
Vol 5, Issue 1, 2022     Impact Factor: 2.58      DOI: https://doi.org/10.31426/ijamsr.2022.5.1.5018 

           

 

 
       IJAMSR  5 (1)                      January 2022                      www.ijamsr.com                       77 

 

International Journal of  

Advanced Multidisciplinary Scientific Research (IJAMSR) ISSN:2581-4281 

                                           ABSTRACT  

Plasma equilibrium and stability analysis is a fundamental area of 

plasma physics that explains how high-temperature plasma can be 

confined and maintained under magnetic fields. This study 

examines the basic concepts of plasma equilibrium, force balance, 

and stability in magnetically confined systems such as tokamaks 

and stellarators. It discusses the principal equilibrium equations, 

including the force balance equation, magnetohydrodynamic 

equilibrium equation, Ampere’s law, pressure balance relation, 

plasma beta, and the Grad–Shafranov equation. The study also 

reviews important literature on plasma equilibrium and instability 

behaviour. Overall, the work highlights the significance of 

equilibrium analysis for plasma confinement, stability control, and 

fusion energy development. 

Keywords: Plasma Equilibrium, Plasma Stability, 

Magnetohydrodynamics, Magnetic Confinement, Grad–Shafranov 

Equation. 
 

 
 

 

1. INTRODUCTION 

Plasma is often described as the fourth state of matter, consisting of freely moving charged particles 

such as electrons and ions. Plasma very strongly interacts with electric and magnetic fields, therefore 

its behaviour is extremely complicated and dynamic, in contrast to simple gases. It occurs naturally 

in stars, the solar wind, lightning, and the ionosphere; it can be manufactured artificially for uses 

including nuclear fusion, plasma processing for spacecraft propulsion models, and advanced 

materials. Controlled nuclear fusion has a special place among these applications since it can provide 

clean and virtually limitless energy generation. In order to obtain useful fusion energy, however, we 

must confine the plasma at these temperatures for a long enough time. Thus, the research of plasma 

equilibrium and stability has become a hot issue in plasma physics. 

Plasma equilibrium refers to a balanced state in which the forces acting on the plasma are in steady 

balance. In the case of magnetically confined plasma systems, such as tokamaks and stellarators, the 

pressure arising from the plasma generally experiences a force directed at pushing the plasma 

outward while the magnetic field is sources with a fictitious force that provides confinement. This 

balance is often represented by the magnetohydrodynamic equilibrium condition which balances the 

pressure gradient and magnetic force. Limewire's overall plasma shape, position relative to the 
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magnetic surface, current distribution and pressure profile are all determined by the equilibrium 

structure It must be perfectly clear that in this field a bit of equilibrium is required because plasma 

can move inside or outside, with plasma deformation and high probability of loss of confinement 

happening quite rapidly even for small deformations. 

Stability analysis is closely related to equilibrium. A plasma can be in equilibrium and still not be 

stable against small perturbations. Plasma stability analysis checks if such disturbances die out as 

time passes or lead to large-scale instabilities. The plasma is stable if the disturbance decreases, but 

unstable if it does increase. Instabilities can severely perturbate plasma confinement, resulting in loss 

of free energy, magnetic reconnection, disruption or damage to the reactor components. There are 

several types of common plasma instabilities, such as kink instability, sausage instability, tearing 

modes, ballooning modes and interchange instability. Instabilities are also due to plasma current, 

pressure gradient, adverse magnetic curvature and resistive effects. 

The analysis of plasma equilibrium and stability is mainly carried out using magnetohydrodynamic 

models, analytical methods, and numerical simulations. The Grad, Shafranov equation is well-known 

for axisymmetric equilibrium in global tokamak devices, while linear stability analysis and energy 

principles investigate the response of plasma to small perturbations. In addition to recent techniques, 

modern computational tools also provide researchers predictions on plasma behavior in various 

operating conditions. The knowledge derived from these techniques has direct application to the 

development of stable magnetic confinement systems and may offer improvements in fusion reactor 

performance. 

 

Figure: Schematic of a Tokamak Showing Magnetic Confinement of Plasma 

Source: ITER Organization. (n.d.). ITER superconducting magnets. ITER.  

https://www.iter.org/machine/magnets 
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The figure illustrates the basic structure of a tokamak used for magnetic confinement of plasma. It 

illustrates the vacuum vessel, plasma column, toroidal magnetic field coils, inner and outer poloidal 

magnetic field coils and the plasma current. Toroidal field coils creates the magnetic field 

referencing to existing from this torus curve, while plasma current and poloidal coils gives us the 

fields of it on axial. Your (i.e. toroidal and poloidal) magnetic field create a twisted or helical 

magnetic field that confines the plasma and helps maintain equilibrium an stability in the tokamak 

itself Plasma equilibrium and stability analysis represents an essential component of the study of core 

behavior in confined plasmas. This offers both the theoretical and empirical basis to maintain plasma 

confinement, inhibit instabilities, and enhance performances of the fusion energy systems. The high 

importance of the field, being a key area for future fusion reactor technology and other plasma-based 

technologies with interface to sustainable energy has been further sustained due to development in 

this direction. 

1.1 Importance of Plasma Physics 

Plasma physics is an important branch of science because plasma is one of the most common states 

of matter in the universe. The majority of the stuff in the Universe we can see; stars, the Sun, solar 

wind and large parts of interstellar matter are all in a hot state known as plasma. Consequently, 

studying plasmas allows scientists to explain multiple natural phenomena including solar flares, 

lightning, auroras and space weather. Plasma, due to its compositions of charged particles, reacts 

strongly under electric & magnetic fields, exhibiting behaviors unlike that any ordinary gas. Plasma 

physics is very important in controlled nuclear fusion. Fusion energy is a power source that can 

theoretically provide huge quantities of low-cost, clean, sustainable power sometime in the future. 

For fusion reactors, plasma has to be heated to temperatures high enough for light atomic nuclei to 

fuse and release energy. Because regular solid walls cannot contain such hot plasma, magnetic fields 

are used for the confinement. In addition, the area of plasma physics provides knowledge to control, 

confine and stabilize plasma in devices like tokamaks and stellarators. 

Apart from fusion research, plasma physics has many practical applications in industry and 

technology. Plasma applies to semiconductor manufacturing, surface treatment, welding, cutting, 

sterilization and display technology as well as material processing. This plasma-based techniques 

makes materials hard as well as improves their quality and performance. Plasma is also used in 

medicine for sterilization of surgical instruments, treating wounds and even cancer research. It plays 

a role in space science and astrophysics as well. It helps explain the behavior of the Sun and stars, 

planetary magnetospheres, cosmic rays and space storms. Knowing how plasma behaves in space has 

applications for protecting satellites, communication systems, navigation systems, and power grids 

from the effects of space weather. 

Overall, plasma physics plays a vital role in both scientific understanding and technological 

development. It bridges fundamental science and cutting-edge applications in clean energy, the space 

industry, industrial processing, medical technology and even more. Hence research of plasma physics 

is very significant in both, modern scientific development and future technological growth. 
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1.2 Concept of Plasma Equilibrium 

Plasma equilibrium refers to a steady and balanced condition in which the different forces acting on a 

plasma remain in balance. Because plasma consists of charged particles, it is greatly influenced by 

electric and magnetic fields. Common solid walls cannot be used to confine the plasma in high-

temperature systems (especially of fusion type) as it can erode and/or melt at the boundary layer due 

to excessive heat flux from hot plasmas. That is why the plasma must be controlled and confined 

using magnetic fields. In a plasma, the outward pressure of the plasma is due to the temperature and 

density of the particle collisions in it, when this pressure falls slightly below equal to graceful inward 

magnetic force then equilibrium occurs. In magnetically confined plasma, the pressure inside the 

plasma tends to expand it outward. At the same time, the magnetic field produces a force that keeps 

the plasma confined.  

II. REVIEWS AND FINDINGS 

Sl. 

No. 

Author(s) 

& Year 

Study Focus / 

Objective 

Method / 

Model Used 

Major Findings Research Relevance 

/ Gap 

1 Morad et al. 

(2020) 

Investigated 

solitary wave 

propagation 

and stability in 

cold plasma 

under magnetic 

field influence. 

Reductive 

perturbation 

method; 

modified 

derivative 

nonlinear 

Schrödinger 

equation. 

Stable solitary 

waves were 

observed under 

magnetic field 

conditions, and 

stable/unstable 

modulation regions 

were identified. 

Highlights the role of 

magnetic field in 

wave stability, but 

focuses mainly on 

nonlinear wave 

behaviour rather than 

general equilibrium 

structure. 

2 Brushlinskii 

et al. (2020) 

Examined 

equilibrium 

magnetoplasma 

configuration 

around a 

straight current 

conductor in a 

plasma 

cylinder. 

Mathematical 

equilibrium 

model; ordinary 

differential 

equations; 

MHD stability 

formulation. 

Smooth equilibrium 

configurations were 

obtained, with 

pressure limitations 

required for 

stability. Full MHD 

stability imposed 

stricter conditions 

than intermediate 

stability.  

Useful for 

understanding 

equilibrium constraints 

in conductor-based 

confinement, though 

limited to a specific 

cylindrical 

configuration. 

  

3 Brushlinskii 

and Stepin 

(2020) 

Studied plasma 

equilibrium 

and stability in 

Galatea-type 

magnetic traps. 

Two-

dimensional 

boundary value 

formulation 

using the 

Grad–

Shafranov 

equation. 

Stability improved 

when plasma 

pressure decreased 

gradually near the 

outer boundary of 

the trap. 

Demonstrates the 

importance of 

pressure profile 

shaping in magnetic 

trap stability; 

however, results are 

specific to Galatea 

trap geometry. 
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4 Fletcher et 

al. (2019) 

Investigated 

kinetic 

equilibrium 

and stability of 

dipolarization 

fronts in space 

plasma. 

Kinetic 

equilibrium 

modelling, 

linear stability 

analysis, and 

kinetic 

simulations. 

Instabilities in the 

lower-hybrid 

frequency range 

were mainly driven 

by density 

gradients and 

velocity shear. 

Shows that plasma 

equilibrium and 

stability are 

influenced by kinetic 

effects beyond 

standard MHD 

assumptions. 

5 Brushlinskii 

and 

Kondratyev 

(2019) 

Compared 

plasma 

equilibrium 

computations 

in toroidal and 

cylindrical 

magnetic traps. 

Grad–

Shafranov-

based two-

dimensional 

boundary value 

modelling. 

Geometry 

significantly 

affected 

equilibrium 

behaviour, and 

cylindrical 

approximations 

had limitations in 

toroidal systems. 

Relevant for 

understanding how 

magnetic geometry 

influences 

equilibrium; supports 

the need for realistic 

confinement 

modelling. 

6 Varela et al. 

(2019) 

Analysed MHD 

stability and 

energetic 

particle effects 

in Large Helical 

Device plasma. 

Reduced MHD 

model with 

energetic 

particle moment 

equations and 

helical 

couplings. 

Energetic particles 

destabilized 

resistive 

interchange modes, 

and mode 

transitions were 

linked to changes in 

particle drive. 

Important for 

advanced confinement 

systems, but focused 

on energetic-particle-

driven instability 

rather than general 

equilibrium 

formulation. 

7 Gohain 

(2018) 

Explored 

plasma 

equilibrium and 

perturbation 

dynamics 

across 

laboratory and 

astrophysical 

scales. 

Hydrodynamic 

continuum 

approach 

covering Debye 

to Jeans scales. 

Identified the 

importance of 

collective plasma 

behaviour and long-

range interactions in 

equilibrium and 

perturbation 

processes. 

Broad theoretical 

contribution, though 

not confined to a 

single magnetic 

confinement system. 

8 Grinfeld and 

Grinfeld 

(2018) 

Developed an 

equation of 

state for 

plasma-state 

substances in 

heterogeneous 

thermodynamic 

systems. 

Gibbs 

variational 

thermodynamic 

approach and 

analytical 

modelling. 

Proposed an 

analytical equation-

of-state framework 

for studying 

equilibrium and 

stability in partially 

ionized plasma 

systems. 

Contributes to the 

thermodynamic 

foundation of plasma 

equilibrium, but less 

focused on 

confinement-device 

stability. 
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9 Bhakta et 

al. (2017) 

Studied 

nonlinear dust 

acoustic wave 

propagation 

and 

equilibrium 

stability in 

dusty plasma. 

KdV and 

KdV–Burger 

equations 

under adiabatic 

and 

nonadiabatic 

dust charge 

variation. 

Secondary electron 

emission 

significantly 

affected shock 

structure, soliton 

behaviour, and 

stability of 

equilibrium points. 

Expands equilibrium 

and stability analysis 

to dusty plasma 

systems, though not 

directly related to 

fusion plasma 

confinement. 

10 Klein et al. 

(2017) 

Investigated 

instability 

determination 

in solar wind 

plasma. 

Nyquist 

instability 

method applied 

to Vlasov 

dispersion 

relation. 

Developed an 

automated 

approach for 

identifying plasma 

instabilities in 

collisionless 

magnetized 

plasma. 

Important for 

instability diagnosis 

in space plasma; 

shows the need for 

advanced stability 

tools beyond 

conventional MHD. 

11 Medvedev 

et al. (2017) 

Examined 

high-resolution 

equilibrium 

calculations for 

tokamak 

pedestal and 

scrape-off 

layer plasma. 

High-

resolution 

CAXE 

equilibrium 

code adapted to 

magnetic 

surfaces. 

Showed that 

accurate pedestal 

and SOL 

equilibrium 

modelling is 

essential for 

realistic MHD 

stability analysis. 

Highly relevant to 

tokamak equilibrium 

analysis and directly 

supports integrated 

equilibrium–stability 

modelling. 

12 Karmakar 

et al. (2016) 

Analysed 

stability of 

Gravito-

Electrostatic 

Sheath-based 

solar plasma 

equilibrium. 

Linear 

perturbation 

analysis and 

numerical 

dispersion 

relation 

solution. 

Identified unstable 

plasma modes and 

linked their 

oscillation periods 

with observed solar 

surface oscillations. 

Extends equilibrium 

and stability concepts 

to solar plasma, but 

with limited 

applicability to 

laboratory 

confinement systems. 

13 Aleynikova 

et al. (2016) 

Studied post-

disruption 

plasma 

equilibrium 

and MHD 

stability in 

ITER with 

runaway 

electron 

current. 

Linear MHD 

stability 

analysis with 

varying 

runaway 

current 

profiles. 

Showed that 

runaway-electron 

current can 

strongly affect 

post-disruption 

stability and 

plasma evolution. 

Very relevant to 

fusion reactor safety 

and disruption control 

in tokamak plasmas. 
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14 Coelho et 

al. (2016) 

Developed an 

integrated 

workflow for 

tokamak 

equilibrium 

reconstruction 

and MHD 

stability 

analysis. 

Kepler 

workflow 

combining 

EQUAL, 

CLISTE, 

EQUINOX, 

and SDSS 

reconstruction 

tools. 

Demonstrated 

integrated 

equilibrium 

reconstruction 

using magnetic and 

internal 

measurement data. 

Strongly relevant to 

practical equilibrium 

reconstruction and 

stability studies in 

fusion devices. 

15 Aleynikov 

and 

Breizman 

(2015) 

Investigated 

stability of 

runaway-

electron-driven 

waves in 

tokamak 

plasma. 

Ray-tracing 

code (COIN) 

with runaway 

kinetic drive 

and collisional 

damping. 

Identified 

instability 

thresholds for 

runaway-driven 

waves under ITER-

like conditions. 

Important for 

understanding wave 

stability during 

disruption scenarios, 

though centered on 

runaway electron 

physics. 

16 Ham et al. 

(2015) 

Studied three-

dimensional 

equilibrium and 

edge stability of 

tokamak 

plasmas under 

non-

axisymmetric 

fields. 

VMEC 

equilibrium 

code, HINT2 

modelling, 

Mercier and 

ballooning 

stability 

analysis. 

Found that 

resonant magnetic 

perturbations 

modified edge 

equilibrium and 

increased 

ballooning 

instability growth 

rates. 

Highly relevant for 

modern tokamak 

stability studies, 

especially in non-

axisymmetric 

operating conditions. 

17 Tassi et al. 

(2014) 

Examined the 

effect of 

equilibrium 

flow on 

collisionless 

magnetic 

reconnection 

stability. 

Reduced four-

field plasma 

model with 

analytical and 

numerical 

stability 

analysis. 

Equilibrium flow 

produced a 

stabilizing effect by 

reducing 

reconnection 

growth rates. 

Indicates that plasma 

flow profiles can 

significantly influence 

stability, which is 

important in 

equilibrium-based 

reconnection studies. 

18 Hu et al. 

(2013) 

Studied the 

effect of non-

equilibrium 

plasma on 

combustion 

stability of low-

heating-value 

fuels. 

Dielectric 

barrier 

discharge 

plasma 

experiments 

with numerical 

investigation. 

Plasma-assisted 

combustion 

improved flame 

stability, 

propagation speed, 

and blow-off limits. 

Shows broader 

applications of plasma 

stability outside 

fusion, but less 

connected to 

equilibrium analysis in 

confinement systems. 
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19 Park et al. 

(2013) 

Investigated 

plasma-treated 

water effects 

on plant 

growth and 

water 

chemistry. 

Atmospheric 

plasma 

treatment using 

spark, gliding 

arc, and 

transferred arc 

discharges. 

Plasma treatment 

altered water 

chemistry and 

improved plant 

growth and 

nutritional yield. 

Demonstrates non-

equilibrium plasma 

applications in 

agriculture, though 

not directly linked to 

equilibrium and 

stability in fusion 

plasma. 
 

III. PHYSICAL MODEL 

3.1 Equations of Plasma Equilibrium 

Force Balance Equation 

The basic plasma equilibrium equation is: 

∇p=J×B 

Where, 
 

𝒑= plasma pressure 

𝐉= current density 

𝐁= magnetic field 

𝛁𝒑= pressure gradient 

𝐉 × 𝐁= magnetic force 

This equation means that the outward pressure force of plasma is balanced by the magnetic 

Lorentz force. 

3.2 Magnetohydrodynamic Equilibrium Equation 

In MHD form, the equilibrium condition is written as: 

−∇p + J × B = 0 

This shows that the net force on the plasma is zero during equilibrium. 

Ampere’s Law 

Current density and magnetic field are related by Ampere’s law: 

∇ × 𝐁 = 𝜇0𝐉 

Where, 

𝜇0= permeability of free space 

This equation helps determine the plasma current from the magnetic field. 
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3.3 Solenoidal Magnetic Field Condition 

Magnetic field lines do not have a beginning or end, so: 

∇ ⋅ 𝐁 = 0 

This means magnetic field lines are continuous and divergence-free. 

3.4 Pressure Balance in Simple Form 

For simple magnetic confinement, plasma pressure may be balanced with magnetic pressure: 

𝑝 +
𝐵2

2𝜇0
= constant 

Here, 

                                                             
𝐵2

2𝜇0
= magnetic pressure 

This equation shows that total pressure remains constant in equilibrium. 

3.5 Plasma Beta 

Plasma beta represents the ratio of plasma pressure to magnetic pressure: 

𝛽 =
𝑝

𝐵2/2𝜇0
 

or 

𝛽 =
2𝜇0𝑝

𝐵2
 

A higher beta means plasma pressure is high compared to magnetic pressure. 

3.6 Grad–Shafranov Equation 

For tokamak equilibrium, the Grad–Shafranov equation is commonly used: 

Δ∗𝜓 = −𝜇0𝑅
2
𝑑𝑝

𝑑𝜓
− 𝐹

𝑑𝐹

𝑑𝜓
 

 

Where, 

𝜓= magnetic flux function 

𝑅= major radius 

𝐹= magnetic field function 

𝑝= plasma pressure 
 

This equation is used to describe axisymmetric plasma equilibrium in tokamaks. 
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3.7 Most Important Equation 

∇𝑝 = 𝐉 × 𝐁 

This is the main equation of plasma equilibrium, because it directly shows the balance between 

plasma pressure and magnetic force. 

IV. CONCLUSION 

The physical model of plasma equilibrium provides the fundamental theoretical basis for 

understanding how plasma can be confined and maintained in a stable state under the influence of 

magnetic fields. Collectively the equations of plasma equilibria describe how the pressure, current 

density and magnetic field work together to give rise to the overall behavior of confined plasma. Of 

these, the force balance equation is the fundamental equation of plasma equilibrium and states that 

in-out pressure gradient of the plasma is balanced by magnetic Lorentz force acting inward. This 

tension is critical to maintaining high-temperature plasma without direct contact with the reactor 

walls. The equation for magnetohydrodynamic equilibrium additionally states that in order to be 

stable, plasma must reach a point where the net force on it is zero. Ampere’s law defines the 

connection between current density and magnetic field, so this molecular-level physics subsequently 

leads to an understanding of how plasma currents act to “self-confine” in a magnetic field. This 

solenoidal property of magnetic field guarantees continuity and divergence-free behavior of the 

magnetic field lines which is important for magnetic confinement analysis. The same approach can 

be applied of course to the pressure balance relation, which in a simple equilibrium system indicates 

constant total (plasma magnetic) pressure. And it is exceedingly important to also consider a measure 

called plasma beta which tells you how much pressure from the plasma is being exerted compared 

with that from the magnetic field. This parameter is instrumental in assessing how tightly the plasma 

couples with a thin magnetic separation surface. Moreover, the Grad–Shafranov equation gives a 

more sophisticated and practical descriptor for axisymmetric plasma equilibrium in tokamaks 

because assuring an accurate knowledge of the plasma shape with distribution of magnetic flux and 

current can guarantee proper reactor operation. Together these constitute a more unified physical 

model for confinement and stability of plasma. Not only do these equations describe the force 

balance process that occurs in plasma systems but they also form the mathematical basis of much of 

our design and analysis of tokamaks and stellarators. As a result, research into these equations is 

critical to our fundamental understanding of plasma behavior, optimizing confinement performance, 

mitigating instabilities, and designing safe and efficient fusion energy systems. 
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