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The AEZIS (Antimatter Experiment: Gravity, Interferometry and Spectroscopy) project, based
at CERN’s Antiproton Decelerator (AD) facility seeks to probe the Weak Equivalence Principle
(WEP) for antimatter. It has undergone significant enhancements, capitalizing on the increased
quantity of colder antiprotons made available by the Extra Low Energy Antiproton Ring (ELENA)
decelerator. These improvements aim to create a horizontal pulsed beam of antihydrogen atoms
and enable a direct investigation into the impact of gravity. The AEZIS experiment consists
of a Penning Malmberg trap comprising cylindrical electrodes within a 5 T and a 1 T axial
magnetic field region. The 5 T field captures cold antiprotons, while the 1 T field is used for
further trapping which ultimately leads to antihydrogen production. To maximize the antihydrogen
formation, it is crucial to have a detailed understanding of the properties of trapped antiprotons,
which can be achieved by realistic 3D simulation studies for the dynamics of particle confinement.
Previous studies indicated antiprotons exhibit greater stability in a shallower potential well [1].
In this work, we examine the dynamics of antiprotons by varying the outer electrode potentials
while maintaining constant potentials at the inner electrodes of the electrostatic trap, utilizing
an Electrostatic Particle-In-Cell (ES-PIC) solver in the CST (Computer Simulation Technology)
studio. We extended the studies on the temporal evolution of a mixed plasma generated with
the introduction of electrons inside the trap along with the antiprotons by observing the effect of
their properties: density, and temperature. Additionally, we provide an overview of the results
obtained for the energy evolution of antiprotons using a Rotating Wall (RW) electrode at different
RW frequencies. Finally, we summarize our plans to develop a full digital twin of the AEGIS
experiment for the next two years, providing valuable insights into the parameters required for
optimized experiments.
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1. Introduction

The AEgIS (Antimatter Experiment: Gravity, Interferometry, and Spectroscopy) experiment
consists of a series of cylindrical electrodes used to trap non-neutral antimatter plasma using
axial magnetic fields, forming a Penning Malmberg trap [2, 3]. The cylindrical electrodes create
an electrostatic potential well preventing the plasma loss in the axial direction whereas the axial
magnetic field helps to avoid the radial plasma losses. To optimize the trap for the experiments, it is
very important to study how the plasma behaves under different trap conditions. This work studies
the dynamics of the trapped particles using the ES-PIC solver in the CST studio. The paper is divided
as follows first the trap geometry in the simulation setup for the 1 T trap is discussed, followed
by a discussion on the electrostatic trap simulation with electrons and antiprotons, followed by the
discussions of results from the Rotating Wall electrode simulations. In conclusion, we summarize
the contribution and our further plans to develop a full Digital Twin of the AEZIS experiment in the
course of the next two years which will help us in providing some valuable insights for performing
optimized experiments.

2. Simulation setup

Various plasma simulation codes in the area of particle accelerators are available to model
plasma behavior like WARPX, XOOPIC, and CST Studio [4—6]. CST Studio offers the flexibility to
perform 3D PIC using electromagnetic and electrostatic solvers. The electromagnetic solver utilizes
maxwell’s equations and time-stepping techniques to predict particle evolution, accounting for self-
generated magnetic fields. However, this approach is computationally demanding. Alternatively, the
Electro-Static (ES) solver is suitable for cases where self-generated magnetic fields due to particle
motion can be neglected, making it computationally less intensive. The ES solver calculates charge
distribution by solving Poisson’s equation and updates the fields at each time step based on particle
positions. For the present simulation studies, the ES-PIC solver in CST Studio is used and we plan
to do full PIC simulations in the future which will consider the interactions due to the self-generated
magnetic field of the particles.

One of the key challenges in PIC modeling for large models is the spatial scales that dominate
the plasma dynamics. It is not numerically feasible to resolve electron motion for a density of
around 1 x 10" m~3 and T = 55 K on a 1:1 scaled computer model because the debye length
for such parameters is around 0.05 mm and the mesh generated for a 1:1 scaled model takes an
impractical amount of computational space. Thus, a 1:50 scaled-down model of the trap was used
to overcome the computational limitations. Such scaling techniques have been usually used to
simulate the physics of ion beam neutralization using electrons in hall thrusters models [7]. Figure
1 (a) shows the actual Penning Malmberg trap of the AEZIS experiment (scale:1:1), while Figure 1
(b) shows the corresponding scaled-down (1:50) 3D model of only a part of the 1T section created
in CST Studio. If the time step exceeds 1ns, the electrons do not spend enough time within the
simulation domain and tend to escape. On the other hand, if the time step is smaller than Ins, it
significantly increases the computational requirements. Therefore, a time step of 1ns is chosen as
a balanced value, adequate for studying the energy and density evolution of electrons within the
trap. The constant 1 T axial magnetic field is applied using the analytic field import definition in
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CST studio and each 100 ws simulation takes several hours to complete running on a 12 core CPU
system.

0.46mm (50x scaled down dimensions)
23mm (Real dimension)
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Figure 1: (a) The AEgIS Penning Malmberg trap[2]. (b) The 3D CST model of the AEgIS Penning
Malmberg trap (Scale:1:50).

3. Electrostatic trap simulations with electrons and antiprotons

The present simulation focuses on four electrodes, labeled A1, A2, A3, and A4. This region
plays a key role in the trap, as positronium emitted from the converter targets interacts with the
stored antiprotons in this area, making it crucial for analysis. Figure 2 (a) shows the potential
profiles between electrodes A1-A4 when they are set to -5 V and A2 and A3 are set to 0 V. A 2D
particle monitor is set in the x,z plane between A1-A4 to store different particle properties (like
coordinates, Kinetic energy, etc) during the simulation. Assuming a spherical source of diameter 3
mm, with an initial temperature T=55 K (7.1 meV), the density of 1 x 10'° ;=3 in a Maxwellian
distribution, the variation of the density of electrons and the antiprotons between A1-A4 electrodes
are shown in Figure 2 (b). To understand how the mean kinetic energy of antiproton changes for the
different trap voltages a parametric sweep is performed on Al and A4 electrodes by varying their
value from -20 V to -5 V. No loss of particles was observed even for the shallowest potential well
in the trap for the given simulation time.

In the next set of simulations, different energy electrons were used to perform a parametric
sweep by varying the electron temperatures and observing their impact on the mean energy of
antiprotons as a function of simulation time. Figure 3 (a) shows the number of electrons in the
trap as a function of time for different electron temperatures at a fixed trap potential. It is quite
intuitive that for the fixed trap potential the colder electrons tend to have a slower loss rate . All of
these losses occur axially in the trap and no radial losses are observed for any of the cases. These
simulations were carried out with 2000 electrons and 2000 antiprotons in the trap.

4. Rotating Wall (RW) electrode simulations

The Rotating Wall (RW) electrode consists of four segmented sectors on which a phase-shifted
sinusoidal signal V(¢) = Arw sin(wrw? + ¢) is applied to create a rotating electric field. The
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Figure 2: (a) Potential profiles of the electrostatic trap A1-A4. (b) The variation of mean density as a
function of time for antiprotons and electrons between the A1-A4 electrode. (c) Variation of mean energy of
antiprotons as a function of time for different potentials applied to the electrodes Al and A4.
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Figure 3: Effect of electron temperature on (a) Number of electrons in the trap and (b) Mean energy of
antiprotons for different electron temperatures.

sine signal is shifted in phase by 90 degrees for each segment in the electrode. Depending on the
frequency of the RW and the rotating frequency of plasma various manipulation processes such as
compression, centrifugal separation, etc can be achieved [8].

The electrodes next to the RW electrode are kept at a potential of -20 V. The simulations are
performed by loading cold antiprotons with T = 55 K, and the variation in their mean energy as a
function of time is studied for different RW frequencies ranging between 160 kHz to 480 kHz as
shown in Figure 4 (a). The mean number of antiprotons in the RW trap electrode is estimated for
each RW frequency, which helps to select the right frequency for a particular density, temperature,
and trap voltage. Such types of parametric sweep can be used to further optimize the loading
conditions to achieve the coldest antiprotons in the trap to maximize the probability of charge
exchange with positronium. Figure 4 (b) shows the average number of antiprotons for each RW
frequency and has maximum storage at around 320 kHz for the given input conditions.
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Figure 4: (a) Mean energy of antiprotons as a function RW frequency. (b) The average number of antiprotons
in the trap as a function of RW frequency.

5. Conclusion and Future work

3D ES-PIC simulations of the 1T trap region of the AEgIS experiment have been performed
to explore particle trapping schemes, focusing on how electrode voltages and electron tempera-
tures affect particle density, energy, and loss rates. Initial simulations demonstrate various study
possibilities related to the optimization of the trap, with future work aiming to use more realistic
experimental parameters. RW simulations for cold antiprotons, without electrons, were performed
across a 160-480 kHz range, showing that at 320 kHz the antiprotons have the maximum storage
inside the trap for the given simulation conditions.

Future developments will extend the to simulate the real-scale Digital Twin [9] (see prototype
AEgZIS Digital Twin in Figure 5), which will include the 5 T and 1 T electromagnets and corrector
coils with realistic 3D magnetic fields. Additionally, a Geant4-based Digital Twin focused on nuclear
interaction studies is also planned, aimed at optimizing antiproton capture and manipulation for
future experiments.

2759.06 mm

Figure 5: 3D model of AEgIS Digital Twin in CST studio.
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