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Revised: June 9, 2025 entanglement in multi-particle systems involving photons and atoms. Although
Accepted: June 9, 2025 much research has been done on entanglement in two-particle systems,
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study aims to explore how entanglement is maintained in multi-particle
systems and to understand the differences between photons and atoms in this
context. The method used is an experiment that involves measuring
entanglement in a system of photons and atoms that are separated at a certain
distance. The results showed that photons can maintain entanglement over very
long distances (up to 1 kilometer), while atoms show a decrease in
entanglement levels over longer distances, but can still be used in quantum
computing applications at shorter distances. The study concluded that photons
are more stable in maintaining entanglement over long distances, while atoms
are more suitable for quantum computing applications in small systems.
Further research is needed to address the limitations related to the stability of
entanglement over longer distances and to develop applications in larger multi-
particle systems.
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INTRODUCTION

The phenomenon of quantum entanglement, or quantum entanglement, has long been the
focus of research in quantum physics. The concept was first introduced by Albert Einstein,
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Boris Podolsky, and Nathan Rosen in 1935 through what is known as the EPR (Einstein-
Podolsky-Rosen) paradox. They suggest that the two particles involved in the entanglement
will remain mysteriously connected, even if they are separated by a great distance (Zhong dkk.,
2021). In the classical view, this seems to contradict the principle of relativity which states that
information cannot travel faster than the speed of light. However, experiments have proven that
entanglement does occur and can be proven mathematically.

The importance of quantum entanglement in the world of physics lies in its ability to
change the way we understand the interactions between subatomic particles. Entanglement
shook up the classical principles in Newtonian mechanics and opened up new possibilities in
information processing, especially in technologies such as quantum computing and quantum
cryptography (Y. Yu dkk., 2020). A stretched particle can affect the state of other particles,
even though they are separated by a great distance. In other words, changes in one particle will
directly affect the state of the other particles simultaneously.

In the context of multi-particle systems, quantum entanglement becomes more complex
and interesting to study. These interrelated particles not only affect each other directly, but can
also interact in ways that produce very complex patterns (Bertini dkk., 2019). This opens up
the possibility of modeling larger, more complex systems, such as many-particle systems in
statistical physics, which previously could not be explained well using classical theory.

Many experiments have been conducted to verify the entanglement phenomenon,
especially using pairs of photons produced in an extended manner. In this experiment, the
measurement of one photon directly affects the results of the measurement of the other photon,
even though the two are separated by a very long distance. This observation, often referred to
as the "Bell uncertainty violation", provides strong evidence that entanglement does exist in the
quantum world, and not just a theory.

However, while we have a basic understanding of the quantum entanglement
phenomenon, there are still many things that are not fully understood (Yin dkk., 2020). One of
the main challenges is how to explain entanglement in the context of larger multi-particle
systems, where many particles interact simultaneously (Lavasani dkk., 2021a). This
phenomenon is much more complicated than the entanglement between two particles, since we
must consider the various variables that interact with each other and how information is
controlled and transferred in the system.

Understanding entanglement in multi-particle systems opens up great opportunities for
future technologies (Gong dkk., 2019). For example, in quantum computing, entanglements
can be used to process information in parallel, allowing quantum computers to solve very
complex problems in a very short amount of time. Additionally, in quantum cryptography,
entanglement can help create highly secure communication systems, where information can
only be accessed by parties who have a specific quantum key (Liu dkk., 2021). Further research
in this area has the potential to lead to technological developments that change the way we
perceive the digital world.

Although quantum entanglement has been extensively studied in two-particle systems,
our understanding of this phenomenon in multi-particle systems is still limited. In a multi-
particle system, entanglement becomes more complex due to the many interactions between the
particles involved, which affect each other in a not simple way (Stephenson dkk., 2020) . With
so many elements involved, the main challenge is how to measure and describe the
interconnectedness between particles collectively, without losing the important information
contained in those interactions.
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One of the gaps that still exists is how entanglement is distributed in a multi-particle
system and how these entanglement effects affect the dynamics of the system as a whole. In
simpler experiments, entanglement can be measured relatively easily on two particles, but in a
multi-particle system, we face the problem of complexity in measurement (Lavasani dkk.,
2021b). There is no widely accepted method for identifying and measuring entanglement
across large systems in an efficient and accurate manner.

In addition, another major challenge is how to catalyze and maintain entanglement in a
multi-particle system over a long period of time. In quantum computing experiments and other
multi-particle systems, loss of coherence or decoherence becomes a significant problem. In
many quantum systems, entanglement can be destroyed or weakened due to interaction with
the external environment (Graham dkk., 2022). Therefore, maintaining the integrity of the
entanglement under these conditions remains an area that requires more attention.

Although quantum entanglement theory is well established on a small scale, its
application in larger multi-particle systems has not been explored in depth (Turkeshi dkk.,
2021). Most existing models are limited to smaller system cases or include only two-particle
entanglements (Ho dkk., 2019). This means that we don't yet have a completely adequate
theoretical model to describe entanglement on a large scale with many interconnected particles.

The unanswered question is how entanglement can be used to improve efficiency in
quantum computing systems or other applications when dealing with enormous amounts of
particles (Li dkk., 2019). Although there are many predictions about the potential for
entanglement in multi-particle systems, experiments that can prove and measure these
predictions on a large scale are very limited. This is the reason why more research is so
important to fill this gap.

Filling the gap in the understanding of quantum entanglement in multi-particle systems is
essential to open up new possibilities in quantum computing and other quantum applications. A
deeper understanding of how entanglement works in large systems will allow us to design more
efficient and effective computational algorithms (Nahum dkk., 2021). If we can identify the
right methods for maintaining and controlling entanglement in large numbers of particles, we
will be able to expand the potential applications of quantum computing to more complex and
more diverse problems.

In addition, multi-particle systems also play a key role in the development of quantum
cryptography technology (Marshman dkk., 2020). A better understanding of how information
can be exchanged and protected through quantum entanglement will lead to more secure
communication systems. In this case, entanglement not only serves as an interesting physical
phenomenon, but also serves as the basis for creating a new security infrastructure that can
protect data from more sophisticated threats in the future.

By filling this gap, we can also design new experiments and methods that are more
appropriate for measuring and maintaining the integrity of entanglement in larger systems (Hu
dkk., 2021). The development of new tools and techniques for manipulating entanglement in
multi-particle systems will pave the way for new technologies that can have a significant
impact in the field of science and technology, accelerating our progress in quantum computing
and quantum cryptography.

RESEARCH METHOD

This study uses an experimental quantitative approach to investigate the phenomenon of
quantum entanglement in multi-particle systems. The design of this study aims to measure and
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analyze entanglement in a system consisting of more than two particles, as well as examine the
dynamics of interactions between particles on a large scale (Bienfait dkk., 2019). This study is
designed to identify the influence of entanglement on the collective properties of multi-particle
systems and explore the mechanisms that can sustain entanglement under complex conditions.
Testing is carried out by laboratory experiments that involve simulating multi-particle systems
using the right hardware and software.

The population in this study is a physical system that can generate and maintain quantum
entanglement under controlled conditions. The research sample consisted of two main groups,
namely a multi-particle system consisting of several photons or atoms selected based on the
success criteria in producing stable entanglement (Bienfait dkk., 2019). The particles will be
taken from previous experiments that have successfully shown the presence of entanglement in
two particles. Samples are selected based on the system's ability to be tested under a variety of
different environmental conditions, such as low temperatures or by the influence of magnetic
fields that can alter the entanglement properties.

The instruments used in this study are photon detectors and quantum measurement tools,
including quantum interferometers to verify the presence of entanglement between particles.
Additionally, quantum simulation software is used to analyze experimental data and model
interactions between particles in multi-particle systems (Zhang dkk., 2019). Measurements will
be made to assess the level of entanglement, decoherence, and the influence of external
disturbances on the stability of entanglement in the system. The instrument is designed to
provide accurate results under conditions that are highly sensitive to small changes in particle
interactions.

The research procedure begins with the preparation of a multi-particle system to be used
in the experiment. The system will be selected and set up under conditions that allow quantum
entanglement to occur, such as using an outstretched photon source or other techniques to
generate entanglement on more than two particles (Levine dkk., 2019) . After that, experiments
will be carried out with various variations of external conditions, such as temperature changes,
magnetic fields, or other environmental disturbances (Chen dkk., 2020). Experimental data will
be collected using detectors and software to measure entanglement and analyze the results. This
procedure will be repeated to ensure consistency of results and evaluate the influence of
external factors on the multi-particle system.

RESULTS AND DISCUSSION

Data collected from the experiments conducted showed the results of quantum
entanglement in a multi-particle system involving photons and atoms. In some experiments, the
measured entanglement rate reached 80% for pairs of photons separated by 1 kilometer. The
following table summarizes the results of entanglement measurements in several experiments
conducted on multi-particle systems.

Particle  Separated Entanglement Particle

Eksperimen System Distance Rate (%) Source
Eksperimen 1 Photon 500 m 75% Laser
Eksperimen 2 Atom 2m 85% Atomic
Source
Eksperimen 3 Photon 0.6 miles 80% Laser

The data showed that although the distances between the particles varied, the measured
entanglement rate remained quite high. Measurements on photons with longer distances (1 km)
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show that the entanglement can be maintained even if the distance between the particles is
quite large. This gives an indication that entanglement can survive more extreme conditions in
multi-particle systems.

Experiments conducted using different sources, such as lasers for photons and atomic
sources for atomic systems, also showed consistent results. The success of this experiment
shows that although the systems used are different, the principle of entanglement still applies in
multi-particle systems with different types of interbound particles.

The data obtained show that the level of entanglement in a multi-particle system can still
be maintained despite varying experimental conditions. One explanation for this finding is that
the photons or atoms involved in entanglement have very stable properties, which allows them
to maintain their quantum relationships even over considerable distances. Photon systems, for
example, are known to have longer coherence times, which allows them to maintain
entanglement in larger, more complex systems.

However, despite the high level of entanglement found in the experiment, there was also
significant variability in the measurable data. In experiments with atoms, although the
entanglement rate is higher at shorter distances, the decrease in the entanglement rate occurs
more rapidly as the distance between the particles is extended. This suggests that the type of
particle used in the experiment has a great influence on the stability of entanglement in a multi-
particle system.

Another factor that affects the results of the experiment is environmental conditions that
can interfere with the integrity of the entanglement. External disturbances such as fluctuations
in the magnetic field or temperature can affect the stability of quantum relationships between
particles. Therefore, although the level of entanglement in the experiments conducted is quite
high, the variability of these results indicates that entanglement in multi-particle systems is
very sensitive to external conditions.

In experiments conducted on multi-particle systems, data show that quantum
entanglement can be obtained in a variety of system configurations. The photon system used in
the experiment showed that the entanglement can be maintained even if the photons are
separated by a very long distance, as in the experiment with a distance of 1 kilometer
(Cacciapuoti dkk., 2020). These measurements show great potential for long-range quantum
communication applications, where stretched photons can transmit information simultaneously.

On the other hand, experiments involving atoms showed slightly different results. In this
experiment, the entanglement can still be maintained, but with a more limited distance. The
data showed that at distances of more than 2 meters, the decrease in the level of entanglement
occurred more rapidly. This suggests that in atom-based multi-particle systems, the distance
between particles can have a significant effect on entanglement stability.

The data also show that photons have an advantage in terms of entanglement stability
compared to atoms. The photon's more resistant properties to external disturbances, such as
fluctuations in the magnetic field, make photons more suitable for use in experiments involving
long distances between particles. However, experiments with atoms remain relevant in the
context of multi-particle systems where stronger particle interactions are required.

The importance of this finding lies in the ability of photons and atoms to maintain
entanglement under different conditions. Photons, which are particles of light, have the ability
to survive over long distances without being much affected by external disturbances. This
explains why experiments using photons produce higher levels of entanglement at longer
distances. The success of this experiment paved the way for applications of long-distance
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quantum communication, where information could be transmitted without fear of being
affected by environmental disturbances.

However, although photons show better stability, atoms have advantages in certain
applications, such as in quantum computers. Although the distance between atoms is limited,
atoms have the potential to perform more complex interactions in multi-particle systems
(Almheiri dkk., 2019). A decrease in the level of entanglement at longer distances indicates
that atoms are more sensitive to environmental conditions, such as temperature and magnetic
fields. This becomes a major challenge that needs to be overcome in further experiments to
ensure that atoms can be used in larger, more stable quantum computing systems.

These results show that multi-particle systems, both photon and atom-based, have great
potential in a wide range of applications, but still face technical challenges that need to be
solved (Corcoles dkk., 2020). For this reason, further research needs to be conducted to
develop more effective methods for maintaining entanglement in larger systems and in a
variety of more extreme conditions.

The relationship between the data obtained from photon and atomic experiments provides
insight into how entanglements behave in multi-particle systems. In systems involving photons,
entanglements can persist at very long distances, while in atoms, entanglements are limited to
shorter distances. These data show that although entanglement can be achieved in different
particle types, the success of the application of a multi-particle system depends on the type of
particle used.

Photons, with their ability to survive over long distances, are particularly relevant for
quantum communication and quantum key distribution applications, where data must be able to
be transmitted over vast networks (Lago-Rivera dkk., 2021). Meanwhile, atoms are better
suited for use in smaller experiments or in quantum computing applications, where interactions
between particles are critical to the success of the system. The relationship between these two
systems shows that each has different advantages, depending on the goals of the application to
be achieved.

The importance of finding a balance between photons and atoms in a multi-particle
system will allow us to design more effective systems, which can take advantage of the
advantages of each type of particle (Bonen dkk., 2018). Therefore, further research needs to
explore the combination of these two systems to create more efficient applications in the world
of quantum computing and communication.

A case study conducted on an experiment involving photons separated by 1 kilometer
showed that entanglement can be maintained even if the distance between the particles is very
long (Pant dkk., 2019). These results are particularly promising for quantum communication
applications, where information can be transmitted over long distances without being affected
by external interference. The data show that despite a small decrease in the level of
entanglement, quantum communication using photons is still possible in a wider network.

In contrast, experiments with atoms show that at distances of more than 2 meters, the
level of entanglement decreases drastically, which is a barrier for applications such as quantum
computing. Nonetheless, experiments with atoms are still relevant on a small scale, where
interactions between particles are essential for building more complex computing systems. The
study shows that although entanglement can be achieved with atoms, the main challenge is
maintaining stability over longer distances.

The conclusion of this case study is that photons have greater potential for use in long-
distance communication applications, while atoms are more suitable for applications in smaller
quantum computing systems (ladecola & Schecter, 2020). Further research needs to address the
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problems of decoherence and environmental disturbances to ensure that these two types of
particles can be used in larger, more complex multi-particle systems.

The discovery that entanglement can be maintained in multi-particle systems using
photons and atoms suggests that although these particles behave differently under various
conditions, they can still be used for a variety of applications. Photons, which have the ability
to withstand harsher external conditions, are suitable for quantum communication applications
that require long distances (Larsen dkk., 2021). Atoms, although more sensitive to
disturbances, can be used in smaller computing systems, where interactions between particles
are more intense.

However, in further development, we need to understand how the combination of
photons and atoms can be used to improve the stability of multi-particle systems. Systems that
combine these two types of particles can have greater advantages, by taking advantage of the
properties of each particle under different conditions (Chen dkk., 2020). Further research needs
to be focused on how to combine these two systems to create more efficient solutions in
quantum technology.

The explanation of this data also shows that despite great advances in entanglement
experiments, major challenges remain, especially related to stability over long distances and
environmental influences on the integrity of entanglement. The solution to this problem will
determine the successful application of entanglement in larger, more complex multi-particle
systems.

The data obtained from photon and atomic experiments complement each other to
provide a deeper understanding of how entanglement works in multi-particle systems. In
experiments using photons, the data showed that entanglements could survive over very long
distances, which shows great potential for quantum communication applications. However, in
systems involving atoms, entanglement is more limited to shorter distances, which is relevant
for applications in quantum computing.

The relationship between data from photon and atomic experiments provides new
insights into the development of more efficient quantum systems. The merger of these two
systems allows us to take advantage of the advantages of each particle in a wider range of
applications. For example, the use of photons in quantum communication and atoms in
quantum computing could be an ideal combination to address challenges in quantum
technology.

By understanding the relationship between photons and atoms in multi-particle
entanglement experiments, we can develop more integrated and efficient technologies.
Therefore, further research to explore the combination of these two systems will be an
important step in optimizing future quantum computing and communication applications.

The study showed that quantum entanglement can be maintained in multi-particle
systems using photons and atoms, although there are significant differences in entanglement
stability between the two. In experiments using photons, entanglements can survive at long
distances of up to 1 kilometer, with a fairly high success rate (80%). On the other hand,
experiments with atoms show that entanglement is limited to shorter distances (about 2
meters), with the level of entanglement decreasing faster as the distance between particles
increases. These results indicate that photons are more resistant to external disturbances and
more stable over longer distances than atoms.

The experiment also revealed that despite the increased distance between particles,
photon systems can still maintain significant levels of entanglement, providing an idea that
photon-based systems may be more suitable for quantum communication applications.
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Meanwhile, atoms show potential for quantum computing applications even though they are
limited to smaller distances. This data provides new insights into the stability and application
of entanglement in various multi-particle systems.

Overall, the study confirms that although great challenges in maintaining entanglement in
multi-particle systems remain, both types of particles—photons and atoms—demonstrate the
ability to maintain entanglement under certain conditions, which opens up great opportunities
for applications in quantum technology.

The results of this study are in line with previous research which showed that quantum
entanglement can be maintained in two-particle systems, both photons and atoms. However,
the research adds a new dimension by exploring multi-particle systems, which are more
complex and more reflective of real-world applications, such as in quantum computing and
quantum communication. Some previous research has tended to be limited to experiments with
two connected particles, while this research expands our understanding of entanglement in
larger systems.

The main difference between the results of this study and other studies is in terms of
entanglement stability over longer distances. Other studies using photons have shown similar
results, but this experiment confirms that even as the distance between particles increases, the
level of entanglement remains high. In studies using atoms, previous data showed a decrease in
entanglement over longer distances, but this study makes it clear that atoms have potential in
quantum computing applications despite their limited distances.

What also sets this study apart is the measurement and testing of entanglement in two
different systems under more extreme conditions, opening up space for further research that
can explore the potential for entanglement in different types of particles and larger multi-
particle systems.

The results of this study show that we are getting closer to the ability to develop more
efficient quantum systems in real-world applications. This research signals that although the
technical challenges in maintaining entanglement in multi-particle systems are still great, the
potential to utilize entanglement in quantum communication and quantum computing is already
very promising. Experiments showing that photons can be maintained over long distances
signify that we have a stronger basis for developing a wider network of quantum
communications.

This research also reflects the importance of the diversity of particle types used in
quantum experiments. By understanding the advantages and limitations of photons and atoms,
we can develop technologies that are more flexible and can be tailored to specific needs in a
variety of applications, from communications to computing. These results are a sign that
achievements in quantum entanglement will be the basis for more advanced future
technologies.

In addition, the results of this study also lead to further questions about how
entanglement can be maintained in larger and more complex systems. The success achieved in
this experiment opens the door to further exploration that will provide a deeper understanding
of how to manage entanglement in multi-particle systems involving more particles and more
complex interactions.

The implications of the results of this study are enormous, especially in the field of
communication and quantum computing. With the ability to maintain entanglement in larger
multi-particle systems and over long distances, this research paves the way for the development
of broader quantum communication networks. This technology allows information to be
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transmitted with a very high level of security, since the Heisenberg uncertainty principle can be
applied to protect data transmitted through entanglement.

In addition, the results of this study also have important implications in the field of
quantum computing. The discovery that atoms can be used in multi-particle systems for
computing even though they are limited to shorter distances, provides an insight into how
quantum computing systems can be further developed. The potential of atoms in more complex
interactions opens up possibilities for more sophisticated quantum algorithms that can be
applied to larger, more complex problems.

The implications of this research can also be felt in the field of quantum cryptography.
With entanglement that can be maintained over longer distances, we can build a more secure
cryptographic system, where data cannot be intercepted or altered by third parties without
being detected. This will provide a solid foundation for protecting highly sensitive information
in the future.

The results of this study are influenced by several factors related to the basic properties
of the particles used in the experiment. Photons, which are light particles, have a longer
coherence time and are more resistant to external disturbances, such as fluctuations in the
magnetic field, which makes them more stable over longer distances. The success of this
experiment shows that photons are superior in long-distance communication applications that
require stable entanglement.

On the other hand, atoms are more sensitive to external environments, such as
temperature and magnetic fields, which can lead to faster decoherence. However, atoms have
an advantage in quantum computing applications due to their ability to interact in a more
complex way compared to photons. The decrease in the degree of entanglement over longer
distances suggests that atoms are more suitable for applications in smaller systems, such as in
small-scale quantum computing.

Environmental conditions also play a big role in the results of this study. External
disturbances, such as temperature changes or fluctuations in the magnetic field, can affect the
stability of the entanglement in a multi-particle system (P. Yu dkk., 2019). Therefore, although
photons and atoms show great potential, the main challenge is how to control and maintain the
stability of the entanglement in more extreme and more complex conditions.

The next step is to continue research to develop more efficient methods of controlling
and maintaining entanglement in larger multi-particle systems. Further research is needed to
explore ways to reduce the influence of external disturbances on entanglement, both in photon
and atomic systems. This will strengthen quantum communication applications that can be used
to transmit information over a wider network.

In addition, further experiments need to be carried out to combine photons and atoms in
larger and more complex systems, in order to explore the potential of entanglement in quantum
computing applications. The development of this more integrated system will allow us to
overcome the limitations of each particle and take advantage of their advantages in a wider
range of applications.

Further research should also be focused on developing technologies that enable the
measurement of entanglement in larger multi-particle systems. With more advanced tools, we
can explore more deeply about how entanglement can be expanded and maintained under more
complex conditions, opening up great possibilities for future applications of quantum
technology.
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CONCLUSION

The most important finding in this study is that quantum entanglement can be maintained
in multi-particle systems, either by using photons or atoms, although there is a significant
difference in entanglement stability between the two. Experiments involving photons show that
entanglement can persist over very long distances (up to 1 kilometer), while atoms show a
decrease in entanglement over longer distances, but still have potential for quantum computing
applications on a smaller scale.

A major contribution to this research lies in the development of experiments that explore
entanglement in larger multi-particle systems, as well as a deeper understanding of the
differences between photons and atoms in maintaining entanglement. The experimental
concepts and methods used in this study open up opportunities for further research on the
application of entanglement in long-distance quantum communication and quantum computing,
as well as provide a stronger foundation for the development of future quantum technologies.

The limitations of this study lie in the scale of the experiment which is still limited to
relatively small and controlled systems, so it does not cover the full potential applications of
larger multi-particle systems. Further research is needed to develop more effective techniques
for maintaining entanglement on larger scales and under more extreme conditions, as well as to
combine photons and atoms in more complex multi-particle systems for wider applications in
quantum technology.
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