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Introduction

Since its prediction by Dirac at the beginning of the 20th century, and its experimental
discovery in 1933 by Anderson, antimatter has been the object of many studies; including
tests on QED theory, the Charge, Parity and Time Reversal (CPT) theorem and also its

basic properties in order to compare it with ordinary matter.

One of the tests, which has been confirmed with matter, but not with antimatter is
proof of the theorem of the Weak Equivalence Principle (WEP), which is closely connected

to measuring gravity.

In order to investigate this theorem, three independent groups were established - the
GBAR experiment, the ALPHA-g project and the AEgIS experiment - Antihydrogen

Experiment: Gravity, Interferometry, Spectroscopy.

Of the three aforementioned groups, this thesis will focus on the latter. AEgIS aims
to measure the gravitational acceleration of cold antihydrogen atoms. These atoms are
produced by a charge-exchange process between trapped antiproton plasma and a cloud

of excited Rydberg positronium atoms.

In this thesis, the main steps towards this production of antihydrogen are investigated
together with the analysis of the image from the micro-channel plate, which is one of the

crucial diagnostic tools in the experiment.

The first chapter is dedicated to the theoretical background of the experiment - specif-
ically, to the Weak Equivalence Principle and prior tests of it throughout history.

In the second chapter, the apparatus of the AEgIS experiment is introduced. At first,
the Antiproton Decelerator, the only source of cold antiprotons in the world, is described
together with the principle of antiproton production and the antiproton cooling inside
the decelerator. Next, the layout of the AEgIS experiment is described together with
its detection system and particle diagnosis. Also, the future of the experiment is briefly
discussed. Then, two main parts of the AEgIS apparatus are described in detail - the
positron apparatus and the main trap system, which is the most important part for the

antihydrogen production.



In the third chapter, different types of antihydrogen production are summarised. At
the beginning, the production of fast antihydrogen atoms is described, together with the
first production of antihydrogen atoms ever. After that, two examples of production
of cold antihydrogen atoms are given - three-body recombination and resonant charge-
exchange.

In the fourth chapter, the summary of 2018 beamtime at the AEgIS experiment,
which was dedicated to the antihydrogen production, is presented. At the beginning, the
manipulations of antiprotons - loading, cooling, stacking and compression - is described
in detail. In the second part of the chapter, the antihydrogen production and detection
are described.

Finally, in the fifth and final chapter, the image analysis from the micro-channel plate
(MCP) is presented. At the beginning, the term deconvolution of the image is introduced
together with the Richardson-Lucy algorithm. At the end of the chapter, results obtained

by using this method are shown.



Chapter 1

Why 1s Measuring Gravity So

Important?

The primary scientific goal of the AEgIS experiment is to directly measure the Earth’s
local gravitational acceleration ¢ on neutral antimatter atoms, H. This measurement is
closely connected to the testing of the principle of universality of the free-fall, which is a
consequence of the more general Equivalence Principle (EP). In this chapter, the basics

of the EP will be explained together with its tests, which have been already taken.

1.1 The equivalence principle

Although gravity is known since Galileo’s observation and antimatter is known since the
1930s, there were no tests which would prove gravity properties of antimatter yet. Scien-
tists have to struggle with problems, which antimatter brings: firstly, antimatter itself is
very rare (and mostly also unstable) material. Secondly, most of the stable antimatter are
charged particles (antiprotons, positrons), which makes the measurement almost impos-
sible since the gravity force is the weakest of all fundamental interactions. The studies of
gravitational behaviour of charged antiparticles would need both electrical and magnetic
fields to be screened out with a precision of 1073% at least, which is unachievable. Due to
this fact, the only way how to study this kind of behaviour is to use electrically neutral
antimatter particles (with small initial velocities).

The principle of universality of the free-fall begins with Newtonian physics terms,
which require the exact equivalent between inertial (m; - from the second Newton’s law)
and gravitational masses (m, - from the first Newton’s law), m; = m.

Now is gravity described by Einstein’s general relativity with a more general equiva-

lence principle as its foundation. This Equivalence Principle (EP) states: a homogeneous

3



4 CHAPTER 1. WHY IS MEASURING GRAVITY SO IMPORTANT?

gravitational field is locally equivalent to a uniformly accelerated reference frame, with a
prediction from the Universality of Free Fall (UFF): the trajectory of a point object freely
falling in a gravitational field depends only on the object’s initial condition and not on its
composition [1].

From an experimental point of view is customary to distinguish two forms of the EP:
Strong and Weak. The Strong Equivalence Principle (SEP) states that all interactions
(including gravity) give equal contributions to m; = m,. On the other hand, the Weak
Equivalence Principle (WEP) neglect the gravity contributions, which means that the

falling objects are bound by non-gravitational forces.

A review of the main experiments which set the boundary for SEP and WEP follows.

1.1.1 EP for matter

Although there are no experimental tests for antimatter yet, the Equivalence Principle
was tested very successfully during the last century with matter systems.

The fact, that the experiments use very different systems (an overview can be seen
in [2]) leads to introducing a comparing parameter 7, that measures the strength of the
EP-violation. This parameter is known as the E6tvos parameter and it is defined as the

difference of the acceleration of two examined bodies divided by the average:

la; — as]
S 1.1
= T a2 (1.1)
in terms of masses:
[(mg/mi)1 — (my/m;)s] (1.2)

|(mg/mi)1 + (mg/mi)2| /2
Bounds on 7 for SEP

The installation of the corner cube retro-reflectors on the lunar surface more than 35
years ago with the Apollo 11 lunar landing, initiated a unique program of lunar laser
ranging (LLR) tests of the EP. LLR accurately measures the round-trip time of flight
for a laser pulse fired from an observatory on the Earth, bounced off of a corner cube
retro-reflector on the Moon, and returned to the observatory. 3|

The SEP result from this kind of experiments is

ng) _ (mg) } — (=2.0+2.0)-107"%, (1.3)
My ) Barth My ) Moond SEP

which can be translated into a value for the corresponding SEP violation parameter
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Nstrong = (4.4 £ 4.5) - 107,
Bounds on n for WEP

As can be seen from Figure 1.1 many tests were taken to measure the E6tvos parameter

(n) precisely.

TESTS OF THE
WEAK EQUIVALENCE PRINCIPLE

I 1 1 | | | | [ |
108 [~ Ebtvbs Matter waves =
I Renner . sl I
ree-ta
100 |~ I -
; Fifth-force
10 searches _
10 Boulder /
I] Princeton Eot-Wash
o= I —
Eot-Wash
1012} Mn-scoiv L _
10713 - I I I -]
_ @4-ap
10_14 | (a,+a,)2 _
| | | I | ] ] |

|

o 7o 7 Sn o 7 ry P <
s 9 & oy 8 &, &2,
%% %% % % %

YEAR OF EXPERIMENT

Figure 1.1: Tests of the WEP taken until 2010. The E6tvos parameter 7 versus the year
of the test is plotted. Taken from [2].

The first test was taken during the 17th century by Galileo, Newton and Bessel with
two oscillating pendulums of different compositions, concerning the fact that the two
masses are in free fall along the tangent to the trajectory of their respective oscillation.
The precision reached by this experiment was n < 1073. Later were these tests improved
to reach the precision 1075,

These results were considered as the most precise ones until 1890 when E6tvos pub-
lished the first results of his test of the equivalence principle with a precision n < 1078.
E6tvos experiment is called torsion balance experiment an its principle can be described

by Einstein’s words: A body on the surface of the Farth is acted upon by the terrestrial
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gravitation and the centrifugal force. The gravitational mass is the determining factor
for the first force and the inertial mass for the second one. If the two did not coincide,
then the direction of the resultant of the two (apparent gravitation) would depend on the
material of which this body consists. |4] The sketch of the principle can be seen in Figure
1.2.

North — South direction of the
horizontal plane of P

arc of meridian passing through point
Pon the surface of Earth at latitude &

Figure 1.2: The principle of torsion balance experiment. Two plumbs lines in P, at
latitude 6 on the surface of the Earth rotating with angular velocity &, have masses of
different composition, A and B. We assume them to have the same inertial mass m;, but
different gravitational masses: m?% = m;, m% = m?%(1 + n), where n # 0 is the E6tvos
parameter. The figure is not to scale. The deflection angle of the plumb line is very small.
Taken from [5].

The violation signal of a torsion balance experiment occurs at zero frequency, which
is a difficulty. To avoid this problem, in the mid-1960s Dicke and collaborators used the
Sun as source body of a possible violation and therefore exchanged the position of the two
masses. Their experiment compared the gravitational and inertial mass of the test bodies
which enter, respectively, in the gravitational force from the Sun and in the centrifugal
force along the orbit around it. In 1972 Dicke’s group reached a precision of 107!, which
was a few years later improved by Braginsky (in Moscow) to 107'2, which is four orders
of magnitude better than E6tvos had done.

After Dicke’s and Braginsky’s experiments it was apparent that the challenge was a

rotating torsion balance, in order to achieve in the field of the Earth the same precision
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demonstrated in the field of the Sun. That leads to the best present test made by the
Eot-Wash group led by Eric Adelberger at the University of Washington in Seattle. As
can be seen in [6], the outcome of the experiment was almost 5 orders of magnitude better

than the E6tvos’ one and the conclusion is
Nweak < (0.3 4+ 1.8) - 1071,

The next step in precise measurement of Edtvos parameter is leaving the Earth’s
surface and place the torsion balance experiment in space with (almost) zero-g. As the
first one, a French satellite called MICROSCOPE (Micro-Satellite & trainée Compenseé
pour I’Observation du Principe d’Equivalence) was launched on 25 April 2016. It started
collecting the data in December 2016 and the preliminary results have been reported in
2017. The aim of the experiment is to test WEP to 1071 [7].

The next experiment under study is an Italian non-cryogenic satellite named Galileo
Galilei (GG). It should be flown in low Earth orbit as MICROSCOPE, aims at testing
the weak equivalence principle to 107! at room temperature. More details can be seen
in [8].

1.1.2 EP for antimatter

There have not yet been any direct measurements including free-fall or gravitational bal-
ance, tests of the gravitational interactions of observable matter and antimatter. More-
over, direct gravitational experiments with non-neutral antimatter (isolated positrons or
antiprotons) are exceedingly difficult because the electrical forces overwhelm the grav-
itational forces. As mentioned above, employing neutral antihydrogen or positronium
eliminates this complication.

The first rough measurement was reported by a part of the collaboration ALPHA,
which is called ALPHA-g (AD, CERN) in 2013 [9]. Their novel method yields directly
measured limits on the ratio of the gravitational to inertial mass of antimatter, measured
on 434 trapped antihydrogen atoms in ALPHA’s octupole magnetic trap. The result set
statistical bound on the value of

Mg

F= (1.4)

m; ’
where m, is the gravitational mass and m; is the inertial mass of antihydrogen.
Using the method of comparing the positions of actual and simulated annihilation
events, they ruled out ratios above F' = 75 (statistics alone) and F' = 110 (including

worst-case systematic effects) for gravity, and below F' = —65 (combined systematic and
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statistical effects) for antigravity, at the 5% significance level. Unfortunately, this is far
away from the result F' = 1, where small deviations of WEP can be tested. However,
ALPHA plans to continue in using this method which can lead to improvement of the

measurement.



Chapter 2

The AEgIS Experiment

The AEgIS experiment belongs to the six currently working experiments in the Antiproton
Decelerator (AD) hall at CERN (together with ALPHA, ASACUSA, ATRAP, BASE
and GBAR). The location of all these experiments is in the zone inside the ring of the
Antiproton Decelerator. In this chapter, a quick overview, a hardware schematics of this
experiment will be shown and also the detection system used for particle diagnostics

together with positron apparatus and the inner trap system of the experiment will be
described.

2.1 Antiproton Decelerator

The Antiproton Decelerator (AD) facility at CERN, the only source of cold antiprotons in
the world, began operation in 1999. It is an oval-shape synchrotron with the circumference
of 188 meters (Figure 2.1). It consists of four straight sectors, where the instruments for
cooling of the beam, the RF cavities and diagnostics equipment are placed. For the

bending of the beam a series of dipole and quadrupole magnets are used.

2.1.1 Production of antiprotons

The antiprotons are produced by colliding a proton beam on an Iridium target. In a small

fraction of collisions, the following reactions occur:
p(beam) + p(target) — p+p+p+D, (2.1)

p(beam) + n(target) — p+n+p+p, (2.2)

9
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. ) Slochastic cooling kicker
Antiproton production target

Injaction/ejection alements

Elactron cooler

Deceleration / bunching RF cavities

Figure 2.1: Schematics of Antiproton Decelerator, ELENA facility and the position of
current experiments. Also, the exact places where the cooling (electron and stochastic)
takes place are shown.

under the conservation requirements of energy, momentum, and nucleon number. The
schematics of the principle of the production is shown in Figure 2.2.

The minimum kinetic energy required for this reaction is E ~ 6 GeV with laboratory
energies of produced p and three p Ej, ~ 1 GeV. In order to increase the production
yield, protons with high energies (26 GeV) from CERN’s Proton Synchrotron (PS) are
used. This corresponds to an energy of produced p Es ~ 3.6 GeV.

During the AD cooling process, this energy is reduced by three orders of magnitude
to 5.3 MeV.

2.1.2 AD cooling process

The Antiproton Decelerator cools antiprotons in a cycle with a duration of ~ 120 s, which
can be seen in Figure 2.3. It took place in four steps (injection, RF stretching, double
stochastic and electron cooling). Places, where all these steps take place can be seen in
Figure 2.1.

At first, a beam containing about 1.5 - 10" protons produces about 5 - 107 (fast)
antiprotons, which are injected in the AD (the first region in Figure 2.3).
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Target
{In
1 -
—
Proton bearm ® o oo . JO-:J
PS gseeyy = o° RSN
\ |l\-’1agnet|<
" L ]
3 Antipratans
4 D 4,
\ \ AD

Figure 2.2: Principle of antiproton production. A proton beam collides on an Ir target
and a small fraction follows the reaction (2.1) or (2.2) and produce antiprotons, which
are then lead to the AD by a magnetic line.

Then, RF fields stretch the pulse lengths from L = 30 m (corresponding to A t = 25 ns)
to 190 m (A t = 150 ns)).

Next, stochastic cooling is applied (first two flat region in Fig. 2.3): special electrodes
(Stochastic cooling kicker) are located along the AD in order to detect deviations Ap; (the
momenta) and Ax; (the transverse position) of small subgroups of p relative to the mean
values of all p. These signals are then used for a correction of the subgroups by applying
electric pulses from steering electrodes (located on the opposite side of the AD). These
pulses are repeated in order to converge the beam and decelerate it to p = 2 GeV /c.

After that, electron cooling of the beam is applied (third and fourth flat regions in
Fig. 2.3): at over a 2 m long linear region by an electron beam. Antiprotons loose
their energy via Coulomb collisions with e~ and therefore achieve the final momentum of
p = 5.3 MeV.

At the end of the cycle, a 100-200 ns long beam, which contains about 3-107 antiprotons

is extracted into one from five experimental zones inside the AD hall.

2.2 Layout of the experiment

The primary scientific goal of the experiment is to directly measure the Earth’s local
gravitational acceleration g on H with 1% relative precision. The current aim of AEgIS

is to form a cold antihydrogen beam at 100 mK.
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Figure 2.3: AD cooling cycle. The regions, where two types (stochastic and electron)
cooling are applied, are shown.

The experiment itself works in several steps as can be seen in Figure 2.4. The advantage
of the experiment is that the positron and the antiproton system could work independently
to each other.

At first, positrons are produced by a ??Na source, whereupon they are cooled down,
captured and accumulated. From the hardware point of view, the positron apparatus is
located on the second floor of the experiment as can be seen in Figure 2.5.

The next step is the production of positronium (Ps). The Ps formation mechanism
chosen by AEgIS uses a silica converter where positrons are implanted at about keV
energy in the surface. The last part concerning positronium is its laser excitation to a
high Rydberg state by a group of lasers whose wavelengths are tuned in the range 204-
206 nm for the first step (n = 3), and 1680-1715 nm for the second step (n = 15 — 17).

After that, antihydrogen is finally pulsed-formed by resonant charge exchange between

Rydberg Ps and cold antiprotons:

Ps*+p— H*+e . (2.3)

This step is the last one in the current experimental setup.

The hardware schematics of the AEgIS apparatus can be seen in Figure 2.5. The
positron system is located on the second floor of the set-up, just above the AD antiproton
line.

In the first floor the main vacuum chamber is located, connected to the positron system
by a positron transfer line. The main apparatus consists of two Penning-Malmberg traps
with two sizes of magnetic field generated by a superconducting Niobium Titanium alloy:

4.46 T (originally designed to operate at 5 T), which is used for storing and cooling



2.3. DETECTION SYSTEM AND PARTICLE DIAGNOSTICS 13

antiprotons, and 1 T, which is used for H production. The superconducting state is
reached by using liquid nitrogen and liquid helium in order to cool the magnets. The
external surface is at nitrogen temperature, 77 K, whereas the internal tube (with traps)
is at 4 K. The scheme of the magnetic field in the main apparatus is shown in Figure 2.6.

Each region will be described in the next sections.

positronium
s, converter
e+
Ps Ps
h— ol laser
excitation
Ps’ 55
Ps’
H’ H' H beam
/;\\ .. .. Q o oA m
N °e N _/
antiproton accelerating
trap electric field

H.

Figure 2.4: A brief scheme of the steps of the experiment. Antihydrogen is produced by a
charge exchange of positronium, which is excited by the set of two lasers, and antiprotons,
which are stored in the antiproton trap. Taken from [10].

2.3 Detection system and particle diagnostics

AEglIS contains many variable types of detectors in order to diagnose the most important
particles - electrons, antiprotons, positrons and antihydrogen.

Moving from left to right in Figure 2.5, the first important detector is 5T micro-channel
plate (5TMCP), a 200 MCP in chevron configuration with a P67 phosphor screen and
metallized surface. This MCP is able to image the entire full radius of the traps and is

placed in the 5 T trap.

In a central region of the experiment, two Faraday cups (FCs) are placed to measure
the number of charged particles. FC is the most simple and the most frequent type of
charged particle detector. Charged particles enter the cup and hit the collector. Then,
secondary electrons are emitted from the collector and the signal is digitized by the readout

circuit.
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Figure 2.5: Schematic of the AEgIS apparatus. Positron apparatus, antiproton line from
AD and the main trap apparatus is shown.

The main detector designed for antihydrogen formation, found around the production
trap, is called FACT (The Fast Annihilation Cryogenic Tracking detector). It is the
only detector with vertex reconstruction capabilities, composed of 800 z-stacked rings of
scintillating fibres arranged in four concentric layers around the production trap with an
active region of about 300 mm in length. Each scintillating fibre is coupled to a plain
fibre that carries the scintillation light to the external flange of the experiment, where it
is read by a Multi-Pixel Photon Counter (MPPC) detector at room temperature. More

details about this detector can be seen in [11]

At the end of the apparatus, the field ionization detector MCP (ITMCP) is found.
The 1'TMCP consists of a 10 MCP assembly in chevron configuration with a P67 fast
phosphor screen on the back. This kind of detector can image all charged particles plasmas
(electrons, positrons, antiprotons) with a very good definition and stability. Due to this
fact it is used as the crucial piece of all diagnostics. An example of the images obtained

by dumping different kinds of charged particles is shown in Figure 2.7.

Around the main apparatus of the experiment external annihilation detectors are
placed. Firstly, 12 external plastic scintillator slabs are installed around the external
surface of the vacuum chamber to monitor annihilations. All scintillators can be seen
in Figure 2.5. Each scintillating slab is a cylindrical segment, about 100 mm in width,
20 mm in depth and made of plastic polystyrene doped with POPOP wavelength shifter.
It covers a solid angle of about 3 % with respect to an annihilation happening in its centre.
Each slab is optically coupled to two heavily shielded coincident photomultiplier tubes
(PMTs).
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Figure 2.6: Magnetic field in the AEgIS apparatus. a) on-axis field; b) 5 cm off-axis field.
Both field are shown: parallel to the axis (B,) and transverse to the axis (B,).

Secondly, 2 CsI crystal scintillators are placed in the apparatus to determine the

number and possible losses of positrons during the accumulation and transfer.

This list of detectors names only the most important and main ones in the apparatus.

For further diagnostics many secondary detectors are used in the experiment.

2.4 Future of the experiment

After the planned shut-down in 2019-2020, new antiproton decelerator called ELENA
(Extra Low Energy Antiproton Ring) will be connected to the AD. ELENA plans to
use double electron cooling of antiprotons which means decelerating the particles from
momentum of 100 MeV /¢ (5.3 MeV in energy) down to 13.7 MeV /¢, which corresponds
to kinetic energy of 100 keV [12].

However, the main motivation for building ELENA is to significantly increase the
number of antiprotons usable for physics due to degrading the energy and therefore no

need of usage of degrader foils (and loosing antiprotons) in the experiments.
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Another advantage of ELENA should be the availability of the beam due to its serving

up to all experiments simultaneously, which will give users much more beam time.

Figure 2.8: The photo of the decelerator ELENA (taken in August 2018).

2.5 Positron and positronium system of AEglS

The formation of cold positronium atoms is one of the key conditions which need to be

fulfilled for a successful antihydrogen formation. In the first part of this section, the

positron apparatus of the experiment will be described and the positronium formation

and excitation will be shown in the second part.
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2.5.1 Positron system

The main positron system of the experiment is schemed in Figure 2.9 and contains mainly
three elements: a positron source (with a moderator), a cooling trap and an accumulator
for storage. After that the system is divided into two parts: one leads to the main

apparatus and the second one via electrostatic buncher to the target chamber, where

measurement at room temperature can be done.

Electrostatic syste
and buncher
—

Source + Surko-trap Accumulator \ Target chamber
Ne moderator Magnetic transfer line to

the main AEgIS apparatus
Figure 2.9: Scheme of the AEgIS positron system. Positrons leave the source, then are

moderated by liquid Ne, cooled in the Surko trap and stored in the accumulator. Magnetic
lines then carry particles to the main apparatus or to the target chamber.
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Figure 2.10: A typical energy spectrum of 87 decay compared with the energy of moder-
ated positrons.

2.5.1.1 Positron source and moderator

Positrons are emitted by a 51 decay of a 22Na radioactive source with a half-life 2.6 years.

In March 2012, a 21 mCi radioactive source was placed at the beginning of the positrons
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apparatus. In 2015, the radioactive source efficiency decreased to 11 mCi, so in the year
2016 a new source, 50 mCi, was installed. This replacement provides about four times

more positrons than before.

Due to the fact that positrons are emitted in a wide range of energies (see Figure
2.10), a moderator, which cools them down is needed. The moderator chosen by AEgIS
consists of a thin solid film of Neon deposited directly on the surface of the source and its
holder. For growing it, a Ne gas is injected into the source chamber, and freezes on the
source holder, set at 7 K via a closed Liquid Helium. The energy of moderated positrons

is cooled down to a few eV (moderated positrons can be seen in Figure 2.10).

2.5.1.2 The Surko trap

The slow positrons are then extracted into the so-called Surko trap. The Surko trap is a
special Penning-Malmberg type trap, which uses a buffer gas to cool down the positrons
(more information about the Penning-Malmberg traps is provided in the section 2.6). The
principle of the trap is simple: particles lose the energy by inelastic collision (which are
much more probable than annihilations) with the molecules of gas inside the trap.

The Surko trap which is used in AEgIS has three stages, each with a lower potential
(and also lower gas pressure) than the one before (can be seen in Figure 2.11). In this
kind of trap, No (in the first two stages) and C'O, (in the third stage) are used as the
buffer gasses.

In the first stage, the cooling of positrons needs to be very effective and that leads to
a need of high pressure of the gas (~ 10~* mbar). Consequently, the lifetime of positrons
is lowered to a few milliseconds.

Cooled positrons are then loaded into the second stage. This stage has a lower potential

than the previous one, so positrons cannot escape and they get colder.

After that, positrons fall into the third potential well, where they are cooled down by
the mixture of Ny and C'Oy. To compress the positron plasma, a Rotating Wall (RW) is
applied in the third stage. The RW technique applies a rotating electric field in order to
couple it with the plasma to inject angular momentum. C'O, is used for the compensation
of heating by applying RW technique.

The three stages of potentials are shaped with 6 electrodes and the magnetic radial
confinement is done with a 0.07 T magnetic field.

The positrons are released from the trap every 0.15 seconds with energy of about 17 eV.

The number of positrons in each bunch has been measured by a set of Csl detectors and
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be estimated to (2.7 + 0.3) - 10%. The efficiency of the trap (the ratio between injected

and released positrons) was measured to be ngyrpo = 1.4 - 1071 [13].
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Figure 2.11: The potential in the three-staged Surko trap used in the AEgIS experiment.
Emitted positrons enter by the inlet electrode, collide with buffer gas and get cooled.
Finally they are accumulated in the last stage, where rotating wall (RW) compression is
applied to them.

2.5.1.3 The accumulator

Positrons which are extracted from the Surko trap are magnetically transported into the
positron accumulator. This accumulator is also a Penning-Malmberg trap and it uses
CO4 to compensate the heating from RW, which compress positrons.

In comparison to the Surko trap, the accumulator has much lower pressure (6 - 10~% mbar)
and the magnetic field used for the radial confinement is higher, 0.1 T. The longitudinal
confinement is ensured by a harmonic potential about 14 V deep. Due to these properties,
the lifetime of positrons is increased to minutes and that allows to store pulses from the
Surko trap.

The trap itself consists of 23 electrodes with the inner radius of 1.27 cm, which makes
the harmonic potential well. The first, inlet electrode, can be moved up and down and
therefore allows the positrons to come in the accumulator, but not escape. Using this
movement, the trap can be filled several times with positrons stacked inside. The maxi-
mum storage time is ~ 9 minutes.

The number of positrons stacked in the accumulator was measured by opening the trap
after given pulses and counting the number of positrons from the number of annihilations
on a target. With the old source (11 mCi), up to 5000 pulses can be stored. The number

of stored positrons versus the number of pulses can be seen in Figure 2.12.
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The ejection of the positrons is performed by changing the shape of potential from
harmonic to the linear (as can be seen in Figure 2.13) and the energy of positrons have
to be increased up to 500 eV so they can be transferred to the main apparatus without
being back-reflected by the 5 T magnet.

If the positrons are not transferred into the main apparatus, but into the target cham-

ber, the energy of 100 eV is enough to succeed.
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Figure 2.12: The number of stored positrons versus the pulses from Surko trap for the
intensity of the radioactive source 11 mCi. Taken from [14].
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Figure 2.13: Scheme of the potential inside the positron accumulator. Left: harmonic-
shaped potential, which allows to store positrons (and inlet electrode, which allows the
positrons to enter). Right: changing the potential to a linear shape in order to increase

the energy of positrons and ejecting them from the accumulator.
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2.5.1.4 The target chamber

In order to study positron and positronium physics, a test target chamber was built at
the same level as the whole positron system.

The target chamber operates at the room temperature and the magnetic field is tunable
from less than 2 Gauss to 300 Gauss to provide various measurements. The non-presence
of a magnetic field is convenient for spectroscopic measurements, for instance.

In order to inject the positrons from the accumulator into the chamber, a transfer line
called a buncher was built. The buncher with the target chamber can be seen in Figure
2.14.

The buncher itself consists of 25 electrodes which generate an electric field needed for
the transport, which means that no magnetic field is needed in this stage. Three more
electrodes are needed for decreasing the magnetic field at the beginning and for the spatial

focus. The main aims of the buncher are following:

1. Extract positrons from the magnetic field of the accumulator and drive them towards

the target chamber

2. Accelerate positrons to the required energy to implant at a depth in the converting

material that allows efficient thermalization
3. Spatially focus the positron cloud on the target

Every electrode in the buncher is 1.6 cm long, that means that the buncher has a
length of 40 cm. Consider the fact that the bunch of positrons is >~ 20 cm long, there is
no problem in containing the whole pulse between the first and the last electrode. They
then form two lenses, so the e™ bunch is focused in the middle of the buncher (as can be
seen in Figure 2.14).

When the positron pulse arrives, a parabolic potential is raised between the first and
the last electrode in order to compress the pulse in time (from 20 - 30 ns to about 7 ns) and
space (few mm, depending on the electromagnetic conditions). It also allows to accelerate
the bunch, from energy of 100 eV to the required implantation energy, typically 3.5 keV
(up to 7 keV).

In Figure 2.15 (left) the image of the compression of pulses at the MCP can be seen.
On the right, we can see two annihilation curves. The energy of positrons during this
measurement was 3.3 keV and the magnetic field was below 1.8 G. One is obtained
without the buncher and the FWHM for this curve was 21 ns. On the other side, with
buncher on the FWHM was 7 ns.
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Figure 2.14: (a): Sketch of the electrostatic system. (b): Simulation of positron bunching
and focusing from the end of magnetic section to the target. Taken from [14].
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Figure 2.15: Left: positron image at the MCP. Right: Comparison of the two annihilation
curves obtained with and without the electrostatic buncher, showing bunching and time-
focusing of the positron cloud on the target (the HV puls was set to 4200 V). Both signal

are normalised to the same amplitude. Taken from [15].
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2.5.2 Positronium

Positronium (Ps) is a bound state of an electron (e”) with its antiparticle, a positron
(e™) with the binding energy of 6.8 eV. It is the lightest known atom, experimentally
discovered in 1951.

As Ps binds one particle and its antiparticle together, it has a short life-time and other
interesting properties.

Depending on the configuration of spins of electron and positron, Ps has two ground
states. The singlet state with anti-parallel spins (and a total spin equal to zero) is called
para-positronium (p-Ps), its life-time is around 125 ps and it annihilates in 27y (with the
energy of 511 keV each) emission.

The triplet state with parallel spins (and a total spin equal to one) is called ortho-
positronium (o-Ps). The lifetime of 0-Ps is 142 ns in a vacuum (15 ns in a magnetic field
of 1 T) and it annihilates in 3~ (with a total energy of 1022 keV).

2.5.2.1 Positronium production

The positronium is usually produced by a beam of positrons (with an energy 50 eV to
15 keV) injected into a porous material. When a positron is implanted into a thin film, it
will scatter off atoms and electrons in the solid and slow to atomic-scale energy (several
eV) very quickly. The behaviour of the positrons in porous materials can be seen in Figure
2.16.

Figure 2.16: The production of positronium in a porous material. Taken from [17].

As a target for Ps formation in experiment AEgIS, a silica-based target is used. Inside

the target, nano-channels (of about 5-15 nm diameter) are formed and its surface is
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oxidized to form a thin layer of silica. This kind of target was chosen because of the

following reasons:

1. In silicon, positrons have a long diffusion length before annihilation, which allows

positrons to release energy and therefore form Ps, which is emitted into the nano-

channels.
2. The target is able to be operated at very low temperatures (nominally 100 mK).

3. This kind of target has the highest efficiency in producing Ps in the material bulk

at low temperatures (about 50 %).

The Ps formation and emittance can be controlled by so-called single-shot positron
annihilation lifetime spectroscopy (SSPALS). It is based on detecting the v-rays from the
annihilation of Ps. The results from this measurement can be seen in Figure 2.17 (the

energy of positrons was 3.3 keV). In the figure the tail, which prove the Ps formation is

clearly visible.
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Figure 2.17: SSPALS spectra measured on MCP. Grey line: no Ps production; black line:
Ps production. Taken from [15].
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2.5.2.2 Positronium excitation

In order to produced the antihydrogen by the reaction (2.3), it needs to be excited to a
high Rydberg state. By this excitation, we increase the rate of produced antihydrogen
because the cross section of this reaction scales as o o nh,, where npy is the positronium
principal quantum number. Moreover, the Ps cloud will be able to achieve the p cloud

more easily, because the life-time of excited Ps is much longer.

The excitation itself occurs inside the 1 T magnet between the on-axis and off-axis
trap. The exact place of excitation can be seen in Figure 2.18, where the photo of the

production trap and the target is shown.

Ps target

Production trap

Figure 2.18: The photo of the area, where the excitation takes place.

The excitation takes place in two steps. At first, Ps is excited by an UV laser with a
wavelength A\ ~ 205 nm from a 135 state to 3°P state.

Then, Ps is excited from n =3 to n = 15 — 17 with an IR laser with a wavelength
A = 1680 — 1715 nm. Achieved life-time of Ps* is then in order of microseconds, which
is enough for reaching the antiproton cloud (placed around 2 c¢m from the production

target).
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2.6 AEglS inner trap system

Trap system is the most important part of the AEgIS experiment. All charged particles
(electrons, antiprotons, positrons) are cooled, trapped and manipulated in two cryogenic
environments with the magnetic induction of 5 T and 1 T provided by superconducting

magnets. In this section, the system of inner traps will be described in its current status.

2.6.1 Penning trap

The ideal Penning trap is based on the superposition of a homogeneous magnetic field
(for the radial confinement of the beam) and a static electric potential (for the axial

confinement if the beam). The ideal electrostatic potential of such a trap is quadratic:
Vo [, a2 1
— - 7 2.4
o(x,y, 2) 5 (z 55 ) (2.4)

where x and y are radial components and the magnetic field B = (0,0,B,) is ap-
plied along the z axis. Vj is the difference between the potential at the first (ring)
electrode and the last (end-cap) electrode and d is the characteristic size of the trap,
d*> =1/2 (22 +r2/2), where ry and z, are the minimum distance between the center and
the end-cap (or ring) electrode (depicted in Figure 2.19).

In this type of a trap, the movement of the particles is harmonic and the frequency of

axial motion is independent of its energy and can be changed by the potential Vj:

aVo

md?’

(2.5)

w, =

q and m is the charge or mass of the trapped particle.
In order to achieve the ideal electrostatic potential, the shape of the electrodes of the
trap needs to be hyperbolic, as can be seen in Figure 2.19. However, this shape of the

trap has some disadvantages:
1. It is difficult to obtain a hyperbolic shape of the electrode

2. Loading of the particles is performed by making a hole in the center of one end-caps

and that perturbs the field lines and therefore the trapping stability
3. Due to the finite size of the hyperbolas, the electric field is not perfectly homogeneous

However, a cylindrically symmetric electrode structure that creates a saddle point

also has a harmonic potential of the form of Eq. (2.4) in a small region around its center.
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Figure 2.19: The ideal Penning trap geometry - hyperbolic shape. Taken from [18].
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Using this fact, the open-ended cylindrical-type Penning trap was studied in details and

then widely used. This shape of the trap can be seen in Figure 2.20.

The cylindrical shape of the traps solves the problem with injecting of the particles,

since they are injected along the main (magnetic field and electrode) axis.

In the beginning, the structure was similar to the hyperbolic-shaped trap, with the

structure of three electrodes (two end-caps and the central one). Later, two so-called

‘guard’ (or correction) electrode rings were added between the ring and the end-cap, which

meant five electrodes in total. However, later studies (with the usage of computing power)

showed, that by adding another two correction electrodes, exactly the same harmonicity

as in the hyperbolic-shaped trap can be reached.
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Figure 2.20: The open-ended cylindrical trap. Taken from [19].
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2.6.2 Malmberg trap

The next type of a trap for charged particles is a simplified version of Penning trap, so-
called Malmberg trap. This trap generates a square-shaped potential (the shape can be
seen in Figure 2.21 b)) and is usually used for a confinement of pure electron plasma.
The trap itself is composed of a set of cylindrical shaped electrodes and the potential is
reached by setting the central electrode to the ground and the other electrodes (end-caps)
to the trapping voltage V.. A simple schematic of the electrodes can be seen in Figure
2.21 a). Usually, the length of the central electrode of the trap is bigger than its inner

radius.
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Figure 2.21: Malmberg trap; a) a simple schematic of electrodes; b) a flat potential inside
the trap.

Since there is a difference between the potentials, also the motion of particles is dif-
ferent. In a Malmberg trap, the particle doesn’t feel any electric field in the region of the
central electrode, the only part of the trap, where the electric field can be felt is close
to the end-caps. Therefore, particles undergo cyclotron oscillations in the magnetic field

and they are confine between the end-caps.

Each of the end-caps can be used as a ’door’ to the trap by changing the voltage on it.
For loading the charged particles (pbars for instance), the voltage on the first end-cap is
lowered to the ground, in order to let the particles enter the trap. When all the particles
are in the trap, the voltage is set back to V. and the particles are trapped inside the
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potential well. To eject the particles from the trap, the voltage on the second end-cap
can be grounded. This procedure is shown in Figure 2.22.
A trap, which can combine both of the potentials (the harmonic one and the square-

shaped one) is called a Penning-Malmberg trap.
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Figure 2.22: Malmberg trap: a) loading of the particles, b) the enter of particles, ¢) pbars
are trapped.

2.6.3 AEglS trap system

The AFEgIS trap system is the most important hardware part of the experiment and it is
located in the cryogenic environment of the main experimental apparatus, inside the 4.5 T
and 1 T magnets (the experimental apparatus can be seen in Figure 2.5). The aim of the
trap system of the experiment is to store, cool and manipulate antiprotons, positrons and
formed antihydrogen atoms.

Due to its purpose, the chosen geometry is so-called Multi-Ring Trap one, which
means the Penning-Malmberg trap, composed of many short cylindrical electrodes of the
same length. With such a configuration, the trap potential can be changed easily just by
changing the voltage applied to the trap’s electrodes. Using this change, the harmonic
potential can be moved along the axis (with shifting the plasma inside) and also a non-
harmonic potential can be used.

The system is composed by 102 electrodes, contains 7 traps and is divided into two
regions as the magnetic field around them: 4.5 T and 1 T. The schematic of the trap

system is shown in Figure 2.23.

2.6.3.1 The 4.5 T Penning-Malmberg trap

This trap is the first part of the apparatus, which is used to manipulate with the antipro-

tons coming from AD. The length of the trap is around 1 m with inner radius 7y = 15mm.
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Figure 2.23: The whole trap system of AEgIS inside the main apparatus. The system is
divided into two main parts (4.5 T and 1 T region) and it consists of 7 traps and 3 HV
electrodes.

The trap itself is divided into two smaller parts, named Catch (C) and Positron (P) (can
be seen in Figure 2.23). As the end-caps of these traps, three HV electrodes set to 9 kV
are used.

The purpose of this trap is:

1. for antiprotons - catching, electron cooling, accumulating and compression,
2. for positrons - catching, accumulation and compression,

3. transfer to 1 T region.
which is achieved by using three types of electrodes:

1. the standard gold-plated aluminium low voltage (£ 200V') electrodes, with three
types of length (13.5 mm, 30 mm and 40 mm),

2. electrodes for rotating wall compression - gold-plated aluminium split electrodes

sectored azimuthally into 4 equivalent sectors 13.5 mm long each,

3. high voltage (max -20 kV) electro-polished Titanium electrodes used as end-caps of
the trap. These electrodes are set to 9 kV.

The connection of 4.5 T and 1 T region is provided by a transfer trap, which consists
of 6 electrodes. In the center of the transfer section, a movable electrode (B0) is installed,
in order to steer the beam. This electrode is placed in the middle of the apparatus, at

the position z = 0.
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2.6.3.2 The 1 T trap

The region of 1 T traps is much more complex than the 4.5 T one. The purpose of this
trap is to produce antihydrogen atoms with all the requirements which are necessary for
that. The trap system is divided into four regions (see Figure 2.23 and 2.25): The Big
trap, the On/Off Axis trap and the Production trap.

The purpose of the first trap, called Big (B), is to catch and compressed antiprotons
coming from the 4.5 T region. This trap consists of 15 electrodes with the inner radius
ro = 22 mm. At the beginning of the trap, 8 transfer electrodes with the length of
44 mm are placed. Next 7 electrodes have the length 22 mm and they are divided into
4 azimuthally equal sectors in order to apply the effect of rotating wall to compress

antiprotons. At the end of the trap, a flat electrode is used as an end-cap.

The Big trap then split into two smaller traps (with inner radius 7o = 5 mm). One of
these traps remains on the main axis and therefore is called the OnAxis trap. The purpose
of this trap is the antiproton compression and the transfer to the production trap.

The total length of the OnAxis trap is 28 cm and it consists of 14 transfer electrodes
with the length 14 mm, 13 electrodes with the length same as its radius (5 mm) and also
one electrode with the length of 14 mm, which is divided into sectors in order to use a
rotating wall effect to compress antiproton plasma.

Above this trap, so-called OffAxis trap is placed. This trap was designed as a high-
voltage trap in order to raise the energy of positrons before implanting them to the
positronium converter. However, the trap was removed in 2016 and now the only purpose
is to move positrons to the target.

The OnAxis trap is followed by the final Production (or UltraCold) trap, which is the
main (and the most important) part of the experiment. In this place, antiprotons are
cooled down and the antihydrogen is produced.

The trap itself is made by 15 electrodes with the inner radius 7o = 5 mm. 13 electrodes
have the same length [ = 0.9 and the radius 7o = 4.5 mm and two electrodes with the
length of 10 mm are used as end-caps. Moreover, the first electrode (UC1) is divided
into four sectors, so RW can be applied if needed. In that case, the last electrode of the
OnAxis trap is used as the end-cap.

All of the 13 central electrodes have small apertures in order to let the Rydberg Ps
enter the trap from above. The photo of this trap is shown in Figure 2.24.

The photo of the 1 T region is shown in Figure 2.26.

The summary of all traps used in the experiment is listed in Table 2.1.
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uc1

on-axis trap production trap

Figure 2.24: The detailed photo of the production trap. The target for Ps formation,
which is placed above the middle of the trap (UC8), is not placed.

region Catch Positron Transfer Big OnAxis Production
# electrodes 19 13 6 15 28 15

r [mm)| 15 15 15 22 5 5

1 [mm] 400 240 230 506 280 78

Table 2.1: Summary of all the traps in the AEgIS experimental system. BO and HV1,2,3

were omitted.



2.6. AEGIS INNER TRAP SYSTEM 33

Ps Convertor target
3 }/\‘ Laser excitation
£ N A r d

N RN N SRR BT W p—— J].'-___.,_.-_--_-_..___)__
z-ais
T A

onh-axis trap production trap

big trap off-axis trap

Figure 2.25: The region of the 1 T magnet. The end of the Big trap, the division into two
smaller (OnAxis and OffAxis) traps and the Production trap can be seen. The mechanism

of the antihydrogen production is shown - the purple triangle stands for incoming Ps*.
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Figure 2.26: Photo of the 1 T region. The Big trap, the Ps converter and the Production

trap can be seen, the on-axis and off-axis traps are covered with a shielding.
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Chapter 3
Antihydrogen Production

Most of the operation of AEgIS during the year 2018 was dedicated to the antihydrogen
production. In this chapter, different ways of production will be discussed with the focus

to the three-body charged recombination one, chosen by AEgIS.

3.1 Production of fast antihydrogen

Since the discovery of the antiproton, it was well-known how to produce antiprotons
and positrons, but they always moved at almost the speed of light. The formation of
antihydrogen then can undergo only at low relative velocities.

In 1983, the world’s first low-energy antiproton ring (LEAR) was commissioned, with
receiving up to 6% of CERN’s formed antiprotons and provided intensity up to 10'° p in
the 0.1-2.0 GeV /c momentum range.

In 1995, LEAR hosted the first experiment ever to produce antihydrogen atoms. The
idea of the formation was simple: when an antiproton passes through the Coulomb field
of a nucleus with charge Z, it creates an e*e™ pair. Then, the antiproton can capture a

positron from this produced pair and form antihydrogen:
P+Z—=p+17+2Z —pt+et+e +Z—-H+e +7 (3.1)

The first production took place at the experiment JETSET, which modified its target
to spray a Xe (with high-Z) jet into the path of the circulating antiprotons and added
a detection system after the straight section of LEAR in order to detect formed H. The
experiment observed 9 antihydrogen atoms moving at 90% of the speed of light [21].
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3.2 Production of cold antihydrogen by three-body

recombination

On the other hand, a collaboration TRAP investigated the production of cold antihydro-

gen by three-body recombination:

pret+et - H+et (3.2)

In this process, the recombination rate increases with the square of the et density and

it is proportional to T~%2, where T is the temperature of e*.

Shortly after capturing the first antiprotons, in 1986 |22, a new form of production of
a cold antihydrogen was proposed. The idea is based on the principle of so-called nested
(double well) trap, which is a trap divided into two potential wells (the central and the
outer one). Cold positrons are loaded into the central well and antiprotons are loaded in
the outer one. Then, antiprotons are launched into the central well, they slow down by

loosing energy via collisions with positrons and form antihydrogen.

However, the development of an efficient accumulation took a lot of time. The simul-
taneous trapping of e™ and p was achieved in 1996 [23| and the first positron cooling of

antiprotons in 2000 [24].

In 1996, when the LEAR was closed and the new decelerator (AD) was approved, sec-
ond generation of experiments (ATHENA and ATRAP) formed with a goal of producing
cold antihydrogen atoms. In August 2002, ATHENA was the first experiment to observe
cold antihydrogen atoms [25].

The configuration of the nested trap used to produce antihydrogen can be seen in
Figure 3.1. Antiprotons are launched into the positron plasma by a short pulse from
the solid to the dashed potential and then oscillate back through the cold positrons.
Therefore they loose energy via Coulomb collisions and when they reach a low relative

velocity, formation of the antihydrogen is expected.

As a confirmation of the mechanism of production, (A)TRAP observed the antihydro-

gen atoms only 6 weeks later [26].
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Figure 3.1: The configuration of the field in the nested trap. Positrons are stored in the
trap. Antiprotons are launched into the positron plasma by a short pulse from the solid
to the dashed potential and then oscillate back through the cold positrons. Taken from
[25].

3.3 Production of cold antihydrogen using resonant

charge-exchange

Another type of production of H uses collisions between p and excited Ps atoms:
Ps*+p— H* +e, (3.3)

where * stands for a high excited Rydberg state.

This reaction has the following advantages:

1. The cross section scales as o o n’p,, where npy is the positronium principal quantum
number. The plot of this dependence can be seen in Figure 3.2.

2. The temperature of the formed antihydrogen is given by the temperature of incom-
ing antiprotons.

3. The principal quantum number of antihydrogen (np) is determined by the quantum

state npg of positronium that formed it: ng = V21 ps.

The first formation of antihydrogen atoms using a charge-exchange was demonstrated
by the experiment ATRAP in 2003 [27]. In this experiment, a beam of Cs atoms is directly
excited by lasers to high Rydberg state, Cs*. Then, two resonant charged exchanged

collisions

Cs* +e" — Ps* 4+ Cs™ (3.4)
Ps*+p— H*+e” (3.5)

transfer the Cs* binding energy to excited positronium atom and then to excited H.
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Figure 3.2: The cross section of the antihydrogen production depending on nps;. Blue
squares stand for randomly choosen [ and black point for [ = 2, where [ is Ps orbital
quantum number. Taken from [28].

The schematics of the formation can be seen in Figure 3.3. The apparatus consists of
three Penning traps (yellow regions) for positrons, antiprotons and for formed antihydro-
gen. At first, Cs atoms from an oven are excited with two lasers. Then they reach the
positron trap in order to form Ps atoms (Eg. (3.4)). After that, some fraction of the Ps
enters the antiproton trap and produce H (Eq. (3.5)). A small fraction of these atoms
reaches the detection trap, where they could be detected.

Due to small solid angles and not enough trials, only 14 + 4 H atoms were detected,
which correspond to 100-200 H produced [27].

Another experiment, which wants to use a resonant-charge exchange to produce an-
tihydrogen is called the GBAR experiment (Gravitational Behaviour of Antihydrogen at
Rest) [29]. The aim of this experiment is similar to the AEgIS’s one, that means to per-
form the free fall of antihydrogen atoms and then measure the gravitational acceleration
of antimatter on Earth. The idea of the experiment is to use H* ions, which can be cooled
easier than the neutral atoms. The cooling is based on the sympathetically cooling with

laser cooled matter ions (Be®) and the final temperature of H* should be less than 10 K.

The production of the atoms takes place in two steps:

p+Ps—H+e (3.6)
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Figure 3.3: The schematics of the antihydrogen production in ATRAP apparatus. Cs
atoms from the oven are excited by a group of lasers and then they reach the positron
trap in order to form Ps atoms. After that, some fraction of the Ps enters the antiproton
trap and produce H. A small fraction of these atoms reach the detection trap, where they
are caught. Taken from [27].

H+Ps— H" +e” (3.7)

The antiprotons will be provided by the ELENA facility and the positronium will
be produced by the implementation of positrons into the nanoporous silica target in a
cylindrical shape in order to increase the efficiency of the Ps production.

In Figure 3.4, cross-sections for the reactions (3.6) and (3.7) are calculated for the
various state of Ps. As can be seen, the Ps atoms do not have to be excited to a high
Rydberg state, which means the production of the atoms is simpler. The excitation of Ps
will be provided by a laser with a wavelength of 410 or 243 nm.

It also can be seen, that to the highest cross section leads the state Ps(2p) and the
impact energy around 2 keV. Also, to obtain a reasonable number of atoms the energy of
the antiprotons should be below 5 keV (ELENA provides p with the energy of 100 keV).
The cooling of the antiprotons is performed by using a drift tube.

The GBAR experiment aims to produce 1 trapped H* per ELENA cycle (100 s).
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Figure 3.4: The cross sections for the antihydrogen production in the GBAR experiment

for various state of Ps and various impact energy of antiprotons. a) for the reaction (3.6);
b) for the reaction (3.7). Taken from [30].



Chapter 4

2018 beamtime:
Antihydrogen Production in AEgIS

In the AEgIS experiment, antihydrogen is produced via three-body charged recombina-
tion:

Ps*+p— H*+e” (4.1)

As can be seen from this equation, for a successful formation two components are needed:
positronium in a high excited Rydberg state and cold antiprotons. The most important
results of manipulation of antiprotons, which leaded to the successful conditions will be

described in this chapter together with the production itself.

4.1 Preparation of antiprotons

As the temperature of formed antihydrogen depends on the temperature of incoming
antiprotons, the aim is to have as cold antiprotons as possible. To the cooling, compressing
and stacking of the antiproton plasma were dedicated beamtimes in years 2014-2017 and
most of the results can be seen in [31].

The preparation of p plasma in the 5 T region is divided into five steps. As of the time
of writing, the only performed cooling of antiproton plasma is by collisions with electrons
and the compression is achieved by the rotating wall effect. All the steps can be seen in

Figure 4.1.

4.1.1 Antiproton loading, cooling and compression in 5 T region

At first, electrons are loaded and prepared in the P-trap (for more details see apparatus

regions described above). The number of electrons can be changed by changing the trap-
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Figure 4.1: The five steps of cooling and compressing antiprotons in 5 T region: 1) loading
electrons; 2) loading and degrading pbars; 3) electron cooling; 4) applying RW at P7; 5)
transfer to the production trap.

ping voltage (higher voltage means a higher number of electrons). Usually, 10® electrons
are loaded with a density about 10% e~ /cm?.

Then, antiprotons from AD are loaded. Immediately after the arrival in the apparatus,
they are slow down firstly by a (53 +3) um thick silicon beam monitor and secondly by a
(173.7 £ 0.5) pm thick degrader (an Al foil). As p fly throw C-trap, only the low-energy
fraction (below 100 meV) is captured. The efficiency of this process is about 1.25%, that
means from 1 AD bunch (3-107), 3.7 -10° antiprotons are captured. After that, both
plasmas are mixed together in the P-trap. This trap is about 35 cm long, has a radius of
1.5 cm and the end-cap voltage is set to 9 kV.

Next, the electron cooling of antiprotons via collisions takes place in P-trap. The
energy is lowered from ~keV down to ~eV (and lower) range with the cooling time lower
than 50s. After that, the end-caps electrodes are grounded and therefore the non-cooled
antiprotons are released towards the degrader, where their number can be measured. The
efficiency of the electron cooling is about 50-60%, which means the final number of p after
the cooling process is ~ 2 - 10° p.

When the antiproton plasma is cooled down, it needs to be compressed, which is
performed by a Rotating Wall technique by using four-sectored P7 electrode. It was
observed, that the compression dynamics for a pure electron plasma is the same for the
mixed plasma. The key experimental condition is the one, in which antiproton density
distribution follows the electron one. Then, the mixed plasma is radially compressed to
0.2 mm with the efficiency around 45%.

The key detection mechanism for compressing charged particles is the MCP coupled

to a Phosphor screen and read by a CMOS camera, which is mounted at the end of the
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apparatus behind the 1 T region.

Also, the centrifugal separation between electrons and antiprotons was observed; the
image from the MCP can be seen in Figure 4.2. However, it is important to work in
such a condition when this separation is avoided because under these circumstances, only

electron plasma is compressed and antiprotons stay at large radii.

antiprotons electrons
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Figure 4.2: Tmages from the MCP for identical particle operations with antiproton detec-
tion (left) or electron detection (right). The centrifugal separation effect between electrons
and antiprotons with no antiprotons compression is clearly visible. Taken from [31].

In the 5 T region, more than 1 AD bunch can be stored. During the year 2018, the
stacking of a larger number of shots was investigated and the linear trend was observed
(can be seen in Figure 4.3). The MCP images from the procedure of stacking 1 to 5 pulses
can be seen in Figure 4.4. Usually, 8 AD shots can be stored without no significant losses,
which correspond up to 10 antiprotons.

Finally, the plasma is transferred into the production trap with efficiency around
80%. Before 2016, a procedure called "adiabatic transfer" was used. The principle of
this procedure was the shift of the mixed plasma by changing the voltage on the trap
electrodes, from the 5 T region to the 1 T one. However, the efficiency of this procedure
was limited by a misalignment between the two magnets. Since 2016, a procedure called
"ballistic transfer", which re-catch in-flight only the antiproton cloud, is used for the
transfer. The catch of the antiprotons is achieved by setting the end-cap potential to 0 V
in five 80 ns long pulses and thus allows the electrons to escape whiles the majority (90%)
of antiprotons remains trapped. The advantage of this procedure is the availability of
setting a static voltage to the electrode which is mounted in the transition region between
the magnets and thus apply the controlled shift of the radial position of the antiproton

plasma. Also, the procedure allows transferring the plasma with only with the expansion
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caused by the decrease of the magnetic field. The MCP images with no correction and

with the best setting (correction and also centering) can be seen in Figure 4.5.
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Figure 4.3: The number of stacked antiprotons versus the number of AD shots. The linear
trend of stacking can be seen.
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Figure 4.4: Evolution of the antiproton cloud during stacking 1-5 AD shots. The size of

the cloud remains in the same shape, only the intensity is getting higher with every shot.
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Figure 4.5: Images of the antiproton plasma from the MCP. Antiprotons were launched
from the 5 T region into the production trap, stored there for 1 ms and then dumped
on the MCP. a) the image without any correction; b) best setting of the correction and
centering.

4.1.2 Antiproton cooling in the 1 T region

In the 1 T region, antiprotons need to be cooled again. As most of the electron from
the 5 T region is lost during the ballistic transfer (due to their higher velocity), for the
cooling new electrons need to be loaded. Since it is difficult to load them immediately
from the 5 T region into the 1 T, they are loaded into the 5 T, cooled down, compressed
and then adiabatically transferred into the Big trap in the 1 T magnet where they are
re-compressed with a Rotating Wall. Due to a huge storage time of electrons (many
hundreds of seconds), they can wait in the Big trap for incoming antiprotons and then
they can be ballistically transfered into the production trap, where are the antiprotons
cooled. Usually, about 3 - 107 electrons are loaded into the 1 T trap and the cooling last
for a few tens of seconds. After that, Rotating Wall is applied to compress the mixed
plasma a then the number of electrons is reduced by a fast voltage pulse at the end-caps

electrodes.

Mixed plasma is then shifted to the selected electrode (UC1-15) potential well. With
8 AD shots the final number antiprotons is about 8 — 9 - 10° trapped with 5 - 10° elec-
trons. The lowest temperature was achieved by using a trap between electrodes UC2-
UC6, T = (237 £ 21) K. However, this region is not suitable for antihydrogen production
(the Ps target is mounted above the electrode UCS8), so during the year 2018 the tem-
perature in the region between the electrodes UC4-UC8 was measured with the result
(T =440 4+ 80) K.

The mixed plasma in the production trap can be stored for quite a long time. After
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3000 seconds, still a fraction of about 75% of the initial number of antiprotons can be

detected with almost no plasma expansion.

As mentioned before, the main detector used for determination of the shape and
position of both types of plasma is the MCP, which measures the radial density profile
integrated along the magnetic field axis and is placed at the end of the apparatus at
the temperature of 40 K. However, due to its long dead-time (60 ms), it could not be
measured at once both of the radial profiles (antiprotons and electrons). To obtain both
MCP images, each experiment is repeated in the same conditions once with the p image

and once with the e™ image.

On the other hand, external scintillators are used to determine the number of antipro-
tons from the number of annihilations on the degrader foil placed at the different places
in the experimental apparatus. For the incoming, not cooled p (so-called Hot Dump),
usually scintillators SC34 are used, as they are placed around the P-trap. For the num-
ber of cooled antiprotons (so-called Cold Dump), scintillators SC2122, placed around the
production trap are used. To see the exact place, where the scintillators are mounted, see
the chapter 2. The typical result from the scintillator, the number of events in a selected

time window, is shown in Figure 4.6.
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Figure 4.6: Time distribution of the annihilation of antiprotons in the 1 T region. The
first red mark shows the time when the pulse used to re-catch in-flight antiprotons is
applied. The second red mark indicates the beginning of the ramp of the voltages used

to dump and count the antiprotons. The peak corresponds to about 2 - 10° antiprotons.
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4.2 Antihydrogen production

When (cold) antiprotons are prepared in the production trap and the laser for exciting Ps
cloud is set, the antihydrogen production itself can be started. As mentioned above, this
type of production is pulsed, that means we can divide it into cycles. One antihydrogen
cycle corresponds to 100 second, during which a given amount of positron pulses is accu-
mulated in the accumulator (typically 420 pulses) and then send to the main trap, being
excited and passed through the mixed plasma in the production trap. Under standard
conditions a production procedure of 24 cycles guaranteed a good reliability, efficiency
and stability (no significant losses of antiprotons). After given amount of cycles, electron
plasma is dumped to the MCP and the antiprotons annihilate at the trap’s walls. The
highest number of cycles without any significant losses or radial expansion of the plasma
is 50, which correspond to 75 minutes. The MCP images of the electrons dumped from
the antihydrogen production trap after different number of shots and antihydrogen cy-
cles are shown in Figure 4.7. As can be seen, the shape, the size and also the position
strongly depend on the conditions, as the radius and the position for almost the same

initial parameters (8 shots and 20 (21) cycles) differs.
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Figure 4.7: The MCP electron image for different number of the Hbar cycles.

The acquired data had to take into account all the possible background. Therefore,
five different types of data set was taken (list of them can be seen in Table 4.1).

At first, the conditions for a successful antihydrogen production were given (Hbar ON),
which means the antiprotons with the positrons were loaded and also the laser was turned
on. During the first stage of the production (during August), the production took place
between the electrodes UC6 and UC10 (as the target is placed above the electrode UCS).
However, during the second stage of production (during October and November), a region
between the electrodes UC4 and UCS8 was used and it appeared to be more convenient.
The schematics of these two regions is shown in Figure 4.8.

Next data set which was taken, is the measurement with antiprotons, positrons, but

with the laser turned off (Hbar OFF). In order to keep the same conditions, one procedure
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alternate three types of measurement: ON, OFF and ON again (to gain the ratio 2:1).
Usually, with the same antiproton cloud, 21 cycles (14 ON and 7 OFF) were taken.

The next background data were taken by shining the laser while antiprotons were
trapped in the production trap, but without any positrons (Background). This measure-
ment should evaluate the effect of a possible background due to desorption of gases during
the pulsed laser illumination of the vacuum chamber inner surface.

Next, the data with shining the laser at the positrons, but without antiprotons in the
trap were taken to measure the background caused by the excitation of Ps (Positrons).

Last in the list, a cosmic background was taken with a presence of no particles in the

apparatus (Muon).

uc10  UC6
ucs

August  November
production pmdu_ction
region region

Figure 4.8: Two regions of the Hbar production. The Ps target is placed above the UCS.

data set pbars | positrons | laser | #cycles
Hbar (ON) V V V 2292
Hbar (OFF) | +/ vV X 1250
Background | +/ X V 2995
Positrons X V V 2074
Muon X X X 12360

Table 4.1: Types of datasets taken during the Hbar production together with the number
of cycles.

4.3 Antihydrogen detection

The experiment uses two systems to detect the formed antihydrogen - The Fast Annihi-

lation Cryogenic Tracking detector (FACT), which was develop by the collaboration and
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the signal from the scintillators placed around the main chamber. Both detectors were

briefly described in the section 2.3.

4.3.1 The Fast Annihilation Cryogenic Tracking detector (FACT)
4.3.1.1 Detector

FACT is a scintillating fibre-based detector, which is placed immediately around the pro-
duction trap (inside the inner vacuum chamber). The detector has three main purposes:
to detect antihydrogen, to measure its temperature and to form an antihydrogen beam.
The first time, when it was used as a diagnostic tool was during the year 2017.

From the hardware point of view, it has three main requires: it must be very fast in
order to identify the hundreds of annihilations in the 1 ms period during the production,
it needs to be able to operate at the temperature of 4 K inside a very strong magnetic

field (1 T) and finally, it cannot produce more than 10 W of heat.

There are also requirements for the size of the detector: it must operate inside a
cylindrical volume with an inner radius of 68 mm and outer radius of 103 mm (this space

can be seen in Figure 4.9a).)

In light of these requirements a design based on scintillating fibres with silicon pho-

tomultiplier readout was chosen and more details about the construction can be seen in
[11].

b)
m Readout
’: electronics
Clear fibers,
m MPPCs
/ Scintilating fibers
4K, 10" mbar .-.-'
=" I —p- H beam
L3 /A

II I'III. /
Al
i | . b - A
| '-'!_ ., -
3 | /K 10" mbar 200k
= 5 J

Figure 4.9: Schematics of the FACT detector. a) Section view of the design for the scin-
tillating support structure and the fibre connector. The antihydrogen beam is indicated
as a green cone. b) Arranging of the scintillating fibres in the detector. Taken from [11].
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4.3.1.2 The principle of detection

FACT is a detector with a vertex reconstruction capability which can be computed if
a coincidence appears. An example of a coincidence in the FACT detector is shown in

Figure 4.10 left. On the right, an example of the vertex reconstruction can be seen.

t (ns)
20 25 30 35 40 45 50 55 .. 010 /

OUTER LAYER
o
o

INNER LAYER

0.00

Figure 4.10: Coincidence in the FACT detector. Left: an event is called the coincidence,
if the particle hits two same (or neighbouring) fibres in each layer in a given time. Right:
an example of the vertex reconstruction for the coincidental event.

When the antihydrogen is produced, at first, positrons are injected into the Ps target.
The injection emits a huge number of gamma rays, which "blinds" the detector for a
certain time (500 ns). Due to this fact, a fast fraction (energies in order of eV) of the

produced antihydrogen atoms cannot be detected by this detector.

Cold antihydrogen atoms are detected by comparing normalized numbers of tracks
and vertices in FACT in a later time after the arrival of the positrons for two types of
cycles: first, the ones with laser on (when the antihydrogen production is expected) and

the background ones (types of background measurements are mentioned above).

Figure 4.11 shows a typical signal from FACT during the antihydrogen production
cycle. The positron arrival is at the time t=0. From the signal can be clearly seen the
"blind" time, when the detection of antihydrogen atoms is impossible (responds to the
time window 0.4 — 2 us). This positron burst typically lasts until 8 s (the second time
window). After that, until 20 us, a signal from the slow antihydrogen fraction can be
detected (the third time window) - this region is called as a trackable one. As can be
seen from the plots, the distribution of the events is wide with a random noise (mostly
caused by fake reconstructed events) and most of the events originated in the center of

the production trap (z—0).
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Figure 4.11: FACT signal around the implementation of positrons. The positron arrival
is at the time t=0. The "blind" time (responds to the time window 0.4 — 2 us) can be
clearly seen. This positron burst typically lasts until 8 pus (the second time window).
Until 20 ps, a signal from the slow antihydrogen fraction can be detected (the third time
window) - this region is called as a trackable one. Taken from [33].

4.3.2 Detection based on scintillators

Due to the limitations of the FACT detector mentioned above, a second detection system

based on the scintillating detectors was implemented in 2018 in order to complement it.

All scintillators and their position can be seen in Figure 4.12. For detection of the
antihydrogen formation, scintillators around the 1 T magnet were used (in total 11 scintil-
lator slabs). For each slab, the full pulse shape was digitized, which allowed to distinguish

between the real pulse and PMT noise.

The overall solid angle of this type of detector array is around 40%, however, the
efficiency for a particle traversing any part of the field is close to 100%. That means, the

overall detection efficiency is lower than with the FACT, but the signal is cleaner.

Every scintillator slab is connected to 2 PMTs. As a signature of a passage of a particle,
a presence of a peak above a given threshold in both PMTs is taken into account. The

spectrum from the scintillators are then the sum of these peaks amplitudes.
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The signal can be seen in Figure 4.13. On the left, a spectrum of amplitudes for
antiproton annihilations (in 1 T trap) in one slab is shown and on the right, spectrum
of amplitudes for single gamma rays produced by positron and positronium annihilation
is shown. From the plots is clear, that the threshold for selecting a passing particle is

200 mV per one PMT, that means 400 mV for each scintillator.
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Figure 4.12: The position of all scintillators placed around the main apparatus. The white
frame refers to the scintillators, which are used for antihydrogen detection. All measures
are in cm.

From the analysis point of view, two types of regions are chosen. First, a control
region - time windows, which are important for the background measurements and random
antiproton losses. One of the window is before the arrival of the positrons (from -101 s
to -1 ws) and the second window is too late after the arrival (from 51 us to 551 us).
As a second, a signal region - the time window, where the annihilation signal can be
seen, from 1 us after arrival to 31 us. For the first microsecond after the arrival of the
positrons, the detector is blind because of the large burst of gamma rays (for the FACT,
it is 8 microseconds).

The signal of produced antihydrogen is then the difference of the production runs and
the background runs in the signal region above the given threshold in a selected time

window.
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Figure 4.13: Signal from the scintillator. Left: number of events above given thresh-
old during Ps formation antiproton annihilation; right: number of events above given
threshold during only Ps formation. Taken from [33].

During the year 2018, a total number of 2292 antihydrogen production cycles and
a total number of 18679 background cycles were taken. As of the time of writing, the
final conclusion about the antihydrogen production has not been published yet. However,
the production mechanism (4.1) was proven to be successful and the collaboration will

continue in investigating the possible improvement of it.
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Chapter 5
Micro-Channel Plate Image Analysis

The aim of the image restoration is to find the real image, without any noise. The appli-
cations of the restoration are in different fields, such an astronomy, optics, seismology and
medical imaging. Usually, one get a blurred image, the noise is caused by the atmosphere,

by defocusing the camera or inaccuracies in the optic system.

The model of the degradation process is a convolution:
(f*xg)+e=h, (5.1)

where h is the real (blurred, noisy) image, f is the original image, g is the point spread
function (PSF) - the function which caused the blurring and € is some kind of added

noise.

The restoration of the image can be then divided into two groups. If the process and
its noise (the point spread function h) is known, then the restoration is an inverse problem
to (5.1) and it is called deconvolution. On the other hand, if the PSF ¢ is not know, or

there only a little information about it, the process is called blind deconvolution.

Deconvolution can be performed by computing the Fourier Transform of the signal h

and the PSF g, which change the convolution to a single multiplication:
H=F-G, (5.2)
from which we can obtain the original signal:
F=H/G, (5.3)

where F',G' and H are the Fourier Transforms of f,g and h.
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Finally, by performing an inverse Fourier Transform of F' one can find the deconvolved
signal f.

In order to improve the original image f, many techniques (Wiener, Maximum A
Posteriori - (MAP), Maximum Likelihood Estimation - (MLE), Richardson-Lucy decon-
volution) were implemented. In the next sections, the Richardson-Lucy algorithm will be

explained more deeply and some examples of the deconvoluted images will be shown.

5.1 Richardson-Lucy blind deconvolution

The Richardson-Lucy (R-L) deconvolution algorithm was derived from Bayes’s theorem
in the early 1970s [34],|35] and since then it became very popular throughout many fields,
such as astronomy and medical imaging. The reason, why this algorithm is so popular is
its implementation of maximum likelihood and its ability to produced restored images in

a good quality despite the presence of a high noise.

Bayes’s theorem is given by:

Ply | 2)P(x)

J P(y|z)P(z)dx’ (5.4)

Pz |y) =

where P(y | x) is the conditional probability of an event y, given event x. P(z) is the
probability of an event x and P(x | y) is the inverse conditional probability (of an event
x, given event y).

In the case of (de)convolution, the probability P(z) refers to the (original) image
distribution f, the conditional probability P(y | ) can be identified as the point spread
function g and the probability P(y) is the real (blurred) image h.

From this relation, an iterative relation can be derived:

o= (e [ 9@ y)hy)dy
fue) = fi(w) [ BV (5.5)

where i = {0,1,...} is the iteration number and the initial f; is estimated.

The Eq. (5.5) can be rewrite in a terms of convolution:

Finle) = 10) | 75k g(a)]|. (56)

If the PSF (g) is known, the restored (original) image f can be found by iterating

(5.6) until it converges.
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If the PSF (g) is not known, an algorithm for the blind deconvolution is needed. At
the beginning, the initial guess of PSF ¢ is needed. Then, this algorithm assumes, that
at the kth iteration the object is already known from the (k — 1) iteration. That means,

the point spread function g*(z) can be calculated for a specific number of R-L iterations:

h(x)
g5 (x) * fr=1(x)

) = o) | ). 57)
which is an inverse for Eq. (5.6) and calculate the PSF from the known original image.

Then, f* is calculated for the same number of iterations with the obtained PSF:

h(z) v o (—x
) g ( )}, (5.8)

fia(x) = fH(x) [W

The described loop is then repeated until it is required.

5.2 Results obtained by using R-L blind deconvolution

One of the most important diagnostic tool for charged particles in the AEgIS experiment
is the micro-channel plate detector (MCP). This detector is placed at the end of the
AEgIS main apparatus, behind the 1 T region, which allows the option to obtain images
of all particles after they are dumped from the apparatus to the detector. In this section,

electron images were analysed.

5.2.1 Results obtained by changing the PSF

At first, the analysis for different initial point spread functions g was done. The assump-
tion throughout whole analysis is the fact, that the PSF is a Gauss function, which is
usually used as PSF model for its simplicity. In figures in the whole section, the PSF
is called Gauss(size, sigma), which refers to a rotationally symmetric Gaussian low-pass
filter of a given size with standard deviation sigma (o).

In this section, the number of iterations for all restored images was set to 5.

In Figure 5.1, recovered image obtained with the changing of the value parameter in
the Gaussian function are shown. The same procedure is then repeated and shown again
in Figure 5.2, but for a closer look to the electrons.

In both figures both restored images and recovered PSF (using the R-L algorithm

described above) for them can be seen. From the Figure 5.1 can be seen, that the best
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value in the Gaussian function is 15 as from with the higher number the image is not

recovered well. However, for the closer look the difference is not that clear.

Next step, which was taken, was the changed of the second parameter in the Gaussian
function, the standard deviation o. The results are shown in Figure 5.3. The difference
between the restored images and also the recovered PSF is not significant. However, the

function for the next analysis was chosen to be Gauss(15,5).

Gauss(10,5) Recovered PSF Gauss(15,5) Recovered PSF

Gauss(20,5) Recovered PSF Gauss(25,5) Recovered PSF Gauss(30,5) Recovered PSF

Figure 5.1: Restored images and recovered PSFs for a changing value in the PSF Gaussian
function.

True PSF Gauss (10,5) Recovered PSF Gauss(15,5) Recovered PSF
Gauss (20,5) Recovered PSF Gauss (25,5) Recovered PSF Gauss(30,5) Recovered PSF

Figure 5.2: Restored images and recovered PSFs (closer electron look) for a changing
value in the PSF Gaussian function.
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Original True PSF Gauss(15,5) Recovered PSF

Gauss(15,10) Recovered PSF Gauss(15,15) Recovered PSF

Figure 5.3: Restored images and recovered PSFs for a changing sigma in the PSF Gaussian
function.

Original Gauss (15,5); 5 iter Gauss (15,5); 10 iter Gauss (15,5); 15 iter

Figure 5.4: Restored images for the iterations with the step of 5. The PSF which was
used is Gauss(15,5).

5.2.2 Results obtained by changing the number of iterations

When the initial guess for PSF was obtained, the ideal number of iterations was investi-
gated. In Figure 5.4, a step of 5 iterations can be seen. From the figure is clear, that the
ideal number of iterations will be less than 10, since the images for 10 and 15 iterations
are not, well restored.

Under this assumption, a one step analysis until 10 iterations was done and is shown
in Figure 5.5.

After that, the comparison of using the PSF with the standard deviation o;=>5 and
09=10 was analysed for 5 and 10 iterations. The result is shown in Figure 5.6 for an
overall look and in Figure 5.7 for the closer look at the electrons. From this figure can be

seen, that after 10 iterations, the difference between o, and o5 is more significant.
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Gauss (15,5); 1 iter

Gauss (15,5); 2 iter Gauss (15,5); 3 iter Gauss (15,5); 4 iter Gauss (15,5); 5 iter

Gauss (15,5); 6 iter Gauss (15,5); 7 iter Gauss (15,5); 8 iter Gauss (15,5); 9 iter Gauss (15,5); 10 iter

Figure 5.5: Restored images using one step iteration. The PSF which was used is
Gauss(15,5).

Gauss (15,5); 5 iter Gauss (15,5); 10 iter

Gauss (15,10); Siter Gauss (15,10); 10 iter

Figure 5.6: The restored images when two types of PSF and 5 or 10 iterations was used.

Gauss (15,5); 5 iter Gauss (15,5); 10 iter Gauss (15,10); 5 iter Gauss (15,10); 10 iter

Figure 5.7: Restored images when two types of PSF and 5 or 10 iterations was used (closer

electron image).
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5.2.3 Deconvolution of the electron expansion

In order to investigate the behaviour of the electron plasma inside the main experimental
apparatus, the scan of electron expansion was taken. Its principle is simple: electrons are
stored in the 1T for a certain time and then they are dumped to the MCP, where they
can be imaged. The expansion from 50 to 800 second can be seen in Figure 5.8 also with
the deconvoluted image. For the deconvolution the R-L algorithm with the initial guessed
PSF, f = Gauss(15,5) and 5 iterations was used.

However, in the figure can be seen, that the image restoration works for smaller electron

images (until 400 seconds), but for the larger images is not very successful.

Although the performed deconvolution of the MCP image was successful, some im-
provements of it would be helpful in the next analysis. At first, a comparison of the radial
profiles of both images (real and restored) could help to find the original image. Secondly,
the simulation of the optics effects, which blurred the original image would improve the

analysis.
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Figure 5.8: Comparison of the original and deconvoluted MCP electron image for the
electron expansion. The Gauss(15,5) PSF and 5 iterations was used.



Conclusion

The topic of the thesis is closely connected to the AEgIS experiment, whose collaboration
the author joined during the year 2017.

The principal scientific goal of the experiment is to measure the Earth’s local gravita-
tional acceleration ¢ on cold H atoms.

The aim of this thesis was to analyse scintillator and image data in order to achieve a

successful production of these antihydrogen atoms.

In the first chapter, the theoretical motivation for the measurement of the gravitational
acceleration, the Weak Equivalence Principle, was described together with several prior
tests of it.

The second chapter was dedicated to the AEgIS experimental apparatus. The hard-
ware layout of the experiment, the positron apparatus and also the heart of the experiment
- the main trap apparatus - was described in detail.

Next, different mechanisms for the production of fast, but also cold antihydrogen was
summarised.

During the fourth and fifth chapter, the results in which the author took active part
were presented. The 2018 beamtime at the AEglS experiment was dedicated to the
antihydrogen production using the resonant charge-exchange mechanism. In this chapter,
the most important steps leading to the successful production, together with the main
diagnostic tools and data, were shown.

The final chapter of this thesis discussed the improvement of the micro-channel plate
images, which are a crucial diagnostic tool. For this purpose, a deconvolution of the image

using a Richardson-Lucy algorithm was used.
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