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Introduction into 
high-temperature plasma physics I+II

F. Wagner
Max-Planck-Institut für Plasmaphysik

EURATOM Association
Greifswald, Germany

ITER

0.5 GW fusion power

The first hint of a new 
phenomena:
the glow seen above a Torricelli 
barometer when the mercury 
bounced up and down as the 
barometer was moved;
observed by
French Astronomer-
Jean Picard (1676)

F. Dylla, AIP
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Plasmas develop at elevated temperatures: kBTe Eion

Plasmas are open, non-equilibrium systems
Ionisation: free electrons and ions

plasmas are electrically conductive
currents develop or can be induced
confinement by magnetic fields (jxB)

Te > Ek-Ei: Plasmas are connected with strong light emission

Plasmas are quasi-neutral: ne = Σ Zini
on small scale: ne - Σ ni ≠ 0 : space charges can develop

1. General introduction

What is a plasma? Partially or fully ionised gas; 
a mixture out of free electrons, ions and atoms: the 4th state of matter

~>

Plasma

electronsions
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Early electrical experiments in rarified gases

“Physico-Mechanical 
Experiments on Various 
Subjects.  Containing an 

Account of Several Surprising 
Phenomena Touching Light 

and Electricity”F. Dylla, AIP

The earliest experiments on electrical discharges and gases 
are attributed to Francis Hauksbee between 1705 and 1711.
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Technological pre-requisites

Understanding the science of glow discharge required efficient means 
of producing both electricity and vacuum at will:

First Generation Electrical Sources-
Electrostatic machines and “Leyden Jars”

F. Dylla, AIP
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Early Vacuum Pumps

Mechanical air pumps (O. von Guericke, 1640)               

F. Dylla, AIP
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The early pioneers

Pieter van Musschenbroek
* 14. März 1692; 
† 19. September 1761
Discoverer of Leiden bottle

Otto von Guericke
* 30. November 1602greg.

† 11. Maijul./21. Mai 1686greg.

Built first vacuum pumps

Francis Hauksbee
* about 1666
†  April/Mai 1713 
electrostatic 
experiments leading 
to light emission

Ewald Georg von Kleist
* 10. Juni 1700
† 11. Dezember 1748
Discoverer of Leiden 
bottle in Germany

http://de.wikipedia.org/wiki/14._M%C3%A4rz
http://de.wikipedia.org/wiki/1692
http://de.wikipedia.org/wiki/19._September
http://de.wikipedia.org/wiki/1761
http://de.wikipedia.org/wiki/30._November
http://de.wikipedia.org/wiki/1602
http://de.wikipedia.org/wiki/Gregorianischer_Kalender
http://de.wikipedia.org/wiki/10._Juni
http://de.wikipedia.org/wiki/1700
http://de.wikipedia.org/wiki/11._Dezember
http://de.wikipedia.org/wiki/1748
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Jean-Felix Picard
* 21. Juli 1620
† 12. Juli 1682
He observed glows at 
a  compressed Hg 
barometer
=> Geißler tube

Alessandro 
Giuseppe 
Antonio 
Anastasio Graf 
von Volta
18. Februar 1745
† 5. März 1827
Developed the first
batteries

Benjamin 
Franklin
* 17. Januar 1706
† 17. April 1790
Many 
contributions 
using induction
Lightning rod

The early pioneers (cont.)

http://de.wikipedia.org/wiki/21._Juli
http://de.wikipedia.org/wiki/1620
http://de.wikipedia.org/wiki/12._Juli
http://de.wikipedia.org/wiki/1682
http://de.wikipedia.org/wiki/18._Februar
http://de.wikipedia.org/wiki/1745
http://de.wikipedia.org/wiki/5._M%C3%A4rz
http://de.wikipedia.org/wiki/1827
http://de.wikipedia.org/wiki/17._Januar
http://de.wikipedia.org/wiki/1706
http://de.wikipedia.org/wiki/17._April
http://de.wikipedia.org/wiki/1790
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Density (m-3)X=1: fully ionized X = 10-4

gas

Temperature (eV)

Ideal plasmas

The domain of plasmas
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Density (m-3)

Ideal plasmas

X=1: fully ionized X = 10-4

gas

Strongly
coupled 
plasmas

degenerate 
plasmas

Relativistic plasmas

Temperature (eV)

The domain of plasmas
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Density (m-3)

Ideal plasmas
3/2 kTe >> eΦcoulomb

X=1: fully ionized X = 10-4

gas

Strongly
coupled 
plasmas

3/2 kTe = eΦcoulomb

3/2 kTe = EF
degenerate 

plasmas
3/2 kTe = mec2

Relativistic plasmas

Temperature (eV)

The domain of plasmas
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T-n space : natural plasmas

Pulsar
magnetosphere

Solar
corona

Interstellar
plasmas

Ionosphere

white dwarfs

Super
novae

Solar centre

Temperature (eV)

Density (m-3)

Flames
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Plasmas are open systems and far from equilibrium:

Plasmas are strongly turbulent.

Transport in magnetically confined 
systems is mostly caused 
by turbulence, which can be driven 
by pressure gradients and which 
non-linearly evolves.

S.J. Zweben et al., 
Phys. Plasmas 9 (2002) 1981
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Self-organisation of Plasmas: 
spatial structures in low temperature plasmas 

The discharge current does 
not organise itself with 

homogeneous current density

Simple arrangement for 
dielectric barrier discharge

Discharge

The dielectric barrier prevents
arc development

The planar gas-discharge systems  self-organises 
in patterns; control parameter is the current.

The non-linear element is the negative 
conductivity of the discharge

Research Group Purwins, UNI Münster, 2005
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Spirals as examples for pattern formation in nonlinear dissipative systems

Chemical 
solution

Müller et al. 1985

Semi-
conductor

Rüfer et al. 1980

Ca-waves on 
frog egg

Clapham, in Ball 2001

Universal behaviour in spatially self-organized systems

Optical 
system

Huneus et al. 2003

dielectric barrier 
Discharge

Purwins et al. 2005

All cases can be described by complex Ginzburg-Landau equations; 
the homogeneous solution is unstable. 
It transits by a Hopf-Turing bifurcation into an inhomogeneous state.
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Self-organisation of toroidal confinement plasmas

In the sheared flow, turbulence is
decorrelated and suppressed

The H-mode transition

Improved confinement regime
develops spontaneously

Present understanding:

Plasma turbulence generates poloidal
Flow structures (zonal flows) 
These flows are radially sheared.
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Movie of H-mode transition of MAST (UK)
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Movie of H-mode transition of MAST (UK)
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Self-organisation of Plasmas: 
Development of edge transport barriers
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081-05/KHB/jy

Self-organisation of Plasmas: 
Development of internal transport barriers

Ti - profiles
from DIII D
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Self-organisation of Plasmas: 
Development of internal transport barriers

Ti - profiles
from DIII D
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Self-organisation of Plasmas: 
Development of internal transport barriers

Ti - profiles
from DIII D
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Self-organisation of Plasmas: 
Development of internal transport barriers

Please take note 
of Ti = 15 keV

Ti - profiles
from DIII D

Threshold process
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Application potential of plasmas
Fusion 

Experiments
Wendelstein 7-X

stellarator

Fusion Reactor
ITER

Low temperature
plasma applications
Arc for space craft

Strongly coupled
plasmas

Plasma crystal

Inertial 
Confinement

Fusion
Target chamber

of NIF

Temperature 
(eV)

Z 6*n (m-3)

Table-top-
accelerators
Wake-field

Wire Z-Pinch

1

6 5

3

Z-device

4

2

Tokamak plasma
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#3 : Z-pinch as ICF driver and X-ray source 

Principle of the conventional Z-pinch

No direct fusion potential:
Rayleigh-Taylor instabilities easily develop 
because the heavy fluid (plasma) is 
accelerated by the light fluid (field)

× jzBΘ

j × BΘ

0 10z (mm)

12

14R
 (m

m
)

T W L Sanford, Sandia

mv = IxB = μ0I2/4πr°
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New concept: The fast wire-array Z-pinch
Topic: To built a powerful X-ray source for various applications

Shock energy 
into radiation

On stagnation, short, intense soft x-ray   
pulse of ~290 TW, 1.8MJ, in 4 ns 
from the Z-device at Sandia =>
strongest X-ray source

By the jxB force the 
plasma is compressed 

on axis (mm Ø)

electrical
energy 
into
kin. energy

Mach 10-20

Iz

~ 240 thin (7.5 μm) tungsten wires to stabilize implosion
A fast rising current (20 MA in 100 ns) is applied 
The outer surface of the wires is turned into a plasma

Set-up

electrodes

wires Ø 20-40 mm

Compression in 2 stages: 
(1) slow ablation of wire; radial density re-distribution
(2) rapid implosion (snow-plough)
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Results from the Z-device (Sandia) 
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30M.K. Matzen et al. PPCF 41, A175, 1999

DD neutron pulse

World record neutron yield 
from D2 capsule:

3.4x1010 thermonuclear
neutrons

Double-ended

Z-pinch driven

Hohlraum

With pellet

Application as ICF driver
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#4 : Table top plasma accelerators

Gas jet

Laser

Plasma

Electron
beam

Experimental set-up

Topic and issues:
Excitation of plasma wave => longitudinal E-field 

- by charged particle beam (electrons, positrons)
- by intense laser (ponderomotive force: Fp ~ e2∇E2/meω2)

Large electric field gradients develop which accelerate charged particles

Relativistic plasma wave: vphase ~ c => vparticle

+-
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Laser
Plasma wave

Plasma wakefield like behind a ship

ne=1022 m-3 -> E=1010-12 V/m; acceleration => 300 GeV/m

conventional: <100 MeV/m;  1km -> 1m -> table-top accelerator

Physics of laser-plasma accelerators

acceleration

non-relativistic:  a < 1

laser electron

relativistic: a > 1

beam generation: velectron c

electron

a=1 (λL = 1μm)  ->  IL = 1018 W/cm2 

Laser interaction with electrons: a = eA/mc2 = normalized laser amplitude; A=-cE)
.
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Status of particle acceleration

Applications:
production of neutrons, positrons, 
coherent, incoherent X-rays
photo-nuclear physics, 
generation of isotopes, medical applications,
injection for conventional accelerators,

Electron energy spectrum from 
direct laser acceleration

Progress in plasma 
accelerator energy

T. Katsouleas, PPCF, 2004

Proton energy spectrum

B
ea

m
 e

ne
rg

y 
(M

eV
)

104

Proton acceleration: beam onto foil => makes
E-field gradient stationary => proton interaction
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Progress: optimisation via geometry

No thermal background

simulation electron
spectrum

ΔLLaser ~ λplasma/2 focus ~ λplasma
More monoenergetic electrons, less thermal background
Strongly reduced secondary radiation

Bubble

Laser pulse
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Global distribution of 
energy demand
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2030: + 50%;    2050: + 100%
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#5 : Inertial confinement fusion (ICF)
Topics and issues:
To compress and heat a small (Ro~2mm) solid D –T
pellet by lasers, beams, or X-rays from a Z-pinch 
such that they ignite and deliver fusion energy.

Core heating by 
confined α-particles

Burn wave
propagates outward
into shell of high n

Hot-spot development
pressure: 250 Gbar
ptherm/pdegen ~ 5

The physics of the conventional approach:

target

Ignition via central hot-spot formation

Indirect drive
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NIF
Target chamber

NIF and LMJ facilities

LMJ:
240 lasers
3rd harmonic of Nd-Yag 
1.8 MJ  -> 20 MJ 
thermonuclear yield
550 TW
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New concept: Fast ignition

Compression
without 
hot spot

PW laser pulse creates
a channel to the core
and produces MeV electrons

Topics and issues:
Much lower laser energy possible
(200 kJ instead of 1.5 MJ)
Less critical for Rayleigh-Taylor instabilities
Lower requirements to homogeneity of driver
Picosecond laser necessary because of relativistic 
electron dynamics

1

10

100

10
Laser energy (MJ)

0.1 1

US-NIF

KOYO 
(Osaka design)

Central Ignition 

Fast Ignition

relativistic electrons heat
the core creating a fusion
burn wave.
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Physics of fast ignition
The PW laser pulse propagates through overdense plasma 
(induced transparency)

Reflection of
e.m. wave

nR = (1 - ωpo
2/ γωL

2)1/2

self-focussing (via relativistically modified index of refraction) 

Laser intensity 1020W/cm2; radiation pressure: 30 Gbar
relativistic electrons 5 MeV, 100 MA/cm2

heat the core, creating a fusion burn wave.   

ωL=ωp

k



PPST-2009 1. Chapter

40

Evidence for self-focussing
Interferogram

Fast ignition: results

Kodama et al. Nature 418, 933 (2002)

Electron spectra
depending on 
laser intensity

Energetic electrons 
up to E/mec2 ~ 80

...of a macroscopically relativistic plasma Thermal neutron spectra 
(DD) with fast ignition

Ti =1 keV



PPST-2009 1. Chapter

41

#6 : Fusion and magnetic confinement
Fusion reaction: 
D + T    4He + n + 17.6 MeV

0.08 g D und 0.2 g Li
U. Samm, FZJ

TokamakMagnetic confinement

in toroidal systems

⊥ confinement: gyration
II confinement: torus geometry
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Equilibrium of toroidal systems

D = Δx2/2Δt

|| B: D|| ~ λ2/τcb
⊥B: D⊥ ~ ρL

2/τcb

D|| ~ 1010 D⊥

τE ~ a2/D⊥

Rough estimate
of collisional 
transport in 

magnetised plasmas

size or thermal insulation

The nested flux surfaces 
provide confinement

Measured flux surfaces from 
W7-AS Stellarator

Poloidal cross section

a

Presenter
Presentation Notes
In case of a stellarator, the vacuum field without plasma is already confining – there is no need for a plasma current. In this case the flux surfaces can be measured. This diagram shows that nested flux surfaces indeed exist.Now, we are in a position to qualify somewhat the quality of magnetic confinement. Assuming a random walk process, the diffusion coefficient along the magenetic field can be constructed from the mean free path and the Coulomb collision time between the different species.Perpendicular to the magentic field, the mean-free path has to be replaced by the gyro-radius.Transport in a magnetised plasma is strongly anisotropic. Flux surface are iso countours of pressue, temperature and density.The confinement time can be assessed from the size of the plasma as spatial scale and the perpendicular diffusion coefficient.
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gyration 
in field

Particle drift in an inhomogeneous field

Bounce movement
between two 
mirror points
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gyration 
in field

Drift off the
field line

Bounce movement
between two 
mirror points

Particle drift in an inhomogeneous field
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Particle drift in an inhomogeneous field
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Two toroidal confinement systems

1. Tokamak

Ip induced (by transformer)

Presenter
Presentation Notes
This slide shows you the most advanced toroidal confinement concepts, the tokamak The important element of the tokamak is that the poloidal field is produced by a strong current which flows inside the plasma ring. Therefore, we talk of internal confinement. The current is induced in the plasma inductively. A tokamak is built like a large transformer.The toroidal field of the toroidal system is inhomogeneous and increases toward the centre.
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The JET and ASDEX-Up tokamaks

JET ASDEX-Upgrade
IPP Garching

Presenter
Presentation Notes
But first I show you here a photo of JET, the largest tokamak located close to Oxford in UK as a European installation and ASDEX upgrade the tokamak of IPP Garching
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The JET tokamak (inside)

Presenter
Presentation Notes
This picture shows the device from the inside. The toroidal chamber can be seen. On the left side, a picture showing an actual discharge is mounted.
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ITER

Divertor
chamber

Central 
solenoid

Toroidal
field coil

Poloidal
field coil

Blanket
module

Cryostat

Port for 
heating and
diagnostics

scale
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ITER: The 1st experimental power reactor

A fusion plasma has to fulfil many physics requirements simultaneously:
equilibrium, stability, „tamed“ turbulence (H-mode operation), cleanliness, 
exhaust of helium, heating to 15 keV, steady-state operation...

ITER design elaborated by an international partnership:
Europe, Russia, Japan, Korea, China, USA, India

ITER will produce 500 MW of fusion power for 30 min; Q ≥ 10
ITER will provide fusion technology:

Nb3Ti-superconductivity, T-breeding, high-heatflux components, 
heating technology...

ITER will clarify remaining open physics issues:
transport and stability with 3.5 MeV α-particles, He exhaust, burn control...

ITER operation will start around 2018 
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The ITER site – as it once will be
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Two toroidal confinement systems

optimised st.

classical st.
Ih

Wendelstein 7-X

2. Stellarator

Presenter
Presentation Notes
This slide compares the tokamak on the left side and the stellarator on the right side. In case of the stellarator, the poloidal field component is produced by currents in helical coils embracing the torus. We speak of external confinement.The upper stellarator is a classical one with helical coils, the lower on is a modern modular stellarator with modular coils – helical and toroidal field components are produced by laterally elongated coils. The shape variation here shows how the helical coils are embedded.An important difference between internal confinement – the tokamak – and external confinement – the stellarator – is that the tokamak plasma is two dimensional. The stellarator plasma is 3D. It is a helical band reminiscent of the solar flare I have shown you at the beginning of my talk.
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Tokamak and stellarator are complementary

• in the tokamak, the current flows in the plasma

• in the stellarator, it flows in the coils

• the tokamak is pulsed

• the stellarator is for steady-state operation

• the tokamak can develop detrimental instabilities

Why stellarators ?

• the stellarator is not 2-dimensional

Presenter
Presentation Notes
The question may arise, why are there stellarators, why two lines.Not 2-d and this brings me then to the first topic of my talk.
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LHD: the world-wide largest stellarator



PPST-2009 1. Chapter

55

Wendelstein 7-X

Divertor chamber
“ash removal”

coils

cryostat

Toroidal plasma
with three-dim. geometry
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Assembly status of W7-X

Greifswald



PPST-2009 1. Chapter

57

Outline of lecture

1. General introduction
2. Introduction into fusion
3. Plasma characteristics
4. Principles of toroidal confinement
5. Particle orbits in toroidal systems
6. Transport: introduction and analysis methods
7. Collisional transport
8. Experimental confinement and turbulent trasport
9. Experimental confinement studies
10. Improved confinement regimes: H-mode
11. Internal transport barriers
12. The optimisation of stellarators
13. ITER and the fusion reactor 

Literature: Springer lecture notes: Plasma physics

Acknowledgement: many pictures/photos/films from fusion colleagues
specifically: Uli Stroth, Springer lecture notes



PPST-2009 2. Chapter

14 Mrd years ago the universe started with the big-bang (at least this is what physicists 
think has happened)

There were extreme conditions: 
with protons, neutrons, electrons, neutrinos and photons
unknown laws governed nature – but only for 10-43 sec (Planck-time)

After a second, everything become governed by the familiar laws of nature
10 000 000 000 degrees; 

Fusion starts: light elements fuse to
heavier ones

The primordeal matter

p + n D + γ
D + n T + γ
D + D 3He + n
D + T 4He + n

Δt ~ 2.6 min

Д.Варшалович

2. Introduction into fusion 
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After 3 min this formation process was finished: the universe has gotten 85% of its 
helium

After about 400 000 years, the universe become suddenly transparent: light appeared

After about a billion of years, the first stars were formed: 1000 x the size of the sun

The life and death of the stars allowed 
the creation of the other elements

Nucleo-syntesis in summary:

Fusion of light elements up to Fe

Heavy element formation in n-fluxes
of Super Novae
(S and R processes)

Spallation processes
(where does the energy come from)

Nucleo-syntethis

Abundance of elements 
in the universe
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The governing role of the binding energy

Energy gain from
- fission of heavy nuclei

or
- fusion of light nuclei.

Equivalence of mass and energy:  ΔE = Δm•c2

Similiar to chemistry, also nuclear reactions set free the binding energy:

For nuclei, unlike electronic transitions, the energy is MeV, not eV.
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Fusion is the energy source of the stars
• The sun produces 

continously energy, with a 
total power of  3.6•1017 GW.

• It converts per second 
600 Mio. tons of 
hydrogen into 596 Mio. tons 
of helium.

NASA, Skylab space station December 19, 1973, solar flare reaching 588 000 km off solar surface

•The power flux on earth is 1.4 kW/m2 

(above the  atmosphere, 
without absoprtion).
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Solar fusion reactions: The pp-chain

4

• The first step involves the 
weak interaction, trans-
forming a proton into a
neutron, resulting in a 
very long time scale, 
i.e. small reaction rates. 

• This is the reason for the 
long life time of stars.

• The neutrinos from this reaction are the only particles to be observed

• An alternative to this first step involves 3 body collisions, and is
therefore very rare:  p + p + e- ⇒ d + νe

• Alternative cycle at higher temperatures: CNO (Bethe-Weizsäcker) cycle
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Nuclear reactions in more detail

• The nuclear force (strong 
interaction) is active only for 
distances in the order of the 
nucleus dimensions (fm).

• For larger distances, the 
repulsive Coulomb force 
dominates ⇒ Potential wall: 
some 100 keV, large particle 
energy necessary to overcome

• 1928, Gamov : there is a finite probability for tunneling through the 
Coulomb wall:

Ptunnel ∝ exp{-2π Z1Z2e2/h v}

• Highest reaction probability for light nuclei at high relative velocity!



PPST-2009 2. Chapter

Fusion reactions for terrestial use

• The weak interaction makes the 
pp-chain a rather slow reaction.

• no basis for economic reactor

• For power production on 
earth, the weak interaction has to 
be avoided.

• Fusion reactions with higher cross-
section, higher fusion rate necessary
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Fusion on earth

D + T  ⇒ 4He + n + 17.59 MeV

• The DT-reaction has the largest 
reaction rate at the lowest relative
energy, and the highest energy 
gain.

Eα = 3.5 MeV; En = 14.1 MeV
• The reaction energy is distributed

to the reaction products inversely 
to their mass ratio (energy and 
momentum conservation). 

• Nevertheless:
Fusion requires high 
energies / temperatures

D +  D ⇒ 3He + n +   3.27 MeV (50%)
or     T  + p +   4.03 MeV (50%)

D + 3He  ⇒ 4He + p + 18.35 MeV
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Fusion fuels
• Deuterium exists with a weight fraction of 3.3•10-5 in water 

⇒ static range of billions of years.

• Tritium is a radioactive isotope and decays with a half life of 12.33 years:
T → 3He + e- + νe

⇒ no natural tritium available, but production with fusion produced 
neutrons is possible:

n + 6Li → 4He + T  + 4.8 MeV

n + 7Li → 4He + T + n‘  - 2.5 MeV

The latter reaction allows self-sufficient tritium breeding.

• Lithium is very abundant and widespread (in the earth‘s crust and 
in the ocean water), sufficient for at least 30 000 years.
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The pros and cons of fusion power

Pro:
Inexhaustable fuel resources
no CO2 production
no uncontrolled power excursion

Con:
T is radioactive  
BUT: production of T in-situ 

neutrons activate structural materials; 
BUT: Radioactive by-products are well contained;

waste storage typically for 100 years
(more later)

0.1 g D und 0.2 g Li
FZJ
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The thermal conditions for fusion
Fusion by beam-target interaction with mono-energetic particles from an 
accelerator ? No! Coulomb scattering makes the beams diverge 
⇒ not economic, too much energy wasted.

Alternative: 
Thermalised mixture of D and T 
at temperatures of some 10 keV 

⇒ plasma.

Energy distribution of particles 
Maxwellian:

f(v) = (m/2πkT)3/2 • exp(-mv2/2kT)

where f(v) is the number of 
Particles in the velocity interval 
[v, v+dv].

σfus

σCoulomb

E (keV)

σ 
(c

m
2 )
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Reaction rates
General: Reaction rate per unit volume: R = n1 • n2 • <σ •v> 
when <σ •v>  is the average of σ •v  over the velocity 
distribution, and v is the relative velocity 

⇒ Transforming the equation into the center-of-mass 
sytem yields

<σ •v> ∝ ⁄σ(Er) • Er • exp(-Er/kT)

when Er is the rel. kinetic energy 
and mr is the reduced mass, 
1/mr = 1/m1 + 1/m2 .

Here: σ = σfus
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Lawson Criterion 
In 1957 Lawson studied the fusion power balance:

The fusion power 

The losses by radiation 

(when c1 = 5.4•10-37 Wm3keV-1/2, and Zeff = ΣniZi
2/n is the effective plasma charge),

The transport losses
(diffusion, convection, Charge-Exchange): 

With nD= nT= n/2, Ti =Te =T we find a condition for the fusion product nτET:

Break-even: Pfus = Ploss

Ignition: The neutrons leave the plasma, the α-particles are confined and 
heat it. Only their energy enters the balance! Efus → Eα

2
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Ignition Criteria
D. Reiter et al.Nuclear Fusion, 1990

No other
impurities

2% C
additional

The α-particles also dilute the plasma (ash), 
as they are intrinsically coupled to 
fusion power (3.53•1011 atoms/s/W).

⇒ For steady state operation, power and 
particle balances have to be solved together.

⇒ Closed curves parametrized by the 
normalized He-confinement time ρHe = τ*He/ τE
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On the confinement time τE

Steady-state:

Power switch-off:

0-dim energy balance:
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Thermal plasma energy content:

Power flux across edge
in steady-state:

Confinement and diffusivity:

χ ~ 1m2/s; 
a ~ 1m; 
τE ~ 1s

Confinement time and transport
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Magnetic confinement

Lorentz force: F = v × B

Magnetic fields cause
perpendicuar confinement.
Excursion: Larmor radius

Parallel confinement
by toroidal geometry

Proton
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Plasma properties: Debye screening

Solution of Poisson equation

with the total Debye length

in vacuum

and

in a plasma

3. Plasma characteristics
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The plasma parameter describes the number ND of          
particles within a Debye-sphere

with

Plasma parameter

Avarage particle distance

Definition of a plasma: ND >> 1
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Magnitude of Debye-length and plasma parameter

100
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104

106

10-2

105 1010 1015 1020 1025 1030 1035

1 cm

100 μm

1 μm

1010 108 106 104

Te (eV)
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N
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10 nm
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Coulomb collisions

σ90°: Cross-section for 90° deflections

Mean-free-path lenght: λ90° = 1/n σ90°

The cumulative action of many small-angle scattering processes 
in the shielded potential leads to Coulomb cross-section

Ln Λ is the Coulomb-Logarithmus

σCB = LnΛ σ90° (~ 10 σ90° )
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Collision times

The collision time τ is related to the collision frequency: τ-1 = ν = σCB n vth
and to the mean-free-path: λ = τ vth

For Maxwell distributions:

electron - electron

ion - ion

ion - electron
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Collision times

100
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104
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1 μs 1 ns
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τii
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Mean-free-path length

100

102

104

106

10-2

105 1010 1015 1020 1025 1030 1035

Te (eV)

ne (m-3)

103 km

1km 1 km

1 m

λee ~ λii

Mean-free-path λ = τcoll vtherm
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Electrical conductivity of plasmas

100

102

104

106

10-2

105 1010 1015 1020 1025 1030 1035

Te (eV)

ne (m-3)

ηCu ~ 
1.7 10-8

Ωm (Troom)

10-10 Ωm

10-8 Ωm

10-6 Ωm

10-9 Ωm

10-7 Ωm

Only electron-ion collision contribute to resistivity !
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Parameters and domains, 
which govern plasma physics

Space scales:
Debye length λD ~ √T/n ~ 8 10-4 m  electrostatic perturbation 

plasma-wall
Mean-free-path λ ~ 103 m transport along field 

lines
Larmor radius ρL ~ T/B ~ 5 10-3 m transport ⊥B
Size a, R, Ln ~ m

Time scales:
Collision frequency ν ~ n T1/2 ~ 104 s-1 transport, dissipation
Plasma frequency ωpe ~ √n ~ 5 1011 s-1 e.m. wave propagation, 

cut-off
Cyclotron frequency Ωc ~ B ~ 1012 s-1 propagation, resonance, 

heating
Confinement time τE ~ 1 s thermal insulation
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Properties of high-temperature plasmas
Plasmas are fully ionized (Eth,e >> Eion)

neutral particles play a role only at the plasma edge
in fusion devices: in the plasma edge, the scrape-off layer, the divertor

Plasmas are “collisionless”
the mean-free path is long, longer than the size of (technical) plasmas
λ >> Ln, LT, Lp
Ln ≡ n/∇n

Issues: 
description of a plasma under these conditions; 
=> continuum approach does not seem to be appropriate; kinetic treatment

resistive processes (dissipation) lose importance => role of Landau damping

reactor conditions: T=15 keV, n=1020 m-3: λ ~ 40 km 
~ 1000 passes around the torus: => criterion for confinement quality
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Charged particles move in a helix

New space scale introduced:
Gyroradius: ρL = m v⊥/ (eB)

New time scale introduced:
Cyclotron frequency: ωce = eB/m

qB
Tmkvv B

c

th

c

=≈=  ⊥⊥

ωω
ρL

Typical values: fC: Ions   0.5 GHz: electrons:  900 GHz
ρL: Ions   4.1mm; electrons:   67μm

Properties of high-temperature plasmas (cont.)

The plasma pressure is high: => magnetic confinement

Critical parameter: β = pkin/pmag = pkin/(B2/2μ0) => equilibrium, stability: Pfus ~ β2

The Lorentz-force acts on charged particles in a magnetic field: FL = q(v × B)
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Relative distribution of the ionisation states of iron as a function of the 
electron temperature according to the Corona ionisation model

=> plasmas have to be clean
Impurities cause radiation
They dilute the d-t fuel
The excessive electrons contribute to β (βe) affecting plasma stability

IRON  

1. Ionisation equilibrium in a hot plasma

Properties of high-T plasmas in more detail
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2. Particle-wave interaction with collisions

νω xe
m
eEx ti

e

&&& −−= −0

v0 = −
v00

1 +
ν
ω

⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ 

2 ; x0 =
x00

1 +
ν
ω

⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ 

2

φ = arc tan ν
ω

Oscillation of a charged particle in an external E-field, with collisions
ν = collision frequency

Force balance: 

Solution: x = x0 sin(ω t + φ)
for E = E0 sin(ω t)

v00 = eE0/meω and   x00 = eE0/meω2

amplitudes

Amplitudes without collisions

Angle between field and excursion:

phf = 〈jE〉 = 〈-evE〉 .Energy converted from the field:

phf =
ν e2 E0

2

2 me ω2 + ν2( ) = ν Δεhf
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3. With B, the optical plasma properties are changed

Dielectric constant ε => n: n = √ε

x =
e E0

me ω2 + ν2( )sin ωt( ) + ν
ω

e E0
me ω2 + ν2( )cos ω t( )

Oscillation in external field: Excursion split up in in-phase 
and out-of-phase component:

Polarisation:  P = – n e xphase

Dielectric constant: ε = 1 + P/ε0 E

εω = 1 −
e2 ne

ε0 me ω2 + ν2( ) = 1 −
ωp

2

ω2 + ν2

Index of refraction:

Plasma frequency: ωp
2 = e2ne/ε0me

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−== 2

2
p

ω
ω

1εn
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Plasmawaves

without B

k⊥E (transversal)

e−m−waves

1 2 4 4 4 4 3 4 4 4 4 
kIIE (longitudinal)

Plasma oscillations
Elektrostat.waves

Plasmons
Ion sound waves

1 2 4 4 4 4 3 4 4 4 4 

1 2 4 4 4 4 4 3 4 4 4 4 4 
with B

kIIB

EIIB

Plasmons

Ion sound

1 2 3 
E⊥B

R−circ.. pol.

L−circ.pol.

Whistlers

tors . Alfvén

1 2 3 

1 2 3 
k⊥B

EIIB

Plasmons

Ion sound

1 2 3 
E⊥B

ex−ord.wave

upper hybr .

lower hybr .

compr .Alfvén

1 2 3 

1 2 3 

1 2 4 4 4 4 3 4 4 4 4 

1 2 4 4 4 3 4 4 

kIIB k⊥B

With B, the optical plasma properties are changed

Force balance equation: B)vq(Evm ×+=&
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With B, the optical plasma properties are changed

Implications for diagnostics and wave plasma heating
Cut-off: affect wave coupling and propagation
Resonance: wave absorption, heating
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Wave propagation parallel to field: kIIB

With B, the optical plasma properties are changed

Dispersion relation for a e.m. wave propagating parallel to B at fixed ωc/ωp

Circular polarised
right (R) 

Circular polarised
left (L) 

Resonance

Electron-
cyclotron
wave
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Electrical conductivity of a plasma is high, higher than that of copper
Ampere law: ∇×B = μ0j

∇× ∇×B = μ0 ∇× j
Vectorrelations 
+ ohms law: j = σE 
+ Faraday law: ∇×E = - ∂B/∂t
+ div B = 0

ΔB = μ0 σ ∂B/∂t (1)

Compare with 2. Ficks law: Δn = D-1 ∂n/∂t;   D is diffusion coefficient

(1) is the diffusion equation for the magnetic field. DB = 1/μ0 σ 

Related time scale τR for the change of the magnetic field in plasma of size L:

Resistive time scale: τR = L2/DB

For reactor plasma: τR ~ 1 h

For σ => ∞ : ideal MHD; the flux is frozen and moves with the plasma

4. Plasma flow field and B-field are linked
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The concept of the frozen-in field

With resistivity: ∂B/∂t = – ∇×E = ∇×(v × B) + η/μ0 ∇2B

Without resistivity: E+v ×B = 0: ohmic law for ideal MHD

Consequence:
the magnetic flux through a surface, which flows with the plasma,
remains constant

Simplified geometry for proof

d Δφ
dt =

∂ Bz
∂t Δx Δy + Bz Δx ∂ Δy

∂t + Bz Δy ∂ Δx
∂t

d Δφ
dt = − ∇×E − ∇× v×B( )( )z ΔS = − ∇× E + (v×B)( )( )z ΔS

dΔΦ / dt = 0.
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The concept of the frozen-in field (cont.)

Cross-section changes
compatible with ideal MHD

+ +

Reconnection; separated
areas suddenly connected
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The concept of the frozen-in field (cont.)

5. Alfven waves

Violine: 
The field is the string
The plasma is the inertia

transverse

Plasma flow, with small amplitudes: vy1 = vy10 exp (–i(kz z – ωt))

Force balance: ρ ∂v/∂t = j×B → i ω ρ vy1 = – jx1 B0 ;  jy1 = 0

Ohmic law: E = - v×B → Ex1 = – vy1 B0 ;  Ey1 = Ez1 = 0

Faraday law: ∂B/∂t = – ∇×E → i ω By1 = – i kz Ex1 ;  Bx1 = Bz1 = 0

Ampere law: μ0 j = ∇×B → jx1 = ikz By1/μ0

Dispersion relation of Alfven waves: ω2 = B0
2 kz

2 /μ0 ρ.

Alfven velocity:
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Alfven waves

Fundamental magneto-hydrodynamic wave

Reactor: 
vA ~ 8 106 m/s
vD+(15 keV) ~ 8 105 m/s
vα(3.5 MeV) ~ 7.3 107 m/s
vD+(1MeV) ~ 5.5 107 m/s

W7-AS

Alfven Eigenmode in torus
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6. Description of high-temperature plasmas
The hierarchy of Magneto-hydrodynamic equations

N-body system, 6N space:
Liouville equations

Averaging over particles (3 space-, 3 velocity dimensions, t):
kinetic equation of generalized density f(r,v,t)
(Boltzmann-, Fokker-Planck-, Vlasov equation)

Averaging over velocities (3 space dimensions, t)
two fluid equations for ions and electrons

Summation of the electron and ion  equations
single fluid equation (3 space dimensions, t)

σ => ∞:
ideal MHD equation

For self-consistency: Maxwell equations
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Description of high-temperature plasmas (cont.)

Kinetic equation: ∂fν
∂t + v ∂fν

∂r + bν(r,v, t) ∂fν
∂v = ∂fν

∂t
⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ 

c
nν(r, t) = fν∫ d3vRegular density:

Acceleration term: bν(r,v, t) = qν
mν

E(r, t) + v×B(r, t)[ ]

Collision operator: ∂fν
∂t

⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ 

c
Δt = f r,v, t+Δt( ) − f r,v, t( )

For plasmas, with soft coliisions: Fokker-Planck coll. operator, FP-equation
All kinetic problems to be analysed with these equations

relaxation of distributions, 
Landau damping, 
velocity-weighted processes
....

If = 0: Vlasov equation∂fν
∂t

⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ 

c
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Description of high-temperature plasmas (cont.)

Fluid equations (derived from kinetic equations)

Continuity equation: nt + ∇r n 〈v〉 = ∫ (∂f/∂t )coll dv

Right-hand side: sources (ionisation), sinks (recombination)

Momentum balance equation:

ij

3

1j j
ijiiiiiii P

x
RB)v(Enqpvv

t
nm ∑

= ∂
∂

−+×++−∇=⎥⎦
⎤

⎢⎣
⎡ +
∂
∂

Comments:
advective derivative
new force on fluid element (by random particle motion): pressure gradient
old forces: Lorentz force
Rij: force due to collisional momentum exchange between species 
(electrons-ions)
Σ: viscosity stress tensor = ion property



PPST-2009 3. Chapter

Description of high-temperature plasmas (cont.)

Hydro-dynamic equations together with Maxwell equations
=> Magneto-hydrodynamic equations

fundamental set of plasma equations

Application

equilibrium
stability
collisional transport
wave propagation
heating
Scrape-off-layer physics
….
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7. Landau damping
Electrostatic plasma oscillation

Momentum balance: i ω me ne v1 + e ne E1 – 3 kBTe i k n1 = 0
Poisson equation: – i k ε0 Ε1  + e n1 = 0
Continuity equation: – ne i k v1 + i ω n1= 0
Dispersion relation: ω2 = ωp

2 + 3/2k2vth
2 = ωp

2(1+3k2λD
2)

The wave damping is obtained from a kinetic treatment

Vlasov equation (no collisions) + plane wave representation of E and 
f1 (perturbation) + Poisson equation:

ω = ωp √(1+3k2λD
2) -

( ) ( ) ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+− 3

kλ
1

2
1exp

kλ
ω

8
πi 2

D
3

D

p

The wave is damped without collisions: 
Landau damping

Energy exchange with particles when vparticle ~  vph
Slower particles get wave energy, 

faster particles intensify wave


	F.Wagner HighTemp. (1)
	Slide Number 1
	Slide Number 2
	Early electrical experiments in rarified gases
	Technological pre-requisites
	Early Vacuum Pumps
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	LHD: the world-wide largest stellarator
	Slide Number 55
	Slide Number 56
	Slide Number 57

	F. Wagner High Temp (2)
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17

	F. Wagner High Temp. (3)
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27


