
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464234
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464235
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464235
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464235
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464236
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464236
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464236
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464236
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464237
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464237
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464238
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464238
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464238
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464239
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464239
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464240
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464240
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464240
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464241
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464241
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464241
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464242
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464243
file://///cern.ch/dfs/Users/s/stjones/Documents/ALPHA%202017/Full%20thesis%209.docx%23_Toc501464243

of the laser is measured using the frequency comb. The difference between the blue
and red points gives 2 x the FWHM of the laser linewidth, assuming the dominant
source of broadeng of the linewidth is the quality of the lock.......................... 97

Figure 5.5: A schematic diagram of &v frequency comb. The repetition rate
(Vrep) Is referenced to a microwave clock, and tffeat of the zeroth line ¢y can be
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Figure 5.6: An AOM in doubkpass configuration is used to shift the 972 nm light
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1 Introduction

1.1 The baryon asymmetry problem

As predicted by th&tandard Mdel of particle physics, anddeed as observed in
high energy particle accelerators, particles and antiparticles are always created in pairs
Particles and antiparticles have opposite electrical claardgepposite baryon/lepton
numbers but are otherwise indistinguishable. Howewehnen they recombinghey
annihilateand release blast of energy givenbi nst ei nés famous equ

0 dwns 1.1)

One of the greatest open questions in |
problem.As the early universe cooled to the point where tiag® no longr enough
energy to creat@articleantiparticle pairs, one would expect the existing pairs to
recombine and annihilatieaving a universe devoid of both particles and antiparticles
today. However, it seems a small fraction of these early tggavgarticles survived to
create the universe as we know it today. If matter and antimatter oxigieally
created in equamounts, then the questions si mply fAwherEeis th
search for antimatter in astrophysics is ongoing, bixperment to date has detected
any signal,such ashe distinctive 511 &/ gamma rayemitted from electrofositron
annihilations, which would be indicative of a significant quantity of antimatter in the
observable univers]. Instead, physicists must consider a diffefeypothesisfils
therea difference between matter and antimatter that has caused this imbalance, and
can we measure it experimentatly?

A surprise result came in the form of a violatiof charge conjugationral parity
transformation (CP¥ymmetry one of the fundamental symtries of the Standard
Model of Rarticle Physics CP violation was firsbbservedndirectly in 1964 when
neutral kaons were observed to transform into their antiparticles angergs vith
differing rateq2], and later measured explicitly pththe NA48 experimeni3] at
CERN andthe KTeV experiment[4] at Fermilab. This CP violatiors due tothe
exigenceof the Top and Bottom quarls the Standard Modghndis explained by
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the KobayashiMaskawamodel[5]. However, it is generally agreed that thrmount
of CP violation is not sufficient to explain the mattettimatter imbalance alone.

The most fundamentadymmetry of theStandard Model isharge conjugation,
parity transform#on, and time reversal (CPBymmetry.Direct evidence for CPT
violation can bee&arched for by comparing the quantum energy spectra of atoms with
their antiatom counterparts. The search for CPT violation ha® léae construction
of the Antiproton Decelerator (AD) at CERN, and the creaaod trappingof
antihydrogeratomsfor comgarison with hydrogen, the simplest and best understood
(both experimentally and theoreticalfom to date.

1.2 Physics with low energy antiprotons

Antiprotons are formed at CERN by firing a beam of protons from the Proton
SynchrotronPS) into a metal targeThe proton beam has sufficient kinetic energy to
create many secondary particles, including praotiproton pairs. As protons and
antiprotons have opposite electrical charge, démtiprotonscan be separated and
steered away by stromgagnetidfields.

Prior to the construction of th&D, antiprotons were produced and accumulated at
the Antiproton Accumulation Complex (AAC). As well as serving high energy physics
experiments at CERN, the AAC also supplied antiprotons to the Low Energy
Antiproton Ring (LEAR) which explored the possibiktsof making antihydrogeand
capturing antiprotons within Penning trdpa type of charged particle trap which we
will discuss in further detail in chapter 2

1.2.1 The AD and ELENA

Constructed in 200, the ADis capable of deelerating thanjected antiproton
beamdown t05.3 MeV. A combination of stochastic cooling and electron cooling are
used tocool andincrease the density of the antipnagpand ashort(~100 ns)ounch
of around3x10’ antiprotonscan be delivered to the experiments within the AD hall

every~2 minutes.



The ELENA (ExtraLow ENergy Antiproton) ring is a synchrmon with a
circumference of just 30 m, and is reaching the final stages of commissioning. This
decelerator is designed to reduce thergnef the AD beam to just 100ek, and
promises to increase the number of antiprotons which can be trapped by the
expaiments within theAD hall by a factorof between 10 and 10[®]. Figure 1.1
shows an overview of the AD hall, with the locationtbé ELENA ring and the

experimental zones highlighted.

§§m&\wﬁw.\ DA AN N AR ESSS LSRN \\\\\\\\\\\\§
e - FETo—
N f g \
\ ' s
N N
§\ o111 N
N N
§ = A s
=2 o s
) ] 4| ATRAP \
1 lvs)
N o' > >
N | %] %)
N i 4™l =
| 3 1
NI ] al|| &
I >
NI 1 10 1
% .-:-:-_-._9_
N 3
N .
§ cr=—c=x—1 ] Ny
N \
N N
N N
NG [ - N
N : | 111 N
§ 2T T =) / N
N L N
Ny
Ny
Ny
N
N
X

o e e e e e e = e e o e e e e
\\\\\\\ ’Z'Q"\':'\\l‘\\\~\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\l'\\\t\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

V77

Figure 1.1: A schematic of the AD hall experiments in the 2017 run configuration. The ATRAP zont
platform above the surroundirexperiments. ELENA and GBAR are still in the commissioning phase. The
zone includes a shielded linear accelerator for positron production. Image adapteffrom



1.2.2 Measurement of thenéiprotonprotonmagnetic momentatio

Both the ATRAP (Antihydrogen TRAP) and BASE (BaryonAntibaryon
Symmetry Experimentyollaborations have experiments dedicated to measuring the
ratio between the proton and antiproton magnetic moment in a Penning trap. In 2013,
ATRAP reported a measuremt with a precision of 4.partspermillion [7]. The
BASE collaboration reported aféld improvementn this measuremenh 2016,with
an uncertainty of just O.artspermillion, as well as outlining a new trapping
technique which, when implemented in their next generation apparatus, could enable
a measurement precision with an uncertainty at the level of pdeeperbillion [8].

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

few tens of antiprotons for more than 1 year without any Id8%es

1.2.3 Measurement of thenéiprotonelecton mass ratio

The ASACUSA (Atomic Spectroscopy And Cl@dions Using Slow Antiprotons)
collaboratiormeasursthe antiproton to electron mass ratio by ionising a helium atom
and replacing the lost electron with an antiproton. Probingpaion transitiongn
antiprotonic heliunwith high poweed pulsedlasers has allowed the team to resolve

theantiproton to electron mass ratio to better thgaibsperbillion [10].

1.2.4 Antihydrogen formation

Antihydrogen was first produced e Low Energy Antiproton Ringt CERN in
1995[11], and lateatFermilab[12]. Antiprotons were shot through a xenon gas target
with a small chance faroduce electroositron pairsandvelocity matched positrons
would bindwith the antiprotons in the beato form antihydrogenHowever, these
relativistic atoms were mudioo energetic to be suitable for detailed studith the
subsequent construction of the AD, a new generation of experimentsalle to
capture and cool antiprotons in Penning tnapk the aim of producing much colder

antihydrogen



By mixing these antiprotons in a carefully controlled way with positrons
accumulated in a Surkiype accumulator, cold antihydrogen was produoe2002
by theATHENA (AnTiHydrogEN Apparatuys[13], and ATRAP[14] collaborations.

The dominant formation method at low temperatures is thought to be abtidge
process, whervo positronsscatte in close proximity to an antiproto@ne positron
carries away the excess energy of the other positron, which binds with the antiproton
to form antihydrogenHowever, thee antihydrogen atoms would stéinnihilate on

the walls of the Pnning trapshortlyafter production, leaving little time for precision
measurementg€onfining the antihydrogen atoms in a magnetic tapthe next step

for the ATRAP collaboration, along withALPHA (Antihydrogen Laser PHysics
Apparatus)a collaboration which sueeded ATHENA.

The ASACUSA collaboration aim to produedeam of ground state antihydrogen
atomsfor measurements free from any significant magnetic field perturbaaods,
reportedhe firstantihydrogerbeam in 201415]. ASACUSA usaa similar technique
to ALPHA and ATRAP for antihydrogemsynthesis but des so in a cusp trap
consisting of an artielmholtzcoil for beam formation.

The AEGIS (Antihydrogen Experiment: Gravity, Interferometry, Spectrometry)
col | ab cappedach w mrdilsydrogen formation begins by shooting a beam of
positrons at amicro structuredarget on which some of the positrofsnd with an
electronto form positronium atomg$?ositroniuncan be formed in twdifferentstates
depending on the spirrientatiors of the positron and electron, atitese statelsave
individual lifetimes of 0.125 and 142 n6] before seHannihilating.However, he
lifetime can be prolonged by usingskrs to excitéhe positroniunto a high Rydberg
state Theory suggests thRlydbergpositronium should givenore efficienproduction
of antihydrogen atom§l7], and could result in colder antihydrogéman what is
produced withthe methods employedy ALPHA, ATRAP, and ASACUSA, a#
allows the antihydrogen atom to forat the temperature of the antiproton

GBAR (Gravitational Behaviour of Antihydrogen at Rest) is the newest
collaboration in the AD hall, and is scheduled to be the first collaboration to use the
beam from ELENA. Byfurther coolingthe ELENA beamand sending it througha
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very dense region of positronium, the collaboration plans to produce positive
antihydrogen ions, which can be trappad aympathetically cooled usitagser cooled
beryllium ions h a Paul trap. The conventionabsitronsourcesand accumulation
techniquesised by the other collaborations mat producenearlyenough positrons to
achieve the required density of positronitancreating positive antinydrogen iqrso

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

developed offsite.

1.3 Physics with antihydrogen

High precision comparisons between hydrogen and antihydrogen provide a
sensitive test of CPT symmetnAs well as measurements oboth ogical and
microwave spectroscoptransitions there are othetests of CPTwhich can be
examined such as the charge neutrality of the atémother area of interest the
weak equivalence principla (statement of the equality of gravitatibaad inertial
mass),which can be tested by measuring the influence of gravity on antihydrogen

atoms in free fall.

1.3.1 Magnetically trapping antihydrogen

Although antihydrogen is electrically neutral, the spin orientations of the
antiproton and the positron formdgole which causes the atom to seek a magnetic
maximum or minimumBoth ALPHA and ATRAP developethagnetic minimum
traps, wherantihydrogen atoms that were cold enough would be confined radially by
a cylindrical multipole magnet and prevented from esgp@at the ends by short
solenoids known as mirror coils. In November 2010 the ALPHA collaboration
reported the first trapped atoms of antihydroffe8], with ATRAP reportingsimilar
succesin 2012[19]. By the end of 2011, the ALPHA collaboration ltedectednore
than 300trappedantihydrogen atomsvith as many as three trapped simultaneously
and for up to 1000 seconf0].



1.3.2 Tests of the weak equivalence principle

ALPHA 6 s oach mtestingthe weak equivalence principig to compare the
ratio of the atoms which annihilated on the top and bottom halves of their trap. Any
significant difference observed coultk used to infer the gravitational mass of
antihydrogen, an@n analysis of thanitial data was performef21]. However,the
geometry and systematic uncertainties of the ALPHA apparatus make it relatively
insensitive to gravitational variations and unable to place any meaningful bounds
without much colder antihydrogen. However, the technique was shown to be a viable
method for a futurepecifically designed experiment, and workanewapparatus
has already begumM\LPHA-g is a vertically orientated version of the ALPHA
apparatus, whicls designed to look for the escape of antihydrogen atoms at either the
top or bottom of the trap as the confining magnetic fields are slowly ramped down.

AEGI S6s approach to testi nigto prddece ave a k
horizontally travellingbeam of cold antihydrogen atoms that will be sent through a
moiré deflectometemvhich will measure the drop of atoms of different velocities with
respect to an optical interference pattern.

Finally,t he GBAR <col |l aborati onos idnswdllpe e d
photoionised and the now neutral antihydrogen wile in freefall within their

detector.

1.3.3 Measuring the charge neutrality of antihydrogen

Similar to how the gravitational measurement was conducted, the ALPHA
collaboration searched for a lefgght bias in the annihilation locations within their trap
as it was shut down under the influence of a strong electrostatic gradient. This
technique was used to place an experimental limit on the charge of antihydrogen
2014 [22]. This bound was improved by a factor of 20 in 2015 when stochastic
acceleratiorj23] was applied to the trapped antihydrogen atoms in an attempt to kick
them out of the trap, determining the charge of antihydragesqua zero to 0.71

partsperbillion (one standard deviatiof@4].

€
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1.3.4 Microwavespectroscopyf antinydrogen

The ZeemarkEffect causes a splitting of the energy levels of atoms under the
influence of a magnetic field&zigure 1.2 is the BreitRabi diagram which shows the

hyperfine splitting of the ground state of hydrogen
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Figure1.2: A Breit-Rabi diagram showing the Zeeman splitting of the (anti)hydrogen ground state. The A
collaboration injected resonant microwaves (shown by the black arrows) into the 1 T magnetic trap, and o
a spin flip of the positron (single arrow) vahi caused the atoms to seek a high magnetic field and annihilate ¢
walls of the trap. Image frofi25].

In 2012, the ALPHA collaboration observed the first resonant quanansitions
in antihydrogerj25] by exciting the ground state hyperfine splitting transitions in a 1T
magnetic field. When tuned on resonance, the microwaves caused the smihtbtate
positronto flip from a lowfield seekingstate to a higtiield seekng state, and the
atoms would travel towards aadnihilate on the walls dhe trap.

ASACUSA plan toimprove on this measurement by usingeam of antihydrogen
atomsto measure the ground state hyperfine splitting in a regiea of strong

magnetic gradients in the near future.



1.3.5 Laser spectroscopyf antihydrogen

Laser spectroscopgf antihydrogenwas one of the key motivations for the
construction of the A[)26], and itmarks the next step towards studying antihydrogen
in detail.Spectroscopic measurements of hydrogen have inspired many of the quantum
and field tleory developments we have today, and the hydrogen atom is still a major
source of study for many ongoing expeents.

With a natural linewidth of only 1.3 Hz, the -5 transition in atomic hydrogen
provides one of the most sensitimeasurementsf several fundamental physical
constants, and the high level of experimental precision possible pushes for more
precie calculations of QED and field theorids such, a comparison between the 1S
2S transition in hydrogen and antihydrogen wattdstitutean extremely sensitive
test of CPT symmetryl he precisemeasurement of the antihydrogena$S transition
frequencyis one of thg@rimarygoals of the ALPHA collaboration.

Also of interest ighe 121.5 nm Lyma#tUtransition between the 1S and 2P states
Whilst the transition is relatively broad, could potentially be used to laser cool
antihydrogen which would push # precision of other measuremenBoth the

ALPHA and ATRAP collaborations are developing lasers towards this effort.



1C



2 Antihydrogen production ithe ALPHA apparatus

2.1 The apparatus

The ALPHA apparatugupgradedirom ALPHA-1 to ALPHA-2 in 2012)consists
of a catching trap (CTior capturing and cooling antiprotons from tA® beam,a
positron accumulator for collecting and cooling positrons emitted fréidaasource,
and an atom trap (AThor precisionmanpulation of the antiproton and positron
plasmasand the formation and trapping of antihydrogén addition, wo vertical
t rans| at o raseuseditaposifios instrumiergasddoadng electons into the
traps and diagnosingarticles ejected frorthe trapsThe ALPHA beamline is shown

in Figure2.1.

[] Pumping stations [ Silicon vertex detector [l Penning trap electrodes
B Cryogenics Bl UHV gate valves ] Vacuum chamber
I Magnet systems  [] Laser enclosures

Catching trap stick Atom trap stick Positron source

v o] | \
PRl R [

Catching trap Atom trap Positron accumulator

Figure 2.1: An overview of the ALPHA beamline. Antiprotons are captured in the 3 T field of the (
cooled using electrons loaded from the CT stick. Meanwhile, positrons are accumulatedtega Surkeype
accumulator. After initial preparations, both species prtttons and positrons are transferred into the Al
antihydrogen production and trapping. Small solenoids are positioned along the beamline to aid the tr
particles. The distance between the CT and AT is approximately 3 m.

The storage time of antiparticles is directly related to the quality of the vacuum, as
the antiparticlesvill annihilate with background gagarticles To achieve an ultra
high vacuum (UHV)theindividual sections of theeamlinemust bebakedto between
80 and120 °C whilst being pumped by turbo molecular pumps, before being closed
off to the outside worlc&and pumped by a combination of ion pumps and titanium
sublimation pumps. The room temperature sections of the beamline typically achieve
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a vacuumbelow 10° mbar, whilst the cryogeni€T and AT can ackeve a vacuum
below 10*? mbar,yielding antiproton Ifetimes longer than 1@00 s.

The ALPHA-2 upgradeallows optical acceds the AT via four paths which cross
the central trap axis at an angle of 2.3° (showRigure2.8), for the introduction of
121 and 243 nm light for antihydrogen spectroscopy. Precision mounting structures at
the ends of the magnet form enable the installation of two 9BabmPé&ot cavities
in theUHV, cryogenic region, with we will discuss imletail in chapted. The access
windows at the ends of the vacuum chamber are within the laser enclosures shown in
Figure2.1 and are separated by 2/

I n the context of the ALPHA apparatus, the
are used throughout to relate the apparatus to the direction which the antiproton bea
enters. The most upstream point of the beamline is the catching trap degrader, and the
most downstream point is the positrenurce 243 nm light is injected into the
enhancement cavity at the upstream end of the\Kfere applicable, images are

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

2.1.1 Penning traps

The CT, AT, and positron accumulator all contain a variant of a Penning trap.
Penning traps are composed of a seitdéast threelectrodes within a homogenous
axial magnetic fieldsuch as the central region of a solendiie magnetic field
confines charged particles radially, and a static electric potential provided by the
electrodes confines oppositely charged particles axlalin ideal trap, the electrodes
areeitherhyperbdically shaped or have hyperbolic endaps toproduce a perfectly
guadratic electric fieldHowever, simpler electrode structures such as the stacked
cylinders ofFigure2.2 still form functional trapsTheseso-called Penninglaimberg
trapsare used by ALPHAasthe shaped electrode design would take up more radial
spaceand reduc¢hedepth of the magnetic trap, whitbie endcap design would make

it muchmoretechncally challenging to load particles into the trap.

12



R
\' e N B
e
GND —
e ——
V-

Figure 2.2: A simple Penninglalmberg trap constructed from three stacked cylindrical electrodes

The movement otharged particles within a Pennitigp is describedby the

Lorentz force
onF 1 | A 1)

whereq is the charge of the particl@jis its velocity, andr and || are the electric and
magnetic fields respectivelin a perfect Penning trap, the axial motion is decoupled
from theradial motion and undergoes simple harmonic motion within the confining
electric potential. The radial motion regists of a high frequency solution known as
the (modified) cyclotron frequency, and a slower drift around the trap axis known as
the magnetron frequency. Note that the emission of cyclotron radiation is the dominant
source of cooling for electron and pibsh plasmas in a strong magnetic field.
Removing energy from the magnetron motion (e.g. by collisions with background gas)
causes the orbit to increas@d is the dominant source of loss from a trap which is not
operated under UHV conditions. The radiatioss associated with the magnetron
frequency is low enough that the motion is otherwise stable for many[¥@éhisigure
2.3 showsthe combined motion within a Penning tria::.

o

Figure 2.3: The motion of a single particle in a Penning trap is described by a combination of the ma
(green), cyclotron (black), and axial motion (red). The image is adapted2&m
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2.1.2 Cdching trap

The CT is a cryogenic Penninlflalmberg trap consisting of an electrode stack
within a 3 T external solenoid field@:he electrodes are overlapping, but electrically
isolated from each other using ruby balls, and the outer diameter of the elsticde
is wrapped in Kapton to isolate it from the surrounding cryodthe 53 MeV
antiproton beam from the AD is extracted and steered into the ALPHA zone using a
series of dipole magnets, and focussed onto a layered Al/Be foil degrader at the nose
of the catching trap using a pair of quadrupole magféis.degrader also separates
the ALPHA beamline vacuum from the vacuum of the ADsmall fraction of the
beam passing through the degradas a low enough enerdy be trapped between
two specialised %V electrodes labelled HVA and HVB ifigure 2.4. HVB is
energised in advance, anthatamplifiertriggered at the arrival of the beam energises
HVA to close the trap. Thaappedantiprotons are then sympathetically coobsd
collisionswith electrons prdoaded into the trafrom the CT stickand transferred

into a sixsegmented electrode (RW1).

RW1 RW2

Degrader
Figure 2.4: A sketch of the catching trap electrode stack. The trap has a length of 396 mm and
diameter 0£29.6 mm. The two high voltage electrodes are shown in blue and the segmented electrode

plasma compression are shown in yellow. An external solenoid provides a 3 T field to complete the
trap. The antiproton beam enters from the lefihefimage.

A high frequency sinusoidal electric field with a phase diffiee of 6° between
neighbouringelectrode segments is used to apply a torqtieettombined antiproton
electrorppl asma to compr ess i trotatingwalbgompressiomc hni que Kk
[29]. This technique also heats the plasma, so electrons are required throughout to
sympatheticallycool the antiprains.Loweringone side of the confining potential in
the Penning trafor 75 nsallows thelighter electrons to escape, whilgtaining the
majority of the heavier antiprotons. After several stages of rotating wall compression

and electron removal, a pusntiproton plasma containing between® Ehd 16
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particles with a temperature of a few hundred Kelvin is ready to be transferred across
to theAT. Figure2.5 showsimages of the antiproton and electron plasmas at various
stages of the preparation cyclgenerated by ejecting the plasma towards a
multichannel plat¢d MCP) mounted on the catching trap stiglhich we will discuss

in more detail in sectiof.2.4). Multiple shots from the AD can be stacked to capture

additional antiprotons;.

Figure 2.5: a) After an initial stage of rotating wall compressjahe antiprotons (left) and the electr
(right) are centrifugally separatefB0]. b) Kicking out 90% of the electrons allows the antiprotons -
compressed further. c) Finally, the remaining electrons are kicked out aadhtiprotons are ready for transf
The two species map to different locations on the MCP due to a small misalignment between the elec
and the magnetic field.

2.1.3 Positron accumulator

Positrons af decag fromtafNea doureei muntbd to a coldhead
(shown in blue irFigure2.6). The source is cooled to 5 Knd a solid Ne moderator
film is grown over the surfacas gas which is allowed into the chamber condenses.
This reduces the emission energy of the positroareaind50 eV meaning the can
readily be formed into a bearfhe positrons amguided into a Surkdéypeaccumulator
[31], which employs a nitrogen buffer gas coolieghnique taslow down and trap
the positronswithin a three stage PenniMalmberg trap{32]. The accumulator is
differertially pumped from both ends #loat the hotter positrons in thedi stage have
more interactiowith the nitrogen gas than the cooler positrons in the third stage (see
Figure2.7). A six-segmentotating wall electrode in the third stage is used to compress

the positron cloud.
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Figure 2.6: A schematic of the positron accumulator. Positrons are emitted from avi R&la source (blut
and accumulated in a three stage PennAligmberg trap (orange). The accumulator is equipped with a
vertical translator containing a phosphor screen (red) for imaging the positrons and a groundeithrpags
tube. The image adapted fron{33].
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Figure 2.7: The high energy positrons are cooled by interacting with a nitrogen buffer gas witl
electrodes. The accumulator is differentially pumpedh that the cooling interactions are strongest in the
stage (right hand side of graph) and the lifetime is prolonged in the third stage (left hand side of gra
image is adapted frofid3].

After 150 s, the accumatior reaches a saturation point with around 50 million
trapped psitrons. The rotating watompressions run continuously, so at this point
the accumulator can be thought of as asemand positron reservoir. Before ejecting
the positrons towards theoat trap, the nitrogen buffer gas is pumped out to reach a
vacuum of 1¢ mBar. The positrons are transferred through a 100 mm long tube with
a narrow pumping restriction, and 2 I solenoid which covers the length of the tube
is pulsed to preverthe pogirons annihilating on the wallCsl diode detectors are
placed in various locations around the apparatus to identify and quantify positron

lossedyy detecting the 511 keV gamma raystésd by electrofpositron annihilation
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2.1.4 Atomtrap

The AT (shown inFigure2.8) consists of a PenniAgalmberg electrostatic trap
nested withina loffe-Pritchard magnetic minimum trap. Neicturedis the 1 T
external soleoid, which provides thenagneticfield for the Penningvalmbergtrap.

The magnetic trap is composed of a superconducting octupole magnet for radial
confinementand a set of short solenoids known as mirror ¢lzilselled AE inFigure

2.8) for axial confinement. ThBve mirrorsallow for a flatter central field, as well as

the realisation of more complex well shapes compared to the original ALPHA
apparatusvhich only had mirroran locationsA and E Thedesigntrap depth is 1.16

T [34], which corresponds to a peak trappable antihydrogen temperature of 0.78 K. In
practice, theoctupoleonly runs at70% of thedesigncurrent, reducing thevell depth

to 0.54 K.

I Penning trap electrodes M Mirror coils
__ Rotating wall electrodes [ Octupole
I Booster solenoids — — - Optical paths

—_—— — — — —— — —

—— — i — —_—— —— —

P N N o
>

- Lol Lt

Re-catching trap Mixing trap Positron trap

Figure 2.8: A schematic of the nested Penniglmberg and lofféPritchard traps within the ALPHR aton
trap. The antiprotons are transferred in from the left hand side and the positrons are transferred in from
hard side of the image. The electrodes are in the UHV space, whereas the magnets are in direct contact

helium. An outer vacuum chamber and a layer of supsrlation reduce the heat load on the cryostat. Not s
is an external 1T solenoid.

The PenningMalmbergtrap is separated into three independently controllable
regions nicknamed the -g&tching, mixing, and positron trapBhe re-catching trap
functions to catch and further cotile antiprotons transferred over from tG4d.
Electronsloaded from theAT stick are used to sympathetically cool the antiproton
plasma in a second round of rotating wall compression and cooling, and the end result

is a dense plasma with a temperaturé®K. The positron trap is a mirror of the re
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catching trap, and is used to catch and compress the positrons from the accumulator.
Both of these traps have a-s&gment electrode for rotating wall compression, and a
booster solenoid whiclocally raises he magnetic field to 3 T for more effective
cyclotroncooling of leptons. The mixing trap electrodes are much thinner to allow
antihydrogen atoms to approach closer to the octupole, maximising the neutral trap
depth. The antiprotons and positrons are bnbafinost simultaneously imthe centre

of the mixing trapto adjacent electrostatic wells. The wells are redudightly to
evaporatively coothe antiprotons to 50 K and the positrons to below 483, and

the two specie®f particle are now ready to be mixed form cold, trappable

antihydrogen

2.1.5 Sequencing and data acquisition

A set of FPGAbased sequencers are used to maintain the timing and
reproducibility of experiments. The sequencers are equipped with National
Instrurents (NI) PX#6733 cards to control the Penning trap voltages and an NI PXI
7811R card for communicating with external hardware using TTL logic. A frontend
created usingNl LabVIEW allows an experimental sequence to be written by
generatingp setofé sts®#t e A st ate can include a voltage
electrodes or a trigger to/from an external device. The sequencers maintain the timing
of states to within 500 ps, and will respond to external triggers with a timing jitter of
approximately 100ns. This allows for complex operations to be performed

simultaneously and with a high level of reproducibility.

2.2 Tools and diagnostics

2.2.1 Sticks

Two vertical t r (@oatohsshowm inkigure 21), ar® sseditoc k s 6
position varios pieces of essential hardwaremthe ALPHA beamline. Th€T stick
carriesan electron guand an MCP which face ti&T, and aFaraday cup which faces
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the AT, whilst the AT stickcarriesan electron gun and aMCP, both of which face
the AT.Both sticks also carrygassthroughelectrode for particle transferhesticks
aredriven bysteppemotors, and use a laser rarfgeler to consistently position the

instrumenton the beanmhe.

2.2.2 Electron gun

Electrons are essential for sympathetically cooling antiprotons via their short
cooling time in a strong magnetic field (0.4 s at 3 T) by the emission of aytlotr
radiation. The electroguns consist of a thermionically emitting bariuridz filament
and an accelerating plate. The resultingcebn beam is guided into therhing
Malmbergtraps by theaxial magnetic fieldgenerated bgeveral transfemagnets

2.2.3 Faraday cup

A Faraday cup is a simple piece of conducting material with ekmapacitance.
Electrons and positrons dumpedat&araday cup will generate a voltage, which can
be converted to the amount of charge collected, and thus the number of palsicigs.
an SRS SR560 amplifier, a resolution of arogndp 1t particlescan beachievedA
Faraday cup is mounted to the CT stick and faces towards the AT, whilst the CT

degrader functions as a Faraday tapdiagnostics from the CT

2.2.4 Multichannel plate

The MCP devices used on the catching trap and atom trap sticks are manufactured
by PHOTONIS, and consist of a single layer MCP4&phosphor screen, and a 45°
mirror for reflecting the light from the phosphdPlasmas trapped in the Penning
Malmberg traps can be imaged by manipulatingttagpingpotentials to eject them
towards arMCP. The frontsurfaceof the MCP can be biased widithera positive
voltage to accelerateslectrons and antiprotortewards if or negative voltage to

acceleratgositronstowards it.



Particleshitting thechannelgproduce a shower of electrons, with a gain of between
10*and 16 depending on the bias voltage across the plée bias voltags typically
between 400 and 900 V, and is chosen to avoid saturd@tierelectron shower is then
accelerated wards the posphor screeby a 4kV potential differenceand the spatial
distribution of the plasma can be reconstructed by imaging the phosphor screen using
a CCD camera looking through a vacuum viewjpaei.

The MCPcan be used to dhtate the number of leptons by measuring the charge
drawn awayfrom the front surfaceHowever, calibrating the number of antiprotons is
more difficult as they will annihilate upon impact with the MCP, and the products of
the annihilation can trigger elieon emission in other channels, drawing away more
charge than a proton collision would. Instesantillator panels (which we will discuss
in section2.2.9 areplaced close to the MCP to count the antiproton annihilation

events.

2.2.5 Flappers

The atom trap cont ai s ptpvea shde a mhii cen sahr et theer
their respectiveends of theAT cryostat. When closed, these prevent black body
radiation fromthe room temperature parts of the beamline entering the trap. The
flappers use a small coil to open and close within the field from the external 1 T
solenoid Note that heflappers were not used in this work, as they are still in the final
stages of testg, and it was deemed too risky to run them during the antiproton beam
periods because the atom trap would have to be aired up if one was to get stuck in the
closed position.
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2.2.6 Scintillator panels

To detect antiproton annihilations, scintillator panels are placed in key locations
around the ALPHA apparatus. As particles pass through a scintillating material, the
materal emits a small amount of light which che detected by a photo multiplier
tube (PMT). The panels are paired and read out in coincidence to reduce the dark noise
of the PMTs, and pairs positioned on both sides of the catching trap and atom trap
(shown in Figure 2.9) can further improve the signal to noise ratio bsing
coincidence to rejeatosmic events. The scintillators are useful for measuring the
antiproton liféime, as well as counting the number of annihilations when the

antiproton plasma is dumped to a solid surface.

Catch

5 vy

< 1 Atom trap

Figure 2.9: The locations of the scintillator panels are highlighted on the CT (left) and AT (right). The scini
are positioned in pairs either side of the solenoids. Portable scintillator pairs are positioned next to the diagna
when additional iformation about the annihilation position is needed.
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2.2.7 Silicon vertex detector

Antiproton annihilations result in typically-3 unstablepionsbeing emitted, but
there can in theory be as many as[23]. These secondary particles travel at a
reasonable fraction of the speed of light and can either interact with other material or
decay naturally at a rate given by their lifetime. ALPHA uses a silicon vertex detector
to detect andeconstruct the paths tifesepionsand their byproducts to identify the
point of antiproton/antinydrogen annihilatig@8]. The detector consists of three
layers of position sensitive silicon strigghown enebn in Figure2.10). As particles
pass through the silicon they deposit a small amount of charge, which registers as a
hit. If all three of the layers register hits, then a vertex can be traced out, itatking
account any potential curvature from the maigrigzld. If two or moreverticescross
on or within the electrode walls, then the event is recorded as an antiproton

annihilation whilstverticesbeyond the electrodes are recorded as cosmic eveants.
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Figure 2.10: An example reconstruction afh antiproton annihilationléft) anda cosmic ray evertight).
The blue diamond indicates tpesition of the reconstructed annihilation evehe red dots the positions of
detected hits, and the inner circle shows the radius dPémingtrap electrodeslmage adapted frorf89].

The typical online analysis used to detect the annihilations based on the methods
described above has a detection efficiency of 63.4% dald@positive rate of 48.8
mHz, which can be reduced by limiting the search to specific parts of the trap. An
offline multivariateanalysis (MVA) allows a high degree of tuning of the background

rate at the cost of detection efficien@s demonstrated ihigure2.11). The MVA is
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trained onannihilationevents during the mixing processid cosmic runs where no

antiprotons or positrons were present in the apparatus.
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Figure2.11: A plot of the detection effigiey against the accepted background rate for the MVA analysi
reference, the performance of the standard online analysis is circled in red. The data displayed is from ai
mixing cycles and 82 hours of cosmic data from 2014. Téasrerror bas are negligible.

2.2.8 Temperature diagnostics

We have discussed the temperature of the plasmas held within the Penning traps
without yet quantifying how they were measured. The temperature of a plastia can
diagnosed by directly sampling the energy distribution. This is done by measuring the
charge that escapes wheme side othe confining potential well is lowered and the
particles are extracted to the M@Bnt. Although antiprotons can also be exteatcto
the MCP,as we discussed earliarbettersignal can bettainedby detectingthe
annihilatiors using the scintillator paneisstead

For a plasma in equilibrium, it has been demonstrfdéti that the number of
particles(0 ) with chargg(n) that escape the trap is approximately related to the change

in the confining potentigkw) by
23



whereQ is the Boltzmann constant afids the plasma temperatufEhe equation is

approximate for two reasorisirstly, the approximation is only valid for the very first,
highest energy patrticles to escape from the potential well, as the change in space charge
of the remaining particles is neglected. Secondly, the manipulation of the potentials
required to extract the plasmas necessarily change the shape of the well, causing the
plasma to lengthen and adiabatically cool. The expected influence of these tw® facto
can be numerically calculated and used to correct the measured plasma temperature.
By incorporating these corrections, it has been demonstrated that the temperature of
the plasma can be determined to within 2[34]. However this method has never

been calibrated by ALPHA in an absolute sense.

2.2.9 Magnetometry

The magnetic field of th€T, AT, and positronaccumulator are continuously
monitored using Hall probes. However, for experiments such as tB8 ti@nsition
measurement, a more precise measurement is naethedAT. This can be achieved
by measuring the electron cyclotron resonance (ECR), whibk srcular movement
of an electron in a static and uniform magnetic field due to the Lorentz force. The
frequency of this motion'Q s related to the magnetic fietdby the equation

Q0.

0 ;

(23)

whereQis the charge and is the massfahe electron.
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An electron plasma containing aroud million particles with a diameter of 1.5
I 3 mm is loaded into a single electrode. Microwave pulses andrifexted into the
trap via awaveguidesituated behindhe downstreanfiapper, and the electric fields
associated with these pulses heat the electron plasma when the frequency of the
microwave radiation matches the electron cyclotrdrequency [34]. Typical
measurements inject a microwave pula/@very 15 seconds to allow the plasma to
cool to its equilibriumemperature between each pulske Temperature change can
be inferred by monitoring the vibrational modes of the plasma. quagrupole
vibrational mode of the plasma is excited by apmiyhigh frequency Gaussian noise
to a neighbouring electrode (typically centred around 25 MHz), and the response of
the plasma isneasuredn the confining electrode through a high pass filter. This
frequency increases in a manner which is approximatedatly proportional to the
temperature of the plasml]. Figure2.12 shows drace of an ECR line shape which
was taken during the 20X@n. The peak of the linehape is resolvable to around 10
MHz, which corresponds to a magnetic fielkcturacy of: 0.5 mT. Thetechnique is
detailed in42].
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Figure 2.12: An example of an ECR line shape recorded during the 2016 beam period. The trace s

quadrupole vibrational mode frequency of an electron plasma when excited by micpmvisa® of increasir
frequency.



2.3 Antihydrogen formation and trapping

The formation of antihydrogen by mixing antiprotons and positiwaes been
relatively routinesince the early ATHENA and ATRAP experimentsut the
formation of antihydrogen with a low enough kinetic energy to be confined by the
magnetic trap is a much neodifficult endeavourAntihydrogen is thought to be
created by athreeody recombination process where a (¢
away the excess eneriagntprotoh paifdldlelt isitreerefore ve d posi t
bereficial to have the positron plasma as cold and dense as possible during the mixing
process to maximise the thrbedy recombination cross sectidn.this section, &
will discuss two different methods that have been employed to make cold, trappable
antihydrogen, as well as a technique flwnging additional antiprotons and positrons
into the trap for further antihydrogen productenmd antihydrogen accumulatiofihe
silicon vertex detectohas been (and remainah essential tool for analysing and
tuningthe antihydrogen production techniques.

2.3.1 Autoresonant mixing

Autoresonance is an effect which has been observed in a variety dihean
oscillators including plasma modept4]. When a swept frequency drive is applied to
a ron-linear oscillator whose frequency varies with its amplitude, the response can
become phaskcked to the driv§45]. This technique can be applied to the antiproton
plasma to gradually excite it into the positron plasma whé#g largely independent
of the initial conditions of the positrons and antiprotf8¥. The antiproton bounce
frequencies are typically too low for the autoresonant drive to have a direct effect on
the positrons, howevethe positrons are observed to heat from 20 K to around 50 K
after antiproton injection is finishedncreasing the number of antiprotons would
increase the positron heating, and result in a lower trapping Aateresonant
excitation was used up until t2016 beam period and yielded a peak trapping rate of
2 atoms per trial and a maximum of 4 atoms detected within the trap simultaneously

(using the standard online analysis method with a detection efficiency of%3.4%

26



2.3.2 Slow merge mixing

During the 2016 run, an older mixing techniguas revisitedwhich lead to a
trapping rate ofl0.5+0.6 atoms per triausing an MVA analysis tuned to give a
efficiency of 73.0+£0.4%lIn thisscheme, the positron and g@nbton electrostatic wells
are slowly merged ovet s, effectively allowingthe two species tlow into each
other.The positron plasma evaporatively cools to below 20 K during the merge, and
i ncreasing the antiproton nrheatngefiectasite snot
did during autoresonant mixing@his technique is potentially more sensitive to the
initial plasma conditions, bulhe use oevaporative cooling during the earlier rotating
wall compression stagedlowed the plasmas to be prepareithva high degree of
consisteny [46]. A fractionof thepositron plasma igetained after the mixing step for
temperature diagnostieand sanity checkd$-igure 2.13 shows a comparison of the

autoresonant and slow merge mixing techniques.

Figure 2.13: In the autoresonant scheme (left), the antiprotons are excited into the positrons by a
frequency. In the slow merge scheme (right), the initial wells (solid line) are reduced until the twosgpkairg
each other (dashed line).
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