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possible topics:

1. Classification of plasmas, plasma properties, plasma frequency
2. Coulomb Collisions
3. Charged particle motion and drifts
4. Low temperature discharges, plasma TV 
5. MHD
6. Plasma thrusters
7. Fusion processes
8. The sun
9. The corona, solar wind
10. Electron-Positron Plasmas
11. Confinement concepts
12.  Tokamaks
13. Runaway Electrons
14. Stellarators



4 KAPITEL 1. GRUNDLAGEN DER PLASMAPHYSIK

Astrophysik Sterninneres
Sternatmosphäre
Interstellares Plasma ....... insgesamt 99% aller Materie!

Geophysik Ionosphäre
Polarlicht
Blitz

Plasmatechnik Schaltertechnik
Lichttechnik
Plasmaantriebe
Plasma-Prozesstechnik

Kernfusion

Abbildung 1.1: Überblick über den Parameterbereich in Dichte und Temperatur, in denen Plas-
men zu finden sind.

Die ersten Untersuchungen heißer Plasmen wurden an astrophysikalischenObjekten vorgenom-
men. Insbesondere bei der Aufklärung der Physik der Sternatmosphären konnte durch Einsatz
spektroskopischer Methoden ein erster Einblick in das Verhalten der Materie im Plasmazustand
gewonnen werden.

Abbildung 1.2 zeigt einen Überblick über die Variation von Dichte und Temperatur in
verschiedenen kosmischen Objekten. Da es sich hauptsächlich umWasserstoffplasmen handelt,
gilt hier in guter Näherung . Man beachte die weite Variation, vor allem der Dichte
(über 30 Größenordnungen).

Zwischen den Himmelskörpern (intergalaktischer, interstellarer und interplanetarer Raum)

Plasma Properties

classification of plasmas, 
Debye theory



Plasma frequency

derivation, consequences, 
application to ionosphere/ 

plasma diagnostics



Coulomb collisions

cross section, Coulomb logarithm, friction force



2.1. MAGNETIC CONFIGURATION AND PARTICLE TRAJECTORIES

Figure 2.2: Particle trajectories in a tokamak. The left hand side picture illustrates the three angular
components of a trapped particle trajectory. The right hand side picture is a poloidal projection of the
trajectories of a passing and a trapped particle.

called trapped particles and their trajectories have the shape of a banana when projected
onto a poloidal cross-section. To understand this behavior, we need to recall that the mag-
netic field of a toroidal configuration cannot be uniform, but varies like 1/R (Eq. 2.9). Let us
now consider a particle characterized by the invariants E and µ and use the approximation
that B(0) ⌃ BT(0), it directly comes that µ = (E �mv2

⇤/2)/B(0) � R(E �mv2
⇤/2). Hence,

if the particle approximately follows a helical field line and comes nearer to the axisym-
metry axis, R ⌥ 0, the simultaneous invariance of E and µ may enforce a cancellation of
v⇤, which means that the particle (or more exactly its guiding-center) will bounce back to
the outer region of the tokamak. If v⇤ does not cancel, the particle is called passing particle.

The existence of trapped particles is a first evidence that the motion of charged particles
is not purely along the field lines. More explicitely, it can be shown that the guiding-center
motion is, as expected, mainly parallel but that it also contains a drift. Explicitely,

Ẋ = v⇤b + vg + O(⇥⇥2 vt) (2.15)

where vg, called the drift velocity, contains three physical components related to the pres-
ence of an electric field and to the magnetic field non-uniformities, vg = vE�B+v⌅B+vc with

• vE�B = E(0)�B(0)

B2
(0)

, the E⇤B drift

• v⌅B = µ
e b(0) ⇤

⌅B(0)

B(0)
, the grad-B drift

• vc = mv�
eB(0)

b(0) ⇤ � , the curvature drift

where b(0) = B(0)/B(0), and � = b(0) ·  b(0) is the field local curvature. When E(0) is
chosen such that the E ⇤ B drift is only first order compared to ⇥⇥, which is the case in
standard discharges (where E(0) is mainly parallel for toroidal current generation), vg is
shown to be only first order in ⇥⇥.

Note that the above developments would still be correct with slowly varying fields,

1
�c

1
B(0)

dB(0)

dt
⇧ ⇥⇥. (2.16)
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Charged particle motion in 
inhomogeneous magnetic fields

drifts, guiding centre description
(numerical approaches: implicit, explicit, symplectic)



Magnetohydrodynamics (MHD)



Plasma Thrusters
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478th Heraeus Seminar, April 2011

‘Locust’ Monte Carlo calculation 
for mono-energetic beam
with diffusion [CCFE, UK]

Neue Physik an ITER

Zum ersten mal in ITER:
thermonukleare Selbstheizung des Plasmas

thermischer Hintergrund: 20 keV
schnelle He-Kerne:          3.5MeV

geben ihre Energie durch Coulomb-
stöße an den Hintergrund ab und
halten ihn so auf der für die Fusion
benötigten Temperatur

Helmholtz-Gemeinschaft, November 2008 2

•α-particles slow down on electrons,
  isotropic in pitch angle

•injected beam ions can be very 
accurately modeled by Monte-Carlo 
codes in general geometry  
(electron drag)

•ion cyclotron heating modeled by 
quasilinear diffusion operator  

!""#!$%&'!

!()&(#!$%&'!

− ω2

ω2
A0

∇⊥
n̂B2

0

B2
∇⊥ψ + ∇(∇∥ψ) × b ·∇(

∇×B0

B
) + (B ·∇)

(∇×∇×∇∥ψ) · B
B2

+

+ µ0P0
b

B
×

[
(b ·∇)b +

∇B

B

]
·∇

[
∇P̂

B
(b ×∇)ψ

]

= 0 (85)

with P̂ and n̂ are the normalised pressure resp. density. To compare with the equation for

shear Alfvén modes derived from the standard MHD model, one identifies ∇P
iωB (b ×∇)ψ

with the perturbed pressure and uses the vector identity (66). Then one obtains for the

pressure term (4-th addend):

µ0∇P1 ·∇× B

B2

From the ideal MHD side, line (85) can be derived using ∇j1 = 0, the linearised force

balance and ideal Ohm’s law [1]. Therefore all ideal MHD results can be recovered from

the GKM equation.

4.3 α-Particles

Due to their high energies compared to the background, fusion born α-particles are not

Maxwellian. Instead, one usually chooses the following distribution function:

F0 = CψF0ψ · CE

E3/2 + E3/2
c

Erfc[
E − E0

∆E
] (86)

This expression is called ’slowing-down’ (see figure 8), because it describes the drag of

the background electrons and ions on the fusion born α’s, derived from the Fokker-Planck

equation under the assumptions that D and T have the same energy Ti and the energy

spectrum is approximately Gaussian [39].

For F0ψ one often uses 1/(exp[(ψ − ψ0)/∆ψ]+1) or also (1−s2)3 with s ∝
√

ψ. Parameters

that are likely to fit the ITER experiment [40] are:

∆E = 335.2keV, E0 = 3520keV, Ec = 329.6keV, ψ0 = 0.2, ∆ψ = 1/14

Since this distribution is given in terms of E, a coordinate change from U, µ to E, Λ is

advantageous:

d2v = 2π
∫ ∞

0
dU

∫ ∞

−∞
v⊥dv⊥ = 2π

∫ ∞

0

dE

m2

∫ E/B

0

∑

σ

Bdµ
√

2(E − µB)/m

= 2π
∫ ∞

0

dE
√

E

m2

∫ b

0

∑

σ

dΛ

b
√

2(1 − Λ/b)/m
(87)
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distribution of fast ions is well known... 
fusion processes

cross sections, reaction 
rates, applications



Runaway electrons
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velocity of particles[vth,e]
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The Sun

nuclear processes, solar structure, solar 
equilibrium and equations of state, life cycle of 
the sun and stars in general



Corona and the solar wind

Technische Universität München 

Rollercoaster Sonne 
Die Korona 

http://
sohowww.nascom.nasa.gov/gallery/

Movies/Bigone/Bigone.mpg 

NASA/SDO 

NASA, easa/SOHO 

Benedikt Günther 

solar structure, magnetic fields in the sun(dynamo), 
solar spots, the corona heating problem

Einführung
Modelle

Folgen des Sonnenwindes

Historie
Entstehung des Sonnenwindes
Grenzen des Sonnenwindes

Sonnensystemgrenze

Figure: Heliosphäre, [9]

Till Sehmer Sonnenwind

history, origin, Chapman model (static), Parker Model,
interaction with earth magnetic field



Electron-Positron Plasmas

theoretical properties, experimental setup
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Confinement concepts



Tokamaks (ITER/DEMO)/ Stellarators (W7-X)
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Wendelstein 7-X Wendelstein 7-X
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