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Plasma 

PLASMA IS IONIZED 
MATTER 

sometimes called  
THE 4TH STATE OF MATTER 



The image cannot be displayed. Your 
computer may not have enough 
memory to open the image, or the 
image may have been corrupted. 
Restart your computer, and then 
open the file again. If the red x still 
appears, you may have to delete the 
image and then insert it again.

K. Wiesemann   Electrical Engineering and Plasma Technology (AEPT)                                  

Introduction to Plasma Physics  

3 

10 GHz ECRIS 2 

ION SOURCES need COLD PLASMA 
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• positively (and negatively)   
charged ions 
• electrons 
• neutrals 

Main Constituents 
in Technical Cold Plasma 

Because of its charged components plasma is 
sensitive to electromagnetic fields 
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• electric conductivity and a well defined 
local space potential 

• quasineutrality within bulk 

• screening electric fields by sheath 
formation (e.g. at walls and electrodes) 

• collective phenomena (e.g. plasma waves, 
drift) 

Key Plasma Properties 
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Quantities Characterizing a Plasma 
• temperatures of the constituents T 

• number densities of the constituents n 

• ionization degree η 

• Debye length λD 

• plasma frequency ωpl  
• (plasma parameter g) 
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Temperatures in Plasma 
Even in so-called “cold“ plasma electrons have 
temperatures of the order of 104 K and more, while 
ions and neutrals remain cold (~103 K). Thus “cold 
plasma” is better characterized as “low enthalpy 
plasma”, because it transfers little heat to its 
environment.  

1 eV corresponds to 1.160*104 K    
104 K correspond to 0.862 eV 

It has become international usage to use the symbol 
T not for the thermodynamic temperature measured 
in Kelvin, but instead for the characteristic energy 
kBT (kB Boltzmann constant) measured in eV. The 
“speaking” is: “The temperatures are measured in eV”  
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Number Density of Particles 
Type i 

definition 

units [ ] [ ] . 1m or , 1cm -3 
i 

-3 
i = = n n 
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Quasineutrality 

For plasma with singly charged ions only 

For plasma with multiply charged ions 

        (z charge number of the ions) 
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Ionisation degree η or η’ 

η << 1 “weakly ionised plasma” 

η ≈ 1 “strongly” or “fully ionised plasma”  

two different definitions are used 

na neutral 
particle 
density 
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Q • 

Screening, Debye-Length 
Φvacuum(r)= Q/ 4πε0 r   

“Debye length” 

δr 

r 

δn = 4πnr2δr ⇒screening 

ΦDebye(r)= (Q/ 4πε0 r)*exp(-r/λDebye)  
                    „Debye-Hückel-potential“ 

P. Debye, E. Hückel 1923 
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Quasineutrality I 

Example: fluorescent tube 
ne = 1016m-3; Δx = 1mm 
Emax = 180 kV/m; U = (EΔx) = 180V 

restoring electric 
field E due to 
charge separation 

potential energy of an ion traversing a space charge sheath 
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Quasineutrality II 
What amount of deviation from 
neutrality can exist over a length L? 

The increase in potential energy must not 
surmount kBT/2 

Substituting kBT  
by      yields  

L 

Ionized gas is plasma only, if its extension is much 
larger than the Debye-length 
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Typical value: for ne=1017m-3 we have ωpe=2π*2.8 GHz 

-3 -1 
pe m 98 8 2 s / n . / e ⋅ ⋅ π = ω 

Plasma Oscillations 
Equation of motion for electrons moving under the action 
of the electric field generated by charge separation 

This is the equation of a harmonic oscillator with the  
so-called electron plasma frequency as natural frequency 
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If we replace electron charge and mass by the ion charge 
and mass we obain: 

  electromagnetic fields varying with frequencies 
well above ωpi have almost no effect on the ion motion 

  Typical values of ωpi are in the MHz range. Thus 
ionic RF currents are very small when working with 
frequencies in the 10 MHz range or above. In this 
case ions follow the (average) DC fields only 

Ion Plasma Frequency 

This is the characteristic frequency of ion space charges 
(e.g. ion sheaths at walls). 
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Plasma Kinetics 

plasma can be treated by classical statistics, otherwise it is degenerate. 

plasma can be treated as an ideal gas. Otherwise it is strongly coupled 
or non-ideal. 

if 

if 

      nonideal plasmas are cold and    
     dense 

for ion source plasma we have usually g << 1 
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Weakly ionized plasma is a mixture of different gases 
with different temperatures: neutral gas, ion gas and 
electron gas. Under the action of electromagnetic fields 
electrons gain much more energy from the EM-field 
than ions. Their mean energy exceeds by far the mean 
energy of the ions and the neutrals. Thus  

Te>>Ti,Tn 

Electron Temperature and Distribution 
Functions 

Electrons are the active species responsible for 
ionisation and excitation. We describe them by a 
distribution function 
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Electron Temperature and 
Distribution Functions 

Jeans’ Theorem: If the velocity 
distribution function can be expressed 
solely as a function of constants of 
motion, it is itself a constant of motion. 
This theorem applies, for example, if 
there are no collisions or no transport. 

In these cases the velocity 
distribution function can be written as 
a function of the total energy. 
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Definition of the mobility b 
constant velocity of a body moving in a 
viscous medium under the action of a 
constant external force (gravitation) 

In weakly ionized plasma friction is due to 
electron (and ion) collisions with neutrals. For 
electrons we have: 
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Diffusion 
Diffusion is a consequence of the Brownian motion of 
electrons, ions and neutrals. 

(Collision frequency times square of mean free path 
between subsequent collisions) 
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Diffusion 
Diffusion is a consequence of the Brownian motion of 
electrons, ions and neutrals. 
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Sheath Formation in Front of a Wall 
walls constitute sinks for charged   
particles, which are there either 
discharged (ions) or absorbed (ions and 
electrons). 

As a consequence charged particles are 
transported from plasma to enclosing 
walls  - generally at different speeds.   
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Sheath Formation  
weakly ionized plasma  

In weakly ionized, nonmagnetized plasma 
electron transport is fast, ion transport 
is slow. 
In the presence of a wall a small amount of 
positive space charge remains in plasma as 
a consequence. The plasma potential 
becomes positive with respect to enclosing 
walls, resp. the walls are negatively 
charged. 
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Plasma-Sheath-Transition 
application of Jeans’ Theorem 

In the collisionfree case an isotropic velocity 
distribution function can be written as a function of 
the total energy, but is defined only for positive 
kinetic energy. 
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Sheath Formation  
in weakly ionized plasma 

Charging of a dielectric wall 
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- 
- 
- 
- 

+
- - 



The image cannot be displayed. Your 
computer may not have enough 
memory to open the image, or the 
image may have been corrupted. 
Restart your computer, and then 
open the file again. If the red x still 
appears, you may have to delete the 
image and then insert it again.

K. Wiesemann   Electrical Engineering and Plasma Technology (AEPT)                                  

Introduction to Plasma Physics  

26 

Sheath Formation  
weakly ionized plasma  

At insulating walls the negative charge on 
a wall locally regulates itself in such a 
way that the ion and electron wall 
current densities become equal. 

At metallic walls such a condition may 
hold for the total currents only. This is 
important in case of microwave 
discharges with external magnetic field 
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 A static magnetic field of induction B interacts 
with particles of mass m and charge q by the so-
called Lorentz Force FL. A circular motion, a gyration 
is the consequence (non-relativistic case in plasma). 

Gyration of ions and electrons under 
the action of a static magnetic field 

v 

B 
rB FL 

- 

The radius (cyclotron radius) rB of the circular 
trajectory is given by rB=mv/qB 
The corresponding cyclotron frequency ωΒ does not 
depend on the particle velocity v: ωΒ=qB/m 
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Particle Motion in Magnetized Plasma 
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special case:  

‘EcrossB drift‘, not dependent on charge and mass 

Drift 
Solution of the inhomogeneous part 

vdrift 
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Magnetic Moment 
 gyrating particle as a pseudo 
particle with a magnetic moment M: 

circular current 

area of current loop 

- 

M 

rB 
B 

“adiabatic constant” 
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Magnetic Mirror Trap 
Magnetic coil 

Magnetic 

 field line 
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A „Hammock“  
for charged particles 

© U. Wolters 
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Gyration 

„Bouncing“ 

Charged particle movement 
between magnetic mirrors 

© U. Wolters 



The image cannot be displayed. Your 
computer may not have enough 
memory to open the image, or the 
image may have been corrupted. 
Restart your computer, and then 
open the file again. If the red x still 
appears, you may have to delete the 
image and then insert it again.

K. Wiesemann   Electrical Engineering and Plasma Technology (AEPT)                                  

Introduction to Plasma Physics  

34 

Azimuthal drift due to radial B-field 
gradient 

© U. Wolters 
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Diffusion in an External 
Magnetic Field 

transport along the field lines resembles 
transport in the absence of a magnetic 
field. Thus: 
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Diffusion in an External 
Magnetic Field 

transport across the field lines 
is a hopping from field line to 
field line as a consequence of 
collisions. 

Thus the average displacement 
per collision is the average 
gyration radius rB, not the mean 
free path 
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Fluid Description of Plasma – Magneto Fluid 
Dynamics 

The kinematics of a point mass m is defined by:   

Kinematics of a fluid (extended medium): 

“fluid-particles” keep their identity and thus their motion describes a 
trajectory 
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Intensive quantities:  

extensive quantities are additive; obtained as volume-integrals of intensive 
quantities. 
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Local acceleration and convective 
acceleration 
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Equation of motion: 

Newton’s equation for a fluid particle 

Differentiation and integration cannot be simply interchanged 
because the volume may change along a trajectory. 
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Differentiation and integration cannot be simply interchanged 
because the volume may change along a trajectory. 

Instead we use Reynold’s transport theorem:  

The temporal change of an extensive quantity in a 
material domain is given by the temporal change of 
this quantity in the fixed volume just coinciding 
with the material domain and the flow out of the 
fixed volume.  

Thus 
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Specification of forces 
1. Surface forces – example pressure force 

2. Volume forces 

Thus 

(Gauss’ theorem) 
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This must be valid for any volume! Thus the 
integrand must be zero. 

Momentum equation 
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Classification of external forces: 

Lorentz-force acting on a single electron or ion 

gravitation: 
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Navier-Stokes-Equation with Lorentz-force 

The Single-fluid model uses only this equation 

multi-fluid model: separate fluid equations for any plasma component: 

Frictional force between particles of kind k and l. 
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additional equations: 
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Introduction to Plasma Physics II 

CERN Course on Ion 
Sources  

Senec, Slovakia May 2012  
Klaus Wiesemann 

Ruhr-Universität Bochum, 
Germany 
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AC Conductivity 

per analogy for nonresonant oscillatory 
motion 

ac mobility 

definition of the mobility 
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AC Conductivity 

Density of electric current induced by an electric field 
E in a plasma with different kinds of charged particles 
(index k) 

AC Conductivity of a nonmagnetized plasma 

(not dependent on charge sign !!) 
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AC Conductivity of Magnetized Plasma 

Ansatz 

x 

z 
y 

Eo E0x 
E0z 
B 
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homogenous solution 
describes gyration 

AC Conductivity of Magnetized Plasma 

For calculating electric currents we need to 
consider the drift velocities obtained from 
the inhomogeneous parts of the equations 

inhomogeneous solution; 
homogeneous solution 
yields a constant velocity 
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cyclotron resonance 

AC Conductivity of Magnetized Plasma 
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AC Conductivity of Magnetized Plasma 

For a complete solution we now set 

and 
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component equations of the drift velocity 

AC Conductivity of Magnetized Plasma 
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 mobility tensor     

AC Conductivity of Magnetized Plasma 

 conductivity tensor     
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Some general wave concepts 

(Electromagnetic Waves in Vacuum) 

Maxwell Equations in Vacuum: derivation of the wave equations 

wave equation 

dispersion relation 

plane waves 
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Some general wave concepts 

plane waves 

wave equation 

dispersion relation 

phase velocity 

refractive index 

(Electromagnetic Waves in Vacuum) 
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(non-magnetized plasma) 

plane wave 

dispersion relation in 
collisionfree plasma 
(Eccles relation) 

Transversal Plasma Waves  
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Dispersion Relation for Transversal EM Waves in 
Nonmagnetized Plasma 
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Waves in Magnetized Plasma 
dielectric tensor 

dispersion relation 
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Waves in Magnetized Plasma 

B 

k 
ksinθ 

kcosθ 

x 

y 

z 

θ 

dispersion relation 
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Waves in Magnetized Plasma 

dispersion relation 
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Waves in Magnetized Plasma 

dispersion relation 

R = S + D 

L = S - D 
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Waves in Magnetized Plasma 

slow and fast wave 

plasma as wave guide: 
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Cutoff Frequencies 

cutoffs 

cutoff frequencies independent of the angle of propagation 

thus 

the plasma frequency is a cutoff frequency 
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Cutoff Frequencies 

cutoffs 

for R = 0, L = 0 we obtain two cutoff frequencies 

for 
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Resonances 

resonances 

resonance frequencies depend on the direction of wave 
propagastion – resonance cones 

now 
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Principal Directions 

solving for θ yields 

Appleton-Lassen Equation 

Principal 
directions of 
propagation 
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Cyclotron Waves 

right circularly polarized waves 

left circularly polarized waves 
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Cyclotron Waves 
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Ordinary and Extraordinary 
Waves 

ordinary waves, corresponds to case of waves 
in non-magnetized plasma 

extraordinary waves 
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Ordinary and Extraordinary Waves 

ordinary waves, corresponds to case of waves 
in non-magnetized plasma 
extraordinary waves 
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Oblique Propagation 
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CMA Diagram 

(From G. Janzen, “Plasmatechnik”, Hüthig, Heidelberg 1992, © G. Janzen, Kempten, Germany, 
reproduced with permission) 
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CMA Diagram 

(From G. Janzen, “Plasmatechnik”, Hüthig, Heidelberg 1992, © G. Janzen, Kempten, Germany, 
reproduced with permission) 

polar plots of 
the phase 
velocity 
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Longitudinal Waves 

Phase velocity of sound waves 

restoring force due to pressure at compression  

ratio of specific heats 

analogously in plasma 

from adiabatic gas law 
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Longitudinal Waves 

high frequency electron waves 

low frequency ion waves (approx. for small k) 

for homogeneous plasma !! 
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Longitudinal Waves 
exact dispersion plot for em and es plasma 
waves 

The dashed slanting lines correspond to em-wave 
propagation in vacuum, resp. to es-wave propagation 
in an ideal gas. At short wavelengths i. e. big k es- 
waves are strongly damped 
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