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Abstract: High-temperature plasma physics is the core area of research into nuclear fusion energy, and it also has broad
application potential in industry and astrophysics. The paper systematically reviews the fundamental definition, the formation
mechanism, and research history of high-temperature plasma; analyzes focal problems including energy confinement, plasma
instability, radiation cooling, material tolerance, turbulent dynamics; and discusses the technical progress and challenges of
magnetic confinement and inertial confinement experimental devices. The comparison of tokamak against laser inertial
confinement gives further illustration of the pros and disadvantages of the two fusion routes. Nuclear fusion energy, from an
application viewpoint, represents a very ideal energy source for future sustainable development, and high-temperature plasma
technology is also very promising in industrial processing, astrophysical experiments, and other fields. In conjunction with
relevant recent research, suggestions are also given in this paper regarding high-temperature plasma in the future development
direction. All this is done as an effort to offer reference and guidance for future developments in that field.
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. . dynamic behaviors. Magnetic confinement devices, such as
1. Overview of ngh Temperature tokamaks, use magnetic fields to control and confine high-

Plasma P hySlCS temperature plasma. By doing so, it prevents its diffusion with
the intent of increasing the energy confinement time [3].

L.1. Basic definition and characteristics of high In addition, in inertial confinement fusion, lasers or particle

temperature plasma beams are used to quickly compress the fuel ball, instantly
High temperature plasma is the fourth state of matter. generating extremely high temperatures and pressures, so that
Different from solid, liquid and gas, it is composed of free the plasma reaches sufficient energy density in a very short
electrons, positive ions and neutral particles. This state is time to achieve nuclear fusion reactions. The study of the
produced under extremely high temperature conditions, formation mechanism also includes the energy transfer
usually requiring temperatures exceeding 10’K to ionize mechanism, turbulence effect and instability of the plasma, all
atoms and form plasma. At this temperature, matter exhibits of which have an important impact on the formation and
collective behavior, and electrons and ions are no longer evolution of high-temperature plasma [4].

bound together, but move freely to form a gas composed of

charged particles. High temperature plasma has properties 1.3. History and current status of high

such as high conductivity, sensitivity to electromagnetic fields temperature plasma physics research
and complex collective behavior, which makes it widely used Basic research into high-temperature plasma physics dates
in nuclear fusion and astrophysics. In addition, due to its high back to the start of the 20th century. Furthering the
degree of freedom, high temperature plasma exhibits development of quantum mechanics and electrodynamics
extremely strong fluid and electromagnetic coupling behavior, from this time forward, a beginning was made on the study of
making its control and understanding very challenging [1]. basic properties of plasma. With the rise of nuclear fusion
The study of high temperature plasma provides basic research since the 1940s, plasma physics entered a period of
theoretical support for nuclear fusion reactions. In nuclear rapid development. In some sense, the tokamak device
fusion reactions, ions must overcome the Coulomb screening invention marked the break in plasma confinement
effect to react, which requires the plasma to reach extremely technology and turned out to be an important experimental
high temperature and density conditions. Because of this, the platform while doing research on high-temperature plasma
study of the characteristics of high-temperature plasma has [5]. With laser technology developed in the 1960s, great steps
great significance in the fields of energy, astrophysics, etc. [2]. forward were gained in inertial confinement fusion research.

At present, except for research work on nuclear fusion,

1.2. Formation mechanism of high- plasma physics as such finds extensive use in other fields of

temperature plasma applications, such as astrophysics and material science. A few

This normally requires some form of external energy input- examples are high-temperature plasma finds its application in
illuminating a laser, high electric field, or thermal energy- astrophysical explanations of stars, black holes, and
such that the material reaches a sufficiently high temperature; explosions of supernovas, while industrially plasma
in this case, the electrons in the atoms or molecules can obtain technology can be applied to surface treatments, plasma
enough energy to escape from the constraints of the nucleus cutting, and material processing [6]. Generally speaking,
and form an ionized p]asma. These processes are usually high—temperature plasma research has entered a new stage
accompanied by complex electromagnetic effects and with the continuous breakthrough on experimental and
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theoretical technologies in an atmosphere of multi-
disciplinary cross-cutting and international cooperation.

2. Key Issues in High-temperature
Plasmas

2.1. Energy confinement and plasma instability
Energy confinement is one of the core issues in high-

temperature plasmas, especially in nuclear fusion applications.

Instabilities in plasma often lead to energy loss, making it
difficult for fusion reactions to maintain the required high
temperature and high density. Common plasma instabilities
include Druidt instability, turbulence effects, and
magnetohydrodynamic ~ (MHD)  instabilities. = These
instabilities are mainly caused by nonlinear behavior and
complex electromagnetic interactions inside the plasma. For
tokamaks, magnetic confinement instabilities, such as edge
local modes (ELMs) and internally damped oscillations
(ITGs), are one of the main causes of energy loss [7].

In order to improve the energy confinement performance,
researchers have proposed methods to adjust the plasma shape
and introduce external magnetic perturbations. Studies have
shown that changes in plasma triangulation can significantly
affect the development of instabilities and energy transfer.
Negative triangulation configurations can suppress trapped
electron mode (TEM) instabilities, thereby reducing energy
losses, indicating the stabilizing effect of this plasma shape
on microscopic instabilities [8]. Through nonlinear dynamic
simulations, studies have shown that these adjustments can
significantly improve the energy confinement performance of
tokamaks.

2.2. Radiative cooling and material tolerance

Radiative cooling is another key issue in high-temperature
plasma, especially when studying the interaction between
plasma and materials. High-temperature plasma releases a
large amount of radiation, which dissipates into the external
environment through mechanisms such as Brownian
scattering, resulting in a decrease in the plasma temperature,
thereby affecting the efficiency of the fusion reaction [9]. At
the same time, the interaction between the plasma and the first
wall material is also affected by radiative cooling. The
material must have sufficient tolerance to withstand erosion
and degradation in high-temperature and high-radiation
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environments.

To effectively handle this problem, a new kind of cooling
system with liquid metal, mainly lithium or lithium alloy, has
been put forward. Liquid metal is a kind of PFC material that
could work well when facing high-temperature radiation
erosion. Simultaneously, its high heat conduction
performance and good evaporation shielding make it show
good tolerance when subjected to transient heat load [10].
This may not only extend the service life of the material but
also significantly reduce the mentioned-above negative
effects of radiative cooling on plasma energy, which can
significantly improve the performance of a fusion reactor.

2.3. Dynamics and turbulence issues

Turbulence in high-temperature plasma has been
considered one of the influential factors in energy transfer and
confinement performance. As a rule, plasma turbulence is
driven by temperature and density gradient and presents itself
as random fluctuations in the potentials, temperatures, and
density. The turbulence sometimes causes the energy and
particle loss in plasma, which in turn affects the energy
confinement time and stability of the fusion reaction process
[11] . Various nonlinear simulation techniques have been
utilized to study the interaction of turbulence with the plasma
boundary layer in an attempt by researchers to apprehend
more about plasma turbulence.

By studying the low-collision rate plasma in the DIII-D
experimental device, researchers found that turbulence
showed a significant enhancement in the plasma edge region,
resulting in a decrease in energy confinement [12]. In addition,
through the nonlinear effect driven by turbulence, the
formation of large-scale structures in the plasma further
intensified the energy transfer. Nevertheless, the interaction
between turbulence and shear flow was also found to have an
inhibitory effect on turbulence, indicating that the balance
between turbulence and shear flow in plasma is of great
significance for improving energy confinement [13].

3. Experimental Research on High-
temperature Plasma

3.1. Magnetic confinement and inertial
confinement experimental devices
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Figure 1. Schematic diagram of magnetic field confinement and particle motion in a tokamak device

Magnetic confinement and inertial confinement are the two
main technological methods for creating high-temperature
plasma fusion. The main equipment using a strong magnetic
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field to confine the movement of the plasma and prevent high-
temperature plasma from touching the inner wall of the device
is the Tokamak and Stellarator cores [14]. So far, the tokamak



is the most commonly used magnetic confinement device.
ITER is an international tokamak device that is supposed to
realize a fusion energy output with Q > 10, while the
stellarators like Wendelstein 7-X in Germany are
continuously being studied with the aim of realizing more
stable plasma confinement by complex magnetic field
structures [15].

Figure 1 shows the principle of magnetic confinement in a
tokamak device and its effect on the motion of particles in a
plasma. Figure (a) shows the confinement effect of the helical
twist of the magnetic field lines on the particles. The charged
particles in the plasma move along the magnetic field lines
and present a spiral trajectory within the Larmor radius,
forming a particle confinement [34]. Figure (b) shows in
detail the magnetic field structure in the tokamak device,
where the polar magnetic field and the toroidal magnetic field
work together to form a spiral magnetic field, which
effectively confines the high-temperature plasma in the center
of the device. Through this magnetic field structure, direct
contact between the plasma and the inner wall of the tokamak
can be avoided, preventing energy loss and improving nuclear
fusion efficiency. Figure (c) further shows the control of the
magnetic field lines on the plasma boundary, especially how
the interaction between the polar and toroidal magnetic field
lines limits the expansion and motion of the plasma. This
figure clearly shows the working principle of magnetic field
confinement in the tokamak device and the stability of the
high-temperature plasma in the device [35].

In contrast, the inertial confinement fusion mainly depends
on intensive external energy input from such sources as lasers
or ion beams, to compress and instantaneously heat the
plasma to extreme conditions that must be met by nuclear
fusion. Currently, the biggest inertial confinement fusion
experimental device in the world is the United States National
Ignition Facility (NIF), which has already successfully
conducted multiple fusion ignition experiments [16]. In
addition, there are some merits and shortcomings in respect
of the experimental devices and the technical challenges.
Therefore, in the future realization of nuclear fusion energy,
magnetic confinement and inertial confinement will continue
complementing each other.

3.2. Challenges and progress in high-
temperature plasma experiments

The main challenges faced by high-temperature plasma
experiments include plasma instability, energy loss and
material tolerance. Experimental devices need to face
complex problems caused by high temperature, high radiation
and interaction with materials. Tokamak devices have made
significant progress in the past few decades, especially in
energy confinement and stability control [17]. For example,
the EAST device (China Experimental Advanced
Superconducting Tokamak) has achieved a high confinement
mode plasma discharge lasting more than 400 seconds, setting
a new world record [18].

Inertial confinement experiments have also made progress
in dealing with energy transmission, laser-plasma interaction
and other issues. In recent years, inertial confinement fusion
has achieved a higher success rate in fusion ignition
experiments by improving the stability and energy transfer
efficiency of lasers [19]. In addition, material issues have
always been an important challenge in experiments. In order
to solve the problem of plasma erosion of materials (PFC),
researchers are exploring liquid metal as a potential material
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solution to improve the ability to withstand high temperature
and high energy impact [20].

3.3. Comparison between Tokamaks and Laser
Inertial Confinement

Tokamaks, as a representative device of magnetic
confinement fusion, are significantly different from laser
inertial confinement fusion. Tokamaks rely on a closed loop
of magnetic field to confine high-temperature plasma. The
key challenge of the experiment is how to maintain the
stability and energy confinement of plasma for a long time.
The ITER device is a major breakthrough in tokamak research,
aiming to achieve large-scale energy output and solve the
problem of long-term stable operation [21]. In contrast, laser
inertial confinement relies on rapid compression and heating
of fuel in a short period of time, requiring the laser to release
a large amount of energy in a very short time to form a high-
density plasma.

Although the two methods are significantly different, they
each have their own advantages in the technical route to
achieve nuclear fusion. The tokamak device performs well in
the balance of energy input and output, while inertial
confinement has made rapid progress at instantaneous high
energy density. In the future, tokamaks and inertial
confinement are expected to achieve commercial application
of nuclear fusion energy through multidisciplinary
cooperation [22].

4. Application Prospects of High-
temperature Plasma

4.1. Application potential of nuclear fusion
energy

Nuclear fusion is regarded as one of the most promising
clean energy sources in the future. Deuterium-tritium fusion
can generate huge energy through high-temperature plasma,
and the main byproduct of this process is harmless helium.
Compared with traditional fossil energy or fission reactors,
nuclear fusion has the advantages of no radioactive waste and
abundant and almost unlimited fuel sources [23]. At present,
the tokamak device has made significant progress in the field
of magnetic confinement fusion. For example, the ITER
(International Thermonuclear Experimental Reactor) project
is being promoted. Through this device, it is expected to
achieve a fusion energy output greater than Q value 10, thus
proving the feasibility of fusion reactions [24]. In addition,
the development of new high-temperature superconductor
technology makes it possible to further increase the magnetic
field strength, which will accelerate the design and
implementation of fusion reactors [25].

Another important direction of nuclear fusion energy is
inertial confinement fusion (ICF), which uses high-energy
laser systems to quickly compress and heat plasma to achieve
fusion conditions. The National Ignition Facility (NIF) in the
United States has achieved multiple fusion ignition
experiments, indicating that inertial confinement has great
potential in the future energy field [26]. Whether it is
magnetic confinement or inertial confinement, the
advancement of high-temperature plasma technology will
become the key to realizing the application of nuclear fusion
energy.



4.2. Application of high-temperature plasma in
industry and astrophysics

High-temperature plasma not only shows great potential in
the energy field, but is also widely used in industry and
astrophysics research. In the industrial field, high-
temperature plasma is used in material processing and
manufacturing technologies, such as plasma surface treatment,
plasma cutting, and synthesis of nanomaterials. Its highly
active environment enables high-temperature plasma to
process complex materials by dissociating and reorganizing
molecular structures, achieving fast and efficient processes
[27]. In addition, plasma technology is also used in the field
of environmental protection, such as waste treatment and
energy recovery through plasma technology [28].

In the field of astrophysics, high-temperature plasma
provides a good experimental platform for studying extreme
environments in the universe. For example, using high-
temperature plasma generated by lasers, scientists can
simulate supernova explosions or nuclear reactions inside
stars, thereby helping to explain complex astrophysical
phenomena in the universe [29]. In recent years, laboratory
astrophysics has made great progress through the
development of high-power lasers, which can reproduce
plasma environments similar to those around stars or black
holes, thereby deeply studying physical phenomena under
extreme conditions [30].

4.3. Future Development Direction of High-
Temperature Plasma Technology

With the continuous progress of high-temperature plasma
physics, the future direction of technological development
will focus on improving plasma confinement time, energy
output efficiency and material tolerance. At present, the
research focus of magnetic confinement fusion has gradually
shifted to using new high-temperature superconducting
materials to increase the magnetic field strength, thereby
improving the stability and energy confinement performance
of plasma [31]. In addition, the introduction of data-driven
and artificial intelligence technologies has also brought new
opportunities for high-temperature plasma research. Through
machine learning algorithms, researchers can monitor and
optimize the operating state of plasma in real time, greatly
improving experimental efficiency [32].

In the future, with the widespread application of plasma
technology in multiple fields, its influence in materials
science, energy and astrophysics will continue to expand.
International cooperation and interdisciplinary research will
further promote the development of high-temperature plasma
physics and enable it to play a more important role in energy
and basic scientific research [33].

5. Conclusion

5.1. Overall evaluation of high-temperature
plasma research

Research on high-temperature plasma has made significant
progress in the past few decades, laying a solid theoretical and
experimental foundation for the realization of nuclear fusion
energy and other application fields. Through the experimental
methods of magnetic confinement and inertial confinement,
scientists have gradually deepened their understanding of key
issues such as high-temperature plasma instability, energy
confinement and radiation cooling. Despite the technical
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challenges, experimental research continues to push plasma
physics forward and provides a feasible path for the
commercial application of nuclear fusion energy in the future.

5.2. Prospects for nuclear fusion and other
applications

As a potential clean and sustainable energy source, nuclear
fusion energy has great application prospects. With the
construction of large-scale experimental facilities such as
ITER, the energy output of nuclear fusion reactions is
expected to be realized in the near future. At the same time,
high-temperature plasma has also shown a wide range of
application potential in the fields of industry, environmental
protection and astrophysics. For example, plasma technology
has played an important role in material processing, waste
treatment and simulation of astrophysical phenomena, further
expanding its application boundaries.

5.3. Recommendations and directions for
future research

Future high-temperature plasma research should continue
to focus on improving energy confinement performance,
optimizing plasma stability, and developing new materials to
cope with high-radiation environments. At the same time,
with the development of high-performance computing and
artificial intelligence technologies, data-driven experimental
optimization and simulation technologies will bring new
breakthroughs to plasma research. International cooperation
and interdisciplinary research will also become the key to
further promote the development of high-temperature plasma
technology, ultimately accelerating the realization of nuclear
fusion energy and other cutting-edge applications.
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