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Abstract. With its high energy density and annihilation properties, antimatter, as the mirror
image of conventional matter, has wide potential in energy, medical applications, and basic
physics research. Its near-100% mas-energy conversion makes it a powerful tool for testing
the limits of modern physics and probing the deeper structure of the universe. However,
practical use still requires overcoming significant challenges in efficient capture, cooling,
and stable storage. This paper reviews recent representative studies on antimatter, beginning
with its basic properties and interactions, and explores the current state and future prospects
of antimatter capture and storage technologies. Specifically, it examines mainstream capture
and control approaches, including Penning traps, magnetic bottle systems, and advanced
cooling methods, and analyzes key technical bottlenecks. The results indicate that the main
bottlenecks in antimatter control lie in low production efficiency, short storage lifetime, the
difficulty of neutral particle confinement, demanding experimental conditions, and limited
control over energy release, all of which severely restrict its engineering and large-scale
applications. Thus, possible breakthroughs like nanoscale confinement and interdisciplinary
control strategies, are also discussed. By clarifying these challenges and directions, this
paper provides a structured reference for researchers and highlights potential pathways to
advance antimatter technology and its interdisciplinary integration.
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1. Introduction

First proposed by Dirac, the concept of antimatter was later confirmed through the discovery of
positrons, antiprotons, and antineutrons, significantly advancing the understanding of fundamental
particles. Identical in mass and physical properties but opposite in charge and magnetic moment,
antimatter annihilates with ordinary matter upon contact, releasing immense energy and positioning
it as a theoretically ideal energy carrier. Despite its vast potential, antimatter’s extreme instability
presents major technical challenges. It cannot directly contact normal matter and must be contained
under ultra-high vacuum and strong magnetic fields. International research institutions like CERN
have improved short-term storage, cooling, and measurement of antiprotons and antihydrogen. For
example, they have achieved antihydrogen storage lasting over a hundred seconds, measured its
energy levels, and carried out preliminary free-fall experiments. However, key challenges persist,
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including low production efficiency, no stable long-term storage, uncontrolled energy release, and
major safety concerns. Practical, fully controlled use of antimatter is still a long way off. Based on a
review of antimatter’s physical properties, this paper systematically assesses the main technological
approaches and challenges in its capture and storage. It focuses on key bottlenecks and structural
design issues that need urgent breakthroughs, and proposes feasible research directions and practical
recommendations to help lay a theoretical and technical foundation for future engineering
applications of antimatter.

2. Fundamental mechanisms and interactions of antimatter

2.1. Formation and properties of antimatter

The theoretical foundation of antimatter was laid by Dirac in 1928 through his “negative energy
solution,” predicting the existence of antiparticles [1]. This insight was experimentally validated in
1932, when Anderson discovered the positron (antielectron) in cosmic rays, marking the beginning
of antimatter research [2]. Following this discovery, other antimatter particles, such as antielectrons,
antiprotons, and antineutrons, have been observed. These particles can combine to form ‘anti-atoms’
such as antihydrogen and antihelium, which under specific conditions may even bind with ordinary
matter to form exotic bound states.

In present-day experimental physics, high-energy particle accelerators are typically employed to
produce antiparticles. For example, positrons and electrons can be generated via the pair production
process of high-energy gamma photons (   ), while antiprotons are mostly obtained from
hadronic collision reactions, in which protons collide with metal targets [3]. Due to their tendency to
annihilate readily with ambient matter after production, these antiparticles require immediate
confinement using electromagnetic fields. One of the most remarkable properties of antimatter is its
tendency to undergo annihilation when it comes into contact with its corresponding matter. In this
process, particle-antiparticle pairs annihilate and convert into pure energy, such as high-energy γ
photons or meson pairs. The energy released per unit mass through annihilation is far greater than
that of chemical reactions or nuclear fission, giving antimatter an extremely high theoretical energy
density, making it a highly promising area for future energy research [4]. In addition, antimatter
particles generally cannot stably exist in natural environments. While the scarcity of antimatter in
the universe remains an open question, technological constraints mean that only tiny quantities can
be produced experimentally and stored for very brief periods, severely limiting its practical use.

2.2. Annihilation and interaction of antimatter

The annihilation of antimatter with ordinary matter is one of its most fundamental yet challenging
characteristics. For example, when an electron-positron pair annihilates, it releases two γ photons,
each with an energy of 0.511 MeV. In contrast, the annihilation of a proton-antiproton pair produces
various leptons and mesons, releasing energy exceeding 1 GeV [5]. Given that annihilation products
often possess high energy and significant penetration capability, the handling of antimatter requires
strict control to prevent accidental interactions with ordinary matter.

Previous studies have shown that the products generated during annihilation strongly depend on
the particle species involved and their momentum states at the time of annihilation. For instance, the
annihilation of an electron-positron pair at rest typically produces only γ photons. However, if the
antiparticle is in a high-energy state, it may also produce lepton pairs or neutral mesons. Moreover,
under certain extreme conditions, rare particles may appear as annihilation products, thus providing

γ → e⁺+e⁻
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unique detection opportunities for particle physics. In practical applications, various “non-contact”
confinement methods have been developed to prevent antimatter from coming into contact with its
surroundings and undergoing annihilation. Examples include Penning traps and electromagnetic
traps. These techniques create stable electromagnetic fields that suspend charged antiparticles in
space, thus preventing them from touching the walls of the container and allowing for short-term
storage. Another important topic is the interaction mechanics of antimatter. Since antiparticles have
the same mass and spin as their matter counterparts, they follow the same quantum mechanical laws.
However, whether antimatter behaves identically to normal matter in a gravitational field is still an
open question that is actively under investigation.For example, CERN’s ALPHA-g experiment tests
the equivalence principle for antimatter by observing how antihydrogen behaves under Earth’s
gravity [6]. This work is critical for understanding fundamental physics and developing practical
ways to guide and store antimatter. Despite its exceptional energy density and elegant physical
symmetry, the ease with which antimatter annihilates and the challenge of containing it continue to
limit practical applications.

3. Present approaches to antimatter confinement and control

3.1. Penning traps and magnetic trap systems

The Penning trap is one of the most widely adopted techniques for antimatter capture. Originally
developed for confining charged ions, it is now commonly employed for the temporary storage of
antiprotons and antihydrogen ions. This technique combines strong magnetic and electrostatic fields,
where the magnetic field provides radial confinement and the electrostatic potential well restricts
axial motion, resulting in a stable three-dimensional trajectory [7,8]. In experiments, antiprotons or
positrons are injected into a Penning trap, as illustrated in Figure 1. With the aid of a high-vacuum
system and cooling mechanisms, stable confinement can be maintained for several hours or even
longer. For example, CERN’s ALPHA and ATRAP collaborationshave demonstrated the successful
confinement of antihydrogen for several minutes, thus marking a shift in antimatter research from
instantaneous production to controlled observation [9]. In addition, spatial confinement of neutral
antihydrogen is achieved by devices such as magnetic mirrors and magnetic bottles, as depicted in
Figure 2. These systems create regions of minimum magnetic field strength to trap particles with a
magnetic moment, allowing repeated reflection without contact with the chamber walls.. However,
due to its insensitivity to electrostatic confinement and weak magnetic response, trapping neutral
antihydrogen requires substantial energy input and suffers from low efficiency. Thus,enhancing the
confinement of neutral antimatter particles continues to be a significant challenge for this method.
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Figure 1. Penning trap

Figure 2. Magnetic bottle

3.2. The comparison of laser cooling and electron cooling mechanisms

To improve capture efficiency and reduce particle loss, antimatter particles often undergo cooling
after capture. The cooling technology not only reduces the thermal kinetic energy of the particles,
but also helps to improve the stability and accuracy of the confinement device. At present, there are
two main methods: electron cooling and laser cooling. Specifically, electron cooling mainly realizes
energy exchange via the Coulomb interaction between charged antimatter particles and pre-injected
cold electron clouds, thus gradually reducing the kinetic energy of antimatter particles and making
them approach thermal equilibrium state. This method has a mature principle, simple device, and is
suitable for experimental systems without optical manipulation conditions [10]. In contrast, laser
cooling utilizes laser photons tuned below the specific transition frequency of the particles. Through
the Doppler effect, these photons selectively resonate with and absorb from the particles moving in



Proceedings	of	the	3rd	International	Conference	on	Applied	Physics	and	Mathematical	Modeling
DOI:	10.54254/2753-8818/2025.DL26746

103

the opposite direction, further radiating photons in a random direction. This method offers high
cooling efficiency and achieves low final temperatures, and has been successfully applied to cool
antihydrogen atoms in CERN’s ALPHA project [11]. Both electron cooling and laser cooling have
their distinct advantages and limitations. Specifically, electron cooling is highly efficient but offers
limited control, hence making it suitable for large-scale initial processing. In contrast, laser cooling
provides high precision but requires complex equipment, thus it is ideal for precision experiments.

3.3. Ultra-high vacuum and antimatter storage systems

Even if antimatter can be confined within a limited space, it still requires an extreme environment to
maintain its stability. Among these, achieving ultra-high vacuum, cryogenic thermal insulation, and
electromagnetic isolation are particularly critical. Currently, mainstream approaches largely rely on
magneto-optical hybrid confinement containers, featuring a cryogenic trap chamber that maintains
an internal vacuum below 10-12 torr and controls temperature around 1 kelvin [12]. Simultaneously,
electromagnetic trap systems prevent particles from contacting the chamber walls, greatly extending
storage durations. For instance, the ALPHA and BASE experiments increased antiproton storage
durations from a few seconds to hundreds of hours, demonstrating notable advances in long-term
stability [13]. Nevertheless, existing antimatter storage systems still face multiple challenges. Firstly,
capacity is limited, with each storage cycle accommodating only on the order of 104 antiprotons.
Secondly, construction and operational costs are extremely high, as cooling, vacuum pumping, and
shielding systems require substantial investment. Moreover, safety risks remain significant, as any
system failure could trigger annihilation reactions, potentially causing device damage or personnel
injury. In recent years, initiatives have concentrated on downsizing systems and implementing array
setups to increase volumetric efficiency, coupled with the investigation of novel materials such as
superconducting nanotubes to boost magnetic field sensitivity. However, these approaches remain
mostly theoretical or at the prototype stage, requiring significant time before large-scale use.

4. Major obstacles and future trends

4.1. Technical bottlenecks and countermeasures

Despite recent advancements in particle capture, cooling, and short-term storage, the large-scale and
long-term controlled use of antimatter is still constrained by multiple technical bottlenecks. Firstly,
the production efficiency is extremely low and costs are prohibitively high. Antiprotons still need to
be generated using high-energy accelerators, and the cost of producing 1 gram of antimatter can
reach several billion dollars [14,15]. Secondly, storage capacity and lifetime are limited. Currently,
storage times mostly remain within hundreds of hours, and single storage quantities are about 104 to
105 particles, thus making it challenging to meet demands for large-scale energy output or intense
experiments. Thirdly, storage systems depend on ultra-high vacuum, cryogenic temperatures, and
strong magnetic fields, where any system instability can trigger annihilation reactions, posing risks
to equipment and personnel [16,17]. Moreover, the controlled capability of neutral antimatter is still
insufficient, as it cannot be directly manipulated through an electrostatic field. As present, it mainly
relies on weak magnetic responses, which limits its storage conditions to low temperatures, low
densities, and short lifespans. To address these issues, methods like structural optimization, beam
flow control, and the application of new superconducting materials have been explored to enhance
efficiency and safety. However, these efforts are still in the theoretical and prototype verification
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stages, requiring interdisciplinary technological breakthroughs and sustained investment to support
further development.

4.2. Breakthrough paths and development trends

Despite technical challenges, antimatter’s potential in fundamental science, energy, and aerospace
propulsion makes it a central focus of major global research programs. Present development efforts
target the following domains. In particular, the improvement of magnetic confinement precision via
nanostructures and superconducting materials is a central priority. Advanced materials engineering
enables the construction of nanoscale superconducting coils and ultra-low temperature platforms,
which enhance the stability and tunability of magnetic field confinement. Besides, integration of
quantum computing and intelligent feedback control is pursued. By using quantum computing to
simulate particle trajectories and states in real time, together with artificial intelligence (AI)-based
magnetic field regulation systems, rapid and dynamic correction of antimatter states under complex
parameter environments can be achieved [18,19]. Moreover, the combination of laser cooling and
neutral beam manipulation techniques offers significant advantages. For neutral antiparticles like
antihydrogen, the integration of laser cooling with multi-trap state preparation methods, such as
Raman transitions and magneto-optical trap arrays, can enhance the density and lifetime of neutral
antimatter. In addition, advancement in the miniaturization and integration of storage systems plays
a crucial role. Micro-modular and array designs help improve storage density per unit volume while
ensuring safety and reducing the risk of single-point failures [20]. Also, interdisciplinary theoretical
research continues to progress. This includes developing new field theory models targeting neutral
and cold antimatter, exploring the Charge-Parity-Time (CPT) symmetry breaking, and establishing
antimatter plasma frameworks, all supporting advances in storage and control.

4.3. Exploration of potential cross-applications of antimatter technology

Although the production and storage of antimatter have not yet achieved large-scale application, its
unique physical properties provide potential cross-disciplinary applications in several cutting-edge
fields. If key technologies advance, antimatter could profoundly impact the following fields. In deep
space propulsion and high-efficiency aerospace energy, antimatter is regarded as an ideal fuel for
high-specific impulse systems due to its near-total energy conversion efficiency. Once large-scale
storage and control become feasible, the performance limits of existing propulsion systems could be
significantly enhanced, supporting deep space exploration. Furthermore, in precision medicine and
particle therapy, antimatter annihilation radiation is already used in positron emission tomography
(PET) for brain and tumor imaging. In the future, if low-dose and controllable antimatter beams can
be realized, they may enable novel high-resolution treatments and targeted radiotherapy. As a key
experimental tool for fundamental physics research, antimatter aids in testing CPT symmetry and
gravitational mechanisms. Achieving high-precision observations of its free fall and energy level
transitions can further refine related theoretical frameworks. Moreover, the unique energy release
and particle behavior of antimatter could offer extreme conditions for advanced material design and
quantum precision measurement. This may drive innovations in material response mechanisms,
quantum metrology, and structures under ultra-high-energy physical environments, offering new
experimental platforms for fields such as artificial intelligence and quantum communication.
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5. Conclusion

As an extreme form of existence in physics, antimatter carries significant theoretical importance and
shows great potential for applications in energy, aerospace, and fundamental science. However, its
inherent instability and the high costs of production and control remain key obstacles to practical
use. This paper investigates the fundamental physical mechanisms of antimatter and the main
technologies for its capture, cooling, and storage, examines the key technical challenges identified
through leading international experiments, and discusses possible avenues for future breakthroughs.
Thus, the development of antimatter technologies relies on deep interdisciplinary collaboration and
continuous innovation. Though still at an exploratory stage, advances in experimental techniques
and theoretical understanding could allow antimatter to play a more significant role in future energy,
aerospace, and fundamental physics research.
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