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Outline of this Presentation
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PLASMA is the fourth state of matter

SOLID LIQUID GAS PLASMA
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Temperature



Ionization
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ATOM + ENERGY                       ION+ + ELECTRON-

- Mass particles, such as electron or proton
- Massless particles, such as photons (light)
- Energy > Ionization energy

Two types of particles with:
- Opposite charges
- Different masses



Recombination
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ION+ + ELECTRON- ATOM + ENERGY(photon)



The role of temperature
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Less Plasma, more neutral atoms More Plasma, less neutral atoms
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Advantages

 Hot, very hot (1 eV = 104 K) for man-made plasma often plasmas are 
not dense (10-5 ambient density).

 Manipulation from distance using electric and magnetic fields

 Naturally, plasma recombine to become neutral atoms leading to 
controlling the neutrals population
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Plasma Chemistry
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Plasma chemical reactions

Plasma is used as a chemical reactor providing the desirable species with others. 

The energy fed to the electrical discharge is gained by the electrons, which allows them to initiate dissociation, 
ionization or attachment reactions. 

A plasma created from polyatomic molecules is thus composed of the mother molecule, atoms, radicals, electrons, 
positive ions, and eventually negative ions.
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Applications to etching/deposition
 The way the plasma species interact with the sample material defines the dominating operating process.

 For example using a CF4 plasma, fluorocarbon radicals (CFx) can generate a fluorocarbon layer; 
alternatively fluorine atoms will etch silicon via the formation of volatile SiF4
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The Etching visualized
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Challenges of surface treatment by plasmas

 Better control of the removal or the addition of layers

 Understand the various mechanisms of plasma chemistry especially with the 
usage of new materials

 More uniform and reproducible coatings

 Better control of the doping elements Better control of the doping elements

 Better control of the crystalline structure of the coatings

 Better adherence to the substrate
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Medical Plasmas
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Medical Plasmas: Applications to skin treatment
 Cold Atmospheric Plasmas (CAP), is used for the treatment of viable tissues and thus have become a focus of 

medical research over the past years. 

 Besides therapeutic applications, CAP is also used for surface modification and biological decontamination

 Several studies have elucidated the lethality of CAP on bacteria and fungi and have shown its potential as an 
effective tool

 Potential applications of CAP in cancer therapy are currently explored by several research groups. The goal is to 
selectively ablate cancer cells (e.g., melanoma) while the corresponding normal cells remain unaffected.
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Challenges

 We are still at the beginning of this type of research

 Find the adequate plasma parameters that interact with living 
organisms 

 Better understanding of the plasma–living cells interaction

 Develop the adequate plasma devices that can be used in a medical 
environment
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Plasma light
 A fluorescent lamp converts electrical energy into useful light much more efficiently than incandescent lamps.

 Electric arcs in high-pressure lamps are used for street lights and low-pressure discharges in fluorescent tubes for 
office and domestic lighting.

 The enormous energy saving of plasma-based lighting stems from the efficient use of radiation within the range 
of spectral sensitivity of the human eye.
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Challenges

 Increase the efficiency of light produced

 Better understanding the effects of doping of the rare earth gases

 Better understanding of the collision processes and the resulting light 
properties

 Better understanding of the excitation of electrons in order to emit 
more light

 Decrease the cost of fabrication
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Plasma Thrusters
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VASIMIR
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Thrusters for space travel
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Challenges

 Generation of dense plasmas by better understanding the RF Wave-
plasma coupling

 Acceleration of the plasma particles by modifying the electric field, 
either imposing or self-generated

 Develop plasma-facing components that can withstand the plasma 
energetic ions and have a long life-time of operation

 Heating of the plasma, higher velocity leads to bigger thrust
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Lightning
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The study of lightning: Motivation
 Much about how and why it forms remains unknown and the subject of scientific research.

 Lightning can cause severe damages to electrical infrastructure and to human beings.

 Other objectives of lightning study include determining the relationship between the electrical characteristics of 
storms and precipitation, convection, and severe weather. 
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Lightning imaged with a high-speed camera
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Challenges

 Better understanding of the physics processes occurring in lightning

 Help in limiting the damage of lightning on electric equipment

 Can we store the energy from lightning?
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Fusion Plasmas
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Three types of fusion
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SOHO



Plasma Gravitational Fusion
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Plasma Inertial Fusion
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Typical 
Plasma 
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Plasma 
discharge 
in a 
tokamak



Challenges: Energy OUT > Energy IN

 Higher density plasmas

 Higher temperature plasmas

 Better confinement plasmas

 On the microscopic level, turbulence reduction On the microscopic level, turbulence reduction

 On the macroscopic level, disruptions mitigation

 Adequate plasma-facing components

 Disruptions
33



Earth Magnetosphere
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The Earth magnetosphere and space weather
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Challenges

 Understanding the various processes occurring in space plasmas

 Better understanding of magnetic reconnection 

 Assess the role of turbulence and other non-linear processes on 
reconnection 

 Predict the flux of plasma and electromagnetic waves arriving to 
Earth surface.
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Aurora Borealis and the safety of space satellites
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Aurora Borealis on Jupiter
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The sun
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Understanding the Sun’s corona high temperature mystery
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Interstellar Medium or Dusty Plasma
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Reflection Nebula: Witch
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Black holes
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CONCLUSION: Spatial scales of plasma phenomena
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The Governing equationsThe Governing equations
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From single particle to a collection of particles 

Single Particle Description Motion in homogeneous B
Motion in homogenous E
Motion in inhomogeneous B
Motion in inhomogeneous ESeveral particles

Collisions
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Velocity distribution

Maxwell-Gaussian distribution



The Kinetic description

F(v) = N(v)/NT
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v

If no particles are lost from or added to the plasma the 
exact phase space density is conserved. Thus the total 
time derivative 



The Vlasov-Maxwell system of equation

48

Maxwell’s equations



The Maxwell-Boltzmann distribution

49



From Vlasov to Two-fluid description

Knowing the Maxwell-Gaussian distribution

One can thus integrate over the velocity distribution and obtains 

50

One can thus integrate over the velocity distribution and obtains 
equations where the unknowns depend only on time and space

These are the fluid equations



Definition of the density, velocity and pressure
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The two-fluid equations at constant temperature

Multiply the Vlasov equation by dv and integrate
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Multiply the Vlasov equation by vdv and integrate



Single-fluid MHD equations

 We are now in a position to formulate a ‘single-fluid’ model of a fully ionized plasma, in which the 
plasma is treated as a single hydrodynamic fluid acted upon by electric and magnetic forces. 

 This is called the ‘magnetohydrodynamic’ (MHD) model. 
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 The attraction of this model, relative to the more complex ‘two-fluid’ models, is that it provides a 
somewhat more tractable set of equations while retaining much of the important physics. 



Defining the MHD variables
 The magnetohydrodynamic model treats the plasma as a single fluid with mass density
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Single fluid MHD continuity equation
The two individual continuity equations may be multiplied by the ion 
and electron masses M and m, respectively, and added together to 
produce a ‘mass continuity equation’:
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The MHD momentum balance equation
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Generalized Ohm’s law

After subtracting the two individual momentum balance equations, we get
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SUMMARY
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Kinetic Two-fluid MHD

Descrip
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description description



Mission Nebula: Rosette Nebula
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Dark Nebula: Horse-Head Nebula
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