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CHAPTER 1. INTRODUCTION
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third main task



2.1 Fundamentals of antimatter physics

2.1.1 The Standard Model of particle physics

Particles and antiparticles

1

LFermions are particles with half-integral spin values.
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The Dirac equation

(i~ @ mo (x)=0

electrons with exactly opposite electric charge (but same spin and mass)

2Bosons are particles with integral spin values.



Fundamental forces

91GeV 2
80GeV ¢

125GeV 2

Hadrons and antihadrons

30nly left-handed particles and right-handed antiparticles interact with the W bosons; for interactions
with the Z boson, the interaction strength depends on the particle's chirality.
40n a classical level, gravity is well described by General Relativity.
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Shortcomings of the Standard Model

90 %

5Due to the instability of the sea quarks, annihilation processes between two hadrons involving sea
quarks are very rare.
6 0 wordd, *:ud, :d



2.1.2 Antiproton properties

6:2 GeV

8 1010

2K

1K

68 %

2.1.3 CPT and the matter-antimatter asymmetry

"There are of course some exceptions of anti-atoms without antiprotons; for example, individual
positronium systems (bound state of an electron and a positron) are also commonly referred to as "exotic"
atoms. Therefore, from here on, the term "Ps atom" is also used to describe a single bound positronium
system.



CHAPTER 2. ANTIMATTER AND THE GRAVITATIONAL ACCELERATION

—_ — 1
nbaryon—n =6 10 0

8Since most of the existing matter in the universe consists of baryons (and the antibaryons are
missing), the process for the generation of the imbalance of matter and antimatter is also referred to as
baryogenesis.



1.0 10 ¥

1.0 10 %

2.2 The Weak Equivalence Principle - Universality of
Free Fall

m;

9:8ms ?

9The electroweak phase transition refers to the onset of the Higgs mechanism.
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2.2.1 Testing the WEP

mia= mgg a
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2.2.2 WEP tests with antimatter

7 j g 1<18 107
< 36 10

I g 1j < 0:03
g < 0:06

charged



neutral

9=9
g
99 %
g 1%
2.3 Neutral antimatter systems
100K
2.3.1 Positronium
10

Owhile "positronium" itself can refer to an individual "atom", or bound system, it is also used to label
the substance as such (as is for example done for (anti-)hydrogen). For this reason, the single instances
of this substance are from here on also called "Positronium (or Ps) atoms".
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K

Antihydrogen properties



Antihydrogen production mechanisms

1000K
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2.3.3 Protonium

2.3.4 Antiprotonic helium
US

2+



This chapter presents the experimental setup of 8ES as it is at the time of writing.
Between 2019 and 2023, multiple core components of the A& setup have been exten-
sively upgraded to improve antihydrogen production and broaden the physics reach. My
main contribution to this is the new control system, which includes almost all main exper-
imental subsystems and is introduced in the next chapter. However, | also contributed to
further hardware upgrades, such as the installation and commissioning of the new Penning-
Malmberg trap, and the redesigned electron gun, the preparation and routing of all new
cables for the trap electrodes, and the characterization of the new degrader setup. Details
of the most signi cant upgrades to the system can be found in [82], which was written and
submitted by me for the collaboration, and in the reports of AfES to the SPS Commit-
tee [83 85], which | contributed to together with other collaboration members. The new
alexandrite laser system, which has been speci cally designed and constructed for laser
cooling of positronium and which utilizes the AERIALIST synchronization capabilities
implemented by me, is reported on in [86], of which | am a contributing author. | have
additionally contributed to the integration and data acquisition of the prototype detector
planned to be used for the gravity measurement, which is reported on in [87] with me in-
cluded in the co-authors list. | have also taken part in the acquisition and have performed
the analysis of the data for the ESDA splitter calibration and SC1112-SC12 intercalibra-
tion. Furthermore, during the antiproton run campaigns in 2021, 2022 and 2023, | was
part of the "cryo team", in charge of the continuous re- lling of liquid helium into the
cryogenic apparatuses.

- 1

The ve other active AD experiments are: ALPHA, ASACUSA, BASE, GBAR, and PUMA.
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3.1 The Antiproton Decelerator at CERN

3.1.1 CERN's accelerator complex

7TeV

The CERN accelerator complex
Complexe des accélérateurs du CERN

LHC

.

HiRadMat
TT66
b MEDICIS
ISOLDE
REX/HIE-
ISOLDE

RIBs

i

n_TOF ;
Em PS
_— e i
¥ INACH
CLEAR
LINAC 3
o 2005 08 m)
» H™ (hydrogen anions) P ions D RIBs (Radioactive lon Beams) » n (neutrons) ) p (antiprotons) D e (electrons) ) p (muons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //
n_TOF - Neutrons Time Of Flight // HiRadMat - High-Radiation to Materials // Neutrino Platform



1:4 GeV

450 GeV

3.1.2 Antiproton production

E = mc?

1022 keV

938 MeV

160 MeV

26 GeV
26 GeV
m C
E min MeC?
mp 2
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6:6GeV mpc?
5.6 GeV
26 GeV

3:5GeV

3.1.3 Antiproton deceleration
188 m

2Iridium was chosen as a target material because of its high density: the target length should be kept
as short as possible in order to maximize the phase space density and thus the collection e ciency of the
antiprotons. The optimized length is nally a compromise of allowing the majority of protons to interact
and preventing re-absorption of the antiprotons and is found to be of the order of one proton nuclear
interaction length [93].

3The value of 3:5 GeV for the injection energy of the antiprotons into the AD was chosen for practical
reasons including the existing infrastructure (e.g. the transfer region from PS to SPS) as well as the
availability of space and power from the pre-cooling electrodes.



5:3MeV

3.1.4 ELENA

160pm -

99 %

30m

4 100 keV
0:05%

4Stochastic cooling is not e cient for antiprotons with energies as low as those of the ones in the
ELENA ring, making electron cooling the only used cooling method here.
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3.2 Trapping antiprotons: Penning traps
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SFor a trap with hyperbolic electrodes as described aboveq can be determined from the distancez,
between end-caps and trap center and the trap radius according to Eq. 3.4.

(3.4)



3.2.1 Thermal equilibrium in Penning-Malmberg traps

Eplasma

Eplasma B

f _q
Epiasma B — 4 OB

3.2.2 The Rotating Wall technique

3.3 AETUIS: A procedure for pulsed production of anti-
hydrogen
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Ps p

Ps+p I H +e

3.3.1 Antiproton manipulation

1000ms!?

B 200V
ST

100keV  14keV

14kV

ST
1T



3.3.2 Positronium formation and Rydberg excitation

Nps
Ps 9 | H +e do
Ps ! H +e / ngsag
~ 22Na
n=3
3.3.3 The number of produced antihydrogen atoms
N
Ps ¢ | H +e
- 1®Pms?
p
b Lo Nes

Vrel

18ms 1 v
dt

dN
d_'[H = p Nps Vrel
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p =25Sin( ps)
Ps

N, = NpNPs
" 2sin( ety Ly

3.3.4 Collinear antihydrogen formation: AE  gIS Phase Il

Nps
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3.4.1 Magnet setup and coordinate system
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42K
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3.4.4 Positron system

22Na 200 MBq
1850 MBq
546 keV 216 keV
6 _
10 “*mbar
10 8mbar *

1 *

3.4.5 Positronium converter target

20nm

10nm 2
2um

50nly the cold positrons are able to adiabatically follow curved magnetic eld lines provided by a
saddle coil around a tungsten target, while the hot ones, i.e. the ones with a too high momentum, end
up on the obstacle on a straighter path.



80%
10% -

2 1mm

3%

28 % 1 10Pms!?

3.4.6 Laser system
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The "EKSPLA"
1064 nm
532 nm 266 nm
2049 nm 2052 nm
n=3
15% 1064 nm
1670 nm 1720 nm
n=3
n=14 n=22
h
E= 2
1665 nm Nps
Nps = 40 Nps = 24
nPs = 17
nPS = 32
nPS = 40
V1
The "Alex"

729 nm



243024 nm

10pum
3 3
1064 nm 1720 nm 2052 nm 243nm
700 1:1mJ 75ud 2:3mJ
6ns 3ns 1:5ns 215ns
30GHz 150 GHz 179 GHz 101 GHz
10Hz 10Hz 10Hz 4Hz
742 nm
Nps = 2
30%
130 GHz 215ns
40mJ

3.4.7 Degraders
100 keV
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5T
100 nm
40cm
15mm 100 nm 500 nm
300 nm

100 nm 100 nm

200 nm 200 nm

300 nm 100nm 200nm

400 nm 100nm 100nm 200nm

500 nm 100nm 200nm 200nm

"Tests with Parylene-N, which has a similar density and atomic number as Mylar, as the main
degrader material have also been performed in AgIS, but Mylar is chosen as the nal candidate thanks
to its superior mechanical properties at cryogenic temperatures [83, 84].



3.4.8 Electromagnetic traps
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30mm
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1T



CHAPTER 3.

INTRODUCING AE gIS

1S

1T



ST

1Im

5T
5T
1T
200V
15kV
1T
10m
150V
1mm

1V



CHAPTER 3.

INTRODUCING AE gIS

oV

80V 55%
42 mm

oV

125 mm

150V

150V



1T

3.4.9 Detectors

Micro-channel plate detector

8 30cm

545 nm

8According to the corresponding technical sheet, the diameter of the e ective area of the Hamamatsu
F2225-21PGF MCP is42 mm and the channel diameter is12um. The gain is stated as1(® and the dark
count rate as 3s 'cm 2 at 1kV operating voltage. The standard operation voltage is2 kV.
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10k
ESDA
1cm 1m
120 70cm
20cm

96cm 20cm 5T

76cm 20cm 5T

45¢cm 10cm 5T

35cm 10cm 5T

+39cm 10cm 1T

+46 cm 10cm 1T

+59cm 10cm 1T

+64 cm 10cm 1T

+75¢cm 10cm 1T

+79:5¢cm 10cm 1T

+89cm 10cm 1T

+96cm 10cm 1T

Z =

9The attenuation, using Phillips Scienti ¢ model 804, is needed to prevent a saturation of the dynamic
range of the digitizer.



f splitter —

fscia p —

250MHz 2V
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fsci112 sci2 =

fscse sci2 =

50ns

350mV



Beam position monitor/Beam counter

100 keV

1500 nm
10 nm
100 nm

1mm



CHAPTER 3. INTRODUCING AE gIS

3.5 Antihydrogen gravity measurement

3.5.1 The gravity module

y=a t*



40pum
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1T -
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100ps
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3.5.2 Sensitivity expectations
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3.5.3 Detector options
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This chapter introduces the new experimental control system, CIRCUS, that has been de-
veloped to manage the ABS experiment with all its subsystems. This system is reported
on in [153], of which | am the corresponding author. As stated in the authors' contri-
butions, M. Volponi and | are the main contributors to the building up, commissioning,
and maintenance of the control system: My focus includes the acquisition, assembly, in-
stallation, calibration, and operation of the hardware and electronics as well as the direct
programmatic control of these, i.e. the software library infrastructure written in ARTIQ,
responsible for the ns-precise synchronization and fast control elements of the experiment.
Furthermore, | have developed the procedure for and conducted the calibration of the ampli-
er units. While | have also developed, and taken part in the development of, some of the
components of the TALOS LabVIEW-architecture (notably the Electron GunuService),

the main parts of this work are done by M. Volponi and J. Zieli«ski. | am a contributing
author of the corresponding article, [132].
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4.1 Control system hardware

4.1.1 Sinara hardware overview

cm?

1The possibility for remote rebooting of key devices is both extremely useful during ongoing measure-
ment campaigns when access to the experiment is restricted for radiation safety reasons and to achieve a
higher degree of automation for the control system in general.



1ns

10V +10V

0:3mV

190V -

2The communication to Kasli via Ethernet needs a Gigabit connection, for example via a network
switch. In AEQIS, the use of such a switch, which is connected to an external power switch, has the
added bene t of allowing for a remote reboot of the connection when needed, e.g. after a clock failure
due to a power cut.
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1 MHz
200V
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0:35us
SmV
50K
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4.1.2 Using the external clock

10 MHz
Vop 33V
Vpp
Home-made voltage dividers
R>
50
R2
R> 50
250
200
R
Vout = R, +2R2 Vin
200
10 MHz

50

600 mV

R1



50
Rl = R2

200

Standard electronics

50

600 mV
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4.1.3 The AE gIS Pulser

200

4.1.4 Rotating Wall electronics

200V

30000ns

ST

1T



The custom RW crate

30 MHz

Sinara Urukuls

0:25Hz

4.2 Hardware communication

421 ARTIQ

4000 MHz

5V
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RTIO concepts

4.2.2 Kasli Direct Memory Access

4us

3When an event is placed on the timeline where the current time cursor has not arrived after the
execution of the existing events, i.e. the cursor is in the past with regard to the desired event timestamp,
an "RTIO Under ow Exception" is generated.
Instead, if a FIFO holding input events becomes over- lled because the CPU has not read them out (with
corresponding user functions) quickly enough, an "RTIO Over ow Exception" happens.
Events submitted with a decreasing or equal timestamp to the existing ones are rst moved to the next
of the available parallel FIFO lanes. Once such issues arise for all bu ers, a "Sequence Error" is thrown.
If more than one event is submitted on the same hardware channel with the same timestamp, a "Collision
Error" is given.

"Busy Errors" correspond to the inability of a given channel to execute an event because it is already
busy with a previous execution.



4.2.3 Gateware

4.2.4 The AHIS library system

run
artig_run <SCRIPT.py>
build

run

run

build

build

build
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@kernel

host -> kernel -> host -> kernel

run

Class libraries

kasli-code

AEQIS Class

build run

TCP Library Build & Init Library Error Library
Utility Library Analysis Library

Trap Library
Physics Libraries

" TCP Library

H

TCP Library

" Build & Init Library
build 1T



ST

build build

run 5
ov

" Error Library

Error Library

A

Utility Library

" Analysis Library

" Trap Library

4If speci ¢ con guration steps are exceptionally needed in addition, corresponding functions can of
course simply be added to the individualbuild function.

SDue to an issue concerning the initialization of the Fastino, this part is handled slightly di erently.
See below for detalils.
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" Physics Libraries

Plasma Library

Trap Library
Utility Library

Pbar Library Ps Library

Pbar Library

Ps Library

lon Library



The AEQIS Class
AEgIS Class

run

StartRun

closure

closure

experiment

try...except...finally
AEQIS Class

build

Simplified_Init

StopRun

build

experiment
closure

experiment
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def run(self):

try:
# Start procedure
self.Simplified_Init()
self.StartRun()
# Experiment routine
self.experiment()

# Exception handling

except Banana as error:
self.ExceptBanana(error)

except RTIOOverflow as error:
self.ExceptKernelBanana(error)

except Exception as error:
self.ExceptException(error)

finally:
# Post-measurement cleanup
print("Starting closure procedure...")
self.closure()
# Closing procedure
self.StopRun(self.RetCode)
return

run AEgIS Class

Con guration les

build
Build & Init Library

electrode_info.json

HV_amp_calibration_data.json

sinara_channels_HVamps.json

sinara_channels_ttl.json

pulser.json

trap_setup.json



ST 1T

build Build & Init Library

Special scripts and les

AEgIS_imports.py

numpy  json
import

Init_Script_5T.py Init_Script_1T.py run
Build & Init Library

run

10V
200V
Init
run

Simplified_Init Utility Library

4.2.5 E cient programming

build

10V

AEgIS Class



CHAPTER 4. THE CIRCUS CONTROL SYSTEM

from artig.experiment import *
from artiq.coredevice.kasli_i2c import port_mapping

class HVAamp_Trigger(EnvExperiment):

4.3

def build(self):
self.setattr_device("core")
self.setattr_device("fastino0")
self.setattr_device("ttl0")
self.setattr_device("ttl_hvampO_sw1")
self.setattr_device("ttl_hvamp0_sw2")
self.setattr_device("ttl_hvampO_sw3")
self.setattr_device("dio_mcx_dir_switch")
self.setattr_device("i2c_switch0")
self.dio_mmcx_i2c_port = port_mapping['EEMO0"]

@kernel

def set_dio_outputs(self):
self.i2c_switchO.set(self.dio_mmcx_i2c_port)
self.dio_mcx_dir_switch.set(0b00000001)
self.core.break_realtime()
self.ttl0.input()
self.core.break_realtime()

@kernel

def SignalAtTrigger(self):
t_gate = self.ttl0.gate_rising(120*s)
t_trig = self.ttl0.timestamp_mu(t_gate)
at_mu(t_trig)
delay(10*us)
self.fastino0.update(1<<3|1<<2|1<<1)

@kernel

def SetVoltages(self):
self.fastino0.set_dac(1, 30.0/20.0)
self.core.break_realtime()
self.fastino0.set_dac(2, 5.0/20.0)
self.core.break_realtime()
self.fastino0.set_dac(3, 30.0/20.0)
self.core.break_realtime()
self.SignalAtTrigger()

@kernel

def run(self):
self.core.reset()
self.fastino0.init()
self.core.break_realtime()
self.fastino0.set_hold(1<<3|1<<2|1<<1)
self.SetVoltages()

Calibration of the ampli ers

import sys

sys.path.insert(1, ' C:\kasli-code\Libraries ")
from AEgQIS_imports import *

from AegisExperiment import _AegisExpOfficial

class HVAamp_Trigger(_AegisExpOfficial):

def build(self):
self.Build5T()

def experiment(self):
self.FastReshapeAtTrigger("Trigger",
120*s, "TestTrap"”, 30.0, 5.0, 30.0)



0:3mV 6mVv

100 mV

6:1 mV

4.3.1 Calibration setup and procedure

for

100 mV
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Um

6mVv

Vdes Vo set Vslope
Un = int(( Vdes Vo set ):Vslope +0 :5)



4.3.2 Calibration results

6:109 mV 6:1mV
200V
19979V

200V 200V
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100 mV

6mVv

200V
190V

o2V



oV

100pVv
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5TC1 1 5
5TC1 1 4

ov

4.4 The AERIALIST and TALOS: CIRCUS



Start

Stop

Send
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4.4.1 TALOS overview

VI
— H
H H
Guardian
M Guardian
Guardians
VI
Guardian U
Guardians

6National Instruments Corp.



4.4.2 Integration of the AERIALIST and TALOS

—H
M
TCP Library TCP_Send
u
TCP_Read
M Kasli
Wrapper
VI Monl7<ey
M
M
Guardians U
M
print
. —
M

"The order of the experiment scripts in the Scheduler pService can be modi ed while running, and
this happens automatically in certain cases, for example when a run needs to be repeated.
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4.4.3 Error handling

Kasli Wrapper

Monkey

" RETRY

" SKIP

" STOP

81f no or a wrong return code is given,SKIP is assumed.



" ABORT

M
9
Monkey
Error Manager p
Guardians
Error Manager Kasli Wrapper
Error Library
Banana
4.4.4 Multi-Kasli modes
M
Tamer Monkey
Kasli Wrapper
Tamer
Monkey

Kasli Wrappers

"~ sequential mode Monkey

~ asynchronous parallel mode Monkeys

" synchronous parallel mode Tamer
Monkeys

Tamer

9Every pService responsible for hardware in the system is required to have a de ned routine of actions
to be taken when ordered to enter the safe mode.
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4.5 Timing requirements

100ps
100ps
20V
10us
20V
Ous

100 ms



110s

10

15s

100s

4.5.1 Master/satellite operation

11

12

1ns

10The kernel part is unable to handle more complex structures than lists, such as Python dictionaries.

parts of the AEQIS laser system are located at a further away location inside a new laser hut on a
di erent level of the AD hall, making daisy chaining more convenient with fewer long cables.

120nly two channels are shown here but the synchronicity does not change with the number of channels.
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280ns
4.5.2 Kasli master synchronization
5T 1T
5T
1T
620 ns
5T 1T

5T Particle

Server 1T

5T

5T



1T Kasli Server u

stop
Particle Server

500 ps
500 mV

ST

4.6 Results and reliable operation

1T

1T

ST

ST

ST

1T

ST
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65 %

4.7 Summary









This chapter summarizes the work | have been involved in to commission the nevgl&E
electron gun and include it in the CIRCUS control system. Furthermore, | have developed
the electron procedures needed in the experiment. Aside from the plasma manipulation and
antiproton cooling, which are described in the following chapter, these include any calibra-
tion, alignment and test techniques involving electrons. | have set up and conducted the
experiments and analyzed the data presented here, guided by R. Caravita and B. Riené&cker.

5.1 The AE gIS electron gun
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5.1.1 Using the electron gun

1:.15A

10V

110eV
110V

100V 60pA

110V



10V

2UA

SHA
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50V 40V
50pA

110V

10V

1T
5T 1T 5T
1T

10k



1uA

5.1.2 Re-conditioning of the electron gun

50V
100V
50V
0:1A O5A 0:75A 09A 1.0A 1.05A 11A
1:15A
09A
40V
40V 100pA
80V
100pA

100V

1.24 A

5.2 Tests of the new antinydrogen production trap
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oV

ov

150V

1T

125pA
oV

1ms

ST

150V



5.3 Experimental alignment procedures using electrons

40eV

1Im 40cm

Plasma Library

190V
190V
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10V



10°

1T

10ps

1 mm
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5.4 Detector calibration using electrons

54.1 CMOS calibration

5 mm?

0:4 mn?

30mm

5.4.2 MCP as an ampli ed Faraday Cup: an initial exploration



Determination of the arriving electron numbers

110V
15V

10k

2ms
10ns

10 ns
115V

10V
5ns

60pA

0:4ps

50ns

30us
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10ns 50ns lps 30ps

R =10k

1.6 10 °C

20ns



60pA
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Calibration of the MCP-FC using the gain signals
1.4kV

20ns 1.4 kV
140 ns

100 ns



1.4 kV 20ns

20ns

1:1kV

1:.4kV
1:4kV
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20ns

20ns
L.4kv

Sso%
80 %



S80%

20ns
Sso% Sso%
Determining absolute positron numbers from the MCP-FC calibration
20ns
110eV 1.4kV
Sgo%
S80%

Seos =1:85 104 3 106
Sgo% =1:005 103 6 106
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20ns

Sgo% S80%

5.5 Summary

50V 40V
50pA



This chapter presents the developments in ES concerned with a record accumulation

of cold antiprotons. They will be reported on in [162], a draft of which | have formu-
lated as the rst and corresponding author. | have designed the procedures needed on the
hardware and software side to achieve this success, guided by the experience of R. Car-
avita. Together with R. Caravita, M. Volponi, J. Zielicski and T. Rauschendorfer, | have
also been responsible for the involved data taking campaigns between 2021 and 2023. The
data analysis for the antiproton accumulation and electron cooling systematics has been
performed by me. The analysis of the antiproton capture data was led by T. Rauschen-
dorfer with support from R. Caravita and me. A rst publication regarding the record

e cient antiproton capture from ELENA is also in the pipeline, with me as one of the
main authors [163]; prior results from the optimization of the capture parameters have
been published in [132], also with me as one of the main authors. The development and
simulation of the degrader system were led by M. Doser and J. Zieli«ski.
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70%

100 cn¥

6.1 E cient capture of antiprotons

5T

66 cm?

14 kV

fdegl

fmcp

f deg2



f trap

f store

1= fdegl+ fmep + fdegZ+ f store + ftrap

N out

ST

6.1.1 Tail-less electron cooling plasma preparation

Plasma Library
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10 ms
10ns
1
120V 70V 2
40V
150V 190V

1For readability reasons, when working with negative voltages, more negative values are from here
on referred to as "higher", while values closer to zero are called "lower". Equivalently, "lowering" or
"reducing” a voltage means bringing it closer to zero, and "raising" or "increasing" it brings it to more
negative values.

2As explained in Sect. 3.4.8, the stated voltages do not correspond to those produced in reality due
to di erences in electrode lengths and the in uence of the neighbouring ones.



150V
10V

150V
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80V 125 mm
oV

1T

6.1.2 Beam steering

3ALPACA's Bayesian optimizer uses Scikit-optimize with a Gaussian Processes surrogate model [164].



best10
best10

best10 <

best10
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6.1.3 Optimization of the trap closing time

f deg2

10kV
14 kV 12kV
100 200ns
800ns
12 kV
0:8m
lus
0:3m
10kV 14 kV
400ns

“Following the standard procedure described in the following sections, the rst7 sof the acquisition,
prior to the antiproton capture, are used to determine the individual background rate of each run.



ST

12kV
10kV 14 kV

6.1.4 Degrader studies

100 keV

6 keV 10 keV

14 keV
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1400 nm
80 %

500 nm

16 kV

100 nm

100 nm
20kV

1400 nm

14kV
14kV 80%
90 %
95%

14 kV

16 kV



6 keV 10 keV
14 keV

1400 nm

2Us

3kv

14 kv
20% 80 %
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ST

7s
10s

100 nm 200 nm

300nm 400nm 500 nm

144 kV

100 nm

200 nm

5SC56 is shown here as an example because of its central location in the apparatus; the other ESDA
units yield similar results.



400 nm 500 nm

500 nm 100 nm
400 nm 200 nm

20 kv

6.1.5 The antiproton capture e ciency

14 kV 1 1¢
6

6Due to a technical failure, SC12 itself did not acquire data during the displayed measurements.
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fscser sciz fscia p 7
7 1
75%
ftrap
14KV fuce
fstore
fdegl
fdegZ
1:degl fdegz
lus
ftrap
4%
70%
6.2 E cient antiproton cooling
B
B2=m* m
1 10cm 3
1 10
1s

‘It should be noted that this measurement happened before the installatioon of the PMT splitters,
meaning that f spirer 1S NOt applied.



200s

100 ms
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80s

100 ms

6.2.1 Cooling e ciency

CD
HD

_ CD
" (CD + HD)



1T

5T

%
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100 %

45V

1T

75V 98 %

40s



95V

12%

12%
76 %

50V
5mm
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95V

6.2.2 Rotating Wall compression



0:8 MHz

90

100 ms

600s

0:05V
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600s

100 ms

60s



60s

(04°AY] 0:2 MHz

o1V 1:8 MHz
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60s

60s
o9V
0:2 MHz o1lv 1:8 MHz

6.3 Accumulation of cold antiprotons in the trap



60s

120V

100 ms

200 ms

1s
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10cm 20Hz

10ps
40

50 Hz

60s

8The expected cosmic ray rate corresponds to a standard estimation of a little more than one particle
per cm? per minute.

SWhile the loss rate of the antiprotons themselves could also be referred to as background, the goal
of the analysis is usually the determination of the number of cooled antiprotons left in the trap, and since
those lost due to the expansion of the plasma in the trap after the hot dump are still expected to be
cooled (as they are con ned by the low-voltage potential), they may still be counted.
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10

4 MHz
015V 1:5MHz o6V

3MHz
o3V

10since the capture of every single ELENA bunch takes of the order of two minutes (de ned by the
AD/ELENA cycle), the time for the accumulation scales with the number of bunches, and the time
required to obtain a single data point exceeds several hours for long accumulations.
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N counts;SC1112

3%

Ny = Neounts:sci112 fscii12 sciz fscizp  fspiitter



N sat YmaX

66 cn?

3 MHz
03V 55s 120V

6.4 Axial energy components of antiprotons in the trap
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N Vbarrier 5%

, 1:05 e
T
dVbarrier In (N ) kB

Ekin;min

SC

Ekin:min :( sc Vbarrier)e

d
dVbarrier ln (N )
Vbarrier oV
Vbarrier
Vbarrier
825V 55% 150V
180s
10V
Vbarrier 725V
725eV 900s
10eV
10V 10V

Vbarrier



1s

4 In(N)

dVbarrier

42200K

3.6eV

0:01eV 0:01s

2 1.5

0:leV

2

OeV

0:1s

2:9

20eV

1200 K
0:1leV
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O:leV O:1ls

OeV 20eV 0:01eV
0:01s



100K

6.5 Applications for large numbers of cold antiprotons
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14 kV
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190V
1kV



2GeV ¢
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6.6 Summary

1000 ns
1:4pm

90 %

70%

14 kV

200V

66 cn?

70%

500



In this chapter, all developments | have been involved in towards an improvement of the
antihydrogen production in AEIS and the formation of a horizontal beam of the atoms

are presented. As for the parts concerning the work with antiprotons, | have been the main
person directly developing the potential routines to manipulate the plasmas in the needed
ways with the AERIALIST control electronics and software. Together with M. Volponi
and R. Caravita, | have also formed the core team running this part of the experiment
during the data taking periods in 2021, 2022 and 2023. | have designed and implemented
the parabolic potential procedure for the ballistic transfer of antiprotons required for the
beam formation. The positronium formation work, as the second half of the antihydrogen
production, was led by B. Rienacker, with contributions from my side on the control sys-
tem part and for the uni cation of the two parts. The procedures for the achievement of
laser cooled positronium atoms, reported on in [116], of which | am a contributing author,
have been realized on the basis of the ARTIQ/Python code library developed by me, and |
have implemented the algorithms needed for the exact synchronization and control of the
involved laser and positron systems, only possible thanks to the new control electronics
built up by me and essential for the success of the approach. The analysis performed on
the H data with regard to the ESDA detector has also been done by me, based on the anal-
ysis framework developed by T. Rauschendorfer and guided by R. Caravita's experience.
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(380 20)K (170 20)K

1T

7.1 Ballistic transfer of antiprotons

neutral-charge

ST

5T

7.1.1 Antiproton launch trap
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30%

150V

10V 70V



7.1.2 The parabolic potential
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V(2)
bc
a
V(z)= a(z b?+c
Zjaunch
Zeng
Vlaunch
) Vend
) Vmin
Zjaunch Zjaunch
b Vlaunch 6 Vend
Vlaunch Vend
Zjaunch Zend

C= Vmin

p
Zgnd(\/haunch C)(Vend C) + Zend(VIaunch C)

k% =
Vlaunch Vend
Z
b = Zeenter = eznd
(Vlaunch C)
a=- —— 7
2

oV



5T

1T

electrode_info.json
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15us
5T 1T

7.1.3 Electron removal and recycling

180V 150V

100 ns



7.1.4 Antiproton launch and recycling

30pus

150V
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5us 10us

32us lus
150V
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7.2 Antihydrogen production



22Na
200 MBq

25% 10%

7.2.1 Electric potentials at the antiproton launch

150V

1T

ST 1T
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7.2.2 Timing considerations and the target electrode potential

ST



80pus

64us

20ps

Vao 130V

150ps
10us
Vao
VAO
5T 1T
67:5us
60V
105V

Vao

Vao
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Vao

150V

150ps 80us



707 s

707 s

0V

Vao 0V

67:37us
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75us

3:33pus

7.3 ESDA analysis

2V
0:49 mV



1T

7.3.1 Peak tagging

A Abase;i
Abasei 1 995%
0:5%
10ps

Abasei = (1:0 0:005) Apasei 1+0:005 A

10pus Arms

Tlow;i

Tup;i
745ps

( ) Tup;i
Tlow;i

Tup;i = Apasei 8 Arms

Tiow;i = Apasei 4 Ams
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350 mV



100 mvV

20%

7.3.2 Event discrimination and selection

3:33us

3:33us
500ns 2:83ps 3:83pus
3:33us
3:33ps 2:83ps
3:83us 3:33us
150V
50ns

250mVv

3us
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707 s
500ns
17.5us
3:33us
500 ns
3Us
350 mV
S:5us
O:5us
5T
350mV

350 mV

90 %

205pus

10us

3:33us

5:5us



205us

350 mV
350mV
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5:5us

350 mV

2:83us
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7.3.3 Antiproton oscillations

V( Xx) X

V( X)= Vstat  Vmid = Vend  Vmid
Xstart
Xend
Xmid
Venda = 70V Viig =5:038V
X = Xend Xstat=2 0:925 !

1

V( x)= %m! 2( x)?
r

2V

= 1 2V
' X m

t:!—

1The potentials Veng and Vyig felt by the antiprotons due to the voltages applied on the electrodes
are stated here in units of electronvolt to facilitate an intuitive understanding. However, to calculate the
expected time of ight t in Sl units, the resulting potential di erence is converted to Joule by dividing
by the elementary charge.
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150ps
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1T

ST

10pus

ST

1T

500 ns

20us



7.3.4 The antihydrogen signal

5:5us
2 1.5us
1ns
2:2ps 2:83ps 2:7ps 3:33ps 3:2ps 3:83pus
500ns
1:5us
1ns
S5:5us
S

2For the moving window method, the counts found with time stamps included in a given window
length are added in every step to give the nal value for that step, with the time increase in every step
chosen as a constant: in every step, the earliest time included in the given window, i.e. its starting time,
is increased by the step time, such that counts having occurred earlier are dropped, as is its end time,
such that counts with later time stamps are additionally included. The values obtained in every step are
then plotted. Here, the time used as the horizontal axis value for a given data point is the respective
starting time of the window.
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I\IIR I\Io
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2:83ps 3:83ps
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7.4 Expected H production improvement

7.4.1 The Ps Rydberg level reach

E E
B v

E= v~ B =vBsin();

Eion
n
e 0
g
e 1
Eion(n) = 16 oa2on?
nPs;max
S
. . e 1
Psmax ™ 16 oa29vB sin( )
10Pms? 1T
90
nPs;max
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5mm

nPs;max Npg

1=2npg

Ps p ! H +e

Nps

35mm 8
nPs;max
3 r]Ps;max
nPs;max
r]Ps;max
Ps 9 ! H +e
Ps ! H +e
Ky
cm
VPs
cm
k — VPS
v = ——
2Nps

(1:2+0:15%, 1) 10 *° ,
= n
1+ (k,=1:83)8 Ps

90 10



Ps ! H +e

7.4.2 Summary of the expected H number increase

110s
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N, 25% 3 10 | 70% 7 10° 70% 7 10
et 900 MBq 1850 MBq 200 MBq
e’ 10% 28% 2:5 %
15% 30 % 15%
Nps
Ny
e+
e+
Nps
110s
Nps = 32
nPS = 40



7.4.3 Considerations of the H axial velocity

Vi t
g

Vih

kB T m

r k
T
my, =Me 1836

100K

600ms? T =50K 2000ms? T =500K

t
X |
t 10ps
v(t) = —1 sin(lt)
2
500ns
t= t 500ns
2.3 10'ms !
1 10Pms!?
150 ns
10°ms? 50K
50ns
2000ms? 3 50K 30ns
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7.5 Laser cooling of positronium

7.5.1 Setup for broadband laser cooling of positronium

!:!0+kV

243 nm

3The wave numberk is the magnitude of the photon's wave vectork =2 = with  as the photon's
wavelength.
“Due to its very short lifetime of 125 ps laser-cooling of para-positronium is not currently feasible.



70ns

8 3 3:19ns
6:38ns

- B 205 nm

205 nm

1064 nm

t=0

5The pulse duration of the "Alex" laser can in principle exceed100 nsbut is interrupted at 70 nsfor
this measurement using the included switch, see Sect. 3.4.6.

6The increased Ps annihilation rate in external elds stems from singlet-triplet state mixing in the
excited state manifold.
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8 25 mm? 4
t=20
243 = 243 nm
t=0 205 = 205 nm
1064 = 1064 nm 7mm
75ns
70ns 5ns

243 = 243 nm 205 = 205 nm

1064 = 1064 nm

"The used oscilloscope is a Teledyne LeCroy model HDO4104A.
8The installed PMT is a Hamamatsu model R11265U-200.



7.5.2 Experimental results of positronium laser

400 ns

90ns

cooling

142 ns
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S
Scool S S243+205+1064
Soa3
Scool = Soazt205+1064  Spaz
9
243061 nm 200 GHz
243024 nm Sgoo
Wyigth = 350 GHz

Scool 10

S205+1064

9Preceding the combined measurement presented here, Doppler scans have been performed separately
for the detuning of each laser system to deepen the understanding of the interactions of the individual
lasers on the positronium. The corresponding results are outlined in [116] and are compatible with the
data shown here.
10For the moving average window method, the mean value of a constant number of consecutive data
points (given by the width of the window) is calculated in every step, with every step meaning here that the
single lower-most data point is removed from the analysis while the next one following is newly included.



(330 2)GHz

(269 1)GHz
1y 12
205 — (179 9)GHZ .
Wyigth = 12 10ms !
10!ms?
T
Vih ks 13
Vih (380 20)K
(170 20)K
(210 30)K
14
T mvz
Ks
37 10ms!?
200 GHz S205+1064
% Scool
%
350 GHz

1The root mean square velocity of an ensemble is de ned as the square root of the average of the
square of the velocities.

2The term deconvolution here refers to the subtraction of the squared quantities from the square of
the obtained distribution widths fwigth before taking the square root and multiplying by the probing
laser wavelength 205: Vims = 205 f2gn 505 Waigh =12

13Eq. 7.23 can be obtained by equating the classical expression for the kinetic energgyi, = 1=2mv?,
and the one for the one-dimensional average translational thermal kinetic energyEyin = 1=2kgT.

141t is possible to cool below the Doppler limit using more sophisticated techniques, such as Sisyphus
cooling, which utilize laser beams with opposite polarization going in opposite directions, producing
coherent photon scattering between the beams [193].
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7.6 Summary
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APPENDIX A. LIST OF ACRONYMS

ESDA
FACT
FC
FHG
FIFO
FPGA
FWHM
GBAR
GUI
HV
IDC

IR
ISOLDE
JSON
JTAG
KEK

LEAR
LHC
LINAC
MCP
MCX
MOS
OPA
OPG
OTIMA
ovC
PCB
PMT
PS
PSB
PUMA
QED
QDC
QCD
RC
RF
rms
RPC
RTIO
RW
scsl
SDRAM
SEP
SFG
SFP
SHG
SM
SMA
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UFF
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VBG
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1The reaction is equivalently possible within the eld of a target nucleus neutron, whose mass di ers
from that of a proton by merely 0.1%.



APPENDIX C. THE MINIMUM PROTON ENERGY FOR PROTON PAIR
PRODUCTION

Eomin = 7Mp¢®  6:6 GeV
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"target": "kasli",

"variant": "kasli-aegis-5tc1",
"hw_rev": "v2.0",

"base": "master”,
"core_addr": "192.168.1.70",
"rtio_frequency": 125e6,
"ext_ref _frequency": 10e6,
"peripherals”; [

{
"type": "dio",
"ports": [0],
"edge_counter": true,
"bank_direction_low": "input",
"bank_direction_high": "input"
h
{
"type": "dio",
"ports™: [1],
"edge_counter": true,
"bank_direction_low": "input",
"bank_direction_high": "input"
3
{
"type": "fastino",
"ports": [3]
h
{
"type": "hvamp",
"ports": [5]
h
{
"type": "hvamp",
"ports": [6]
h
{
"type": "hvamp",
"ports™: [7]
h
{

"type": "hvamp",
"ports": [10]
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APPENDIX G. ISSUES OF THE CUSTOM AMPLIFIER BOARDS
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APPENDIX H. CALIBRATION RESULTS OF THE AMPLIFIER CHANNELS







APPENDIX I. CMOS IMAGES OF ELECTRON AND ANTIPROTON PLASMAS
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