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Preface

These notes have evolved from the lecture 'Introduction to Plasma Physics’ in
the summer semesters of 2004, 2006, 2014, and 2017. The main sources used
were the books by Chen (Plasma Physics and Controlled Fusion), Lieber-
mann and Lichtenberg (Principles of Plasma Discharges and Materials Pro-
cessing), and Kaufmann (Plasmaphysik und Fusionsforschung). These notes
are not intended to replace these books and are meant to supplement them.
Conceptually, the lecture begins with an Introduction followed by the De-
scription Forms of plasma, the single-particle and multi-particle picture. Af-
ter considering Collision Processes, a discussion of Transport in magnetized
plasmas follows. The diagnostics and heating of plasmas are described in
the chapter Waves. How this heating affects the distribution function of the
particles in the plasma is treated in the chapter Kinetics. The boundary
conditions of plasmas at walls are considered in the chapter Plasma Bound-
ary. Finally, the application of plasmas in Plasma Technology and Fusion
Research is discussed.

Excluded is an extended description of MHD equilibria and instabilities in
toroidal plasmas. This is the subject of an advanced lecture ”Fusion Plasma
Physics”. Also, in the description of kinetic phenomena, frequently used
methods of low-temperature plasma physics have been emphasized.

My thanks go to my colleagues in Bochum for the numerous suggestions for
the manuscript.

In the summer semester of 2023, animations of individual phenomena in
plasma physics were added. These are linked to YouTube (https://www.
youtube.com/@AchimvonKeudell) or the Python code is available on GitHub
(https://github.com/AchimVonKeudell/PhysicsVisualisations).


https://www.youtube.com/@AchimvonKeudell
https://www.youtube.com/@AchimvonKeudell
https://github.com/AchimVonKeudell/PhysicsVisualisations
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Chapter 1

Introduction

Plasmas are partially or fully ionized gases that become visible
to humans in luminous phenomena. Irving Langmuir coined the
term "plasma” to describe the seemingly random ensemble of pos-
itive and negative charge carriers. Langmuir derived this des-
ignation from the well-known microscopic image of a biological
"blood plasma”. Unfortunately, the term plasma is almost al-
ways equated with this biological plasma by the public, even though
many products of daily life come into contact with plasmas dur-
ing their manufacturing process. Nevertheless, the designation
plasma is not used to name an object. The most well-known ex-
ample is the neon tube or uorescent tube, which would be better
described as a plasma lamp.

In this chapter, the peculiarities of a plasma are characterized,
and the essential parameters are derived. In addition, a classi -
cation of plasmas is presented.

Plasmas are the most common form of visible matter. When energy is sup-
plied to a solid, it undergoes several states of aggregation. As the tem-
perature increases, it rst begins to melt and becomes a liquid. With further
increase, the liquid begins to evaporate. However, if the energy supply per
particle is so high that atoms or molecules can be ionized, a plasma is cre-
ated. Therefore, this is also referred to as the fourth state of matter. A
preliminary de nition of the plasma state is:

"A plasma is a quasi-neutral gas of charged
and uncharged particles that exhibits collec-
tive behavior."



CHAPTER 1. INTRODUCTION 1.1. PLASMAS IN NATURE AND TECHNOLOGY

In this sentence, the essential terms, quasi-neutral and collective, are in-
cluded. This is intended to distinguish plasmas, for example, from an ion
beam.

1.1 Plasmas in Nature and Technology

1.1.1 Natural Plasmas

Plasmas are natural components of the universe. In stars, fusion reactions oc-
cur at high pressure and temperature. The energy released keeps the plasma
state in these systems alive. Here, the radiation pressure is in equilibrium
with the gravitational force.

In the solar system, plasma continuously ows from our central star, the
solar wind. These particles hit the Earth and mainly reach the polar regions
along the magnetic eld lines. There, ionization occurs in the atmosphere,
which can be observed as auroras.

Lightning corresponds to discharges between potential di erences between
clouds or between clouds and the Earth, which are caused by friction phe-
nomena in thunderclouds.

1.1.2 Plasmas in Technology
Nuclear Fusion

In the application of plasmas, controlled nuclear fusion plays a central role.
It has been and continues to be essential for the advancement of plasma
research. The goal is to replicate the nuclear fusion reactions that occur in
the sun on Earth. Since the fuel for the fusion reaction is hydrogen isotopes,
which are available in unlimited quantities, a fusion power plant represents
an inexhaustible energy source for the future. To achieve this goal, the most
promising fusion reaction with the largest cross-section is the DT reaction
according to:

D +T!He+n+17:6MeV (1.1)

Here, the helium nucleus has an energy of 4 MeV and the neutron has
an energy of 13 MeV. To realize nuclear fusion on Earth, there are two
fundamentally di erent concepts of con nement:

" In the case of fusion in magnetically con ned plasmas, a plasma is
brought to temperatures of around 1 eV by coupling energy in the

7 © A. von Keudell, Ruhr-University Bochum



CHAPTER 1. INTRODUCTION 1.1. PLASMAS IN NATURE AND TECHNOLOGY

N

form of wave heating and neutral particle injection. At particle densi-
ties of 16° m?3 , this con nement must be maintained for several sec-
onds to obtain a plasma that continues to burn independently through
the energy release in the nuclear fusion reactions.

In contrast, in laser fusion, the fuel is compressed by irradiating laser
power. The outer shell of a spherical pellet is ablated, and the inward-
running shock front compresses the core of the pellet. The temperatures
are again approximately 16 eV, but densities of 18° m3 are achieved.
However, this form of con nement is only successful for nanoseconds.

Both situations are comparable because, for a successful fusion reactor, the
so-called triple product (density temperature con nement time) must
exceed a certain value.

Plasma Technology

In plasma technology, cold plasmas are usually considered, in which the tem-
perature of the ions remains in the range of room temperature. The distinc-
tion between cold and hot plasmas is made with regard to the temperature
of the ions.

Several application elds of plasma technology can be distinguished:

N

N

N

Lighting Technology

Light generation is a major application eld of plasma technology. The
uorescent tube or energy-saving lamp are actually plasma lamps that
are characterized by long life and high light e ciency.

Surface Techniques

Plasma processes are widely used in coating and modifying surfaces.
For example, numerous manufacturing steps in the semiconductor in-
dustry are based on plasma etching processes or plasma coating pro-
cesses. In these processes, a starting gas is dissociated in the plasma,
and the dissociation products react with the surrounding walls, leading

to coating or material removal.

Plasma Spraying

Thermal plasmas are used to produce thin Ims from metals or ceram-
ics. In this process, a powder is injected into a plasma that burns at
atmospheric pressure, a thermal arc. The particles melt in the arc and
form a homogeneous Im upon impact on the substrate.

© A. von Keudell, Ruhr-University Bochum



CHAPTER 1. INTRODUCTION 1.2. DEFINITION PLASMA

~ Plasma Switches

Plasma switches are essential for switching high currents. Here, when
opening an electrical connection that carries many kA, the formation
of an electric arc must be suppressed. For this purpose, SIB often
used as a gas, as it is strongly electronegative and thus binds electrons
that are formed by attachment reactions (formation of negative ions).
The current transport through the light electrons is thus prevented.

1.2 De nition Plasma

1.2.1 Concept of Temperature

So far, various temperatures have been distinguished with regard to cold and
hot plasmas. The energy content of a plasma can be characterized by means
of the so-called distribution function. A typical example is the Maxwell
distribution, which corresponds to a distribution function of maximum en-
tropy. It forms when the particles experience su ciently elastic collisions
with each other.

%mv2

f(v) =Ae *sT 1.2
The distribution function must rst be normalized. For this purpose, two
conventions can be used. If the distribution function is normalized to one,
i.e., indicates the probability of nding a particle in a velocity interval dv,
one obtains:

m 3=2 % my 2

kg T
KT e (1.3)

Alternatively, f(v) can also directly indicate the density n of the particles in
the velocity interval dv. One then obtains:

f(v) =

3=2 %mv 2

f(v)=n e kT (1.4)

2kgT
From this distribution function, the average energy of a particle can be de-
rived.
R%'{?nvzf(v)d %v 3
hEi = = kg T 1.5
f(v)d 3v 2" (1.5)
Here, e T =1 eV = 11594 K. The concept of temperature is due to elastic
collisions between the particles. If su cient collisions occur, the temperatures

9 © A. von Keudell, Ruhr-University Bochum



CHAPTER 1. INTRODUCTION 1.2. DEFINITION PLASMA

of the individual charge carriers can equalize each other. This is referred to
as thermal equilibrium (T . =T;). However, the thermal coupling between
electrons and ions is low due to the large mass di erence, and a large number
of collisions are required for temperature equalization. However, the concept
of a temperature can still be used by assigning separate temperatures to ions
and electrons.

With regard to the parameters charge carrier density n and temperature T,
plasmas can be very roughly distinguished, as illustrated in Fig. 1.1.

Figure 1.1: Classi cation of Plasmas

1.2.2 Debye Shielding

Initially, a plasma was described as a quasi-neutral gas. This means that the
number of positive and negative charge carriers in a volume element must be
exactly equal. But on what scale does this statement hold?

Consider a stationary ion background and examine the case where a local
disturbance in the electric potential o occurs. In Fig. 1.2, the case of an
additional negative charge at a point x = 0 is illustrated. A new equilibrium

is established, which balances the repulsion of the surrounding electrons by
the presence of the additional electron with the back ow of these electrons

10 © A. von Keudell, Ruhr-University Bochum



CHAPTER 1. INTRODUCTION 1.2. DEFINITION PLASMA

according to a density gradient (The case of an additional ion at the point
x = 0 is entirely analogous).

Figure 1.2: Debye Shielding

The electron density at the location of this disturbance is described by the
Boltzmann relation (as will be proven later):

e (x)

Ne = Noe*sT (1.6)

This is inserted into the Poisson equation:

—dz en eek(X)T 1 .7
= B .
0 dX2 0
For ke— 1, we have
B
2 e (X) e
—— =eng 1+ +:001 en g—— 1.8
% dx2 ° ke T e T (1.8)

Youtube: Debye Shielding
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CHAPTER 1. INTRODUCTION 1.2. DEFINITION PLASMA

The solution of the di erential equation

d n092
dx2 = kg T (1.9)
yields
= e v (1.10)
with the so-called Debye length:
1=2
b = ‘r’]tBezT (1.11)

i.e., quasi-neutrality is satis ed if the considered region is larger than the
Debye length. Thus, a scale is de ned from which one can speak of a plasma.
The volume with radius Debye length is referred to as the Debye sphere.
Collective behavior is only ensured if the number of particles in this Debye
sphere 1 is.

n 1 (1.12)

Microscopically, however, it becomes visible that a plasma is only quasi-
neutral but consists of charged particles: an atom or molecule in the plasma
"sees" the charge carriers electrons and ions in the vicinity. These generate
a uctuating electric eld at the location of this atom or molecule, the mi-
cro eld. This is important for the emission and absorption of radiation, as

12 © A. von Keudell, Ruhr-University Bochum



CHAPTER 1. INTRODUCTION 1.2. DEFINITION PLASMA

the electric micro eld leads to a Stark splitting of the emission and absorp-

tion lines. The collisional interaction of an excited atom or molecule with

the surrounding electrons and ions also leads to a reduction in the lifetime
of the excited state and thus to a line broadening, the Stark broadenihg

1.2.3 Plasma Frequency

Consider a plasma volume in which the electrons as a whole are de ected by
a displacement from the background of the stationary ions, according to
Fig. 1.3:

Figure 1.3: Plasma Frequency

The electric eld of a surface charge is:

E= 1en (1.13)
0

The equation of motion of the electrons in this eld is:

d 2
meﬁ = eE (114)
Thus, an oscillation equation is obtained according to
d? ne?
—+ — =0 1.15
dt2 om ( )

The natural frequency of this oscillation is the so-called plasma frequency:

ne? '

With these preliminary considerations, we can now more precisely de ne a
plasma. Three conditions must be met:

Similar disturbance e ects are caused by collisions of the radiating atom with neutrals,
which lead to the so-called pressure broadening and resonance broadening.

13 © A. von Keudell, Ruhr-University Bochum



CHAPTER 1. INTRODUCTION 1.3. CLASSIFICATION OF PLASMAS

L> o

The extent L of the plasma must be larger than the Debye length to
ensure quasi-neutrality.

"Np 1

The number of particles in the Debye sphere must be much larger than
1 to maintain collective behavior of the plasma.

I

The product of the plasma frequency with the collision time with neu-
trals should be much larger than 1 so that the electrostatic interaction
dominates over normal gas kinetics.

1.3 Classi cation of Plasmas

Plasmas can be roughly divided into several categories:

N

ideal / non-ideal plasma
If the potential energy between two charge carriers:

Oa 0B

4 ofps

AB — (117)

is compared with the thermal energy k& = %kBT, one speaks of

ideal plasmas a8 E (1.18)

non ideal plasmas B E (1.19)

Since the distance §, scales with the density n as / n*2 , the bound-
ary between ideal plasma and non-ideal plasma is T /13

A

Degeneracy

Degeneracy occurs when the density of the charge carriers becomes so
high that the Pauli exclusion principle has a signi cant share in the
repulsive force. This is the case if the Fermi energy becomes larger
than the thermal energy:

3
Erermi >Ewn = ékBT (1.20)

14 © A. von Keudell, Ruhr-University Bochum



CHAPTER 1. INTRODUCTION 1.3. CLASSIFICATION OF PLASMAS

With the Fermi energy

2

~

EFermi = 2me(3 zne)2=3 (1-21)
the boundary between degenerate and non-degenerate plasmasis T /
n2:3

" relativistic

Finally, at very high particle energies, it is necessary to calculate rela-
tivistically. This is the case for a thermal energy that is greater than
the rest mass:

MeC ngT (1.22)

This classi cation is graphically illustrated in Fig. 1.4.

15 © A. von Keudell, Ruhr-University Bochum
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Figure 1.4: Classi cation of Plasmas

16 © A. von Keudell, Ruhr-University Bochum



Chapter 2

Description of Plasmas

To describe the physics of a plasma, we need the appropriate
tools. Important in uencing factors are electric and magnetic
elds, which determine the motion of the particles according to
the Lorentz force. However, this entails a great complexity, since
the induced motion of the particles in turn produces new internal
electric and magnetic elds, which again determine the behavior.
That is, the problem can only be solved self-consistently.

The most important component for controlling plasmas are mag-
netic elds, as they impart a preferred direction to the particles.
That is, with a special magnetic eld, plasmas can be well con-
ned. However, this con nement can be strongly altered by the
self-generated electromagnetic elds. The fundamental concepts
for the successful magnetic con nement of a plasma are demon-
strated in this chapter.

In the description of a plasma, one can start from the individual
particle and calculate its motion in magnetic and electric elds.
In this view, one moves with the particle. However, to describe an
entire plasma, a multi-particle picture is more practical, where a
stationary coordinate system is chosen and particles can enter and
exit a volume element in the phase space (position and velocity).

In the description of plasmas, the following hierarchy can be es-
tablished: (i) single-particle picture as the solution of the equa-
tion of motion of a particle given by the Lorentz force; (ii) multi-
particle picture as the determination of the distribution function
in the phase space of position and velocity (Vlasov or Boltzmann
equation); (iii) multi-particle picture as the determination of the
density and the center-of-mass velocity of a uid (uid picture,

17



CHAPTER 2. DESCRIPTION OF PLASMAS 2.1. SINGLE-PARTICLE PICTURE

moments of the Boltzmann equation).

2.1 Single-Particle Picture

In the single-particle picture, the Newtonian equations of motion are solved
for the motion of a charged particle in external force elds.

2.1.1 Particle Drifts
Constant E and B Fields

The starting point for the description of plasmas is initially the motion of
a single charged particle in electric and magnetic elds. The determining
factor here is always the Lorentz force:

dv

ma:q(EMv B) (2.1)

~ Constant B Field

Figure 2.1. Coordinates for particle motion in a constant B eld

Assume we have only a constant B eld in the z direction. The equa-
tions of motion in the x,y plane are therefore:

dv.
m dtx =B,V (2.2)
dv,
md_ty = 9B LV (2.3)
Di erentiating once with respect to time and substituting into each

other yields:

18 © A. von Keudell, Ruhr-University Bochum



CHAPTER 2. DESCRIPTION OF PLASMAS 2.1. SINGLE-PARTICLE PICTURE

v _  gB °

qe - - Vy (2.4)

This corresponds to an oscillation equation with the angular frequency
I . of the cyclotron frequency:

o
|, = J% (2.5)

The solution of the oscillation equation is obtained with an ansatz
according to:

Di erentiating once gives the time dependence of the position coordi-
nate:

X X o=1 ~Le' @2.7)
' C
With the de nition of the Larmor radius as
Vo mv-,
N = —= — 2.8
T (28)
and
X X g=rpsin!t (2.9)
or
Yy Yo=1rT _cos!ct (2.10)

The motion of the charge carriers in the magnetic eld always has
a diamagnetic character. That is, the magnetic eld generated by
the circular motion of the ions or electrons is always opposite to the
externally applied magnetic eld.

19
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CHAPTER 2. DESCRIPTION OF PLASMAS 2.1. SINGLE-PARTICLE PICTURE

Figure 2.2: Coordinates for particle motion in constant E and B eld

~ Constant B Field and E Field

In the case of constant E and B elds, the following equations are
obtained according to the Lorentz force:

y= %EZ (2.11)

y=Jg 1w (2.12)
m y

N=1 v (2.13)

The signs take into account the case for ions and electrons, respectively.
This is necessary here because the magnitude of the charge jgj was
chosen in the de nition of !.

Di erentiating Eq. 2.12 once and substituting into Eq. 2.13 yields:

¥y = 1w (2.14)
Similarly,
E
- Iy =1 2 B—z+vy (2.15)
This is equivalent to a di erential equation for the variable

E
¥, = B—X +Vy (2.16)

z

The rst term corresponds to a drift motion. This is illustrated in
Fig. 2.3.

20 © A. von Keudell, Ruhr-University Bochum



CHAPTER 2. DESCRIPTION OF PLASMAS 2.1. SINGLE-PARTICLE PICTURE

Figure 2.3: E B Drift

Formally, this drift motion can be derived directly from the Lorentz
force by not considering the trajectory directly, but the motion of the
so-called guiding center, i.e., the center of mass of the gyration path.
The time derivative describes this gyration motion explicitly. If one is
only interested in the drift, the left side in Eq. 2.1 can be set to zero,
and one obtains the expression:

O=E+v B (2.17)

Now, both sides are multiplied by B, and one obtains
0O=E B+ B) B (2.18)

0=E B %B 2+ B(vB) (2.19)

The last term is zero because the drift motion occurs perpendicular to
the magnetic eld. Finally, one obtains the so-calleE B Dirift:

E B

This drift can be generalized by replacing the E eld with a general
external force eld. With

F=qE (2.21)

21
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CHAPTER 2. DESCRIPTION OF PLASMAS 2.1. SINGLE-PARTICLE PICTURE

one obtains

_1F B

= — 2.22
e q B2 ( )
As an example, the gravitational drift is mentioned here.
_mg B
My = 9 B? (2.23)

Intuitively, these drifts mean that in an external force eld, the charge
carriers are accelerated or decelerated depending on the direction. In
doing so, the Larmor radius and accordingly the curvature of the path
are always changed. Due to the change in the curvature of the path,
the guiding center of the particle motion drifts.

The E  B-drift is illustrated by three examples:

{ Magnetron

For the production of metal Ims using plasma processes, the sput-
tering of a metal surface in a noble gas plasma is used. A voltage
is applied to the metal surface, and the ions that hit it are acceler-
ated in the electric eld and knock metal atoms out of this surface.
The free metal atoms then settle again on a workpiece. The sput-
tering can be made more e cient by placing magnets behind the
metal surface, as illustrated in Fig. 2.4. The electrons are forced
onto paths according to the E B motion. This corresponds to

a better plasma con nement and very high electron densities can
be generated. This also increases the ion density and accordingly
the sputtering rate.

{ Hall Thruster

For the attitude control of satellites, so-called Hall thrusters are
usually used. These ion thrusters generate a plasma in a concen-
tric horseshoe magnet. As illustrated in Fig. 2.5, an electric eld

is superimposed. This forces the electrons onto E B paths in the
horseshoe magnet, while the ions are accelerated by the electric
eld and provide thrust through their momentum transfer. Since
charged particles are emitted, the charge loss of the satellite must
be compensated. For this reason, electrons are also added to the
ion beam to neutralize it.
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Figure 2.4: E B motion of electrons in a magnetron discharge. Image:
Uni Magdeburg

{ MHD Generator

Another application of the forces on charged particles in electric
and magnetic elds is the MHD generator (MHD, magnetohydro-
dynamics), as illustrated in Fig. 2.6. With this generator, chem-
ical energy can be converted into electrical energy. Initially, a
burner or ame is considered in which a reaction mixture, such as
hydrocarbons plus oxygen or hydrogen and oxygen, is burned. The
goal is to realize both a high degree of ionization and a high out-
ow velocity. When this thermal plasma ows through a magnetic
eld, charge carrier separation occurs according to the Lorentz
force. These charges are collected at electrodes and can drive
consumer in an external circuit.

Non-Uniform Fields

In the following, we assume that the elds are no longer constant in space,
but have a spatial variation.

" Gradient of the B Field Perpendicular to the Direction of B
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Figure 2.5: Hall Thruster. Image: Alta-Space

We assume that only a B eld is present and that the gradient of the
B eld is perpendicular to the B eld itself, as indicated in Fig. 2.7.
The gradient in the B eld is described by a Taylor expansion:

B
B(y) =B o+y %y (2.24)

An additional component of the force in the y direction is created be-
cause the B eld changes in this direction:

Fy = av xB:(y) (2.25)

We replace y =v, cos!.tandy = r | cos!.t. Thus, we obtain:

@B
F, = qv > cos!it Bg r cos!lt— 2.26
y qv - c 0 L c @y ( )
Averaging over one revolution gives
.1 .
hcod! i = 5 hcos Iti = 0 (2.27)
Thus, we obtain
1@B
F, = —— 2.28
y = qV oI 2 @y ( )
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Figure 2.6: In an MHD generator, a plasma ows in a strong magnetic
eld. A charge separation occurs, which corresponds to a conversion of
kinetic energy into electrical energy.

Figure 2.7. Coordinates for motion in the gradient of the B eld

Substituting this back into the general relationship 2.22, we obtain:

1rB B
Vi = V ?rLET (229)
or after swapping the cross product
1B rB
Vi = V ?rLET (230)

This r B Drift is illustrated in Fig. 2.8. It is mainly caused by a
change in the Larmor radius of the gyrating particle. However, this
drift depends on the charge of the particle, unlike the E B drift.
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Figure 2.8: Gradient B Drift

~ Curved B Field Lines

If the B eld lines are curved, the guiding center follows the trajectory
of the particle path. This creates a centrifugal force, which in turn
leads to a drift, the curvature drift. The centrifugal force can be
described according to Fig. 2.9 by

Figure 2.9: The centrifugal force creates a uniform force outward. In
combination with the B eld, the particle then experiences a curvature drift
perpendicular to the plane.

v2 V2
Fo =mr=m SR (2.31)
cf Rc Rg c .

Thus, the curvature drift with Eq. 2.22 gives:

1 VR, B

YR = amR—gT (2.32)
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These particle drifts have fundamental consequences for the eld con-
guration in a toroidal plasma. Due to the curvature of the magnetic
eld lines and the gradient in the magnetic eld in a torus, a charge
carrier separation is created. This leads to an electric eld, which in
turn leads to an E B drift that drives the plasma outward (Fig. 2.10.
This can only be counteracted by shearing the magnetic eld lines,
i.e., a magnetic eld line does not simply run around the torus in the
toroidal direction but also in the poloidal direction. This is explained
in more detail in Chapter 9.

Figure 2.10: Drifts in a toroidal arrangement

Gradient of the B Field Parallel to the Direction of B

Now, consider the case of a gradient of the B eld parallel to the B
eld. The starting point is again the Lorentz force:

F=qv B (2.33)

The cylindrical symmetric con guration is represented by the three
magnetic eld components B, B,, and B . The Lorentz force in this
coordinate system is:

Fr = q(v B, v,B) (2.34)
F = q(v (B,+v;B)) (2.35)
F, = g(viB v By)) (2.36)
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Figure 2.11: Motion parallel to B and rB. A magnetic mirror is created
by a region of high magnetic eld.

where B = 0 applies. The gradient in the B eld in the z direction
can be linked to the radial B eld via:
rB=0 (2.37)

which in cylindrical coordinates for B =0

1@ @B_
Tt o0 (2.38)

corresponds. This can be integrated under the approximation th%
depends only weakly on r.

B, = r—dr= =r<— (2.39)

1 @B
FZ = éq’v 1"62 (240)
Withv = v , and the Larmor radius
mv-,
M= —= 241
LT B (2.41)
one nally obtains
_ 1mvi @B
F, = 5B @z (2.42)
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This can be written as

@B

F,=  — 2.43
=y (2.43)
with the magnetic moment
1 mv2
= - — 2.44
> B (2.44)

This magnetic moment is a conserved quantity of the motion of the
charged particle in the magnetic eld. This is shown below. First, we
start from the equation of motion parallel to the z direction:

de _ @B
&~ ez (2.49)
Both sides are multiplied by v
dvi @B _ dz@B_ @B
ot -V ez dte: et >

Vi is replaced by‘;—f. The left side can be rewritten and one obtains:

d 1 B
d 1l = @
dt 2 @t

Now we also need, for comparison, the consideration of the total en-

ergy, which remains constant because the Lorentz force always acts
perpendicular to . This gives:

(2.47)

J— — + — = — — + = .
g Mkt 5mv2 g MV B 0 (2.48)
This gives
dB d
—+ —(B)=0 2.49
e e) (2.49)

With the product rule for the second term, only the following relation-
ship remains:
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d

— =0 2.50

at (2.50)
Since the B eld is given, the derivative of the magnetic moment with
respect to time must be zero. Therefore, the magnetic moment of the
particle motion remains constant during a movement along the B eld

gradient.

This constancy of the magnetic moment can be illustrated in a simple
way by so-called mirror elds according to Fig. 2.12.

Figure 2.12: Magnetic bottle as a combination of two magnetic mirrors. In
the center, the eld is By and on the axis in the middle of the coil By,. The
velocity of the particles is vp. When moving through the magnetic bottle,
the components yerp and v are exchanged, while y remains constant.

Consider a particle that at the location of minimal B eld By has

a velocity .o parallel and ., perpendicular to the magnetic eld.

At the location of maximum B eld, the velocities are \., parallel

and v,., perpendicular to the magnetic eld. The constancy of the
magnetic moment requires that:

1 ., 1 1 ., 1
—Mmvs., — = —=MV5..,, — 2.51
2 ?:.0 BO 2 2:m Bm ( )
From this it follows:
Bm Vg'm
— = = 2.52
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If we assume that the particle comes to a standstill in the axial direction
at the location of maximum magnetic eld, then energy conservation

gives:
V?z;o + VI%;O = Vg;m v g (2-53)
Thus, we have:
Bo _ V2o —sin? 5= — (2.54)
Bm V3 "™ Rm '

with R, the so-called mirror ratio . During the motion in this mag-
netic mirror, the total energy of the particle remains the same, since the
magnetic eld always acts perpendicular to the velocity. On its path,
only parallel energy is exchanged with perpendicular energy. However,
the angle between the vector v and the parallel component changes,
the so-called pitch angle . In the center of the mirror arrangement

at the lowest magnetic eld, the particle has maximum parallel energy,
and at the location of maximum B eld, the particle has maximum
perpendicular energy.

Figure 2.13: Particles whose velocity vector in the middle of the mirror
machine lies within a loss cone with opening angle , can leave the mirror
machine.

How does the Larmor radius change during the motion through the mir-
ror eld? Since the magnetic moment remains constant,2v/ B, i.e.,
with increasing B eld, v, only increases slowly. With [ = mv, =(qB),
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this means that r_ is smaller in the region of the mirror point than in
the center of the arrangement.

Whether a particle is trapped in this mirror eld is determined by the
initial conditions. If the vector of the particle velocity lies within the
so-called loss cone , the particle can leave the mirror arrangement.

However, the con nement of particles is also not optimal independently
of the consideration with the loss cone. In a mirror machine, there
are regions of favorable and unfavorable curvature. In the middle of
the mirror machine, the curvature drift leads to a charge separation in
which the resulting electric eld in combination with the magnetic eld
leads to an E B drift that is directed outward. It drives the plasma
apart as illustrated in Fig. 2.14. At the ends of the mirror machine, the
curvature of the particle paths points in the opposite direction, and the
resulting E B drift points inward. This improves the con nement.

Figure 2.14: Regions of favorable and unfavorable curvature

Thus, depending on the curvature of the boundary between plasma and
vacuum, one obtains a stable equilibrium or an unstable con guration
(see Fig. 2.15).

The stability of the boundary between plasma and vacuum also has
fundamental consequences for the shape of the toroidal con nement in
magnetic fusion. In magnetic fusion, the magnetic eld lines run around
a torus. Here, these magnetic eld lines are additionally sheared, as ex-
plained further below, so that a speci ¢ magnetic eld line only returns
to itself after several revolutions. The way in which the magnetic eld
lines are wrapped around the torus can be predetermined by the ex-
perimental setup or the shape of the external coils.
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Figure 2.15: Stability of a boundary between plasma and vacuum depends
on its curvature.

In a torus, the particle paths that run along the outside of the torus
are unfavorable, while the particle paths on the inside are stable. For
this reason, one tries to shape the magnetic eld in such a way that a
circulating magnetic eld line leads around the inside of the torus as
often as possible and only a few times around the outside. This results
in a rather triangular cross-section of the torus surface as illustrated in
Fig. 2.16.

Figure 2.16: Optimization of the cross-section of a toroidal plasma.

To minimize the unfavorable curvature in the case of a linear mir-
ror arrangement, the idea is to use a so-called cusp arrangement (Fig.
2.17). This increases the stability. However, this con guration has
two disadvantages: on the one hand, in addition to the end losses,
additional losses also occur around the circumference of the arrange-
ment. Secondly, a so-called X-point has been created at the location

33

© A. von Keudell, Ruhr-University Bochum



CHAPTER 2. DESCRIPTION OF PLASMAS 2.1. SINGLE-PARTICLE PICTURE

with a magnetic eld of 0. If a particle passes through this point, the
magnetic moment loses its signi cance and is no longer a conserved

guantity. That is, small disturbances can cause the particle to enter
the loss cone.

Figure 2.17: Cusp arrangement of a magnetic mirror

Non-Uniform E Field

In the case of a spatially non-uniform electric eld, a drift only occurs
if a curvature (i.e., second derivative not equal to zero) is present.

Otherwise, the acceleration or deceleration cancels out again during
one revolution. This is illustrated in Fig. 2.18.

Figure 2.18: Drift due to non-uniform E elds

The drift velocity contains, in addition to the simple E B drift, an
additional term proportional to r 2E.

E B
= (2.55)

1
— 2, 2
Vie = 1+ -rfr
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Time-Dependent Fields

In the case of time-dependent elds, two cases can be distinguished: spatially
constant but time-varying elds or spatially and temporally varying elds:

~ Polarization Dirift

The polarization drift arises from time-varying electric elds that are
spatially constant:

1 @E
Bl . @t (2.56)

If the electric eld suddenly increases, the charge carriers are rst ac-
celerated in this direction before a gyration forms according to v B.

Thus, a net drift in the direction of the electric eld has taken place.

This drift is greater the greater the inertia (given by the mass) is (see
Fig. 2.19).

Figure 2.19: Polarization drift

Ponderomotive Force

Consider a charge carrier in a spatially and temporally varying eld and
assume that no static magnetic eld B exists. A classical example is
the motion of a charge carrier in an electrostatic wave (see Chapter
Waves), as illustrated in Fig. 2.20. The wave creates a disturbance of
the quasi-neutrality according to n(r) = ng+n (r), thereby creating a
spatially and temporally varying electric eld.

35

© A. von Keudell, Ruhr-University Bochum



CHAPTER 2. DESCRIPTION OF PLASMAS 2.1. SINGLE-PARTICLE PICTURE

Figure 2.20: In an electrostatic wave, the electron density varies spatially
as n(r) = no+nq(r). The local variation of the charge creates a spatially
varying electric eld. We consider an electron at the location rg, which is
displaced by r; through the electric eld.

For the electric eld, we make the ansatz:

E(r;t) = E o(r)cos!t (2.57)

The equation of motion that describes the motion of, for example, an
electron in this variable eld is the Lorentz force:

m%/: e[E o(r)cos!t+v B] (2.58)

The magnetic eld is generated by induction since the electric eld
changes over time. We now consider the change in velocity and position
in di erent approximations. For the position, we write:

r=ro+rq (2.59)

and the velocity v:

V=Vgo+Vi+Vy (2.60)

In the rst order, we consider the electron at the location . Due to the
temporal change of the electric eld, we have a change in the velocity
in the rst order by v ;:
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m% = eE o(rp)cos!t (2.61)

Integrating this over time, we obtain the velocity \:

e .
Vi = WEo(ro) sin !t (2.62)

or after a further integration the displacement :

m? _Eo(ro)cos't (2.63)

rh =

That is, the position of the electron oscillates like the electric eld
around the rest position p, and for the temporal averaging, hy =
hrii = 0 applies.

With this ansatz, we have not taken into account that the electric eld
changes spatially. That is, we must develop the electric eld in order
to be able to solve the equation of motion in the second order:

E(rnt) =E( o;t)+r 1r E(n; 1)) (2.64)

I=r o

In this case, we can no longer neglect the magnetic eld. We obtain
the equation of motion for the velocity y in the rst order.

m%: e[r «tfE(r)+v 1 B 4] (2.65)

At the same time, we consider the induction law:

r EM) = Bs (2.66)

which, when integrated over time, gives:

%r E of)sinlt=B (2.67)

That is, with Eq. 2.62, Eq. 2.63, and Eq. 2.67 in Eq. 2.65, we obtain:

h

dv. e
2 mEo(r)rE o(r) cos? It

e i
e .
+ mEo(r) r E  o(r)sin?lt (2.68)
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Figure 2.21: xt-diagram for the motion of a patrticle in a temporally oscil-
lating but spatially homogeneous or inhomogeneous electric eld.

The temporal averaging gives hsfiiti = hcos 2 Iti = 1=2 in each case.
Thus, we obtain:

dv,. e 1
mhZi= 5o EoE o +E o) r E o] (269)
After resolving the double cross product, the rst term cancels out, and
we obtain:
Vo. 92 1 2
mhal— mzr(E o(r)) (2.70)

That is, a net force opposite to the gradient of the electric eld is cre-
ated. Electrons are thus always driven to regions of lower eld strength.
This so-called ponderomotive force has its origin in the fact that the
oscillating electron moves from regions of high to regions of low eld
strength during its motion. Since the forces in the region of high eld
strength are greater, one does not obtain a symmetric motion but a
drift. This is illustrated in an xt-diagram in Fig. 2.21.

2.1.2 Adiabatic Invariants

In mirror machines, there are several conserved quantities. If these conserved
guantities remain constant even in the case of slow temporal changes in the
elds, one speaks of adiabatic invariants. For this purpose, we consider
the change in the momentum p on a closed path g. If this integral is constant
to rst order, a conserved quantity is present.
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pdq (2.71)

As an example, we take the magnetic moment. We integrate over one revo-
lution of the gyration path according to Fig. 2.22.

Figure 2.22: Conserved quantities in gyration

[ [
pdg= mvor.d =2mv »r. (2.72)

With the Larmor radius r| = v, =!. we obtain

I

mv2 m

dg =2 2 =4 — 2.73
pdg I iqi (2.73)

Thus, is a conserved quantity.

First Adiabatic Invariant

However, the claim was that the magnetic moment is also preserved if we
slowly change the external eld. When the magnetic eld changes, an electric
eld is induced according to

r E= B (2.74)

In this electric eld, the velocity of the particle and thus its kinetic energy
increases. The change in the kinetic energygE with time can be linked to
the accelerating force F = qE, which acts over a distance ds via:

dEkin _ ds
e F pm (2.75)
Thus, we obtain:
d 1, _ o .dx
P émv? =qEwv, = an (2.76)

Per revolution, the energy changes by an amount:
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o g

1 mvi = OE ——dt = qEdx (2.77)
2 0 dt Umfang
With the Stokes theorem, we obtain:
I Z Z
gEdx = q(r E)dS=g¢q BdS (2.78)
Umfang Flaeche Flaeche

with S the surface normal of the enclosed gyration path. Thus, we have:

%mvg =q Br? (2.79)
The sign changes because the direction of revolution around the surface S
is di erent for ions and electrons. Thus, the direction of the surface normal
of the gyration path also changes. In Eq. 2.79, the adiabatic approximation
is included because for the surface integral? r was simply taken, which is
only correct for small values oB, as explained in Fig. 2.23.

Figure 2.23: Adiabatic approximation when integrating the Larmor path.

2B
| 12}
B

B corresponds to the change in B per revolution. The change in the poten-
tial energy of a magnetic moment in the magnetic eld B corresponds to a
change in the kinetic energy perpendicular to the magnetic elémv?z:

B v m 11 ,
gBri=q B’Kq_B_gimV"

= B (2.80)

(B) = %mv?z (2.81)

The left side can be expanded to
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1
B + B= émv,_,2 (2.82)

Comparing equations 2.79 and 2.82 yields that

(2.83)

must hold. This also applies to a slowly varying B eld. The invariance of the
magnetic moment can be exploited to heat a plasma. If an alternating eld is
applied to a coil, a periodic variation of the magnetic eld is obtained. Thus,

V, also oscillates. The net energy gain would be zero, however, since the
gyration motion always reverses. If, however, collisions occur, the increase
in Vo can also be transferred to y If the particle then moves parallel to the
magnetic eld, it no longer feels the Lorentz force and can therefore no longer
be decelerated. Thus, on average, the energy of the particles increases, since
energy can ow into the parallel component, but it is not removed again by
the oscillating magnetic eld alone. The increase in energy in a plasma by
oscillating magnetic elds is referred to as magnetic pumping .

Second Adiabatic Invariant

The second adiabatic invariant refers to the pendulum motion between the
turning points in a magnetic mirror arrangement, as illustrated in Fig. 2.24.

Figure 2.24: 2nd adiabatic invariant as pendulum motion between two
turning points. The third adiabatic invariant corresponds to a slow drift of
this pendulum motion around the circumference of the mirror machine.

The conserved quantity is given by the following path integral
I

J= mvds (2.84)

41 © A. von Keudell, Ruhr-University Bochum



CHAPTER 2. DESCRIPTION OF PLASMAS 2.1. SINGLE-PARTICLE PICTURE

If we take the length of the path between the turning points to be |, the
conserved quantity is given by
J = 2mhwil (2.85)

This raises the question of how the velocityywchanges on the path. Initially,
we start from the conservation of energy:

}mvﬁ + }mvg = const: (2.86)
2 2
Taking the time derivative gives
@y d
ka@"' a( B) =0 (287)
@V d
= —_"= (B 2.
M aiat 5i(B) (2.88)
Swapping the derivatives gives
@v_ d _ d
m@t— d_s( B) = d_sv (2.89)
with V the potential energy. The energy balance gives:
1 ds ?
ém o +V(S)=B n W (2.90)

with W the total energy and B, the magnetic eld at the turning point.
The conserved quantity gives:

I I I
J= m ds ds= [2m(W V)] ¥ds= [2m(B ., B)] s (2.91)

Ie

vk

Since is a conserved quantity of the motion according to the rst adiabatic
invariant, we must require that the expression:
I
[Bm B] s (2.92)

remains invariant. This applies if the B eld changes more slowly over time
than the pendulum motion of the charged particle between the turning points.
With
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2 1=2
Vi = E( Bmn B) (2.93)
The second adiabatic invariant must hold
|
Vids = invariant (2.94)

However, if one considers the interaction of charged particles with time-
varying magnetic elds, the velocity can change. A classic example is the
so-called Fermi acceleration . Time-varying magnetic elds are always

associated with an electrostatic eld (r E = B) in which charge carriers
can be accelerated. This is an essential mechanism for describing high-energy
cosmic radiation. Here, particles of the solar wind are accelerated when
passing through the shock front B- ) of the Earth's magnetic eld in the
heliosphere (see Fig. 2.25)

Figure 2.25: Fermi Acceleration

Another possibility for deriving Fermi acceleration is to initially write the
second adiabatic invariant as

I
J = vds =hwi2l (2.95)

with | the distance between the two turning points. If the magnetic eld in

a mirror machine is now increased, the turning points move closer together,
i.e., the distance | decreases. Since the second adiabatic invariant holds, the
parallel velocity hyi must increase to the same extent. This is also Fermi
acceleration.
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Third Adiabatic Invariant

Finally, there is a third pendulum motion in a mirror arrangement. Here,
the entire particle path rotates around the axis (see Fig. 2.24), since the
curvature drift is superimposed on the pendulum motion. The conserved
quantity here is the magnetic ux:

7
Z

= BdS (2.96)

In summary, it can be said that, depending on the collision frequency, the
three adiabatic invariants are more or less conserved quantities. The fastest
motion is the gyration, so the magnetic moment is usually a conserved quan-
tity. The second adiabatic invariant, the pendulum motion between the
turning points, is usually ful lled at lower pressure, since the period is longer
and the probability of su ering a collision with a neutral particle is greater.
The third adiabatic invariant is rarely ful lled, since the rotation of the pen-
dulum motion around the axis of the mirror arrangement has the longest
period. In summary, the validity of the individual adiabatic invariants can
be seen in the following order

Z Z

>  v.> BdS (2.97)

An example of the realization of a magnetic bottle on a large scale is shown
in Fig. 2.26. Particles that fall into the loss cone are guided to the end by
special coils and re ected by electric elds.
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Figure 2.26: Mirror machine as used for nuclear fusion research. At the
end of the mirror machine, special Ying-Yang coils and electric elds are
mounted to re ect the particles that have fallen into the loss cone back into
the magnetic bottle.

2.2 Multi-Particle Picture

In the single-particle picture, the drifts of charged particles in a given eld
con guration can be very successfully described. Any multi-particle e ects
remain unconsidered. Processes such as the formation of pressure in the
plasma and the in uence of collisions on transport can only be described in
a multi-particle picture.

A subtle di erence is the fact that the single-particle picture is based on the
Lorentz force and always solves an equation for a trajectory. That is, the
consideration always follows the particle and is not stationary. A much more
practical description would be a stationary coordinate system with individual
volume elements into which the particles can enter and exit. Exactly this is
the "Eulerian description”.

2.2.1 Hierarchy of Equations in Plasma Physics

In plasma physics, a hierarchy of equations can be established. This begins
with a function f that completely describes N particles in the phase space of
position and velocity.
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f(xi; ™) i=1:N (2.98)

This problem has 6N dimensions and is simply the superposition of the solu-
tion of the equation of motion of N particles. This high dimensionality can be
greatly reduced by de ning a new function f that only represents the prob-
ability of nding a particle in an interval in the position and velocity space.
This distribution function in the phase space has only 6 dimensions:

f(v) (2.99)

Alternatively to the formulation as the probability of nding a particle, one
can also take the number of particles in the phase space element dxdv. Both
formulations, or normalization conditions for f, are equivalent. The problem
can be further reduced by marginalizing the information about the velocity
via

Z

f(3%;¥)d3v = n(%) (2.100)

and only being interested in the spatially resolved density n(x) of the plasma.
This description nally has only 3 dimensions. The latter corresponds to the
uid picture, where initially each particle species corresponds to a uid. A
further simpli cation exists only in fully ionized plasmas where the symmetry
of the equations is exploited and 2- uid equations (electrons and ions) are
reduced to 1- uid equations (MHD).

In addition to the uid equations, the Maxwell equations naturally apply
(ho...charge density):

dvE = 1 (2.101)
0
dvB = 0 (2.102)
rotE = B (2.103)
rotB = 0T+ 0 oE (2104)
and the equation of state of the plasma as an ideal gas:
p=nkgT (2.105)

For the state change, it is decisive in what form it takes place. In general, it
is described by the adiabatic equation :
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M (2.106)
p n
with
Cp
= =P 2.107
o (2.107)
For the ideal gas, we have
2+N
= 2.108
< (2.108)
In the case of adiabatic state changes, applies as described. In the case of
isothermal state changes, = 1 applies. The latter is the case for the de-

scription of electrons, since the temperature equalization usually takes place
quickly and thus isothermal conditions can be assumed.

2.2.2 Distribution Function

The distribution function in 6N dimensions (plus 1 dimension time) describes
the plasma in the phase space of position and velocity (Fig. 2.27). A promi-
nent example is the Maxwell velocity distribution , which is established when

all particles can balance their velocity components through collisions and a
distribution function of maximum entropy can be established. This is the

Maxwell distribution. The distribution in the velocity space is:

Figure 2.27: The distribution function f describes the number of particles
in a phase space element dxdv. In the velocity space for a given position %
we have a volume element dwdvydv;.
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m 372 1omv 2

ST & (2.109)

In this notation, the distribution function f(v) is normalized to one. From
this distribution function, di erent quantities can be derived, such as the
distribution function that corresponds to the probability of a certain speed
magnitude.

f(v) =

3=2 2

1=2mv

e Fer (2.110)

m
fGvj)=4v 2

(Vi) 2KsT
Averaged quantities can be determined from the distribution function by
integration. The average velocity of a Maxwell distribution is:

z

1=2
vz vifwdive oel (2.111)
The average velocity of a Maxwell distribution for a direction X is:
Z 1=2
iz wifdiv= el T %x (2.112)

If the normalization of the distribution function to the density of the particles
n(x) at a location % is used, one obtains:

1=2mv 2

e 8T (2.113)

m
f(&) = n(

W=t 55
This formulation of the normalization condition is the one we want to use in
the following.

2.2.3 Temporal Evolution of the Distribution Function

For the description of plasmas, of course, the temporal evolution of this
distribution function under the in uence of external elds is decisive. For
this reason, we now consider the change of this distribution function in the
phase space. For simpli cation, we consider the two-dimensional case as
indicated in Fig. 2.28. A patrticle is at a location x; v at time t and moves to

a new location ¥ V0 at time t + dt. The equations that describe this are:

xO=x+v dt (2.114)

F
Vo=V, + ydt=v, + Edt (2.115)
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Figure 2.28: Temporal evolution of the distribution function

If no processes generate new patrticles, then:

f(x %v2; t9dxdV0 = f(x; v 4; t)dxdvy (2.116)

How do we now transform the quantities x to x' and y to v2? The above
equations can be interpreted as a transformation of the coordinate system.
For this, in the two-dimensional case:

dx%v? = jJjdxdv , = dxdv, (2.117)

siople
sjesfe
ba=]

The Jacobian determinant J gives for this transformation

jJj=1+0(@dt ?) (2.118)
Thus, in the rst order, dxdvy = dx v must hold. Therefore, f(x%v?;19 =

1 Vx

f(x;v «;t). That is, the distribution function remains constant over time

d _
dt
This is called the Liouville theorem . However, this is the total derivative.
When resolved into partial derivatives, one obtains:

g _ef oiex @@y
dt - @t @@t @@t

From this, one obtains the so-called Vlasov equation :

0 (2.119)

(2.120)

a_ene rer (2.121)
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Considering collisions, a redistribution can take place, or new particles can
be generated by ionization. This is described in the so-called Boltzmann
equation .

(2.122)

d a@f o@f Fof @
- = = TVt —— = —lStoesse
dt @t @x m@v @

The term on the right side includes all processes that cause a change in
the distribution function due to collision processes. In the image of the
distribution function, we now have a stationary coordinate system.

Without the change in the velocity space, one can write the so-called con-
vective derivative as:

d of

pri @t+ vrf (2.123)
The left side corresponds to an observer who moves with the phase space
element. The rst term on the right side corresponds to an observer who
considers a xed volume element from the outside. The description in a
coordinate system that moves with a uid element is called "Lagrangian
description” and the description with a stationary coordinate system is
called "Eulerian description™ .
Intuitively, this can be illustrated by the example of a wave in Fig. 2.26.
Assuming that no new particles are generated, we have:

o
4 =0 (2.124)

That is, an observer who swims along with the wave does not even notice
that he is sitting on a wave. If one now keeps the location xed, an out-
side observer, however, sees that the number of particles at the locatiofn x
increases. This happens proportionally to the velocity of this wave and its
density gradient.

@f

@t vrf (2.125)
According to Fig. 2.29, the gradient in f is positive, while the velocity v
points in the negative x direction. That is, according to EQq. 2.125,%t
becomes positive at the location & and the stationary observer sees an
increase in the particle density at the location ¥
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Figure 2.29: Idea of the convective derivative

2.2.4 Moments of the Boltzmann Equation, Fluid Pic-
ture

First, we consider a further simpli cation in the multi-particle picture by
reducing the information of the distribution in the velocity space to a few
moments. The nth moment of a distribution function or equation is de ned
as:

Z

v'(v)d 3v (2.126)

Principally, the complete information about the form of f(v) in the velocity
space is preserved by the speci cation of in nitely many moments. However,
in many cases, this consideration can be broken o after the leading moments.
We reduce the dimension of the problem to 3 by considering only the rst
three moments in the following. The temporal evolution of these moments
is given by the moments of the Vlasov equation itself.

Oth Moment, Particle Balance

First, we consider the Oth moment according to:

Z Z Z
@f 4 @f 4 F @f 5
—d®v + —d*v+ —=dv= .
@{jv v@gv - d°v=0 (2.127)
This is a balance equation about the number of particles, since
Z
f(v)d 3v = n(%) (2.128)

applies and% corresponds to a change in the number of particles. In Eq.
2.127, the integration and the derivative with respect to the location can
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be interchanged. The third term yields zero as will be proven immediately.
Thus, we initially obtain:

Z z
@ ;55,6 @ 3, _
at fd v + @x vfd*v =0 (2.129)
This yields the continuity equation , or the particle balance:
n
%t+ r (nv ¢)=0 (2.130)

after the rst moment over the velocity, the center-of-mass velocity &is
given:
Z
vfd3v = vs n(%) (2.131)

We claimed that the third term in equation 2.127 becomes zero. This is
shown below. The force on charged particles is again the Lorentz force, i.e.,
a term proportional to E andtov B.

Z Z Z
@f 3 @ 3
E—d°v = —Efd®v = EfdS =0 2.132
(@RY Qv S ( )

Here, Gauss's theorem was used, which links the divergence of a eld with the
surface integral. This must become zero because at a surface at in nity the
distribution function f must become zero to describe a nite energy content.
This has the consequence that the entire integral becomes zero. Similarly,
the argumentation for the second term:

z z Z

@f 3., _ @ 3 @ 3
N B@g V= @gv B)d°v f@$v B)d°v (2.133)

The rst term is again zero because it can be linked to a surface integral
via Gauss's theorem. The second term is also zero because the change in
velocity and the velocity itself are perpendicular to each other (v B always
acts perpendicular to the velocity). Thus, this term also becomes zero.

1st Moment, Momentum Balance

The rst moment of the distribution function is given as
Z
vi(v)d3v = n(x)v s (2.134)
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with v¢ the center-of-mass velocity. If this is multiplied by the mass m of
the considered particle, the rst moment of the Vlasov equation becomes a
balance equation for the total momentum in the uid:

z @f z @f z F @f!
mv@td3v+ mv 'V@_X v+ mvy m@v d®v (2.135)
The rst term in Eq. 2.135 gives:
@
m@t(nvs) (2.136)
To resolve the third term, we rst use the product rule for derivatives:
@ @ @ @
—fyF=fv —F+ Fv—f+ Ff = 2.137
ev'F Vel el Flav (2.137)
The third term in Eq. 2.135 gives:
z z
Corev vE@v tF @%v=n F (2.138)
@v @v I@v

The rst term in Eq. 2.138 gives zero according to the argumentation via
Gauss's theorem. The second term in Eq. 2.138 gives zero because v always
stands perpendicular to@@\, duetoF =+ B. The second termin Eq. 2.135
gives:

Z @Z

m vz@;d %v=m O vZfd 3y (2.139)

For further consideration, the velocity component is divided into a center-of-
mass component and a thermal component, as illustrated in Fig. 2.30:

V = Vg +V; (2.140)
These di er in the results of their averaging:
Z
vidv = nv 4 (2.141)

Thus,

IThis is only presented very brie y here. For the explicit derivation, the components
of the vectors must be distinguished exactly according to the individual directions X, v,
and z.
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Figure 2.30: The distribution in the velocity space is divided into a com-
ponent for the center of mass and a thermal component for the isotropic
velocity.

z

vifdv =0 (2.142)

With this de nition, we have

Z
vZfdv = nhv?i = nhv 2 + 2vgv, + vZi = nhv Zi + nhv Zi (2.143)
Thus, from
z

m@@x nfv ?dv = m@@gvi +m @@Qvtz (2.144)

At this point, the pressure is introduced as a macroscopic quantity to describe
the multi-particle character of the plasma. In its microscopic de nition , the
pressure is given as:

p= %mnhvfi = mnhv i (2.145)

with hvéi = hv&i+hvZi+hvZi, orin the case of isotropic conditions Hi =
3hi. In general, the pressure p is a tensor since, according to the de nition
of averaging, it can contain not only terms of the form hwv i but also mixed
terms such as hyvyi. This corresponds to the simple isotropic pressure
or shear stresses. In the following, we want to consider only the simple
isotropic case. The connection between pressure and thermal velocity can
be understood intuitively: the pressure in thermodynamics is given for the
ideal gas by p=nlg T, i.e., it is hidden in the isotropic movement of the gas
particles, and is thus linked to y. If such a particle hits a wall, it transfers its

momentum there. The transfer of momentum from n particles to a wall per
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time interval corresponds to a force F on this surface. In this interpretation,
the pressure is

P= M [P (2.146)

Impuls T eilchen=Zeit
the product of particle momentum my and the impact rate of n particles

nv¢. Thus, one nally obtains:
Z

m@@X nfv 2d®v =m @@X nvZ + @@;{) (2.147)
The rst term is resolved to:
@ @ @
@Qvg = VS@QVS + nvs@j\(/S (2.148)
After substitution, we nally obtain:
@ @ @ @
m—=nvs +MVg—nNVs+tmnvg—Vs+ —p n F=0 2.149
ey iy ek ek e
mn ¢ +my 5 1 e

The rst term is di erentiated according to the product rule, and the term
@@pvs corresponds to %rt‘ from the particle balance. Thus, two terms cancel
out, and one obtains as the nal result the momentum balance:

mn @+vsrvs =nF rp=ngq( E+vs B) rp (2.150)

@t
In a more general formulation, the pressure is a tensor that can also contain
shear forces, which can arise from the o -diagonal elements in,WV (terms

v xVy etc).

From this momentum balance, the Navier-Stokes equation for uids with
friction can also be derived. In a uid with a certain viscosity , shear forces
arise when adjacent uid elements move past each other at di erent speeds.
This shear force is / nr 2vs. Here, not the rst derivative but the second
derivative of the velocity from the location is decisive, since in the case of a
linear dependence, the retarding and accelerating shear force would cancel
each other out at the two sides of the uid element. With this consideration,
one obtains the Navier-Stokes equation:

@y 2

mn — +v¥sivs =nF rp+nr s (2.151)

@t
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2nd Moment, Energy Balance

The second moment of the Vlasov equation corresponds to the energy balance
in the collision-free case. For this purpose, the second moment of the Vlasov
equation is multiplied by %m and integrated over the velocity space. One
obtains

Z z
1 ,@f, 1, @f 1 F@f,
_ = + — — + —mvéf—— = .
2mv @tdv 2mvv@gv > % @9\’ 0 (2.152)

Here, too, the derivative and integration can be interchanged for the compo-
nents of location and time. From the rst term, one obtains the change in
the total energy with time:

Z z
1 Z@f 3., — @ 1 2 3., _ @ .
2mv @td V= ot 2mv fd v = @Phl (2.153)

From the last term, the change in energy due to an external force according
to:

Z Z Z
1 ZF @f _ @1 ZF 3 1 F 3
émv E@g‘v = @émv Efd \Y; émZVEfd \Y;
= n Fxg (2.154)

This term arises analogously to above, since no%\r W2 = v. From the
second term in Eq. 2.152, terms according to:
hv?i = hv 2ivs + hv2vii = hv 2ivs + hv2vi + h2vgv?2i + hy i (2.155)
The rst term gives an expression according to the transport of the average
energy = %mv2 by convection
rnhiv ¢ (2.156)

The second term in Eq. 2.155 is 0, and from the third term, an expres-
sion according to energy gain or dissipation by compression or expansion,
respectively, is obtained:

prv s (2.157)
The last term in Eq. 2.155 nally corresponds to the transport of energy by
heat conduction :

rq with q= 1T (2.158)
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with the thermal conductivity. If all this is inserted, one nally obtains
the energy balance:

@ . .
o' TNyt Wyl Wef =0
Convection Compression=Expansion Heatconduction e:g: ohmic heating
(2.159)
From this equation, simple cases can be constructed. Thus, the change in
energy due to expansion or compression corresponds to a term:

@, .
@Phl— prv (2.160)

or an energy gain due to ohmic heating in an external electric eld:

@, .
@?h i=nvsF=TE (2.161)

In the comparison of average energy, pressure, and center-of-mass velocity,
there are di erent simpli cations in the literature. In low-pressure plasmas,
the thermal energy is often much higher than the energy in the center-of-mass
velocity. Thus, one can set

hi= SkeT = P (2.162)

2.2.5 Drifts in the Fluid Picture
Drift Parallel to the B Field

After the introduction of the uid picture, we are now able to derive the
Debye length. The momentum balance of the electrons is given by:

mn C‘%§:+vsrvS =nF rp=nq E rp (2.163)

In equilibrium, under the assumption of a stationary uid, we have
ngE =rp (2.164)

With g = e and E = r, one obtains here under the assumption of an
isothermal state change for the electrons:

enr =rp =rnk BT (2.165)

or

57 © A. von Keudell, Ruhr-University Bochum



CHAPTER 2. DESCRIPTION OF PLASMAS 2.2. MULTI-PARTICLE PICTURE

er = %rnk sT =rinnk gT (2.166)

Integrating this equation gives

e =k gTelnn+c (2.167)

with the integration constant ¢, which corresponds to the normalization of
the plasma density . One thus obtains the solution for n as:

n=n oekgiTe (2.168)

This is referred to as the Boltzmann relation . It corresponds to the
equilibrium between the thermal energy of the electrons and the electric
potential that arises when the electrons are shifted relative to the ions. In
high-density plasmas, the Pauli exclusion principle is added, which limits the
density of the electrons at a location.

The shielding of a disturbance of the quasi-neutrality is again derived from
the Poisson equation:

ofF2=e(n ; ny (2.169)

2

of = e Ng N oekgiTe (2.170)

For the case where the thermal energy is much greater than the potential
disturbance, the exponential function can be developed according to:

h [

e e e
of 2=en, €8 1 =eng 1+ kB_I_e+::: 1 :enokB_I_e (2.171)
This equation has the solution
= e o (2.172)
with the Debye length :
OkBTe =2
= 2.173
0= 5 (2.173)
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Drift Perpendicular to the B Field, Diamagnetic Drift, Plasma

By introducing the uid picture, we now have an additional term rp in the
momentum balance, the pressure gradient. For particle drifts perpendicular
to the magnetic eld, the following picture emerges. Initially, we again have:

mn %+vsrvs =nF rp=nq( E+v B) rp (2.174)
We initially neglect the explicit time derivative, since we are only interested
in the drift motion. The second term on the left side is also neglected because
the drift motion is perpendicular to the velocity gradient, as will be shown.

As the starting equation, we thus have
O=ng E+v B 1p (2.175)
We multiply from the right by B and obtain

O=ng E B+v B B 1p B (2.176)

0=nqg E B+ B®-B) v ,B? 1p B (2.177)

The second term cancels out because \always stands perpendicular td3.
Finally, one obtains the drift velocity as

E B rmp B
Vo =

' B2 gnB?
The rst term is the known E B drift and the second term is the dia-
magnetic drift . It leads to the fact that, given a pressure gradient, the
electrons and the ions are driven in di erent directions perpendicular to the
magnetic eld. Thus, a diamagnetic current is created that shields the ex-
ternal magnetic eld. A cylindrical plasma column in an external magnetic
eld begins to rotate as a whole.
This drift velocity changes with the distance from the center of the plasma
column, i.e., rv is perpendicular to v itself. This justi es the assumption
made at the beginning that the term vrv is zero.
We now consider the con guration of a plasma column again. The following
must apply:

(2.178)

rp=gn(v B)=T B (2.179)
In addition, Ampere's law applies
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Figure 2.31: Through a gradient in the plasma pressure, a diamagnetic
drift is created, which corresponds to a shielding current in a plasma column.

r B= o (2.180)
Multiplying Eq. 2.179 by B now directly gives the diamagnetic current:

_ B

IE] —gz (2.181)
Substituting Eq. 2.180 into 2.179 gives:
1 1 1
m= —(r B) B= = BrB ZrB ? (2.182)
0 0 2
From this it follows that
2
r p+ B _lmso (2.183)
2 0 0

Since the gradient along the magnetic eld is usually very small, the right
side can be set to nearly zero. Thus, the following must apply:

BZ
p+ — = const: (2.184)
29
The rst term is the plasma pressure and the second term corresponds to the
magnetic eld pressure. The sum of both remains constant over the cross-
section of a plasma column. This is also expressed by the so-called plasma
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p(0)
= am (2.185)

29

By de nition, the pressure in the center of the plasma column is taken and
the magnetic eld at the edge of the plasma. A high beta thus means that
the magnetic eld in the interior becomes very small, while in the case of a
small value, the magnetic eld can well penetrate the plasma column.

The currents in a cylindrical plasma can be measured by di erent arrange-
ments. In the simplest case, the magnetic eld is rst determined by Hall
detectors. From the magnetic eld, the generating currents can then be cal-
culated. Alternatively, however, the induced voltages in a coil can also be

measured if the current in the plasma varies (e.g., r E = B). This
creates a time-varying magnetic eld. Depending on the arrangement of the
coil, di erent contributions to the plasma current can be measured 2.32:

Figure 2.32: Measurement of plasma currents using coils.

~ diamagnetic coll

In a diamagnetic coil, a simple loop is placed around the plasma. When
the plasma is turned on, a pressure gradient from the inside to the
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outside is created, which drives a diamagnetic current. This generates
a time-varying magnetic ux through the cross-sectional area of the
coil and thus a voltage at the ends. The change in the plasma current
along the cylinder axis does not generate a change in the magnetic ux
in this coil. Thus, here only the diamagnetic component of the plasma
current is measured.

poloidal eld coil

In a poloidal eld coil, mainly the component of the plasma current is
measured that ows along the cylinder axis. Only this generates a time-
varying magnetic eld around the circumference of the plasma column
(cf. current-carrying conductor). However, the signal still contains
components of the diamagnetic current, since the current density dis-
tribution in the entire column partially contributes to the time-varying
ux in the poloidal eld coil.

Rogowski coil

With a Rogowski coil , it is nally possible to measure exclusively the
component of the plasma current that ows along the cylinder axis.
In this arrangement, poloidal eld coils are placed in series around
the circumference and thus measure the plasma current. The lead
is, however, once again returned around the circumference so that no
closed conductor loop around the circumference is created.

2.2.6 Comparison Fluid Picture - Single-Particle Pic-

ture

When comparing the single-particle and uid pictures, one notices that some
drifts occur in only one description. To combine both pictures, one considers
an in nitesimal uid element and examines the particle trajectories that
pass through this uid element. Averaging over the particle velocities of
these individual particles then corresponds to a center-of-mass velocity of
the uid:

diamagnetic drift

The diamagnetic drift cannot exist in the single-particle picture, since
the interaction of many particles is not considered. In the uid picture,
there is a drift motion because particles pass a certain point more
frequently in one direction than in the other. A prerequisite is a density
gradient in the plasma, as illustrated in Fig. 2.33.
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Figure 2.33: Comparison single-particle- uid picture: diamagnetic drift

" rB drift

The rB drift exists in the single-particle picture, but not in the uid
picture. Particles enter a certain volume element in arbitrary direc-
tions. Since the direction of the particle motion is changed but not its
velocity by a varying magnetic eld, the center-of-mass velocity of the
plasma remains zero, as illustrated in Fig. 2.34.

" E B-drift

In the case of theE  B-drift, however, the electric eld changes the
velocity of the particles. This changes the Larmor radius and the drift
of the single-particle picture arises. In the uid picture, this is re-
tained because when summing the particle velocities in a small volume
element, the individual contributions do not cancel each other out.

The comparison of the further drifts, such as polarization drift, drift in non-
uniform electric elds, etc., is more complex because the particle density
used in the uid picture is not identical to the density of the guiding centers,
which forms the basis of the single-particle picture.

The single-patrticle picture is a good description of plasmas when the trans-
port along the magnetic eld lines is considered. Here, the mean free paths
are large and many gyration radii are traversed without collisions. For the
transport of plasma perpendicular to the eld lines, however, the uid picture

is better suited because here the collisions of the particles with each other
are important, which lead to an exchange of particles between adjacent eld
lines.
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Figure 2.34: Comparison single-particle- uid picture: rB drift

64 © A. von Keudell, Ruhr-University Bochum



Chapter 3

Collisions

For the description of transport phenomena in plasmas, it is nec-
essary to treat collision processes. Every diusion process is
driven by gradients in density and temperature, where collision
processes between the particles or with the background gas limit
this particle motion. This is expressed by mean free paths or
collision frequencies. To derive these quantities, a microscopic
picture of a collision process is needed, which is described by a
cross-section according to the type of interaction.

Important processes in plasmas are scattering processes of the
charged particles among each other as well as ionization pro-
cesses. By quantitatively describing the generation rate of ions
and their annihilation, the degree of ionization of a plasma can
be determined.

3.1 De nitions

The transport of particles in a plasma is limited by collisions with other
components of this plasma. If one considers a directed particle ux , itis
reduced over a distance dx according to:

Here, s denotes the so-called cross-section for scattering on a collision
partner with density ng. This results in the di erential equation:

d
& = Scng (32)

with the following solution:
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Figure 3.1: Collision Interaction

= e’ (3.3)
The length is referred to as the mean free path :
1
= (3.4)
scng

Accordingly, one can also de ne other quantities. The average collision
time is:

= (3.5)

<|

Or the collision frequency is:

- 1

=N gh sV (3.6)

The collisions of the particles with another collision partner are taken into
account in the momentum balance as follows:

mn %}vrv =nF rp M7} RZ}" (3.7)

Impulseloss Frequencyofcollisions

The index m in the collision frequency , takes into account the collision
frequency for the loss of momentum, not the entire particle (see below). The
continuity equation is modi ed by particle generation and particle recombi-
nation. For both processes, collision frequencies can also be speci ed.

@n

@t"' M’YN=N  onizaton N  Recombination (3.8)

In general, n, ionization
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3.2 Dierential Cross-Section

The scattering of two particles from each other leads to an energy and mo-
mentum transfer, where the incident projectile is scattered at an angle .
The scattering angle itself changes in a characteristic manner with the im-
pact parameter b, as illustrated in Fig. 3.2. As the impact parameter b
becomes smaller, the scattering angle generally increases.

Such a scattering process is described by a cross-section. For the description
of a scattering process with a given impact parameter, the di erential cross-
section is used as the portion of the total cross-section that leads to scattering
into a certain solid angle element d . Particle conservation requires that the
ux through an area d, which is given by a ring of width db and radius b:

d =2 bdb (3.9)

is identical to the ux through an area dA, which is given by a ring with an
opening angle d on a spherical surface with radius R:

dA=Rsin 2 Rd (3.10)
This area dA is converted into a solid angle d via:
d =dA 1 (3.11)
RZ
Thus, the di erential cross-section is:
-0 (3.12)

That is, for the determination of the di erential cross-section, we need a
relationship between the so-called impact parameter b and the angle at
which the particle is scattered.
The total cross-section is nally obtained by integrating over the entire solid
angle:
=2 ‘ d d 3.13

sc = cd sin (3.13)
For transport, however, it is not the loss of the particle that is interesting,
or the probability of whether a scattering process has occurred, but to what
extent this scattering process has reduced the momentum. The corresponding
cross-section for momentum transfer must be corrected by the factor:

dp=p pcos (3.14)
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Figure 3.2: The di erential cross-section links the scattering for a given
impact parameter b with the solid angle elementd into which it is scattered.

Figure 3.3: In the cross-section for momentum loss, the change in the
direction of the particle is decisive.

%p =1 cos (3.15)
Thus, we obtain:
Z

m=2 (1 cos) :—sin d (3.16)
0

That is, if the particle is hardly de ected, i.e., 0, cos becomes one and
the cross-section ,, vanishes.
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3.3 The Scattering Problem

So far, the type of scattering process has not been specied. The goal in
solving the scattering problem is to determine the dependence between the
impact parameter b and the scattering angle . For this purpose, one practi-
cally starts from the center-of-mass system . The center-of-mass velocity

is:

Figure 3.4: Laboratory System - Center-of-Mass System

mivy + Movy

= _~—- ¢ 3.17
Vem P (3.17)
The reduced mass i, is:
mim-,
Mepy = ———— 3.18
m = s (3.18)

The relative velocity before the collision:

VR =V;1 Vo (319)

The scattering angles ; and , in the laboratory system are linked to the
scattering angle in the center-of-mass system.,, according to Fig. 3.4:
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m- sin
tan ;= 2>7 com (3.20)

2 = %( cm) (3.21)

The energy loss results from the solution of energy and momentum conserva-
tion for a given scattering angle. This is referred to as the kinematic factor

E 2m;m
?: = m(l Ccos cm) (322)

The kinematic factor reaches its maximum in a central collision. One obtains:

_ m;m;
= —(m1 )2 (3.23)

After introducing these new quantities for the center-of-mass system, the
energy conservation must be solved on the trajectory:

1

1
>Menm PHr2 2 +V(r)= émcmvé (3.24)
as well as the angular momentum conservation:

Equations 3.24 and 3.25 can be substituted into each other using the rela-
tionship:

d d 1
dt
One nally obtains the so-called scattering integral :
7
em= 2b h i dr (3.27)
'min r2 1 \ b 2
2Mem V& '

Here, the scattering potentials V (r) are inserted according to the type of
interaction, and the integral is solved. This results in the dependence (b),
with which the di erential cross-section is subsequently determined.
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3.4 Scattering Potentials

3.4.1 Coulomb Scattering, Coulomb Logarithm

First, let's consider Coulomb scattering . The potential is given by:

_ 4%
Ve (3.28)

If this is inserted into the scattering integral, the following solution for the
relationship between b and is obtained:

e 1 1

b=
4 omemV3tan =2

(3.29)

This equation can be written more compactly by denotingdoas the distance
of closest approach between the collision partners. It is obtained by equating
the kinetic and potential energy.

e _ 1
7o Emcmvé (3.30)
Thus, we obtain:
1 1
b=- 3.31
thtan =2 ( )
and the di erential cross-section for the so-called Rutherford scattering :
d _1 % 2/ ! (3.32)
d 4 siP= E2 '

Figure 3.5: Single Collision vs. Small-Angle Collisions

In plasmas, these Coulomb collisions dominate the scattering of the charged
particles. To calculate the total cross-section, the di erential cross-section
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must be integrated over all directions. Since the range of the Coulomb poten-
tial is in nite, the integral diverges. This problem can be solved by de ning

a maximum impact parameter or minimum de ection angle, which is deter-
mined by the Debye length: in a plasma, a projectile "sees" the target only

if the impact parameter is smaller than the Debye length, otherwise the tar-
get charge is shielded. However, for evaluating the transport properties of
charge carriers in plasmas, another estimation is even more important. The
de ection by, for example, 90 degrees can occur within a single collision or
as a sequence of small-angle collisions. As can be shown, the latter case is
dominant:

" Approximation of a Single Collision

A collision with a scattering angle of at least 98° can be calculated
from the di erential cross-section for scattering angles between =2 and

ya
1 by 2

- ——~  2sind=
4 sin? =2

b2 (3.33)

N

90 ;sc —

By restricting the integration limits, one avoids the diverging integral
when 0.
" Approximation of Small-Angle Collisions

In comparison, many small-angle collisions can add up to a de ection
of 90A°. The dependence (b) is:

ap 1
tan =2= ————— 3.34
4 omcmVF% b ( )

For small de ection angles, the tangent can be expanded, and one

obtains:
1 L 1
=2' - 3.35
2 |4_0%z Cmvg} b (3.35)
bo
This nally becomes:
1 tb
b (3.36)
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Subsequently, we ask how many of these small de ections must be
summed to obtain a total de ection by an angle of 98°. For this
purpose, we consider the quadratic deviation of:

bmax
h %i= ! 52 bdb (3.37)
bl?nax Brmin b2
This becomes:
h 2i=2 b‘% In Bnax (3.38)
h%]ax bmin

Here, one again encounters the problem with the in nite range of the
Coulomb potential. If one sets h.x ! 1, one does not obtain a
nite expression for h 2i. For this reason, the following estimation
is made: in plasmas, the maximum allowed impact parameter is the
Debye length, since at distances greater than the Debye length, the
potential of the collision partner is completely shielded. As an approx-
imation for the minimum impact parameter, the minimum distance p

is used. Thus, the so-called Coulomb logarithm is de ned:

In =In -2 (3.39)

The quadratic deviation should be exactly 98° after a time ,. That

is, within a collision time ,,, we need a certain number Nojisions Of

collision processes with an average de ection h i, which add up to =2.
That is, we require:

h 2N Collisions — E (3-40)
This number of collisions can be calculated as:

Ncolisions = ﬁbéaxg P%%/l} m (3.41)
Maximumarea Fluxdensity

This collision time ,, is inversely proportional to our sought cross-
section oy ., according to:

1 1
‘m = = 3.42
90 ;m I’lg ng VR ( )
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If we substitute everything, we nally obtain:

90 ;m = §b§ In (3.43)

The comparison between single collision,, and multiple scattering ., shows
that multiple scattering dominates the transport:

90 ;m 32

==In '30 (3.44)

90 ;sc
The Coulomb logarithm is approximately In = 10 for many plasmas.
The scattering of charged particles among each other is essential for the de-
scription of fully ionized plasmas. In particular, when heating a fusion plasma
to high temperatures, the resistance of the plasmas decreases increasingly due
to the Coulomb cross-section.

3.4.2 Polarization Scattering

In partially ionized plasmas of plasma technology, the most frequent collision
processes of ions and electrons are those with the neutral background gas.
In the so-called polarization scattering , the scattering of a charged patrticle

on a neutral gas atom is considered. Here, the electron shell of the neutral
particle is polarized by the electric eld of the passing charged patrticle. The

eld of the charged patrticle is initially:

Figure 3.6: Polarization Scattering

_ 1o

T4 r2
This eld induces a dipole moment in the neutral atom. The magnitude of
the dipole moment depends on the polarizability of the atom:

(3.45)

p= E (3.46)
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The potential energy V of this dipole in the eld of the charged particle
becomes:

T O T i

V=pE=E @ O)Zr_“/ a (3.47)
A potential proportional to 1=r* is obtained. This expression is inserted
into the scattering integral, and the cross-section is calculated again. In the
analysis of the trajectories, it is observed that for small impact parameters,
the charged particle is captured by the neutral particle (see Fig. 3.7). The
impact parameter at which the transition between de ection and capture
occurs de nes the Langevin capture cross-section :

1=2 1

q 2
— (3.48)
oMcm VR

r—
]
(on
N
]

Figure 3.7: In polarization scattering, capture of the charged particle oc-
curs below a certain impact parameter. The cross-sectional area with this
impact parameter is referred to as the Langevin capture cross-section.

The essential scaling of the Langevin cross-section is proportional td v
That is, with higher velocities of the charge carriers, the cross-section de-
creases. This decrease to high particle velocities occurs more slowly than in
Coulomb scattering (v* ). The scattering cross-section depends, in particu-
lar, on the polarizability of the neutral gas. Table 3.1 lists the polarizabilities
of some elements.
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Element | Relative Polarizability
H 4.5
Ar 11.08
Cl, 31
SFs 30
CCl, 69

Table 3.1: Relative polarizability g = _5 (a0 Bohr radius)
0

In particular, halides are characterized by a high polarizability. In appli-
cations, this fact is utilized in uorescent tubes or plasma lamps (see Fig.
3.8). There is always a small amount of mercury in the discharge. Due
to the large cross-section, the electrical resistance in the plasma can be in-
creased, and thus the charge can be operated with high voltages but small
currents. Also for heating with electrical alternating elds, collisions of the
electrons with the background gas are essential for the e ciency of the heat-
ing. However, in newer plasma lamps, the mercury or other halides must rst
vaporize. This happens after switching on the lamp by the slow heating of
the lamp bulb. This takes some time. With increasing halide concentration
in the plasma, the e ciency of the energy coupling increases, and the light
intensity of new plasma lamps (energy-saving lamp) slowly increases until it
reaches the equilibrium value.

Another peculiarity of polarization scattering is the Ramsauer minimum

in the scattering of electrons on noble gas atoms. Here, quantum mechanical
interference occurs between the incident electron wave and the wave function
of the electrons in the atom. Due to this interference, a minimum in the cross-
section is obtained at small electron energies. In molecules, this e ect usually
does not occur because there are a variety of excitation possibilities (rotation
and vibrations) that continue to lead to a large scattering cross-section (see
Fig. 3.9).

3.4.3 lonization

lonization by electron impact can only be correctly described by the laws
of quantum mechanics. As a simple classical approximation, one can also
consider the momentum transfer to a bound electron in the atomic shell.
The energy transfer in such a collision process is:

maimy

E=E2 m(l cos cm) (349)

Since small angles dominate, we make the approximation:
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Figure 3.8: Adding mercury to an energy-saving lamp increases the elec-
trical resistance of the plasma and thus the dissipated power in the plasma
itself. With this dissipated power, the light output simultaneously increases.

2

CoS ¢m'1 ;’“ (3.50)
Eq. 3.49 applies to the scattering angle in the center-of-mass system (CM). In
the laboratory system (LB), g ! cm =2 for collision partners with equal

mass m = m . In the following, we denote by the scattering angle in the
laboratory system. The energy transfer in the laboratory system becomes:
E= °Z°E (3.51)

Similarly, the di erential cross-section in the center-of-mass system (CM) for
small scattering angles can be written (sif ¢y =2= *%):

d € 11
- = = == 3.52
d o, 4 o E2 4 (3.52)
Convert to the laboratory system via Ecy = 3Ei s and mey = smyg
. € 11 .
dj LB — 4—0 §—42 EII.?Z.} d (353)
/
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Figure 3.9: Typical course of the Langevin cross-section (red).

Figure 3.10: lonization in classical consideration

We transition from a solid angle element to an energy transfer E with:

d(E)=E2d (3.54)
Thus, we obtain:
€ 1 1
d = 4—0 Eﬁd( E) (3.55)

We integrate this equation from the minimum energy transfer given by the
ionization energy to the total energy E of the electron.

Ze € ‘1 1
E) = R -
( ) E |onization 4 0 E ( E) 2

Thus, we nally obtain the Thomson cross-section for ionization:

d( E) (3.56)
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_ e %1 1
i B (3.57)

1
lonization — = =
4 EIonization E

0

Figure 3.11: Typical course of the cross-section for ionization.

3.5 lonization Equilibria

In the description of plasmas, the degree of ionization, i.e., the concentration
of charge carriers relative to the total particle number density, is crucial for
the behavior of the plasma. In plasma technology, the degree of ionization
is usually small, in the range of a few percent, while in fusion physics, the
plasmas are usually fully ionized. In addition, in these hot plasmas, the
atoms are ionized multiple times.

For the density of a singly ionized atom with atomic number Z, the following
rate equation can be set up:

dndzt+1 =SzNzNe 741 Nz41 NeNe Nz41
The rst term describes the electron impact-induced ionization of the atoms
in the ground state. The second term describes the recombination of the ion
with the electrons. This is usually a three-body recombination, as only then
can momentum and energy conservation be ensured. In principle, one could
still add additional terms, e.g., double ionization. However, these reactions

(3.58)
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have a small cross-section so that for the concentration of the ions, essen-
tially only the neighboring ionization states are important. The third term
describes the nite con nement time of the ionized atoms in the plasma.
This con nement time can be given by the di usion or drift of the particles

to the boundaries of the system, as discussed in more detail in the following
chapter.

The dominance of the terms in Eg. 3.58 depends on the system considered.
In very dense plasmas with a su cient number of collisions, recombination of
the ions is crucial for their loss. An example would be thermal high-pressure
plasmas, such as ames, etc. At the same time, in a magnetically con ned
plasma, such as in fusion experiments, the con nement time can become very
long. In such systems, the rst two terms in Egq. ?? dominate. In contrast,
there are cold thin plasmas of low-pressure plasma technology. There, the
con nement time is often short, and at low pressures, the terms 1 and 3 in
Eq. 3.58 dominate.

However, we want to consider the case where su cient collisions occur and
the con nement time becomes very long. An example of such an equi-
librium between the concentration of atoms and ions in a hydrogen plasma
would be:

H+e H *+2e (3.59)
In steady-state equilibrium, Eq. 3.58 thus gives:

Sznzne = 74 ngnz+1 (360)

This has the form of a mass action law. The equilibrium constant f(d) is
only a function of temperature.

ez _ 52 _gi7 (3.61)

nz Z+1

Based on our assumption that collisions between the particles lead to ther-
malization (the type of microscopic processes is irrelevant), we can describe
the occupation of the individual atomic or ionization levels using Boltzmann
statistics:

Nz _ G o et o B 55 (3.62)
nz 874 gz

with E z4; and E; the binding energies of the levels and; = E z:; E 7 the

ionization energy. g+; and g denote the corresponding degeneracies. The

density of the electrons at a given temperaturelresults from the density of

states.
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dN 1
dEe =9(E) ze — (3.63)
e ke T+ 1

The Fermi distribution can be approximated with the Boltzmann distribution
for thin plasmas where E k gTe, as illustrated in Fig. 3.10.

dE

The degeneracy g(E) of a free electron gas results from counting the states
in phase space:

=g(E)e T (3.64)

9E VT 1

3\ 1=2
8 2ma) Pe, & (3.65)

Figure 3.12: State density of electrons in a solid and in a plasma.

Thus, the electron density as a function of their temperature is:

_2(2m ek Te)*
e~ h3
If we substitute this into Eq. 3.61, we nally obtain the so-called Saha
equation for the ratio of the occupation densities to each other.

(3.66)

NeNz+1 _ Oz+1 2(2 mekg Te)3:2
nz 072 h3

e keTe (3.67)

Given a temperature, we still have three unknowns on the left side of the
equation. In addition to the Boltzmann occupation 3.62, we need two more
equations to determine the unknowns. These are the quasi-neutrality
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Aax
Ne = Zny (3.68)

Z=1
and the speci cation of a pressure or total particle density

Bax
Ng = nz (369)
Z=0
Let us consider the simple case of a weakly ionized hydrogen plasma. The
ground state density of the atoms g is much larger here than the ion density
Nnz+1 . Thus, we obtain:

N2 _ gue 22mokeTe) 2 sy (3.70)

No OH h3
However, the collision rate is often lower, so that the assumption of thermal-
ization of the states is not justi ed. For excited ionization stages, however,
a condition of equilibrium can still be assumed. In the case of a highly ex-
cited ion, the electronic states become strongly hydrogen-like, and the levels
lie close together on the energy scale (principal quantum number n ! 1).
Since the states of these excited ions thus overlap well, the cross-section for
the collision interaction is very large. That is, the excited states thermalize
among themselves. For this subset of excited states, a partial local ther-
mal equilibrium (PLTE partial local thermal equilibrium) can be speci ed.
The describing equation is the Saha-Boltzmann equation, where the in-
dex k indicates the excitation state of the ion (k = 1 corresponds to the
ground state). One obtains:

3=2 . .
Moz _ Geas 2@ MekeTo) ™, Eerfoee (3.71)
Nz.k Oz:k h
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Chapter 4

Transport

Transport processes determine the quality of the con nement of a
plasma. Particles and energy are driven by a density gradient or
electric elds. This transport changes fundamentally in magne-

tized plasmas, as the magnetic eld lines de ne a preferred direc-
tion of particle motion. Transport perpendicular to this direction

is suppressed in the rst approximation. Nevertheless, the plasma
con nement is not arbitrarily good, as numerous processes such
as macroscopic and microscopic instabilities, turbulence, recon-
nection, and drift processes increase the transport perpendicular
to the eld lines.

To describe transport processes, one starts with the uid picture,
which is extended by a collision term. In fully ionized plasmas,
the uid picture can be further simpli ed with MHD (magnetohy-
drodynamics).

To describe transport processes, one starts in the uid picture, which is ex-
tended by a simple approach for the collision term, the relaxation approxima-
tion. The change in momentum in a uid element is given by the momentum
lost in a collision ( mv) multiplied by the frequency of this process ( n ).
Thus, one obtains:

mn —@v+(w)v =qnE rp mvn m 4.1

@t
In the steady-state case, the time derivative is set to zero. Assuming that
m V (we consider the case of high collision frequencies), the second term
on the left side, proportional to \?, can be neglected. Thus, one obtains:

v =

en E r 4.2
— p (4.2)
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Using the ideal gas law, two cases arise. For an isothermal state change, we
have:

rp =kTrn (4.3)

For an adiabatic state change (i.e., the temperature does not remain constant
with a pressure change), the adiabatic equation applies:

P o_m
== (4.4)

Here, is given by

2+N
N

with N the number of degrees of freedom. For an isothermal state change,
the following expression for the velocity of the electrons or ions in the uid
picture is obtained:

(4.5)

KT
v= S F i (4.6)
m m mum, N
i e kBT
=nv = E 4.7
T=nv=n — - mrn 4.7)

The rst term describes the particle ux driven by an electric eld, the drift.
The second term corresponds to a particle ux driven by a density gradient,
di usion. Accordingly, the so-called mobility is obtained to describe the
drift as:

_q]
“ mo (4.8)
and the di usion constant as:
ke T
D= 4,
. (4.9)

The connection between drift and di usion is given by the Einstein relation

Jai
koT

D (4.10)

84 © A. von Keudell, Ruhr-University Bochum



CHAPTER 4. TRANSPORT

Figure 4.1. Geometry for solving the di usion equation in one dimension.

As an example, consider the solution of the continuity equation for planar
geometry for a neutral gas, i.e., the drift term is negligible. The geometry is
sketched in Fig. 4.1.

The ansatz yields:

@n

ot r(Drn) =0 (4.11)

Assuming that D is spatially constant (due to the high thermal conductivity,
a rapid temperature equalization often occurs in a plasma, i.e., the temper-
ature does not change spatially), one obtains:

@n

= =Dr 2 412
ot r-°n ( )
We make a separation ansatz for the density n according to
n = u(t)w(x) (4.13)
and separate the variables.
l@u 1, 1
——=D = = tt= = 4.14
@t Wr W = cons ( )

Since the left side depends only on time and the right side only on location,
both sides must each yield a constant. We de ne this meaningfully as -
1/ . The time dependence is obtained from the solution of the di erential
equation:

Qu_ 1, (4.15)

Thus, we obtain
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ut)=u e - (4.16)

The solution of the spatial dependence is obtained from the di erential equa-
tion:

1 1,
— = —r 4.17
TR ) (4.17)
With the de nition of a geometric constant = = D , we obtain
1 — 2
—W=r ‘w (4.18)
with the solution
X
W(X) =W oCcos— + i+ (4.19)
In planar geometry with the boundary condition n = 0 for x = =2, the
geometric constant is:
I
= — (4.20)

For other geometries such as cylindrical geometry or spherical problems, cor-
respondingly di erent geometric constants are obtained (in cylindrical geom-
etry, the spatial dependence is given by Bessel functions). The solution in
one dimension is:

n(x;t) =n ce * cos l—x (4.21)

That is, the density pro le created by the di usion of neutrals corresponds
to a cosine. This is referred to as the fundamental mode of di usion. This
density prole decays exponentially over time. Even if an initial density
distribution deviates from the cosine pro le, the cosine distribution quickly
forms through the decay of higher modes, which then decreases exponentially.
Depending on the geometry, typical solutions of the di usion equation are
obtained. In cylindrical geometry, these are Bessel functions.

4.1 Transport in Partially lonized Plasmas

4.1.1 Ambipolar Di usion

So far, we have considered the di usion of neutral particles, i.e., the drift
term did not play a role. In the case of electrons and ions, one might assume
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that they have dierent density pro les since their transport coe cients,

di usion and mobility, are strongly di erent due to the mass. This would
mean, however, that the electron prole decays much faster than the ion
pro le. An electric eld builds up that counteracts this decay to maintain
quasi-neutrality in the plasma. Assuming that the ion and electron uxes
must be equal:

7= imE D im ;= NeE D ern ¢ (4.22)

Figure 4.2: The ambipolar electric eld arises in a plasma with a density
gradient to accelerate the ions and decelerate the electrons. This compen-
sates for the di erent mobilities and di usion constants of electrons and ions
and thus ensures quasi-neutrality.

The electric eld that arises in this process ensures that the electrons, which
are ahead, are followed by the ions. This is referred to as ambipolar eld:

Di D ern
i+ e N

Here, it was assumed thatjj = je Ne = Nnj, and rn . = rn ; holds. The
particle ux is thus

Eamb = (4.23)

. Di D emn iDe+ D
]": in¥_ D irn = Mrn (424)
it e N it e
This again corresponds formally to a di usion equation with a new ambipo-
lar di usion coe cient:
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D.+ D
Damp = ————— (4.25)
it e
In general, . i. Therefore, we have
_iDe+ Di i Te
Damp= =———"D |+ —De=D; 1+ = 4.26
amb _;_'_1 i . e i Ti ( )

Here, the Einstein relation was used for the last transformation. If the elec-
tron temperature is greater than the ion temperature (as in low-pressure
plasmas), we obtain:
Te kB Te
Damb 0 I Ti M m;lonen (4.27)

That is, the transport is driven by the temperature of the electrons, but with
the inertia of the ions.
For the case of a plasma, we want to use ambipolar di usion to derive the
equilibrium condition of a con ned plasma volume. This corresponds to the
idea of the global model . We again start from the continuity equation,
with the assumption that the particle ux is driven by ambipolar di usion.
In addition, we seek steady-state solutions (i.e., the time derivative is set
to zero). We also assume that ionization occurs in our volume (i.e., new
particles are generated). Thus, we obtain

%T"' r(Drn) =n ionization (4.28)

with a steady-state solution assuming that I T

0=n jonsation D ambl n (4.29)

This di erential equation also has a solution of the form

nx)=n g cosl—x (4.30)

Comparing with the solution of the di usion equation for neutrals according
to Eq. 4.20 automatically gives:

2

ionization
— z _onizanon 4.31
or
2 kBTe
Lo = 4.32
ionization | M - ( )
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If one now simply assumes an exponential law for the ionization frequency
(according to an excitation energy for ionization), one obtains:

E ionization 2 kB Te
ionizaton = 0€ kKgle = — (433)

On the left side, there is an expression with an exponential function ine,T
and on the right side, a function linear in T. The dependencies of the global
model on the size of the discharge (), the electron temperatured)T and the
ionization energy (Eonization ) are illustrated in Fig. 4.3.

Figure 4.3: Global model according to Eq. 4.33 . The transport of the
ions is di usion-limited.

One can see that the temperature increases or decreases depending on the
geometry and gas type: A gas with high ionization energy leads to a high
electron temperature. Increasing the plasma volume improves the surface-to-
volume ratio. The electron temperature decreases because the ion loss rate
decreases, and a lower ionization rate is su cient to maintain a given charge
carrier density.

In analogy, a global model for ions can be constructed, in which the loss of
ions is given by the Bohm velocity (see Chapter 7) at the sheath edge.

4.1.2 Diusion Perpendicular to the B Field

So far, we have considered transport without a B eld or transport along the
B eld lines. Transport perpendicular to the B eld lines can only occur if
collisions take place, as illustrated in Fig. 4.4:

89 © A. von Keudell, Ruhr-University Bochum



CHAPTER 4. TRANSPORT 4.1. TRANSPORT IN PARTIALLY IONIZED PLASMAS

Figure 4.4: Transport perpendicular to the magnetic eld only occurs
through collisions.

This is an important di erence: transport along the eld lines is hindered by
collisions with neutrals, while for transport perpendicular to the magnetic
eld, collisions are essential! One can imagine the transport perpendicular
to the magnetic eld as a random walk of the guiding center (Fig. 4.5).

Figure 4.5: Di usion perpendicular to the magnetic eld corresponds to a
random walk of the guiding center.

The equation of motion of a charged particle is obtained from:

mn%:qn(Eﬁf? B) k gTrn mn v (4.34)

The left side of Eq. 4.34 describes only the explicit gyration motion. How-
ever, we want to determine only the drift motion and can therefore set the
left side to zero again. Thus, in the x-direction, we obtain:
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n
mn ,Vx = enE , Kk BTE%D env B (4.35)

The upper sign applies to ions, and the lower sign applies to electrons. In
the y-direction, we obtain:

mn vy = enE , Kk BTQ%; env «B (4.36)

Thus, the expression for y is:

e £ 1keT @n eB

= 4.37
Vx mm © nmm,@X mmvy (4.37)
or
D@n !
Now, v, is substituted, and = ! isreplaced. Thus, we obtain the following
expression:
D @n ke T1@n
1+12%=E b1 228y 22K T10 4.39
VX( Cc ) X n @X c B c eB n @y ( )
For vy, one obtains an analogous expression:
w@a+122= g , 20N 220 2okeTlON

n@y ¢ B ¢ eBn@x
The rst and second terms denote the known drift and di usion. The third

term describes the E B drift, and the last term corresponds to the diamag-
netic drift . Formally, we can now bring the term (1+! 2 2) to the right side

and obtain modi ed expressions for the di usion and drift perpendicular

to the magnetic eld :

=17 (4.41)
and

_ D«
The term e 2 > shows that the di usion constant perpendicular to the mag-

netic eld is strongly reduced compared to the di usion parallel to the mag-
netic eld. If we now approximately consider the case of a strong magnetic
eld with! 2 2 1, we obtain
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mmp!2

(4.43)

vy)
)
5 |

That is, the transport increases with increasing collision frequency. The step
size here corresponds to a random walk with a step size of the Larmor radius.
For comparison, classical di usion:

ke T 1
d / /Vtzherm m
m m m

Here, the diusion decreases with increasing collision frequency, and the
transport corresponds to a random walk with a step size of the mean free
path .

m

2
Dy = —m (4.44)

3 |3M

4.2 Transport in Fully lonized Plasmas

4.2.1 Collisions Between Charge Carriers

So far, we have always considered the di usion of charged particles in front
of a neutral gas background. What changes if we only consider collisions
between charged particles, as is the case in fully ionized plasmas. Fig. 4.6
illustrates that only the transport of unlike charge carriers leads to net trans-
port: (i) if two like charge carriers collide on their gyration path, they change
their direction in an elastic collision and begin their gyration anew. If, how-
ever, the center of mass of the two guiding centers is formed, this does not
change in a collision process; (ii) in the case of unlike charge carriers, the
center of mass of the two guiding centers changes by the order of a Larmor
radius.

4.2.2 Specic Resistance
or Conductivity of a Plasma

Before we consider the transport in fully ionized plasmas, we rst want to
determine the resistance of a plasma for the case where only charged particles
are collision partners. The current is driven by an electric eld according to
Ohm's law:

T: CondE = en E (4.45)

The conductivity cond 1S thus
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Figure 4.6: Only collisions between unlike charge carriers lead to transport

ne® 1
m m

(4.46)

is by de nition the speci c resistance . The collision frequency is given
by:

Here, <o is the cross-section, and n is the density of the collision partners,
which in this case are the charge carriers themselves. Equations 4.46 and
4.47 together give:
m m . m ,

= @ m = @nh coll VI = gh col VI (448)
Here, the density can be canceled, since the carriers of the current are also
the collision partners. This is in contrast to di usion via collisions with
neutrals. Finally, the cross-section for momentum transfer through small-
angle collisions is used:

. 8
90 Jm — —tﬁln (449)

by is the distance of closest approach3bv ). The velocity is expressed
by a temperature, and the specic resistance according to Spitzer is
obtained:
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e Zml=2
@ oPkeT™ " (4:50)

The speci c resistance scales as follows:

" The resistance does not depend on the charge carrier density, since
charge carriers simultaneously carry current but are also collision part-
ners. That is, the current does not increase with increasing charge car-
rier density. This is in contrast to current transport in partially ionized
plasmas, where the current is limited by collisions with the neutral gas.

Here, the current increases with increasing electron density, as sketched
in Fig. 4.7.

Figure 4.7: Dependence of the current on the electron density in fully and
partially ionized plasmas.

" The speci ¢ resistance scales with ¥ . That is, fast electrons carry

the current. If a disturbance in the electric eld occurs that leads
to an acceleration of the particles, it can happen that these are no
longer decelerated by friction and can leave the plasma. This is a ki-
netic e ect: a deviation from the Maxwell distribution of the electrons

in the high-energy region of the distribution function cannot be com-
pensated by thermalization. These fast electron beams are referred to
as runaway electrons, which can reach relativistic energies. At these
high energies, however, bremsstrahlung losses become signi cant. This
bremsstrahlung is partly re-absorbed in a fusion plasma and the radi-

ation of the electrons is thus not completely lost to the energy content
of the fusion plasma.
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" The speci ¢ resistance scales with - , i.e., at high plasma tempera-
tures, ohmic heating becomes increasingly ine ective. For this reason,
in today's fusion experiments, the injection of waves or, in particular,
the injection of high-energy neutral particles are the most important
heating methods.

The last two points are a direct consequence of the property of the Coulomb
cross-section to become very small at high energies (¢ ).

4.2.3 Diusion Perpendicular to the B Field,
Magnetohydrodynamics

After these preliminary remarks, we are now able to set up the momentum
balance equations for the electron and ion uid in fully ionized plasmas. For
ions, we have

v
Mn%t:en(E +vi B) rp i +Pj (4.51)
The last term describes the momentum transfer in collisions of the ions with
electrons. A term for collisions of ions with ions does not occur, since no
transport takes place here! Analogously, an expression for the momentum

balance of the electrons is obtained:

mn%f[: en(E+v ¢ B) rp ¢+ Py (4.52)

Since we consider elastic collisions between electrons and ions, by symmetry,
we must have:

Pei= P e (4.53)

Through this symmetry, we can now create new simplied equations by

adding and subtracting the momentum balance of the electrons and ions,
respectively. By adding Egs. 4.51 and 4.52, the following expression is ob-
tained:

n@@{MVi"'mVe):en(Vi Ve B r(p e+pi) (4.54)

The electrical current density is given by:

j=en(vi v ) (4.55)
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That is, electrical current only occurs if the velocities of the ions and electrons
are di erent. If this is not the case, the plasma as a whole uid can ow, but
no net transport of charges occurs.

The total pressure is

P=DPi*Pe (4.56)
and the center-of-mass velocity is
1
= —(NiMv; + nmvg) (4.57)

with the mass density = n;M +n .m. With this notation, the following
momentum balance for the center-of-mass velocity of the uid is obtained:

@v_ .
— = B r 4.58
ol B (4.58)
This is referred to as the single- uid equation . Fig. 4.8 illustrates how

external electric or magnetic elds can in uence the center-of-mass velocity

or charge transport:

Figure 4.8: lllustration of the single- uid equation. Only a magnetic eld
changes the center-of-mass velocity of the uid and a current is created.

" Magnetic eld If one considers a plasma in which the electrons and
ions move uniformly, the Lorentz force de ects positive and negative
charge carriers in di erent directions. This changes the center-of-mass
velocity.

" Electric eld If one considers a plasma in which the electrons and ions
move uniformly, an electric eld increases the velocity of the electrons,
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for example, but decreases that of the ions. Net, this does not result
in a change in the center-of-mass velocity.

A second relationship of magnetohydrodynamics (MHD) can be derived by
forming the di erence between Egs. 4.51 and 4.52. Here, Eq. 4.51 is multi-
plied by the electron mass m and Eq. 4.52 by the ion mass M. Thus, one
obtains:

an@@{vi Ve = en(M+m) E+en(mv; +Mwv,) B
mp i +Mrp ¢ (M+m)P (4.59)

The individual terms in this equation can be further simplied. The mass
density is:

=n(M +m) (4.60)
The collision term is

ne? .
Pi=mn(Vi Ve m=mn(v; v e)ﬁ =e?n’®(v; v =en | (4.61)
At this point, it is important to note that itself is a constant and indepen-
dent of n. The term mv; + Mv . in Eq. 4.59 gives:
1 .
MVi+MV e =MV i+mvetM(Ve v )+m(vi v o) = o v (M m) rjl_e (4.62)

These transformations are substituted back into Eq. 4.59, divided by (e),
and one obtains

an@L= Eiv B M m
e @en e

I B
m M 1
—Imp i+t — M + — 4.63
cPit e M+men T (4.63)
Neglecting the time derivative, which here corresponds to the inertia term,

and under the assumption that M m, one obtains the so-called general-
ized Ohm's law :

E+v B= J+ e_ln T B rp ¢ (4.64)
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Figure 4.9: lllustration of the generalized Ohm's law. An electric or mag-
netic eld generates a current ow in the plasma.

In most cases, the rst term on the right side is dominant. The second term

is referred to as the Hall term. Fig. 4.9 describes intuitively how external
elds can drive a current in the plasma.

" Electric eld Again, consider a plasma in which the electrons and ions
initially move uniformly. An electric eld increases the velocity of the
electrons, for example, but decreases that of the ions. This corresponds
to a current, since the termy v . is now di erent from zero.

" Magnetic eld The Lorentz force de ects positive and negative charge
carriers in di erent directions. This creates a current that is stronger
the greater the magnetic eld and the center-of-mass velocity is.

The system of MHD equations is closed by the conservation equations for
mass and charge. Thus, one obtains:

@v_,
. 1 .
E+v B= [+ on T Brp e (4.66)
@ _
@t+ r(v)=0 (4.67)
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@ .

@t+ =0 (4.68)
In the last equation, denotes the charge of the uid =e(ne n ;)
Based on the MHD equations, we can now describe the di usion perpen-
dicular to the magnetic eld. Since we now consider the entire plasma as a
single- uid problem, the di usion automatically corresponds to the transport
of both charge carriers together, i.e., an ambipolar di usion. The equations
for describing the transport are the momentum balance 4.58 and Ohm's law
4.64. We consider the steady-state case, so the time derivatives are zero. We

obtain:

T B=rp (4.69)

E+v B= | (4.70)

The Hall term and the pressure gradient were neglected in Eq. 4.70 compared
to j. In the direction parallel to the magnetic eld, we simply obtain

Ex= W« (4.71)

In the direction perpendicular to B, we obtain the velocity of the uid by
multiplying Ohm's law 4.64 by B:

E B+, B) B= -(J B)= »rp (4.72)

The double cross product is resolved again, where the terma Br becomes
zero, since the components are perpendicular to each other. That is, from the
double cross product, only a term % B2 remains. Thus, the uid velocity
perpendicular to the magnetic eld is:

E B "
Y, = B2 @rp

Here, two terms arise. The rst term corresponds to theE B drift, and
the second term corresponds to di usion driven by a density gradient.

(4.73)

Di usion Term

First, consider the second term in Eq. 4.73, which corresponds to di usion.
A gradient in pressure or density drives a particle ux :

) nkeTi +kgTe) mn

=nv , = 52

(4.74)
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Here, isothermal state changes were assumed. In the case of an adiabatic
state change of the ions, one obtains with the adiabatic coe cient :

n(keTi+kgTe)
? B2 m
The di usion coe cient perpendicular to the magnetic eld in fully ionized
plasmas is thus given for isothermal changes as:
n X
D’_) = ? . kBTi (476)
|
where the index i describes the type of charge carrier involved. Compared
to the di usion coe cients for transport in partially ionized plasmas with

=nv , = (4.75)

D, = < 1 4.77)

2 2
mmpl+!ézg

An explicit dependence on the ion density is now obtained, since the ions
are collision partners here! Moreover, the di usion coe cient decreases with
increasing temperature in fully ionized plasmas, since the temperature de-
pendence of is stronger than the temperature dependence in the numerator.
This is again due to the strong velocity dependence of the Coulomb cross-
section.

Due to the explicit density dependence of the di usion coe cient, the dif-
fusion equation can no longer be solved as easily as in the case of partially
ionized plasmas. One initially obtains:

@n

= +r(D =0 4.78
ot (O™ (4.78)
with a di usion coe cient that depends on the density n:
X
D= @n KgTh =2nA (4.79)

n

Thus, the continuity equation becomes

@n 2

== r(2A =A 2 4.80
ot r(2Anrn) r n ( )

With a separation ansatz according to
n=T()S(x) (4.81)

one obtains
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1@T_ A ,., 1

et §r S°= = (4.82)
Here, both sides must again yield a constant, which we de ne as -1/ . The
time dependence can still be easily solved. One obtains:

1 1 t

— = — 4+ — 483

T To ( )
That is, for very large times t, the density pro le decays with T / 1=t and
not exponentially, as in the case of transport in partially ionized plasmas.

The spatial dependence can no longer be easily solved.

Drift Term, Bohm Di usion

The di usion coe cient for describing the perpendicular transport in fully
ionized plasmas decreases with increasing temperature and increasing B eld
squared. This is in itself favorable, as at high plasma temperatures and high
magnetic elds, as in fusion, good con nement should be ensured. According
to this estimate, one would expect fusion conditions in small fusion experi-
ments with diameters of about 1 meter. Many experiments in the 1950s were
initially designed on this basis. However, in the experiment, it turned out
that, on the one hand, the perpendicular transport increases with temper-
ature instead of decreasing, and on the other hand, the dependence scales
more with 1/B than with 1/B 2.

The assumption is that the transport perpendicular to the magnetic eld is
given by the rst drift term in Eq. 4.73. The dependence on temperature
and magnetic eld was initially described empirically by the Bohm di usion

with

1kgT

16@ =D Bohm (4.84)

?

The drift term in Eq. 4.73 is:

E B
B2
But where does the electric eld come from? This can arise from disturbances
in the plasma equilibrium, plasma waves, and instabilities. A disturbance in

guasi-neutrality automatically creates an electric eld.
Such a disturbance creates a change in the local particle density by n and
thus a particle ux according to:

o =

(4.85)
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E B E

52 /' n B (4.86)
The electric eld can be created by a displacement of the electrons over a
characteristic length R, analogous to the Debye shielding. The potential
energy corresponding to this displacement and the thermal energy must be

equal e =k g Te. Therefore, we have:

2 =N

Kg Te
E=—"
R eR
Thus, the following expression for the particle ux driven by this disturbance
is obtained:

(4.87)

_n kB Te , kBT
""ReB eB
Apart from the empirical factor 1/16, this corresponds exactly to the scaling
of Bohm diusion. That is, all processes that lead to electric elds in the
plasma can dominantly contribute to the perpendicular transport.

The transport perpendicular to the magnetic eld can exhibit some pecu-
liarities, especially in toroidal arrangements. Due to the shearing of the eld
lines, a particle on its trajectory sees alternately high and low B elds. If
its parallel velocity is too small, it can be trapped like in a mirror machine
and oscillate between two turning points. This pendulum motion must still
be superimposed by the curvature drift perpendicular to the magnetic eld
direction. This leads to a patrticle trajectory that, when projected onto the
cross-section of the torus, has a banana-shaped contour.

On this contour trajectory, a particle runs from the center to the edge of the
discharge and back. That is, the step size for the perpendicular transport
is now rather the width of this banana-shaped path. This is referred to as
neoclassical transport . If the collision frequency becomes very large, the
mean free path is very small, and the particles cannot complete a full orbit in
a mirror arrangement. The perpendicular transport now again has the step
size of the Larmor radius.

(4.88)

4.3 Time-Dependent E ects of MHD

Based on the MHD equations, one can also discuss the case of how a magne-
tized plasma reacts to temporal changes in the eld or the plasma position.
We start again with Ohm's law:

E+v B= | (4.89)
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Figure 4.10: In toroidal plasmas where the magnetic eld is sheared, par-
ticles can be trapped in mirror elds. Due to the curvature drift, they do not
remain on a magnetic surface but also oscillate between adjacent magnetic
surfaces. This short circuit perpendicular to the magnetic eld is referred
to as neoclassical transport.

in conjunction with Ampere's law (neglecting the displacement current):

r B= o (4.90)

one obtains

E+v = —r B (4.91)
0

Now, both sides are multiplied by r from the left, and one obtains:

r E+r v B= —r (r B) (4.92)
0
From this, withr E = B.and rB = 0, one obtains:
@B )
— tr v = —(r “B 4.93
ot -(r ’B) (4.93)

Two cases can be considered. On the one hand, the case of a stationary uid
(v = 0) and on the other hand, the case of in nite conductivity ( = 0).
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Figure 4.11: Neoclassical transport is particularly visible at low collision
frequencies.

4.3.1 Magnetic Field Di usion

We rst assume that the plasma is at rest and thus v = 0 applies. Thus, we
obtain:

@B_ 2

ot Or B (4.94)
This is a di usion equation for the magnetic eld and describes the pene-
tration of the magnetic eld into a plasma, as illustrated in Fig. 4.12. This
equation is linearized and describes the decay of the magnetic eld over a
characteristic length | in the plasma. One obtains:

@B 1

- = —B= 4,

at B (4.95)
This equation has the solution

B =B e" (4.96)
with

ol?
= 2 (4.97)

That is, the magnetic eld penetrates the plasma, and through the driving of
dissipative currents ( 6= 0), magnetic eld energy is converted into thermal
energy. This transition from magnetic eld energy to heat can be derived
from the dissipated Ohmic power P:
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Figure 4.12: Di usion of the magnetic eld into a plasma.

P=j?2 (4.98)
With o =r B=%and = - "the dissipated energy E =P is:
. B * o2 _ B2
E=j 2= — X == (4.99)
0I 0
One can see that the dissipated energy exactly corresponds to the magnetic
eld energy &

4.3.2 Frozen-in Flux

In the so-called ideal MHD , one assumes an in nite conductivity of the
plasma. Now, =0, but ¥ can be arbitrary.

@B_
Q' v B (4.100)
Thus, one obtains
%‘f = (B rw+vr B) W B B(rw  (4101)

(Bv  B(rv) (4.102)
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Here, the term v/(r B) vanishes because divB = 0. The term (vr)B vanishes
because the change in B is perpendicular to ¥. With the continuity equation
for the mass density of the owing plasma.

@ _
@t+ v =0 (4.103)

The term vr can also be approximated to be zero. Substituting this for
the term rv gives

@B_ 1@
With the relation
dB_1@B 1_@
one obtains
I
d B B
o —r v (4.106)

Since the plasma ow is usually bound to the magnetic eld lines, the right
side is very small or becomes zero. Thus, the ratio of the magnetic eld
to the mass density of the plasma remains constant. This is referred to as
frozen-in ux . That is, if the plasma moves, the magnetic eld is carried
along with it, and vice versa.

B
— =const: (4.107)

The phenomenon of frozen-in ux can explain the presence of magnetic elds
in interstellar space: during supernova explosions, the ejected plasma carries
the star's magnetic eld out into interstellar space.

4.4 Equilibria and Instabilities

4.4.1 Stability of a Cylindrical Plasma Column

If one considers a cylindrical plasma column in a magnetic eld, the following
equations from MHD apply in equilibrium:

T B=rp (4.108)
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r B= (4.109)
From this, it follows that

. r B
T> = sz

In addition, the generalized Ohm's law applies.

(4.110)

E+v B= -2+ (4.111)
Thus, the velocity (see Fig. 4.13) perpendicular to the axis is obtained as:

E B 2
Vo, = ? B—il‘p (4112)
| {z-} ={z-}
shortens theplasma together drives plasma apart

Figure 4.13: Cylindrical plasma column

In equilibrium, one can set ¥ = 0. These equilibria are used to compress
a plasma in the so-called pinch discharges (Fig. 4.14). By time-varying
magnetic elds, a diamagnetic current is induced that leads to a pinching of
the plasma. In the -pinch, this is a ring current perpendicular to the mag-
netic eld. In the z-pinch, the current is an axial current. The compression
of the plasma is usually triggered by a high current pulse. If the resulting
variation in the magnetic eld is faster than the penetration time of this
increased magnetic eld into the plasma, the diamagnetic currents pinch the
plasma.

The equilibrium of the plasma column is unstable against its de ection during
pinching. If the magnetic eld increases locally, this increases thje B term.
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Figure 4.14. -pinch, z-pinch

A pressure increase cannot compensate for this, since the pressure quickly
equalizes along the plasma column (the plasma as an incompressible uid).
A so-called sausage instability arises (Fig. 4.15). If a kink occurs, the
magnetic eld increases on one side while it decreases on the other side.
Thus, the] B term wins on one side, while the rp term dominates on the
opposite side (Fig. 4.15).

Figure 4.15: Sausage and kink instability

The kink instability is counteracted by the tension of the eld lines. A
de ection of a plasma column increases the magnetic eld energy, since the
magnetized volume becomes larger.
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4.4.2 Instablilities

In the following, we want to consider instabilities. As already discussed, in
magnetized plasmas, one observes a di erent dependence for perpendicular
di usion than one would classically expect. One possible explanation is an
E B driven di usion, the Bohm di usion. The necessary electric elds can
arise from instabilities, which are discussed below.

The principal approach to describing instabilities is initially again the mo-
mentum balance, which is developed into small disturbances in density and
velocity. With a Fourier ansatz, one obtains a dispersion relation. If ! can
become imaginary, it depends on the sign whether this disturbance is damped
or whether it grows into an instability.

Rayleigh-Taylor Instability

In the Rayleigh-Taylor instability, we consider a plasma boundary in a grav-
itational eld according to Fig. 4.16

Figure 4.16: Rayleigh-Taylor instability

A ow occurs in the plasma according to the gravitational drift with:

mg B
= — 4.11
Vo iqiB? ( 3)
The momentum balance of the ions ford=T; =0 is
(@]
Mn @t+ ¥rv =en(E+v B)+Mng (4.114)
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The velocity and density are developed with v =y+v;andn=ng+n;. In
equilibrium without disturbance, one obtains:

Mng[wrv o] = eng(vy  B)+Mn og (4.115)

In equilibrium, there is no electric eld present. If a disturbance of the plasma

boundary now occurs, an electric eld arises according to Fig. 4.16. Due to
the inertia of the ions, the charge distribution is not compensated quickly

enough by the electrons. The disturbance can be written as:

Figure 4.17: Rayleigh-Taylor instability occurs when the density gradient
and an additional force are oppositely directed.

M(no+ny) %4'@0“\7'1)“‘\’ 0tV =
e(no+ni)(E1+Wo+vi1) Bo)+M(no+ni)g (4.116)

One multiplies Eq. 4.115 by 1+n=nq and subtracts it from 4.116 and obtains
for the left side:

+ v
M(no+ny) %“‘Vor(‘v 0+ V1) +VI(VW o+ V1) = (4.117)
Here, one cansetf+n,'n o, %1r¥ 1 'n o, and rv g = 0 in each case and
obtains overall:

Mng %1:"' YolV 1 =€n O(El + Y, Bo) (4118)

110 © A. von Keudell, Ruhr-University Bochum



CHAPTER 4. TRANSPORT 4.4, EQUILIBRIA AND INSTABILITIES

In this formulation, the term g has now disappeared. However, it should be
noted that the velocity 4 is always a function of g. In the Fourier space, one
obtains:

M(! Rw)vi = ie(Er+v1  Bjp) (4.119)
In the y-direction, one obtains:
M(' R‘Vo)Vl;y = |e(E 1y Vv 1XBZ) (4120)
In the x-direction,
M(I kv O)Vl;X =iev l;sz (4121)
Thus, one obtains:

ie(Ey v 1xBy)

M k x = ieB 4.122
(kv ojvix =ieB,—p kv o ( )
This can be solved to:
I kv g)? E
with .= and 2 (! kv )2 one obtains the approximation:
Ey
w = == 4.124
Vi B, ( )
Ik E
Viy = ! OB_y (4.125)
C z

vy corresponds to the E B drift, and v corresponds to the polarization
drift in the oscillating eld. For the electrons, one obtains:

m

Vixe = B_Z (4.126)

The continuity equation can also be developed into the disturbance, and one
obtains:

%rt‘+ (N o+n)Vo+Vy) =0 (4.128)
This yields:
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@n

—t+r(v oNo)+(Vorn 1)+nqrv g+ (vir)n o+nerv 1+r(n 1v4) =0 (4.129)

Under the approximation that for terms of higher ordergv; n 1V n Vo,
rv =0, and rn ¢ ? v holds, one obtains:

@n

+(Vorn 1)+ (viN g+ngrv 1 =0
@t(O 1)(1)0 olv 1

(4.130)
or in the Fourier space, for the ions, one obtains:

i 14 +iKV oNys + Vi %;’(+ ikn ovy; =0 (4.131)
For the electrons, the gravitational drift is very small, and thus y. =0

T vx;e%?(: 0 (4.132)

If one now substitutes the velocities into the continuity equations, one obtains
for the ions:

| n y=4 =Y =
(" kv o)ngi +i 5 @X+|kno 5 0 (4.133)

C
and for the electrons:

_E, @@
] _+_y_:0
Ne™l B @x

(4.134)
With n 1. = n 1, one nally obtains
Ik
(1 kv ony In 4 kn o212t =0 (4.135)
c @x
With the expression for
Mg B g
= — = = 4.1
Vo e B2 C9 (4.136)
Thus, one obtains the following dispersion:
1 @y
Vo N @X 0 (4.137)
This is a quadratic equation in !. The solution can become imaginary if:
1@9_ 1.,
———> -k 4.1
g No @X 4 VO ( 38)
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That is, this equation can only be satis ed if the directions of g an(%Q are

di erent. kv o =! corresponds to the fundamental frequency of the wave at
a small density gradient. That is, the above inequality is well satis ed when
this frequency is very small. Thus, the Rayleigh-Taylor instability is dom-
inant at low-frequency excitations. This is consistent with the polarization
drift, which also only becomes dominant at slowly varying elds.

This instability has great importance for the optimization of a toroidal
plasma. By shearing the eld lines, the plasma is repeatedly brought to
the inside of the torus to compensate for the E B drift (see Chap. 2). On
the outside of the torus, the centrifugal force and the density gradient point
in opposite directions. Thus, this area is susceptible to a Rayleigh-Taylor
instability. With a small shearing of the eld lines (small rotational trans-
form g, see Chap. 9), particles move on their magnetic eld line for a longer
time on the outside. That is, a corresponding disturbance of these trajecto-
ries has a long wavelength and is low-frequency. These are prerequisites for
the occurrence of a Rayleigh-Taylor instability. This can be suppressed by
choosing a larger shearing of the eld lines and thus keeping the wavelength
of a possible instability short. This makes the formation of the instability
more dicult. Thus, a natural lower limit for the shearing (or rotational
transform q) is obtained below which a fusion plasma becomes unstable.

Drift Waves

Another important instability that limits the energy con nement and parti-

cle con nement in a fusion plasma is the drift wave instability. Consider a
cylindrical plasma column in the z-direction. In equilibrium, the contour of
constant density (isobar) is symmetric to the cylinder axis. Now, let this con-
tour be disturbed, resulting in a density uctuation around the circumference
of the column that is twisted relative to the longitudinal axis as sketched in
Fig. 4.18 ("twisted Greek column®).

This has fundamental consequences for the development of the instability.
The electrons can quickly compensate for the density uctuation along the
magnetic eld: the motion of the electrons along the axial magnetic eld
occurs quickly, as it is driven by a gradient in the density. This di usion

to regions of lower density occurs ambipolar, as the ions follow the electron
motion. If one considers the isobars of the electrons and ions, a density
disturbance only in the ion density around the circumference is obtained,
while the electrons compensate for this density disturbance by di usion. The
isobar of the electrons remains cylindrical. If one now considers a cross-
section of the torus, one recognizes regions with a positive and a negative
excess of charge carriers, as illustrated in Fig. 4.18.
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Figure 4.18: Drift wave instability

The equation of motion of the ions along the axis of the plasma column
corresponds to ambipolar di usion. This can be written as:

Mno%= rp (4.139)

In the Fourier space, one obtains:

Mn oilv ¢y = rp= ik kN1kg Te (4.140)

The pressure was expressed here by the electron pressure, since the electrons
follow the gradient and, through the resulting electric eld, pull the ions
along, corresponding to ambipolar di usion. Thus, one obtains

_ KeTey M1 (4.141)

1My ol

With ¢ the ion sound velocity. Perpendicular to the external magnetic eld,
the E B force acts according to:

Mn @ =en(E+v, B) (4.142)

@t

Vi
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The time derivative is a small term here, since only the velocity parallel to
the magnetic eld changes signi cantly.

E,
Vo = Ey = ik (4.143)

L
’B
The disturbance in the potential is now described by the Boltzmann rela-
tion, since the density gradient and potential along the magnetic eld are

compensated. One obtains:

€1
N=No+N;=ngex 4.144
0 1 0€XP Ko To ( )
Developed for small disturbances, one obtains:
ni e 1
— = 4,145
no ksTe ( )
Thus, one obtains
. np kB Te
=ik ,— 4.146
Vo I ?no eB ( )
With the continuity equation, one obtains
@n
—+r(v » +vi)n=0 4.147
oV 7 V) (4.147)
In the Fourier space, this gives:
i'n 1+Vorn+yv kikkno:O (4148)
Now, the velocities can be substituted to:
ng kB Te 2 ni 1
In K »— rn+k Np—— = 4.14
Y0 7h e < ono! 0 (4.149)
With v gz = %%rn the diamagnetic drift velocity, one obtains:
12 K 5Vga! k 2¢2=0 (4.150)

This quadratic equation has two real solutions. That is, damping or insta-
bility can only occur if one of the factors becomes imaginary.

This happens if a nite conductivity is assumed, so that a change in the
potential is not instantaneously compensated by the electrons. This can be
expressed by assigning a phase shift to the Boltzmann relation according to:

n, _ €
No kg Te

@i (4.151)
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Thus, the diamagnetic drift velocity formally becomes an imaginary number,
and thus the solution for ! also becomes imaginary. This is referred to as
resistive drift wave instability .

In the Rayleigh-Taylor instability, there were directly imaginary solutions for
I, so this is referred to as a reactive instability. In the drift wave instability,

a coe cient must become imaginary. This is referred to as a dissipative
instability.

The drift wave instability grows strongly according to the factor

ke Te rn

noeB
That is, if, for example, the density gradient becomes too large, the plasma
becomes unstable. This process thus sets a maximum gradient at which
a stable plasma can still be maintained. Because of these nite gradients,
fusion reactors must be su ciently large to guarantee fusion conditions given
a central density and temperature.
The condition of a maximum gradient in the density means, however, that an
improvement of the fusion plasma at the edge (e.g., higher plasma density)
automatically also results in an increase in the density in the center of the
fusion plasma. This improvement of the edge plasma can be achieved through
special wall materials or through special heating methods.
In recent years, it has also been possible to create transport barriers in the
plasma through special heating methods. These discontinuities in the density
gradient signi cantly improve the plasma con nement. These are referred to
as internal transport barriers (ITB).

(4.152)

Plasma-Beam Instability

In the plasma-beam instability, an electron beam penetrating a plasma is
considered. The ions are considered to be at rest, while the electrons are to
have a velocity v, as sketched in Fig. 4.19:

For the stationary ions, we again write the momentum balance for the dis-
turbed quantities:

@y,
Mnyo—- =engE 4.153
0 @t oL-1 ( )
For the electrons, we have:
mno %:+vorv 1e = en oE; (4.154)

These momentum balances in the Fourier space thus give:
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Figure 4.19: Plasma-beam instability

i'™Mn oVii = engEq (4155)
mno(i! +ikv  g)vie = en oE; (4.156)
From the continuity equation of the ions, one obtains
@n;
——+norv 1;; =0 4.157
@t 0 1;i ( )
In the Fourier space, this gives:
i'n i1 = ikn oVii (4158)
Thus, one obtains:
iengk
Ny = Sz Ea (4.159)
From the continuity equation of the electrons
@rl];e +VolN 1.6t NglV 1. = 0 (4160)
@t
One obtains in the Fourier space:
iengk
Npe= —0 > 4.161
1e m(l kV 0)2 1 ( )

This corresponds to the disturbance of the ions only with a Doppler-shifted
frequency (1°=1! kv o). The densities are inserted into the Poisson equa-
tion, and one obtains from
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olE 1:e(n i N l;e) (4162)
the dispersion relation:
2 Mm=M 1
1=15 E + kv )2 (4.163)

This equation can be solved graphically. One nds that an instability arises
if

5=(1p kv o)? (4.164)

That is, if the plasma frequency of the ions is the same as the Doppler-shifted
plasma frequency of the moving electrons, the instability occurs because the
density uctuations in both uids (electrons and ions) are such that positive
and negative charges exactly cancel each other out, and the potential energy
is minimized (Fig. 4.20).

1 o1 .
hém(no+n1)(vo+v1)2|< Emnovgl (4.165)

That is, the average energy in the system with disturbance (potential en-
ergy given by the potential and the kinetic energy given by Yy becomes so
much smaller than the energy in the system without disturbance. This has
the consequence that the amplitude of an initial oscillation always becomes
larger, and an instability arises.

Figure 4.20: Ful Iment of the Poisson equation by electron oscillations in
the moving reference system.
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Chapter 5

Waves in Plasmas

The stability of a magnetized plasma is described by the fun-
damental equations of magnetohydrodynamics, assuming quasi-
neutrality in general. This quasi-neutrality can be locally dis-
turbed, and the associated electric and magnetic elds in uence
the surrounding plasma, leading to the generation of waves.

The propagation or absorption of waves is a central tool to ob-
serve the state of a plasma from the outside. Each plasma can be
assigned a refractive index. By measuring the phase shift when an
electromagnetic wave passes through a plasma, the plasma density
can thus be determined. Moreover, injected waves can be absorbed
by the plasma and thus serve as a heating method.

To describe waves in plasmas, we start with an equilibrium densitygrthat
changes by a small amount nwhen a wave passes through. This disturbance
is described by a Fourier ansatz:

n, e (5.1)

The same disturbance ansatz is also chosen for the components of velocity,
electric, and magnetic eld.
We distinguish in principle:

" parallel and perpendicular for the direction of propagation with
respect to the static magnetic eld

" longitudinal and transverse for the direction of propagation with
respect to the electric eld

"~ electrostatic and electromagnetic In the case of electrostatic waves,
only a disturbance inE; occurs, while in the case of electromagnetic
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waves, a disturbance inE and B occurs. In the case of electrostatic
waves, this implies that the right side of the equation:

r B= o+ ooF (5.2)

must become zero so that a change & does not automatically cause
a change inB. This can only be ensured by a special choice @if
which immediately illustrates that electrostatic waves can only occur
in media. The typical example is an electrostatic plasma oscillation, in
which T and E alternate as illustrated in Fig. 5.1.

Figure 5.1. In electrostatic waves, E and particle current J cancel each
other out.

5.1 Electrostatic Waves

5.1.1 Electron Oscillations

The momentum balance for describing electron oscillations (assuming ¥
0) is:

Figure 5.2: Electrostatic electron waves. The ions are considered to be
stationary.
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mn %+ VelV ¢ = en E (5.3)
the continuity equation
@]
ot +rn Ve =0 (5.4)

We develop into a small disturbance in density and velocity, withyy= 0 and
rn o = 0. The momentum balance thus gives:

2 3

@y -
mg@'F \f£{¥_} g = e E]_ (55)
10 ;because v2v ;
and the particle balance

@
—— +r(n +n =0 5.6
ot (n ov1 1V1) (5.6)
The term nyv; can be neglected compared togm;.
@a
==+ =0 5.7
TR (5.7)
With the Poisson equation for stationary ions (n; = 0), we obtain
re 1= En]_ (58)

0
By transforming into the Fourier space, we obtain

imlv 1= ek ; (59)
i'n 1= N oile (510)
|kE1 o= €en 1 (511)

If we eliminate v, E4, and n; from these equations, we obtain the solution
for !

1=2
ne?

om

= (5.12)

This corresponds to the plasma frequency for an oscillation of the electrons
in front of a stationary ion background.
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This oscillation is not yet a wave that propagates. If we consider a plasma
with an oscillating region adjacent to a non-oscillating region, the non-

oscillating region does not see an oscillating E- eld, as the local deviation
from quasi-neutrality cancels out in the Gaussian integration. That is, only

through edge e ects in nite volumes does the electric eld extend to adjacent

regions.

Figure 5.3: Electrostatic plasma oscillations cannot propagate in in nitely
extended plasmas at T = 0. In bounded plasmas, edge e ects cause the
oscillations to propagate into adjacent regions.

5.1.2 Electron Waves

From plasma oscillations to electrostatic electron waves, we arrive by consid-
ering the nite temperature of the electrons.
Now, the following must hold:

@y

mn @t+verv e =en E rp=en E 3k gTern ¢ (5.13)
Here, we have converted the pressure into a gradient in the density using the
adiabatic equation. Here, we assume (in contrast to isothermal) adiabatic
conditions, i.e., the wave is so fast that the temperature does not have time
to equalize in adjacent regions. Therefore, the factor 3, which comes from
the relationship:
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Figure 5.4: The gradient in the pressure creates an additional term in
the momentum balance of the electrons. This results in the electrostatic
electron waves.

2+N
N
with N the number of degrees of freedom. Since we are considering the
propagation in one direction, N here is 1, and thus = 3.
We again obtain similar equations as for the plasma oscillations, only ex-
panded by the term rp:

(5.14)

in omlv 1 = en gE; 3k BTeiknl (515)
i'n 1= N oile (516)
|kE1 o= €en i (517)

If we eliminate v, E;, and n; from these equations, we obtain the solution
for !

3
2=1 2+ Evfhk2 (5.18)

om m

2
122 ne N 3kBTek

The dispersion relation is illustrated in Fig. 5.5:

We see that the maximum propagation speed of the electron waves is the
thermal velocity. For small values of k, i.e., long wavelengths, the propagation
speed is at 0, since the gradient also becomes zero, and thus di usion cannot
carry the information from oscillating regions to non-oscillating regions.
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Figure 5.5: Dispersion of electrostatic electron waves.

5.1.3 lon Waves

In describing the oscillation of the ions, we can no longer ad hoc assume
that the much lighter electrons remain at rest. Rather, the electrons com-
pensate for the disturbance of the potential by a density uctuation of the
ions instantaneously according to the Boltzmann relation.

Figure 5.6: In electrostatic ion waves, the electrons follow the density

uctuations of the ions. This does not happen completely, but a di erence
between electron and ion density according to the Boltzmann relation re-
mains.

For the momentum balance of the ions, we again set:

2 3

4@V
@t

In the Fourier space, we obtain:

Mn +\M¥_}-5 =enE rp= enr kg Tirn (5.19)

i'Mn oVii1 = €en olk 1 ikBTiiknl (520)
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The deviation from the equilibrium density that can build up is given by the
Boltzmann relation.

ne:n:no+n1:noekesiTle:no(1+ el+:::) (5.21)
ke Te
From this, it follows that
€ 1
ny=n 22
1= N0 o (5.22)
The particle balance again gives, as usual
i'n 1=N oikVi;l (523)
We again eliminate n, v,, and ; and obtain:
. . kgT . Ngikv;.
iIMn Vi1 =  engik —2 + kg Tiik 0¥V (5.24)
eng i!
Thus, we obtain
ke T, ke T;
12=k2 2oy B 5.25
e (5.25)

We see that ion waves can only occur at nite temperature. Only at nite
temperature can the electrons move far enough away from the ions so that an
electric eld can build up at all. This separation of the electrons from the ions
can be given by the temperature of the electrons, which occurs isothermally
(/ k gTe, here the frequency of the ion waves is much smaller than that of the
electron waves so that the isothermal assumption is valid). The separation
of the ions from the electrons occurs adiabatically (/ ikg Tj).

Figure 5.7: Dispersion of electrostatic ion waves.
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At large wavenumbers, the oscillation transitions into an ion plasma fre-
qguency oscillation. This limit is obtained only if the deviation of the electron
density from the equilibrium value is explicitly considered and inserted into
the Poisson equation to determine ;.

5.1.4 Electron Waves Perpendicular to the B Field,
Upper Hybrid Frequency

Now we consider electrostatic waves perpendicular to a stationary B eld.
Again, we consider the ions to be stationary. The momentum balance is how

Figure 5.8: Coordinate system for electron waves perpendicular to the B
eld.

@y
mn@: e(E 1+V1 B 0) (526)
The particle balance again gives
@
@'ﬂt+ NolV 1 =0 (5.27)
The Poisson equation nally
ofE 1= en 4 (5.28)

The momentum balance in the Fourier space resolved by directions:
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imv , = eE ; ev By (5.29)
imv , = +ev,Bg (5.30)
imv , =0 (5.31)
Solving gives:
. ieB
imv , = eE, +eBo":n—|°vX (5.32)
From the particle balance
k
Ny = ~NoVx (5.33)
Thus, into the Poisson equation
. k_ ek 12 4
olkEl— e !—nom 1 '—2 (534)
From this, we obtain
| 2 12
" C _
1 5 = 2 (5.35)
and thus
12=12+12=12 (5.36)

This is referred to as the upper hybrid frequency. This frequency is
slightly higher than the plasma frequency, as the gyration motion in the
magnetic eld is superimposed on the plasma oscillation, as illustrated in
Fig. 5.9.

5.1.5 lon Waves Perpendicular to the B Field,
Lower Hybrid Frequency

Finally, we now consider the propagation of electrostatic ion waves perpen-
dicular to B,. First, we consider the case of a nite angle close to 80 of the
propagation direction to the magnetic eld. Due to this small deviation from
90A°, there is a possibility for the electrons to compensate for the density
uctuations and to determine the disturbance according to the Boltzmann
relation, as illustrated in Fig. 5.10. This is analogous to the discussion of
drift wave instabilities.
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Figure 5.9: The electron oscillation according to the plasma frequency is
superimposed by the gyration frequency. This leads to a resonance frequency
that is higher than that of the gyration alone.

We start again with the momentum balance according to:

M @/: er 1+evy B g (5.37)

@t

The particle balance again gives

A

@ +norv 1 =0 (5.38)

@t
90

First, we consider the case that the direction of propagation is only
approximately 90A° to the direction of the magnetic eld. For the
electric eld or the potential disturbance, we can thus again use the
Boltzmann relation.

€ 1

n;=n 5.39
1= N0 (5.39)
From the momentum balance, we again obtain:

From this, it follows again
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Figure 5.10: In electrostatic ion waves perpendicular to the magnetic eld,
the electrons can only compensate for the density uctuations of the ions if
the angle between the direction of wave propagation and the B eld is not
exactly 90A°.

Vix = I\j—t( L1 ,_§ (5.42)
With the particle balance for propagation in the x-direction
ni=n OIEVX (5.43)
We again eliminate the velocity y and n; and obtain
12 = gw% (5.44)

Now, the resonance frequency increases by an amouﬁ%@, since the
ions, in addition to their gyration, are driven by ambipolar di usion
(in the case of electron waves, this was directly a contribution of the
electron plasma frequency, see Eq. 5.36). This is referred to as ion
cyclotron waves.

" =90
Now, we consider the case where the direction of propagation is exactly

90A° to the magnetic eld. Now, we must, analogous to the momentum
balance for the ions, set up the momentum balance for the electrons:
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