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Preface

This book is intended to describe a systematic overview of the latest physical princi-
ples of fusion and plasma confinement. Students who learned the basics of quantum
and analytical mechanics in university are introduced to the subject and may be
interested in it as a future job option. Researchers in other fields may find common-
alities and differences in the structure of the scientific principle of magnetic plasma
confinement, which has been systematized through the 50 years of fusion research
since its inception in 1958 (see Figure 0.1).

Academic fields have been developed in two ways. One is the case where object
of purely intellectual curiosity exists and the field is formed to study it. Another
is the case where a goal (such as to create a faster airplane, or predict the path of
a typhoon) exists and the field is developed to resolve inherent physical issues in it.
The relationship between physics and fusion falls into the latter category.

Figure 0.1 Opening ceremony of 22nd IAEA Fusion Energy Conference celebrating 50 years of
fusion research on October 13, 2008, at Palais de Nations, Geneva
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In any case, triggered by an interesting phenomenon, the physical area (field stud-
ies) has formed and traces the history of reduction as fundamental physics applica-
ble to other areas. While new physics can be developed through the development
of mathematics such as non-Euclidean geometry in relativistic theory, new mathe-
matics may evolve from new physics such as the theory of distribution, which has
developed through the need for the delta function in quantum mechanics.

Physics in the twentieth century has been developed with symmetry as the key-
word. Meanwhile, the twenty-first century may be called the era of complexity sci-
ence, such as life, weather, and social phenomenon, in which governing laws are
entangled in complex processes. The ITER plasma, whose structure is formed au-
tonomously through fusion burning, is a new material encapsulated by symmetry
and complexity (see Figure 0.2).

The author spent 25 years, the latter half of the 50-year history of fusion, in the
world’s largest fusion project JT-60. “Plasma physics and fusion” is a “field study”
and is systematized through world-fusion research. This “field study” is greatly ad-
vanced through interaction with “Fundamental disciplines.”

Chapter 1 describes “Fusion” by considering why so much hydrogen fuel was
born at the time the universe was created, what is going on in the center of the Sun,
and by introducing the beginning of human efforts to realize the “Sun on Earth” and
“plasma” as objects of study. In Chapter 2, we introduce the equation governing the
“micro world” where fusion occurs. Also, the properties of players in the “ Sun on
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Figure 0.2 Hierarchical structure between areas of physics and fundamental disciplines (physics
and mathematics)
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Earth” — deuterium, tritium, neutron, and helium are introduced and finally “Fusion
cross section” is derived from the theory of nuclear reactions.

Chapters 3 to 9 are devoted to the principle of magnetic plasma confinement.
In Chapter 3, the topological requirements of why the magnetic bottle should be
a torus are discussed in relation to Poincaré theorem using the Euler index. This
is followed by the introduction of “coordinates,” “field line dynamics,” “magnetic
surface,” “flux coordinates,” and “ergodicity,” before describing 2-dimensional and
3-dimensional equilibrium using the machinery of analytical mechanics. Special
emphasis is placed on the equivalence of integrability/symmetry in analytical me-
chanics and the existence of the magnetic surface.

In Chapter 4, particle orbit dynamics on the magnetic surface are discussed using
the Lagrange—Hamilton formulation, noting the new variational principle, Little-
john’s variational principle, to satisfy the Liouville theorem in guiding center phase
space, as was established in the 1980s; in contrast to the guiding center equation by
Alfven, which does not conserve phase space volume. This variational principle is
applied to guiding center motion in the flux coordinates and adiabatic invariants are
introduced.

In Chapter 5, fundamentals of plasma kinetic theory are described. To clarify
the difference between dynamics and kinetics, the conflict faced by L. Boltzmann’s
Stosszahl Ansatz on the time-reversibility of Newton’s equation of motion and time-
irreversibility of kinetic equations is discussed in comparison with Poincaré’s recur-
rence theorem. A similar but different problem appears in plasma physics. “Contin-
uous spectrum and phase mixing” is discussed, which produces “Landau damping”
from the time-reversible kinetic equation, the Vlasov equation. Coulomb collision
in plasma is surveyed as collective phenomena. Finally, modern Gyro Kinetic the-
ory is introduced which is cutting-edge research studying high temperature plasma
turbulence.

In Chapter 6, the main subject is “stability.” After a general introduction to sta-
bility, the energy principle and stability criteria using the Euler-Lagrange equation
are given to describe plasma instabilities such as Kink and Ballooning from the lin-
earized magnetohydrodynamics (MHD) equation with an Hermitian linear operator.
Dissipation at a rational surface produces “Tearing” — an instability associated with
magnetic reconnection. The linearized MHD operator becomes non-Hermitian with
equilibrium flow, which is a cutting-edge topic in confined plasma research.

In Chapter 7, the eikonal equation for plasma wave propagation and von Laue
form of wave energy are introduced. Then drift waves and Alfven resonance are
considered: these are important in practical magnetic confinement research. Fur-
thermore, the Hasegawa-Mima equation is introduced describing the nonlinear in-
teraction among drift waves as a starting point of cutting-edge plasma turbulence
research.

In Chapter 8, collisional transport of toroidal plasma in the collisionless regime
is discussed. In collisionless plasma, a “self-generated current” or “bootstrap cur-
rent” is produced by the pressure gradient, which is essential for the efficient steady
operation of a tokamak fusion reactor. Neoclassical viscous force is produced by
the distortion of velocity distribution function in the collisionless regime. A gen-
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eralized version of Ohm’s law includes bootstrap current expressed in terms of the
thermodynamic forces. Cross-field neoclassical transport is also given.

In Chapter 9, the cutting-edge subject of turbulent transport in confined plasma is
discussed. While introducing the basic concepts of dynamical systems, a basic pic-
ture of plasma confinement is shown. Heat diffusion in low mode confinement can
be described by “Self-organized criticality (SOC),” which is an important concept
in complexity science, while the Transport Barrier (TB) is a local relaxation of SOC
driven by the flow shear to break the turbulent cell.

In Chapter 10, the characteristics of fusion as an energy source and its research
status are briefly described.

The author would like to express his appreciations to former director Masafumi
Azumi, Dr. Shinji Tokuda, Prof. Kazunobu Nagasaki, and Prof. Zensho Yoshida for
their encouragements and inspiring comments. The author is indebted his career to
past Prof. Masaaki Sonoda, past Prof. Nobuyuki Inoue, and Prof. Taijiro Uchida.
Finally but not least, many thanks to my wife Takako for her patience to allow me
to spend time for the book.

Mito City, December 2010 Mitsuru Kikuchi
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Chapter 1
Sun on Earth: Endless Energy from Hydrogen

The Big Bang created the universe 13.7 billion years ago. The universe is brimming
with hydrogen, and the beautiful night sky is formed by hydrogen fusion. Here, the
fusion is a nuclear reaction creating nuclei such as helium through reactions between
light nuclei such as hydrogen.

The Sun is hot dense plasma confined by the gravity of its huge mass, bringing
huge energy to the planetary system in the form of solar light produced by massive
fusion reactions. All life on our planet depends on solar energy.

A large number of scientists in the latter half of the twentieth century challenged
to the dream of creating a Sun on Earth to produce energy from fusion. To do this,
we aimed to build ITER creating an energy-producing machine, a Sun on Earth, as
well as helping to understand the physics.

A fusion reaction requires a temperature of a few hundred million degrees. Deu-
terium and tritium fuel take the “plasma state” — the fourth state of matter. Plasma
exists in various forms around us. It is necessary to understand and control plasma
to develop a usable form of fusion energy.

Figure 1.1 The ITER and the Sun. The Earth is blessed from fusion energy of the Sun on orbital
path of 150 million km away. ITER, the Sun on the Earth, will realize 10 times the Sun’s central
temperature using a magnetic force smaller in size by 100 million

M. Kikuchi, Frontiers in Fusion Research. © Springer 2011 1



2 1 Sun on Earth: Endless Energy from Hydrogen

1.1 Big Bang: the Mother of Fusion Fuel

A total of 75% of the main elements of the material, except dark matter, in the
universe is said to be hydrogen. The stars are formed by the abundant hydrogen. The
night sky is full of light produced by fusion reactions in stars. Why are stars made of
hydrogen? The structure of the universe we live in is governed by the gravitational
field equations of general relativity derived by the German-born physicist Albert
Einstein (1879-1955) in 1915 [1-5].

1 &G

R =8k ==

Here R,v, guv» R, Ty1v, G, are the Ricci tensor, metric tensor (infinitesimal distance
is given by ds?> = g,,dx*dx"), Rich scalar, energy and momentum tensor, and
the gravitational constant, respectively. Gravity produces curved space where the
parallel axiom of Euclidean geometry does not hold. Let a be cosmic scale, then the
following Friedman equation is obtained from Einstein’s gravitational equation,

2
! (d—a) _GM@ _ lge (1.2)
2 \ar a 2

Friedmann was a Russian physicist who derived this equation in 1922. Here, G is
the gravity constant, M (a) the mass in the cosmic scale, ¢ is the speed of light, and
K is a constant. K > 0 corresponds to the case of a closed universe with negative
total energy. K = 0O corresponds to the case of a flat universe, while K < 0 if the
universe is open and has positive total energy. In any case, Equation 1.1 implies an
expanding universe. The beginning of the universe is called the “Big Bang” [6]. The
temperature of the initial universe 7 is uniquely determined as a function of time #
if we adopt the Friedmann equation as follows,

Ty - (1.1)

T K] = 1.5 x 10'0 (1.3)
g/ (s) .
Here g is the ultra relativistic correction factor (g = 1.68 (T < 6 billion de-

grees), g = 5.38 (6 billion degrees < T < 1 trillion degrees)). Immediately af-
ter the Big Bang, the ratio of protons and neutrons obeyed the Boltzmann relation
nn/np = exp(—Qn/kT) since transition and back transition between proton and
neutron could occur through a weak interaction, as pointed out by Japanese physi-
cist Chyushiro Hayashi. Here, O, is the mass difference of a neutron and proton,
1.3MeV (equivalent temperature of 15 billion degrees). The numbers of neutrons
and protons are almost same if k7" > @, and the number of neutrons decreases as
the temperature goes down. One second after the Big Bang, the temperature of the
universe fell to 10 billion degrees (~ 0.86 MeV) and the ratio of protons to neutrons
fell to n,/n, = 0.223. The ratio of protons to neutrons is fixed (n,/n, = 0.157) if
the temperature is lowered to about 8 billion degrees, below which weak interactions
do not work and the neutron § decays to a proton with a half-life of 12 min.

If protons and neutrons are in the high temperature state, deuterium can be
formed by the reaction, n + p — D + vy, but deuterium is resolved at tempera-
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Figure 1.2 Relative abun-
dance of protons, neutrons,
4He, 2H(D), *He, H, and so
forth after the Big Bang ver-
sus time (top-horizontal axis)
and temperature (bottom-
horizontal axis) [7]

Relative abundance

THOYK)

tures higher than the hydrogen binding energy (2.23 MeV: see Section 2.2). This is
the temperature corresponding to 26 billion degrees. Below this temperature, the re-
action between protons and neutrons can take place to form deuterium, in principle,
but high-energy photons filled the early universe destroying deuterium immediately.
Protons and neutrons are kept separate until these high-energy photons diminish.
Two minutes after the Big Bang, the temperature dropped to 0.1 billion degrees
and the number of high-energy photons was reduced. Then the population of deu-
terium increased as seen in Figure 1.2. Helium nuclei are formed through deuterium
reactions, D + D — *He + n, *He + D — *He + p. Almost all the remaining
neutrons form “*He and the mass fraction of *He is given by my, = 2n,/(n, + np)
= 0.25.

Formation of elements in the universe had almost finished a few minutes after
the beginning of the universe, the Big Bang, through the production of helium. The
observed abundance ratio of helium and hydrogen in the universe almost equals the
ratio predicted by Big Bang cosmology. If the binding energy of deuterium were
much larger, the dissociation of deuterium may not have happened and the much
earlier formation of helium may have led to formation of heavier elements in the
initial Big Bang. Stars might not twinkle in the night sky and all life on Earth nur-
tured by the energy of the Sun might not exist.

Salon: General Relativity and Non-Euclidean Geometry

Einstein (Figure 1.3 (a)), when building his general theory of relativity to in-
clude accelerated motion from the theory of special relativity valid only for
uniform motion, discovered the need for non-Euclidean geometry where the
Euclidean parallel axiom is not viable [8]. In a uniformly rotating disk, contrac-
tion of circumference is expected and the ratio of the circumference to radius is
no longer considered to be 2.
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The free-fall frame against gravity becomes the inertial frame without grav-
ity. The straight motion of light in the inertial frame (assumption in the theory of
special relativity) implies the curved motion of light in the original frame. The
same result is obtained for the accelerated frame. Einstein proposed that the
straight motion of light is curved by the local gravitational bending of space-
time.

Non-Euclidean geometry started from Gauss, Bolyai, and Lobachevskii and
led to a general Riemannian geometry developed by the German mathematician
Bernhard Riemann (1826-1866; Figure 1.3 (b)) [9]. He gave the distance ds in
curved space as ds? = guvdx#dx” (i, v =0,1,2,3). g, is termed the metric
tensor. In curved space, curvature can be defined by choosing two coordinates
x* and x" (Figure 1.4 (a)). The Riemann curvature tensor R;Mv is defined as

the difference of a vector V* circulating the differential area dx*dx” as §V' =
R Jjwv V/dx*dx” [5]. The occurrence of the vector difference after circulating
on a curved surface is easily understood considering the vector circulation on
a sphere (see Figure 1.4 (b)).

(b)

Figure 1.3 (a) Albert Einstein who built a general theory of relativity and (b) Bernhard Rie-
mann who invented Riemann geometry to deal with curved space-time

XMdxt

xH

x\"

X¥+dxv

(a)

Figure 1.4 (a) Defining coordinates in curved space. (b) Change of vector after circulation
on sphere
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Note: General Relativity [3-5]

Einstein’s equation for general relativity can be expressed in a variational prin-
ciple using the following action integral (see Section 4.1 for introduction to
variational principle).

8(Sg + Sm) =0 (1.4)
Sg = —(c3/16nG)/RA/_—gd4x, S = c—I/L./——gd“x

Here, G is a gravitational constant and scalar curvature R is defined as R =

g" Rij where the Ricci tensor R;; is defined as R;; = R™ . ; using Riemann’s
curvature tensor leuv introduced in the salon. The value of g, defined as g =
det[g;;] is negative and ,/—g is the inverse of the Jacobian. L is a Lagrangian of
energy and momentum of matter, which is related to the energy and momentum

tensor 7;; as follows,

ro_ 2 [a(L@ d a(Lr)] 05
VT gL 0gT ok (agh jaxk) ‘

The variation of S, (§Sg) can be expressed using a variation of metric g%/ .
Here it is important to note that the gravitational field originates from the curv-
ing of space (manifold), which changes the metric. Metric g% is determined so
that action integral becomes extremal. Using the relationship R = g/ R;;, the
variation for §S; = (167G/c?)8S, is given as follows,

88, =38 / g% R J—gd*x (1.6)
= / [Rik V=888 + Rixg™ 8. /=g + gikv—g5Rik] d*x

The differential §g = (det[gi;]) is a summation of §g;; multiplied by its
minor determinant. Since g”/ (component of inverse of [g, J]) is the minor de-
terminant divided by the determinant g, we have §g = gg”/ 8g;; = —ggij6g".
Therefore, Equation 1.6 becomes,

SSé = / |:(Rij = Egin) og" + gUSRij:I \/—_gd4x . (1.7)

The second term in the integrant is shown to be zero by converting it to
a surface integral [3]. Thus we obtain following variational form for general
relativity.

c3 1 87 G
8(Sm + Sg) = N / |:Rij = Egin le] 8gY J—gd*x . (1.8)
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This gives the Einstein equation (1.1). This is beautiful in a sense that even
the structure of the universe can be derived from the variational principle. How-
ever, Einstein as the creator of Equation 1.1, reached it through trial and error.
He converted the Poisson equation for weak gravitational field A¢p = 47 Gp to
Agoo = (8mG/c*) Ty using goo = 1 + 2¢/c? (see note in Section 1.2) and
Too = pc?. He conjectured that the governing equation of general relativity will
be a balance between the 2nd order covariant gravitational tensor X;; and the
energy and momentum tensor (87 G/c*)T;; (Xij = (87 G/c*)T;;). Since the
divergence of 7;; is zero, X;; should be divergence free. The Ricci tensor R;;
is not divergence free, but he found that R;; — g;; R/2 is divergence free.

1.2 Sun: Gravitationally Confined Fusion Reactor

The Sun, bestowing light and energy for our life, is one of 200 billion stars in the
Milky Way galaxy. It is 110 times the radius of the Earth (Rgs,, = 70 x 10*km), and
320,000 times the mass of the Earth (Ms,, = 2 x 103°kg). It is a giant hydrogen
ball (Figure 1.5). The release of energy from the Sun’s surface (luminosity) is L =
3.86 x 10%° W. The Sun, formed 4.5 billion years ago (see the salon), released the
following gravitational energy from the centralization of mass,

g _GM
£ RSun

=38x10"7J, (1.9)

where the gravitation constant is given as G = 6.67 x 10~'' m3/kg s. This corres-
ponds to an average kinetic energy ~ 1keV for an ion or an electron (equivalent

Temperature
121, [Mdeg]
B8t
al
0 i i i
0 20 40 60
r(10*km)
Lo Density
120}| [glem?]
80
40
0 i
0 20 40 60
r(10*km)

Figure 1.5 The Sun, producing energy from fusion of hydrogen confined by the strong gravita-
tional force and its density and temperature distribution in the center
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temperature of 7.7 million degrees). The estimated central temperature of the Sun is
15 million degrees, a similar temperature to that initially achieved from gravitational
energy. In such a temperature, atoms are split to nuclei and electrons, and are called
“plasma.” In other words, the Sun is a giant ball of dense plasma, whose central
density is 150 g/cm? and half the mass of the Sun is centered within one-fourth of
its radius. In 1905, Einstein published the special theory of relativity, and showed
that the energy (E) and mass (/) have the same origin and their relationship shows
that mass is frozen energy,

E =mc*. (1.10)

In the Sun and the stars, mass is being converted into energy according to Ein-
stein’s equation. In the center of the Sun, the collision of two protons (hydrogen
nuclei) do not produce unstable 2He, but one proton emits a positron through the
weak interaction to be converted to a neutron, leading to the formation of deuterium
by releasing 0.42 MeV of energy.

p+p—D+et + v +042MeV . (1.11)

Here, p, D, eT, and v, are hydrogen, deuterium, a positron and an electron neutrino,
respectively. This first proton reaction is similar to those that occurred in the early
universe. The time constant of ~ 10 billion years is quite slow with its low tem-
perature for the formation of deuterium. A positron immediately couples with an
electron to emit energy of 1.02MeV. The deuterium fuses with another proton to
form He,

p+D — 3He+7vy +549MeV . (1.12)

Here, y and %He are gamma rays and helium-3 (isotope of helium), respectively. In
addition, helium-4 is generated from two helium-3 atoms,

3He + 3He — 3He + p + 12.86 MeV . (1.13)
In the end, helium-4 is born from four hydrogen,
4p + 2e~ — 3He + 26.72MeV . (1.14)

Except for the 0.26 MeV carried by neutrinos, 26.46 MeV/4 = 6.55MeV is
the energy production per hydrogen. The universe has a huge amount of hydro-
gen produced at the Big Bang and hydrogen fusion makes the night sky twinkle.
The combustion rate of hydrogen at the center of the Sun is related to luminosity
L/6.55MeV = 3.7 x 103 /s, that is, 620 million tons of hydrogen per second.
Approximately 4.4 million tons of mass is converted into energy per second. This
implies that 6% of the total hydrogen is converted to helium in 4.5 billion years. One
gram of hydrogen produces 6.4 x 10'! J, equivalent to energy released by 15 tons of
oil (75 drums).
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Figure 1.6 (a) H. Bethe and .
(b) A. S. Eddington who made
major contributions to physics
of the Sun

() (b)

For stars with higher temperatures (typically 14-30 Mdegrees for stars larger than
the Sun), another fusion mechanism, called the “CNO” cycle, becomes dominant.
This was discovered by German-born US physicist H. Bethe (1906-2005) who re-
ceived the Nobel Prize in physics in 1967 (see Figure 1.6 (a)).

Energy generated at the center of the Sun reaches the surface through convec-
tion and radiation. The central part of the Sun is called the “core” where fusion
reactions occur. In the middle part (0.2a—0.7a; a: radius of the Sun) is called the
“radiation transport region” where energy is transported through radiation. The sur-
face area (0.7a—1a) is called the “convective layer” where convective cells (Bénard
cells) are the dominant energy transport process. The surface of the Sun is about
5800 degrees and radiates energy through the black-body spectrum. There are the
“chromosphere,” “colona,” and “prominence” outside of the surface.

Salon: History of the Age and the Energy Source of the Sun

In the nineteenth century, the source of solar energy was not known. To begin
with, nobody knew the Sun had burned for several billion years. Knowing the
age of the Sun was important in knowing the source of energy. The age of
the Solar System was determined by the ratio of radioactive daughter nuclides
in meteorites. It was estimated from the accumulation of daughter elements
from radioactive decay from dissolved meteorites using the long half-life of
potassium 40 — argon 40 (half-life of 1.19 billion years). Most measurement
of the meteorites shows an age of 4.55 billion years. The Sun is considered to
have formed then.

In 1920, the British astronomer Sir A.S. Eddington (1882-1944; Fig-
ure 1.2 (b)) suggested that solar energy may be caused by the fusion of hy-
drogen into helium. In 1929, American astronomer H. N. Russell (1877-1957)
examined the spectrum of the Sun to show the atoms in the Sun consisted of
90% hydrogen and 9% by helium. The source of solar energy is nothing but
hydrogen fusion [10].



1.2 Sun: Gravitationally Confined Fusion Reactor

Note: Special Relativity

As you see in later in Section 4.2, the action integral of the variational principle
relevant for special relativity must be invariant for the Lorentz transformation.
The action form satisfying this condition is an integration of the world interval s
(ds = (c2dr? — dx - dx)'/?) since s is invariant for the Lorentz transformation.
The action integral for free particle motion is then given as follows,

5}

2
S = —maoc/ds = —ma()Cz/d‘L', (1.15)
1

t

where 7 = s/c is called “proper time” and is a time in a rest frame (time coordi-
nate at dx /d¢ = 0) of the object. This action integral has a marked similarity to
Fermat’s variational principle for light propagation (see Chapter 4). Substituting
T = t[1 — (dx /dr - dx /dt)/c?]"/? into Equation 1.15, we obtain

%)

S = /Ldt, (1.16)

t
L = —mgoc? /1 — (dx/cdt)? . (1.17)

Here my is usually called “rest mass.” The momentum of the free particle
p isdefined as p = dL/0x (X = v).

P =Mmgov/y/1 —v?/c?. (1.18)

Energy (or Hamiltonian) is derived from the formula £ = p -x — L as
follows,

E = mgoc?//1—v2/c? . (1.19)

Equation 1.19 indicates that the free particle has energy even if v = 0 at
some inertial frame and is a famous formula by Albert Einstein (Equation 1.10).
If a particle with v = 0 set in gravitational potential (¢(x)) in x direction, it
is no longer in an inertial frame. But it enters an inertial frame in a free-fall
frame under ¢. If we assume the velocity under ¢ is much smaller than ¢, we
can use a non-relativistic formula for L as L ~ —mgoc? + ma0v2/2 — Mgo@.
Also, we can assume ¢’ = ¢. Under the gravitational field, dx”> ~ dx? — 2¢dz>.
In free fall frame (ct, x', y, z), the special theory of relativity applies and ds*> =
c2dt? — dx"? —dy? — dz?, called “Minkowski Space.” This can be expressed in
initial frame (ct, x, y, z) as

ds? = (1 + 2¢/cH)dt? —dx* — dy? —dz? . (1.20)

This means the metric gq is no more at unity and goo = 1 + 2¢/c? (dx° =
¢ dr) under the weak gravitational potential.
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1.3 Fusion: Challenge to the Sun on Earth

The question of energy development using fusion reactions was raised in the
early twentieth century in response to the development of the theory of relativ-
ity and quantum mechanics. German physicist W. Heisenberg (1901-1976; Fig-
ure 1.7(a)) who developed quantum mechanics in the early twentieth century
recorded discussions with Danish physicist Niels Bohr (1885-1962; Figure 1.7 (b))
and Lord Rutherford (1871-1937) in his book Physics and Beyond (1935-1937,
Chapter 13) [11] as follows,

Heisenberg: “May I now put a question to you? Do you think it likely that with
more powerful accelerators we may one day be able to use nuclear energy for tech-
nical purposes — for instance, for the artificial creation of new chemical elements in
appreciable quantities — or to utilize the energy of nuclear bonds much as we exploit
the energy of chemical bonds during combustions? —.”

Niels: “Of course, things would be quite different if we could raise a piece of
matter to so high a temperature that the energy of the individual particles became
great enough to overcome the repulsive forces between the atomic nuclei, and if, at
the same time, we could keep the density high enough to ensure that collisions did
not become too rare. But, this calls for temperatures of something like a thousand
million degrees, and long before we reached such temperatures the vessels in which
we enclosed our experimental substances would have be evaporated.”

Lord Rutherford: “In any case, no one has seriously suggested that energy can
be derived from nuclear processes. For though the fusion of a proton or neutron
with an atomic nucleus does release energy, a much greater amount is needed to
produce the fusion in the first place, for instance, by the acceleration of a very large
number of protons, most of which will miss their target. The largest portion of this
energy is in any case dissipated in the form of Brownian movement. As far as the
liberation of energy is concerned, experiments with atomic nuclei may therefore be
called a sheer waste. All who speak of the technical exploitation of nuclear energy
are talking moonshine.”

Figure 1.7 (a) W. Heisenberg
(In 1960, Institut fiir Plasma-
physik GmbH (IPP) was
founded by a partnership of
the Max Planck Society and
Prof. Dr. Werner Heisenberg.)
and (b) N. Bohr
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In 1942, inventor of the fission reactor Italian physicist Enrico Fermi (1901-1954),
while having a lunch at the Columbia Faculty Club, suggested to Edward Teller
(1908-2003) (inventor of the hydrogen bomb in US) the possibility of burning deu-
terium to develop a large source of energy. Based on his suggestion, Teller made
various calculations and found that fusion between deuterium (D) and tritium (T)
is a possibility [12]. Tritium and deuterium react at relatively low energy, creating
helium and a neutron. Helium has a higher binding energy, we can generate a huge
amount of energy as will be shown in Chapter 2.

D+ T — *He (3.52MeV) + n (14.06 MeV) . (1.21)

The most promising magnetic fusion configuration, “tokamak” was initiated in
the Soviet Union as recorded in Robin Harman’s book [13], “It was New Year’s Eve
in 1950. Kurchatov asked his deputy what the theorists thought of Sakharov’s new
idea. — Golovin said that Sakharov has alerted us to solve a second, no less far-
reaching problem of the twentieth century — how to produce inexhaustible energy
by burning ocean water! That’s a problem man could give his whole life to solve!
Kurchatov reportedly remarked. A huge operation will have to be initiated. A prob-
lem for peace! Huge! Fascinating! We’ll start the new-year not with a weapon but
with the Magnetic Thermonuclear Reactor and do a real job on it.” Thus the Soviet
Union began tokamak research.

Table 1.1 shows a comparison of parameters of the ITER and the Sun. The con-
finement of high temperature plasma to produce fusion energy is not an easy task,
but then about 46 years later in 1996, the reactor-relevant plasma test device JT-60
in Japan succeeded in producing ultra-hot plasma at 520 million degrees, a tem-
perature that Bohr had predicted would evaporate the vessel containing such a high
temperature substance. The JET of the European Union and the TFTR of the United
States produced fusion power of 10-16 MW through the D-T reaction. The ITER
project is an international project to construct tokamak-type fusion “experimental
reactor” proposed at the summit out of the Soviet Communist Party General Sec-
retary Mikhail Gorbachev and US President Reagan in Geneva in November 1985
at the end of the Cold War. The first stage activity of this project, conceptual de-

Table 1.1 Comparison of parameters of the Sun and ITER. There are lots of difference in param-
eters but both uses fusion of light nuclei

Quantity ITER Sun Ratio
Diameter 16.4m 140 x 10* km ~1/108
Central temp 200 Mdeg 15 Mdeg 10
Central density ~10%/m3 ~10%2/m? 10'?
Central press. ~5atm ~ 10'? atm ~ 101
Power density ~0.6 MW/m?3 ~0.3W/m? ~2 % 10°
Reaction DT reaction pp reaction

Plasma mass 035¢g 2x 1030kg 1/6 x 103

Burn time const 200s 100 years 10"
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sign activities (CDA), was started on April 3, 1988, and ran for three years among
four parties, the US, Europe, the Soviet Union, and Japan. From June 1992, the sec-
ond stage activity, engineering design activities (EDA), ran for six years and was
extended for three years. After the battle to host ITER, Cadarache in France was
chosen as the ITER construction site. The dream of Sakharov to realize the Sun on
Earth has been postponed to the twenty-first century.

1.4 Plasma: Fourth State of Matter

The term “plasma” used for fusion, in which ions and electrons are moving in-
dependently, comes from the Greek language. It was first used as an academic
term, “protoplasma” for jelly-like cells (protoplasm), by Czech biologist J. Purkyné
(1787-1869). In the medical field, plasma means blood plasma or serum. In 1927,
Irving Langmuir (1881-1957; Figure 1.8 (a)) named for nearly neutral ionized gas
plasma [14]. Since then, research on this matter is called “plasma physics.”

The ionized gas, plasma, has a different nature to the states solid, liquid and gas.
Sir W. Crookes (1832—-1919) (who studied low-pressure glow discharge) described
plasma as the “fourth state of matter” (see Figure 1.8 (b)). Philosophers of ancient
Greece, Empedocles (495-435 BC) proposed that the world was made of earth,
water, air, and fire, which may correspond to solid, liquid, gas, and weakly ion-
ized plasma. Surprisingly, this idea may catch the essence. The discharge physics
of Crookes was extended by Michael Faraday (1791-1867) with the discovery of
the glow discharge in 1835, and discovery of electrons by Sir J.J. Thomson (1856—
1940) in 1897, followed by the studies of the electrical discharge process by Sir
J. Townsend (1868-1957), von Engel, and Penning, known as “gaseous electronics
engineering.”

Solid Gas
%@ AN

Li%gd Plasma
Shgd ° %0

l. Langmuir
(a) (b)

Figure 1.8 (a) I. Langmuir and (b) four states of matter (solid, liquid, gas, plasma). Plasma is
electrically neutral as a whole with almost equal numbers of electrons and ions
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Meanwhile, in the field of astrophysics, the basis of plasma physics and magne-
tohydrodynamics were established through the work of Indian physicist M. N. Saha
(1893-1956) on the theory of ionization equilibrium concerning the degree of ion-
ization of the solar atmosphere in 1920; British physicist S. Chapman (1888-1970),
who clarified the origin of the Aurora and the geomagnetic storm; Pakistani physi-
cist S. Chandrasekhar (1910-1995), who studied black holes and magnetohydrody-
namics in astrophysics and won the Nobel Prize in Physics in 1983; US astrophysi-
cist Lyman Spitzer Jr. (1914-1997), who developed the theory of fusion plasma,
created the Stellarator concept and proposed space telescopes; and Swedish physi-
cist Hannes Alfven (1908-1995), who developed magnetohydrodynamical concepts
such as Alfven waves and was awarded the Nobel Prize in Physics in 1970.

Plasma exists at various temperatures and densities as shown in Figure 1.9. Ex-
amples of plasmas on earth include natural lightning, fire, and the beautiful Aurora
seen at the poles, while 99.9% of visible matter in the universe is in the plasma
state. At the center of the Sun, hydrogen density is 9 x 10%>/cm? (1,000 times solid

Sun Center | > el
T 1 : By A

108atm - .
10” - i 1'[‘\/ FIREX(Laser Fusion
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® o
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o™ I
g Sun S“"}a"e " ITER(Magnetic Fusion) 1
> Tatm | '
L Lr‘ -
0 Thunder
c P
S 10
(m]

[Chromsphere

\

——Candle
15 "'"“"'---....,__ Sun Colona

10" p=——mo1

Aulola!

102 103 104 105 106 107 108 109 1010

Temperature (K)

Figure 1.9 Various plasmas at different temperatures and densities. Standard gas (atmospheric
pressure, absolute temperature of about 273 K) contains 2.7 x 10? molecules/m?>. Solid hydrogen
contains 4.8 x 10?® atoms/m>
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density, 150 g/cm?), the temperature is 15 million degrees, and the pressure reaches
400 billion atmospheric pressure. In the solar corona, the density is 10°~10°/cm?,
the temperature is more than 1 million degrees. Typical solar wind parameters are
densities of 1-10/cm? and temperatures of 0.1-0.5 million degrees.

The parameters of the ionosphere 80-500km above ground are densities of
10°%/cm?® and temperatures of about 1,000 degrees. In this case, only some of
the atoms and molecules are ionized forming weakly ionized plasma. The den-
sity of weakly ionized plasma in a candle flame is 10%1°/cm?® and the tempera-
ture is several thousand degrees. From the Saha equation, the degree of ioniza-
tion @ = n*/(nT 4 ng) for the ionization equilibrium of a neutral atom and ion
(X 2 Xt + e) is given below [15]:

o 3 x 1077

V;
S — T(eV)3/4 . 1.22
o= P (eV) eXp( T (1.22)

no(m=3)

For humans to get fusion energy, an engineering scheme has to be developed so
that high-temperature plasma can be confined in a limited area under a magnetic
field, while plasma is thermally shielded from the vessel, and heat from fusion has
to be extracted. Therefore, properties of the plasma must be understood to control
the plasma.
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Chapter 2

Hydrogen Fusion: Light Nuclei and Theory
of Fusion Reactions

Deuterium, tritium, neutron, and helium are the main players in the reaction (D +
T — He + n + 17.6 MeV; see Figure 2.1) to realize the Sun on Earth. In the mi-
croworld of atoms and nuclei, particles exhibit wave characteristics, and nuclear
properties and reaction mechanics are governed by the Schrodinger wave equation.

These players have interesting properties. An encounter between deuterium and
tritium results in the formation of a compound nucleus through the tunnel effect at
a fractional energy of 500keV Coulomb barrier potential. The compound nucleus
has a high reaction probability near 80keV due to the resonance phenomenon. In
this way, nature gives humans a chance to use this reaction.

Fusion reaction __Hellum
Deulerlunl - {

R .’\/Q%
N J

O  oar
Tritium Neutron
e ()

Figure 2.1 The fusion reaction

2.1 Fusion: Fusion of Little Nuts

The fusion that we are currently trying to achieve in ITER is the reaction of deu-
terium and tritium. This is different from the hydrogen fusion that takes place slowly
in the Sun. “Nucleus” is a Latin word meaning “little nuts” [1]. Deuterium and tri-
tium form a “compound nucleus” (a concept originating from N. Bohr), >He (he-
lium), when they get close enough to each other for the nuclear force to operate
beyond the Coulomb barrier when the distance r is less than 3 fermi if we use nu-

M. Kikuchi, Frontiers in Fusion Research. © Springer 2011 15
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clear radius formula R, = 1.1 A'/? fermi (1 fermi = 107" m; A is mass number)
as seen in Figure 2.2.

The kinetic energy of the incident nuclei is distributed to nuclei in the compound
nucleus. And, the neutron and helium, which have large energies, will, by chance,
escape from compound nucleus.

D+T—H* - 3jHe+n. 2.1)

Let Unax be the barrier height for charged particles, Unax = e? /(@dmegr) =
0.48 MeV for r = 3 fermi as seen in Figure 2.3. Fusion will occur if the relative
energy of deuterium and tritium is larger than 0.48 MeV, but it is difficult to raise
the temperature to this level (3.7 billion degrees).

However, thanks to the wave nature of particles, fusion can occur at low energy
(several 10 keV) by penetrating the Coulomb barrier. This is called the tunnel effect.
Scattering and penetration of the particle beam can be investigated by solving the
Schrodinger equation under the Coulomb field (the potential V = e?/(4meor))
(see note). This Schrodinger equation was first derived by Austrian physicist Erwin
Schrodinger (1887—-1961) who was awarded the 1933 Nobel Prize in physics.

In the Sections 2.2-2.5, deuterium, tritium, helium, and neutron will be described
as the fuel and products of the fusion reaction.



2.1 Fusion: Fusion of Little Nuts

Note: Schrodinger’s Wave Equation [2]

In the world of atoms (radius of 107'%m = 1 Angstrom (10\)) and nuclei (ra-
dius of 107 m = 1 fermi), the motion of matter exhibits a “particle nature”
and “wave nature.” In 1905, Einstein, explained the photoelectric effect through
the concept of “photons” (light quantization) with energy in proportion to fre-
quency.

E =ho. (2.2)

Here, 7 is Planck’s constant, which was introduced by German physicist
Max Planck (1858-1947) to describe black-body radiation. The wave nature of
the particle (“matter—wave”) is given by the French physicist de Broglie (1892—
1987) with the following matter—wave relation:

p = hk . (2.3)

From the relation of light quantization and matter—wave, the Austrian physi-
cist E. Schrodinger (Figure 2.4) derived a wave equation to describe the dynam-
ics of the atomic world in 1926. In general, “wave” amplitude ¥ is expressed as
Y = exp(ik-x —iwt), and relationships (d/0x)y¥ = iky and (3/02)Y = —iw Y
hold. In other words, the wave number k and angular frequency @ correspond
to differential operators (d/dx) and (d/dt), respectively.

ik = 9/dx (2.4)
—iw = 0/0t . (2.5)

Let the matter of the atomic world have energy £ and momentum p. As-
suming the energy conservation law of Newtonian mechanics based on macro-
scopic world p?/2m + V(x) = E applies similarly to the microscopic world
of matter—wave, the microscopic energy conservation law can be obtained by
using the Equations 2.2 and 2.3 as follows

Rk?/2m + V(x) = ho . (2.6)

Substituting wave number and angular frequency from Equations 2.4 and 2.5
into Equation 2.6 results in the following equation of the differential operator
consistent with the energy conservation law,

—(h?/2m)d*/0x* + V(x) = ih d/0t . .7

Application of differential operator relation (2.7) to the wave amplitude
from left leads to the following Schrodinger’s wave equation.

[—(h?/2m) 3% /x> + V(x)] ¥ = ih(3/d1)y . 2.8)

Stationary solution of the wave amplitude is obtained by solving the eigen
value problem by setting ¥ = u exp(—iEt/#h).

[—(#*/2m)9*/0x* + V(x)|u = Eu . (2.9)

17
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In classical mechanics including the theory of relativity, the variables that
appear in physics, represents numerical values, and there is a one-to-one corre-
spondence between the variable and the number. Physical quantity is, in prin-
ciple, measurable and can be regarded as a numerical value. However, this re-
lationship is broken in quantum theory, physical quantity is not the physical
number but becomes an “operator”’, which itself does not correspond to the
measurement. Following this idea, momentum p becomes a differential opera-
tor —if d/0x, energy E becomes the differential operator i d/0z.

Figure 2.4 Erwin Schrodinger who created the Schrodinger equation governing the dynamics
of microscopic worlds

2.2 Deuterium: Nucleus Loosely Bound by a Neutron and Proton

The deuterium nucleus consists of one proton and one neutron. Among the com-
binations of the two nuclei, p-p, n-n and p-n, the only possible bound state is p-n,
which is deuterium [3]. Deuterium was discovered in 1932 by American chemist
H.C. Urey (1893-1981; Figure 2.5(a)) [4], who showed that 1 of every 7,000
hydrogen atoms is deuterium. Urey was awarded the 1934 Nobel Prize in Chem-
istry.

The bound state of a proton and a neutron to form deuterium can be treated
as a two-body problem of the nuclear force between a neutron and proton. Then,
its state can be solved using the Schrodinger wave equation (2.9) if the potential
field V(r) is given. The nuclear force between the neutron and proton is the meson
exchange force (see the note) and is represented by a central force given by the
potential V' as a function of the distance between nucleons r only. This nuclear
force is termed a “strong interaction” and has a range of quite a short distance.
While long range interaction is explained by the exchange of massless photons,
strong interaction is explained by the exchange of mesons with an intermediate mass
between that of protons and electrons. Here, the potential is approximated by the
graph given in Figure 2.6 for simplicity.
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Figure 2.5 (a) H. Urey and (b) M. Oliphant who discovered deuterium and tritium, respectively
(Courtesy of the Australian National University)
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Figure 2.6 Potential model and wave function as a function of distance r from the center of
gravity of the neutron and proton in the deuterium nucleus. For deuterium, ¢ = 0.4 fermi, b =
1.337 fermi, rq = 2.1 fermi, Uy = 73 MeV, E, = 2.225MeV [3].

Scattering experiments suggest a minimum distance ¢ ~ 0.4 fermi between
a proton and neutron. Therefore, the wave function is zero at r < ¢ (regionI in Fig-
ure 2.6) (existing probability is zero). The potential outside (region II) is negative
since the attractive nuclear force works. The wave function (ru) in region Il is a sine
function A sin K(r — ¢) (A and K are constants). The wave function in region III
(where the nuclear force does not work) is Be ™" (B, k are constants) considering
the boundary condition of ru = 0 at r = co. The width b of region II, and poten-
tial Uy can be determined by the condition of the smooth connection of wave func-
tion at the boundary of region II and III then matching the condition to the measured
binding energy and nucleus radius rq of deuterium, leading to » = 1.337 fermi,
Uy = 73MeV, respectively. Here, the physical relation between wave function in
region III and the binding energy E}, is interesting. The decay rate k of the wave
function is related to the binding energy as k ~ ES'S, which implies radial decay
of the wave function is weak with a probability that two nucleons will stay in re-
gion III (~ |rug|> ~ e~¢" from Born relation) and becomes larger if Ej, is small.
In other words, the two nucleons are not strongly bound and are easily separated.
Conversely, if the binding energy Ey, is large, the wave function decays rapidly in
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region II1, resulting in a low probability that the nucleons will separate . The binding
energy of deuterium Ey, = 2.225 MeV is small and the wave function decays slowly
in the r direction, while the wave function in III decays rapidly for helium-4 since
E, = 28.3MeV.

Now, let us consider U caused by the attractive nuclear force. A nucleus confined
in a small space (a few fermi) via Yukawa’s meson nuclear exchange force, will have
a very large wave number K = (m.(Uy— Ey,))*> /h = 1/1.09 fermi), which implies
large kinetic energy of the nucleon (E = p?/2m; ~ K?h?/2m, ~ 50 MeV: m, is
reduced mass). This means that the nucleon is moving around at breakneck speed
in the nuclear potential. To keep this nucleon confined, Uy must be several tens of
MeV.

Heavy water (chemical symbol D,0, chemically bonded two deuterium and one
oxygen) exists at about 158 ppm (ppm: part per million) in seawater, and ~ 140 ppm
in the freshwater. There is approximately about 5 x 10'* ton of deuterium on the
planet since the volume of seawater is 1.8x 10'® m3. Since the amount of combustion
of deuterium in a 1 GW level fusion reactor is about 73 kg per year, there exists 70
billion years of resource even if one assumes 10,000 nuclear fusion reactors. Heavy
water can be manufactured by electrolysis. Commercially, the GS [GS: Girdler—
Spevack] method is used to produce heavy water from fresh water using an isotopic
exchange method. Specifically, hydrogen is exchanged in a countercurrent between
H,S (hydrogen sulfide) and H,O (water). At room temperature, deuterium is ex-
changed with hydrogen in the water (H,O 4+ HDS — HDO + H,S) and at high tem-
perature (100 °C or more), deuterium is exchanged with hydrogen in the hydrogen
sulfide (HDO + H,S — H,0 4 HDS). Thus heavy water production is mediated by
hydrogen sulfide. The energy consumed in the manufacturing process is quite small.

Note: Yukawa’s Meson Theory [3, 5]

To form a “little nut” by binding neutrons and protons, a new force, the “nu-
clear force,” was needed; this is different from gravity or electromagnetic forces,
which were known in the nineteenth century. The first answer to this question
was given by Japanese physicist, Hideki Yukawa (1907-1981; Figure 2.7). This
force is called a “strong interaction.” In the Coulomb interaction, the particle
produces a “field” in the space and the force is formed by the interaction of the
field with another particle in the space. From a quantum mechanical perspec-
tive, it seemed to Yukawa that emission and absorption of massless photons
between particles produces this long-range Coulomb force, the so-called “ex-
change force.” To explain the short-range nuclear force, Yukawa considered it to
be an exchange force associated with a finite mass particle or “field with mass.”

The wave equation of the electric field [0%/0x? — 82 /(c?3t%)]U = 0 can be
obtained by applying quantization rules for the momentum p — —i%k d/dx and
energy E — ih d/0t to the photon momentum equation —p? + (E/c)* = 0.
Then, the “field equation” with rest mass m has to be obtained by applying the
quantization rules to the relativistic momentum balance equation of the particle,
—p? —m?c® + (E/c)* = 0 as follows,
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[hza—z—mzcz—hzia—z]U =0 (2.10)
dx2 2otz | i
The static solution of this equation is called the Yukawa potential U =
ge™ " /r. The fundamental difference to the long range Coulomb field by pho-
ton exchange force is that this nuclear force decays quickly with radius at
r > ro ~ 1/k = h/mc due to finite mass. Yukawa predicted the mass of
the exchange particle to be 200 times the electron mass considering a 2 fermi
range of interaction of nuclear force. This is & meson. The 7 meson was dis-
covered by the British physicist C. Powell (1903—-1969) in cosmic rays, and was
found to be 273 times the mass of the electron. For this achievement, Yukawa
and Powell received the 1949 and 1950 Nobel Prize in Physics, respectively.

Figure 2.7 Hideki Yukawa who explained strong force by the exchange force of me-
son (Courtesy of Yukawa Archival Library, Yukawa Hall, Yukawa Institute for Theoretical
Physics, Kyoto University)

2.3 Tritium: Nucleus Emitting an Electron and Neutrino

Hydrogen with mass number 3 is called tritium. The word “tritium” comes from
the Greek word meaning “third.” The nucleus of tritium consists of one proton and
two neutrons. Tritium rarely exists in nature, and is made only in the atmosphere by
cosmic rays. This element decays into helium-3 by emitting a high-energy electron
beam (see Figure 2.8). This is called beta decay and has a half-life of 12.26 years.
Tritium was first produced in the laboratory by Australian physicist M. Oliphant
(1901-2000; Figure 2.5 (b)) in 1934 by colliding deuterium [6]

Tritium as fuel of DT fusion is generated by the nuclear reaction of neutron with
lithium. The DT fusion produces neutrons and these neutrons can be used to generate
trittum by the reaction with lithium (Figure 2.9). Therefore, high temperature plas-
ma is covered with a device called a “blanket” containing lithium to generate tritium.

Lithium has two isotopes (°Li and "Li) and the abundance of SLi and "Li in nat-
ural Li is 7.4 and 92.4%, respectively. Tritium is created by neutron absorption. The
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SLi reaction °Li + n — 3T + *He + 4.8 MeV is an exothermic reaction, while the
"Li reaction 'Li + n — 3T + *He + n’ —2.5 MeV is an endothermic reaction. The
cross-section of the ®Li reaction is of the 1/v type and it readily reacts at low energy.
Meanwhile, the 7Li reaction is called the “threshold reaction” whose cross-section
becomes nonzero above a critical energy. The reaction rate for °Li is much larger
than that from "Li. Therefore, a net energy production occurs in the blanket. There is
233 billion tons of lithium in seawater and the resources can be thought of as infinite
if low-cost technologies for the recovery of lithium from seawater are established.

¢ Lithium resources (reserve base): 9.4 million tons (3.7 million tons of reserves)
* Resources in the sea: 233 billion tons
* Annual production: 21 thousand tons/year (1996) (low demand)

Salon: Beta Decay and Neutrinos

A strange thing happens in the beta decay. While the sum of the mass and ki-
netic energy is conserved in other nuclear reactions, it seems that the sum of the
energy and mass are not conserved for beta decay. In other words, the beta-rays
do not have energy equivalent to the mass lost by the beta decay. It is a famous
story that Prof. Bohr, one of founders of the quantum mechanics, almost gave up
the energy conservation law. This issue troubled physicists for a long time, but
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in 1931, Swiss physicist W. Pauli (1900—1958) proposed the theory that an elec-
trically neutral particle is emitted by the beta decay. It was named “neutrino”
(meaning “little neutron” in Italian) by E. Fermi. Based on this theory, Fermi
constructed a theory of beta decay, considering that during beta decay, a neu-
tron is converted to a proton, electron, and neutrino in the nucleus. By assuming
the existence of the neutrino, energy, momentum, and angular momentum are
conserved. The existence of this neutrino was confirmed, 25 years after Pauli
proposed it, by the proton—neutrino reaction in a water tank by F. Reines and
C.L. Cowan in 1956. Given the existence of the neutrino, the beta decay of tri-
tium is given as *H — 3He + e~ + v +18.6 keV. The mass lost by the beta
decay of tritium A My can be calculated using the fact that mass of a beta-ray
M(P) is the electron mass M (e)

AMy = Mx(H) — (Mx(He) + M(B)) (2.11)
= M,(H) — M,(*He) = 2 x 10u = 18.6keV(= Ej) .

Here, My and M, are the masses of the nucleus and atom, respectively. The
maximum and average energy of beta-rays emitted from tritium are 18.6keV
and 5.7 keV, respectively. The difference between lost mass (mass defect) and
beta-ray energy is the energy of the neutrino. Whether a neutrino has a mass
is a long-discussed question in physics. Beta decay of tritium, has been used
to determine the maximum value of the neutrino mass due to its low elec-
tron kinetic energy. In 1995, A.1. Belesev [7] showed that neutrino mass to
be m, < 4.35eV. In 1998, the existence of neutrino mass was confirmed by
the observation of neutrino oscillation between pu neutrino and t neutrino [8].
Decay phenomena such as beta decay are generally very long compared to the
duration of a nuclear reaction, which implies the interaction to be a weak force
rather than a strong force binding the protons and neutrons in the nucleus. Re-
cently, studies of neutrinos are expanding as the field Neutrino Astrophysics.

2.4 Neutron: Elementary Particles with No Charge

The neutron was discovered by the British physicist J. Chadwick (1891-1974) in
1932. A particle with a mass similar to a proton and no charge was considered to
explain the nuclear spin by Rutherford around 1920, and was named “neutron” by
the American chemist W. D. Harkins in 1921. Neutrons have no net charge, but their
center has a slightly positive charge distribution, which is cancelled by a slightly
negative charge distribution in the periphery. The mass is distributed within a radius
of about 0.8 fermi.

A neutron is slightly heavier than a proton and the difference is about twice the
electron mass (1.29 MeV). Neutron alone cannot exist stably, and decay to a proton
emitting an electron and neutrino with a half-life of about 12min (n — p + e +
v). The mass of the neutron is greater than the sum of the masses of a proton and
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Figure 2.10 A neutron is heavier than a proton by two electron masses. (a) It is difficult for a pro-
ton to react due to the Coulomb potential. (b) A neutron can easily get into the nuclear potential
inside the nucleus at low energy. In the potential well, particle energy becomes higher due to the
attractive strong force and its wave number becomes much larger than the wave number in free
space

an electron, and the mass difference leads to the energy release. This reaction was
confirmed in 1948 by observations of the electrical bending of protons and electrons
from the beta decay of a strong neutron beam in a large cylindrical tank.

Natural decay of isolated particles always seems to end with a decrease in mass.
Since the mass of neutron is larger than that of a proton by about double the electron
mass, a neutron easily decays to a proton while it is difficult for a proton to decay to
a neutron. Whether proton decay occurs has become an important research subject
in physics, which led to the construction of “KAMIOKANDE” in the Kamioka mine
to detect the proton decay.

Tritium, which has two neutrons and one proton, is subject to beta decay, while
a nucleus having nearly the same number of protons and neutrons can exist stably
without beta decay. Why is that?

If the state after beta decay is a higher energy state than the initial state, beta
decay will not occur naturally. Since the proton has a charge, conversion of a neutron
to proton in the nucleus may produce extra Coulomb energy and beta decay will not
occur in such a case. Conversely, Coulomb energy will not increase in beta decay of
a free neutron and beta decay will occur. The neutron in the nucleus can thus exist
stably and becomes a proton or neutron by exchanging = meson.

Figure 2.10 (a) shows schematics of charged particle collision in the Coulomb
potential. A low energy particle is repelled and does not reach the nucleus. Fusion is
areaction between charged particles, and the charged particles must be close enough
to be affected by the nuclear force beyond the Coulomb barrier. This requires the
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charged particles to have high energy, which leads to the requirement of production
and control of plasma at a few hundred million degrees.

Figure 2.10(b) shows schematics of neutron collision without Coulomb poten-
tial. In this case, neutrons at room temperature can enter into the nucleus. Fission
utilizes this property to produce energy from uranium by the absorption of neutrons.
In this sense, fission is much easier than fusion. The ease of the fission reaction led
to the success of Fermi in producing the first chain reaction in 1942. Problem asso-
ciated with fission energy exists in different aspect as discussed in Chapter 10.

Salon: Interaction of Fusion Neutron with Material

Neutrons at almost room temperature (~ 300K) cause a fission reaction in
a thermal fission reactor, while about 1 MeV (3 x 107 times thermal neutron)
per neutron is produced in the fast reactor. When high-energy neutrons dive
into the material, its atoms may be dislocated due to collision with neutrons.
This is called the neutron irradiation damage. In the past, swelling and blis-
tering happened in fast reactors, but we now have radiation resistant materials
improved by adjusting the composition of materials. A fusion neutron has an
energy of 14 MeV, ten times that of a fast reactor, which may lead to the greater
complexity of neutron irradiation damage

Thanks to the experiences with materials in fission, reduced activation fer-
ritic steel (RAF), SiC/SiC composite materials, and vanadium alloys are being
developed as materials to withstand a powerful fusion neutron. These materials
are being developed with a target, 150-200dpa (150-200 times dislocation of
material atoms). Among them, RAF is considered to be a primary candidate
material for DEMO (DEMOnstration Power Plant) reactors. Research to lower
the ductile to brittle transition temperature (DBTT), reduce creep deformation
at high temperature, and study transmutation He effects by 14 MeV neutrons is
continuing.

2.5 Helium: Stabilized Element with a Magic Number

Helium is an element with two protons and two neutrons, and its mass number is
four. The origin of the name of helium is the Greek word “helios” meaning the Sun.
When a solar eclipse was observed in India on August 18, 1868, British astronomer
J.N. Lockyer (1836—1920), who launched the prominent scientific journal Nature,
observed the solar corona and discovered a new emission spectrum. He thought that
the emission came from unknown element, which he called as “helium.” As shown
in Figure 2.11, the binding energy (mass defect) of “He is extremely large compared
to that of hydrogen and lithium.

This characteristic cannot be explained by Weizsaecker—Bethe’s nuclear “liquid
drop model” in which energies from surface tension and Coulomb repulsion, etc.,
are taken into account. Such a large binding energy for a particular nucleus is ex-
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plained by the nuclear “shell model,” where neutrons and protons form energy lev-
els under the average nuclear potential and become stable when a particular energy
level is filled up. Helium is composed of two protons and two neutrons, forming
spherically symmetric potential. The potential shape for a neutron is different from
that for a proton as shown in Figure 2.12 since only nuclear potential operates on
neutrons while Coulomb potential is superimposed for protons.

Under these potentials, protons and neutrons can take discrete energy states, in-
dependently. This energy level can be obtained by solving the Schrodinger’s wave
equation. In the case where the potential is proportional to the square of the distance
(harmonic oscillator: V(r) = cr?), the solution for such a potential is well-known
asu = R(r)Y (0, ¢), where Y (0, ¢) represents the spherical harmonics and R(r)
is the function including Laguerre polynomials. The energy level is expressed by
E, = -Uy+ (n1 + (3/2)hw) (ho = (2U0h2/mRC2)1/2), wheren; =2(m—1)+/
where n is the principal quantum number and / the azimuthal quantum number, re-
spectively. Ground state (lowest energy level) is £y = —Uy + (3/2)hw forn; =0
(n = 1,1 = 0). For the non-zero azimuthal quantum number /, the nucleon has its
angular momentum around the center of the nucleus (orbital angular momentum:
L = rmv = lh). The number of nucleons to the / state is the number of degenerate
states of the level (2/ + 1) and is 1 for the ground state.
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In the nucleus, there is a spin of the nucleon itself in addition to their angular
momentum to the center of the nucleus. The value of the spin for neutrons and
protons is also quantized and the spin angular momentum associated with rotation
of the nucleon itself is 1/2. The states of the spin are clockwise and counterclockwise
rotations with respective values of +1/2 and —1/2.

In helium, two nucleons sit in the ground state (principal quantum number
n = 0), defined for neutrons and protons independently. In the ground state of “He,
each nucleon takes the orbit with the orbital angular momentum O (called the 1S or-
bit). It is mysterious in some sense that protons and neutrons form an independent
energy state. Although protons and neutrons form the nucleus via meson exchange,
they behave as if there is no relationship between them. The recent nuclear experi-
ment shows that they are not completely independent.

“He is the first one in the closed-shell state and *“2” is the smallest “magic number
(2,8,20,...)". This leads to large binding energy for *“He. Thus, the *He nucleus is
particularly stable and abundant in the universe created by the Big Bang.

Salon: Production and Uses of Helium

Commercially available helium gas is refined from natural gas from wells, while
you might get the helium gas from the atmosphere. Natural gas fields in Algeria
and the United States contain high concentrations of helium (1-7%). Lunar rock
contains a large amount of helium blown in from the Sun as the solar wind and
3He is expected to be a raw material for fusion for the use of bases on the Moon.
Helium is a light (1/7 of air or less) and stable (not burning) gas and is used
for balloons and airships. However, helium atoms are small, and permeate glass
and rubber. This is the reason why balloons inflated with helium gas deflate. In
addition, the cryogenic liquid helium is used as a coolant to achieve ultra low
temperatures (below —269 °C) for magnetic fusion devices and linear motor
vehicles using superconducting magnets. In fusion reactors, such as the Sun
on Earth, hydrogen isotopes are fused to produce this stable helium and the
lost mass is converted to energy. In future magnetic fusion reactors, energetic
helium will be created in the hot plasma and the superconducting magnet of the
magnetic fusion reactor will be cooled by cold helium.

2.6 Fusion Cross-section: Tunneling Effect and Resonance

In previous sections, we reached a certain degree of understanding about the na-
ture of deuterium, tritium, neutron, and helium, which are fuel and products for the
fusion reactions we are currently investigating. Now, we will talk about the wave
dynamics and the cross-section of fusion reactions following Mott and Massey [9].
The classical orbit in Coulomb scattering is given by the hyperbolic curve, r =
ro/(1 —a cos ¢) (in the center of mass coordinate) shown in Figure 2.13.
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Note: Particle Motion in Central Field [10]

If the potential energy between two particles depends only on distance, the force
field is called the central force field and is given as F = —(dU /dr)r/r. In the
center of the mass system, angular momentum M = r X p is conserved. Since
M is constant, r stays on a plane perpendicular to M. In the polar coordinates
(r, @), the Lagrangian is given as,

L =m@?+r2>) —Ur) . (2.12)

Since L is independent of ¢, canonical momentum conjugates to ¢, M =
Py = mr*¢ is conserved. Substituting this relation into the energy conservation
relation E = m(#2 + r2¢*) + U(r), we obtain

d
d—: = V2(E —UGr))/m — M2/ (m?r?) . 2.13)

In the case of repulsive Coulomb potential U(r) = e;e; /(4mweor), the parti-
cle orbit is given by following hyperbolic curve.

r=—1 (2.14)
1 —wacos¢
where
M? - 2EM? 015
n=———"—0H—, o= _— .
0 my(ejej/4meg) my(ejej/4meg)?

Since M = bmu and E = m,u*/2 (b is impact parameter in Figure 2.13, u
is particle speed at infinity), we can convert these parameters as follows,

2 2
LA (2.16)
bo

)
2
bO
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where,

eiej
by = yv—
dmweomyu

(2.17)
The wave front of the incident wave should be perpendicular to this hyperbolic
curve. Let k be the de Broglie wave number, the wave front satisfying this criteria is,

z 4+ by Ink(r — z) = const. (2.18)

where by = e;ej/(4meomu®) = 7.2x1071°Z; Z; / E, (€V) (m), called the Landau
parameter. The incident wave is already distorted at infinite distance before encoun-
tering the nucleus since the Coulomb field operates to infinity. So, the incident wave
is given by explik{z + by Ink(r — z)}].

For a non-relativistic collision E, = p?/2m, = h’k?/2m,, and the Schrodin-
ger’s wave equation (2.9) becomes [0?/dx? + (k*> — B/r)]¥ = 0, where B =
myeje; /2meoh®. Substituting ¥ = exp(ikz) F(x), F should have the form F =
F(r—z). Then, the wave equation becomes {d? F/d¢?+(1—ik¢)dF/d¢—(B/2)F =
0 for ¢ = r — z. Taylor expanding F (F = )_ an{" (ap = 1)) and substituting into
the wave equation gives a, and F is found to be the hyper geometric function F as
follows,

v =exp(—ma/2) (1 + ior)el*? F(—ia, 1;ik¢) . (2.19)

Here « = B/2k, F(a,b;z) =Y I'(a+n)'(b)z"/T'(a)/T'(h)/T(n + 1) is a hy-
pergeometric function, I" is the gamma function. Permeability of the Coulomb bar-
rier P is then given from wave function at the origin as,

VE./E
P(E/E.) = _ VEJE (2.20)
expvEJE —1
4
mee
E.= ——— =0.984, (MeV) . 2.21
sea (MeV) 2.21)

Here, m, is the reduced mass (m,my/(m, + myp)) between particles a and b,
A; is a mass number of the reduced mass, gy is the vacuum permittivity
(= 8.854 x 10"2F/m), and # is Planck’s constant. Figure 2.13 shows permeabil-
ity of the Coulomb barrier P against £/ E.. The critical energy E. given by Equa-
tion 2.21. For the T(d,n)*He reaction, it is 1.18 MeV, while numerically fitting E to
reproduce the measured fusion cross-section is 1.27 MeV showing good agreement.

A particle with reduced mass jumping into the nuclear potential, will have higher
kinetic energy than the original one (de Broglie wavelength shorter than the orig-
inal de Broglie wavelength). Such big changes in wave number will cause a reso-
nant interaction within the nucleus. For the DT fusion reaction, resonance energy
and resonance width are E, = 78.65keV and I' = 146keV, respectively (Fig-
ure 2.15). The probability amplitude of a material wave is large since the compound
nucleus *He has an energy level corresponding to a certain boundary condition.
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The compound nucleus is unstable and will decay at a decay time constant. The
decay time constant T and the resonance width I" have the relationship I't = #,
the decay time is calculated as T = 4.5 x 107! s since I' = 146keV. This time
is much longer (100 times) than the transit time of a nucleon with Fermi energy,
F =2R/vp = 4.4 x 1073,

The fusion cross-section, considering the above, is given as,

i’y
(E—-E)+T?/4"

o, = nx*P(E/E.) (2.22)
Here, i’ = h2(2ME)™!, and the second factor comes from the Breit—Wigner

formula of resonance cross-section [12], here I; ~ k ~ 1/E 05 Tn fact, the mea-

sured values of the fusion cross-section are given in a form of Equation 2.22 [13].

Ecl 1
or =0y tal. (2.23)
Ejlexp Ea/E; — 1] [1 +4(E; — Eg)?/ I} }

Here, oy = 23.79b, E; = 2.11MeV, E; = 78.65keV, I7 = 146keV,
o = 0.0081 for the T(d,n)*H reaction [12]. Figure 2.16 shows DT cross-section
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of nuclear fusion reactions (in the laboratory system) illustrating the dependence
on deuterium energy. Deuterium energy in the laboratory frame E; is related to
the energy in the center of mass frame E as £ = m/(mq + m)E; and thus
E.=0.6E,; = 1.27MeV.

Recently Li et al. [14] gave more clear analysis of fusion cross section. Using
the Landau’s analysis of resonant scattering of charged particles [12], they derived
different form of fusion cross section using the optical potential (= U, + iU;) for
D + T reaction as follows,

b4 —4w;

Oy = k292 w; + (wi _ 9_2)2

(2.24)

where 02 = (exp((E./E)"?) —1)/27 and w = w, + iw; = cot(§y)/6* where
dy is phase shift due to nuclear potential. Using approximate expression w = C; +
C,Ey + 1Cs, fusion cross-section in laboratory frame is given as follows,

7Th2 —4C3

+(Ep) = .
B = S e (Gl 4 GER + (Ca— G2

(2.25)

For DT fusion, C; = —0.5405, C, = 0.005546, C; = —0.3909 gives good agree-
ment with measured fusion cross-section.
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Chapter 3

Confinement Bottle: Topology of Closed
Magnetic Field and Force Equilibrium

In the natural fusion reactor, the Sun, dense hot plasma is confined by a gravita-
tional field. Characteristic of this force is that it is a central force field and acts in
the direction of field line. For this reason, the confinement bottle has the topology of
a sphere (Figure 3.1 (a)). In the man-made fusion reactor, high temperature plasma
is confined by trapping charged particles with the Lorentz force in a magnetic field
to sustain reaction in a small dimension of 100 millionth of that of the Sun. Char-
acteristic of this force is that it acts in a direction perpendicular to the field line.
For this reason, the confinement bottle has the topology of a torus (Figure 3.1 (b)).
In this chapter, force equilibrium is treated to confine high temperature plasma in
the topology of a torus. Practically, the magnetic field line dynamics is treated us-
ing the methodology of analytical mechanics and symmetry involved in the force
equilibrium is discussed.

Figure 3.1 (a) Sphere and (b)
torus

3.1 Field: Magnetic Field and Closed Magnetic Configuration

Danish physicist H. C. Oersted (1777-1851), during the years 1819-1820, discov-
ered that a compass needle directs to a fixed point by some force when it is placed
near a wire carrying a current from a battery invented by Italian physicist A. Volta
(1745-1827) (Figure 3.2 (a)). This power is called the magnetic force. British physi-

M. Kikuchi, Frontiers in Fusion Research. © Springer 2011 33
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cist Michael Faraday (1791-1867) gave a novel interpretation of this phenomenon,
suggesting that the space around the wire is in a special state by driving the cur-
rent, instead of the explanation that a remote force works between the current and
compass needle. The key here is the way of thinking “the space itself would be dif-
ferent.” “Field” as a nature of the space was a concept that attracted Einstein’s atten-
tion. “Vacuum” as state of nothing originated from Greek philosopher Democritus
(460-370 BC). The vacuum can have a different state with a “magnetic field” and
this state can have energy.

This magnetic field has a direction, and various phenomena can be explained if
we assume that a virtual line, “magnetic line of force,” exists along the direction of
the magnetic N-pole as shown in Figure 3.2 (a). Magnetic field lines form a circle
when circular coils are arranged in a donut shape as shown in Figure 3.2 (b). The
donut-shaped space, the torus can be arranged inside the coil. Longitudinal current
in the torus produces the magnetic field lines linked to the torus as shown in Fig-
ure 3.2 (c). A tokamak-type magnetic configuration which is said to be closest to the
fusion reactor, is shown in Figure 3.2 (d), a superposition of the magnetic field lines
shown in (b) and (c). The equation describing the magnetic field lines is dx/Byx =
dy/By = dz/B; or B xdx = 0. This equation is equivalent to the condition of the
extremum of the path integral called the “action integral” (variational principle) as
will be described in Section 3.4. In this case, the action integral is expressed by the
path integral of the vector potential A (proof will be given in Section 3.4).

5/A.dx=o. (3.1)

Faraday, in 1821, found that force acts on the current in the magnetic field
(F = J x B, where F is force, J the current, B the magnetic field. Orientation is
determined by Fleming’s left-hand rule). Consider a charged particle with charge g
(Coulombs) and velocityv (m/s) moving in a magnetic field B (Tesla), the current
is given by gv and the force acting on the charged particle is F = gqv x B. This is
called the Lorentz force. Ions and electrons in the magnetic field have a circular mo-
tion (Larmor motion) with a radius defined by the balance between the centrifugal
and Lorentz forces. On the other hand, they move in a straight line in the direction
of the magnetic field. A combination of these two motions appears to be helical
(Figure 3.2 (d)). It is difficult for the charged particles to escape perpendicular to the
magnetic field. The method of confining hot plasma using this principle is called
“magnetic confinement.” Magnetic confinement becomes efficient if the field line is
closed since charged particles move freely along the field.

The study of the structure of closed magnetic field lines to confine the hot plasma
is called the theory of plasma equilibrium. Famous examples are the axisymmetric
magnetic configuration called the tokamak invented by A. Sakharov (1921-1989)
of Kurchatov Institute in the former Soviet Union [1] (Figure 3.2 (d)) and the stel-
larator (helical in general) invented by Lyman Spitzer Jr. (1914-1997) of Princeton
University in the USA [2] (Figure 3.3).

In both configurations, there exists some region where field lines are closed and
do not intersect with material walls and the high temperature plasma is confined.
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Figure 3.2 (a) When the current flows, a magnetic field is generated around the current. (b) Ar-
ranging circular coils around the torus and energizing the coil produces a magnetic field in the
toroidal direction. (c) The toroidal plasma current produces a magnetic field linking the torus.
(d) A combination of (b) and (c) creates twisted magnetic field lines and is called a tokamak

TH

UL LR LR LA L LR LY L) R L LA

1H

Plasma Vacuum Vessel Poloidal Fi?',d Coils

L1

IlIIIIIllllJlIlIIIII lJlIIIIIIlIIIIIIIlIIIIUIJ

S, 7 " .
~._/ Field line Plasma i i | i i l i
1 1 AL L L
He“CaI COIIS 24 29 34 i 44 49 54
R(M)

(a) (b)

Figure 3.3 (a) Schematic view of helical device LHD showing how twisted magnetic field lines
are formed without a toroidal plasma current using helical coils and (b) a typical example of flux
surface shape in LHD [3]
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Its shape is torus. It is difficult to create a closed magnetic field structure other
than the torus. For closed surfaces other than the torus, a null-field point will exist
according to the fixed-point theorem of mathematics. Important characteristic of the
closed magnetic configuration is that a toroidal magnetic field line densely covers
a constant pressure toroidal surface. A simple closed line cannot confine the plasma
with a pressure difference. The closed surface should be formed by the magnetic
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field line and torus-shaped plasma has to be confined in it. Thus the problem of
covering the surface with a magnetic field line becomes important. If the magnetic
field line trajectory is on the surface, it is called “integrable.”

Note: Integrable System [4—6]

“Integrable” is a term in classical mechanics, having its origin in the many-body-
problem of celestial mechanics, and is plainly explained in Diacu and Homes [4].
French mathematician J. Liouville (1809—1882; Figure 3.4) gave its mathemat-
ical definition. For an equation of motion for particles in dynamical systems to
be solvable or integrable, it is key to find some kind of symmetry (in dynamical
systems, to find an ignorable coordinate). An N degrees of freedom system of
Newtonian mechanics follows the Hamilton equation, and phase space flow is
known as an incompressible flow. N = 1, i.e., a one degree of freedom Hamil-
ton system (x, vy) is always integrable since the Hamiltonian of the system is
always conserved. The system moves along H (x, vx) = constant contour.

Motion of N = 2, i.e., a two degrees of freedom Hamilton system (x, y, vy,
vy) is described as dynamics in 4D phase space (position ¢ = (x,y) and
momentum p = (px,py)). Its solution is limited on the hyper-surface of
H(q, p) = constant = E (3-dimensional manifold with constant energy). If an
additional first integral @(q, p) = constant exists, the flow line of phase space
motion is on the curved surface (2-dimensional manifold) limited by H(q, p) =
constant and @(q, p) = constant. Such a case is called an “integrable system.”
Known 2-dimensional integrable systems are a 2-dimensional Kepler problem,
2-dimensional harmonic oscillator, and the movement of the mass point in the
2-dimensional central force field. If we cut this surface (2-dimensional mani-
fold) in a plane (for example, the x = 0 plane), the flow line becomes a line
in the plane. On the other hand, flow lines cut in a plane have a 2-dimensional
spread for the non-integrable system.

Figure 3.4 J. Liouville who studied the mathematical nature of integrable systems. He de-
rived the famous theorem, the “Liouville-Arnold theorem” [5]. He is more famous for his
theorem, the “Liouville theorem,” in phase space dynamics, which is given in Chapter 5
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3.2 Topology: Closed Surface Without a Fixed Point

Considering the confinement of hot plasma in a region of 3-dimensional space, the
boundary must be a closed surface. Figure 3.5 shows the characteristics of the flow
on a torus and a sphere as typical closed surfaces. In the torus, there is no point
where flow field vector becomes zero (called a “fixed point”) as shown in Fig-
ure 3.5 (a) and (b). On the other hand, the flow field on the sphere necessarily has
a fixed point, as shown in (c) and (d). Since the hot plasma will leak from the fixed
point where the magnetic field is zero, the sphere cannot be used for magnetic con-
finement.

We can provide a little more familiar example of this nature, “when the wind is
blowing on the Earth, there is always somewhere to rest.” This is commonly true for
the Earth, rugby balls and coffee in a cup.

Mathematically speaking, all surfaces “homeomorphic” to a sphere will have
fixed points. This means that the sphere and torus have different topologies. The
surface property of a sphere and torus does not change even if they are bent or
stretched. A geometrical property, which is not changed by continuous deforma-
tions, is called the “topology” of the object. It should not vary during continuous
deformations of bending and stretching.

French mathematician Henri Poincaré (1854-1912) proved the theorem:
“A closed surface that can be covered with a vector field without a fixed point is
restricted to a torus.” This is called the “Poincaré theorem” [7-10]. The Poincaré
theorem is important for high temperature plasma confinement. Consider the bound-
ary surface of the magnetic confinement, the plasma will leak from the zero point
of magnetic field vector. To confine the hot plasma, the surface must be covered
by a non-zero magnetic field. This is why we use toroidal geometry for magnetic
confinement.

The people of ancient Greece aware that the regular polyhedrons are limited
to regular (4) tetrahedron, regular (6) hexahedron, regular (8) octahedron, regular
(12) dodecahedron, and regular (20) icosahedron. Let the number of vertices of
a polyhedron be p, the number of sides ¢, and the number of the polygon r, the
Swiss mathematician L. Euler (1707-1783) found the relation p — g + r = 2 for

Figure 3.5 Topological properties of torus and sphere. (a) and (b) flow in the torus surface, where
flow field without a fixed point can be formed. Flows in (a) and (b) are said to be commutable. (c)
and (d) flow fields in a sphere always have a null-vector point (fixed point: o)
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@ (b) @

Figure 3.6 (a) Elimination of a triangular prism from a sphere produces a torus and fixed points
can be eliminated. The number of vertices is the same as the sphere, the three sides (the sides of
the triangular prism) increases by for each face. (b) A regular point and its enclosed loop (dashed
circle). (c) Vector field touches a side from inside the triangle i. (d) Vector field through the vertex
of the triangle

any regular polyhedron. For example, in a regular tetrahedron, the number of ver-
tices p = 4, of sides ¢ = 6, of polygonr = 4, givestheindex K = p—q +r = 2.
This relationship holds not only for regular polyhedrons but also for polyhedrons
homeomorphic to a sphere, and is called “Euler’s polyhedron theorem.”

K=p—qg+r 3.2)

is the “Euler index.” The relationship always holds irrespective of any division of
the sphere by triangles.

Then, what will happen to the Euler index if the torus is covered with trian-
gles? Drill the sphere from top to bottom to eliminate the triangular prism as in
Figure 3.6 (a) it becomes homeomorphic to the torus. Then, the following relations
hold between p, ¢, and r of the sphere and p’, ¢’, and r’ of the drilled-sphere,

/

P=p. ¢d=q+3, r'=r—2+43. (3.3)

Thus, p’ + ¢ +r' = p— g + r —2 = 0. In other words, the Euler index of the
torus is 0.

Poincaré showed that Euler index is related to the characteristics of the vector
fields on the close surface. Poincaré defined the “index” of the vector field. The
non-zero point shown in Figure 3.6 (b) is called the “regular point.” The index value
defined by Poincaré becomes zero for a regular point. Here, the index is defined by
k= — E)/2+ 1, 1 is the number of vector lines from the inside in contact with
a sufficiently small loop around the point (dashed line in Figure 3.6 (b)), E is the
number of vector lines from the outside. For regular point, / = 0 and £ = 2. So
the index k = 0. The small loop in Figure 3.6 (b) can be continuously deformed
to an infinitely small triangle. In this case, I = 0 and £ = 2. On the other hand,
the index at the singular point takes a non-zero value. The index of the flow sur-
face is defined by the sum of the flow index of all points in the surface. Since the
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index of the regular point is zero, the index of the surface flow is the sum of the
index of the singular points in the plane. The index of a closed surface becomes
a sum of the index of each polygon when the surface is divided to several polygons
(additivity).

Consider the flow contacting the side of a polygon in Figure 3.6 (c)), this flow
has a positive contribution to the index of polygon i, which includes this flow but
has a negative contribution to the index of polygon e. In the end, the flow tangent to
the side does not contribute to the index of the closed surface (this discussion holds
only for closed surfaces). So, the contribution to the index of the flow comes only
from vertices of the polygon. Consider the vertex A associated with N sides, we
see N polygons share the vertex A. The number of vector fields contacting A from
outside is N —2 as can be seen in Figure 3.6 (d)). Now, the number of contacts from
inside is 0. Thus, total number of contacts of the entire closed surface (external —
internal) is the sum of (N —2) for all vertices. By taking the sum for all the vertices,
YE-TI) = ertices NV —2) = (X yerices N) —2p = 2g —2p. Here, we use that
sum of N for all vertices are twice the number of sides. Now, the sum of the flow
index for the entire closed surface )k = —> (E—1)/2+)_ 1=p—qg-+r.
Here,

polygon

K=p—q+r (3.4)

is the Euler index, and flow index of the closed surface is equal to the Euler index.
The Euler index is equal to the sum of the index of the closed surface, we can
say that the necessary and sufficient condition that a flow without a fixed point
can exist in a closed surface is that the Euler index of the closed surface is 0 and
the surface is a torus. It is known that orientable 2-dimensional closed surfaces are
limited to the sphere S2, torus T2, and n-holed torus Zn (n =2,3,...). Poincaré’s
theorem tells us that the torus has a special nature as a 2-dimensional closed sur-
face [11,12].

Salon: L. Euler and H. Poincaré

Leonhard Euler (Figure 3.7 (a)) was a famous mathematician and physicist born
in Swiss. He made a huge contribution to mathematics and physics. He solved
the “Konigsberg bridge problem” in 1736, starting graph theory as related to
topology. He gave the so-called Euler identity e +1 = 0, which was described
as “the most remarkable formula” by R. Feynman.

Henri Poincaré (Figure 3.7 (b)) was a famous French mathematician and
physicist. His works appear in this book as “Poincaré theorem on topology”
and also “Poincaré recurrence theorem” in Chapter 5. He also created a graphi-
cal method to analyze dynamical systems in which he discovered a phenomenon
now called “Chaos.” He is also famous for the “Poincaré conjecture,” recently
solved by Russian mathematician G. Perelman [12].
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(b)

Figure 3.7 (a) L. Euler and (b) H. Poincaré

3.3 Coordinates: Analytical Geometry of the Torus

Torus topology can be described without using “coordinates” as in Euclidean ge-
ometry. However, coordinates should be introduced to understand the physics of
the torus, quantitatively. French philosopher René Descartes (1596-1650; Fig-
ure 3.8 (a)) published Discourse on Method in 1637, and in its appendix “Geom-
etry,” described how to assign numbers, called “Descartes coordinates,” to a geo-
metric shape. Descartes made the greatest contribution to the science by appointing
numbers to all points in the plane by introducing x — y coordinates (Figure 3.8 (b)).

Efforts to provide the most appropriate coordinates for the torus produced “Hama-
da coordinates” as a typical example (Section 3.6). Here, we consider general curvi-
linear coordinates, where space is expressed by 3-dimensional curvilinear coordi-
nates [13,14]. If we express the most fundamental Cartesian coordinates as (x, y, z)
and, the position vector is given by x = xex + ye, + ze. Let the general curvi-
linear coordinates (u', u2, u®) be given by the relations, ul =ul (x, v,2), u? = u?
(x,y,2), w =l (x, v, z) (see Figure 3.9). The following relation is satisfied be-
tween the gradient vector Vu! and the tangent vector dx/du’, and is called the

“orthogonal relation.”
Here
;oox 0!
~ o' o' o'
Vu' = x — — |e;, 3.6
= (50 (7)o (5 GO
ox ax dy 0z

+—jey+—.ez . (37)

ul Wex u
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Figure 3.8 (a) René : N SV :
Descartes who introduced [N i S _| _____ I

(b) “coordinates” in geometry. ! ' I(XJY),
His most famous philosophi- ~ [REEE———— . — . I LI T JE _____ L

cal quotation is “cogito, ergo : : ;
sum” ; ; ; —
N L
-----
.....

(b)

u'=const line

Figure 3.9 General curvilinear coordinate system in a torus. Vu! is a gradient vector normal
to u! surface. dx/0u? and dx/0u> are tangent vector on the u' surface and are perpendicular
to Vu!

For example, the tangent vector dx /du? is a differentiation under u' and u* =
constants, so it is tangent to u> = constant line on u' surface (see Figure 3.9).
Naturally, dx /du? is orthogonal to Vu' (and Vu?), which is perpendicular to the
u' (and u?) plane. A similar relation holds for dx /du?. Then, a useful expression
Vu'! = J~! (0x/0u® x dx /0u?) is obtained (#1). Here, J is called the Jacobian
(#2). Similar relation dx /du' = JVu? x Vu? are also obtained. Including a sim-
ilar relationship for u? and u* yields, the following relations and are called “dual
relations.” Let (i, j, k) = (1,2,3),(2,3,1), (3,1, 2) (#3),

. 1 ( dx ox

[ —_ —_—
il = 5 (auf x auk) (3.8)
9 .
a—;. = IVl x Vuk (3.9)

here,

ox ( ox ox

J=— = x =
3u2X3u3

P ) (Jacobian) (3.10)
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Orthogonal and dual relations are fundamental to the geometry of general curvilin-
ear coordinates. Other formulas can be obtained from them. Any vector field (e.g.,
magnetic field) can be expanded using the gradient and tangent vectors in general
curvilinear coordinate system by using orthogonal relation

. 0
B = Z,: B’ # (Contravariant form) (3.11)
B = ZB,-Vui (Covariant form) (3.12)
B' =B -Vu! (3.13)
ox
Bi=B . (3.14)

Here, B! is called contravariant component and B; is called covariant component.

Consider the trajectory of the magnetic lines of force in a general curvilin-
ear coordinate system. Let s be the position coordinate along the magnetic field
lines, the magnetic field orbit is given by dx/ds = b (b = B/|B]|). Since
dx/ds = Y (0x/0u’)du’ /ds, the inner product between dx/ds = b and Vu'
and the orthogonal relation leads to,

du' Jds = b - Vu' . (3.15)

Since {Vu’} is not an orthogonal system in the general curvilinear coordinate
system, the inner product of a vector is expressedas A - B = > A;B' = > A'B;
using the orthogonal relation. Applying vector rotations V x Vu! = 0 and VB; =
3" 0B;/du’ Vu’ to Equation 3.12, the following relation for the rotation of a vector
is obtained using the dual relation (Equation 3.9) (summation runs for (i, j, k): right-
handed),

0B;
Vx B = Z Z o

i=1,3j=13

dB; 9B;7 ox
} (3.16)

' xVul = J7! / =
v k;g[f)u’ dul | duk

Applying the dual relation (Equation 3.9) to the vector expansion (Equation 3.11),
the divergence of the vector is obtained taking V- (Va x Vb) = 0 into account,

i
=J7'y 313 . (3.17)

V-B = VZB’

oul ou’

Here, V-B = V-3 B'dx/ou’ = V- JB'Vu/ x Vu* = S (0JB Jou’)[Vu' -
Vu/ x Vuk ]. The relation between covariant component B; and contravariant com-
ponent B/, B; = Y g;; B/ is obtained by substituting Equation 3.11 into Equa-
tion 3.14, where g;; = (dx/du’) - (3x/du’) (#4). Substitution of Equation 3.13 to
Equation 3.12 gives B' = Y g B;, where g/ = Vu' - Vu/. Matrix [g;;] is the
inverse matrix of [g/¥] as seen from B; = = Y giB =Y gijg g’k By = > 8ik Bk
The formulas for line, surface and volume integrals are given by,

/B dx = /B-(ax/au")dui (3.18)



3.4 Field Line Dynamics: Hamilton Dynamics of the Magnetic Field 43
/B~da = /B -Vuk J dut du’ (3.19)

/ fdv = / £J du'du’du® . (3.20)

Here, dx = (dx/du’)du’ for line integral, da = (dx /du’)x(dx /du/)du' du’/ =
Vu* Jdu'du’ for surface integral, dV = Jdu'du?du’ for the volume integral are
considered.

#1: Expand Vu' as Vu' = a;(0x/0u?) x (0x /0u?) + a(dx /0u®) x (3x/du') +
az(dx /du')x(dx /0u?) and take the inner product with -dx /du', -0x /0u?, -0x /du°.
#2: Jacobian J is originally defined to measure the volume of the coordinate system.
The volume between (1!, u?, u?) and (u' + du', u? + du?, u? + du?) is given by
dV = [(dx/du')du'] x [(0x /0u?)du?] x [0x /du*du’] = Jdu'du?du? consistent
with its definition.

#3: (1, j. k) =(1,2,3),(2,3,1),(3, 1,2) is called right-handed.

#4: Metric tensor is originally defined to measure the distance of two points in
the space. Infinitesimally small distance between two points is given by dx =
> (dx /dut)du’. So, (dx)> = 3 gijdu’du’ consistent with the original definition
of the metric g;;.

3.4 Field Line Dynamics: Hamilton Dynamics
of the Magnetic Field

A magnetic field is a vector field without source and sink, and therefore is incom-
pressible as a flow field (V - B = 0). For the incompressible flow, the volume of
the fluid element is conserved along with the flow. The dynamic system is similar to
incompressible flow in that the phase space flow is incompressible. From this simi-
larity, the theory of magnetic field lines flow can be constructed using the Hamilton
form in analytical mechanics (Note 1) [6, 15].

Let ¢ be the toroidal angle of the torus and 6 the poloidal angle (choice of ¢ and
6 is arbitrary). In general, the magnetic vector potential A(V x A = B) is given
by A = ¢VO — ¢y V¢ + VG (G is the gauge transformation part) (#1), then, the
magnetic field B can be expressed by following symplectic form.

B =V¢xV0—Vy x Vi . (3.21)

It is easy to show this expression satisfies V - B = 0. Let us choose our coor-
dinates (¢, 6, ) and find the orbit of the magnetic field along the toroidal angle ¢.
Using Equations 3.15 and 3.21, the following are obtained:

& B-VO Y
&~ B-VI 0’
dp B-Vo 3y
da ~ B-Vi 90

(3.22)
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This seems to be a Hamilton equation in the dynamical system if we regard y as
the Hamiltonian, 6 as the canonical coordinate, ¢ as the canonical angular momen-
tum, and ¢ as time. Thus, the magnetic field line has the same mathematical structure
as the Hamilton system. This property is derived from the incompressibility of the
magnetic field. In canonical Equation 3.22, v is, in general, not only a function of
¢ (e, v = ¥ (¢, 0,7)), so the magnetic field lines are not necessarily integrable
and its structure can be complex. Integrability in a dynamical system has a close
relation with the existence of magnetic surfaces in magnetic confinement and chaos
is closely related to the disruption of plasma.

In analytical mechanics, the variational principle is formulated using Hamilton’s
action integral S = [ [p-dx/dt— H]dt leading to the Hamilton equation (Note 2). If
we use relations p — ¢, dx/dt — d6/d¢, H — i introduced for Equation 3.22,
we reach S = [ [pdf/dl — Y]de = [[pVO — ¢y V(] -dx = [ A - dx (gauge
part of vector potential VG does not contribute to the integral since it becomes the
difference in boundary values after integration, that is zero). Thus, the variational
principle to give the magnetic field line orbit is,

8S=8/A-dx=0. (3.23)

Actually, since

3 o ay dp v d($56)
§5(6,¢) = / [(d_g“ - %) 8 — (d_§ + @) 86 + T } . (3.24)

8 [ A -dx = 0 gives Equation 3.22 (total derivative, 3rd term of right-hand side is
zero after integration since boundary value is fixed in the variational principle). This
coordinate system (¢, 6, {) is termed the “magnetic coordinates.”

#1: Any vector A can be expressedas A = A, Vu + AgV0 + A¢V{ in the general
curvilinear coordinates (u, 6, ¢). If we define ascalar G by G = [ A, du (0G/du =
Ay) and consider VG = dG/duVu + 0G/00VE + dG/ILVE, A can be expressed
as A =VG+(4g—0G/00)VO + (A; —9G /L) VL. If we define ¢ = Ag—0G/ 06
and ¥ = —A; + 9G/0¢, we reach general expression for the vector potential A =
¢VO —y Vi + VG.

Note 1: Hamilton Equations in Dynamical Systems [15]

British physicist [saac Newton (1642—1727) showed in Principia (1687, 1723)
that the motion of the object can be described by Newton’s equations of motion,
dp;/dt = 0V /0dx;,dx; /dt = p;/m.Then about 100 years later, another British
physicist, W. Hamilton (1805-1865) in 1835 derived the following equation
from Newton’s equation, now known as the Hamilton equation.

dx;/dt = 0H/dp;
dp;/dt = —0H /dx;
Here, H is the Hamiltonian, the sum of the kinetic energy 7" and the potential

energy V (H = T + V). p; and x; are called the canonical momentum and
canonical coordinate, respectively.

(3.25)
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Note 2: Variational Principle in Hamilton Form (see Section 4.1)

Lagrangian function L is defined by L = T — V. Define generalized momentum
pi by pi = dL/9¢q; and the Hamiltonian by H(q, p,t) = Y pi¢i —L(q,4,1),
the variational principle is expanded from position space (g) to phase space
(g, p), where the action integral S is defined under independent variables g;
and p,

5]

S@.p) = [ [X i - g pon)]ar. (3.26)
3}
Taking its variation leads to §S = [ Y [6p;{dg;/dt —dH /dp;}—bq;{dp; /dt
+0dH /dqg; }]d¢. Since variation §p; and J¢q; are independent, the following
Hamiltonian equation is obtained.

dq J _ oH d Pj oH
T " @ ag
One should be aware that there is other variational principle, where only
position coordinate ¢ is an independent variable.

(3.27)

3.5 Magnetic Surface: Integrable Magnetic Field
and Hidden Symmetry

In plasma force equilibrium, the plasma’s expansion force (V P) is balanced with
the Lorentz force (J x B). Here, J is the current flowing in the plasma, B is the
magnetic field, P is the pressure of the plasma. This is the basic principle of the
magnetic confinement fusion.

JxB=VP. (3.28)
From this equation, we obtain,

B-VP =0, (3.29)

J-VP =0. (3.30)

In other words, the magnetic field lies on a constant pressure surface (P = constant)
in force equilibrium. This constant pressure surface is called the “magnetic surface.”
Similarly, current field also lies on a constant pressure surface. The magnetic surface
is a surface formed by independent vectors B and J. It is a special state that the field
line orbit always lies on a surface. We choose coordinates (u', u?, u3) such that
u' = u is the label of magnetic surface, and u? (= 6) and u? (= {) are arbitrary
poloidal and toroidal angles, respectively. In the (u, 6, {) coordinates, the magnetic
field is expressed by the linear combination of tangent vectors, dx /96 and dx /9d¢.
Using the dual relation (ax/aui = JVul x Vuk),

B = b))V xVu+b3Vu x Vo . (3.31)
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Substituting this into V - B = 0 and using vector formula V - (Va x Vb) = 0, we
obtain db, /00 + db3/d¢ = 0, which leads to the existence of a “stream function” A
for the flow B on the magnetic surface.
oh oh
by=——, bi=_—.
S T T

On the other hand, b, and b3 are periodic function of (8, ¢), so the flow function &

is given by

(3.32)

h(u,0,8) = hy(u)6 + h3(u)¢ + h(u.0.) . (3.33)

Here, ﬁ(u, 6,¢) is a periodic function of 6 and ¢. Define A = ﬁ(u, 0,8)/ ha(u)
and introduce new variable 6, = 6 + A, we obtain h(u, 6, ¢) = ha(u)0y +
h3(u)¢. Flow coefficients /;(u) and h3(u) are related to the toroidal magnetic flux
2n¢(u) = [ B - dag, and the poloidal magnetic flux 27y (u) = — f B - dag as
follows:

d d
% = —h3(u), £ = hy(u) . (3.34)
Then,
B =V¢xV0,—VyxVi=VopxV(,—/q). (3.35)

Here, ¢ = d¢(u)/dy(u) is called a safety factor. The first expression of Equa-
tion 3.35 coincides with Equation 3.21, but there is an essential difference in that ¢
and ¥ are functions only of the magnetic surface label u. @ = 6, —{/q is called the
“surface potential.” The expression B = V¢ x Va is called “Clebsch form.” The
coordinate u is equivalent to the toroidal magnetic flux ¢ and (u, 0y, ¢) is called the
flux coordinates. In the flux coordinates (u, 0y, {), the magnetic field lines on the
magnetic surface become a straight line in the (6, ¢) coordinates, whose gradient is
given by

Qo BV 1
¢ B-V{  q@)

This gradient can be regarded as the “oscillation frequency” of angle variable 6,
when we regard ¢ as the “time” variable. In fact, the magnetic field in the force
equilibrium is given by Equation 3.35 and the vector potential A is given by 4 =
¢VOn — ¥ V. The action integral S to give the magnetic field line trajectory is
given by

(3.36)

S=/A-dx=/[¢d9m—1/fd§]. (3.37)

The integrant of this action integral has a form of action-angle variables in clas-
sical mechanics (Jdg — H(J)dt) where ¢ and 0, play the roles of “action” and
“angle,” respectively. Similar to previous section, ¥ and ¢ play the roles of the
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o= constant

Poloidal flux
2n p=—JB-dS,
[ ~
\ B=V¢xVa

7 ¢ =constant

Flux surface

Toroidal flux
2n¢p=JB-dS

(a) (b)

Figure 3.10 (a) Definition of the magnetic surface and fluxes of toroidal plasma and (b) the geo-
metric meaning of the Clebsch expression of the magnetic field

Hamiltonian and time, respectively. In classical mechanics as the time ¢ advances,
dH/dJ gives the “oscillation frequency of the motion” if the system have periodic
motion in 6 direction. In magnetic field line dynamics, the oscillation frequency of
the motion is dyr/d¢ = 1/q [16]. The system Lagrangian L is given in the flux
coordinates (¢, O, ¢) from Equation 3.37 by

dbm
L=¢-7 — V(o) . (3.38)
4
The coordinate 6y, becomes a cyclic coordinate. The Hamiltonian ¥ and canonical
momentum ¢ conjugate to 6y, and the surface function « is conserved along the
magnetic lines of force (independent of “time”).

dy B-Vy
Fraa =0 (3.39)
dp BV _
-5V (3.40)
dot_B-Voc_O 341
d&~ B-v¢ G40

Geometrically, the magnetic field B is perpendicular to gradients of both ¢ and
(B-V¢ =0, B-Va = 0) as seen from Figure 3.10 (b). The magnetic field line
trajectory lies on constant ¢ surface. The conserved quantity along the trajectory is
called the “first integral” in the dynamical system, and we call such a case integrable
if the first integral exists.

In the derivation of the flux coordinate system, no geometrical symmetry is as-
sumed for the torus plasma. But if we assume the existence of force equilibrium,
double periodicity of the torus leads to “hidden symmetry” and hence becomes in-
tegrable. In analytical mechanics and the gauge field theory of elementary particles,
classic methodology to find the conservation law from a cyclic coordinate is ex-
tended to “Noether’s theorem” (see Section 4.1) which is independent of the choice
of coordinates [17].
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Salon: Hidden Symmetry in Algebraic Equation [18, 19]

It is well known that an nth (n > 5) order algebraic equation does not have
a general solution as proved by Norwegian mathematician N. H. Abel (1802—
1829). If there is a solution through root of power and arithmetic operations,
there should be symmetry against the exchange of solutions as investigated by
French mathematician J. L. Lagrange (1736—1813). This hidden symmetry in
the algebraic equation led to the foundation of group theory by French mathe-
matician Evariste Galois (1811-1832). By using group theory, he identified the
solvable condition of 5th order algebraic equations.

3.6 Flux Coordinates: Hamada and Boozer Coordinates

The flux coordinates in Section 3.5 impose only one constraint 6, = 6 + A to
the two arbitrary angle variables 6 and ¢. So, there is one more arbitrary factor to
add to the angle variables. In fact, Equation 3.35 is invariant under the coordinate
transformation 0y, = 0y + (¢, O, ¢) and & = ¢ + q(P)n(¢h, O, &) for arbitrary
function 1(¢, O, £). Thus freedom remains for the combination (6y,, ¢). Using this
arbitrariness, Hamada and Boozer coordinates are defined in this section.

Discussion of the flow functions in Section 3.5 can be extended to the current
density vector as well as the magnetic field. Using flux coordinates (u, 8, ) with
u as a label of the magnetic surface, B and J tangent to the magnetic surface can
be expressed by the tangent vectors on u plane, dx /96 and dx /d¢. Using the dual
relation (3x /du’ = JVu’/ x Vu*), B and J are given by

a=aVi{xVu+a;VuxV0 (a=B,J). (3.42)

For the equilibrium state, the current density J is incompressible as well as the
magnetic field, V-a = 0 (a = B, J). From the vector formula V - (¢pa) = ¢V -a +
a-Voand V- (VF x VG) = 0, we obtain da, /06 + daz/d¢ = 0. So flow field a
has the stream function h on a magnetic surface,

o o
— a; = — .
a9

Since a, and a3 are periodic functions of (6, {), stream functions for the magnetic
field (A = b) and current density (A = j) are given by

a, = (3.43)

b(u,0,8) = by(u)0 + bs(u)¢ + b(u,,0)

- (3.44)
JW.0.8) = jp(u)0 + j3)¢ + j(u.0.0) .

Here 15(14, 6,¢), j(u,0,¢) are periodic functions of  and ¢. Coordinate transfor-
mations to remove them are given by 6, = 6 + 0; and ¢, = ¢ + ¢, where 0; and (;
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are given by
5 f_ ’Tb —l; . ’Tb
91=M, 1=M. (3.45)
b j3 — b3 jo by j3 — b3 jo
The flux coordinates thus obtained (u, 6, ;) are called (in a broad sense)
Hamada coordinates. Coefficients of the stream functions of the magnetic field
and current density, b, (1), b3(u), jo(u), j3(u) are related to the toroidal magnetic
flux within the magnetic surface 27¢(v) = [ B - da¢, poloidal flux 27y (u) =
— [ B -dag, the toroidal current flux 27 f (u) = [ J -dae, and the poloidal current
flux 27w g(u) = [ J - dag by the relationships ¥’ (u) = —b3(u), ¢'(u) = by(u),

g () = j3(u), f'(u) = j»(u) as follows,

B =V¢xV(n—1Cn/q) . (3.46)
J =V xV(r—8n/qs) . (3.47)
Here, ¢ = d¢/dv(u) and g5 = —df(u)/dg(u). B and J have to be lin-

early independent to enable coordinate transformation to the Hamada coordinates,
byjs — bsja # 0 (g # qj). Defining surface functions by « = 6, — {;/q and
ay = 0p,—Cp/qr, B and J canbe expressedby B = V¢pxVaandJ = V f xVay,
which leads to B-Va = 0 and J -Va; = 0. Both magnetic field and current density
are given by straight lines in Hamada coordinates. This Hamada coordinates were
derived by a Japanese physicist, Shigeo Hamada, (1931-2001; Figure 3.11 (a)) in
1962 [20]. Hamada called it the natural coordinate system and they are now called
“Hamada coordinates.” Consider the expression of magnetic field and current den-
sity in the flux coordinates (¢, 6,,, {). Using Equation 3.44, B and J are given by,

B=V¢xVO,+q 'VixVe (3.48)
oh oh

pod = —a—cv; XV + 2=V x Vb (3.49)

h=f'(@)0n+ g @+ v(g, 0, 0) . (3.50)

Here, we replace the notation to j, = f'(¢), j3 = &' (¢) and j = v to match
notation of Boozer [13]. Substituting Equations 3.48, 3.49 and VP = dP/d¢ V¢
into Equation 3.28, we obtain a relation of stream function dh/d¢ + g ' 0h/d6,, =
—poJ dP/d¢. Taking flux surface average (27r)~2 f d¢d6,, and using the relation
dV/d¢ = [ Jdb,,d¢ (volume enclosed by ¢ is given by V = [ J d¢d6,,d?), we
obtain g'(¢) + f'(¢)/q = —uoV'(¢) P’ (¢). Taking difference of two equations,

we obtain 9 +1 9 av o )ZJ dpP s
—+—— v = — —2n —_—. .
0¢ " qa6m) "~ "\ g dg

Case for v = 0 corresponds to Hamada coordinates. Therefore, Jacobian of Hamada

coordinates is given by J = (27)"2dV/d¢ and is a flux function. If we change

coordinate ¢ to v = V/4x2, Jacobian of Hamada coordinates is given by J = 1.
From Equation 3.49, B satisfying V x B = uJ is given by,

B =g(p)Vi+ f(@)VOn —v(9.0n.5)Ve + VF (., . 0) . (3.52)
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Figure 3.11 (a) Shigeo
Hamada who invented
Hamada coordinates (with
kind permision of Nihon Uni-
versity) and (b) Alan Boozer
who invented Boozer coordi-
nates (with kind permission
of Prof. Boozer)

(b)

Here, F is the magnetic scalar potential satisfying Vx B = 0. The case where v = 0
in Equation 3.51 corresponds to the Hamada coordinates. US physicist A. Boozer
(Figure 3.11 (b)) found another set of flux coordinates in 1981 [21]. In the Boozer
coordinates, the gauge term V F in Equation 3.51 is eliminated by the transforma-
tion. Here, we show that such a coordinate transformation exists by using the re-
maining freedom of coordinate transformation. Boozer coordinates are given by the
coordinate transformation (0p, {p) = (Bm + 1, ¢ + q(¢)n) and Equation 3.52 reads,

B =gV + [@)VO, + Vo, B=VéxVa, (353
_ F($.6m0) L

NG b0 0) = o s @ =6 -0/q (3.54)

B = 1. 00. @D @) + /(@) — V(. 0. 0) . (3.55)

Two-way expressions of B in Equation 3.53 is especially useful to simplify the
particle orbit equation (see Chapter 4). The magnetic field in Boozer coordinates
(¢, Op, £p) can be transformed into the following form,

B=Vy+8Ve, B =VéxVa, (3.56)
1=8@D)p+ [ @) . B=PB«—8g @) — [ ($)Op . (3.57)

Corresponding to this form, (¢, «, x) are called Boozer—Grad coordinates and
are one of the variants of Clebsch coordinates (coordinates using the two Euler po-
tentials ¢ and o are called Clebsch coordinates). It is important to note that B is
expressed in two ways (covariant form and Clebsch form) in two Boozer coordi-
nates.

3.7 Ergodicity: A Field Line Densely Covers the Torus

Figure 3.12 shows the magnetic surface of the torus plasma in the cylindrical coor-
dinate system (R, ¢, Z). We use the flux coordinate system (¢, 6,,, {) in which B
is expressed by B = V¢ x V(6,, — ¢/q) and its trajectory along toroidal direction
db,,/d¢ = 1/q(¢) is a straight line with a gradient 1/g. We choose the toroidal
angle of cylindrical coordinates for ¢ of flux coordinates.
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Figure 3.12 The definition Poloidal flux
of magnetic field and current 2ny = -[B-dS,
density fluxes in a torus

Poloidal current flux
2ng = [J-dS,
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Magnetic surface

Toroidal flux Toroidal current flux
2n = [B-dS; 2nf= [J-dS,
Figure 3.13 Locus of 2n—r ——
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Consider the magnetic field starting from the point on the magnetic surface
(¢,0) = (Co,0), poloidal rotation angle per one toroidal rotation is given by
Af = 2m/q and field line returns to the point 8 = 2n/q + 6y at { = {p. If
0 > 27, 27 is subtracted so that 6 is within [0, 27r). Repeating this procedure, the
sequence of points g6y, g26, 230, g*00. . ..., g’ 6y are drawn on the ¢ = ¢, plane.
The poloidal angle of the sequence of points {g/ 6} is given by 8/ = 2xj/q + 6.
This mapping to some plane (¢ = {p in this case) is called “Poincaré mapping.” Let
real semi open set @ = [0, 2), this mapping is the mapping from ® to O itself
(g:0 — 0O, g0y = 0y + 2r/q for 8y € ®). Now, when ¢ is a rational number,
i.e., integers m and n exist to satisfy ¢ = m/n, rotation by mapping g™ is given
by 0™ = 2nm/q + 6y = 2nm + 6y and returns to the original position (o, 6p)
(“identity mapping”). See Figure 3.13.

However, if ¢ is an irrational number, it can be proved by using “reduction to
absurdity (reductio ad absurdum),” originating from Aristotle (384-322 BC), that
the magnetic field line will not return to the original point after any toroidal circula-
tions. In fact, if we assume that it returns to the original position, it contradicts the
assumption of an irrational number, and it goes around the torus infinitely. Then, it
can be shown by Poincaré mapping that the sequence of points {g’ 6} will densely
cover the poloidal circumference. The magnetic field line is a 1-dimensional line.
The line is a 1-dimensional set and the width of the line is zero according to Eu-
clid’s definition. If we place two lines side by side, there will still be a gap between
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them and we cannot form a continuous surface. However, we can reduce the gap
infinitely. Then, we can form a magnetic field line originating from ({o, 6y) passes
at any closest distance of any position of the torus.

Considering the magnetic field lines on the torus surface, the magnetic field is
said to “densely cover the torus” if there always exists a field line in any neighbor-
hood (closer distance if we set arbitrary ¢ > 0) of any point on the torus. In general,
the set A (set of points of a magnetic field line, in this case) is said to densely cover
the set B (torus magnetic surface, in this case) if there exists a point of the set A at
any neighborhood of any point in set B.

The fact that the magnetic field densely covers the torus when ¢ is irrational can
be proved by using reduction to absurdity [5]. Consider an arbitrary poloidal angle
6y at ¢ = ¢, and its neighborhood U . Since mapping points {g*} continue indefi-
nitely (do not return to any previous point), the mapping series {g’ U } also continues
indefinitely. If there is no intersection among mapping series, the poloidal length of
the mapping series becomes infinity and contradicts a finite poloidal circumference.
Therefore, this mapping series of the neighborhood should have a common set. This
means that there are integers k > 1 and / > 1 (k > /) such that gkU n gl U # @,
then g¥'U NU # @, and 6 = g¥~ 6, should be in the neighborhood of 6. Since
the choice of ¢y is arbitrary, there is a field line point (£o, g¥~6p) in the neigh-
borhood of arbitrary point (&, 6p). “Densely covered” is also termed “ergodically
covered.” This stems from the “ergodic hypothesis” in the phase space to derive the
“principle of equal weight” by L. Boltzmann.

In the force equilibrium of the plasma, the safety factor ¢ continuously changes
with different magnetic surfaces, and the range of ¢ is a real closed interval. In this
real closed interval, the number of irrational number is uncountable infinity. On the
other hand, the number of the rational number is countable infinity, and the so-called
“measure” is zero (see the salon).

Salon: Wonder of Infinity [22]

The German mathematician Georg Cantor (1845-1918; Figure 3.14), a famous
founder of set theory, investigated the “number” or “number line”” which relates
the point in a line to a number. For example, the number of natural numbers
is infinity, but they can be counted as 1,2, 3, ... and are said to be countable
infinity (“denumerable”). Counting infinity is different from counting the finite
number. In 1874, Cantor showed that a set of rational numbers has the same
number as a set of natural numbers using a “diagonal argument” (the “same
number,” to be precise, means there is one-to-one mapping between a set of
natural numbers and a set of rational numbers). Natural numbers are discrete
and rational numbers are dense on the number line. Rational numbers always
exist in any neighborhood of any point in the number line (a set of real num-
bers), by which the set of rational numbers is said to be dense everywhere in the
set of real numbers. It is the nature of infinity that such different sets of rational
and natural numbers have “equal numbers.”
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In 1874, Cantor also showed that real numbers are uncountable using “re-
duction to absurdity” In fact, assuming real numbers of set [0, 1] are countable,
he expressed a real number by an infinite decimal, arranged in a series in a ver-
tical column with numbering (1,2, 3, ..., n) from the top. Then, he picked up
each digit at n decimal places to form a new number (the diagonal number) and
added 1 to each digit of the new number. It is easy to prove that this number is
not included in the series since it differs at least at the n» decimal place, which is
a contradiction (absurdity). The “infinity” of real numbers is in a higher order
than the “infinity” of rational and natural numbers [23].

Real number R has a one-to-one correspondence with a number line, and
a non-negative real number, “length,” can be defined. R*> and R> have one-to-
one correspondences with plane and space, respectively. And the corresponding
nonnegative real numbers “area” and “volume” can be defined. A set of rational
numbers is denumerable and its “length” is zero even if it densely covers the
number line. Such length, area, and volume are generalized to a concept of
“measure” [23]. This is a nonnegative real number set to meet the complete
additivity.

Figure 3.14 G. Cantor is a founder of set theory who investigated the nature of “infinity” in
depth

3.8 Apparent Symmetry: Force Equilibrium
of Axisymmetric Torus

Let us consider the axisymmetric torus, which is a major object of present fusion
research. In the cylindrical coordinate system, (R, {, Z), the ¢ is a cyclic coordinate
and d/9¢ = 0 (Figure 3.15). If we define a flux function by using the { component
of the vector potential A as ¥ = RA;(R,Z), Br and Bz in the poloidal cross
section are given as follows:

9
RBR = __w )
332 (3.58)
RBy = ¥ .

oR
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Figure 3.15 Locus of the
magnetic field in cylindrical
coordinates (R, ¢, Z)

Equation 3.58 satisfies the basic nature of B, the incompressibility condition
V-B=0(1/R)IRBR)/IR+ 0Bz/0Z =0)(V-B =0— B, =V{x V).
Also, B - Viy = 0 can be checked easily. Then the magnetic field trajectory is on
the ¥ = constant surface. In terms of terminology in dynamical system, the system
has a first integral and the orbit is “integrable.” The constant i surface is called
a “magnetic surface,” or “magnetic surface ¥.” In terms of Hamilton dynamics in
Section 3.4, the system is independent of “time” ¢ and the Hamiltonian i becomes
an invariant.

Axisymmetry guarantees that Bg and Bz can be expressed by the first inte-
gral, but it does not impose any constraint on the toroidal magnetic field B;. The
constraint on By comes from the equilibrium condition J x B = VP. In fact,
B -VP = 0Oreads d(y, P)/d(R,Z) = O0and P = P(y) is derived. Then,
J VP = Oreads d(RB;P)/d(R,Z) = 0 and RB; = F(P) = F(y) is de-
rived. Such functions of flux function ¥ only are called a magnetic “flux function.”
From the above, the following relationships can be obtained:

B =VIxVy + FVC, (3.59)
J =ug' [VF x Vi + A*y VL] . (3.60)

Here, A* = R3/OR(R™'3/0R) + 9%/0R? is called the “Grad—Shafranov operator.”
F(y) plays the role of stream function for J, = —u, V¢ x VF. Substituting
Equations 3.59 and 3.60 into J x B = VP yields,

Ay = —poR*P'(Y) — FF'(y) . (3.61)

This nonlinear elliptic partial differential equation is called the “Grad—Shafranov
equation” [24,25]. The functional form of P(y) and F () cannot be determined
by the force equilibrium (determined by the transport equations of current and tem-
perature/density). In general, the Grad—Shafranov equation is solved numerically by
giving the functional form of P(y) and F (). The Grad-Shafranov equation can
be derived using the variational principle §S = 0 [25].

S = /L(w, VR ¥z, R)dRAZ . (3.62)
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Here, g = 0¥/0R and ¥z = 0vy//dZ. The Lagrangian L is given by,

B: B}
L=RrR|-2_-2%_p (3.63)
2po 20
where, B, = |V{|/R and B; = F(y)/R. The Euler-Lagrange equation derived
from variational principle 6S = 0 is

0y ORIYr OZ Yz 0. (3.64)
And the Equation 3.61 can be obtained. Blz7 /210 plays the role of the kinetic energy
of the Lagrangian, and Bg /2o + P plays the role of the effective potential energy.
It may be natural to question why the roles of the toroidal and poloidal magnetic
field energies are different? In this variational principle, the toroidal magnetic field
and pressure are already given by By = F()/R and P = P(¢) and the problem
is reduced to obtain a solution of “motion” of .
The “flux surface average” of a physical quantity (A) is defined by the volume
integral in an infinitesimal small shell in (¥, ¥ + dy). Using dV = Jdy d6 d¢,

R anaydedr 7 5
- =2 .
LY sdydods T g

Here, / = 1/(V{ x V) - VO = 1/B, - VO is used. The flux surface average
annihilates the differential operator B - V = J~'9/96. The differential equation
along the magnetic field appears frequently in the magnetic confinement theory and
was named the “magnetic differential equation” by the famous MHD stability theo-
retician W. Newcomb.

(A) (3.65)

B-Vh=S5S. (3.66)

Here, i and S are single-valued. In a closed magnetic configuration, integrability
of the magnetic field sets a constraint on /2 and S, called the “solvable condition.”
Equation 3.66 in the flux coordinates (¢, 8, {) becomes

oh oh oh
\Y Vo -V Vo) | —V —Vo+ =V¢|=S§.
VY % V0=V 50) | S + V04 Ve | =5
Using B - Vy = 0, axisymmetric condition 04/9¢ = 0,and J~! = Vi x V@ -
V¢=B-V6 =B, V0,

(3.67)

oh S
0 B, VO’
Since 4 is single-valued, it must be the same value at § = 0 and 2. Integration
of Equation 3.67 for 8 gives the following “solvable condition.”

(3.68)

2w

S
46 =0. 3.69
/B,,-ve (3.69)
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This means (S) = 0 and application of the flux surface averaging operator to the
differential operator B - V = J~'9/00 gives (B - V) = 0. This is the origin of the
naming of the annihilator of B -V = J~13/06.

Note: Symmetry and Invariant of the Dynamical System [15]

For the case where the system has symmetry and some position coordinate g
is not included in Lagrangian L(g;,q;) (means dL/dgs = 0, but assume g
is included in L since g, is not a dynamical variable if both are not included).
Then, the Lagrange equation (see Section 4.1)

d [dL oL
m (343) — 90s =0 (3.70)
reads
i (S_L) =0. 3.71)
dr \ 9gs

Thus, generalized momentum ps; = dL/dq;s is conserved (invariant). Such a co-
ordinate is called a “cyclic” coordinate. In the system of rotational symmetry
(axisymmetric system), ¢ is not included in L and the generalized angular mo-
mentum p; = dL/9¢ is conserved. Symmetry in dynamical systems is closely
related to the existence of the invariant (integrability).

3.9 3-dimensional Force Equilibrium:
Search for Hidden Symmetry

A typical example of force equilibrium without apparent geometrical symmetry is
the stellarator concept originated by Spitzer [2], see Figure 3.16. The 3-dimensional
equilibrium may not have global equilibrium in some cases, in contrast to the toka-
mak equilibrium. There are few mathematical theories of 3-dimensional equilibrium
except for KAM theory, which treats slight symmetry breaking. The variational prin-
ciple may be useful to examine 3-dimensional equilibrium since it is independent
of the coordinate system. In 1958, H. Grad derived a variational principle (6S = 0)
equivalent to the plasma equilibrium condition J x B = V P by defining the action
integral S with a variable to B and P satisfyingV-B = 0and B-VP = 0[24,27].

2
S(B,P) = /LdV = / [B— —P} av , (3.72)
v v 2#o

1
0S(B,P) = / [—B -6B —SP} av,
Mo

where V' is the plasma volume and B - n = 0 at the plasma surface. The Lagrangian
L = B?/2juy— P is the difference between magnetic pressure and plasma pressure,
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Figure 3.16 Typical 3-dimensional toroidal equilibrium configurations with periodic symmetry.
(a) Heliotron-J (by kind permission of IAE Kyoto University) with 4-fold symmetry, (b) Wendel-
stein 7-X (by courtesy of the Max Planck Institute for plasma physics) with 5-fold symmetry and
(c) HSX (with kind permission by Prof. D. Anderson, Wisconsin University) with 4-fold symmetry

implying magnetic field energy is “kinetic energy,” plasma pressure is “potential
energy.” The magnetic field satisfying B - VP = 0 and V - B = 0 are given by,

B=VPxVo. (3.73)

Here, the flow function w is expected to be a multi-valued function containing
angle variables from the discussion of surface function in Section 3.5. Under this
strong constraint of B on the constant pressure surface, action integral S becomes
a function of w and P. Using Equation 3.73,

B-§B = (Vo xB)-VSP + (B xVP) Véw . (3.74)

Applying vector formula V - (pa) = ¢V -a + a - V¢ to Equation 3.74 and
transforming V - (P Vw x B + SwB x V P) into surface integral by the Gauss’s
theorem and set zero by the boundary conditions 6y = §w = 0, the remaining term
of volume integral of B - § B is given by,

B-§B=—[V-(Vo x B)]§P —[V-(B x VP)]Sw . (3.75)

Then the following form of 4§ is obtained by using the vector formula V - (a x
b)y=b-Vxa—a-V xb,

8S(w, P) = / [(J-Vo—-1)6P—J -VPéw] dV . (3.76)

Then,
J-Vo =1, (3.77)
J-VP =0 (3.78)

are obtained as the Euler equations to extremize S. Since J x B—VP = (J-Vo —
1)VP —(J-VP)Ve = 0, the variational principle §S = 01is equivalentto J x B =
V P. As is clear from the proof of the above, the plasma pressure P plays a role of
“potential energy” and strongly constrains the magnetic field (B - VP = 0). Mag-
netic energy plays the role of “kinetic energy” and the variational principle becomes
an extremal problem on the stream function @ under the strong constraint of P.
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If a small displacement §x of the plasma induces a pressure change 6P and the
change in the stream function éw, we obtain P = —6x - VP and éw = —éx - Vo.
The variational principle, Equation 3.76, can be rewritten in the following form
given by Kruskal-Krusrud [28]:

§S(w, P) = —/Sx [J x B—VP]dV . (3.79)

FromV:-J =0and J - VP =0, J is given by,
J=VP xVoy. (3.80)

Here, wy is a flow function for J. Using B - VP =0, wesee J x B = (VP x
Vwj)x B = —(B -Vws)VP toreach,

B -Voy=—1. (3.81)

Substituting Equations 3.73 and 3.80 into the force equilibrium J x B = VP,
we obtain the following equation, equivalent to Equation 3.78,

(Vos xVo)-VP =1. (3.82)

“3-dimensional force equilibrium” with no apparent geometric symmetry, must
have a coordinate transformation from the flux coordinates with hidden symmetry
to the real coordinate system (such as cylindrical coordinate system). The equilib-
rium problem is understood as finding “inverse mapping” x = x(u, 6, ) from the
flux coordinates (u, 8, ¢) to the cylindrical coordinates (R, ¢, Z). The variational
principle has merit in the simplicity of its coordinate-independent formulation as
an extremal problem of a single scalar function rather than vector differential equa-
tions.

Such a variational principle for 3-dimensional plasma equilibrium is imple-
mented in Hirshman’s VMEC code [28]. Introducing the virtual time “¢” into Equa-
tion 3.79 and changing §S to dS/d¢, we have,

dsS d5x
— =—|[J xB—-VP].—dV . 3.83
o= JuxB-vr (3.8
This is an evolution of the equation from the state of F = J x B — VP # 0

to the state of F = 0 with virtual displacement §x. Applying Cauchy-Schwartz
inequality, | / A*B du|* < [ |A|*>du / |B|?du to Equation 3.83, we have

2
§/|JxB—VP|2dV/'38—x

2

dv. (3.84)

d8x
B-vp].- L%y
‘/[JX b5 o

Here, the equality holds only when ddx /9t = c(J x B — V P) is satisfied (¢ can
be set 1 since éx is the virtual displacement). Convergence of this equation can be
accelerated by adding the second order time derivative (second order Richardson
scheme). By setting unknown constants in the coordinate transformation equation
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from flux coordinates {u;} = (¢, O, ) to cylindrical coordinates (R, ¢, Z), we
treat this problem as an extremal problem of (85)2. The toroidal angular variable ¢
in the flux coordinate is chosen to be same as that of the cylindrical coordinates.
Poloidal angle 6 is determined by the condition of fast convergence of the Fourier
expansion in the plasma surface, the unknown functions are x = (R, A, Z). As-
suming Fr, F,, Fz are virtual forces which are zero in equilibrium, each Fourier
component F ;”" (j = R, A, Z) should be zero in equilibrium. However, equilib-
rium with separatrix cannot be reconstructed if we expand in Fourier series. Mini-
mization of the action integral is possible numerically, but it must be noted that this
does not mean that the 3-dimensional equilibrium is obtained [30].
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Chapter 4

Charged Particle Motion:
Lagrange—Hamilton Orbit Dynamics

The motion of light and objects in nature follows an orbit in which the path integral
of the “action” becomes extremal. Fermat’s well-known optics principle tells us that
light draws an orbit such that the time required becomes minimum between fixed
point A and B. For example, Snell’s law describing refraction of light in media with
different refractive indexes can be derived from Fermat’s principle (Figure 4.1).
Nature is governed beautifully by the variational principle.

The variational principle for the object motion is expressed by Hamilton’s prin-
ciple. The complex charged particle motion, a combination of Larmor and drift mo-
tions in the confinement magnetic field, can be simplified using the above variational
principle.

Snell's law By
nysint,=n,sinb, s
refractive index njy

Fermat's principle refractive index  n:

os=o_ffm=o_[_ﬂ‘—1§ [ Cds=0 [
, e Fox

B

Figure 4.1 Relationship between Snell’s law and Fermat’s principle

4.1 Variational Principle: Hamilton’s Principle

Many natural phenomena follow the “action principle” [1-3]. The most famous ex-
ample is “Fermat’s principle” in geometric optics derived by the French mathemati-

M. Kikuchi, Frontiers in Fusion Research. © Springer 2011 61
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Figure 4.2 (a) P. Fermat and
(b) W. Hamilton

cian P. Fermat (1601-1665; Figure 4.2 (a)): “Light chooses the path that it can travel
in the minimum time.” This principle gives an image of “preestablished harmony”
as if the light knew the path to travel before it reaches the final point. This principle
implies more meaning to “time” than just being different from spatial coordinates
through its direction from past, present, and future (time arrow).

The action principle holds for object motion as well as light motion. The motion
of a charged particle in plasma follows the principle devised by Hamilton (1805-
1865; Figure 4.2 (b)), in that it chooses a path x (¢) such that following action inte-
gral defined by the Lagrangian function L(x,dx/d¢,t) = T —V (T kinetic energy,
V': potential energy) take the extreme,

t

S(x) = /dtL(x(t),fc(t),t). .1

4]

Hamilton’s principle: If the orbit from P; at ¢; to P, at #, is realized by the
equation of motion, this orbit is extremal to the action integral S[x] among
various curves between two points (P, t1), (P2, t2).

The above variational principle does not regard ¥ = dx/dr as an independent vari-
able, and is called the variational principle in Lagrange form. Using generalized
coordinates g; instead of x and 8g; = ddq;/d¢ (see Figure 4.3 (a)) the variation of
action integral §S becomes,

[5]
d (0L oL
—[aS | S (E) -2 sy 42
8 /’,Z[dr(aqi) ) ¢
1

Thus, the following Euler—Lagrange equation (Lagrange equation of motion)
must be satisfied for the path g; (¢) to extremize action integral S [1].

d (/oL oL 0. (=1 ) @.3)
— =)= i=1,....n .
dr \9¢; ) 9q; ’ ’
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S= [(p-dqldi-H(q.p.t)dt

S= | L(q.dq/di.r)de
aik [ L(g.dg/dr) t
(ailt2),pilt2))
2
t
1 (@t1),pi(t1))
t‘| t2 t ql
Path integral of Lagrange form Path integral of Hamilton form

(a) (b)

Figure 4.3 Action integrals of (a) Lagrange form in position space and (b) Hamilton forms in
phase space. System chooses orbit where action integral takes extremal among possible various
paths

For a given equation of motion, Lagrangian function does not always exist (for
example, no Lagrangian function exists for m d’r /dt> = a(r x i')). Also, the La-
grangian for a given equation of motion is not unique since addition of total deriva-
tive dG(q,t)/dt to L(q,q,t), namely L 4+ dG/dt also gives the same equation of
motion. In fact,

%) 2]
S = / dr [L(q,q, 0+ %} _ / L(g.4.0d1 + G(g(t2).12) — G(g(1). 1)

g g 4.4)

Considering §q(¢;) = 8q(;) = 0, §S(L) = §S(L + dG/dt) easily follows.
Under the variational principle in Lagrange form, initial values of generalized coor-
dinates g; and generalized speeds ¢; are both specified to define the motion, but g; is
treated as the time derivative of ¢; by definition and is not an independent variable,
thus §¢; is to be converted to §¢g; through partial integration.

There is another variational principle in Hamilton form, which is different from
the variational principle in Lagrange form above. The Hamiltonian is defined by
H(q,p,t) = > pi4i — L(q,q,t), where generalized momentum is defined by
pi = 0L/dq;. Extending the variational principle from position space to phase
space (¢, p) and treating g; and p; as independent variables (see Figure 4.3 (b)).
Then the action integral is,

2]

sw.p) = [ [Xpidi - 0] ar. *5)

Taking the variation, the following equation is obtained.

15}
) oH . oH
8S(P"IJ)=/Z[(CH—3—IT) SPi—(Pi+3—q)561ij| dr . (4.6)
tl l 1 1
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Unlike the variation on the Lagrangian, variations §p; and d¢; are independent. So,
the following Hamilton equation is obtained.

da; _ OH - dpj _ OH 4.7)
dr 8p_,- dr aq_,-

The variational principle in the Hamilton form treats §p; as independent variation
as well as 8¢;, in contrast to the case for §¢;. Both 4¢; and §p; are independent with
equal capacity. By extending the independent variables from » to 2n, the equation
of motion becomes the first order differential equation.

Note: Noether’s theorem

As mentioned in Chapter 3, it is important to find the constants of motion in
a dynamical system. A general method to find the constant of motion was de-
rived by a German mathematician A. E. Noether (1882-1935; Figure 4.4). Con-
sider the following transformation of canonical variable with infinitesimal pa-
rameters &

4 =qi +£Si(g.4.1) . (4.8)

If the change in Lagrangian L. = L(q’,q’.t) — L(q.q.t) satisfies §L =
edW(q,t)/dt (W is gauge term and L essentially unchanged, the constant of
motion is

n 9L , .,
I = Z%Si —W(g.1). (4.9)

i=1
Proof: 8L = Y (0L/dq;8q;i + 0L/03¢;iéq;) = Y [d{0L/0q;8q;}/dt —
{d(dL/dg;)/dt — 0L /0q; }6g;]. Since the second term of right-hand side is zero
from Equation 4.3, substitution of Equation 4.8 gives > [d{(dL/dg;)S;}/dt =
dW/dt, and Equation 4.9 holds.

Figure 4.4 Emmy Noether
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4.2 Lagrange—-Hamilton Mechanics:
Motion in an Electromagnetic Field

The motion of a charged particle in an electromagnetic field follows Hamilton’s
Principle and the action integral is given as the time integral of the Lagrangian
which is extreme under the boundary conditions §x (t;) = dx (t2) = 0.

19}

S[x(1)] = /La(x,ic,t)dt (4.10)

141
1
La(x,%,1) = 5ma;czJreaA(x,z)-;'c—eacp(x,z). 4.11)
Here, velocity dependent generalized potential V = e®(x,t) —ev - A(x,1)

is used in the Lagrangian. @ is the electrostatic potential. Lagrange’s equation of
motion is given by [3],

d oL, 0JL, —0 4.12)
dr ax  dax '
Then, we calculate,
oL
.a =mgX +eA

0x

oL, 0P d(A - x)
=—e;— +eq4 (4.13)

dx ox ox

and using V(4 - v) = v-VA + v x V x A (V is the derivative under constant
v = X = dx/d¢; V = d/0x is the partial derivative in Equation 4.12). So,
L P
L = eyt eg(x - V)A ek x (VxA). (4.14)
x x
Substituting of Equation 4.14 into Equation 4.12 and considering dA /dt =
dA/dt4+v-VA and E = —V® —9dA /9t, we obtain the following Lorentz equation.

d’x

mamzea[E—i-va]. (4.15)

When the Maxwell and Lorentz equations are combined they have a “Gauge in-
variance” under the gauge transformation A — A + VG, ® — @ — dG/ 0t for ar-
bitrary function G(x, t). Substituting this gauge transformation into Equation 4.11,
the Lagrangian becomes L + dG/d¢, which means that the equation of motion does
not change from that discussed in Section 4.1.

As described in the Note of Section 3.8, symmetry is key for integrability. This
is also true for charged particle motion. Generally speaking, generalized momen-
tum p; is conserved when the Lagrangian L has a translational symmetry on co-
ordinate g ;. Tokamak is an axisymmetric system and the toroidal angle { becomes
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a cyclic coordinate. So, p¢ is conserved.

L .
De = % =mg R* + e, RA¢ = constant. (4.16)
Charges in particle motion can be written in the Hamilton form. Generalized
momentum and the Hamiltonian H are defined by p = 0dL,/dx, H = p-x —
L(x,x,t) and are given by using Equations 4.14 and 4.11 as follows,

P =mgv+esA, 4.17)
1

(p—ea A +e,P(x,1). (4.18)
2myg,

1
H(p,x,t) = Emaicz +e,P(x,1) =

The first term of Equation 4.17 is the momentum of mass and the second term is
the momentum of electromagnetic field. In Hamilton form, p and x are independent
variables. The Hamilton equation for charged particle motion is given as follows,

dx . 0H

e dp (4.19)
dp  0H

d ~ ox

This equation is equivalent to Equations 4.12 and 4.15.

Note: Relativistic dynamics of charged particles [3]

We must use the relativistic expression of the Hamiltonian and Lagrangian when
charged particle velocity approaches to the speed of light and relativistic effects
becomes important.

Free particle action must be invariant for all inertial systems (invariance for
Lorentz transformation). The action form satisfying this necessary condition is
an integration of the world interval s (ds = (c2d?> — dx? — dy? — dz?)'/?),
S = C [ ds. From the condition to match the first term of Equation 4.11,
C = —mygqc is obtained. Free particle action S = —mgoc [ ds is given by,

2 t
U2
SFree Particle = —Ma0C / ds = _’nalOC2 / \ 1-— C_Z dr . (4.20)
1 1

The action describing the interaction of the particles and the field does not
change since Maxwell’s equation is invariant under Lorentz transformation.
However, the generalized potential is interpreted as a path integral of covari-
ant components of 4-dimensional potential {4, } = (@, —A) on the world line.

2 1) %)
SField—Particle = —€q /AMdXM = _/ead) dr + / eqA -dx . (4.21)
1

151 1
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Here, the second term on the right-hand side of Equation 4.21 agrees with
action Equation 3.23. From the above, the relativistic Lagrangian is given by
the following equation.

La(x,v,8) = —maoc? /1 — (;)z—i—ea(v.A —®). (422

Relativistic generalized momentum p(= dL/dv) is given by,
MgaoV

Hamiltonian H(= v - dL/dv — L) is given by,

+eqA . (4.23)

MgoC>
V1= (v/c)?

Using the relation (H — e,®)* = m2,c? + (p — ea A)>,

H(p,q,t) = + e, P(x,1) . (4.24)

H(p.q.1) = Vmac* + c2(p — eaA)? + eaP(x,1) . (4.25)

So far, only two actions of the free particle and the interaction of the particle
and field have been considered. In addition to these actions, the action of the
field itself Sgielq exists. As long as we are concerned with the motion of charged
particles in an electromagnetic field, this term is not required, but Sgiclq iS es-
sential for the dynamics of the electromagnetic field. Since the superposition
principle holds for an electromagnetic field, field action should be a quadratic
form of the field (electric field and magnetic field). Then, the following form of
SFiclq 1S obtained,

15}

E> B?

Skl = / 02 2 |avar. (4.26)
2 2o

4]

4.3 Littlejohn’s Variational Principle:
Orbital Dynamics of the Guiding Center

Charged particle orbit in an electromagnetic field is the superposition of the fast
(~ 1 GHz) gyro-motion (p(¢)) and the slow (~ 100 KHz) drift motion of the guid-
ing center (r(¢)). In plasma confinement, the behavior of the average slow drift
motion is important and its equation of motion, called the guiding center equation,
plays an importantrole. Here, we assume that time variation of the field is negligible.
The guiding center equation first derived by H. Alfven [4] has an important draw-
back that it does not satisfy Liouville theorem that all Hamilton systems conserve
phase space volume. A guiding center equation satisfying Liouville theorem can be
obtained by the variational principle using the gyro-averaged (average gyro motion)
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Figure 4.5 Guiding cen-
ter variables (r(¢): guiding
center; b: unit vector in the
direction of B; e , e ,: unit
vectors in gyro plane)

Lagrangian from Equation 4.11 for the non-relativistic case. As mentioned in Sec-
tion 4.1, there are Hamilton and Lagrange forms in the variational principle. Little-
john [5] extended the Hamilton form to the non-canonical variables z = z(q, p,?)
in phase space. This is Littlejohn’s variational principle. Let non-canonical phase
space variable z = (x, v), the Lagrangian is given by,

L(x,v,t) = (egA + mgv)-x — H(x,v,1), (4.27)

1
H(x,v,t) = Emav2 + e, P(x,1) .

Here, v becomes x as a result, but they are treated as different quantities. As
shown in Figure 4.5, x (¢) is the position of charged particles, r (¢) is the position of
the guiding center, p(¢) = p[ex cos € + e, sin ] is the component of gyro motion,
p = v1 /82 is the gyro radius, ey and e, are unit vectors which form an orthogo-
nal set with the unit vector of the magnetic field (b - (ex x e,) = 1). We obtain
x(t)=r@)+p@)andv = vb—vic (¢ = —e,sin0 + ey cos §). Then we eval-
uate gyro average from the right-hand side of Equation 4.27. Here, the independent
variables of L are (r, vy, vy, 0). Considering A - x >~ [A(r) 4+ (0A/dx)pcos & +
(A /dy)psin 0] - i + pd(—e, sin 6 + ey cos 0)], we obtain,

04,  0Ax

1 .
A-XV=A) -7 + =00 | =2 —
(A-%)= A()-F + 19 (ax -

) =A®r)-i + %szé . (4.28)

Since (v - x) = ((vyb —v.L(—exsind +ey cos 0))(F + pé(—ex sin @ + ey, cos 6)))
=vb-r—v J_,Oé, gyro-averaged Lagrangian L is given by,

L(r.ivy, @, 0,1) = eqA*(r, vy.t) - F — %ué —H(r,v,pu. 1), (429
€a

* mavi_
A* =A+ (mg/e)vb, p= , (4.30)
2B
1
Hr vy, put) = Emavf/ +uB(r) +e,(r.1) . (4.31)

Here, the variables of L are changed from (r, v, v, 0) to (r, v, i, 8), where
n= mavi/B is the magnetic moment. Also, A* = A + (mg/eq)v)b is the modi-
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fied vector potential of Morozov—Solovev [6] and H is the Hamiltonian of the guid-
ing center. The variational principle to give the guiding center motion is given by

5528/Ldt=0. (4.32)

Since the Lagrangian L does not contain gyro phase ¢, Euler-Lagrange equation
for 0 reads d/dz(dL/06) = 0 and the conservation of magnetic moment du/dt = 0
is obtained. In addition, since L does not contain v, the Euler-Lagrange equation
for v reads dL/dv; = O and vj = b - F is obtained. Also, L is free from /i, the
Euler-Lagrange equation for u reads dL/dpu = 0 and 6 = —£2 is obtained. Finally,
the Euler—Lagrange equation for the guiding center r is obtained as follows,

d (OL\ oL
= (a_r) -~ oo, (4.33)

L(r,i‘,v”,u,é,t) =eq A (r,vy.t)-F — H(r vy, u. 1),

where the second term of right-hand side of Equation 4.29 is dropped since that is
constant for variable r. This Lagrangian is called the Taylor Lagrangian.

Considering 0L/0F = eqA + mgvyb,d/dt = 9/t +F -V,and V(4 - C) =
C -VA + C x V x A for a constant vector C, we see,

oL

3—:ea(i*~VA*+;'*xVxA*)—,uVB—eaVcD, (4.34)
r

d oL . dv

AL vy (%A i va) ey (28 i v (4.35)
dr or ~ % dr “\ ot «I\ B ' '

FromF-VA* = i-VA+(mav|/eq)F- Vb, the following guiding center equation
of motion is obtained.

dog . .
magb =esF X B +e,E* —uVB, (4.36)
B* =V xA* = B + (mavj/eq)V x b, (4.37)
4™ ob
E* =— TR Vo =E — (mav”/ea)g . (4.38)

From Equation 4.36 -B* and Equation 4.36 xb, the following guiding center
equation is obtained

dU” _ 1

——_B*.(UVB — ¢ E* 439
dr 1 . .
— == [B* +bx((n/ea) VB — E*)] (4.40)
T

where

B|T=b-B*=B+(maU”/ea)b.be' (441)
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When the system is time independent, energy is conserved and v becomes space-
dependent, and m,v| Vv = —V(uB + e, P) is obtained from Equation 4.31. Sub-
stituting this into Equation 4.39 gives,

dr _ U||
d  b-B*

¥V x (A n mb) . (4.42)

€a

Morozov-Solovev equation [6]

Under the approximation b - B* = B, we have,

dr v”
—=—=—Vx(4 B 4.43
T =B X (A + p|B) (4.43)
where
MgV
p| = fBH . (4.44)

4.4 Orbital Dynamics: Hamilton Orbit Dynamics
in Flux Coordinates

If the plasma is in force equilibrium (J x B = V P), we have to develop orbit theory
in flux coordinates. The use of Boozer—Grad coordinates (¢, «, y) and Boozer coor-
dinates (¢, 6, {) described in Section 3.7 is efficient to analyze particle orbit because
field is given by both co- and contra-variant forms [7]. First, let us derive the orbit
equation under a static field using the Morosov—Solovev approximate expression.

dr v

—=—-Vx(4 B). 4.45

7B~ (A + pB) (4.45)
In the Boozer—Grad coordinates (¢, «, x), B = V¢ x Va = V x (¢Va) (A =

¢V except gauge term) as well as B = Vy 4+ fV¢.

d

d—; = %V x [¢Va + oV + p1BV] (4.46)
= U dpy B dp B oy
_E|:V¢>XV01(1—W)—I—VaxV)(%—i-VXngb(W_% )

Considering the orthogonal relation Vu! - dx/0u’/ = §;; (Equation 3.5), the
Jacobian of the Boozer—Grad coordinates / = 1/V¢ x Va - Vy = 1/B2, and
following vector relation,

dr drd¢ ~Orda  Odrdy

dr _drd¢ Orda  drdy 447
& " dpdr dadr oy dr (4.47)
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We obtain the following orbit equations in the Boozer—Grad coordinates (¢, «, ).

dg _ dr doi

P dl‘ V¢ =y B— 2 (4.48)
da _ dr doyB oy

— =— .Va=uB 4.4
a @ e ( oy a¢) (4.49)
dy dr _ I B

Pl Vy=vyB (1 T e . (4.50)

Here, the evolution of p| can be obtained either from Equation 4.51 under con-
stant H and p or from Equation 4.52 as follows,

= (e;B*/2ma)p} + 1B + o ® (4.51)
dpy _ dr 9oy 9B 3oy _ 9B Ipy

-Vpy = v B — - =) 4.52

at  dr PE= [8){ Pl dy da Jduo Oy ( )

A more accurate orbit equation satisfying the Liouville theorem can be obtained
from Equation 4.33. Eliminating the second term in the right-hand side of Equa-
tion 4.29, which is independent of the guiding center motion, we have the following
Taylor Lagrangian [8],

L(r.F) =eqA -F + (ma/2)( - b)> — uB(r) — ea®(r,1) . (4.53)
This Taylor Lagrangian in Boozer—Grad coordinates is expressed as follows,
= eqpa + 232 —Z (i + Bp)? — uB — e, @ (4.54)

where we use
eqA(r,t) -1 = e pVa - 5oa = eapa ,
bei = §(Vx-§—;x+ﬂv¢-@ )= +Bd)/B.

Using (4.55), canonical momentum P, = dL/dc and P, = 0L/0y conjugate
to @ and y, and the Hamiltonian H is obtained as follows,

(4.55)

Py =e4¢, (4.56)
Mg . .

Py = B—Z(x + Bo) = eapy (4.57)

= o B + B +e,P . (4.58)

The Hamilton equation is given by,

de 0H  dPy  0H
— = =, 4.59
dt Py dt ot (4.59)

dy 9H  dP,  9H
o S 97 (4.60)
dt 0P, dr dx
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The above Hamilton equations have independent variables Py, Py, o, x and P,
and P, agrees with ¢ and p, respectively except numerical constants from Equa-
tions 4.56 and 4.57. So, the following orbit equations for ¢, p|, & and y are obtained,

da _ OH__ gy (B capjB\ 9B @)
dr ~ e dp €a a ¢ '

d OH «p B2

_ 97 _ Gz (4.62)
dr eq0p| Mg

de OH n  eapjBY\ oB

do _ _ — (B2 4.63
dr eq 0 (ea + mg oo ( )
d OH eapiB\ 9B

bl - (£ 072 (4.64)
dr eqdy €q mg ax

Similar, but more complicated, orbit equations can be obtained for Boozer coor-
dinates (¢, 8, ¢) [9, 10].

Canonical Momentum and Hamiltonian in the Magnetic Coordinates

Even in a non-integrable magnetic field, canonical formulation is possible using the
magnetic coordinates (¢, 6, {) introduced in Section 3.4. The Taylor Lagrangian L
in magnetic coordinates is given by,
L =eq(p0 —vi) + 2—1;2(B¢¢+399+B¢§)2—;LB—ea45. (4.65)
Canonical momentum Py = 0L/ a6, Pr = 0L/ 86 conjugate to 6, ¢ and the
Hamiltonian H are given by

Py = eq(¢p + p|Bo) . (4.66)
Py = eq(—y + p1Be) . 4.67)
82
H=—"piB>+ uB +e,P . (4.68)
2myg

Here, following relations are satisfied,

mgqg V) . Mgy

= BZ(B¢45 + Bgb + B0, (4.69)

B = ByV¢ + ByVO + By V¢ . (4.70)

Pl =
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4.5 Periodicity and Invariants: Magnetic Moment
and Longitudinal Adiabatic Invariant

As in analytical mechanics, the adiabatic invariant is conserved in the case of peri-
odic motion. Adiabatic invariant J is given by,

Jzygp.dq, “.71)

Here, the integration is performed around the closed orbit C(¢) of the periodic
motion. In fact, using the following Hamilton equations of motion,

dg O0H dp oH
=", EZ=_—" (4.72)
dt ap dr oq

and setting s as parameter along the orbit, the time derivative of J is given by [11],

dJ dp dgq d (dq 95 0H dq d (0H
Lo p| P () 5= |- 4 S (S |4
d 9§[dt ds+pds(dt)} g g as TP \ap )¢

d ( oH OH B
=9§_ p——H)ds=|p——-H| =0. (4.73)
ds ap ap A

Position A agrees with B for periodic motion and J is conserved. This property
of conservation of the adiabatic invariant originates from the fact that the motion is
described by the Hamiltonian.

Conservation of magnetic moment:The adiabatic invariant associated with gyro
motion as the periodic motion of charged particles is given by considering Equa-
tion 4.17

J = gﬁpdq - gﬁ[mavl t eaAL]dqy = 2mavip — eaBrp® = p(2umales) .
(4.74)

Here, the closed integral of A4 is rewritten to flux using the Stokes theorem. Conser-
vation of J leads to the conservation of the magnetic moment yu = mavﬁ_ /2B as
given in Section 4.3.

Motion along the magnetic field has some limitation due to conservation of the
magnetic moment (see Figure 4.6). The magnetic field strength B changes periodi-
cally along the magnetic field in toroidal configuration. Parallel velocity is given by
vy = (2(E—uB)/mg)*? and vy = 0at B = E/u. A particle cannot move to a lo-
cation where B is higher than E/u, and is reflected. The reflected particle moves
in the opposite direction and is reflected again at the position satisfying B = E/u.
This effect is called the “magnetic mirror effect” and the particles contained in the
weak magnetic field strength are “trapped particles.”
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Figure 4.6 Magnetic field B
strength and parallel velocity

v as a function of length —>
along magnetic field /. Adi-
abatic invariant J is shaded
area in (I, v))) plane

Longitudinal adiabatic invariant: Since trapped particle exhibits periodic motion
along the magnetic field, new invariant, called longitudinal adiabatic invariant ap-
pears.

J = ¢p . dq = ¢p”dl” = 9§ma(v” - eaA”)dl” = Mg ¢ U||dl|| . (4.75)

Here, the term A disappears due to periodicity, while the term v remains since it
changes sign after reflection. For Boozer—Grad coordinates (¢, «, y), Equation 4.75
reads,

J(H, p,¢,0) = mg 95 vydly = 951?;( dy = eaggpn dy . (4.76)

From Equation 4.31, v is given by,

mal}” = :b\/zma(H —I,LB —€a¢) . (4'77)

So, we have dvj/0H = 1/mgv). With this, an important relation of the global
motion of the trapped particle orbit (sometimes called “Banana Orbit” due to its
shape) is obtained from the partial derivatives of J with respectto H, ¢ and . The
partial derivative of J with respect to H is bounce period 7, of the trapped particle
orbit. In fact,

aJ Imgav) ¢ d/j
—=Q——dj =0 —=1. 4.7
oH oH VTP T (475)

Secondly, since d¢/dt = v Bdp)/da from Equation 4.48, we have

¢ 3,0” dy ¢ d¢/dthl|| = e, ¢(d¢)/dl) dt = e, A¢p . (4.79)

Namely, trapped particles move radially by A¢ = (3J/da)/e, in every circulating
motion of trapped particle orbit. Thirdly, since dar/dt = v B(3Bpy /0 — dp)/d¢)




4.6 Coordinate Invariance: Non-canonical Variational Principle and Lie Transformation 75

from Equation 4.49, we have

ap) WPpy , _ da/dt
95 I 56( Iy o v B Bdl")

= —e, ¢(do¢/dt) dt = —e; A . (4.80)

Namely, trapped particles move in « direction by Aa = (dJ/9d¢)/e, in every cir-
culating motion of trapped particle orbit. This motion is called “Precession mo-
tion.” This precession motion in ¢ and « directions is given below from Equations

4.78-4.80.
dp 1 9J/0a

dr e, dJ/0H
doe 1 3J/3¢
dt ~ e, dJ/0H ~

4.81)

Using Equation 4.81, we can prove the conservation of longitudinal adiabatic
invariant again.

dJ  9Jd¢ 8Jda_1(8J8J 8]8])/8]_0

dt 9 dt | o dr ¢ da o 3

¢ 0 da 0¢p (4.82)

Note: Chaotic Motion and Confinement in Dipole Field [14,15]

The simplest form of magnetic field is the dipole field (Y = M sin® 6/ r with
polar coordinates (7, 6, ¢)) since there is no monopole for a magnetic field. In
this case, there are three invariants in the particle motion, namely, magnetic mo-
ment J; = u, longitudinal adiabatic invariant J, = J which gives bounce mo-
tion in the vertical direction, and J3 = e if the gyro radius is small enough.
However, conservation may be broken down if the gyro radius is comparable
with special scale length. Especially if the bounce motion resonates with cy-
clotron motion, charged particle motion becomes chaotic.

Laboratory dipole experiments with a levitated superconducting ring show
the formation of a stable electron vortex [15].

4.6 Coordinate Invariance: Non-canonical
Variational Principle and Lie Transformation

One of the benefits of the variational principle is that it is applicable for any co-
ordinates. The equation of motion with new coordinates can be obtained simply
by rewriting the Lagrangian with the new coordinates and taking the variation with
respect to the new coordinates. This is because the Lagrangian is a scalar. This prop-
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erty is called coordinate invariance. As we discussed in Section 4.3, non-canonical
coordinates are useful for examining the dynamics of the charged particle orbit in
plasma. Here, we describe the variational principle in non-canonical coordinates.
The coordinate invariance is also a property of the differential form, which was
invented by the French mathematician Elie J. Cartan (1869-1951) to describe the
differential equation in a coordinate-independent form and has commonality with
the variational principle. Dropping / from the action S = [ L d¢, L dt is called
a “differential 1 form” and we write it as L df = y. Below, we discuss expres-
sion of the differential form [16]. The Lagrangian L is given in a canonical form as
L=p-q— H(q, p,t) (in the differential 1 form y = p - dg — H dt). This can be
expressed in arbitrary 6D coordinates z = z(p, q) as follows,

6
L(z,%,1) = Zmi —h. (4.83)
i=1
Equation 4.83 becomes y = y,, dz* = y; dz! —h dt in differential form (Poincaré—
Cartan fundamental 1 form). Here, we take the sumon u = 0, 6 % =1, yo = —h),
i = 1, 6 (Einstein’s rule). Except for the independence of variables, z can be non-
canonical variables of position and velocity in general. Assuming the relationship

between the new coordinates with canonical variables is given by ¢ = ¢(z,1),
p(z,t), vi and h are given as follows,
dq
J/i(Z,l)ZP'g, (4.84)
dg
h(z,t) = H(q(z,t), p(z,1),t)—p - 5 (4.85)

Since 8L = §(y;(dz'/dt) — h) = [(dy; /32" — dy;/dz7)(dz/ /dt) — (3h/dz" +
dyi /0t)]8z" +d(y;8z7)/dt, the Euler-Lagrange equation to satisfy §S = 0 becomes
wij(dz/ /dt) = 0h/dz" + dy;/dt, where w;j = dy;/3z" — dy;/0z7. From the
definition of y; (Equation 4.84), we obtain w;; = [z%,z/] = (dp/dz")- (3q/dz7) —
(0p/0z7) - (dq/dz"). Here, [z', z/] is called the Lagrange brackets [1]. Known in
analytical mechanics, the inverse matrix of w;;, 7;; is given by m;; = {z',z7} =
(0z'/3q) - (327 /ap) — (0z' /O p) - (3z7 /0q) [1]. Here, {z*, z/ } is called the Poisson
bracket. Then, the equation of motion in non-canonical coordinates z’ is given by
dz'/dt = 7;j(9h/dz7 + dy;/0t). If y; does not explicitly depend on ¢, dy; /ot =
0 and we obtain dz’/dt = m;;0h/dz/ = {z!,z/}0h/dz/ and can be written as
follows,

dz! ;
i {z',h}. (4.86)

When the non-canonical coordinates z = {z*} = {t,z'} are transformed to
other non-canonical coordinates z = {Z*} = {t,z!} Lagrangian differential 1 form
is given by y = y,dz* = I,dz" (u,v = 0,...,6). The transformation law of y
due to the coordinate transformation is given by,

r o= 4.87
w= ez (4.87)
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Figure 4.7 Sophus Lie who developed Lie group and Lie algebra

Norwegian mathematician M. S. Lie (1842-1899; Figure 4.7) formulated the Lie
transform, which is useful for obtaining the orbit of charged particles when a small
perturbation is applied to the plasma as given in the note.

Note: Lie Transformation [13]

Consider the coordinate transformation from z = {z*} to a new coordinates
z = {z"}, given by 0z*(z,¢e)/de = gH(z) (nl), where ¢ is a smallness pa-
rameter (here, z0 = Z° = ¢ is invariant (¢° = 0)). An important point here is
g™ does not depend on ¢ explicitly and is called the Lie transform. The vector
{g"} is called the generation vector of transformation. If we define the inverse
as zH = zM(z, ¢), the identity relation z#(z*(z, €), &) = z* is obtained. Dif-
ferentiating with respect to & and considering Equation nl, the relation to be
satisfied by z#(z, ¢) is obtained as dz*(z, ¢)/de = —g"(2)dz"(z, €)/3z" (n2).

Lie transform of scalar function: We study ¢ dependence of scalar functions
brought by the Lie transform. Let s(z) be a scalar function defined in the coor-
dinates {z*}, and S(z, ) be that in {Z*} coordinates to satisfy S(z, &) = s(z).
Here, explicit ¢ dependence of S comes from the ¢ dependence of the co-
ordinate transformation. Differentiation of S(z(z,¢),e) = s(z) by & gives
dS(z,¢e)/de = —gH(2)dS(z,€)/dz* (n3). Define an operator by L = g™ d/y™
with arbitrary coordinate y". Here y™ can be z™ or z#. Then, Equation n3
becomes 0S(y,e)/de = —LS(y, ¢). Consider the Taylor expansion of S(y, €)
noting that 0" S(y, €)/de" |c=0 = (—L)"S(y,0) and S(y,0) = s(y), we obtain
S(y,e) = exp(—eL)s(y) (n4). Equation n4 can be extended if s has & depen-
dence. Let s(z, &) = so(z) +&51(z) + (¢2/2)s2(z) +. . . and continue similar dis-
cussion for S, (z, €) = s,(z(Z, &)), then we obtain S, (y, &) = exp(—&L)s,(y)
is obtained and finally S(y, &) = exp(—¢eL)s(y, &) (n5).

Lie transform of differential form: We start by writing Equation 4.87 for the
Lie transform as I,(z,&) = (0z"(Z,¢€)/0z")yy(z(Z,¢)) (n6). Similar to the



78 4 Charged Particle Motion: Lagrange—Hamilton Orbit Dynamics

scalar case, we assume that y is independent of ¢. Differentiating Equation n6
by ¢ and noting Equation n2 and the circulation law (dy,,/ 9z*)(3z*/9zV) =
dy,/0zY, we have

0, (z,e)/0e
= —{/02" [ )02, 0)/02* || 1 22 0))
— g*(2)(32"(2,8)/02")3yy (2(3, £) /327)
— —9/8z" [g*(az“ /az*)yv]
— g*[@z" /021) @y, /02%) — @2 [92) (9, /02|
— _9/9z" [g*n] pe [a/az* (02" /82)y,) — 9/05H ((azv /az*)yv)] :
So,

A (Z.8)/0e = —g*(3) [BFM(E, £)/95% — an(z,g)/azﬂ]
- 0[g" (@) (z,¢)] /oz" .

Since the second term of the right-hand side of this equation is a gauge term,
we consider it in the end. This equation is written only with z so the following
equation holds for arbitrary coordinate y,

O1(v.£)/ 96 = =g* (v) [0Lu(y. ) /0" — ATy, )/0y" | . (488)

Defining the operator for any differential form w as (Lw, = g*(aa)u / 3y)L =
dw, /dy"), we obtain dI,(z,¢)/de = —LI},. Like scalars, we consider the
Taylor expansion, we obtain I'(y,e) = exp(—eL)y(y,e) (n7) as in Equa-
tion n5. To execute multiple Lie transforms, we set 7,(¢) = exp(—&"L,)
(Lrw)y = gfff(i)&)u/ay)L — dwy /dy*) (n8) and define the transformation
T = ...T5T,T;. Then the transformation law for the Lagrange differential
1 form is obtained considering the gauge term d.S as follows,

F=Ty+4ds. (4.89)

4.7 Lie Perturbation Theory: Gyro Center Orbit Dynamics

Littlejohn [12] and Cary [13] introduced Lie perturbation theory to the guiding cen-
ter orbit theory and Brizard and Hahm [17] applied it to the orbit theory in the
fluctuating fields for application to the gyrokinetic theory. The guiding center or-
bit equation derived in Section 4.3 is applicable if the field is stationary. But, it



4.7 Lie Perturbation Theory: Gyro Center Orbit Dynamics 79

has a weak point that it is not valid if fluctuations exist with wavelength around
the gyro radius of the plasma (k; p; = O(1)). With such low-frequency fluctua-
tion in plasma (w/$2; ~ kj/k1L = O(s)), even the magnetic moment derived in
Section 4.5 is no longer a conserved quantity. However, if the fluctuation level is
small (e®/T, = O(¢)), it is possible to find new coordinates where the magnetic
moment is conserved. Here, we treat the case of electrostatic perturbation §¢ with
equilibrium electrostatic potential @ = 0 [18]. Set ¢ as a smallness parameter char-
acterizing fluctuation in the plasma, the Lagrangian differential 1 form L dz in the
coordinates z = {z*} = {t,z%} is given by,

Ldt =y = y;i(z,e)dz" (Z.€) — h(z, e)dr . (4.90)

Our target is to transform this without ¢ dependence in new coordinates z =

{7 = {2},

Ldt =T = T(z)dZ' — H(Z)dr +dS(2) . (4.91)

Here, we expand the transformation law of differential 1 form associated with Lie

transform I" = Ty + dS introduced in the previous section’s note noting that

T =...exp(—&’Ly)exp(—eLi) = 1 —eL; + &2((1/2)L? — L,) + ... Relations in
each order of ¢ can be derived as follows,

&’ order: Iy = dSy + Y0 » (4.92)

elorder: I =dS; — Liyo+ 1 . (4.93)

grorder: I = dSy — Loyo + ya — Liyi + (1/2) L3y, . (4.94)

Although we choose I" without ¢ dependence, € expansion I" = Iy + 17+ I3...
is assumed to show such a solution exists. Lagrangian differential 1 form y in an
electromagnetic field is obtained by using Equation 4.27 and z = (¢, x, v) as

y(t,x,v) = (eqA(x,t) + mv)-dx — [mav2/2 + eqp(x, t)] dr . (4.95)

Zero, first, and second order Lagrangian differential 1 forms for the guiding cen-
ter Yo, Y1, and y, for a electrostatic perturbation are obtained from Equation 4.29 as
follows,

yo(t,r v, . 0) = (eaA + mgvb) - dr — (mg/eq)ndd (4.96)
— [mga vﬁ/Z + wB(r)]de,
Y1 = —eqp(r + p,1)dt (4.97)
y2=0. (4.98)
Since y; has only ¢ component (y;; = —h1 = —eqa@,v;i = 0( = 1,6)), we

would like to absorb the perturbation only by I, with I; = 0 (i = 1, 6). Taking
the i component of Equation 4.93 we obtain

0=0-(Liyo)i + (dS1); . (4.99)
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Note Equation n8 from the note in Section 4.6 gives (L1y0);i = g7 (3y0i/ 9z —
dy0;/0z") = w;;g] and substitution to Equation 4.99 gives w;;g] = 9S;/9z".
Similar to the case of Equation 4.94 from Equation 4.86, the generation vector gi is
obtained as follows,

g =1{8.z'}. (4.100)

Substituting Iy = —H\1, yir = —ea9, (Lyyo)r = g'li (0y00/0z7 — Byoj/f)zo) =
—{S1,27}0ho/0z/ = —{S, ho} (note dyy; /9t = 0) into the r component of Equa-
tion 4.93

as ds
—Hi = —eq0 + {S1.ho} + — (Hy=h ——L) . (4.101)
ot dt
Here, we seek the solution I'}; = — H; that has no gyro phase dependence. Let

gyro angle 6 average expressed as () and take a gyro angle average of (4.101). The
second and third terms of the right-hand side are 0 and we obtain (H;) = H, =
(eqp). Defining e, ¢ = e, (¢ — (¢)) and substituting it into Equation 4.99, we obtain
an equation to determine S} as 0 = —e;@ + {S1, ho} + 9S,/0t = —eqa@ + dS;/dt.
The main term of the Poisson brackets is {S, h} ~ £2,05,/00,3S1/0t ~ /2, =
O(¢) and we obtain the following equation,

S = —ea/(pdt ~ —e—“/wde. (4.102)
$2q

As for the second order in ¢, the following relation is obtained from the i com-
ponent of Equation 4.94 as follows,

Dy = (dS2)i — (Layo)i + vai — (Liy)i + (1/2)(L4[dS) + y1 — 11])i - (4.103)

Considering LdS; =0, I3 = Iy = y2i = y1i = 0@ = 1, 6), we obtain and

g =185z}, (4.104)
Similarly, the ¢ component of the &? relation in Equation 4.94 gives the following
results, noting y1; = —eq,@, yor = —ho =0,
I = (d82)r = (Layo)e + yar — (Lay)e + (1/2) (L [dSy + 1 = 1)), -
(4.105)
Namely,
LAY 1 1
—-H, = ?""{325}10}—’_0—"_E{Slshl}—‘l_i{Sle}' (4.106)
Thus, to seek a solution that [, = —H, has no gyro angle dependence, we take

a gyro angle average of Equation 4.106, noting that H; has no gyro angle depen-
dence,

Hy = (H>) = ({S1, h1}) . (4.107)

1
2
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As described above, the Lie transformed Hamiltonian H = Hy + H; + H; is
determined while the coordinate system after Lie transform z = {Z,,} = {¢,Z;} is
given by,

o
Bozhpe T L 0@ = hegl) HOE),  (3108)

e=0

= zh 4 (S, M 4+ 0(£?) . (4.109)
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Chapter 5

Plasma Kinetic Theory:
Collective Equation in Phase Space

The motion of a large number of charged particles in plasma could be determined
completely if the initial conditions are known since an individual particle follows
Newton’s equations of motion. The flow of the probability distribution function of
the system in 6 N phase space consisting of the position and momentum of N par-
ticles shows incompressibility (Liouville theorem). This property leads to an im-
portant theorem of the isolated dynamical system “Poincare’s recurrence theorem,”
which guarantees that the system will return to be arbitrarily close to the initial
state. The kinetics equation represented by the Boltzmann equation is derived from
reversible mechanics equations, but is often irreversible. In the Boltzmann equa-
tion, a statistical assumption “Stosszahl Ansatz” leads to a collision term exhibiting
the arrow of time. Thus, there is a fundamental difference between the reversible
dynamical equation and the kinetic equation.

In the kinetic equation for high temperature plasma, a strange phenomenon
(called Landau damping) occurs where the oscillating electric field damps with time
even when collisions are negligible through the mechanism of “phase mixing” in the
velocity space, since the operator of the kinetic equation v - df/dx has a continuous
spectrum. In this chapter, the basics of plasma kinetic equations including Coulomb
collisions, the drift kinetic equation, and the gyro kinetic equations are introduced
based on the orbit theories described in Chapter 4.

5.1 Phase Space: Liouville Theorem
and Poincaré Recurrence Theorem

Plasma consists of many electrons and ions and the state of plasma motion is de-
termined by their position and velocity. Once the initial values are determined, they
are uniquely governed by the dynamical equation. The information necessary for
each ion/electron is the position (x, y, z) and speed (vy, Uy, v;). Then, to specify
the state of, for example, 10> particles, a set of 6 x 10?* variables is necessary. This
set of variables is regarded as “space” called “phase space” and the trajectory in

M. Kikuchi, Frontiers in Fusion Research. © Springer 2011 83
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the phase space is considered. Visualization of a four or higher dimensional space
is not possible, but it is easier to imagine the motion of one point in the 6 x 10%
dimensional virtual space (phase space) than to imagine the motion of 10?* par-
ticles in 3-dimensional space [1]. When N particles move according to Newton’s
equations of motion, the point representing the system state draws the trajectory
according to the following Hamilton equation in the 6 N -dimensional phase space
Z = (qsy, P3n) (called I' space in statistical mechanics).

dqj _ oH
d op; ’
(j =1,3N) (5.1)
dpj _ aH
dr 8qj '

According to the above considerations, the system state is determined as a sin-
gle point in the phase space, according to Newton’s equation, if the initial values
are given. US physicist J. W. Gibbs (1839-1903) who constructed statistical me-
chanics [2] introduced the concept of “ensemble” (he considered that a measurable
macroscopic state includes a large number of microscopic states and this set is called
an “ensemble”). To define the probability of the system in a microscopic state in the
ensemble, he introduced a probability density D. In other words, the description of
the system was changed from a “deterministic view” to a non-deterministic *“prob-
abilistic view.” The macroscopically identical system is assumed to have a smooth
distribution in phase space and the distribution is given by the probability distri-
bution function. By this “smoothness,” the possibility of the direction of time is
introduced. Combining the continuity equation in phase space and the Hamilton
equation, the phase space flow of the probability density is shown to be incompress-
ible. Arbitrary volume element §2 in the phase space changes its shape with time
but conserves its volume. Phase space flow v of the probability density D in the
6N -dimensional phase space satisfies V - v = 0. In fact, using Equation 5.1,

3N

3N .
Z[ap, 8q{}zz[_(_aﬁ) iﬁ}:o. (5.2)
1

dpj  9q; i= ap 9q 5 9q; 0p
Substituting V - v = 0 into the continuity equation in 6 N -dimensional phase space
dD/dt + V- (Dv) =0, we obtaindD/dt = dD/dt + v-VD = 0.

3N
dD _ oD Z |:8D oH dD 8H:| oD LD HY =0 5.3)

—_ _— + S —

dt dt et 8qj apj 8p,- 8qj al
Here, { D, H} is called the Poisson bracket. The total derivative, dD/dt is the time
derivative of probability density along the 6 N-dimensional phase space flow, so
probability density is conserved along the phase space flow. This is called the Liou-
ville theorem [3]. Incompressibility of the phase space flow leads to an interesting
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property of the “Poincaré recurrence theorem” [4] that an isolated dynamical system
will return to be arbitrarily close to the starting point as time passes. This theorem
plays an important role in the paradoxical discussion in deriving the laws of thermo-
dynamics with an arrow of time from the time reversible dynamical equation [5].

Total energy is conserved in the isolated dynamical system consisting of N par-
ticles. The 6 N-dimensional phase space trajectory is shown in Figure 5.1 on the
equi-energy surface. The Poincaré recurrence theorem claims that the system will
return to an arbitrary close point from the initial point gy on the phase space (arbi-
trary neighborhood of g).

The Poincaré recurrence theorem is proved using reduction to absurdity. That
is, contradiction occurs if the state does not return to be arbitrary close from the
starting point. The motion on the phase space “behaves like a incompressible fluid,”
so the concept of the proof can be explained by using water as typical example of an
incompressible fluid [6]. Figure 5.2 shows water convection in a finite volume water
tank. The water occupying region Vj at initial time 7y moves to the new region V;
at time #,. The shape of V] may be different from that of 1} but has same volume.
Let V5, V3, ... be regions at later time t,, t3, ... If they never overlap, the volume
of water becomes infinite and contradicts the initial assumption of the finite volume
water tank. This shows that the initial assumption was wrong.

This Poincaré recurrence theorem predicts that in Figure 5.3 all gas molecules
are in a left box (Figure 5.3 (a)) will expand to the full box after opening the shutter
(Figure 5.3 (b)), but that a state arbitrary close to (Figure 5.3 (a)) can be realized
some day (Figure 5.3 (¢)).
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Figure 5.3 Molecular diffusion and prediction from the recurrence theorem

Note: The Poincaré Recurrence Theorem [7]

A mathematically more accurate definition and proof of the Poincaré theorem
are given in Arnold [7].

Poincaré recurrence theorem: Let S be a bounded region in phase space and
g a volume (measure) conserving one-to-one mapping from S to S(gS = ).
Then, in any neighborhood V' of an arbitrary point in S, there is a point g that
returns to the neighborhood V', ¢ € V. Namely, there exists # > 0 such that
ghlqeV.

Proof: Consider an infinite series of the mapping of neighborhood V, gV, g*V,
..., &"V, ... Since g is volume (measure) conserving mapping, these mappings
have the same volume. If they do not intersect, volume (measure) of .S becomes
infinite. This is inconsistent with the assumption that S is a bounded region.
Therefore, there is an intersection among mappings. Let g€V and gV (k >
m > 0) intersect, this means ng N g™V # 0. Here N and @ represent the
intersection and empty sets, respectively. Then, we obtain gV NV £ .
Therefore, selecting ¢ from the intersection, we have ¢ € V' and gk-mg ey
andn =k —m.

5.2 Dynamics and Kinetics: Individual Reversible
and Collective Non-reversible Equations

The concept of the “velocity distribution function” was introduced by British physi-
cist J. C. Maxwell (1831-1879; Figure 5.4 (a)) in 1860 [8]. Instead of specifying the
status of all the particles in a deterministic dynamical equation, the smooth func-
tion f is defined so that f(x, v, #)dxdv is the number of particles in position inter-
val x ~ x 4 dx and velocity interval v ~ v + dv. This smooth distribution function
is constructed from the original discrete distribution function through some statis-
tical operation. The deterministic reversible equation is converted to an irreversible
collective equation. The exact velocity distribution function F, considering plasma
is a group of discrete particles, is given in the following form by using a delta func-
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Figure 5.4 (a) James Clark
Maxwell who invented the
concept of velocity distribu-
tion function and (b) Ludwig
Boltzmann who invented the
Boltzmann equation and de-
rived H-theorem to explain
macroscopic irreversibility
from microscopic law

(b)

tion, and it follows the “Klimontovich equation” in which particle density is con-
served along the phase space z = (x, v) (called y space in statistical mechanics)
trajectory [9].

N
Fx.v.0) =Y 8(x —xi(1)8(v — v;(1)) . (5.4)
i=1
dF oF oF 8F
—_— = — =0. 5.5
TE TR PR M 4:3)
Here, the acceleration a = (e/m)(E + v x B) includes the force of the aver-

age electromagnetic field and the Coulomb collisions between charged particles.
Taking the ensemble average of F to get a smooth velocity distribution function
f = (F)ensemple and we obtain the following “collision term” [10],

_ 3 oF
C(f)= f a- (5.6)
av av ensemble
Also, the Boltzmann-type transport equation is obtained.
df 9 f a f _ 9 f
—_— = =C 5.7
ar = o TV Ty = CW) o
_ OF
C(f):—<a—a—> . (5.8)
v ensemble

Here, a and F are divided into an average part and a microscopic fluctuating part
(a=a+a,F = f+ F ). We find that the collision term is a correlation of the accel-
eration by the microscopic Coulomb field and the associated velocity space gradient
of the fluctuating distribution function. Acceleration by mean-field is treated deter-
ministically and collision by the microscopic Coulomb field is treated statistically.
The “smoothness” of the distribution function plays an important role in explaining
collisionless damping (Landau damping) by “phase mixing.” The collision term in
the plasma is discussed in Section 5.6. The collision term for molecular gas was
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derived by the Austrian physicist L. Boltzmann (1844—1906 Figure 5.4 (b)). He in-
troduced “Stosszahl Ansatz” which states that that there will be no correlation be-
tween position and momentum of two colliding particles [1]. With this assumption,
we can calculate the time variation of particle number into and out from phase space
volume dxdv through collisional short-range force using f as follows,

c(f) = / @) f@) = ) f@D)] o1 — v d2dvy . (5.9)

Here, v and v, are the velocities before collision and v’ and v’l are the velocities
after collision. Also, the first term on the right-hand side is incoming particles to the
velocity interval dv from the inverse collision of particles with v’ and v}, and the
second term is outgoing particles from the velocity interval dv from the collision.
The Boltzmann equation is an irreversible equation constructed from reversible dy-
namics (see Salon).

Salon: Reversible Dynamical Equation and Irreversible Kinetic Equation

The Newton equation m d*x/dt?> = F does not change by ¢ — —t and is sym-
metric to time reversal. On the other hand, phenomena concerning heat are not
time reversible, for example, when hot water gets cold or gas expands to a low-
pressure region. Such phenomena are called irreversible processes. If the heat
is from the microscopic motion of atom and molecule, question arises whether
irreversible thermal phenomena such as the law of entropy increase can be ex-
plained by the reversible dynamical equation.

Boltzmann attacked this problem by applying a dynamical equation to the
microscopic molecule. He constructed an equation (Boltzmann equation 5.7
and 5.9) governing the process whereby a non-equilibrium gas relaxes to equi-
librium by collisions between molecules. The Boltzmann collision term shows
that the Boltzmann H function H = [ f - In f dv decreases monotonically
with time (the Boltzmann H theorem). He used a time-symmetric dynamical
equation for the collision process, but the equation got a time arrow through the
statistical operation of counting the number of colliding particles.

The German physicist E. Zermelo (1871-1953) pointed out that H theorem
contradicts Poincaré recurrence theorem [5]. Boltzmann’s H theorem is a sta-
tistical theorem and the very low probability of recurrence is neglected (or, the
equivalently neglected case which takes a very long time from the determin-
istic dynamical equation). Boltzmann’s equation eliminates the recurrence and
describes evolution to the high probability state. The Japanese Nobel Prize in
Physics winner S. Tomonaga discussed this paradox, which lies between the ki-
netics and dynamics, in detail [11]. This situation is the same for the Coulomb
collision in plasma, and H =  f -In f dv decreases monotonically with time.

Consider the small size of the realization probability of the Poincaré recur-
rence state from the example of particle diffusion in a box shown in Figure 5.3).
The group of particles in the left box expands to both boxes but will revert to
left box at some time according to the Poincaré recurrence theorem. Then, try to
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evaluate the probability. The probability of having a particle in either box is the
same and is 1/2. Assuming the probability of each particle is independent, the
probability of all particles entering the left box is (1/2)" (N is the number of
particles). If N = 1023, the chance to realize the state predicted by the Poincaré
recurrence is very small. This means that it take an enormous amount of time to
realize the recurrent state. From the viewpoint of the initial value, there is a set
of initial values, with which particles can return to the left box in a relatively
short timescale (for example, the time reversal solution of diffusion). But, this
has a very low probability among all possible initial values for the particles
spread in the whole box.

Interestingly, it seems apparent that the probability of having a particle in
either box is the same, but it is not self-evident that the probability that exists in
any location in the whole box is the same. This problem is an example in a dy-
namical system called an “ergodic problem” and is explained by “Weyl’s bil-
liards” [12]. The arrow of time in a many-particle system is caused by a macro-
scopic manipulation (for example, the operation of opening the shutter), which
leads to a change in the number of possible motion states, and the system tends
to the state of dominant probability. The key here is that the macro-operation
can increase the number of microscopic states, but rarely reduce it. British as-
tronomer Arthur Eddington (1882-1944) coined the phrase “arrow of time” in
1927. Some physical phenomena are difficult to reverse in time and this phrase
indicated that “time” has direction related to the occurring phenomena. The ar-
row of time is discussed in detail by Davies in [13].

5.3 Vlasov Equation: Invariants, Time-reversal Symmetry
and Continuous Spectrum

“Collision” in terms of changes in the velocity distribution function due to the mi-
croscopic electric field of the Coulomb potential becomes negligible compared with
the average force when the plasma temperature is higher and such a plasma state is
called “collisionless plasma.” In this case, the right-hand side of Equation 5.7 can
be ignored. Russian physicist A. Vlasov (1908-1975; Figure 5.5 (a)) pointed out for
the first time that the collision term can be ignored in high-temperature plasma and
this equation is called Vlasov equation [14].

dfs _ s ofs |~ fs
DL AN 22 =0, 5.10
i o VT 610
Here, Y a = (es/ms)(E + v x B) is the average acceleration excluding the
microscopic Coulomb field. The f; in Vlasov equation is the ensemble-averaged
“smooth” distribution function. Equation 5.10 means that the density fs is con-
served for the observer moving with particle trajectory in phase space z = (x, v)
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Figure 5.5 (a) A. A. Vlasov
who identified Vlasov equa-
tion as basic equation

for collisionless plasma
(with kind permission of
Physics-Uspekhi journal) and
(b) L.D. Landau who found
Landau damping as collision-
less damping mechanism

(b)

(density variation along phase space flow, d f;/d¢, the Lagrange differential, is zero).
From this property, f(x,v,¢) > 0(t > 0) if f(x,v,t = 0) > 0 are met. In other
words, the trajectory of particle motion in phase space (characteristic curve) con-
tours of constant f;. If no sink and source exists in phase space, the particle conser-
vation law in phase space is given by dfs/dt + d/dz - (u fs) = 0 (u = (v,a) and
comparison with Vlasov equation leads to (0/9z) -u = 0. This means that the phase
space flow is incompressible.

In a collision-dominated gas in equilibrium, entropy is conserved in the isolated
system. In collisionless plasma satisfying the Vlasov equation, H defined by H =
J G(fs)dz is a conserved quantity (dH/dt = 0) for arbitrary function G( f5). In
fact,

dH _ [3G(fy) . s g, [ UG, _
d_t_/ - /G(fs) _/ 24z =0, (511)

Since G is an arbitrary function, the Vlasov equation has an infinite number of
invariants. If we choose G = f, it gives the conservation of particles. Also, G =
— fs In f5 gives the conservation of entropy in collisionless plasma. This property of
the Vlasov equation is also called the generalized entropy conservation law [15].

The Vlasov equation has interesting properties, although we need to note that the
equation is valid in the zero-collision limit. One of them is time-reversal symme-
try, the Boltzmann equation does not have such symmetry. If ¥y = (f;, E, B) is
a solution of the Vlasov equation, 7' (—t) is also a solution and is called the time-
reversal solution (here, T is the “time reversal operator,” and requires a reversal of
the magnetic field) [16]. In the Boltzmann equation, the distribution function will
converge to an equilibrium solution due to the property of the collision term. On the
other hand, the solution of the Vlasov equation does not necessarily converge to an
equilibrium solution due to its conservation property and time-reversal symmetry. If
¥ (¢) is the converging solution to equilibrium, the time reversal solution T ¥ (—t)
is the solution away from equilibrium.

The Vlasov equation has the structure of a wave equation. In addition to the wave
frequency determined by the dispersion properties of the system, there is a wave
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with frequency w, = k - v continuously changing with particle velocity v at fixed
wave number k, (exp(—ik - vt)), which is called free streaming solution [17].

In fact, if we expand the electrostatic wave solution of the Vlasov equation with-
out magnetic field as f; = Fg0 + fa1 (fa1 < Fgao), the following Poisson equation
and the linearized Vlasov equation are obtained,

Afa1 Afa1 €a /a0
+v- — V-

= \Y% , 5.12
dt dx my 4 dv ( )

o0
g0V = —eq / fardv . (5.13)
—00

For the case of fz1 = fa1kw exp(ik - x —iwt) and ¢ = @4, exp(ik - x —iwt), we
obtain

eq 314
(w —k- v)falkw = - (Pkwk : f 0 .
Mg v

Here we note that the homogeneous solution of (5.14) is free streaming solu-
tion e Since the general solution of x f(x) = g(x) is given by f(x) =
g(x)P[x7'] + A8(x) (P is a principal value, §(x) is the Dirac delta function), we
obtain

(5.14)

3 1
_fap. f“OP— + 18w —k - v) | Preo - (5.15)
Mgy v w—k-v

falkw = |:

If we inverse-Fourier transform the delta function term of Equation 5.15, we
obtain a free streaming solution f,; = exp[—ik - (x — v?)]. The range of k - v spans
—00 to 400 and the waves have a “continuous spectrum.” In fact, from the Poisson
equation 5.13, we obtain following [17],

o0
ey P dfa0 e,
1 k-——d A=0. 5.16
+ cok?my / w—k-v v vt gok? ( )
—00

This equation gives the relationship between two unknowns, @ and A for a given
wave number k. This means that the angular frequency w is arbitrary for a given k,
namely, the spectrum of eigenvalues is continuous. This property of linear Vlasov
equations originates from the fact that operator A = k - v(df/dt = —iAf) is
a linear operator with a “continuous spectrum” [18, 19]. A non-damping wave can
exist with a real w and A can be determined using Equation 5.16 which gives the
necessary resonant particles in Equation 5.15. This wave is called the “Van Kam-
pen mode” [16]. A free-streaming solution coupled to Maxwell distribution f,; =
explikut — (u/ugw)?/2] oscillates in the velocity space more violently with time, as
shown in Figure 5.6, and actual physical quantities, such as the electric field calcu-
lated from the velocity integral, tends to zero with time. This “structure extinction”
is called “phase mixing” since it occurs due to the phase overlapping of the wave.
Mathematically, this structure extinction is guaranteed by the “Riemann-Lebesgue
theorem” [16,20]. Collisionless damping of the electric field caused by the contin-
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Figure 5.6 Maxwell distribu- 1
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uous spectrum of velocity space is called “Landau damping” as described in detail
in Section 5.4 and was developed by L. D. Landau (1908-1968; Figure 5.5 (b)).

5.4 Landau Damping: Irreversible Phenomenon
Caused by Reversible Equation

The Vlasov equation is symmetric to time reversal, and in order to satisfy causality
(cause prior to the results or “arrow of time”), the Laplace transform on time (or
an equivalent method) can be used. This corresponds to analyzing the problem as
an initial value problem by restricting ¢ > 0, in contrast to the “spectral analysis”
detailed in Section 5.3. The electron plasma oscillation is described by considering
that the electric field is determined by the perturbed plasma density according to the
Poisson equation. The linear response of the system is a solution that meets both the
Poisson equation and the Fourier transformed linearized Vlasov equation in space.

afe‘lk afeO
ot v

e
+ ik - v forr = —1i—oik - (5.17)
Me

o0
eok’p = —e / Jexdv . (5.18)
—0o0

A standard way to solve this equation correctly as an initial value problem is the
Laplace transform in time (integration at ¢ > 0).

17 .
forko(®) = 5 / fork (0.0 di | (5.19)
T
0

o0
1 .
Pho = 5= / (1) dr . (5.20)
0
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Figure 5.7 Maxwell
distribution function
(exp(—u?/2u3)) and the
phase velocity of the wave
that interacts with resonant
particles with almost same
velocity. Integration path in
complex u plane for Landau
problem
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The key here is the Laplace transformation, Equations 5.19 and 5.20 are defined
so that Im(w) = w; (w; is a positive constant) is large enough to ensure the conver-
gence of the integral. Causality is satisfied through this choice. The Fourier-Laplace
transformation of Equations 5.17 and 5.18 are given as follows,

. e 0
(w—k-v)ferko() = iferx (v, t =0) + —@rwk - feo , (5.21)
Me v
o0
ek g = ¢ [ folv.0)dv (522)
—00
Substituting Equation 5.21 into 5.22 and eliminating f,x (v, ¢), we obtain
e [ foxw.r=0)
ie (vt =
- _ dv , 5.23
Pho = 72K (@, k) o—k-v (>:23)
—00
Wpe [ k-3fe0/d
Kk.w) = 1 + —2¢ / Jeo/ O 4, (5.24)
nek? w—k-v
where a)zz,e = e%n,/egm, and wp, is called plasma frequency.

The eigen modes are given by K(k,w) = 0, and this expression is called the
“dispersion equation.” In the integral of the dispersion equation, v = k - v/k =
w/k is a singular point (the denominator of the integral is zero: w/k is the wave
phase speed) and the integration method becomes the issue. Consider the initial
value problem when a wave is excited in the plasma with a real wave number k. If
the wave grows or decays, w is complex. Therefore, the integral in Equation 5.24
has to be treated as a complex integration in the u plane. Vlasov took the Cauchy
principal value. But Russian Nobel Prize winner L. D. Landau (1908-1968) realized
that it should be treated as an initial value problem. This creates a term to circumvent
singularity (the Landau damping term) [21]. In this case, the integration path of u is
below the singular point since Im(w) > 0 (see Figure 5.7). Separating the dispersion
function K into real and imaginary parts with ® = @, +iw;, we obtain the following
equations:

oK, (k,wy)

Kk,w) = K, (k,w,;) +i[K; (k,w;) + w; %%

]=0, (5.25)



94 5 Plasma Kinetic Theory: Collective Equation in Phase Space

w0 = — Ki(kvwr) (5.26)
' K, (k,w,)/dw, ‘
2 2
_ Whe k- 0feo/0v _ Whe 0fe0
K (k,w)=1+ nekZP/ P dv. Ki(k, ) = —1 55— ¢ lu=w,/k -

(5.27)

P indicates the Cauchy principal value integral. When electrons are Maxwellian and
the wave phase velocity is much larger than the thermal velocity (w;/k > vse), we
obtain K, (k, w) = 1 — (wpe/wr)* — 3(wpe/wr)*k?A3. So,

1 3
= wpe(l + 1.5k222), 0 = — | = -2pe [_( _)} '
wr = wpe(1 + D) i Yo, exp iina T2

(5.28)

Since w; < 0, the wave will damp. This damping occurs without any dissipation
of energy due to collision and is “collisionless damping.” Landau was the first to
identify this phenomenon [21] and so this is called “Landau damping”. The physi-
cal mechanism of Landau damping is intuitively simple. First, since the decay rate
comes from the residue at ¥ = w/k, it is caused by the particle having almost the
same speed of wave phase velocity (called the “resonant particle”). These particles
can exchange energy with the wave creating an almost DC electric field, since par-
ticles move with the waves. In Landau damping, the number of particles gaining
energy from the wave is larger than that losing energy to the wave as seen from
the relation w; ~ df/dv in Equation 5.27. Landau damping can be compared to
surfing. If the surfboard is not on the wave, the wave simply passes and surfboard
cannot gain energy. However, if the speed of the surfboard is the same as the wave,
the board is pushed by the wave, giving it energy.

The Vlasov equation describing collisionless plasma does not have irreversibility
such as that due to the collision term in the Boltzmann equation, but, it has an arrow
of time through the damping of the wave called “Landau damping.” Irreversibility
of the Boltzmann equation was created by the “Stosszahl Ansatz,” while Landau
damping originated from “phase mixing” in the processes described in Section 5.3.
The inverse operator of the linear operator L = w —k -vis L™' = P[1/(w — k -
v)] + A8(w — k - v) (A is an arbitrary constant). If we impose the condition that the
velocity distribution function is “smooth” at t = 0, A needs to take a specific value
A = iz. An inverse Laplace transformation of Equation 5.23 gives,

ootiw;

ek
27T8()k2

[ wsontwr =0 K(f:p,f) (‘;"? o 5

—00 —o00o+iw;

Ep(t) =—

The free streaming term exp(—ik -vt) is produced from the pole w = k-v of w in-
tegration of Equation 5.29, and the density perturbation in velocity space oscillates
more strongly with time. The resulting density perturbation n; and electric field E
after integration in velocity space will damp with time due to this phase mixing. It
might be thought that this collisionless damping by phase mixing would be incon-
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sistent with the reversibility of the Vlasov equation (similar to the discussion with
Loschmidt’s “reversibility paradox” against the Boltzmann equation). For the solu-
tion fo1x(v,1), the time reversal solution f,ix(x,—v,—1?) is also a solution of the
Vlasov equation and the density perturbation n;(x, ¢) increases exponentially with
time. However, this time reversal solution may have an initial value f,x(x,v,?)
and is not smooth since it includes exp(—ik - vt;). After #; passes, the density per-
turbation reaches a maximum where f,x is a smooth function. Then, the density
will decay again with time due to phase mixing [16].

5.5 Coulomb Logarithm: Collective Behavior
in the Coulomb Field

Now, let us consider collisions in the Coulomb field ignored in previous sections.
Since plasma consists of charged particles (ions and electrons), a repulsion force
acts between similarly charged particles and an attractive force acts between dif-
ferently charged particles. Shielding of the electric field occurs in the same way
as Debye shielding in electrolytes. Incidentally, this shielding phenomenon does
not occur in many body systems under gravitational force, which have only attrac-
tive forces. When a potential is formed by density changes in the plasma, elec-
trons and ions will follow a Boltzmann distribution n, = neqexp(e¢/kT) and
n; = njpexp(—eZ;¢/kT). Consider the potential around the ion. Assuming the
thermal energy kT is much larger than the potential energy e¢ (e¢p <K kT), the
solution of the Poisson equation for ¢ is obtained as follows,
e

¢ = %e_r/'b . (5.30)

Here, Aj? = AR + Y AR AL, = (e0kT/e’n.)’ (= 7.43 x 10°[T, (eV)/
ne(m=)]% [m]), A3,, = (eokT/e*Z?n;)*. This shielding effect is called De-
bye shielding and ¢ is the Debye potential. For this relationship to be valid and
statistically meaningful many particles must exist in the potential well (in the De-
bye sphere), nA3) > 1 must be met. When this condition is met, the collective
shielding effect of the Coulomb field works. This condition can be modified to
kT > e?/4neod (d = n~'/? is inter-electron distance), which means that ki-
netic energy is sufficiently larger than the potential energy between electrons (close
to the ideal gas). Coulomb collisions in the plasma generally occur within the De-
bye radius, but the degree of scattering due to collision varies greatly depending on
the value of the impact parameter. The impact parameter b in the center-of-mass
system in Coulomb scattering is related to the scattering angle 6 as follows (see
Figure 5.8) [3],

b = by cot (g) . 5.31)
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Figure 5.8 Scattering geom-
etry for Coulomb collision.
Scattering angle 6 is defined
as {(r = 00)

Here, by = eqep/(dmeomapu?) = 7.2 x 1071°Z, 7,/ E,, (V) (m) is the impact
parameter at 90 degrees scattering and is called the Landau parameter. Here, m,, =
mamy/(mg 4+ mp) is reduced mass, u is the relative velocity, E, = mgpu?/2 is
the particle energy in the center-of-mass system. Substituting Equation 5.31 into the
differential cross section o(8) = b(db/d6)/ sinf scattered into differential solid
angle d2 = 2 sin 6d#, we obtain following well-known Rutherford scattering
cross section [3].

b2
o(f) = —2>—. 5.32
©) sin*(6/2) ( )
The velocity of particle species a, v, is given by the velocity of the center of mass
V and the relative velocity u,, = v, — vp as v, = V + mpugp/(mg + mp)

and the change in velocity of particle a is given by Av, = (mgp/mq)Augp. Since
the relative speed, u,p is conserved for the elastic collisions, a change in u can be
obtained as Augp = 1gp sin On—2 sin*(0/2)uyp using the formula for two isosceles
triangle (sin?(6/2) = b2/(b} + b?)). Here, n is a unit vector perpendicular to #,p.
Considering that the interaction occurs in the Debye area (7w A3) and the particle flux
of species b with velocity vj passing through the Debye area in the time interval At
is given by A¢p = dnp(vp)uAt, the velocity change of species a by a collision
with b is given by,

/\D /XD
b
Avg = Agy 2 / Augp2mh db = —41b? Adpugy 22 / —~__db. (533)
a mq J b%+ b
0 0
Here, b = 0 corresponds to head-on collision (6 = x) and b = Ap corresponds

to the scattering angle Omin ~ bo/Ap. The component of Av, perpendicular to u,p
disappears due to rotational symmetry. The integral term is (1/2) In(1+(Ap/bo)?) ~
In(Ap/by), and In A = In(Ap/by) is called Coulomb logarithm.

There are some subtleties in Debye shielding as the origin of the Coulomb loga-
rithm. Consider the example of magnetic fusion plasma in Figure 5.9. A huge num-
ber of charged particles are contained in the Debye sphere (nk% = 4 x 107), but the
integration of Debye potential in Equation 5.30 gives a charge number for the total
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Figure 5.9 Relation be- 1fermi 1A 1um
tween impact parameter b |, ——
and scattering angle 6 in the = '11 Bo.gegr:e
Coulomb scattering for rel- 100 3
ative energy E, = 10keV b
(by = 7.2 x 10~ m). Pa- ?
rameters are magnetic fusion
parameters (T, = 10keV,
ne = 1 x10°m3,
d=n7""=2x10"m,
Ap = 7.4 x 107> m)

and laser fusion param-
eters (T, = 10keV,

ne = 4.8 x 103 m—3,
d=n"3=28x10""m,
Ap = 1.1 x 10719 m)

D

p—Debye length for Laser fusion plasma
(Te=10keV, ne=4.8x1031m-3)

-

0.01

)
Debye length for magnetic fusion plasaa 35 ||
(Te=10keV, ng=1x1020m-3)

(=
=

Scattering angle 0 (deg)

/

'|O IRTIT WA T ] TRTT T BT WETTT RN T RN R W

101!} 1013 10—11 109 10—? 105
Impact parameter b (m)

electron cloud as only 1. This value is much smaller than the fluctuations in the num-
ber of electrons in the sphere ((n3, 6)1/ 2 = 6000). Thus, Van Kampen expressed the
Debye sphere as “somewhat ghost-like existence.” The Coulomb logarithm is a log-
arithmic integral, and the circumstances of collision depend on the particle distance.
For0 < b < 3by = 2x 107 m (0.27 < 6 < m), the scattering between par-
ticles is large-angle scattering. The logarithmic integral in this regime is 1.15. For
3by < b < Ap/3.7 = 2 x 107> m, approximation of small-angle scattering is valid
and the Debye shielding effect (e ~'/37 = 0.76) can also be neglected. The logarith-
mic integral is 18.4 in this region. The logarithmic integral where Debye potential is
effective (ghost region of Van Kampen), has the small value of 1.3, which validates
the rough approximation to cut at Debye length. On the other hand, the two-body
correlation or interaction with other particle cannot be ignored for d(= n~'/3 =
2 x 1077m) < b and the question of the validity of two-body collision remains.
The two-body correlation is assumed to be negligible statistically. A brainstorming
discussion on the Coulomb logarithm in a plasma is given by Van Kampen [16].
Here we discuss the difference between the collision process in plasma and the
molecular collision considered by Boltzmann. In molecular collisions, interaction
occurs only when a molecule reaches the molecular radius (rg ~ 100%m =1 A).
Since the molecular radius r is much smaller than the inter-molecule distance n~1/3
(ro < n~Y 3, the two-body correlation is expected to be small. On the other hand,
since Coulomb force is a long-range force, collision time . is relatively long (. ~
Ap/vm = 107195) and is longer than the time taken to approach next target for
collision (tme, ~ 1/n'3vg, = 10713 s). Namely, the relation ¢, (collision time) <
At < tyf, (mean free time) valid for molecular collision does not hold in plasmas.
The general collision theory of a many-body system is discussed by Balescu [22].
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5.6 Fokker-Planck Equation:
Statistics of Soft Coulomb Collision

As mentioned in the previous section, the momentum change in Coulomb interac-
tion is quite small and small-angle scattering is dominant except for the small region
of the impact parameter b close to the Landau parameter by. Small-angle scattering
process is called the Fokker—Planck process and the form of the collision term can
be determined without detailed information about collision dynamics. If we assume
the timescale At to be much longer than the correlation time of random force f,
(At > t.), the force can be assumed to be statistically independent of the previ-
ous value. Under this circumstance, the state at ¢ + A¢ is determined only by the
state at ¢, independent of past history. This is the “Markov process.” If we define
P(v; Av, At) as the probability of a particle changing velocity v by Av in the time
interval At, the velocity distribution function f(v,t) is given as follows,

fa(v,t) = /dAvfa(v—Av,t — At)P(v — Av; Av, At) . (5.34)

Here, P(v; Av, At) is rapidly decreasing function with |Av|. Then, taking up to
the second terms of the Taylor expansion, the following equation is obtained for

C(fy) = Afs/At.
2
Clfa) = - ((A'”fa) P (<A”A”>fa) 6535

At dvdv 2At

This is called the Fokker—Planck collision term. If we take the first coordinate along
ug,p = v, — vp, coefficients of the Fokker—Planck collision term, (Av)/A¢ and
(AvAwv)/2At are given as follows due to the symmetry around u,; axis,

[ (Avy)/At
(Av)/ At = 0 , (5.36)
i 0
- 2
(AvAD) (Av”/At) 20 0
W = 0 (AUJ_/ZAZ) 0
L 0 0 (Av3 /2A1)
Substitution of énp = f5(vp)dv, into Equation 5.33 and integration by v, gives,
Av, eleIn A mg / Ugp
=— —— 14+ — dvy . 5.37
< At > Zb: 4mle] + mp ul, Jo(@s)dve (5-37)

Here, it should be remembered that the contribution at small b in the integral expres-
sion of Equation 5.33 is not small-angle scattering although it is small. Similarly,
using the relation sin § = 2[1 — b3/ (b3 + b?)]b3/ (b3 + b?), we obtain,

Avi eﬁei 1 1
= ———|z+hA dvy , 5.38
< As > Zémm% 3 (2+ n )/ Jo(vp)dvp (5.38)

b €o Uagh
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Av? ee?
i\ _ b
<At> Eb Toxm2e (2)/ Jo(vp)dvy . (5.39)

Usually, terms that do not include the Coulomb integral (1/2 of Equations 5.38 and
5.39) are neglected. Then, we obtain

Av, e’ eb InA 3hab(va)
4\ = , 5.40
< At > Z drm2el v, (540)
Av,Av, e2 eb InA / uibl — UgpUyp
— %)\ = d 5.41
< 2At > Z 8rmlel u’ fo(ve)dve (>-41)
b ab
_ 3 G A P (v0)
8rmiel v dv,
hap (v0) = (1 " @) 1) g, (542
mp Uab
gav(va) = [ tap Fo(01)dvs (5.43)
Here, du_ l/ava = uab/uab, 0ugp /04 0v, = u, (u —ugpugp) = Uy are

used, where hap, gap 1s called the Rosenbluth potent1al [23] Substituting these into
Equation 5.35 gives,

22 AT 3 (dha 19 9*gab
Cfa)=) 2o |- z = : z :
(Ja) Zb: drm2ed |: g (3v f) + 2 dv,dv, (3va8va fa)j|
(5.44)
Taking the partial integral for v integral and using the relation dU 45/0v, =
—2ugp/u,, we obtain 20hap/9va = —(1 4+ ma/mp) [ QU ap/vp) f3(vp)dvp =
(1+ma/mp) [ (Uapdfp/Ivp)dvp. Also, 3/va-[(9*gap/00adva) fa(va)] = /04
[/ Uab fo(vp)dvp fa(va)]l = [ Uan[—0/p/00p fa(va) + fp(v5)0fa/0va]dvp. Sub-
stituting these equations into Equation 5.44 gives,

C(fy) = Z ezepinA 3 /d U. [fb(vb) Wfa()  fa(v) fp(vs)

vy

Sneoma v my v mp

:|. (5.45)

This form of collision term is given by Landau in 1936 [5-24]. He obtained this
collision term from the Boltzmann collision term, which is not valid for plasma but
he obtained a correct result. Indeed, the Boltzmann collision term can be applied
outside the collision between molecules as discussed by Balescu in detail [22].

Let us return to the discussion on Debye shielding. As discussed in Section 5.2,
the Coulomb collision term of particle species s, C( fs) is the ensemble average of
the gradient in the velocity space of the fluctuating part of the discrete distribution
function and acceleration by a microscopic Coulomb field.

C(fa) = —<a' aF“> (5.46)
dv ensemble
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Substitution of @ = —(es/ms)Ve (¢: electrostatic potential) into Equation 5.5
gives 0F;/dt + v - F;/dx = (es/ms)V¢ - df;/0v and considering ~V2¢ =
> (es/e0) [ Fydx, we obtain Fy(x,v,7) = Fs(x — vt,v,0) + (es/my) [y~ drVe
(x —vt,t—1)-dfs /v from the convolution integral. Substitution into Equation 5.46
gives the Balescu—Lenard collision term in Landau form after some assumptions and
manipulations [10, 25].

e2er 9 19 1 dfs
C(fa) = ~3 b '/dvaab(va,vb)‘ [fa s - fo— . ]
nsoma v, mp E)vb My 0V,
(5.47)
Koy (va, v )—/dk(S(k (g — vp))——K (5.48)
ab\Va, Vp) = a b k4|K(k,k'va)|2’ .
2
k-
(k) = 14 —b /dv o/ (5.49)
sompk? w—k-v

Approximating k = (k* + k3)/k?*(kp = 1/Ap) (corresponding to Debye poten-
tial), K,p is given by,

kkd(k - - 1
Koy ~ /dk (k- (va 2’”’)) - [Pl — ]/ T (5.50)
R G |k2
Divergence in the short wave number (long wave length) regime is suppressed by the
Debye shielding. If we take kn.x = 1/bo where by is Landau parameter, integration

in wave number gives the Coulomb logarithm In(Ap/by). In this approximation the
Balescu—Lenard collision term is consistent with the Landau collision term.

Note: M. N. Rosenbluth and B. B. Kadomtsev

M. N. Rosenbluth (1927-2003; Figure 5.10 (a)) and B. B. Kadomtsev (1928—
1998 Figure 5.10 (b)) were great US and Russian theoreticians in plasma
physics, respectively. They made significant contributions to the development
of plasma physics for fusion research.

(a) (b)
Figure 5.10 (a) M.N. Rosenbluth (Courtesy of the University of Texas at Austin) and
(b) B. B. Kadomtsev (with kind permission of Physics-Uspekhi journal)



5.7 Gyro-center Kinetic Theory: Drift and Gyro Kinetic Theory 101

5.7 Gyro-center Kinetic Theory: Drift and Gyro Kinetic Theory

The plasma kinetic equation including the collision is given by,

%+ gf+(E+va) —f_C(f) (5.51)
Here, C is the collision term. This equation is not appropriate for studying colli-
sional transport or turbulent transport due to drift wave turbulence with the wave-
length near the ion gyro radius p; since this equation includes both the slow drift
motion and fast gyro motion. So, we derive the kinetic equation for the guiding cen-
ter (called drift kinetic equation) using the guiding center equations, Equations 4.39
and 4.40 derived in Section 4.3. We define the guiding center Poisson brackets {, }
as follows,

ca (0X Y OX Y b
x,yy=Se (L2020 VX x VY 5.52
X1 (ae o o ae) ¢ B x (5.52)
B* Y ox
vy _Zyy
+ B|| ( duy dy )

Here, X and Y are arbitrary functions of z = (r, vy, u, ). Our target is to trans-
form this without & dependence into new coordinates z = {Z*} = {t,Z'} as
Ldt = I' = T;(z)dz' — H(z)dt + dS(z) (see Equation 4.91). Then using the
Hamiltonian Equation 4.30, the magnetic moment and gyro angle evolution equa-
tion and Equations 4.39 and 4.40 are given as follows,

du do

W m=0. Y_wm. 5.53
P my=0. S =0 (5.53)
dv B*

— =y, H! = — VH , 5.54
a =W Hp = (5.54)
dr b B* OH

Lo o= VH & 5.55
ar ~ = VA B v 459

The drift kinetic equation for guiding center velocity distribution function F to treat
slow drift motion is given as follows by considering df/00 = 0 and du/dz = 0.

OF . OF OF oF OF . OF
St = HAFHy =t ar—i-v”a—v”—C(F). (5.56)

Turbulent fluctuation in plasma has been observed at wavelengths near the ion
gyro radius. In order to treat the electromagnetic fluctuation of the order of the ion
gyro radius, the gyro kinetic equation is developed by formulating the motion in
time and varying electromagnetic field. In particular, the polarization drift (see Sec-
tion 7.3) must be considered in the drift wave turbulence. For the set of electrostatic
and vector potential fluctuation, (§¢, §A), the perturbation Lagrangian §L is given
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by

SLdt = e40+A - (dr + dp) — es8xpdt = —6H dt (5.57)
8xA =8A(r + p), 8+ = Sp(r + p) .

The perturbed Hamiltonian 6 H is given by,
OH = €40+ —eg8+A v . (5.58)

Since Equation 5.58 has gyro radius and v dependences, perturbed Hamilto-
nian depends on gyro phase 6. Therefore, the magnetic moment u is no longer
a conserved quantity ({u,8H} # 0). So, we construct new coordinates z =
(r,vp, p,0) = z = (¥, v, i1, 0) where the newly defined magnetic moment be-
comes a conserved quantity, and a mathematical tool called Lie perturbation the-
ory is used. An important point here is the gauge arbitrariness of the Lagrangian
(L + dS/dr) gives the same equation of motion as that of L, see Section 4.1). Us-
ing the perturbation expansion of Hamiltonian H=Hy+H +H +...(H =
Equation 4.31 formula), we obtain following formula similar to Equatlons (4.100)
and (4.105).

dSl - SZ
H =8H — — , H SHY — — 5.59
1 ” 2 = 2 } o (5.59)

and are solved by evaluating S; and S,. Then, the coordinates after transformation
are given by,

Zg = Zg +{S1.2a} + €a0sA - {r +p,zq} + ... (5.60)

Using this new coordinate system with the Hamiltonian obtained in this way, the
gyrokinetic equation is given as follows,

OF o oo OF . OF . dF
F.Hl =C(F —+r =C(F 5.61
ar TR A= )<°r AR R Frria )) 600
The Hamilton equation of motion for gyro-center is given by,
dy - B* _ _
—L =y, H = — VH , 5.62
o~ o= BY 662
dr . - - B* 0H
— =r.H{ = VH —. 5.63
dt {r } e, Bf x + Mg BI’I“ ) ( )

Details are given in Brizard—Hahm [26] and more plainly in Brizard [27].



References 103

References

R B U o ol M

17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
217.

Kubo R (1965) Statistical Mechanics. Elsevier.

Gibbs JW (1892) Elementary Principles in Statistical Mechanics. Yale University Press.
Goldstein H (1950) Classical Mechanics. Addison-Wesley.

Poincare H (1890) Acta Math., 13, 67.

Lindley D (2001) Boltzmann’s Atom. Free Press.

Diacu F and Holmes P (1996) Celestial Encounters. Springer Math.Club.

Arnold VI (1978) Mathematical Methods of Classical Mechanics. Springer.

Maxwell JC (1860) Phylos. Mag. (4), Vol. 19, 19; Vol. 20, 21, 33.

Klimontovich YuL (1964) The Statistical Theory of Nonequilbrium Processes in a Plasma.
Pergamon Press.

Hazeltine RD, Waelblock FL (2004) The Framework of Plasma Physics. Westview Press.

. Tomonaga S (1979) What is Physics? (in Japanese). Iwanami Shinsho.

Toda M (1997) Maxwell’s Demon (in Japanese). Iwanami Books.

. Davies PC (1974) Physics of Time Asymmetry. Surrey University Press.

Vlasov AA (1945) J. Phys. USSR, 9, 25.

Krall NA, Trivelpiece AW (1973) Principles of Plasma Physics. McGraw-Hill.

Van Kampen NG, Felderhof BU (1967) Theoretical Methods in Plasma Physics. North Hol-
land Pub.

Kadomtzev BB (1976) Collective Phenomena in Plasmas. Nauka Moscow.

Kolmogorov AN, Fomin SV (1999) Elements of the Theory of Functions and Functional Anal-
ysis. Dover Books.

Friedman B (1990) Principles and Techniques of Applied Mathematics. Dover Books.
Yoshida Z (1995) Mathematics of Collective Phenomena (in Japanese). Iwanami Books, Chap-
ter 5.

Landau LD (1946) J. Phys. USSR 10, 25.

Balescu R (1997) Statistical Dynamics-Matter out of Equilibrium. Imperial College Press.
Rosenbluth M, MacDonald W, Judd D (1957) Phys. Rev., 107, 1-6.

Landau LD (1936) Phys. Z. Sov, 10, 154.

Balescu R (1960) Phys. Fluids 3, 52; also, A. Lenard (1960) Ann. Phys., 10, 390.

Brizard AJ, Hahm TS (2007) Rev. Mod. Phys., 79, 421-468.

Brizard AJ (1995) Phys. Plasma, 2, 459—471.



Chapter 6

Magnetohydrodynamic Stability:
Energy Principle, Flow, and Dissipation

Itis not easy to discuss general plasma stability since plasma is a nonlinear and dissi-
pative medium. In this chapter, after a survey of the general stability, linear stability,
in particular, ideal magnetohydrodynamic stability with an Hermitian (self-adjoint)
linear operator is discussed. Then, nonlinear tearing forming a magnetic island by
magnetic reconnection caused by the dissipation, and the stability of plasma flow
with a non-Hermitian operator are outlined.

6.1 Stability: Introduction

To confine high-temperature plasma in a torus is topologically reasonable, but it
actually requires careful consideration. Plasma is “soft” matter, and often becomes
unstable when the internal energy is large. In this section, we introduce a general
definition of stability, “stability in the sense of Lyapunov” for the general evolution
equation of the system. The property of the linear operator of the evolution equation
are described as the basis of stability.

The mathematical theory of stability was developed through the investigation
of stability in stellar dynamics by the French mathematician S.D. Poisson (1781-
1840). A complete general mathematical definition of stability was given by the
Russian mathematician A. M. Lyapunov (1857-1918) [1]. Assume that the behavior
of the plasma is given by the following evolution equation.

ax NX 6.1

=N 6.1
Here, it is important to note that time evolution is determined only by the present
value of X. Such a system is called a “dynamical system”. The equilibrium point
Xo(N(Xo) = 0) is called “unstable in the sense of Lyapunov” if there is another
solution that rapidly moves away from the first solution over time when a small
change is applied to X . Conversely, Lyapunov stability is given as follows.

M. Kikuchi, Frontiers in Fusion Research. © Springer 2011 105
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Lyapunov stability: If there exists a neighborhood V for any neighborhood U
of X so that orbit starting from inside of V' stays within U, X is called stable
in the sense of Lyapunov.

In other words, if the solution of dAX (¢)/dt = N(X( + &) is always bounded, it
is Lyapunov stable. Linearizing the evolution equation 6.1, we obtain the linearized
equationd§ /dt = L&.Here, L = N’(X() and § = X — X . If the steady-state flow
is zero, we have d& /dt = 0& /dt, and the equation is led to an eigenvalue problem
L& = A& by setting d/dt = A. A linear operator L can be expressed by a finite
dimensional matrix if the set of solutions of L& = A& is covered by a finite number
of eigen functions. But, in general, an infinite number of eigen functions can exist
and will form a “functional space” [2].

If the matrix L defined in the finite dimensional linear space is “regular” (LL* =
L* L), a complete set of orthogonal eigen functions can be obtained. And the “uni-
tary transformation” U ! LU diagonalizes the matrix L and eigenvalues appear as
diagonal elements. If L is “self-adjoint” (L* = L), the eigenvalues are all real.
A negative eigenvalue means the system is unstable. The eigenvalue problem of lin-
ear operator L defined in the functional space (infinite dimensional linear space) is
different in nature from that in the finite-dimensional linear space. An important dif-
ference is the existence of a “continuous spectrum.” The solution of the eigenvalue
problem in the functional space in general, consists of a discrete eigenvalue (“point
spectrum’) and continuous eigenvalue (“‘continuous spectrum”) on the segment in
the real axis. In quantum mechanics, the point spectrum appears in bound states,
while the continuous spectrum appears in non-bound states. In plasma physics, the
continuous spectrum appears in the Alfven waves and longitudinal waves in colli-
sionless plasma (Section 5.3) [3].

Linear operators such as the linear Vlasov operator (see Section 5.3) and lin-
ear MHD (magnetohydrodynamic) operator F (see Section 6.2) appear in plasma
physics. These linear operators are infinite dimensional linear operators and cause
special behaviors such as Landau damping and Alfven continuum damping through
the continuous spectrum.

The continuous spectrum has a singular eigen function (such as the Dirac § func-
tion) not defined in the functional space for the linear operator (“Hilbert space”). Let
us determine the operator to give the continuous spectrum. Consider position oper-
ator Au(x) = xu(x), the eigenvalue problem for A4 is given by xu = Au. From
(x — A)u = 0,we have u = §(x — A) (§ is the “Dirac delta function”). Since A can
take any real number, operator A gives a continuous spectrum.

Let A be the linear operator. The eigenvalue problem is to obtain eigenvalue
A(e C) and eigenvector u to satisfy Au = Au. Rewriting this equation as (Al —
A)u = 0, the problem becomes finding null points for the linear operator (A — A)
or singular points of the operator (AI —A4)~!. The theory requires a generalization of
the concept of eigenvalue and eigen function for the operator in infinite dimensional
linear space [2,4].

Magnetohydrodynamic behavior of the plasma can be formulated in the form
of a variational principle using the Lagrangian. If there is no dissipation, the total
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energy of the system (sum of potential energy and kinetic energy) is conserved.
The system is unstable if a negative change occurs in the potential energy leading
the kinetic energy to grow. Conversely, the system is stable if a positive change
occurs in potential energy leading the kinetic energy to decrease. The method used
to investigate the stability of the system through its potential energy in this way is
called the “energy principle” [5].

The linear MHD equation can be expressed as pd>§ = F|[£]. Here, F is the self-
adjoint operator (Hermitian operator) as discussed in Section 6.2. The eigenvalue
of the Hermitian operator (spectrum) is real. However, if the flow is included in the
steady state, the linear MHD operator includes a non-Hermitian operator and is not
easy to handle (see Section 6.7) [6].

The linear stability of the system is closely related to “bifurcation” in nonlinear
phenomena. If the change of the system is described by a control parameter, bifur-
cation occurs when the eigenvalue of the linearized equation crosses the imaginary
axis.

6.2 Ideal Magnetohydrodynamics: Action Principles
and the Hermitian Operator

The conductivity of high temperature plasma is very similar to that of metals, and
the motion of the magnetic field is strongly restricted. According to Alfven, the mag-
netic field is frozen into the plasma motion. Such plasma is treated in the continuum
approximation, and is called “Ideal Magnetohydrodynamics” (Ideal MHD). As de-
scribed in Goldstein [7], Lagrange mechanics in the continuum is reduced to the
variational principle, whose action integral is given by the time and space integral
of the Lagrangian density L. In ideal MHD [8], L is given by,
2
L:lpvz—L—B—. (6.2)
2 y—1 2o
Here, p, v, P, B are the mass density, fluid velocity, plasma pressure, and the mag-
netic field, respectively. The first term of integral is the plasma kinetic energy, the
second term is the plasma energy in the adiabatic approximation, and the third term
is the magnetic energy. Using this Lagrangian, action S is represented by,

[5]
S = /dt/LdV. (6.3)
1

Let & be the plasma displacement, variations of p, v, P, and B are given by

dv=v-VE—§&-Vv+0§/0t, (6.4)
ép=—=V-(p§), (6.5)
§P =—yPV-£—£-VP (6.6)

§B=Vx(&xB). (6.7)
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Applying these relations, the action integral S is given as follows,

5]
2 5P B.SB
(SS:/dt/dV[Sp%—i-pv'Sv——— }
141

y—1 Mo

1% vz
=/dt/dV[—V-(p‘;‘)E+pv-(v-V‘;‘—‘;‘-Vv+3§/8t)

+yPV'§+§'VP_B'VX(§xB):|. 6.8)
y—1 o
Partial integration for the displacement vector gives
[5]
8S:—/dt/dV8§'[a(£v)+V~(pvv)+VP—JxB}. (6.9)
141

Therefore, the variational principle §S = 0 is equivalent to the following equation:
v
ot

Here, the continuity equation for mass density dp/dt + V- (pv) = 0 is used. If there
is no flow (v = 0), plasma is in static force equilibrium. The variational principle in
this case was given by Kruskal-Krusrud in 1958 [9].

B? P
S=/LdV=/ 2L = av. 6.11)
2ug -y —1

For this variational principle, substitution of Equations 6.6 and 6.7 into the above
equation gives

p—+pv-Vo=JxB-VP . (6.10)

é’S=—/‘§-[,ugl(VxB)xB—VP]dV. (6.12)

Hence, the variational principle S = 0 using Equation 6.11 is equivalent to the
equilibrium condition J x B = V P. In the case of force equilibrium (the first order
term of the action integral with respect to the displacement = 0), the variation 6 is
given by a quadratic form of the displacement. The stability of the equilibrium can
be determined by its sign. Linearization of Equation 6.10 gives the following linear
evolution equation considering pd*£/9t> = §J x B + J x §B — V8P, and (6.6),
(6.7)and §J = V x §B.
0%&
Poz = F(§), (6.13)
F§) =u{(VX[Vx(ExB)xB

+ 15 (Vx B)x [V x(ExB)]+V[yPV-£+£-VP].
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The linear operator F is characterized by its important Hermitian property (F is
a self-adjoint operator). This property can be proved by a fairly complicated mod-
ification of Equation 6.13 [5], but simple derivation is possible by using the fact
that energy is conserved in an ideal MHD fluid [8]. In fact, the energy E of the ideal
MHD fluid is given by the sum of kinetic and potential energies and is constant from
the equation of motion, Equation 6.10

1 P B?
E=[|zpvP+ ——+—|[dV. 6.14
[+t 2] an
The total energy can be expressed as a function of £
1 (08’

Here, W is the quadratic form of displacement & and is actually quite complex. We
proceed without the detailed structure of W and consider up to the second order
expansion of W with respect to &.

W(E. &) = Wo + Wi(§) + Wa(§.8) . (6.16)
Since energy is conserved, dE/d¢ = 0. In other words,
dE 0& 0% 0& 0& &\

Defining » = 0&/0¢ and substituting pd*£&/dt> = F(£) into Equation 6.17 we
obtain

/ n-FE) AV + Wi() + Wa(n. &) + Wa6.) =0.  (6.18)

Since the system is in equilibrium, W;(n) = O for arbitrary 5. Also, taking into
account that W,(&, ) + Wh(&, n) in the left hand of Equation 6.18 is symmetric
with respect to the exchange of & and 5, we obtain

/n-F(&)dV:/&-F(n)dV. (6.19)

This property of the linear ideal MHD operator F' is called the Hermitian (self-
adjoint). The explicit expression of F' as the Hermitian is given by Freidberg [10]
as follows,

1
/U'F(E)dV=—/dV [%(3'V’s'L)'(B'Vﬂl)+VP(V'§)((V"7)
B2
+%(V'sJ_+2§J_'K)(V'77J_+277J_'K)

4B? B
- m(&_ k) oK)+ (n &, VV) (P + Z_HO)1| . (6.20)
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6.3 Energy Principle: Potential Energy and Spectrum

The energy conservation law for a small displacement can be given by the integra-
tion of (& /dt)- (Equation 6.13) over time using the Hermitian property, as follows,

2
(@)=t feroor e

Here, K = (1/2) f p(0&/0t)*dV is the change of kinetic energy, W = —(1/2)
J & - F(&)dV is the change of potential energy. Since total energy £ = K + W is
conserved, a negative change in potential energy (/W < 0) gives an increase in the
kinetic energy (§K > 0) and the system is unstable. Conversely, a positive change
in potential energy (6W > 0) gives a reduction in kinetic energy (§K < 0) and
the system is stable. In this way, the stability of the system can be examined by the
potential energy and this method is called the “Energy Principle.” Potential energy
can be given by a quadratic form of & and Furth [11] gave such a form that is easy
to understand as follows,

SW(E) = / AV [5Wsn + 8Wats + §Wew + SWic + S Wi 622)

SWsa = B}/2uo, B, =V x (£ xB),
SWus = BX(V - & +2E, -1)*/210 .

SWsw = yP(V-£)°/2, Wex = (§,-VP)(E, k)/2,
Wi =—Jyb-(B1Lx&,)/2.

Here, §Ws4 is the “bending energy of the magnetic field” and is a source of “shear
Alfven wave.” §Wys is the “compressing energy of the magnetic field” and is
a source of “magnetosonic waves.” § Wsy is the “compressing energy of the plasma”
and a source of the “sound wave.” All these terms are positive and stabilizing. Mean-
while, § Wic is the “interchange energy” of plasma pressure in the curved magnetic
field and can take positive or negative value. § Wx; is “kinking energy” of the cur-
rent and can take a positive or negative value. Here, the curvature vector is given by
Kk =b-Vb.If k - VP < 0, the interchange energy is the source of instability.

Using F is Hermitian operator, we can show that the eigenvalue w? is real. Set-
ting & = & exp(iwt) in the linear MHD Equation 6.13 and taking the volume inte-
gral of £*- (Equation 6.13), we obtain

a)Z/p|§|2 v = —/g*.F(g)dV. (6.23)

Taking the difference with complex conjugate of Equation 6.23 and using the Her-
mitian relation [ § - F(§*)dV = [ £ - F(§)dV, we obtain

(? —w*z)/p |EFdV =0. (6.24)

Namely, eigenvalue w? is real. The case of w? > 0 shows oscillation without damp-
ing and is stable, while the case of > < 0 grows exponentially and is unstable. The
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transition from the stable to the unstable state occurs at > = 0. The locus of the
root moves on a real and imaginary axis in the complex plane.

Considering F is Hermitian, we can prove the orthogonality of the eigen func-
tions weighted by p. Eigen functions &, and &, with different eigenvalues w2, and
w2 satisfy —pw?2 &, = F(£,) and —pw?2&, = F(§,). Taking the inner product
with &, and &, and integrating over the volume, we obtain

(@wp, — @) / P&, - £,dV = / (€ F(E,) — &, F(E,)]AV =0. (6.25)

If there is only a discrete spectrum, this orthogonality leads to the energy integral
SW =Y alw? for& = Y a,é&,. Hence, we may judge the stability by the sign of
the minimum eigenvalue wf (j = 1,...,n). However, the existence of a continuous
spectrum in the linear MHD operator causes this argument to break down.

To examine the continuous spectrum case, we describe the general properties of
linear MHD Equation 6.13. Setting w> = —A Equation 6.13 can be expressed as
follows,

A—F/plé =a. (6.26)

Here, a is either the initial value of the Laplace transform of Equation 6.13 or the
external force which is not considered in Equation 6.13 (for example, the Alfven
mode can be excited with external coils). Then,

E=[A—F/p] 'a. (6.27)

The linear MHD operator has an infinite number of independent eigen functions
and eigenvalues (often it they are not countable and termed a “spectrum”). The
spectrum of F corresponds to the singular points of (A—F /p)~ L. If (A—F /p)x =0
has a nontrivial solution, a point spectrum appears. If (A — F /p)™! exists but is
unbounded, a continuous spectrum will appear (see Note).

In non-uniform plasma, MHD waves such as Alfven waves and slow and fast
magnetosonic waves can have a continuous spectrum. For example, A — F /p =
A— kﬁ Vj in a cylindrical inhomogeneous plasma and the Alfven wave has a phase
velocity V, = V4 in the direction of a magnetic field. If the density changes in
the direction perpendicular to the magnetic field, the Alfven wave will propagate
with a different phase velocity to its local Alfven velocity for each layer of different
density. The oscillation phase difference between adjacent layers increases and the
arbitrary initial perturbation will decay with time. In non-uniform plasma, damping
of waves occurs due to phase mixing in the radial direction, while Landau damping
occurs by phase mixing in velocity space [3]. Thus this damping is called “conti-
nuum damping.”

Note: Hermitian (self-adjoint) Operator and Spectral Theory [2,4]

During the construction phase of quantum mechanics, it was necessary to estab-
lish the spectral theory to generalize the concept of the eigenvalue problem. The
operator in quantum mechanics is self-adjoint and J. von Neumann (1903-1957)
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created spectral theory in the functional analysis. However, the theory is limited
to the self-adjoint operator and the general properties of the non-self-adjoint op-
erator are not well understood. Among the operators in the infinite-dimensional
space, the spectral resolution is possible in general only for self-adjoint op-
erators (or unitary operators). Among the various functional spaces, the most
frequently used space (or set) is the Hilbert space dubbed H-space of square
integrable functions ([Chapter VIII of 2]).

For the linear operator A, the eigenvalue problem is to obtain the eigenvalues
A(e C) and eigenvectors u to satisfy Au = Au. This can be rewritten as (A —
A)u = 0 and the problem is to find a set of null points of the linear operator
(AL — A). In the operator in infinite dimensional linear space, spectrum analysis
is used to investigate singularity of (Al — A)~'. For complex values of A, the
following three classes of the spectrum arise [4].

1. Point spectrum: In the case where (A1 — A)~! does not exist since (A] —
A)u = 0 has a non-trivial u, the corresponding set of A is called a “point
spectrum.”

Example: A = —d2, solves the eigenvalue problem (A — A)u = 0 are
A={nn)n=12,..1}

2. Continuous spectrum: In this case, the unbounded inverse (A/ —A)~ ! exists,
the corresponding set of A is called a “continuous spectrum.”

Example: A = x, the solution for (Ax)u = 0is u = §(x — A). This Dirac
delta function is not square integrable and does not belong to Hilbert space.

3. Residual spectrum: In the case where inverse (Al — A4)~! exists and is
bounded, the corresponding set of A is called a “residual spectrum.” It is
important to note that if A is in the residual spectrum of A, A is in the point
spectrum of the adjoint operator A*. So, there is no residual spectrum in
Hermitian operator.

Here, a linear operator A is said to be “bounded” if there exists a constant N
for all u € H such that

[Aul| < N [lu]| . (6.28)

6.4 Newcomb Equation: Euler-Lagrange Equation
of Ideal MHD

Minimization of the energy integral of the linear ideal MHD equation in cylindrical
plasma and axisymmetric plasma can be reduced to the Euler—Lagrange equation
of the radial coordinate. This is called the “Newcomb equation.” Newcomb [12]
derived the equation for cylindrical plasma and Tokuda [13] derived the equation
for axisymmetric plasma.
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Cylindrical plasma

In the case of cylindrical symmetry, &, 1&g, 1§, can be expressed as the real nor-
mal mode exp(imf + ikz) without loss of generality considering the symmetry in
the cylindrical coordinates (r, 8, z). The stability condition can be given for a pair
(m, k). Minimization of energy integral Equation 6.22 for i§y and i§; gives incom-
pressibility of displacement V - & = 0 and v = i(§g B; — &, Bg) = {o(&, d&,, /dr),
and the energy integral W for unit length along z direction is given using £ = &, as
follows,

_ [
W= 2140 / [f ‘dr
0
_ 1(kB; = (m/r)Bg)’
T k2 (m/r)?
d (szg —(m/r)ng)

2
+g |§|2} dr + Wa + W | (6.29)

2By d(rBy)
dr

+r(kB; + (m/r)Bg)* —

dr

r(kB; 4 (m/r)Bg)*
k% 4+ (m/r)? ’
d§

d¢ 3
o (Es 5) = m |:(kng —MBz)E — (krBy + mBz);} .

Cdr \ K2+ (m/r)?

f =

Here, W, and W, are the surface terms from the partial integration and the en-
ergy integral in the vacuum, respectively. The Euler-Lagrange equation to minimize
Equation 6.29 is given by the following equation:

dir(f%)—ggzo. (6.30)

This equation is known as the “Newcomb equation.” A significant feature of the
Newcomb equation is that it becomes singular at the rational surface given by
f(r) = 0.Since f > 0, the f(d&/dr)? term in (6.29) is stabilizing. At the ra-
tional surface, the condition of the local solution to be non-oscillatory (oscilla-
tory solution is unstable) gives the “Suydam condition” for local mode stability
(q'(r)/q(r))* + 8o P'(r)/rB2 > 0 with ¢ = rB,/R By (the stability condition in
the torus is given by r(dIng/dr)?/4 +2uo(dP/dr)(1 —g¢?)/BZ > 0 and is usually
satisfied since dP/dr(1—¢?%) > Ointhe g > 1regime, evenif dP/dr < 0is alarge
negative value, the “Mercier stability criteria” [14]). The ¢’(r)/q(r) term is stabi-
lized by the magnetic shear. Considering the case with multiple singularities in the
plasma (ry, r,...), the Euler—Lagrange solution is separated at the singular point
and the energy integral between adjacent singular points can be minimized indepen-
dently. In this case, the energy integral of the Euler—Lagrange solution between the
singular points ry and r, is given by W = (7r/20)[f£dE/dr]7?. For x = r — ry,
the solution near the singular points is given by two eigen solutions x ~ x;” and
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x5, where n and n; are solutionsof n”? —n +y =0 (y = —rP’(r)/(B2/240)s*:
s = r(dg/dr) is the magnetic shear). Assuming n; < ny, x ~ x;" is called the
“small solution” and x ~ x;" is called the “large solution.” Newcomb derived 14
theorems of the Euler—Lagrange solution of Equation 6.30 [12]. Theorem 10 is par-
ticularly important.

Newcomb’s theorem 10: For specific values of m and k, cylindrical plasma is
stable in an independent interval I if and only if (1) Suydam’s condition is
fulfilled at the left endpoint if the point is singular, and (2) the Euler-Lagrange
solutions that are small at the left endpoint never vanish in the interior of /. In
marginal cases, the solution is also small at the right endpoint.

If the numerical integration of this Euler—Lagrange equation using, for example,
the Runge-Kutta method with a boundary condition § = 0, d§/dr = 1 at the left
edge gives a crossing £ = 0 within the interval, the plasma is unstable according to
this theorem.

Axisymmetric plasma

In the case of an axisymmetric torus, the energy integral is minimized under
the incompressibility condition V - § = 0 as in the case of cylindrical symme-
try. The magnetic field is expressed by Equation 3.59 in an axisymmetric torus,
and the Grad-Shafranov equation is given in the flux coordinates (r, 8, {) with
r = [2Ro /¥ (¢/ F)dy]"/? and Jacobian J = g'/ = R2r/R, as follows,

i [r% |Vr|21| + M% - _ deP

& _FrS 31
or | dr R L (6.31)

Byusing X = &-Vrand V = r& - V(0 — {/q) in the flux coordinates (r, 8, ),
the energy integral W under V - & = 0 can be expressed in a following form,

X dX 8V) 6.32)

a 2w
s
Wy, =— [dar [ doL (x5 5 v, 2
? = 20 r/ ( 90 ar 90
0 0

where r = a is the plasma surface. Minimization of the energy integral with respect
to V is easy in the cylindrical plasma. In the axisymmetric case, minimization with
respect to V' is a bit more complicated since the energy integral contains the d1//d6
term but the absence of the dV//dr term in the energy integral leads to following

Euler equation [13],
of_oL ] 9L _, (6.33)
a0 | 0(aV/00) v - '

The solvability of Equation 6.33 imposes a condition for L, called the “solvable con-
dition.” By integrating of Equation 6.33, 0 = 0 — 2w, dL/d(dV/00) must have the
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same value at § = 0 and 27 (periodic boundary conditions). The solvable condition
becomes,

2w aL
—df =0. 6.34
/ % (6.34)
0
Fourier expansion of V' and X for 6 is defined as follows,
m=o00 m=0o
X(r,0) = Z Xm(r)exp(im0), V(r,0) = —i Z Vin(r) exp(im6) .
m=—00 m=—o00

(6.35)

Substitution of these equations into Equation 6.34 gives linear equations for V,,
and the solution is substituted into Equation 6.32. The integrant L is now given by
X =(...X2.X_1, X, X1, X5,...)" (¢ is transposed) and dX /dr and the Euler—
Lagrange equation is obtained [6—13].

a
2 dx
w,=""1|L (X, —) dr
Ko J dr

d oL L
dr 9(dX /dr)  0X

Since L is given by a quadratic form of X,dX /dr, the Euler-Lagrange equation
follows the form of the second order ordinary differential equation,

d dX dX
S fSS gt kX =0, (637)
dr” dr dr

where f, g, and h are matrices. This is called the “two-dimensional Newcomb
equation.” Diagonal elements of f have (n/m — 1/q)? dependence similar to the
one-dimensional Newcomb equation and the radius of ¢ = m/n is the singular
point. Small and large solutions exist near the singular point and the Mercier con-
dition is derived as the local stability condition. Once the Mercier condition is met,
a similar method can be applied as Newcomb’s theorem 10 to determine the stabil-
ity. Also, “kink” and “peeling modes*” can be studied using the two-dimensional
Newcomb equation.

=0. (6.36)

6.5 Tension of Magnetic Field: Kink and Tearing

As described in Chapter 3, the magnetic field is bent helically and densely covers
the torus to confine high temperature plasma. As Maxwell’s equations teach us, the

* Peeling mode: Finite edge current can drive external modes localized near the plasma edge.
This mode is called the peeling mode. The peeling mode becomes most unstable when a rational
surface is located just outside the plasma surface. This mode can be coupled to the pressure driven
ballooning mode and is thought to be a cause of ELM (Edge Localized Modes) in tokamak.
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tension of the magnetic field works in the direction of the magnetic field and works
to make the field lines straight. When the field becomes straight, plasma is deformed
helically. This is the generation mechanism of instabilities called the “kink” mode
and “tearing” mode. Kink is the deformation in the limit of zero plasma resistiv-
ity (ideal MHD plasma), while tearing is the deformation allowed by the magnetic
reconnection with the change in magnetic field topology. This reconnection occurs
at the rational surface, which is a singular point of the Newcomb equation of ideal
MHD. There is an “external kink mode” and “internal kink mode” in the kink mode.
The energy integral W = W, 4+ W, in the cylindrical plasma approximation (low
beta (beta is the ratio of volume average plasma pressure (P) to magnetic pres-
sure B?/2u,), large aspect ratio, circular cross section tokamak approximation) is
obtained from Equation 6.29 as follows,

72 B2 a de\2 2
_ T d¢ 2open| (]
Mo = ok 0/ [(rdr) oo ]] (m q) e @9
2p2 2
W, = it E(E_i)+(1+m)k) (i—i) azég. (6.39)
HoRo | ga \m da m 9a

Here, A = (1+(a/b)*™)/(1—(a/b)*™), a and b are the plasma minor radius and the
radius of ideally conducting wall, respectively. Although the resistance of the wall is
finite, the wall can be regarded as an ideal wall for timescales shorter than the wall
time constant Ty,. The energy integral inside the plasma is non-negative (W, > 0),
but the energy integral of the vacuum W, can be negative when (m/n)(1—2/(mA +
1)) < ga < m/n. The external kink is unstable for g, < m/n if the energy integral
inside the plasma is small.

An unstable plasma mode with only internal displacement is possible, even if
the surface displacement is zero, §; = 0. This is called the internal kink mode.
If £, = 0, vacuum energy is zero, W, = 0. Also, if a ¢ = 1 surface exists in the
plasma (¢(0) < 1), internal energy can be zero (W, = 0) for the non-trivial solution
form = 1 and d¢/dr = 0, that means that the plasma is in neutral stability. This
mode becomes weakly unstable if the poloidal beta value is above ~ 0.3 if we take
into account the destabilizing effect of pressure by the toroidal effect.

The instability of practical importance is the tearing mode associated with the
reconnection of the magnetic field at the resonant rational surface. This mode is
destabilized by changing the topology of the magnetic field, while it is stable within
the ideal MHD context. The linear growth rate of this mode is given as y ~ >/
but it soon goes into the nonlinear region. The nonlinear regime is the “Rutherford
regime,” derived by P. H. Rutherford [15]. Substituting Ohm’s law E + v x B =
nd into dB/dt = V x E, we can write down the major terms in r direction as
follows,

n d*B,

— 6.40
po dr? (040

By .
yBr — T(m —ngq)ivy =
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In Equation 6.40, the second term on the left-hand side originates from v x B and
becomes zero at the resonant surface. Then, the resistive diffusion term becomes
important. Conversely, the effect of resistivity is not important except near the res-
onant surface. Defining = irB,/m, the following magnetic diffusion equation
governs the dynamics near the rational surface,

Wy _ n &y
L 177 6.41
at o dr? (641)
Integration of this equation within the “magnetic island” width w gives,
oy n [0y w oy w
—=—|=— — )= (rs—=) - 6.42
T ;L0|:3r <r3+2) ar (rs 2) (©42)
where, r, is a singular radius. Since w and ¥ are related as w = 4(qv/q' Bg)"/?,
d
W T A, (6.43)
dt 2#0

Here, A'(w) = [dy/dr(rs + w/2) — dyr/dr(rs — w/2)]/¥ (rs). According to the
White’s detailed calculation [16], the time evolution of the island width is given
by,

d
Y 1661 (A/(w) — aw) . (6.44)
dr Ho

Here, A’(w) is the solution ignoring resistive diffusion (external solution) and « is
a constant. The external ¥ can be obtained from the helically perturbed equilibrium
equation from the cylindrical one as shown below. Except for the case ¥ = 0 at
the resonant surface for m = 1, ¥ can be assumed to be constant near the resonant
surface. This is essentially the same as the Newcomb equation. Near the resonant
surface, the derivative diverges logarithmically and this term must be separated for
the accurate evaluation of A’(w).

1d [ dy m? wodJ /dr _
(ra)_r_zl//_ Be(l—fw/m)l// =" (049

rdr

As seen from Figure 6.1, the perturbed current inside the magnetic island is
anti-parallel to the equilibrium plasma current forming counter-clockwise field lines
around the island for the case of positive “magnetic shear” s > 0 (s = (r/q)dg/dr).
The formation of magnetic islands reduces the pressure gradient and the reduction
of the “bootstrap current” (see Section 8.5) occurs and accelerates the growth of
magnetic islands. This mode is called the “neoclassical tearing mode” (NTM). On
the other hand, the perturbed current is parallel to the equilibrium plasma current
and reduction of the bootstrap current reduces the magnetic island for s < 0.
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dg/dr>0 case N
AJ antiparallel to B

enhance island

q(r)

" K

1 dq/dr<0 e Al parallel to B
q(r) \ enhance island
S ®

r ,//

(b)

Figure 6.1 Relative magnetic field line flow inside and outside of the resonant surface in equilib-
rium (/eft) and the formation of magnetic island by the magnetic reconnection shown by red line
(right) for (a) positive magnetic shear s = r dg/dr/q > 0 case and (b) negative magnetic shear
s = rdg/dr/q < 0 case. For the positive shear case, perturbed current, which is antiparallel to
the equilibrium current enhances the formation of a magnetic island and the perturbed field line
encircles the magnetic island in a counter-clockwise direction. For the negative magnetic shear
(s < 0) case, the perturbed current parallel to the equilibrium current enhances the formation of
a magnetic island and the perturbed field line encircles the magnetic island in a clockwise direction

Salon: Harold Furth

Professor Harold Furth (1930-2002; Figure 6.2) was a US fusion physicist and
was Director of Princeton Plasma Physics Laboratory (PPPL) between 1981
and 1990. Before coming to PPPL, he wrote a pioneering paper on resistive
instabilities using matched asymptotic expansion [17].

Figure 6.2 H.P. Furth (1930-2002) (Courtesy of Princeton Plasma Physics Laboratory)
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6.6 Curvature of Magnetic Field: Ballooning
and Quasi-mode Expansion

The local mode without the amplitude variation along B is stabilized by the aver-
age minimum B effect ((g> — 1) term in the Mercier condition). But the ballooning
mode can be unstable when the amplitude along B is larger in the weak magnetic field
regime (outside of the torus). This mode has a long wavelength along B (A ~ Rq),
and short wavelength perpendicular to B. It must satisfy the periodic boundary con-
ditions in both poloidal and toroidal directions. The magnetic field in Clebsch coor-
dinates (r, 0, @) is givenby B = Va x Vi (@ = ¢ — ¢6). The displacement perpen-
dicular to the magnetic field & | is given by using the stream function @ as follows,

iBxVo
£, = SRl 22 . (6.46)
@ = F(r,0)exp(iS(r,)) . (6.47)

We use eikonal S depending on r and « that are perpendicular to B, since ballooning
has a short wavelength perpendicular to B. Here, r = a(¢/¢a)"/? is the radius
defined using the toroidal flux. @ is a slowly varying function of r and 6. Toroidal
symmetry allows Fourier expansion in the toroidal direction, as iS ~ —in{. Since
a = ¢ — g0, a possible form of S is S(r,a) = —n(a + ap(r)). Considering the
relation S(r, 0 +2x,¢) = S(r,0,¢)+2mq, S will not satisfy the periodic condition
on 6. This is expected from the nature of the magnetic field lines on the magnetic
surface mentioned in Section 3.7. Wave number perpendicular to the magnetic field
is given from the following expression,

k., =VS=n [Voz + a(’)(r)Vr] ) (6.48)

With this wave number, the phase along B becomes uniform but the wave cannot
be completed within [0, 277] for 6 and should be extended to +o0 since B is wound
endlessly around the torus as discussed in Section 3.7. In other words, as in “Rie-
mann surfaces,” the solution must be obtained to infinity by inserting the cut for ev-
ery poloidal circulation. Here, in relationto 6 € [0,2n], y € [—00, o0] is called the
“covering space.” Using the arbitrariness of oy (r), we can construct a solution @ sat-
isfying the periodic boundary condition of 8 from the solution in the covering space.
Let @(y,r) = @(y,r)exp[—in(a + ao(r))] as the function defined in the covering
space, where ¢(y, ) is the non-periodic square integrable function defined in [—oo,
00] (¢ € L»).Itcanbe seen that the sum of @(y, r) shifted 27j (j = —o0, +00) will
satisfy the periodic condition @(0 + 27, r) = &(6, r) (this is called a “quasi-mode
expansion”),

oo oo
®O.r)= Y B0 +2mj.r)= Y @O +2mj r)en1@-tt2mieing

j=—00 j=—00
F(6,r)e i (6.49)
o (r)

pat

By =
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When the mode is expressed by Equation 6.49, the major terms of energy integral
W (Equation 6.22) are given by,

B} (Va)? 5
Wsa = e~ 2B |B-VF| (6.50)
SWix = (€L - VP)(EL -6)/2~ P'(W)(B x Vo) -k/B’]|F|> . (6.51)

The other terms are O(1/n) and can be ignored in large n approximation [18]. Phys-
ically, ballooning mode stability is determined by the balance between the bending
energy of the magnetic field and the interchange energy of plasma.
Then,

1

p:_/ W“I (B -VF)?—2uoP (Y)kw F2 | dV . (6.52)
Z[Lo

Here ky, = (B x Va) - k/B? is negative with bad magnetic curvature and the term
kw P’ F? is destabilizing. The Euler-Lagrange equation to minimize the energy in-
tegral is obtained considering B-V = B-((Vy)d/dy +(V0)d/30 + (Va)d/da) =
J~19/00 as follows,

2
o ['Vgl ?}Z} ¥ 1P (W)kwF = 0. (6.53)
This equation written in Clebsch coordinates (v, 8, &) is the same as Equation 9
of Connor and Taylor [19], who first derived a correct ballooning equation with
orthogonal coordinates (, x, ¢) (y: poloidal flux RA¢, x: poloidal angle, ¢: toroidal
angle) [20]. Since Equation 6.53 does not include v derivative, we can solve it
without considering the radial structure as given by @ = F(6)e™"%. However, its
meaning is given in the note. Considering Equation 6.53 is a linear equation and
the quasi-mode expansion F = Z (0 + 27j)enaCri—t) — Z Fi (6 + 27j),

Fy(y) satisfies the same Euler—Lagrange equation for F but with 1ts domain (—oo0,
00).

0 |Va|* 9F (y)
dy

B oy ]"'MOP/(W)KwFl(Y) =0. (6.54)

The stability condition is F;(y) should not cross zero, as in Newcomb’s theorem 10
and F;(y) — 0 at y — oo for marginal stability.

Note: Radial Structure of Quasi-modes [21]

Zakharov [21] gave a physical explanation showing that the quasi-mode is
a superposition of infinite radially (perpendicular to flux surface) overlapping
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modes (see Figure 6.3). We start from the following Fourier expansion of F,
since any periodic function of 6 can be expanded in the Fourier series,

o0
@ = Z Py (q)e' MR8 =ing (6.55)

k=—00

where ¢ = m/n (since we consider the case of n — oo limit, we can use
the fact that any irrational number can be given as the limit of a rational num-
ber).

It should be noted that the Fourier spectrum of Equation 6.55 resonates
at a different safety factor (or radial position) g(r) = (m + k)/n. Namely,
@i (g) is a resonant mode at the rational surface ¢ + Aq = (m + k)/n.
Since radial variation of equilibrium quantities is weak, we can assume the
translational symmetry for @ (¢) with the amplitude envelope a(Ag). Namely,
Dr(q) = a(Aq)Po(g — Ag)(Ag = k/n), Do(g) is an eigen function for
k =0).

For the n — oo ballooning mode, we can set a(Ag) = 1, since Ag =
k/n — 0. If we consider the expression of @y(q) by the Fourier trans-
form ®y(q) = (2n)~' J Fy(s)exp(isng)ds in the infinite domain of ng €
(—o00, 00), we obtain following form of @,

o

1 = o :
D = g Z elk96—1na / Fo(s)els(nq—k) ds
k=—00 %9
% (%)
= e—ian / FO(S)eian Z 8(9 —s +27T])ds
—00 Jj=—00
> .
=—e " 3" Fy(60 + 27j)e" 1) = F(6,r)e™ . (6.56)
j=—00

Here, we defined F = — Y F(6 +2mj)e?™™ =" F;(6 +2xj) and used the
J J
following delta function formula,

1 o0 o0
> ¥ = 3" §(0 —s +27j) .

k=—o00 Jj=—00

Figure 6.3 Radial mode
overlap of ballooning modes m=2 m-1 m m+l m+2 q
in Equation 6.55
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6.7 Flow: Non-Hermitian Frieman—Rotenberg Equation

In an axisymmetric system such as tokamak, the neoclassical viscosity in the
toroidal direction is small and the toroidal rotation at a fraction of the speed of sound
can be induced. In this case, we need to consider the flow in the force equilibrium
as follows [22],

pu-Vu+VP—JxB=0 (6.57)
Vx(uxB)=0 (6.58)
B=V{xVy+ FVC. (6.59)

From Equation 6.58, we obtain # x B = —V® and considering B - V& =0,
Vo =QW)Vy . (6.60)
Flow u on the flux surface can be expressed as

@
u=—"B 1+ R2QV¢ . (6.61)
P

In a tokamak, the poloidal rotation is small for neoclassical viscosity, so we con-
sider the case of pure toroidal rotation @3; = 0. In this case, we obtain p(u - V)u =
—pR$2%VR (the centrifugal force term) from u = R>2V¢. Substituting this equa-
tion into Equation 6.57 and taking { component, we get (J x B)-V{ = 0 because of
axisymmetry. The following relation can be obtained by taking V x Equation 6.59.

J = pg' [VF x V¢ 4+ A*yVe] . (6.62)

From (J x B) - V¢ = 0, (Vi x VF) - V¢ = 0 is obtained by using the vector

formula and we obtain F = F(y/):

FF'(y) + A*y
R2

Therefore, the following relation is obtained from Equation 6.57:

_FF') + A%y
o R?

pod x B = — vy . (6.63)

—pR2’VR =-VP vy . (6.64)
From the centrifugal force term in the left-hand side, the pressure is no longer a flux
function. Taking Equation 6.64 -0x /dR, and considering the orthogonality relation
(Equation 3.5), we get the following relation:

P

pR2? = —| .
R |,

(6.65)

Namely, the centrifugal force term is compensated by the radial pressure gradient.
Furthermore, taking Equation 6.64 -0x /9y and considering Equation 3.5, we obtain
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the following Grad—Shafranov equation with toroidal flow:
A"y = o R*OP (Y, R) /3y — FF'(Y) . (6.66)

Assuming T = T'(¥) and defining the ion mass M = p/n, R integration of Equa-
tion 6.6) gives the following formula:

Py, R) = Py(¥) exp [%Rzﬂz} . (6.67)

The action principle of magnetic fluid flow in the plasma, Frieman—Rotenberg [6]
is given as follows:

S = /Ldth (6.68)

1 . . 1
L= Zpsz —p§ - (u- V) + 3 pE - F(§). (6.69)

From the Lagrangian L, the generalized momentum is given by p = 9L /0§ =
p(0&/0t) + pu - VE and the Hamiltonian H(= p - & — L) is given below:

1 1
H = [p—pu-VE —Spk-F(&). (6.70)
o 2

The Hamilton equation dp/dt = —0H /0& givesdp/dt = F(§) —pu-V[(p/p) —
u - VE]. From this equation, the following Frieman—Rotenberg equation is obtained
as the linearized equation of motion with the magnetic fluid flow [6]:

02 0&

— +20m-V)—==F 6.71

pon T 2o V) (é) (6.71)
F(§) =Fs(§) + Fa§)

Fs&)=V[E-VP+yPV -]+ (VX B))xB+JxB

Fq&)=V-[o&u-Viu—pu(u-V)E]
B, =Vx(&xB).

F (&) and F ;(&) are the static and dynamic operators, respectively, and both
are Hermitian operators [22]. This Hermitian property of F is consistent with the
energy conservation equation as given by

2
H = %/ |:p (g—f) —-&.F §] dV = const. (6.72)

On the other hand, the convective term L = 2p(u - V)& is an anti-Hermitian
operator (L(¢,&) = —L*(&,¢)), and the system is not self-adjoint as a whole. It
is difficult to solve the equation as an eigenvalue problem. Therefore, the Frieman—
Rotenberg equation is solved as the initial value problem [23] or by the Laplace



124 6 Magnetohydrodynamic Stability: Energy Principle, Flow, and Dissipation

transform technique [24]. For example, the Laplace transform, &(t) — &(w) (t €
R,w € C) gives

Lé(w) = my(w) . (6.73)

Here, L = w?p + 2iwp(u - V) + F and my(w) = iwpé, + pu x (V x &) +
B x (V x 59) + pVa — BVs. Let the eigenvalue of this equation (the spectrum)
wj (j = 1,...), and the continuous eigenvalue (continuous spectrum) @ € o, the
eigen mode decomposition of the solution is given by

E@) = Z £(wj)exp(—iw;t) + / ¢ (w) exp(—iwt) do . (6.74)
J oc

Here, the eigen function & (w;) for the point spectrum w; (j = 1,...), and the
singular eigen function & (w) corresponding to the continuous spectrum are given as
follows,

§(wj) =—(1/2m) / £, do , (6.75)
I'w;)
E(w) = (1/27)[E(w + i0) — & (w — i0)] . (6.76)

For cylindrical plasma, Newcomb equation 6.30 has to be modified to include
Doppler shift Aw = k - u due to plasma flow. This Doppler shift splits the singular
point of the Newcomb equation from a rational surface (k - B = 0) to two singular
points (k - v4 = +k -u (v4 = B/(op)'/?) for Alfven and slow magnetosonic
resonances [25].
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Chapter 7

Wave Dynamics: Propagation and Resonance
in Inhomogeneous Plasma

Plasma is a dispersive medium and wave propagation can be described by the
Eikonal equation derived by Landau. Wave energy is also defined. If there is no dis-
sipation in the plasma, Lagrange—Hamilton formulation is applicable and the con-
servation law is obtained. The zero approximation as the dispersive medium is the
dissipationless cold plasma approximation ignoring the thermal effect. Cutoff and
resonance occurs in this approximation.

The wave propagation in non-uniform plasma is important in confined plasma
and energy absorption occurs in the resonance layer. The drift wave appears univer-
sally in the confined plasma and is unstable above the critical temperature gradient,
producing turbulence through wave—wave interactions.

7.1 Eikonal Equation: Dynamics of Wave Propagation

Wave propagation in a dispersive media with a local dispersion relation w =
R(k, x,t) cannot be described by a simple plane—wave approximation el**—?)
but is described by the Eikonal form x = A @0 4 ce with its phase (or eikonal) ¢
and amplitude A [1]. The angular frequency w and wave number k are related to
eikonal ¢ by the following equation,

__ %
T 7.1
_ 9

k= (7.2)

From the analytical condition of the second-order derivative 0°¢/9tdx, w and k
should satisfy following equation:
ok o (7.3)
at  ox’ ‘
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From the expression of local dispersion relation ® = £2(k, x, ), we obtain

aa)_ 8k+3.§2| (7.4)
ax ¢ 9x " ox - ’

Here the group velocity of the wave packet v, = dw/dk = 052/0k| is used.
From Equations 7.3 and 7.4, we can see that the velocity of the wave packet center

dx /dt and the time variation of the wave number in the moving frame with the group
velocity dk /dt = 0k /0t + vgdk /0x satisfy the following Hamilton equation:

(92 (71.5)
d  \ok ), '

Here, §2 plays the role of the Hamiltonian and k the role of canonical momentum.
They are also called Eikonal equations. The variational principle to give this eikonal
equation is given by § /' Ldr = 0 with £L = k - x — £2. Substituting the eikonal
expression into the Maxwell equation, E, B ~ E , Beit&:0) + cc, we obtain

A

kxB=—ipgd — ;U—ZE , 1.7)
kxE=owB. (7.8)

We assume that the following linear relation holds using the electrical conduc-
tivity tensor o (see Section 7.3 for details):

J=0oF . (7.9)
This is Ohm’s law and Equation 7.7 leads to
kxB=-2K@k-E, (7.10)
c
Kk =I+-2 . (7.11)
Eow

vyhere K is the dielectric tensor. From Equations 7.8 and 7.10, vectors k, K (w, k) -
E, and B are orthogonal within the Eikonal approximation. Eliminating B from
these equations, we obtain

M-E=0, (7.12)
M = (kk —K*I)/k} + K (7.13)

where kg = w/c. As is well known in electromagnetism, the following Poynting
theorem holds among the electromagnetic energy B2/2j1 + g0 E?/2, Joule losses
J - E, and Poynting vector S = E x B/uo:

9 ( B> &E?
—|—+
ot 20 2

):—J-E—V~S. (7.14)
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This equation shows that the Poynting vector S is the energy flux density. If we take
time and space derivatives of the amplitude in slowly changing medium up to the
first order (w + id/dt, ik + V), J and B are given as follows,

A A\« R . . Jo JE

T+8T=c(w+il)(E+8E)=0(@)E +o@SE + Zi%" | (7.15)
ot dw Ot

Cen ) .

1a)SB=1kx8E+W+VxE. (7.16)

Here B = kx E /. Substituting these equations into Equation 7.14, we can obtain
the following equations:

%+V~§:Q, (7.17)

_ % (goﬁ‘* : a“;f“) B+ ié* : is) , (7.18)
S = Re(E™ x B)/ o (7.19)
Q=E" 0, E, (7.20)
Ky,=(K+K")/2, (7.21)
on=(0+at)/2. (7.22)

A K A K
Here, Ky, oy, are the Hermitian part in each component, E and B are complex
conjugate vectors, K™ and ¢ are complex conjugate tensors. Using Equations
7.12 and 7.13, wave energy & is given as follows,

g0 pr d@My)

£= E, 7.23
2 dw ( )
E=wT . (7.24)
. M, -
g=25" 20 (7.25)
2 ow

Here, J is a “wave action” and is the adiabatic invariant if there is no dissipation.
The wave energy form seen in Equation 7.18 was derived by M. von Laue in 1905
for a dispersive medium [2]. In non-thermodynamic equilibrium plasma, this wave
energy can take a negative value and is called “negative energy wave” [3]. If we
regard (x, k) as independent variables, the wave action J is conserved along the
trajectory in the phase space (x, k), in case there is no dissipation. So, J follows
aJ i aJ . dJ
FTI T P
Substituting Equations 7.5 and 7.6 into Equation 7.26, we obtain the following
equation:

0. (7.26)

d
S rei=0, (1.27)
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where [J, 2] is the Poisson bracket given by

02 9J 082 oJ

Equation 7.27 is called the “wave kinetic equation.”

7.2 Lagrange Wave Dynamics: Ideal and Dissipative Systems

As described in Goldstein [4], Lagrange mechanics in a continuum are reduced to
the variational principle with the action integral of time and space integration of
the Lagrangian density L. Whitham formulated the Lagrange mechanics for dissi-
pationless ideal plasma in 1965 [5, 6], while the dynamics of the dissipative plasma
wave have not been formulated [7]. The action integral S is given by

S = /dt/LdV (7.29)

L=Ly(A.®)+ ) Li(,. A. D). (7.30)

dA S 5
Ly(A,®)=¢g)|— + V| — —(VxA), (7.31)
ot Mo

La(§a A.®) = na [ 260 +ea (ba- A +£0.0) = O(x +8,.0)| . (7.32)

Here, L s (Equation 4.25) and L, are Lagrangians for fields and particles, respec-
tively. The Lagrangian of particle a can be expanded as a quadratic form as follows,

[La€a: A, ®)lin = na | 52E, + €0 8- (Ba x Bo) + eaby A —eaky - VO] .
(7.33)

Lagrangian density can be rewritten in the following form by using the wave
eikonal form & = £e*™" 4 cc.and E = —9A /9t — VP as follows,

(L), =eE” -M-E (7.34)

Here, cold plasma is a typical example of non-dissipative plasma and its M is given
. . . . . Ak . . . .
in next section. Variation of S with respect to E  gives the local dispersion relation,

M-E=0. (7.35)

In addition, the minimization with respect to the eikonal { gives the following
Euler-Lagrange equation.

9 [oL N 3 [oL —o 7.36)
ot | dw ox |0k | ‘
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Here,
_ JL _ JdL A oM

=—=—"= E 7.37
ow il &0 ow ( )

is the momentum conjugate to eikonal ¢ and is the adiabatic invariant. Using
dL/0k = (0L/0w)(0w/dk) = vg(dL/dw) = vgJ, J corresponds to the num-
ber of photons in the wave packet and Equation 7.36 gives the conservation law for
the number of photons.

a9
St (0g]) =0, (7.38)

Hamilton mechanics is a powerful technique in solving mathematical prob-
lems in plasma dynamics, but it cannot be applied to a dissipative system as it
stands. Hamilton mechanics of dissipative systems can be formulated by the adjoint-
variable method [8]. Consider ordinary differential equations in general with n-
dimensional variable x:

dx
i f(x,1). (7.39)
We introduce a new n dimensional variable p, and define L as
LZP'((;—:—f)Zp~(:1—);—H. (7.40)
Here H = p - f(x,t) plays the role of the Hamiltonian. Also, it is easy to see that
L
M =p. (7.41)

This means that p is momentum conjugate to x. Then, we obtain the following
Hamilton equation:

dx 0H

ap __OH __afGn)
ar - ox ox p- (7.43)

In other words, any system of ordinary differential equations including dissipation
can be attributed to the Hamilton system by doubling the variables. Application of
this formulation to dissipative plasma dynamics is left for future study.

7.3 Plasma as a Dielectric Medium: Cold and Hot Plasmas

Plasma is a dielectric media in which various waves can propagate. We assume that
perturbed electromagnetic fields are given by a plane wave, E| = E exp(ik - x —
iwt), By = bexp(ik-x —iwt) and J| = j exp(ik -x —iwt). The Maxwell equation
giveskxB| = —iowpoJ |—o E |. Combining this with Ohm’slaw J | = ¢-E | leads
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to the relation k x B} = —(w/c?)K - E 1, where K = I + io /sow is the dielectric
tensor. Substitution of k x B} = —(w/c?)K - E into k x E = w B gives,

M-E=0, M= (kk— 1)('“) +K. (7.44)

The solvable condition is given as M = det(M) = 0 and is called the dispersion
relation. The group velocity of the wave v, can be obtained from the k deriva-
tive of the dispersion relation M(w,k,x,t) = det(M) = 0 as v, = 3§2/dk =
(0M/0k)/(OM /dw).

When the plasma temperature is low or the wave phase speed (w/k) is much
higher than the thermal speed (vy, <K @/ k), the effect of thermal motion can be
neglected and is called “cold plasma.” When the plasma temperature is not too low,
wave propagation is influenced by the sound wave and the pressure effect must be
taken into account for the dielectric tensor. This is “warm plasma.” When the reso-
nant wave-particle interaction such as Landau damping plays some role, the Vlasov
equation must be solved to obtain the dielectric tensor, and this is called “hot plasma.”

In the cold plasma case, an important characteristic is that dielectric tensor K
does not have any k dependence and is given as follows [9],

S —iD 0
K=|iD § 0. (7.45)
0O 0 P
2
_ wpa _ Wpq
§=1 _Z 92’ Za:wwz Q2 P_I_Za:wz’
2
5 ng e e, B
= s Q =
@pa oMy a4 Mg

Let 0 be the angle between B and k and the refractive index n = kc/w, the
following dispersion relation is obtained:

[S sin* @ + P cos” 8]n* — [RL sin? 6 + PS(1 4 cos® §)|n> + PRL =0 (7.46)

where R = (S + D)/2 and L = (S — D)/2. The condition of the refractive index
n = 0 (phase velocity = w/k = 00) is called the “cut-off,” and n = oo (phase
velocity = w/k = 0) is called “resonance.” From Equation 7.46

Cut-off condition (n = 0): PRL =0, (7.47)
Resonance condition (n = 00): tan’ 0 = -5 (7.48)

If we have a cut-off layer in the plasma, the plasma wave can only propagate an
evanescent wave. On the other hand, the resonance is important for plasma heating
and as a damping mechanism for instability. Considering propagation parallel to the
magnetic field (6 = 0), S becomes co at w = §2, and gives resonance. This is
the cyclotron resonance. In the case of propagation perpendicular to magnetic field
(0 = m/2), the resonance condition is S = 0. Finally, it is worth noting that the
cold plasma dielectric tensor has various symmetries [5].
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Time symmetry: K (—w) = K *(w) by the time symmetry of the equation of mo-
tion.

Onsager Symmetry: K (—B) = K'(B) corresponding to the Onsager theorem.
Hermitian: K = K™ (4: complex conjugate) corresponding to energy conserva-
tion. If energy is not conserved, the system is not Hermitian.

In the hot plasma case, the plasma response as a dielectric medium can be ex-
pressed by the dielectric tensor K, as for the cold plasma wave. But the structure of
K is more complicated compared to that in cold plasma. Since K = I + io /gow
and the conductivity tensor is related to the perturbed velocity distribution function
Sak()asJ =oE and J = Y e, [ v 11 (v)dv, we have to solve the following
linearized Vlasov equation:

afalk . afalk

o TV Tox

/a0
v
(7.49)

. afalk
ov

+ % v x B) — % (E, +vxB))-
meg Mmgq

Here, the suffix for equilibrium value for B is suppressed for simplicity. Since the
left-hand side of Equation 7.49 is the Lagrange derivative Df, /Dt along the un-
perturbed charged particle orbit, f;x (v) is readily obtained as follows [9],

t
furav.0) = -5 / (El(xa’),r’) + Lo x ke E1<x(t’),t’>>)
ma_oo D)

0 ¢

W),
v

Here, By = (k x E|)/w is used. The particle position at ¢/, x(¢') is given by

a combination of cyclotron excursion and the original position as follows,

(7.50)

X(() = x(t) + 2 (sin(0 + 2~ 1) = sin6) |
P = (1) = 2 (cos(8 + 201" = 1)) ~ cos6) | (7.51)

z(t)y =z(t) + v (' —1) .

Here, the direction of B is chosen as z. Substitution of Equation 7.51 into Equa-
tion 7.50 gives the following form for f,x (v):

Jak(x,v,1) = _La gilkxxthzz—ot) 7.52)
Mg
t
x / ((1_k.v(t))E_'_(v(t,).E)f).3f0(v(t )
@ 2 v

X exp (ik);;u' (sin(f + 2(t" — 1)) —sin0) + i (kzv; — w) (1" — t)) dr’ .

Here, the direction of the perpendicular wave vector is chosen as x. Using the Bessel
function formula exp(ia sin0) = _ J,,(a) exp(im6) and J_p, (@) = (—1)" I (a),
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final form of the perturbed distribution function f,x(x,v,?) is obtained and the
dielectric tensor K is obtained by using J = Y es [ v fax(v)dv, J = oE and
K =1 +io /sy as follows for Maxwell distribution with T} and 7', [10] (note:
the definition of vz, is different in [10]).

=1+ Z [ZnOa/\TaL (7.53)

- + Z (;Oamna) - (1 - —) (1+ znazgna»)

X exp(—ba)Xna] ,

(n2/ba)1, in(1) — I,) 2L A e/
Xna = —in(I — 1) (n%/bg +2bo)y —2b, I, X npaca(I) — 1) | -
—2)11,, nna/aa _1/\7"“ NMna®a (1/ — 1) ZATar)naln
(7.54)
o+ ns2, N — T||a b — 1 (kivrig 2 S 2T, 12
Nna = szT||a s Ta = T.. s a=3 2, s Ta = - s
w — k||u||a +ns$2, kxVT 1a eXp( :32)
= N = —, Z( s
bna kszIIa ¢ $2q = «/_ ,3 ¢

Here, Z is called the plasma dispersion function and u, is the parallel flow
velocity, the argument of the modified Bessel function is b,. L is a tensor with
L., = 1 and other components are 0.

Salon: Professor Thomas Stix

Professor Thomas Stix (Figure 7.1) was a plasma physicist. He wrote a pioneer-
ing text on plasma waves, The Theory of Plasma Waves in 1962 [9].

Figure 7.1 Prof. T. H. Stix (1924-2001) (Courtesy of Princeton Plasma Physics Laboratory)
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Note: Causality and translational symmetry in plasma waves

Plasma exhibits characteristics of a dielectric medium and excites the “wave”
as a collective motion [11]. Let E (x’, ¢’) be an excited perturbation at x” in the
time ¢’. In response to this excitation, the current J (x, ) is created at another
location in the plasma x at time ¢

J(x,t)=0c(x,x',t,tE(x',1). (7.55)

Since J will not be created before the excitation of E, o (x,x’;¢,¢") = 0 for
t < t’ (causality requirement). In the usual Ohm’s law, o (x, x’;¢,¢") = §(x —
x')8(¢ —t'). Considering the linear response, the superposition principle is valid
and the induced current is given as follows,

1
J(x,1) = gff dx'dt'o(x,x',t,tE(x', 1) . (7.56)

Moreover, if we assume “translational symmetry” in space and time (medium
is uniform and stationary), o becomes a function of x — x’ and t — ¢’.

1
J(x,t) = = // dx'dt’'o(x —x',t —tE(x',1) . (7.57)

It is important to show that Ohm’s law J (w, k) = o (0, k) E (», k) is equiv-
alent to the electrical conductivity depending only on x — x’ and ¢ — ¢’. The
Fourier transform and its inverse Fourier transform of the electric field pertur-
bation E (w, k), E (x,t) and J (x,t) are given by the following equations:

1 .
E(w. k) = o // dxdre  ®*=@DE(x 1), (7.58)

1 .
E(x,t) = > // dkdwe'**=*DE (v, k) . (7.59)

1 .
J(x,1) = Z/f dodke®**=Dg (w0, k)E (v, k)

1 . 1 5 " "
_ E /[ da)dkel(k'x_wt) [Z /[ dx//dt//e—l(k.x —wt )o,(x//’t//)i|
1 . / /
¢ [E // dx/dtle_t(k'x —wt )E(x’, t/)i|
= (2;)3 // dodkelkG=*'=xM—wlt=t'=t") // dx"dt"o (x",1")

X /[dx/dt’E(x’,t’)

1
:2—/[dx/dt’a(x—x’,t—t’)E(x/,t’). (7.60)
b
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Here, the properties of the Dirac delta function §(x — x’ — x”) = (2m)~!
[ dkef@—x"=x") "s; ¢ — "y = Qr)" [ dwe T @C"~1") are used. The
causality saying “the response in the stable medium always appears after its
excitation” requires that the response should follow the excitation and not come
before.

7.4 Non-uniform Plasma: Alfven Wave Resonance
and Continuous Spectrum

We describe here the Alfven resonance in non-uniform plasma since it plays an
important role in the damping of the Alfven Eigen (AE) mode or resistive wall
mode in toroidal confinement plasmas. Defining n = ncosf andny = nsinf, we
can rewrite Equation 7.46 as follows,

(R — nﬁ)(L — nﬁ
S —nﬁ

ni = (7.61)

In this case, the resonance condition is S = nﬁ Since § < Oat 2; < w < wry
(orm = 1/[(2}+w3,) " +1/12:2, |]'/2 is the lower hybrid frequency), the reso-
nance occurs  below the ion cyclotron frequency. Since S ~ 14 (¢2/ Vj) (27 /(27—
w?)] ~ c?/ Vj at w K £2;, the Alfven resonance condition is given as follows,

w=kVa. (7.62)

Figure 7.2 shows the schematics of Alfven resonance in high-density confined
plasma. In the Alfven resonance, triple layer of cut-off-resonance—cut-off appears
spatially close to each other. From the outward side this is the cut-off of the shear
Alfven wave (L —nj = 0:ny = 0 atr = ry), Alfven resonance (S —nj = 0:
ni = ooatr = ry), the cut-off of compressional Alfven wave (R—n| = 0:n1 =0
at r = rs). The wave equation in the vicinity of the resonance can be obtained by
replacing 7 of Equation 7.61 to —i(c/w)d/dx(x = r — r4) as follows,

2 E  (R—nj)(L —nj

®? dx? S — nﬁ

Assuming that density near the resonance points is proportional to x including the
cut-off point, we define y = x.S’(0)/ D(0) to convert Equation 7.63 to the following
singular turning-point equation [9]:

PE 22 -1
0" -Dp_

(7.63)

—_— 0, 7.64

dy? y +ie (7.64)

2| Dl (7.65)
¢2(dS(0)/dx)?
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where ¢ is a negative infinitesimal constant. As Budden showed in [12], complete
absorption of the plasma wave occurs at the singular turning point. Singularity at
y = 0 produces phase mixing discussed in Section 6.2 and Alfven wave energy is
absorbed by the particles.

Near the Alfven resonance, kinetic effects become significant and the mode is
converted to the Kinetic Alfven wave (KAW) [13]. Derivation of the kinetic dielec-
tric tensor is lengthy. The dispersion relation of the KAW is given as follows at

(kipi)? < 1

»® = kjVy [1 + ki p} G 4 ;)} : (7.66)
After conversion to the KAW mode, the Alfven wave damps via electron Landau
damping. This wave damping mechanism is called “continuum damping” since it is
caused by the existence of the continuous spectrum of the Alfven wave. This mech-
anism is important as a stabilizing mechanism of the resistive wall mode (RWM)
destabilized by the finite electrical resistivity of the wall around the plasma.
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If energetic particles exist in the plasma with velocities close to the Alfven ve-
locity, the Alfven wave tends to be destabilized by getting energy from the energetic
particles, but is stabilized if there is Alfven resonance in the plasma due to its strong
continuum damping. On the other hand, if the Alfven resonance does not exist for
some frequency band due to the toroidal coupling of the modes, etc., the Alfven
wave becomes unstable due to a lack of continuum damping and is called the Alfven
Eigen mode [14].

7.5 Drift Waves: Universal Waves in Confined Plasma

In confined plasma, there is a radial temperature gradient (VT'), density gradient
(Vn), and a electrostatic potential gradient (V@) (see also Chapter 8). These gra-
dients create first order flows on the flux surface and the coupling of these flows
(drift) with the ion sound wave produces a drift wave. We only consider the density
gradient (namely VT; = VT, = 0, in this case). Assuming collisionless (n = 0)
and uniform 7, along B(V, T, = 0), particle conservation (dn/9t + V- (nV) = 0),
Ohm’s law parallel to B (en. E| + V| P, = 0), and the momentum balance equation
parallel to B (m;ndV|/dt = —V| P) are given as follows,

Particle balance: iwne + ik||nel7|| + iwsne(e®/Ty) =0, (7.67)
Ohm’s Law: — ik”ened; + ik Terie =0, (7.68)
Momentum balance: —iwm;n; 17” +iky(pe + pi) =0. (7.69)

Here, w« = —(k1T/eB)(dInn,/dr) is the electron drift wave frequency. Equa-
tion 7.68 (7. /ne = ed / Te) is the “Boltzmann condition.” If ions satisfy the adi-
abatic law p; = y;T;n;, a combination of these equations leads to the following
simple dispersion relation using Cs = ((Z; T, + y; T3)/m;)"/?:

o — wx) = kjC; . (7.70)

This drift wave is stable (w is real) but is destabilized by the inclusion of the ion
temperature gradient (VT; # 0). The ion energy equation ((3/2)(dp;/dt + Vg -
Vpi 4+ (5/2)pi V| V}) = 0) is given by the following equation with y; = 5/2,

3. ~ 3, = ~
_Elei + Ela)*‘c(l +ni)en.® +iyin; Tk V) =0. (7.71)
Here t = T;/T.,n; = dInT;/dInn,. Combining this with Equations 7.67, 7.68,
and 7.69 including the effect of the ion temperature gradient, we obtain the disper-
sion relation of the ion temperature gradient (ITG) mode as follows,

—w) =k |1+ &L YL 772
o(® — ) = kj [ t iz U 2 (7.72)
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Forthecaseof Z; = 1,y; = 5/2, w ~ kjCs < w«, we obtain

202
o kG 2 (7.73)
25t+1\"73)" ‘

So, this drift wave becomes unstable when the ion temperature gradient exceeds
a critical value, dTiCﬂt /dr. In the real torus, the mode structure becomes more com-
plex and is not so simple, but the threshold in the ion temperature gradient for desta-
bilization exists [15].

The most basic equation describing the drift wave turbulence is the Hasegawa—
Mima equation [16]. We derive this equation to see the fundamental process of
drift wave turbulence. The guiding center motion is used for simplicity. Since
the electrostatic approximation (E = —V®) is applicable for the drift wave, we
have

V& xB m; do 5 7
B2 eBXdr T ‘

Vil =—
Here, the first term is E x B drift and the second term is the polarization drift.
The origin of the polarization drift is as follows. Consider the particle motion when
the electric field is suddenly applied. The particle moves in the direction of the
electric field E first. When E becomes stationary, the particle moves with E x B
drift. This transient drift by dE /d¢ is called the “polarization drift” and given as
follows,

m, dE

_ . 7.75
e, B? dt ( )

Vpa =
The direction of this drift is opposite for ions and electrons and causes charge
separation unlike the E x B drift. The ion polarization drift is important while the
electron one is negligible since this drift is proportional to the mass. The electron
and ion motion along the magnetic field compensates the charge separation by the
polarization drift. Since the electron has a small mass, we can assume the Boltzmann
relation 71, /ne = ed / T for the electron. The ion equation of motion and particle
conservation law are given as,

dv; -
mini% =—-V(en® +yn;T;) , (7.76)
a .
% + V() =0. (7.77)

Here, we give the electrostatic potential as follows,

D = &, explikry + kjz —iwt] . (7.78)
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From Equations 7.74 and 7.76, we can obtain an expression for v|; and v; and
substituting them into the particle conservation law taking the quasi-neutrality con-
dition 77, = 71; into account, the drift wave dispersion relation is obtained from the
linear term:

@*(1 4 7k p] /2) — 0w = k{C; . (7.79)

Here, Cs = [(T, + yT;)/m;]"/? and p; is the Larmor radius. The difference from
Equation 7.71 comes from the polarization drift. In any case, the drift wave is a kind
of ion-acoustic wave in non-uniform plasma. Let the spatial Fourier expansion of the
electrostatic potential be @ = Py (1) explik L y + k) z]. Selecting the wave number k
from the nonlinear wave—wave coupling term in the n; v; term of Equation 7.77, we
reach the Hasegawa-Mima equation:

0D (1) .

Stk @k () = Y7 Vi kP ()Pe() | (7.80)
k=k1+k2
2
Viik, = > (ki x k») - e;[k3 —ki] . (7.81)

(14 tk?2p2)B

Here, op = ws/(1 + tk2 p?/2), and ps = (T./m;)'/?/£2;.

The nonlinear term of Hasegawa—Mima Equation 7.80 comes from the polarization
drift and is used as the most basic equation for plasma turbulence.

Salon: Hasegawa-Mima Equation

Professor A. Hasegawa (Figure 7.3 (a)) and Professor K. Mima (Figure 7.3 (b))
who derived the Hasegawa-Mima equation. The Hasegawa—Mima equation pro-
duces zonal flow through the inverse cascade, which is essentially the same as
the zonal flow in Jovian atmosphere [17]. At the time, Professor Hasegawa was
at the Bell Laboratories and Professor Mima was a visitor from ILE-Osaka.
Professor Mima became a director of ILE-Osaka, which promotes laser fusion.

Figure 7.3 (a) Professor

A. Hasegawa (with kind per-
mission of Prof. Hasegawa)
and (b) Professor K. Mima
(with kind permission of
Prof. Mima)

(b)
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Chapter 8

Collisional Transport: Neoclassical Transport
in a Closed Magnetic Configuration

In high temperature confined plasma, the mean free path of the Coulomb collision
becomes much longer than the geometric (torus) dimensions, and this is called
a “collisionless regime.” In this case, the particles are categorized into particles
trapped by a magnetic mirror and the particles not trapped by the magnetic mirror.
The difference in these particle orbits produces distortion of the velocity distribution
function and deviates from the Maxwell distribution.

This will affect the physical properties of the plasma. The thermal force pro-
duced by the trapped particle operates on untrapped particles to reduce the electrical
conductivity or to produce a plasma current (bootstrap current), or to enhance the
thermal diffusion across the magnetic field. They are collectively called neoclassical
transport.

8.1 Collisionless Plasma: Moment Equation
and Neoclassical Viscosity

When the collision mean free path becomes longer than the geometric dimen-
sion (e.g., connection length along the magnetic field Rq) (called the collisionless
regime), the local Maxwellian approximation is not valid and we have to use the
drift kinetic equation introduced in Chapter 5 to evaluate collisional transport of
the high-temperature plasma in a closed magnetic configuration. As Hirshman and
Sigmar [1] showed, however, the use of the kinetic equation can be minimized by
using the moment method. Taking v and v>v moments of the Vlasov-Fokker Planck
equation of species a of the plasma and subtracting convective heat flux from the

v?v moment, we obtain following moment equations for momentum and heat flux:

d
mm% — eanta(E +ttg x B)—VPa—V Mg+ Far+Ma, &1

Jd (q e 5
Maz- (Fa) :F‘;qaxB—EnaVTa—V'@a—i—Fag—i—Qa. (8.2)
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Here, ng, uq, q,, Pa, 4, Oy, F a1, F 40, M4, and Q, are density, velocity, con-
duction heat flux, the average plasma pressure, viscosity tensor (anisotropic com-
ponent of the pressure) and viscous heat tensor, friction force, heat friction force,
momentum source, and heat momentum source, respectively. Definition of tensor
and its algebra including its divergence are given in appendix “Tensor algebra”. The
velocity distribution function in strong magnetic fields shows anisotropy parallel
and perpendicular to the magnetic field as shown by G.F. Chew, M. L. Goldberg,
and F. E. Low [2], and IT; and @, can be expressed as

H@:(HW—PM)Gb—%I)+O®%, (8.3)

@az(@m—@m)@b—%1)+owﬂ. (8.4)

Here, b = B /B is the unit vector parallel to B and § = p, /L is a smallness param-
eter that is the ratio of the Larmor radius and the macroscopic length scale L of the
plasma, p, = vr,/$2, is Larmor radius, vy, = 27,/ mq)'/? is thermal velocity,
and 2, = e, B/ m, is the cyclotron angular frequency. Taking the cross product B
with Equations 8.1 and 8.2, and neglecting the time derivative for the drift timescale
0((8%£2)™"), which is much longer than the Alfven timescale O((§52)"), and ne-
glecting other 0(8?) terms smaller than the VP, V@, and VT terms, the major com-
ponents of particle and heat flows of particle species a perpendicular to B are give as

u(l)_ExB+bePa

= . 8.5
La B2 Mang g ®.5)
m S5, bxVT,

=-p,— 2 8.6
qJ_a 2 a ma Qa ( )

Here, the first term on the right-hand side of Equation 8.5 is the £ x B drift flow,
the second term is the diamagnetic drift flow caused by the pressure gradient. Equa-
tion 8.6 is the diamagnetic heat flux caused by the temperature gradient. In the drift
timescale, the —dA /9t term is negligible and we can write E = —V @&. Taking the
dot product of the magnetic field B with Equations 8.1 and 8.2 and taking the flux
surface average (Section 3.8), the following flux surface averaged momentum and
heat flux balance equation are obtained:

(B-V-My)=(B-Faq)+emns(B-E)+(B-M,), (8.7)
(B-V-0O4)=(B-Fa)+(B-0,) . (8.8)

Here (B - F ) and (B - F ,,) are the frictional forces on species a of the parallel
flow on the magnetic surface, and (B - V - IT,) and (B - V - @) are viscous forces
parallel to B, which originate from the relaxation of velocity space anisotropy paral-
lel and perpendicular to B. The origin of this velocity space anisotropy is explained
for the case of electrons in Figure 8.1 [3]. The magnetic moment w is conserved
in high temperature plasma when the electron moves along the magnetic field (see
Section 4.5). So, the orbit of the electrons satisfying Byax > E/u is trapped in the
weak magnetic field regime reflected by the magnetic mirror (trapped particle or
banana orbit). For the case where density is lower towards the outside (dn/dr < 0),
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Figure 8.1 Sketch of the
trapped electron orbits and
distortion of 1- and 2-
dimensional velocity distribu-

/
. . . Z
tion functions in a tokamak Ples™? 2 % i <

Fewer electrons
from outside

More electrons f
from inside e

Collisional g~
d|ffu5|on R\

Trapped electron

Untrapped Untrapped
electron electron
-
_
Vi

consider the velocity distribution function on a magnetic surface. There are fewer
electrons for the trapped electrons with v > 0 since it originates radially outside,
while there are more electrons for the trapped electrons with v < 0 since it origi-
nates from radially inside. The orbit of untrapped electrons stays much closer to the
magnetic surface and the number of electrons for v > 0 is roughly equal to that for
v < 0. Then, there appears a discontinuity in the trapped—untrapped boundary of
the velocity distribution function. Small Coulomb collision smoothes this gap and
causes particle diffusion in the velocity space. This collisional diffusion in velocity
space acts as a viscous force in the magnetic field direction. Consider the drift and
elliptic distortions from the Maxwell distribution, the velocity distribution function
fa(v) can be expanded as follows:

Ja() = fam (v) + fa1(v) + fa2(v) , (8.9)
fam (v) = %exp (—v?/vd,) | (8.10)
fa1<v)=22—”-[ (1—% ) }faMw) (8.11)
Vi, 5
vo— LT 2x2
for() =2—2 [na +(@, +1,) (1 _ 7)} fon@) . (8.12)
allalr,

Here, x2 = mqv?/2T, and v, = 2T,/ m,.

Note: Definition of friction and viscous forces

Fgu = /mavC(fa)dv , (8.13)

v’ 5
Fo= /mav (% - E) C(f)dv, (8.14)
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m, = /ma (vv — %vzl) fa(x,v,t)dv | (8.15)
Pl = /ma(v” —Uja)? fa(x,v,0)dv, (8.16)
Pro= [ P00 e fulx vty do. (8.17)
0, = /ma (vv - %vzl) (";“Tzz . %) fulx,v,0)dv, (8.18)
O = /ma(v” —upa)? (";"Tvz - g) falx.v.1)dv (8.19)
OLq = / %(vl —ui,)’ (n;“—;j —~ g) falx,v,1)dv (8.20)

8.2 Incompressible Flow: First Order Flow
on a Magnetic Surface

If a magnetic surface is formed by the magnetic field, many physical quantities
become the surface quantities (e.g., function of ¥ only). Pressure P is the surface
quantity derived from the condition of force equilibrium. The temperature (also den-
sity) becomes an approximate surface quantity since the temperature equilibrates in
the direction of the magnetic field lines due to high parallel thermal conductivity. In
addition, the electrostatic potential @ is an approximate surface quantity due to the
high parallel electrical conductivity. Therefore, Equations 8.5 and 8.6 are given as
follows:

u(l)__VqﬁxB+bePa_1[dq§ 1 dP,

le = B2 mana$2e B ldy " eang dy
x Vi . (8.22)

} bxVy ., (821

5  bxVT, 5P, dT,
qﬂi)l =2p, X a _ a ap
2 mgy$2, 2eq,B dy

From these expressions, the following relations hold to show first order particle and
heat flows perpendicular to B on the magnetic surface:

u) vy =0, ¢).vy=0. (8.23)

These are sometimes called “magnetization flows.” The first order flow on the mag-
netic surface is the sum of the flow along the magnetic field and the magnetization
flow as follows,

u® =ul) b, (8.24)
a =q) + qpab (8.25)
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Figure 8.2 Geometry of (a) flow between magnetic surface ¥ and ¥ +dr and (b) first order flow
as combination of diamagnetic flow and parallel flow

Continuity of poloidal flows in the flux tube between ¥ and ¢ + dyr (dU =
ud . (VO/|VO|)2nRdr = ulP-(VO/|VO]) dy/B-(VO/|VO|) = ul-VO/B-Vody
and dU/dy = ug, () gives the following relations (see Figure 8.2)

(1)
u; -V N

—; g = M) (8.26)
(1)

qq - VO N

= = : 27
B vg =~ das ) (8.27)

Here, it should be noted that u, () and ¢, (¥) do not have the dimensions of
the particle and heat fluxes. Taking the dot product of Equations 8.24 and 8.25 with
VO and considering the axisymmetric equilibrium relation (Equation 3.59) B =
V¢ x Vi + FV¢ (from this, we obtain B x Vi - VO = F(y) B - V), we obtain
the following relations,

Bujy (V) = ujg — Via (8.28)
5
Bq,e(¥) = qja — 7 FaV2a (8.29)
where
o

- V6 F do 1 dP
Vig=—tda Y0 _ _FW) (42 1 dPa) (8.30)

b-Vé B dy  egng dy

o
Vou = _qu_a Vo = _F(w) % (8.31)
“7 5P, b-V0 eaB Ay :

Equations 8.28 and 8.29 show that the poloidal flow is the sum of the poloidal
components of the parallel flow and diamagnetic flow. V}, and V), are the “thermo-
dynamic force.” As shown in Section 8.1, E x B flow, diamagnetic drift flow, and
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diamagnetic heat flow produces thermodynamic forces. Substitution of Equations
8.21 and 8.22 into Equations 8.24 and 8.25 gives:

BVia Vi x b

u® = upeb + 1l =up.b + e 1;) - (8.32)
5P, BVya VY x b

4 = qpab + 4" = qpab + 2 F(w“) 5 (8.33)

Combining these with the first order flow relations Equations 8.28 and 8.29, we
obtain the following:

B Vla

ud) =uk,(V)B + ) R2V{ | (8.34)
5P, BVay

— 2 R>VC . 8.35

2 Fy) ¢ (8.35)

Here, we use the following axisymmetric relation (using Equation 3.59 and taking
Vi x B and |Vy|> = R*(B? — Bg) for derivation):

bxVy = F(y)b— R*BVC . (8.36)

Taking ¢ component of Equations 8.34 and 8.35 gives

O BVia
Uge = uy(V)Be + ) R, (8.37)
o _ 5P, BV 338
fat 2 FW) (8.38)

From Equations 8.28 and 8.29, we obtain

(BZ)MZQW) = (Bu||a> — (BV1a) (8.39)

5P,
(B%) 426 () = (Bdya) = =" (BVaa) - (8.40)

Here BVy, and BV,, are actually surface quantities and () is not necessary. Sub-
stituting the expressions of u’, () and g, (y) into Equations 8.37 and 8.38, we
obtain the following results:

B B; | BV,
1 ¢ ¢ 1
Mglg,) = m (BM”a) + [1 - @:| Bza , (841)
B?
o ¢ 5P, ¢ | BV
=——_(B 1——— . 42
Dot (B) (Bqja) + 5 |: (Bz)} B (8.42)

The second terms of the right-hand side of Equations 8.41 and 8.42 are called the
Pfirsch—Schliiter terms.
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8.3 Friction and Viscous Forces: Momentum
and Heat Flow Balance

The distribution function (Equations 8.1-8.9) includes the anisotropic term pro-
duced in the collisionless regime. Substituting this expression into the definitions
of friction force F,; (Equation 8.13) and heat friction force F ,, (Equation 8.14)
while the collision operator C( f;) given by Equation 5.45 is linearized around the
Maxwellian. We obtain following formula:

ab ab (1)
Fa1:| ( Iy =5 ) [ u, :|
=3 (" . (8.43)
[F @] \-1gb 15 ) [ 24/5P,

Here, li"jb is called the friction coefficient, which has the symmetry li“jb =1 5’1" due to
self-adjoint property of the Coulomb collision term. A useful expression is given by
Hirshman—Sigmar [1] as shown in the note. Since a viscous force operates when the
particle moves poloidally in response to variation in the toroidal field, the viscous
force is proportional to the poloidal flow:

(B-V-Mgu)] o0 tar a2 Uy (V)
[(B -V. @a)i| - (B )|:Ma2 Ma3:| [ZQZQ(?/I)/SPa} ’ (8.44)

Here, (a1, a2, a3 are called parallel viscosity coefficients and are obtained by
substituting Equations 8.11 and 8.12 into the drift kinetic equation, and solving the
equation for the anisotropic component I, and @, approximately [1]. There are
three types of collisional transport regimes in tokamak: (1) banana regime where the
collision time is longer than the bounce time of the trapped particle orbit (v, < £2;
v.: collision frequency, §25: bounce frequency); (2) Pfirsch—Schliiter regime where
collision time is shorter than the transit time of the untrapped particle (v, > £2;
v.: collision frequency, £2;: transit frequency ~ vr,/Rq); (3) plateau region, which
is between the other two. The expression for the viscosity coefficient is derived for
each regime and the velocity partitioned approximate viscosity coefficient valid for
all velocity region is derived. The viscosity coefficient is obtained by integration in
the velocity space as follows,

tat = K (8.45)
5
Har = Kby = ST, (8.46)
a a 25 a
l’l’a3 = K22 - 5K12 + ZKII . (8.47)

Here,

K = = ? {208 (0)aa (8.48)

tot
Taa Jec
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8 oo
M} =35 / exp(—x2)x; A(Xqvq) dXg (8.49)
0
vp ()
1+ 2.48v;v% (v)taa/xa] [1 + 1.96v%(v)/xawTa]

U%(U) = 3vaD(v) + U%‘(U)JCa = U/UTaa WTq = UTa/Lc .

Vo (V) = [ , (8.50)

The first term of the denominator of Equation 8.50 is the correction term to connect
the banana and plateau regimes. The second term is the Pfirsch—Schliiter correction
term. X, = v/vrq, v (v) is the 90-degree deflection frequency, v (v) energy ex-
change frequency (see note), vy is the collisionality defined by the ratio of collision
frequency 1/1744, the transit frequency wr,, and e(¥) = (Bmax — Bmin)/ (Bmax +
Biin)- Using connection length L, ~ Rg and e ~ r/R,

1 R 1.5 R
V=~ (—) 7 851)
N WTaTaa r UTaTlaa

Here, f; is a trapped particle fraction and is related to the untrapped particle frac-
tion f; through f; + f. = 1. f. is given by the following equation (see also Equa-
tion 8.69).

fc_3(32) AdA . (8.52)
4 («/1-13}

Substituting these formulas for viscosity and friction coefficients into Equation 8.7
and 8.8, the following balance equation of friction and viscous forces are ob-
tained.

[ualuazH (Buja) — BVia }=Z It~ [ (Buy) }
Ia2 a3 | | (2Bqja/5Pa) — BV2a — | —1gb 18> | L(2Baus/5Ps)

eally (BE”)} [EBM‘,”H
+ + . (8.53
[ 0 Ba) | Y
Note: Expression and Definitions on Friction and Viscous Coefficients

b = Telle [( T“—“M;,;"f‘l) Sab + ?—ZN;;I’-"I} : (8.54)
k a

Taa Tak

m
M == (1420 (422
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3
M= =3 (142 a2y,
2 mp
13 15 _
M) =— (T +4x2, + ?x;‘b) (14 x2,)7%,

N‘?g = (1 + &) a+ xib)—3/2 ’
mp

3 m _
3T, _
NG = 37 a;(1+—)<1+xb>5/2,
27T,
Nalé = 4 Ta 2 (1 +xab) 5/2
3n32ekm2v3.,
Ty = ———4 24
ab npele blnA
. maTy 27,
- , _ 8.55
xab mbTa vTa ma ( )

The friction coefficient has the following symmetry due to the self-adjointness of
the Coulomb collision operator:

ab _ jba ji Jo jo ij _ lav7a
l l]l ’ Mab - Mab ’ Nab - Mab ’ N

= N/ (8.56
ab TbUTb ba ( )

Collision frequencies v$,(v) and v% (v) in the expression of the viscosity coeffi-
cient for the Maxwellian are expressed as follows:

37 1 anzz D (x3) — G(xp)

vp(v) = —— 1 s = , (8.57)
aa b a a a

e 3T 1 nyZ; Ta G(xp)  29(xp)

b =37 D4 (2 ) SE-E] e

d(x) = % 0/ exp(—u?) du, G(x) = [P(x) —xP'(x)] /2x> . (8.59)

8.4 Parallel Current: Generalized Ohm’s Law

The following system of linear equations is obtained by writing down Equation 8.53
for electrons, ions, and impurities [4],

MU, —V.)=LU+E*+ S (8.60)
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where
B R i i fet 0 0 e 0 0
neonyo Iy —hs s 1 0 min 0 0 piz O
P N e A 4 R I TR I
T TR LR i I MPe2 0 0 pes 0 0
RN 0 iz 00 puis 0
—Lf =l L Ly Ly LY 0 0 pr2 0 0 prs
(Buje) BVi. |
((Bu”,-)) BVi;
Bu BV,
Uy = I LV, = 11
=1 2(Bgye) /5P L= | BVa
2(Bqyi) /5P BV
| 2(Bayz1) /5P BVar |
—en, (BMe)_
eZin; (BM;)
* eZ[n] (BM[)
E*=(BEy)| "o | - S1=|(po.)
0 (BQi)
0 (BQr) |
Solving Equation 8.60 for U gives
Uy=M-L)y "MV, +M-L)"E*+M-L)'S, (8.61)
Upa = Y _ (@abVib + cap(Ej + Spp)) (8.61")

b

where matrix o and ¢ are definedaso = (M — L)"'M andc = (M — L)},
respectively. Plasma current is the sum of the currents of each species as follows,

Z eqlg (B -ug)

a=-e,i,]

6
= > eana{d [(M—L)"'M], Vi

a=e,i,l b=1

(B-J)

3 6
+ (M — L)™' enny (BEY) + Y [(M = L)7'],,, Sy
b=1 b=1

=(B-J)ps+0) (B-E)+ (B-J)p+ (B J)gecp - (8.62)

Here, the first term of the right-hand side is the bootstrap current, the second is
the conduction current, third and fourth are the beam-driven current and R F -driven
current. The electrostatic potential @ term included in V| is cancelled out due to
charge neutrality and does not contribute to the bootstrap current.
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8.5 Trapped Particle Effect: Electrical Conductivity

Before giving a detailed treatment of electrical conductivity in high temperature
plasma, we need to discuss the basic electrical properties of fully ionized plasma.
Suppose an electric field E exists in uniform plasma without a magnetic field
(B = 0). Since ions are much heavier than electrons, electrons are much more
mobile than ions (here we assume the ions are hydrogen for simplicity). The elec-
tron equation of motion is given by en.E = P,;, where P,; is the momentum
gain of the electron fluid through the collision with background ions and is given by
Poi = mene(u; — ue)vei, where ve; is electron—ion collision time. Therefore, the
current induced in the plasma J = en,(u; —u,) is givenby J = (€>n,/meve; ) E.
Thus the electrical conductivity o is given by 0 = e%n,/mev.;. This is the sim-
plest formula for electrical conductivity o in fully ionized plasma. L. Spitzer Jr.
(Figure 8.3) and his coworkers [5] calculated this electrical conductivity, including
electron—electron collisions, and found that electrical conductivity is almost dou-
bled. For electron—hydrogen plasma, electrical conductivity is given as follows,

= e’ne 732 (keV)
©0.51meve; 1.65x 107°1In A
An important observation from Equation 8.63 is that ¢ is independent of density.

This rather surprising result can be explained by the fact that the positive effect of in-
creasing the number of current carriers (~ n.) is cancelled by the increase of the ion

(Qm)~!. (8.63)

drag force (ve; ~ n;). Another important observation is ¢ ~ Te3 /2. This is because
the Coulomb cross section is proportional to 1/ E2 and collision becomes rare at
higher temperatures (average kinetic energy). For reactor relevant high temperature
plasma,

Plasma (7, = 10keV): o = 10° (2m)~!
Copper (27°C): oc=5x10" (Qm)™!
Copper (—195°C): o=5x108 (Qm)~'.

Figure 8.3 Lyman Spitzer Jr. (1914-1997) who gave an analytic expression of electrical conduc-
tivity in fully ionized plasma and invented the Stellarator concept (Photo by Denise Applewhite.
Courtesy of Princeton Plasma Physics Laboratory)
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Here, the electrical conductivity of copper at room temperature and —195 °C are
shown for comparison. It is interesting to note that current flows more easily at
higher temperatures in plasma, while it flows more easily at lower temperatures
in metal. Spitzer and coworkers [5] evaluated the effect of impurities on o as fol-
lows,

Spitzer neezfee 34(113 + Zeff)

(ot = , 8.64
I me  Zei(2.67 + Zegy) (8.64)

1
Zor=— Y mZ}
eff o nply

b=i,I
Tpp = 6\/§n3/2€(2]mé/2Te3/2 =2.74 x 10_4—7}[1(6\/]3/2
“ nee*In A T ne[m=3ln A"

Here, Z. is the “effective charge.” From this introduction, we now proceed to the
general form of electrical conductivity in collisionless plasma. The expression of
electrical conductivity o is obtained from Equation 8.62 as follows,

A= XX amanl0-D,. 66

a=e,i,l b=e,i,I

Here, L represents the collisional friction forces among various species and M
represents the effect of trapped particles. If there are no trapped particles f; = 0,
Ha; = 0, and the viscous matrix M = 0. The conductivity o is given in this case
as

oM == Y Y eanaernyLyy . (8.66)

a=e,i, Il b=e,i, I

This is the most exact formula of electrical conductivity in uniform plasma for
multi-species plasma suitable for numerical calculation. The analytical fit of Spitzer
(Equation 8.64) agrees well with that from Equation 8.66. Then, what is the effect
of M on electrical conductivity in Equation 8.65? The trapped particle is trapped in
a banana orbit as shown in Figure 8.1 and does not contribute to the current. It cre-
ates a frictional force through its relative velocity to the untrapped electron, which
drifts through the electric field. This conductivity is typically reduced to about half
of that without a trapped particle. Hirshman also gave an approximate analytic ex-
pression for o as follows,

- C
o = 0" 1~ f - CrJe ] (8.67)
1+ &vy 1+ &
0.56 3 — Zeg
CR(Zer) = —— 228 £(Ze) = 0.58 + 0.2 Zesr 8.68
R(Zetr) Z 3 1 Zon §(Zetr) + off (8.68)
1— 2
fi=1 Cd)) (8.69)

(14146821 -2
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8.6 Thermodynamic Force: Bootstrap Current

The generalized version of Ohm’s law in Equation 8.62 includes current driven by
the thermodynamic forces V), and V,, as follows,

(B-J)ps= ) eana Zaabm (8.70)

a=e,i,]

Substituting Equations 8.30 and 8.31 for thermodynamic forces into Equation 8.70,
we obtain following form for the bootstrap current:

[ Lo L dPay) g dTa(w)}

1Zal L7 na(y)  dy 2ody |
(8.71)

Zal Zp Zal Zpnp

31: Z %n_aabs 512: Z % » %a,b+3 - (8.72)

a e a e

a=ce,i,l a=ce,i,l

(B-J)py =—FWme(®) Y

a=e,i,l

Although V), includes an electrostatic potential term, the bootstrap current due to
this term (J ~ —F(}_ Y Zpnpap,) d®/dyr) vanishes for axisymmetric plasma
due to charge neutrality.

As explained in Section 8.1, distortion of the velocity distribution function occurs
in collisionless plasma. The electron distribution function drifts in the direction of
v < 0, while the ion velocity distribution function drifts in the direction of v > 0
as seen in Figure 8.4). This produces a current in the plasma named the “bootstrap
current.”

We investigate major parametric dependences of the bootstrap current follow-
ing Galeev [6]. Consider the case of electrons given in Section 8.1. Let the ba-

Collisional >~ Collisional
diffusion A"r? @swn
! o

Trapped eIectron Trapped ion Vi
Untrapped Untrapped
electron mewgﬁ ILépfrapped
V// V/,

Figure 8.4 Sketch of the mechanism forming the bootstrap current in collisionless plasma for
(a) electrons and (b) ions. Collisional pitch angle scattering at the trapped—untrapped boundary
produces unidirectional parallel flow/momentum input and is balanced by the collisional friction
force between electrons and ions. The source of the momentum input for the parallel flow drive is
the radially outward motion/loss of trapped particles
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nana width of the trapped electron be Ap(~ &'%p, = e'’movre/eB,). If

there is a density gradient, the net particle number passing through a point is
given by n,(vy < 0) —n;(vy > 0) = (—dn,/dr)A,. For the trapped elec-
1297, and n, ~ g!/2
by Jy ~ evy(—=dn;/dr) A, ~ —&32T,dn, /dr. Momentum supply across the
trapped—untrapped boundary will balance with the momentum loss of the untrapped
electron—ion collision as follows,

tron, v ~ ¢ ne so the trapped electron current is given

Vee Ji
VeiMettene = —= 2 (8.73)
e —e
Here, v, /¢ is the effective collision frequency between trapped and untrapped elec-
trons. This equation gives the drift velocity of untrapped electrons and, hence, the
current carried by the untrapped electrons is as follows,
ipTe dne i 1 dPe

— e (8.74)

Jb[ ~ =&
B, dr B, dr

Here, T, is included in the gradient since a similar mechanism works for d7,/dr.
The characteristic here is that both supply and loss of momentum are proportional
to collision frequency, and so the resulting bootstrap current does not depend on
collision frequency. Also, the electron mass is not included in the bootstrap cur-
rent expression since the small banana width effect is cancelled by the large parallel
velocity. A similar discussion for the ions leads to the ion bootstrap current pro-
portional to ¢'/2d P; /dr/B p. It should be noted that the source of the power of the
bootstrap current is the trapped particle, but the current is carried by untrapped par-
ticles. Now, having reviewed the principles, let us go back to the discussion on the
expression of the bootstrap current from the previous section.

Let us look at the role of the viscosity coefficient in the generalized Ohm’s law
(the electrical conductivity and the bootstrap current) in a simple model. Ignoring
the ion flow (u; = 0) and assuming no impurities, the electron momentum balance
equation 8.53 becomes

R dP, ce
Het { Ulle — en. 4y = I{} Ule —eneE) . (8.75)
e

So, the electron current is given by,
ehe By — Riter dPe
e =150 e — I Ay
Using Equation 8.54, Equation 8.76 is rewritten in the following form by using
the normalized viscosity coefficient fle; = [le1/MeNeVei-

Jje = —eneuj, = (8.76)

e’ne 1 fer 1 dPe

Jje = ~ Ej— —
Ie MeVei (el + 1 : Hel + 1 Bp dr

(8.77)

Here, the first term of the right-hand side of Equation 8.77 is the Ohmic current and
the second term is the bootstrap current. The normalized viscosity coefficient (i
appears in both electrical conductivity and the bootstrap coefficient. This means
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that effect of trapped particle should be checked in experiments for both electrical
conductivity and the bootstrap current.

Although Hinton—Hazeltine [7] gave an analytic expression of bootstrap coeffi-
cients L§, and L%,, there is a large difference between numerical coefficients and
analytical expressions, except for very small values of ¢ without impurities [8]. Prac-
tically, it is necessary to use the Hirshman—Sigmar formulation for numerical eval-
uation. Figure 8.5 shows a comparison of plasma surface voltages between mea-
surement and a 1.5-dimensional transport simulation; the existence of the bootstrap
current is confirmed [4].

8.7 Momentum Input: Beam-driven Current

When a fast neutral beam is injected at a tangent to the torus, the circulating fast ion
produces a fast ion current by multiple circulations around the torus. Collision with
bulk electrons produces a shielding current by induced drift in the same direction
as the fast ion. This shielding is not perfect due to the existence of trapped elec-
trons and impurities. The sum of fast ion and shielding currents is the beam-driven
current J 4, which is a response to the external momentum source Sp, given in Equa-
tion 8.62, but momentum balance of fast ions has to be included as follows [4],

(B-T)a= D eana[M—L)"],, Sy (8.78)
a=e,i,l,f
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Figure 8.6 Stacking factor 1.0 M T T T T
F as a function of /R C B E%
and Z.g [4] in comparison 0.8 P < i
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7 NZ5=2.0 ]
= 06 NI 2Ze=1.5 1
- NZo=1.0 4
0.4 a
0.2 Matrix method ]
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Here, e4, n,, M, and L are electrical charge, density, viscous, and friction matrixes,
included in the fast ion momentum balance equation, respectively, and S ¢ is the
momentum source of the fast ion. So, if we divide the beam-driven current into fast
ion current and shielding current (B - J ),y = (B - J ) + (B - J )pie1q» We Obtain

(B J)yq=erng[(M—L)"] S5, (8.79)
(B - J)shieia = Z eantq [(M — L)_l]af NTE (8.80)
a=e,i,]

Z eqng |(M _L)_l a
p_ (B -J )y _ a=eil.f [ ] ! (8.81)
(B - J ) erny (M L)y |

where, ep, np, and Sy are electrical charge, density, and momentum source density
of the fast ion, respectively. F is the “stacking factor.” Parametric dependences of F
on Zg and ¢ in arbitrary aspect ratio (0 < & < 1) are calculated by Equation 8.81
and shown in Figure 8.6.

The velocity distribution function of fast ions fp is determined as a solution of
the Fokker—Planck equation valid for vy; < v, < vre. The fast ion current is
carried by the passing ions and trapped ions do not contribute to the fast ion current
since return motion cancels the current. The fast ion linear Fokker—Planck equation
in a non-uniform magnetic field is give by Connor [10] as follows,

o 20 3, 3 Bv; 9 (1-) v\ b
Tsem ™ =V o [(v”+v)fb]+v3r)(v/v”)8n|: , <v> an |
+ t5eS (v, 1) (8.82)
2/3

Tse =

3(27)3 23 M, T, - _(9nmp)l/3 anz;
e4Z§nemé/21nA ’ ‘ lom, neAj
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where 7y, is the beam-electron slowing down time, v, is critical velocity defined
by v. = (2E./mp)"/* where E. is the “critical energy,” vp is the beam velocity
(= (2Ep/mp)'/?), B is defined by B = Zegne In A, /2my ij_.llf In A;, S(v, )
is the bounce averaged fast ion source rate per unit volume, Z. is the effec-
tive charge defined by Z. = Zj ani/ne, (v/v)) is given by (v/v)) =
(2/m)K[(1e/n)?) and {v/v) is given by (vy/v) = (2/m)E[(/n)?] for pass-
ing ions, where K and E are complete elliptic integrals of the first and second
kind, respectively. The solution of Equation 8.82 is given in Cordey [11] as fol-
lows,

fp(v,n) = SoTse Z an(v)en(n) (8.83)

where, a, (v) is the analytical solution for a uniform magnetic field from Gaffey [12].
S, n) = Sod(v — vp)k(n) = Sod(v — vp) Y kncy(n) and the fast ion distribu-
tion function above beam energy (v > vp) comes from energy diffusion in veloc-
ity space. The following equation determines the eigenvalue A,, and eigen-function

Cn (77)

13_2%"2} ~
U@VWO*?PI n)<v>dn +Ancn =0 (8.84)

This equation is solved numerically by the Rayleigh—Ritz method using ACCOME
code [13]. Using the above formulas, the flux surface averaged parallel fast ion cur-
rent multiplied by B, (B - J ) can be calculated as

[e,]

1
B D= eZs [0 [anpwnptenp. 659
0 —1

B ds
HmmMZ/;m/ﬂ-

Note: Modification of L and M due to fast ion

With inclusion of fast ion, L and M becomes 7 x 7 matrices including fast ion
momentum balance equation, while heat flow balance is not included. Friction
coefficients are given as follows,

17 = 1% = (neme/tee) (zi,n P /ne)

lljzk = lﬁf = (3ﬁnkmk/4tkk) (Z?nf/z,%nk) (1 +mg/my)
(tsv3/3Tenvy) (kK =i.1)
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llfle = lflf = (neme/Tee) (chnf/ne)
j 1
HE = — (e + i+,
Zzelf = —1511e1f,lé{ = lZIIf = ZlJ;e — Z]J;l — llle -0
1K= 1Kk Gy — 15 (k= e,i 1), gt = 1geah) — 15,

Tye = 3(271)3/285MbTe3/2/e4Z§nemé/2 In A : slowing down time

Tih = (tse/3) In((Epo/ Ec)'> + 1) : thermalization time

i neme Z?”f ng .

Hft=
A7

— fast ion viscosity coefficient
3
c Tee e Vg

2
Py = f%ff(v) dv: fast ion pressure
vp
7 — Zzizni A3 Tse NfMmy vdv
N Z2ims/m; e = 30 2 v+l
R th <Pf P

8.8 Rotation: Toroidal Rotation and Flow Relations
among Ions, Impurities, and Electrons

One important property of the axisymmetric system is the conservation of total
toroidal momentum. The net force balance equation for the plasma is obtained by
summing up Equation 8.1 over all species as follows,

du,
— =JxB—-VP — \VRY/ | M 8.86

where P is total plasma pressure and the following momentum conservation in
Coulomb collision and charge neutrality are taken into account:

Y Fu=0. (8.87)
Zeana =0. (8.88)
a

For timescales longer than the Alfven transit time 74 = L/v4, static pressure
balance valid for O(1) and is given by, J x B = V P. Taking the inner product
R?V¢- Equation 8.86 and the flux surface average, we obtain the following equation
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for slowly time-varying phenomena in response to momentum source:

Zma<na d”“¢> <ZR VeV I >+<Za:R2V§'Ma>. (8.89)

The first term of the right-hand side is the drag force due to the magnetic field
variation. Since viscous tensor [T, is a symmetric tensor and V(R*>V¢) is anti-
symmetric tensor, we obtain V(R?>V¢): I, = 0and R*V¢-V -, = V- (R*V{-
,)—V(R*V?): M, =V-(R*V-I,) (see Tensor Algebra in Appendix). Thus
flux surface average of toroidal viscous force is given as follows,

(RPVE-V-1,)=(V-[R*V¢-1,]). (8.90)

Since (V-A) = (d/dV)(A - VV) (V: volume inside the flux surface V' (y/)) for any
vector A, the flux surface average of Equation 8.90 gives,

(RPVE-V-M,)=0. (8.91)

This means that the toroidal drag force due to the magnetic field variation is zero
for an axisymmetric system, while it becomes important if there is some asymme-
try [14].

The general flow balance equation 8.61 allows us to derive an expression for
the toroidal flows of electrons, ions, and impurities. From Equation 8.41, the local
toroidal flow for species a is the summation of flux surface averaged parallel flow
and Pfirsch—Schliiter flow as follows,

- 5 B (42, _Lan)
Map = 757 (B - ua)+|: (BZJR dw+eana ) (8.92)

The flux surface averaged parallel flow for species a (electron, ion, or impurity) are
given by

1 dpP, 1 dT
B-u))=-F =t —=2b (893
( ua (w)bze;l[aab( euni dl/f)—i_ ab+3 dl/fj| ( )
+ Z epnpcap (B - E) .
b=e,i,I

The impurity (say, carbon) toroidal rotation can be measured by charge exchange
recombination spectroscopy (CXRS), which can be used to determine the radial
electric field using Equations 8.92 and 8.93 if density and temperature profiles are
known. If we evaluate the toroidal rotation profiles for ions, electrons, and impuri-
ties, we observe a difference between electrons and ions which is the plasma current
consisting of electric current and bootstrap current as shown in Sections 8.5 and
8.6. Interestingly, there is a difference between ion and impurity toroidal rotations,
which is usually proportional to the ion temperature gradient. Since electron inertia
is small, the electron contribution to ion and impurity momentum balance can be
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neglected and the flow relations of ions and impurities are given as follows,

ik -ué =Ly uﬁ + Ly -u’“ (impurity) , (8.94)
o -uie =L; uﬁ + L;; -uﬁ (ion) (8.95)

where normalized viscosity and friction coefficient matrices, and poloidal and par-
allel flow vectors are defined as follows,

~a far flaz r iillb _ilaZb
_ | HParta | 5| T | 8.96
# [uaz ,U«a3i| ab [—zglb jab (850
B u*, () } [ (Buyp) }
wa = | (Bug, ot = I , 8.97
0 [Z(Bz)q;‘e(w)/SPa = L{2Bqyp/5Ps) (®97
A T, . T,
Zlgljb — ﬂliajb , e = ad Wai - (8.98)
Mghg Mahg

From Equations 8.39 and 8.40, the poloidal flow uj is expressed as ug = uﬁ —
V@ and V¢ = (BVi4, BVaq)". Since impurity collisionality is given as vy =
(n1Z3/niZHv} > v} (see Equation 8.51), impurities may form a Pfirsch—
Schliiter regime (negligible impurity viscous force) while bulk ions form a deeply
collisionless regime. Therefore, impurity parallel flow can be given as uﬁ =

~—1 4 ; o .. . . . .
—L;/ Ly - u’”. Substituting this into Equation 8.95 gives the following ion mo-
mentum balance equation:

o . N A A—ln~ .
A uh = (Ll-i —L,-,L,,L“) ) (8.99)

Matrix elements of L;; — L;; L;}L 1; are easily calculated using Equation 8.54
and simpler approximate expression than those given by Kim [15] is obtained for
m; < my as follows,

S s 00
Lij—LifL;;Ly; =~ [0 y:| (8.100)

where y = 207 + o, = n;ZjIn; Z}. Using uf = uff — V4, we obtain following
equation for uil’ uﬁ s uie,

u,|-|=|:1K1]V,-’uﬁz[lKl—l—l.SKz}V,-’uéz[o Ky }V,-

0 K> 0 0 0 —(fii/fLi2) K1
(8.101)
p P n2
i Mit iz — WU A A n
K = ”5” Ko = PR D = (s +y) — i (8.102)

In this case, we obtain the following form of wug;, ugy, u);, and u|; by neglecting
poloidal variation and approximating B ~ Bg,

1 [do 1 dPp; K, dT;
+ , (8.103)

i ¥ =g ar T ezim ar ez, dr
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L[de 1 dP K+ 15K dT 5.104
Uy~ —— | — — — |, .
=" Bg Ldr " eZin; dr eZ;  dr
By K dI; (8.105)
Uig ~ — —_——, .
107 T (B Z; dr
B 1 dp 1 dP; K, +15K,dT;
Ugg ~ ——— =L _ & At IR dh (8.106)
e (B \ Ziny dr Zin; dr Z; dr

From (8.103) and (8.104), we obtain the expression of a difference between impu-
rity and ion toroidal rotation as Auy = uy; —uy; = —1.5K,(dT;/dr)/(eZ; By),
which is proportional to ion temperature gradient and inversely proportional to
poloidal magnetic field.

8.9 Neoclassical Transport: Transport Across the Magnetic Field

To determine collisional transport across the magnetic field, higher order terms must
be retained when the perpendicular flux is obtained from Equation 8.1 and 8.2. Ne-
glecting source terms, we obtain the following perpendicular fluxes from B x Equa-
tions 8.1 and 8.2.

ExB bxVP, bx(V-M,—Fg,)

= , 8.107

M La B2 + Mg 24 + Mg $2, ( )
5 bxVT, T

= -P bx(V-®,—F . 8.108

qia ) a M2 + MmaS24 x ( a a2) ( )

The lowest order O(§) of Equation 8.107 and 8.108 is the first order flow on the
flux surface given in Section 8.2. Collisional transport across the flux surface is sec-
ond order in §. Taking the flux surface average of the inner product with Equations
8.107 and 8.108 gives,

Vatta L V) ! o el (8.109)
P = cl glC . .
) 1Tl L%
Here,
ret BxVy [Fg
3]0 [22)
TgS| _[BxVY [VPi+V-M,—enqE @111
% - eqB? %naVTa +V.0, ' '

The fluxes given by Equations 8.110 and 8.111 are the classical transport flux,
and neoclassical transport flux, respectively. If the mean free path A = 5507,
is much shorter than the connection length Rg (A < Rg), inhomogeneity of the
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friction force along the magnetic field on the magnetic surface produces Pfirsch—
Schliiter diffusion. Also, if A 3> Rq (collisionless regime), the anisotropic velocity
distribution function formed by the non-uniform magnetic field (see Section 8.1)
produces viscous forces (V - IT, and V - @ ,) and hence banana-plateau diffusion.
Neoclassical transport fluxes can be rewritten using the axisymmetric equilibrium
relation b x Vi = F(y)b — R2BV{ derived from Vi = —R?*V{ x B as follows,

e - _<F(‘”)B.(m + v-na)>+(%E-(W xB))

eqB?
_ Fp 1t v NS N FW) L o E
- <(32 (Bz>)3 Fa1> o (B (B-V-M,)+T},
(8.112)
g _ F@) /(1 1 FY)
b= ()P Ve e
Here,
F(Y) (naB -E) 0A
rf = T—(RZVQ-WEA) o Ea=—on (8.114)

The flux I"F includes the movement of the toroidal flux, E¢ x By pinch and flux in-
duced by the poloidal variation of the electrostatic potential @ [1]. The first term of
the right-hand side of Equations 8.112 and 8.113 is the Pfirsch—Schliiter transport
flux and the second term is the banana-plateau transport flux. Substituting Equa-
tion 8.43 into the classical transport flux expression Equation 8.110, we obtain

ry! Vy* L[ =T P /e
a, | — — ; . 8.115
["T—[] < B? >Zb:€a€b|:—lzalb 12 [ T, (¥) } (®11)

a

Pfirsch—Schliiter transport flux can be expressed as follows,

> Fa) /(1 1 B-F,
[‘%ﬁ}“ ) am]) e

a

Using Equations 8.39 and 8.40, the inner product of B and the friction forces
F ,; above can be expressed as follows,

B-Fg 18 —lfzb) B, (V) + BVig
= * . 8.117
[B : F} 2 (—léﬁ” 18 ) | B243,(0) + 3 PaBVag EHD
So, the Pfirsch—Schliiter transport flux can be expressed as
I _ F@y (< 1 >_ 1 )Z 1y [Pl;(lﬁ)/”b}
% ea \\B2| (B)) ey | g 122 |L T, |-

(8.118)
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The banana plateau transport fluxes of Equations 8.112 and 8.113 can be written
in the following matrix form,

Fabp F('{ﬁ) (ana>
[%}:_m(w-v-@a))- (8.119)

Substituting Equation 8.44 into this equation and utilizing Equations 8.39 and 8.40
gives following expression for banana-plateau transport flux,

Fc;t;p _ Fw) |:Ma1 Ma21| |:(Bu||a) +Fy) ('(y) + Pa’(lﬁ)/eana):|
L eq (B?) | Ma2 a3 2(Bqja) /5P + FOOTL(W)/ea :
(8.120)

Substituting Equation 8.61 into (Bu,) and 2(Bq,)/5P,, we can readily obtain
the following form of banana-plateau flux, where the expression for K and g are
left for the reader to derive,

Fabp Kflb Kfzb P (y)/n g1
LT Ty “|(BE}) . (8.121
[qr—] bge;,,[Ké’lb Ké’z”“ T,(¥) j|+|:g2ai|( ). 812D

8.10 Neoclassical Ion Thermal Diffusivity:
Ion Thermal Diffusivity by Coulomb Collisions

As an application of previous discussion, we derive an expression for neoclassical
ion thermal diffusivity. At first, the label on the flux surface is changed from v to
the equivalent radius defined by p = (¢/¢4)"/?a, and the dimensionless friction
coefficient is introduced, as follows,

fab _  laa ab
18 = manaliaf ) (8.122)

Then the classical and Pfirsch—Schliiter transport fluxes is obtained as follows,
7] 2p2 R .
F‘cz-cl = R BP Mghg Z 1 {ﬁb _{fzb |:Pb/(f))/nb:| |
% _ B? ey’ (p)Taa 5 ZaZyp _lglb [élzb Tb(p)

(8.123)
Faps- ) 1 1 Mghg
{"T— =W (<ﬁ>_ ) o

1| Iy [(de/dm/nb}
AT . 8.124
XXb:ZaZb [—zglb jgo || dTy/dp (8124
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Here, [V{/| = RBp and (1/B* — 1/(B?)) ~ 2¢*/ B¢ in cylindrical approximation
and I'ys/ T ~ 26%(By/Bp)? ~ 24 is obtained. The combined flux of classical and
Pfirsch—Schliiter transport is given by following form,

Fac+ps ) F(y)? MgNg
[ 4 ] B ((R )~ 82 ) Y (p)Taa

1 igb —igh [(de/dm/nb}
R’ ] . 8.125
X Zb: ZaZb [_léllb lzazb dTb/d,O ( )

Collecting the ¢, terms in proportion to d73/dr from Equation 8.125, the classical
and Pfirsch—Schliiter thermal transport coefficient y, is given as follows,

S -V 5>cps
= — (qz LV Vephavaa K . (8.126)
<|VP| >”adTa/dP
Here, vgq = 1/744 and
MaVTa 2 Bg 2
= N = V ,
e R T
o B3 (I8 —T8) (1R2)(B2)
K = - 1. (8.127)
24/e(B?) F(y)

Assuming that the temperature equipartition time between the main ions and
impurity ions is short and the contribution of the electron to ion heat flux (Equa-
tion 8.125) is small (l;“f ~ fé’f ~ 0; a # e), we can derive heat flux, taking into
account the contribution of the heat flux produced by different ion temperature gra-
dients,

o 2 ((RY(B? N
S (( I )—1) Zﬁ(zg{)—zgzb). (8.128)

C2VE(BY) \ F(y) W5 2

Including the heat flux through the impurity ion channel, ion thermal diffusivity
cps

Xi (ton) is given by
cps ((qu_ +4qr1) - Vp)
Xi(lot) - 2
(IVpI) 015 + ) dTa dp

= Ve[ R + (1 - fak] .

(8.129)

Here, f; = n;/(n; + ny) and @ = Z%n;/Z?n;. Collecting the ¢, terms in pro-
portion to d73/dp from Equation 8.121, the banana-plateau thermal transport coef-
ficient XZP is given by

(421 - Vo)

(IVpP)nadTa /dp

bp _ _ = VepSavaa K3y (8.130)
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where
5bp Bg (ll3a(1 —U0g+3,4 t+ Ola+3,a+3) + ﬂZa(l + 0gq — Ola,a+3))
K, = , (8.131)
2/ (B?)
. T, . T, -
H3a = “ H3a, H2a = = Hoa, Qij = [(M —-L) IM],-]- . (8.132)
Mghg Mghg
From Equations 8.129 and 8.130, ion thermal diffusivity yi* is given by
1€ = Verpavaa Ky« Kiy = Ky + K3y (8.133)

The effective ion thermal diffusivity including the impurity ion channels is

e A@ii+an)-Ve)
i(ton) (IVp|2>(ﬂi+I’l1)dTi/dp

= Varvus [ iR+ (1 - fuk)]
(8.134)

Application of this form to pure electron—ion plasma without impurities confirms
that X?C given by Chang—Hinton is correct [16], while application of this formula
to electron—ion—impurity plasma [17] gives )(?’C lower than that given by Chang—
Hinton with impurities [18].
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Chapter 9

Turbulence in the Plasma: Self-organized
Criticality and Its Local Breakdown

Turbulent transport is at the frontier of plasma confinement research and is still un-
der development. Here, the basic concepts of the dynamical system are introduced as
a useful fundamental discipline. Thermal diffusion of the low confinement state can
be explained by the self-organized criticality examined by complexity science and
the transport barrier is formed by the local breakdown of self-organized criticality
when a turbulent cell is torn by the flow shear.

9.1 Concepts of Nonlinear Dynamics:
Dynamical System and Attractor

The concept of “attractor” in the dynamical system is useful in understanding the
turbulence generated in high temperature plasma. A system evolving according to
the deterministic law is called a “dynamical system.” The motion of the dynami-
cal system is expressed in the phase space, which consists of the variables of the
equation of motion. Even if the system is not related to physical dynamics, it is
still called a dynamical system if the state follows the deterministic law. A dynam-
ical system with some conserved quantity is called a “conservative system,” while
a system with some quantity being dissipated is called a “dissipative system.” The
motion of a dissipative system settles down to a specific trajectory or point in time.
The stable state after the transition is called the attractor. There are four types of
attractors (Figure 9.1):

. Equilibrium point: the motion converges to a point in phase space.
. Limit cycle: repeat the periodic motion in phase space.

. Torus: Motion in phase space around the torus.

. Chaotic attractor: phase space orbit never closes.

AW N =
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Equilibrium Limit cycle Torus Chaotic attractor
g | | | _
©
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Figure 9.1 Phase space structures and time waveforms of attractors in the dynamical system

Even in the following simple linear oscillation system, the motion around the
equilibrium point shows interesting variations in the parameter space (b, ¢), [1] (Fig-
ure 9.2).

d’x dX

a2 +bdt +cX =0. 9.1
The phase diagram (X, X) of this system has a saddle point at (0, 0) (unstable equi-
librium point) in the case where ¢ < 0 and the damping term » = 0. Adding the
nonlinear term e X (e > 0) to above equation, two equilibrium points (point attrac-
tors) appear at X = =&(—c/e)'/? and motion around each one and encircling the two
develops. If the damping term is added, the system converges asymptotically toward
one of equilibrium points. Addition of the nonlinear term e(d X /d¢)? also produces
the limit cycle in the region ¢ > 0, b < 0. Negative linear damping (b < 0) produces
an outward spiral orbit from (0, 0) and reaches a stable limit cycle orbit dominated
by the nonlinear term. In the planar phase space, the equilibrium and the limit cycle
are the only two final states of the dynamical system. This comes from the simple
fact that the plane is divided into an inner region and an outer region by a closed
curve.

An important 2-dimensional phase space structure that differs from the planar
phase space is the torus. A torus naturally occurs due to the forced vibration when
the external force acts on the system. There are two quasi-periodic motions caused
by the two low frequencies. Such a system is structurally unstable for small perturba-
tions by the frequency locking when the ratio of two frequencies becomes an integer.

The stability of the equilibrium point can be described by “Lyapunov stability,”
mentioned in Section 6.1. According to Lyapunov, a system is stable if the neighbor-
hood of the equilibrium remains as the neighborhood forever. The system is called
“asymptotically stable” if the solution converges to an equilibrium point as t — oo.
The system is said to be “structurally stable” when the topology of the flow does not
change when a small perturbation is applied.

When a system parameter i changes, the eigenvalue of the linearized evolution
equation X = F(x,u) draw a trajectory in the complex plane. If the eigenvalue
stays in the left half of the plane for u = o, “bifurcation” occurs when the eigen-
value crosses the imaginary axis.
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Figure 9.2 Phase-space structure on the parameter space (c, b) for the linear dynamic system
Equation 9.1

dX/dt dX/dt
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Figure 9.3 Phase diagrams of Equation 9.2 (a) before (&t = —1) and (b) after (w = 1) Hopf
bifurcation. The case of i = 1 is the limit cycle

O\

If the system has only one eigenvalue, it moves along the real axis. Bifurcation
occurs when one crosses the imaginary axis and is called “fold bifurcation.” Fold
bifurcation is a structurally stable bifurcation. If the system has two eigenvalues,
they are complex conjugate and the bifurcation occurs when they cross the imag-
inary axis; this bifurcation is called “Hopf bifurcation.” As an example of Hopf
bifurcation, consider the following nonlinear damped oscillation system:

a2x dx dx\?

The origin is asymptotically stable when p < —2 and is a stable spiral when —2 <
@ < 0. Furthermore, the origin is an unstable spiral when 0 < p and the flow is
attracted by the newly formed limit cycle (see Figure 9.3).

9.2 Self-organized Criticality: Turbulent Transport
and Critical Temperature Gradient

The study of heat transport across magnetic surfaces has been ongoing since the
start of the fusion research. But, mechanisms governing the process have not been
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Figure 9.4 Variation of the
spatial structure of turbulence
with magnetic shear in the
electron channel [2]. In the
low shear regime, zonal flow
is formed by the inverse
cascade of 2-dimensional
turbulence. In the finite shear
regime, streamer is formed
due to radial mode coupling

qir): Safety factor
Resonant modes

fully clarified since turbulent transport in plasma is a complex and nonlinear pro-
cess. In recent years, fundamental processes have been elucidated since zonal flow
and streamers produced by the wave—wave interaction is clarified through the gy-
rokinetic and gyrofluid simulations. The existence of the critical temperature gradi-
ent (see Section 7.5) has also been shown by experiments using localized electron
cyclotron heating.

In plasma confined in a closed magnetic configuration, a large spatial tempera-
ture gradient occurs since the plasma core is heated to a few 100 million degrees
while the temperature at the boundary of the closed magnetic field is low enough
(but still a few million degrees). In high-temperature plasma, the ion temperature
gradient drift wave mentioned in Section 7.5 (ITG-drift wave), electron tempera-
ture gradient drift wave (ETG-drift wave), and trapped electron mode (TEM) can
be unstable. These modes become unstable when the temperature gradient exceeds
a critical temperature gradient (d7"/dr). similar to the case of thermal convection
(see Salon 1). This is called the “critical temperature gradient.”

An interesting observation in the gyrokinetic simulation of ETG turbulence [2]
is that the structure of the turbulence is strongly dependent on magnetic shear as
shown in Figure 9.4). In the zero magnetic shear regime (regime around gpi, in
the negative magnetic shear configuration), plasma turbulence has a 2-dimensional
structure as described by the Hasegawa—Mima equations in Section 7.3 and excites
zonal flow by the inverse cascade of the turbulent spectrum [3]. Meanwhile, a radi-
ally stretched “streamer” is created through radial mode coupling and intermittent
heat transport is produced in the positive shear region. This situation is exactly the
same as avalanches of sand piles.
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In the electron channel, the ETG-drift wave becomes unstable if the electron tem-
perature is close to or lower than the ion temperature, while TEM becomes unstable
if the electron temperature is higher than the ion temperature. Figure 9.5 shows
experimental observations of electron heat transport [4]. There is a critical temper-
ature gradient R/Lr, ~ 2.5 (LT, = —T./dT,/dr) and transport is very small in
R/Lt, < 2.5, while the transport rate grows rapidly in R/ L, > 2.5.

Note: Dissipative Structure and Bernard Convective Cell

A closed magnetic configuration for controlled fusion is a “closed system” in
terms of equilibrium but is an “open system” in terms of heat. In the closed
system, the equilibrium structure is determined in line with thermal equilib-
rium. On the other hand, the open system can maintain an off-equilibrium state
as long as a driving force exists. The various shapes and motions arising from
the driving force of open systems are named “dissipative structures” by I. Pri-
gogine [5]. As a typical example, he uses “Bernard cells.” In thermal convection
under gravity, the system becomes linearly unstable when a non-dimensional
“Rayleigh number” R related to the temperature difference AT exceeds a crit-
ical value R, and a convective cell structure appears [6]:

ou 1 1
L (w-Vu)=-——V Vu + RKT , 9.3
8Z+Pr(u u) P, p+Vu+ 9.3)
aT 2
P+ V)T = VTV -u=0. 94

Here, R = (gad*/kv)|AT/Az| is the Rayleigh number, P, = «/v is the
Prandtl number, g gravitational acceleration, @ thermal expansion coefficient,
k thermal conductivity, v dynamic viscosity, d the vertical thickness, and
AT/AZ = (T] - Tz)/d
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Figure 9.6 (a) Bernard convective cell as dissipative structure and (b) sand pile as self-
organized criticality

Critical Phenomena and Self-organized Criticality

Critical phenomena are observed in the phase transition of thermal equilibrium,
for example, the paramagnetic-ferromagnetic transition in magnetism. Magne-
tization defined in the crystal lattice u; is givenby u; = 0at7T > Tcand u; =
a(T —T,) at T < T.. The spatial correlation length of the magnetization is ~
1/k, while k = ko((T —T¢)/T.)"/? and is divergentif T — T.. Namely, the ef-
fect of fluctuation in the critical state extends over a long distance. The statistical
physics tells us that fluctuation in thermal equilibrium follows a Gaussian distri-
bution. If you check the process that leads to the Gaussian from a random walk,
it can be seen that Gaussian distribution P(x) = exp(—bx?) is a special case.

The power law P(x) = x~" frequently appears in non-equilibrium open
systems. Sand pile avalanches occur when the sand pile reaches a certain crit-
ical slope and the relation between the magnitude and frequency is given by
the power law x 2. Per Bak (1948-2002) [7] called this state as “self-organized
criticality.” The frequency and scale of earthquakes (relation between magni-
tude M and frequency (occurrence/year) of earthquakes above M) follows the
famous Gutenberg—Richter law f# (8 ~ 0.94).

9.3 Chaotic Attractor: Three-wave Interaction
in Drift Wave Turbulence

As mentioned in Section 7.3, drift wave turbulence can be regarded as the result of
many three-wave interactions. Plasma turbulence is a natural (or settled) state with
oscillations due to nonlinear processes rather than growing instability. It is impor-
tant to examine the phase space structure to understand its behavior. The saturated
state of plasma turbulence dominated by the three-wave interaction has a “chaotic
attractor” structure. Fourier expansion of the electrostatic potential is given by

B(x.1) =Y Dp(t)exp(ik - x) . 9.5)
k
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Then, the nonlinearity is given by the interaction of the wave with wave number k
and k, as follows,

k=ky +k,. (9.6)

Although k;; # 0 is assumed, the Hasegawa—Mima equation 7.80 is essentially 2-
dimensional turbulence and can be rewritten by transforming k| — V as follows,

P 0D . s
1- pﬁvz)W + vdeW —[®.p:V*®] =0 9.7)
2 m,'Te S ~ ~
s = agr [0.¥]=e. - VO x VY . 9.8)

The adiabatic response (Boltzmann distribution) for electrons (Equation 7.68) is
assumed in the Hasegawa—Mima equation and is an essentially conservative sys-
tem. The mass M, energy W, and potential enstrophy ¢/ of the turbulence are con-
served [8].

M = / @ p dxdy , 9.9
W=3 / [q>2 + 02 (VL) ]dxdy : (9.10)
U= %/ [(V28)” = 02 (V3 8)"|dxdy . ©.11)

The 2-dimensional turbulence equation with dissipation is given by Hasegawa—
Wakatani [9]. Here, we show this effect according to Horton—Ichikawa [10]. Two-
dimensional drift wave turbulence including dissipation is expressed by adding
a dissipation term to the Hasegawa—Mima equation (9.7).

P d . -
(1+L)¥+vde—+y,-<p+[q>,m]=o 9.12)

dy

L =Lp+ Lap =—p; V> + 8o(co + p?Vz)— :

Here, §; is the ion Landau damping and the wave decay rate by the coupling to the
decay wave. Ly = —p?V? is the Hermitian operator, and the effect of dissipation is
given by the non-Hermitian operator L, = 8o(co + p2V?)d/dy.

We introduce the electrostatic potentials of interacting three-drift waves ¢; (t) =
@k ; (t) (j = 1,2,3) by using amplitude a; and phase {; as follows,

(1 + k3 20r, (1) = a; () explig; (1)] - (9.13)

Then, the following equations for three-wave amplitudes a;, a,, a3 and total phase
¢ = {1 + ¢ + {3 can be obtained for (j, k, /) 3 wave interaction.

da;(t)
dr

=vyja; — Aaxa;(Fjcos{ + Gjsinl), (9.14)
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de¢ apaj .
T =—Aa)+AZa—(F_,- sin¢ — G, cos¢) . (9.15)

el

Here, Aw = w; + wy + ws. If there is no dissipation, Equations 9.14 and 9.15
are integrable (conserved quantity exists). If there is dissipation, they are not inte-
grable and become chaotic. If there is a fixed point at which the system settles, it is
determined by é; = O and ¢; = 0.

The above discussion is the case for 2-dimensional turbulence. As is well know,
there is an essential difference between 2-dimensional and 3-dimensional turbu-
lence. As introduced in Section 9.2, a 2-dimensional turbulence structure is observed
at zero magnetic shear for the electron. With magnetic shear, turbulence becomes 3-
dimensional due to poloidal coupling of the modes and creates the unique structure
of a streamer.

Note: 2- and 3-dimensional isotropic turbulence

Drift wave turbulence in the plasma does not have a single wave number k in the
wave number space but has a spectrum in k space. If there is a driving force of
the turbulence at some k region, energy flow occurs in the direction of a larger k
in k space. The plasma has the characteristics of a fluid and the nonlinear term
u - Vu in the fluid equation produces a wave with a wave number twice that of
initial wave and produces energy flow toward the high k region.

The turbulence energy entering the small wave number region passes through
the inertia region where dissipation is negligible and reaches the high wave
number region where wave energy is dissipated as thermal energy, the dissi-
pation region. Homogeneous isotropic turbulence is well known with a known
spectrum which does not vary with translation, rotation and reflection. The spec-
trum of the inertia region of homogeneous isotropic turbulence is given by Kol-
mogorov [11] and is called the “Kolmogorov spectrum’:

F(k) = Ck™3 . (9.16)

In confined plasma, turbulence may develop perpendicular to the magnetic
field because of the magnetic field. In this case, turbulence may become 2-
dimensional and show quite a different character compared with 3-dimensional
homogeneous isotropic turbulence:

1. Energy flow is from high k to low k, the opposite of 3-dimensional turbu-
lence;
2. k spectrum of homogeneous isotropic 2-dimensional turbulence is ~ k.

Mode Selection Rule in Three-wave Coupling [12]

If we consider the coherent three-wave interaction, it should satisfy following
selection rules:
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O, + Wk, = Ok , (9.17)
ki+k,=k. (9.18)
This coherent three-wave interaction becomes possible only when the structure

of the dispersion curve ((k,w) is convex upward since |k; + ko| = |k| <
|k1| + |k2| as shown in Figure 9.7.

A?
Non-decay type
Figure 9.7 Dispersion curve Decay type
of decay-type and non-decay k
type waves >

9.4 Structure Formation: Turbulence Suppression
by Shear Flow and Zonal Flow

Convective cells produced by drift wave turbulence induce heat and particle trans-
port with a step length of the cell size. This convection cell experiences vg = E./B
drift due to radial electric field E.. If the magnitude of vg changes radially, the dis-
placement of the two edges of the cell is different and the cell is distorted and breaks
down by the sheared flow as shown in Figure 9.8. The shearing rate is proportional
to dvg /dr. Poloidal rotation in a tokamak is kept small due to neoclassical viscosity,
but vg itself is not subject to this constraint and the turbulence can be suppressed
by the radial electric field shear [13].

VE

(@

Figure 9.8 (a) Schematics of break up of the cell by the radial electric shear. (b) Schematics of
the neoclassical Er shear flow balanced to pressure gradient, and (c) the zonal flow produced by
turbulence [16]
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While drift wave turbulence is formed by the interaction of a broad wave spec-
trum, a mode with m = n = 0, k// = 0 can be created in ITG turbulence or
ETG/TEM turbulence in the case of zero magnetic shear through the interaction
of similar wave numbers. This is called “zonal flow.” According to Rosenbluth—
Hinton [14], the zonal flow can remain in a collisionless plasma and suppress the
level of turbulence. When potential fluctuation in an m = n = 0 mode coupled
with m = 1, n = 0 mode of the toroidal effect, a low frequency oscillation called
“GAM (Geodesic Acoustic Mode)” appears. This mode is observed when the safety
factor ¢ is high [15].

The production mechanism of zonal flow is different between ions and electrons.
As mentioned in the Section 9.3, electron turbulence becomes 2-dimensional in
a weak magnetic shear and zonal flow is created if a density gradient exists [3].
However, it becomes 3-dimensional with a magnetic shear and the zonal flow be-
comes difficult to produce. On the other hand, in ITG turbulence, the zonal flow
is also produced with the magnetic shear. In a tokamak, the drift wave also has
the structure of the ballooning eigen function from the constraints of the double-
periodic boundary conditions. Uniform amplitude approximation (see Section 6.6)
holds for the pump wave of drift wave turbulence as follows,

Do(x, 1) = exp(—int — iwot) Z @o(m —nq)exp(imé) + c.c. (9.19)
m
Then, zonal flow (i)zp) and side bands ((5+ and @_) are created by “modulational
instability” [16]. Let g, be the radial wave number,

dgzp(x, t) = exp(ig,r —i2t)@zr + c.c. , (9.20)
Do (x,1) = exp(—in{ —iwot + igq,r —i82¢) Z @+(m —nq)exp(imb) + c.c.
m

(9.21)
D_(x,1) = exp(—int + iwot + igrr — i821t) Z @—(m —nq)exp(imb) + c.c.
m
(9.22)
Growth of zonal flow is governed by the following equation:
Ve a . .
25 = o (00r) — Yaamp Vozr - 9.23)

Here, V,;zr is the zonal flow velocity, Uy and v, are the poloidal and radial velocity
fluctuations, Ygamp is the damping rate of the zonal flow. The first term of right-
hand side of Equation 9.23 is called “Reynolds stress.” Zonal flow and GAM are
observed experimentally in toroidal plasma considered to be the main mechanism
for improved confinement [17]. Since the first observation of the internal transport
barrier (ITB) in JT-60 [18], formation of various ITB are observed as shown in
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Figure 9.9 (a) Formation of ITB in the positive magnetic shear in JT-60 [19]. (b) Formation of
ITB in negative magnetic shear in JT-60 [20]. (c) Measured radial correlation length before and
after ITB formation [21]

Figure 9.9 [19,20]. The long correlation length of L-mode is observed as a common
characteristic of self-organized criticality [21]. It is also observed that correlation
length becomes quite short due to the ITB formation. Thus, self-organized criticality
is locally relaxed due to the formation of E, shear and “structure formation” ITB
occurs in the plasma.
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Chapter 10
Towards the Realization of Fusion Energy

In this chapter, energy research and development in terms of fusion is overviewed,
including energy and environment issues, progress of plasma confinement in the
three major areas of fusion research, namely tokamak and helical by magnetic con-
finement, and laser fusion by inertial confinement. The experimental reactor ITER
is aiming at DT fusion energy production and its control via the tokamak concept
is described. A the broader approach is supplementing ITER towards DEMO. The
possible role of fusion is also considered in terms of transforming the energy supply
and demand structure with the goal of reducing carbon dioxide emissions during
this century.

10.1 Energy, Environmental Problems, and Fusion Energy

Today, fusion energy is under the spotlight again as a carbon-free energy source.
Planet Earth is the only planet on which life exists, as far as we know. Earth was
formed 4.6 billion years ago, the geomagnetic field and the ozone layer were created
shielding most of the harmful radiation from the Sun and realizing an environment
where only the energy of light reaching the ground was useful for life. On the other
hand, 4.6 billion years ago, Earth was at a high temperature due to the greenhouse
effect of carbon dioxide at a few tens of atmospheres, which was reduced to 0.0003
atmospheres and produces the temperature environment of living plants and animals
(present atmospheric carbon is only 750 billion tons).

Fossil fuel resources are from carbon fixed into the earth over billions of years.
In the history of human energy use, the twentieth century was a critical turning
point, as shown in Figure 10.1. Mechanized civilization initiated by the Industrial
Revolution (1760-1800) resulted in large-scale energy consumption and caused the
expansion of energy usage from energy such as firewood and charcoal to coal, oil,
and natural gas. As the use of fossil fuel resources has expanded significantly in
developed countries, large amounts of carbon dioxide (6.32 billion tons in 1999)
are emitted, as shown in Figure 10.2. This is just the beginning. An era of huge
energy consumption is beginning in the twenty-first century because the developing
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Figure 10.1 Energy supply scenario by fossil resources [1]. Table shows remaining resources
(reserves and resource base)

Figure 10.2 (a) Carbon diox-
ide emissions in 1999 and
(b) potential carbon diox-
ide emissions of remaining
resources [2]
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Figure 10.3 Changes of carbon dioxide concentration in the atmosphere for past 1,000 years
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countries that are home to three fourths of the world’s population will increase their
energy use pursuing the rich living of developed countries. Fossil energies, including
conventional and unconventional sources, measure about five trillion tons, and will
produce 6.4 times atmospheric carbon dioxide if they are burned.

Emission of carbon dioxide into the atmosphere due to huge energy consumption
is influencing the environment of Earth. About half of the carbon dioxide emissions
to the atmosphere remain in the atmosphere. Charles David Keeling started tak-
ing measurements of atmospheric carbon dioxide concentrations at the Mauna Loa
Observatory at the summit of Mt. Mauna Loa, Hawaii, in 1957, as shown in Fig-
ure 10.3. These showed that carbon dioxide concentration was rising steadily. He
was a researcher at the Scripps Institute of Oceanography, La Jolla, near San Diego,
California, and started these observations to get basic data to investigate the absorp-
tion of carbon dioxide by the ocean. This led to this important discovery.

In 1988, the Intergovernmental Panel on Climate Change (IPCC) was estab-
lished under the United Nations (UN) as an intergovernmental organization mon-
itoring global warming. It published four reports in 1990, 1995, 2001, and 2007.
Figure 10.3 shows the variation of carbon dioxide concentration in the air over the
past 1,000 years from the second IPCC report. Furthermore, it was agreed in the
fourth report in 2007 that the increase in greenhouse gas emissions associated with
the expansion of human economic activity is a major cause of climate change The
effect of greenhouse gases on global warming is shown schematically in Figure 10.4.

To prevent global warming, a low carbon society free from fossil energy must be
achieved during the twenty-first century. Although attention was drawn to electricity
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Figure 10.7 Energy consumption and population trends since the Neolithic era [5]

and hydrogen power as clean energy, low carbon dioxide emission energy sources
must be used to create the electricity and hydrogen. Carbon dioxide emissions per
electric power kilowatt - hour is an important consideration and is called “specific
carbon dioxide emission.” As shown in Figure 10.5, fusion is one of the energy
sources that has a low specific carbon dioxide emission next to hydroelectricity and
light water reactors.

In light water reactors and fast reactors, iodine 131 ('*'I) is produced in the re-
action. This tends to accumulate in certain organs of the human body, and the con-
centration limit in the air (tolerance) is set to a very low level. The hazard potential
of BT in 1 GW fission power station is about 1,000 times larger than that of tri-
tium (T) in a 1 GW fusion power station (Figure 10.6). Therefore, fusion energy has
favorable characteristics in terms of reducing the radiation hazard.

In the long history of humankind, the current era of mass energy consumption is
only a moment (Figure 10.7). The transition from the fossil energy era to a non-fossil
energy era must be made now while fossil energy still exists. To rely on a single
energy source is not desirable for energy security as experienced in the case of oil
shock. The source of energy supply must be diversified to ensure energy security. In
this regard, it is desirable to achieve a long-term energy supply for humankind by
promoting the use of renewable energy, fission energy, and fusion energy.
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10.2 Status of Major Three Fusion Concepts
and the Progress of Plasma Confinement

Plasma temperature must be increased to a few hundred million degrees for the
DT fusion reaction mentioned in Chapter 2. Not only temperature but also the en-
ergy gain as a ratio of the fusion reaction energy to input energy from outside to
maintain a high temperature (energy multiplication factor) must be large enough for
fusion plasma conditions. In this regard, the time constant of the thermal insula-
tion of the plasma thermal energy (zg: the energy confinement time) multiplied by
the fuel density (ion density) (n; tg) affecting reaction rate becomes an important
parameter. Since reactions tend to occur in the plasma core, it can be diagrammati-
cally represented with the central ion temperature as the horizontal axis and product
of confinement time and central ion density as the vertical axis to show the fusion
plasma condition. This figure is called a “Lawson diagram” as introduced by British
physicist J. D. Lawson. The condition to obtain Q = 1 or reactor relevant Q is dif-
ferent between magnetic confinement fusion (MCF) and inertial confinement fusion
(ICF) since power production for the latter is essentially pulsed in nature while mag-
netic fusion is diffusively quasi-steady. So, the required n; tg is somewhat higher in
ICF as shown in Figure 10.8. Also, the energy gain necessary for the power reactor
is higher in ICF (Q ~ 100), while Q ~ 30 is required for MCF. Right now, both
helical and laser fusion still require breakthroughs to achieve high n; tg at reactor
relevant high temperatures. Tokamak has already achieved the plasma condition re-
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Figure 10.8 Major three schemes of fusion (tokamak, helical, laser) and progress in Lawson dia-
gram for (a) MCF (tokamak, helical, efc.) and (b) ICF [6]
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Figure 10.9 Large tokamaks, (a) JET (EU) (Courtesy of EFDA-JET), (b) JT-60 (Japan), and
(c) TFTR (US) (Courtesy of Dr. R. Hawryluk, Princeton Plasma Physics Laboratory)

(b)
Figure 10.10 Inside views of (a) DIII-D (Courtesy of Dr. T. Taylor, General Atomics) and

(b) ASDEX-U (Courtesy of Prof. H. Zohm, Max Planck Institute for Plasma Physics) tokamak
vacuum vessel

Figure 10.11 EAST tokamak (Courtesy of Institute of Plasma Physics, Chinese Academy of Sci-
ences, Hefei, China) [7]
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Figure 10.12 KSTAR tokamak (Courtesy of National Fusion Research Institute, Daejon, Ko-
rea) [8]

quired for Q ~ 1 and has a good prospect for achieving reactor relevant high Q in
ITER.

As seen from Figure 10.8, the performance of tokamak plasma confinement
improved rapidly with increasing device size during the 1970s, 1980s, and 1990s
reaching the equivalent energy multiplication factor Q® = 1 (equivalent value be-
cause there is no actual fuel). The Japanese large tokamak device JT-60 remains
at the forefront in terms of both Q! and Ti(0). There is the JET (Joint European
Torus) in the UK and TFTR (Tokamak Fusion Test Reactor) in Princeton Plasma
Physics Laboratory in the United States, which have a similar performance to JT-
60. Together these are referred to as the three large tokamaks and are shown in
Figure 10.9.

Tokamak devices following the large tokamaks are the DIII-D device of Gen-
eral Atomics (constructed under US—Japan cooperation and modified in the United
States) and ASDEX-U of the Max Planck Institute fiir Plasma Physics (Garching),
shown in Figure 10.10, and the Alcator C-MOD at MIT in the United States. The
plasma performance of DIII-D is actually quite high and high quality R&D is being
done for ITER and advanced tokamak.

Based on these results, the ITER project, in which 500 MW DT fusion heat will
be produced, has begun. In recent years, China, Korea, and India subsequently con-
structed superconducting tokamaks for long pulse operation (China: EAST, Fig-
ure 10.11; Korea: KSTAR, Figure 10.12; India: SST-1) to contribute to the ITER
project.

The helical system has shown good confinement, second to tokamak. Based on
sequential works on heliotron lines, the world largest helical device LHD was build
at National Institute for Fusion Science of NINS and has achieved world best per-
formance among helical devices (Figure 10.13 (a)).

In Germany, advanced helical device Wendelstein VII-X using optimization
methodology different from LHD (Large Helical Device) is being constructed at
the Max Planck Institute fiir Plasma Physics, Greifswald, and is expected to start
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R

(b)

Figure 10.13 (a) Large Helical Device (LHD) (National Institute for Fusion Science, Toki,
Japan) [9] and (b) Wendelstein VII-X (Courtesy of Max Planck Institute fiir Plasma Physics Lab-
oratory, Germany) [10]
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Figure 10.14 (a) Gekko XII and (b) the next generation ICF program FIREX-II [11]

operating in 2014 (Figure 10.13 (b)). Advanced helical devices such as Heliotron-J
at Kyoto University and HSX at Wisconsin University are being used to research
the optimization of the helical magnetic configuration.

Laser fusion is major line in inertial confinement. The ILE at Osaka University
achieved an implosion of 600 times solid density using GEKKO XII in 1980 (Fig-
ure 10.14 (a)). Now they are conducting fast ignition experiments to heat the center
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Figure 10.15 Locations of the world’s leading fusion device aimed at the Sun on Earth (red is
tokamak device, yellow is helical device, and blue is laser facility)

using an ultra-short laser pulse to achieve higher plasma temperatures. If FIREX-
I achieves its programmatic goal, FIREX-II will be promoted (Figure 10.14 (b)).
A similar program (HiPER program) is also proposed in Britain. Construction of
large laser fusion facility NIF (USA) and LMJ (France) using the traditional implo-
sion scheme (central ignition) is close to completion and it is thought that they will
reach ignition (start to burn).

In Figure 10.15, the locations of world’s major fusion facilities including ITER
are shown.

Many tokamaks are actively studying tokamak physics in support of ITER, not
only the above mentioned tokamaks but also Tore Supra in France, TCV in Switzer-
land, TEXTOR in Germany, FTU in Italy, T-10 in the Russian Federation, and
HL-2a in China. Spherical torus (ST) is one of the most important research lines
and has made a significant contribution to tokamak physics with its unique low as-
pect ratio and commonality as an axisymmetric torus. Major ST devices are NSTX
in the United States and MAST in the UK. There are also smaller STs in Japan (such
as QUEST) and in the Russian Federation (such as Globus).

10.3 ITER Project and the Broader Approach

The ITER project is an international project among Europe, Japan, the United States,
Russia, China, Korea, and India, whose total population exceeds half of the world’s
population. Construction of ITER is jointly performed by the ITER Organization
as an international organization and the domestic agencies of participating parties
(countries). The first director general of the ITER Organization is Mr. Kaname Ikeda
from Japan. Construction of ITER has started at a construction site adjacent to the
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Figure 10.16 Birds eye view
of ITER site [12]

1. Programmatic ogectve
+ Demonstration of scientific and technological feasibility
of fusion power for peacedul purposes.
2. Defailed technical objecives
+ Extended turn with energymultipiication factor C=10 for 300-500s.
« Aim at achieve Q=5 in non-inductive current drive operation.
+ Not greclude contrdled ignifon
+ Averane neutron flux >05MWIM2 and aveage fuence =0 3MWa e,
« Test tritium breeding module
3. Main prameters

- field coil

Item \Value

Plasma current 15 MA
Toroidal magnetic field| 5.3 Tesla
Plasma major radius | 62m
Plasma minor ragius | 20m
Neminal fusion power | 0.5GW

diverior banket mocule

Figure 10.17 Program objectives, technical objectives, major parameters of ITER and view of the
ITER main body [6]

Cadarache Research Center, near Aix-en-Provence in southern France. Figure 10.16
is a composite aerial photograph of the proposed building. The development in the
foreground is the fusion facilities of the Cadarache Center and beyond the road is
the ITER building.

Aix-en-Provence in southern France is near the port of Marseilles and is a cen-
tral city in Provence, which has rich natural surroundings, such as olive groves
and fragrant lavender. It is known for its culinary culture producing a variety
of foods and wines, as introduced by Peter Mayle’s best-selling book A Year in
Provence.

ITER put cites its program objective as to “demonstrate the scientific and tech-
nical feasibility of fusion energy for peaceful purposes,” and states its technical
objectives as to “achieve energy multiplication factor Q of more than 10 by induc-
tive operation, and aim at Q of more than 5 by non-inductive operation, realize
average neutron rate 0.5 MW /m? and average fluence 0.3 MWa/m? and test tritium
breeding modules” (see Figure 10.17).

ITER itself is giant high-technology device as shown in Figure 10.18 and its su-
perconducting coil is a large device for generating magnetic fields to confine hot
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Figure 10.19 International Fusion Energy Research Center under construction at Rokkasho vil-
lage, Aomori prefecture, Japan [13]

plasma. With the vacuum vessel to keep the hot plasma (a strong vacuum is nec-
essary to prevent impurity contamination), the radiation shield, and plasma mea-
surement system, it is a complex structure. The ITER project is a long-term project
taking 35 years for construction, operation, and decontamination. Site preparation
and procurement of components are ongoing and it is hoped that it will be completed
in ~ 9 years.

To allow a smooth transition to the stage of DEMO reactor when ITER has
achieved its technical missions, a broader approach (BA) program has been launched
by Japan and Europe with the idea of supporting and supplementing the program
as necessary in parallel with ITER program for the early realization of fusion en-
ergy [13]. In the BA program, engineering demonstration of the engineering de-
sign activities (EVEDA) for the International Fusion Materials Irradiation Facility
(IFMIF), accelerator facilities for testing materials for DEMO, and International Fu-
sion Energy Research Center (IFERC) program consisting of DEMO design and an
R&D center, ITER Remote Experimental Center, and a Fusion Computational Sim-
ulation Center will be developed at the Rokkasho site. Site preparation is rapidly
progressing (Figure 10.19).
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IDR2008

Figure 10.20 View of the large superconducting tokamak JT-60SA device, a modification of the
JT-60 at Naka city in Ibaraki Prefecture, Japan [14]

Another BA program is modification of the JT-60 to a superconducting tokamak
JT-60SA (see Figure 10.20). The plan is to improve the performance of the tokamak
system as a magnetic bottle, to strengthen the physical basis for continuous opera-
tion and for high power density, to bridge to the high-performance DEMO reactor,
and to perform supporting research flexibly according to ITER’s needs.

10.4 Fusion Energy as an Energy Option
for a Low Carbon Society

As mentioned in Section 10.1, realization of a low carbon society by suppressing the
use of fossil fuels is necessary to prevent global warming and emissions of green-
house gases such as carbon dioxide and methane. The 2100 Atomic Vision proposed
by the Office of Strategy Research, Japan Atomic Energy Agency [15], aims to uti-
lize previous R&D results and atomic energy technologies under development to
reduce national carbon dioxide emissions to 10% of the present value, while main-
taining a stable energy supply by 2100 (Figure 10.21 (a)). In that scenario, use of
fossil energy currently providing 85% of primary energy is reduced to 30% by the
end of this century and other 70% will be provided by non-fossil energy with a dom-
inant contribution from atomic energy (Figure 10.21 (b)).

In this scenario, the use of electricity and hydrogen is promoted as an energy
source. A significant reduction in energy consumption is realized by improved en-
ergy efficiency in the transport sector through the increased use of electric and fuel
cell vehicles by way of hybrid vehicles. Coal and oil use in the industrial sector is
abolished by substituting coke as a reducing agent in the steel industry and naph-
tha in the chemical industry with hydrogen. Energy use in civilian areas becomes
electricity-based, except for solar heat.
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Figure 10.21 (a) carbon dioxide reduction scenario and (b) electricity supply scenario from vari-
ous sources in 2100 Atomic Vision [15]
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tor) plant layout [16]

In this way, 60% of the final energy demand in the year 2100 will be electricity.
It is difficult to respond to such a huge power demand with only renewable energy
and a large-scale stable supply from atomic energy is the most promising. In the
vision, it is expected that ~ 30 fusion plants will be operational in Japan at the end
of this century, assuming the scientific and technical feasibility of fusion energy is
demonstrated in ITER and the construction and operation of DEMO is advanced to
start construction of commercial fusion plants in late 2050s. It should be remem-
bered that it is possible fusion energy may not be in the energy market by the end of
the twenty-first century if fusion R&D does not go well or the economic efficiency
and reliability of operation is not good enough.

The tokamak system, adopted in ITER, shows the best performance in high tem-
perature plasma confinement. The operation of the tokamak stops when an inductive
electric field cannot be supplied, since the confinement field is created by the induc-
tive plasma current. The power is, therefore, generated in pulses.
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Figure 10.23 Principle to achieve high net generated power by achieving efficient continuous
operation using bootstrap current [16]

As a method to overcome this drawback and to produce energy continuously,
the use of the bootstrap current mentioned in Section 8.5 is being considered. Since
80% of the plasma current is shed by the bootstrap current in the JT-60 (Figure 8.5),
a steady-state tokamak reactor (SSTR) is being developed in cooperation with in-
dustries [16]. The proposed site plan is shown in Figure 10.22.

To achieve continuous operation using the bootstrap current, the majority of
plasma current has to be driven by the bootstrap current and the rest by beam for ex-
ample, as shown in Figure 10.23. The heat including that generated inside the blan-
ket is removed and used to produce electricity in a steam turbine and this fraction is
used as recirculating power for beam generation and other plants. The achievement
of continuous operation with Q > 5 given in ITER technical objectives is impor-
tant. In this case, about half of the plasma current should be driven by the bootstrap
current while the rest should be driven by the active current drive methods.
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Appendix: Formulae

Chapter 1
Sun on Earth: Endless Energy from Hydrogen

1.1 Big Bang: The Mother of Fusion Fuel

1. Einstein’s gravitational field equation

1 8w
RMV — Egan = C_4GTMV

2. Friedman equation

1 (da)?
1 (da\~ GM(a) _ —chz
2\ dr a 2
3. Variational principle for general relativity
8(Sg + Sm) =0,
87TG
8(Sm + S¢) = — 1~ G [ gl, Tz,}Sg” V=g dix

4. Action integral of gravitational field
Sg = —(c3/16nG)/R¢ng4x
5. Action integral for energy and momentum of matter
Sm =c! / L—gd*x

6. Energy and momentum tensor of matter

7. 2 [B(LJ—_g)_i 8(L¢—_g)}
voymg Ll agl dxk (9g¥ /0xk)

197



198

1.2 Sun: Gravitationally Confined Fusion Reactor

1. Einstein’s equation

2. Fusion reactions in the Sun

4p +2¢~ —> 3He + 26.72MeV ,

p+p — D+et +v, +042MeV,

p+D —> jHe+7vy +549MeV ,
3He + 3He —> 3He + p + 12.86 MeV

3. Action integral for special relativity

15}

2
S = —maoc/ds = —maoczfdr
1

4]

4. World interval
ds = (c2dr*> — dx - dx)"/?
5. Proper time
T = t[1 — (dx/dr - dx/dr)/c?]/?

6. Action integral for special relativity

15}

S=/Ldt

3
L = —maoc® 1 — (dx/c dr)?
7. Relativistic momentum
P = Mgov/ \/TZ/C2
8. Relativistic energy

E = mgoc?/ /1 —v2/c?

9. Metric in weak gravitational field

goo = 1 +2¢/c?

Appendix: Formulae
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1.3 Fusion: Challenge of the Sun on Earth

1. DT fusion reaction

D + T — “He(3.52MeV) + n(14.06 MeV)

1.4 Plasma: Fourth State of Matter

1. Saha’s ionization rate

Chapter 2
Hydrogen Fusion: Light Nuclei and Theory of Fusion Reactions

2.1 Fusion: Fusion of Little Nuts
1. DT fusion reaction
D+ T —3H! - 3He +n

2. Planck relation

E=ho
3. de Broglie relation
p=hk
4. Equivalence relation
ik = d/dx
—iw = d/0t

5. Energy conservation relation
Rk?)2m + V(x) = ho
6. Time-dependent Schrodinger equation

[—(#?/2m)d*/0x* + V(x)] ¥ = ih(3/dt)y
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7. Time-independent Schrodinger equation

[—(h?/2m)3*/8x> + V(x)|u = Eu

2.2 Deuterium: Nucleus Loosely Bound by a Neutron and Proton

1. Yukawa’s nuclear meson equation

02 1 9
2 22 2 _
|:h X2 —mc"—h —62—312}U =0

2.3 Tritium: Nucleus Emitting an Electron and Neutrino
1. Neutron decay into proton

n—->p+e+v
2. Li reactions

®Li+n — 3T + *He + 4.8 MeV
"Li4+n — 3T+ *He +n’ —2.5MeV

2.6 Fusion Cross-Section: Tunneling Effect and Resonance

1. Wave front equation in Coulomb potential
z 4+ bolnk(r — z) = const.

2. Coulomb barrier penetration probability

P(EJE) = —YEIE

B expvEE —1
— mr€4 —

3. Analytical form of fusion cross-section

Iiry
(E—E,)2+12/4

o, = nx*P(E/E.)

4. Empirical form of fusion cross-section

E¢ 1
oy = 0y + o
’ Ejlexp Eqi/Er — 1] |:1 +4(E1_Erl)2/rlz ]
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Chapter 3
Confinement Bottle:
Topology of Closed Magnetic Field and Force Equilibrium

3.1 Field: Magnetic Field and Closed Magnetic Configuration

1. Variational principle of field line

8/A-dx=0

2. Integrable system (manifold with constant H)

H(q, p) = constant

3.2 Topology: Closed Surface without a Fixed Point
1. Euler’s index
K=p—qg+r
(p, g, r: numbers of vertexes, sides, and polygons)
2. Euler index of sphere (S?)
K=p—q+r=2
3. Euler index of torus (7'%)

K=p—qgq+r=0

3.3 Coordinates: Analytical Geometry of the Torus
1. Descartes coordinates
X =Xxex +yey +ze;
2. General coordinates (u', u?, u?)
x(ul, u?, u3) =x(u', u?, u3)ex + y@u', u?, u3)ey +zu' u? ude,
3. Jacobian J (defined by volume element)

ox ( ox ox
dVv = .

1 21,,3

J =1/Vu' - (Vu? x Vu?)
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4. Gradient vector

Vu’—gex+ 3 ey+¥ez
5. Tangent vector

dx  Ox n dy N 0z

dui  dul dui Y dul”

6. Orthogonality relation

7. Dual relations (i, j, k); right handed

X 1 ( ox ox
Vu! = — | — x —
" J(aulxauk)
dx

F:JVuijuk
u

8. Contravariant form (expansion by tangent vector)

; Ox . 0x
= E)u’ :Z(a~Vul) oul

i 1

9. Covariant form (expansion by gradient vector)

a= ZaiVui = Z (a-%) AV
i i

10. Metric
_Ox  0x
§ = ul dud
g/ =vu -vul
[gi] = [¢7]7"
11. Differential length (definition of metric)

0
ds? = dx -dx = axl 3_1d u'du’ = Zgljdu du’
i,
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12. Covariant component a;
ax :
- — gl
a; —a-W—Zg,]a
J
13. Contravariant component a’
a=a-Vu' = Zgijaj
J

14. Inner product
a-b= Zaibi =Zaib,~
i i

15. Outer product

dx

axb= JZ(ajbk—akbj)aul
i

= J_l Z(ajbk - akbj)Vui
i

16. Gradient

aof :
V= ——Vu'
17. Rotation (i, j, k); right handed
da; . . da; da; | dx
\Y = —Vu! xVul = J! L L=
" i;%jga us e k;3|:8u‘ dul | duk

18. Divergence

. 0x dJal
Via=V-) d—=J" .
“ Xl: “ i Xl: ou!
3.4 Field Line Dynamics: Hamilton Dynamics of the Magnetic Field
1. General form of vector potential (G: gauge term)

A =¢VO -y VI + VG
2. Simplectic form of B

B =V¢xVO—-Vy xV
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3. Magnetic coordinates

(¢.6.9)
4. Orbit equation of field line
@ _ oy
¢ ag
do _ v
dc 90

5. Action integral of magnetic field line

S=/A-dx

6. Lagrangian (T': kinetic energy, V': potential energy)
L=T-V

7. Canonical momentum

JL
g

8. Hamilton equation of motion

dg/dt = 0H/dp ,
dp/dt = —0H/dq

9. Action integral in Hamilton form

15}

S(q.p) = / [Z pidgi — H(g, p, t)]dt

41
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3.5 Magnetic Surface: Integrable Magnetic Field and Hidden Symmetry

1. Equilibrium equation
JxB=VP
2. Magnetic field stays on constant P surface

B-VP =0
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3. Current stays on constant P surface
J-VP =0

4. Stream function for magnetic field

h oh
B:ngxVh:Vd)x[%V@—i-a—;V@}

5. Toroidal flux inside the flux surface
2 (u) = /B -dag
6. Poloidal flux outside of flux surface
2ny(u) = /B -dag
7. Clebsch form of magnetic field (¢: toroidal flux, a: surface function)
B =V¢ xVu
8. Flux coordinates

(¢’ emv C)

9. Jacobian of flux coordinates
J=1/Q2xB-V¥)

10. Field line is straight line

dé,, _ 1
ac q(¢)
11. Safety factor
q =d¢/dy
12. Surface function
o ="0n—"C/q

13. Action integral for field line in flux coordinates

S=/A-dx=/[¢d9m—1//d§]
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14. Field line Lagrangian in flux coordinates:

do,,
L= ¢E — ¥ ()

3.6 Flux Coordinates: Hamada and Boozer Coordinates

1. Toroidal current inside the flux surface

27 f(u) :/J-da;
2. Poloidal current flux

2ng(u) = / J -dag

3. Current safety factor
a1 =—f'(¢)/8' ()
4. Kruskal-Kulsrud equilibrium equation
@)+ f1(P)/a@)=-V'($)P'(¢)
5. Hamada coordinates
(v, On.Cn)
6. Jacobian of Hamada coordinates
J =1

7. Equilibrium B in Hamada coordinates

B =V x VY + Vg x VO, =V x V(0 —{n/q)
8. Equilibrium J in Hamada coordinates

J =V xVg+VfxVo, =V[fxVO,—Lln/qr)
9. Equilibrium relation in Hamada coordinates

S Y ) —¢'(v)g' (v) = P'(v)

10. Boozer coordinates

(¢, 65, 8p)

11. Jacobian of Boozer coordinates

J=(g+ flg9)/2nB*
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12. Equilibrium B in Boozer coordinates

B = g(p)Vip + f(@)Vay + Bx(9. 95, {p) Ve
B =V xVa  (a=0,—0/q)

13. Equilibrium J in Boozer coordinates
tod =V x VB (B =Px—8 @) — ['($)0)
14. Boozer—Grad coordinates
(A
15. Jacobian of BG coordinates
J=1/B*
16. Equilibrium B in BG coordinates

B =Vy+pBVo(B =P~ @ — f'($)0h)
B =V¢ xVa(a =60, —,/q)

3.7 Ergodicity: A Field Line Densely Covers the Torus

1. Poincaré mapping of magnetic field line

6o, g0, g290, g390, g490, ... ,gj 0o
g:0—0, gby=0y+2r/qforb e

3.8 Apparent Symmetry: Force Equilibrium of Axisymmetric Torus
1. Cylindrical coordinates
(R.5.Z)
2. Flux functions
P(¥). RBe ()
3. Magnetic field

B =VyxV+FVe,

Y

RBr = ——

R 57
RBy = 8_1//

oR
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4. Collorary 1
Vy = —R’Vi x B
5. Collorary 2
B x V¢ = —R*B*V{ + F(¥)B
6. Current density
J = pg ' [VF x VI + A*y V]
7. Grad—Shafranov equation
[RO/OR(R™'3/0R) + 0*/OR*|Y = —uoR*P'(Y) + FF'(¥)

8. Action integral for equilibrium

BZ BZ
S=/LdeZ=/R —» _ % _pldrdz
20 2p0

9. Euler-Lagrange equation

oL 0 dL 0 oL

10. Flux surface average

Y ardyaedr )T #
- +d - 2
LY dpaeds 7 5%

{4)

11. Jacobian
J=1/(Vi{xVy)-VO=1/B,-V0
12. Differential operator along B
B-V=J"9/00
13. Magnetic differential equation (MDE)
B-Vh=S

14. Solvable condition of MDE

2

S
46 =0
/B,,-ve
0
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15. Property of flux surface average 1 (A: arbitrary vector, V': volume enclosed by
flux surface)

(V-A)=(d/dV)(A-VV)
16. Property of flux surface average 2 (F': arbitrary function)
(B-VF)=0
17. Property of flux surface average 3 (A : arbitrary vector)
(VY- VxA)=(V-(AxVy)) =0
18. Cyclic coordinate

oL
=0
aqs

19. Conservation of conjugate momentum
d (L) 0
dr \dgs )

3.9 3-dimensional Force Equilibrium: Search for Hidden Symmetry

1. Action integral for 3-dimensional equilibrium

BZ
S:/LdV:/I:——Pj| dv
210
2. Magnetic field
B =VP xVo
3. Current density
J=VPx Va)J
4. Euler-Lagrange equation
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5. Equilibrium relation

(Vowy xVw)-VP =1,
B -Voj=-1

Chapter 4
Charged Particle Motion: Lagrange—Hamilton Orbit Dynamics

4.1 Variational Principle: Hamilton’s Principle

1. Lagrange action integral

19}

S(x) = /dtL(x(z),ic(z),t)

141

2. Lagrange equation of motion

d (oL aL
—(=)-=—==0
dr \ 9gi gi

3. Gauge freedom for Lagrangian

. dW(g.1)
Lg.,q.t) + ————
q.4.0) + —

4. Hamilton action integral

5]

sw.p) = [ [ pi— Ha.p.)]

1

5. Hamilton equation

dg OoH
dar op
dp  0H
g

6. Noether’s theorem

n .
dL(q.q,t
I = Z M& — W(q,t) = constant
o
6.1 Condition for Noether’s theorem

SL=1L(q',q,t)—L(q,q,t) = edW(q,t)/dt
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4.2 Lagrange—Hamilton Mechanics: Motion in an Electromagnetic Field
1. Charged particles Lagrangian

Lo(x,%,1) = %maicz +eqA(x,1)- % —eg®P(x,1)
2. Canonical momentum

p=—-——=mgv+e,A4
ox

3. Hamilton form of Lagrangian
L(p,x,t)=p-x—H(p,x,t)

4. Hamiltonian

1
2mg

H(p,x,t) = (P_eaA)2+eaq§(xsl)

5. Canonical angular momentum in tokamak

oL .
pe = & = maR*¢ + eqRA; = constant
6. Relativistic Lagrangian

v\ 2
La(x,v,t)z—maoc2 1—(2) +e,(v-A— D)

7. Relativistic canonical momentum
mMaoV

p= V1= (v/c)?

+ e, A

8. Relativistic Hamiltonian

H(p.q.1) = maoc* + c2(p —eaA)? + e P(x, 1)
9. Action for free particle

t

2
vZ
2
S¥recParticle = —Ma0C / ds = —mygoc / 1— C_2 dr
1

4]
10. Action for field particle

15} 15}

2
SFicld-Particle = _ea/AudxM = —/ea@ dr +/eaA -dx
1

1 151
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11. Action for field

ileE? B
e
SFiele/[ 02 ~ o ]dth
Ho

t
4.3 Littlejohn’s Variational Principle: Orbital Mechanics
of the Guiding Center
1. Charged particle Lagrangian
L(x,v,t) = (eqA +mgv)-x — H(x,v,1)
2. Hamiltonian
H(x,v,t) = %mav2 + e, P(x,1)

3. Charged particle position

x(t) =r(t)+ plexcost +ey,sinf], p= UEJ'

4. Guiding center Lagrangian
L(r,i,v), @, 0,1) = eqA*(r, vj.t) - F — ?ué — H(r vy, 1, 1)
a
5. Modified vector potential
A* = A + (mg/eq)vb
6. Magnetic moment

mqv3

2B

7. Guiding center Hamiltonian

1
H(rs U”,/,L,l) = Emavﬁ +,LLB(V) +ea¢(rst)

8. Guiding center equation of motion

dy 1

— =——B*- (uVB —¢e,E™),
dr B|T (1 e.E™)
dr 1

i B—IT[UHB* +bx ((n/ea)VB — E™)]
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9. Modified magnetic field
B* = B + (mqvj/eq)V x b
10. Modified electric field
ab
E*=E — (mavll/ea)g

11. Guiding center velocity for static field

dr V| mav)|
— = \Y/ A+ ——>
& b B X( e

12. Morosov-Solovev guiding center velocity
dr V|
— =—Vx(4+p B
o =g’ xA+pB)
13. Parallel Larmor radius

mav”
e, B

Pl =

4.4 Orbital Dynamics: Hamiltonian Orbit Dynamics in Flux Coordinates
General formula in magnetic coordinates

1. Guiding center Lagrangian

L =ea(0 — ) + —=(Byp + Bob + B:E)> — uB — e, ®

Mg
2B2
2. Canonical momentum

Py = eq(¢ + p|Bo) ,
Py = eq (= + py Bt)

3. Hamiltonian

e2

_ a 2 n2
H—2ma,0”B +,U«B+€a¢

4. Parallel Larmor radius

MgV Mg . . .
pp =~ = 9 (Byd + Bob + Bel)

e, B e, B

213
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5. Magnetic field

B = ByV¢ + ByVO + B V¢

Hamilton orbit dynamics in Boozer-Grad coordinates

1. Morosov—Solovev guiding center velocity

d¢ _ dr oy
= = V¢ = vyB—
TR TR A
d d 0 a
: o _ -Va =y B p||,3 | ,
dr  dr ax 1)
dy _ dr 1 B
== —-Vy=yB(l—-——],
a ar AT dor
dp dr ap 8,3 ap dp dp
=V =B | oy oot - oo
dr dr ay 3)( do o ay

2. Guiding center Lagrangian

= eapd + ——5 (i + B$)* — uB — e, @

ZB2
3. Canonical momentum
P, = ea¢ s
Mg . .
Py = B—Z(X + Bo) = eap)

4. Hamiltonian

2

H = P2+,uB+ea<D

2myg

5. Taylor Lagrangian guiding center velocity

d oH aP 0B
a

dt eq0¢ Mga a¢
dy  0H eap||32

At eqdpp  mg

de OH 4 ap”B B
-V = — = _ea ,LL + P
dr eq 0 Mg do

%__81‘1 _ ! L ap”B a_B
dt e,y ¢ #
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Hamilton orbit dynamics in Boozer coordinates

1. Morosov-Solovev guiding center velocity

g=%.v9=%(ap%;”“/’(¢) aﬁ;“)

3_5 _ (:T:'W _ g-ll)-”?/q (1 N ag‘;)n 3 3ﬂa*9p||) ,

%:%W”:%P%( 83%" %ﬁgl) v (@)
—pl(g @) 55 p” -/ ("5)38/2')}

2. Guiding center Lagrangian

L =ea(¢p0 — i) + (gl + f0)> — uB —eq®

232

3. Canonical momentum

Py = ea(dp + f(P)p))
Py = ea(—¥ () + g(@)p))

4. Hamiltonian

H = 2B + B + e, ®

2myg

5. Taylor Lagrangian guiding center velocity

o _ fa—B— 0B
i~ b\l fh0
g
D

do 9B Bl B>,

T (M% + ea%) - Z: (p18°(@) —1/q(®))py
d 9B I 2p2

d_f = _% (M 7 + eq 3¢>) %a (puf (@) + Dpy .

d
=L@ - 1@~ e @)+ 05|

D =eslg+ flqa+p(gf'(¢) — f8'(#))],
=+ ezpjB/mg = (1 + 2vﬁ/vi) n

215
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4.5 Periodicity and Invariants: Magnetic Moment
and Longitudinal Adiabatic Invariant

J=§I§p-dq

1. Adiabatic invariant

2. Magnetic moment
J = puRrmg/eq)

3. Longitudinal adiabatic invariant

J = Mg ¢ v”dl”

4. Longitudinal adiabatic invariant in Clebsch Coordinate

J =eq 95 prdx
¢ dl”
3H v” -

6. Change in toroidal flux per bounce of banana orbit
J
Ag = 95 ap| %Pl gy
7. Change in Clebsch angle per bounce of banana orbit

ol —19J
Ao =—@ hdy = —e;' ==
¢ 3’§a¢> 1T g

5. Bounce time of banana orbit

8. Drift velocity of banana orbit

dp 1 3J/da
dt  eq 0J/0H
de 1 9J/0¢
At~ e, dJ/0H

Appendix: Formulae
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4.6 Coordinate Invariance: Non-canonical Variational Principle
and Lie Transformation

1. Canonical Lagrangian and its differential form

L=p-q—H(q,p.1)
y=p-dq— Hdt

2. Non-canonical Lagrangian and its differential form

6
Lz.z.ty=Y yif' —h

i=1

y = yudz! = y;dz' — hdt

3. Lagragian transformation law ((p, q) to z)

dq

iz, 1)) =p 5=,

viz.o) =p- ==
dq
I’l(Z,t)=H(q(Z,l‘),p(Z,t),t)—p'§

4. Equation of motion in non-canonical coordinates

dz’ ;
R
o Eh

5. Lagrange bracket
wij = [2',27] = @p/9z") - (9¢/927) — (9p/dz7) - (3¢ /")
6. Poisson bracket
nij = {227} = (92" /dq) - (927 /op) — (32" /dp) - (927 /9q)
7. Non-canonical coordinates
2= () =17
Z={"}={1,7'}
8. Lagrangian 1 forms in z and z
y =yudz¥, ' = IN,dz"
9. Transformation law between I" and y

ro— azV
= 821*%}
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Lie transformation

1. Definition of Lie transformation
0z"(z,8)/0e = g"(Z)
2. Identity relation
zH(z*(z,¢),8) = zM
3. Lie transformation relation
0z"(z,8)/0e = —g¥(2)0z" (2, ¢)/0Z"
4. Lie transformation relation for scalar

S(z,e) =s(2),

3S(z,e)/de = —g"(2)dS(z,¢)/0z" ,
S(y.e) = exp(—eL)s(y) .
S(y.e) =exp(—eL)s(y.¢)

5. Lie transformation relation for differential form

O1(y.€)/ 06 = —g* (v) 0Ly #)/dy* = AT (v. 0 /0y" | .

T(z,e) = (02°(z,8)/902")p (2(Z, €)) ,
0l (z,e)/0e = —LT},

6. Operator L for differential form
(Lo = & (b /3y b0 /")
7. Lie transformation relation

=Ty +dS

4.7 ““Lie perturbation theory”: Gyro Center Orbit Dynamics
1. Lagrangian differential 1 formin z = {z*} = {¢,z"}

Ldt =y =vy;(z,e)dz' (Z,e) —h(z,¢)dt
2. Lagrangian differential 1 form in z = {Z*} = {¢,z'}

Ldt =TI =T(z)dz' — H(Z)dr 4+ dS(2)
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3. Taylor expansion of T

T =...exp(—&’Ly)exp(—eL)) = 1 —eL; + 82((1/2)Lf — L))+ ...

4. Lie perturbation relations

I'n =dSo+ v,
I'n=dS1—Liyo+y1,

[ =dS) — Layo + 2 — Liys + (1/2) Ly
5. Lagrangian 1 forms of a charged particle
y(t,x,v) = (eqA(x,t) + mv) -dx — [mav2/2 + eqp(x,1)]dr
6. Zero, first, and second order Lagrangian 1 forms of a charged particle
Yot,r vy, 1, 0) = (ea A + mgvb) - dr — (mg/eg)nd6
-~ [mavﬁ/Z + uB(r)] dr

Y1 = —eqp(r + p,t)dt ,
y2=0

7. First order generating function of Lie transform

g = {87}
8. First order Perturbed Hamiltonian in z
ds, a5,
H=h-—-= —— —{S1.h
1 e T 181, ho}

9. Gyro phase averaged Hamiltonian

(Hi) = Hi = (eap)

€a
S =- dt ~ —— do
! ea/go Qa/(p

11. Second order generating function of Lie transform
gy ={8.7"}

12. Second order perturbed Hamiltonian in z

10. First order gauge

Hy = (H,) = ({S1. 1))

1
2
13. Coordinate transformation relation

ZH =M 4 e (S, 2"} + O(&?)

219
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Chapter 5
Plasma Kinetic Theory: Collective Equation in Phase Space

5.1 Phase Space: Liouville Theorem and Poincare Recurrence Theorem

1. Hamilton equation

dg, _90H  dp;  9H

d  dp; At dq;
2. Liouville theorem
dD = 9D +{D,H}=0
dr ot T

3. Poisson bracket

3N

0D 0H 0D 0H
D.Hy=Y|-—=2 222
{ } Z [3% dpj  Op; 3%}

J=1

5.2 Dynamics and Kinetics: Individual Reversible
and Collective non-reversible Equations

1. Klimontovich equation

dF _OF oF OF

TR T P TR

2. N -body distribution function

N
F(x,v.1) =) 8(x —x;(1)8(w — vi(1)
i=1

3. Acceleration by electromagnetic force
€a
a=—(E +vxB)
Mg

4. Ensemble averaged velocity distribution function

f = (F(xvvvt»ensemble

5. Fluctuating velocity distribution function

F=f+F
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6. Ensemble averaged EM acceleration
_ €a =~ =
a=—(E +vxB)
Mg

7. Fluctuating EM acceleration

[N
Il

1S
|

Q1

8. Boltzmann equation

A
FTERRTIRAE PR M )

9. General collision term

OF
C(f) =~ <& : a—>
v
ensemble

10. Boltzmann collision integral

c(f) = / [/ /) — F @) f()] 01 — 0] 0 2 dv,

11. Boltzmann’s H theorem

% _ %/f(v)ln f(@)dv <0

5.3 Vlasov Equation: Invariants, Time Reversibility,
and Continuous Spectrum

1. Vlasov equation (@ = (es/ms)(E + v x B))

af _of  of . of
T TR PR T

2. Generalized entropy conservation law (G: arbitrary function)

dH d
— = dxdo =
5 d[/G(f)xv 0
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3. Linearized Vlasov—Poisson equation for Langmuir wave

dfa1 dfa1 €q /a0
. = 2vp- ,
Jt T ox Mg 4 dv
o0
80V2(p = —¢, / fardv
—0o0
7. Fourier transformed Vlasov equation
e a
(@—k-v)faikow = __a(pkwk : fao
Mg v
8. Solution of Fourier transformed Vlasov equation
e a 1
falkw = __ak . faOP— + ,Xé’(w —k- U) Pk
my v w—k-v
9. Dispersion relation for Vlasov-Poisson equation with continuous spectrum
TP o,
eq a0 €a
1 k- d A=0
+80k2ma/w—k-v v v +£0k2
—00

5.4 Landau damping: Irreversible Phenomenon Caused
by Reversible Equation

1. Fourier-Laplace transformed Vlasov-Poisson equation

3feO
dv

. e
(0 —k-0) ferko(v) = ifex(v,t =0) + m—‘/’kwk :
e
o0
ieokz(pkw = —¢ / ek (v, w)dv
—0o0

2. Solution of electrostatic potential

oo
_ ie Jere(v.1 =0) dv
Vo = =2 K (., k) w—Fk-v ’
—00
w? k- 3f.0/0v
Kk, w) =1+ —L / A d
(k, @) +nek2 w—k-v v
3. Landau damping rate
Ki(kya)r)

w; =

0K, (ko) )0y
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w127e afeO .

K2 gy lemorl

w, /k'afeo/av
dv

K (k,w) =1 L¢ p
rk.0) -'_nek2 wr —k-v

Ki(k,w,) = —m

4. Electric field damped by phase mixing

k 00 oco+iwgg ( . )d

e eXp —1wt w

Ex(t)= —2 | dvfor(v,1 =0

KO =~ / v ferr (v ) Ko, k) (@ —k -v)
—00 —oo+iwyg

5.5 Coulomb Logarithm: Collective Behavior in the Coulomb Field

1. Shielded Coulomb potential

— % o
dmegr

2. Debye length

2D =D+ ) AD
25, = (80kT/e*ne)" (= 7.43 x 10*[T,(eV)/ne(m™>)]> [m]) ,
Api = (eokT /& Zin:)*

3. Impact parameter and scattering angle

0
b = by cot (E)

bo = eqep/(Ameomapu’) = 7.2 x 1071°Z, 2 / E-(€V)(m)

4. Landau parameter

5. Reduced mass
Map = Mamp /(Mg + mp)
6. Differential cross section
o0(0) = b(db/d0)/ sin6
7. Rutherford cross section

by

"0 o
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8. Velocity of species a

va =V + mpgp/(ma + mp)
9. Change of relative velocity

Augp, = gp sin On — 2sin’(0/2)uqp
(sin*(6/2) = b3/ (B} + b%)

10. Change of velocity of species a

AD
_ ) Mgp b
Ava = —47TbOA¢)buabm—a / mdb
0

11. Coulomb logarithm

InA = In(Ap/b)

5.6 Fokker-Planck Equation: Statistics of Soft Coulomb Collision

1. Integral equation of velocity distribution function for Markov process
fa(v,t) = /dAvfa(v—Av,t — At)P(v — Av; Av, Ar)

2. Collision term for Markov process

= (20 + (2

3. Expression for changing rate of velocity

Av, eflelz)lnA Mg /uab
=— -2 |1+ — — d
< At > Z drm2el * mp u’ Jo(ve)dvy

b a®o ab

4. Expression for changing rate of perpendicular velocity

Avi elel (1 )/ 1
—) = —+InA — fp(vp)dv
< At > Zémmgsé (2 Ugh Jo(wp)dvy

b

5. Expression for changing rate of parallel velocity

Av? eZe? 1

I\ _ a / Y
—— =) ———— | — fo(vp)dvy
< At > Z 16rm2ed

b 80 Ugh
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6. Slowing down rate

3

<Ava> -y ezepIn A dhgp(vy)

At - 4nm£218(2) 0V,
m v

hap(vg) = (1 + _a) Mdvb
mp Ugp

7. Velocity space diffusion tensor

2,2 2
<AvaAva> = Z e 1njzl / ap _zuabuab Jp(vp)dvy ,
0
b

2At 8rmle; b

_ Z eczzelz) InA 9%gap(va)
B — 8mlej dvecvadvg

gab(Vg) = /uabfb(vb)dvb

8. Collision term using Rosenbluth potentials

e2e2ln A 0 oh 1 9 9’
Cth =S 2 | (G n) + (G

- drmZel v, v, 2 0v,0v,  \ dv,0v,

9. Landau form of collision integral

eleZln A 9

Jo(0p) 3fa(v)  fa(v) 3fp(vs)

C(fa) = ——— - [ dvpU -
(Ja) Xb:Snegma v v [

10. Balescu—Lenard collision term
2,2 3

Clfa) =Y b

5 SJTS%ma v,

[k 2 58]

b
amb 3vb Mg 8va

. / dvp K o5 (va, vp)

kk
Kap(vg, = [ dké(k - (vq — -
»(Va, Vp) / (k- (v Ub))k4 ek o)l

e2 k-93fy/dv
k.w)=1 b | qp=——to "
(e, ) + somka/ o—k-v

5.7 Gyro-center Kinetic Theory: Drift and Gyro Kinetic Theory

1. Kinetic equation

df f f _
§+v.£+(E+va)-%—C(f)

Mg dv mp  Jdvp

225
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2. Guiding center Poisson bracket

ca (80X Y OX Y b
x,yy=Se (20200 VX x VY
X.r3 ma(89 o o ae) caBT x

B* Y ax

2 (vxZ vy

+ m“BIT ( dup  dy )

3. Orbit equation in guiding center coordinates z = (r, vy, i, 6)

du do

= ={wH}=0, —={0,H},

m {n, H} m {0, H}

d B*
= o Hy = ———VH,

dt maB||

dr b B* 0H
— ={r,H} = VH —
dr tr. H} eq.Bf x + maBl’l" |

4. Drift kinetic equation

oF
— t{F, H} =C(F)
ot
or
oF . OF . OF

5. Perturbed electrostatic and vector potentials
(8¢.84)
6. Perturbed Lagrangian

SLdt = e,84A - (dr + dp) — ey8xpdt = —6H dt |
8xA = 8A(r + p).8xp = So(r + p)

7. Perturbed Hamiltonian
0H = €46+ — eq0xA - v
8. Coordinate transformation
z=(r.v.u.0) =z = (F.9). j1.0)
9. Perturbation expansion of Hamiltonian
H=Hy+H + H+,...

1 -
Hy = Em”ﬁﬁ + [LB(F) + ea®(F,1) ,
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i, d
H1=5H—i,
dr
_ e? 1 ds,
Hy = —% |8, A> — = {S|,6H} — —=
p 2mal*l 2{1 } m

10. Solutionof H = Hy+ H, + H, + ...

Hy = eq (8x¢) — eq (8+A) - bv| —eq (8+A -v1) ,
2

- e

= 2a <|5*A|2>

2myg

1
— = {{S,,6H
2 ((S1.8H})
11. Solution of coordinate transformation
Zg =Zg + {S1,2a} + €a0xA - {r +p,zq} + ...

12. Gyro kinetic equation

OF - .
— +{F,H}=C(F)
ot
or
OF . oF . 9F . _
4 — 4 — =C(F
ar T Tlgg, =€)
13. Gyro kinetic orbit equations
dv I B* _ _
—L =t By = ——VH
dr maB”
dr 7. H) o B OH
— =, = X e
dr eaB|’|k maB|’|k o)
Chapter 6
Magnetohydrodynamic Stability:
Energy Principle, Flow, and Dissipation
6.1 Stability: Introduction
1. Evolution equation in dynamical system
dx
— =NX
m (X)
2. Linearized evolution equation
LE = A&

(L=N'(Xo). &=X—-X))
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3. Regular matrix

LL*=L"L
4. Unitary transformation
U~'LU
5. Self-adjoint matrix
L*=1L

6. Position operator (with continuous spectrum)
Au(x) = xu(x)
7. Eigenvalue equation
Au = Au
8. Inverse operator of eigenvalue equation

A —A4)7!

6.2 Ideal Magnetohydrodynamics: Action Principles
and the Hermitian Operator

1. Action integral of ideal MHD equation

5]
=/dt/LdV
1

2. Lagrangian density of ideal MHD

1, P B*
L=-pv— ——8 — —
2 y—1 2uo

3. Perturbed MHD relations
Sv=v-VE—&-Vv+0&/0r,

§p ==V -(p§),
8P =—yPV-£E—£-VP,
B =V x(§ xB)

4. Variation of action integral

/dt/dVé’“g‘ [a(p)+v (ovv) + VP — JXB:|
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5. Action integral of toroidal equilibrium

B? P
S=[LdV = — +——|dV
2o -y —1
6. Variation of action integral for equilibrium

8S=—/§-[,ugl(VxB)xB—VP] dv

7. Linearized ideal MHD equation

p0°E/3t> =8J x B +J x 8B — V8P
= pg{V x[Vx (& xB)]} x B+ py"(VxB)x[Vx(§x B)]
+ V[yPV -£ 4+ &-VP]

8. Hermitian property of MHD operator
[n-r&rav = [& rapav

9. Hermitian structure of MHD operator

/n-F(E)dV - —/dv [iw-vm-w Vi) + yP(Y-E)((V - )

BZ
+ %(V'sJ_'i'sz_'K)(v'ﬂJ_+277J_'K)

4B? B2
_E(gl k) k) + (n &, 1 VV) (P + Z_,M())j|

6.3 Energy Principle: Potential Energy and Spectrum

1. Energy conservation law

a 2
%/p(a—f) av =3 [ F@rav

§K = (1/2) / p(3€ /01)*dV

2. Kinetic energy

3. Potential energy

W = —(1/2)/5 F(&)dV
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4. Energy integral of Furth
SW(E) = /dV[5W5A + 8 Wms + §Wsw + §Wic + § W]

Shear Alfven wave energy ~ §Wsa = B2/2u ,
Magneto sonic wave energy SWiyis = B*(V - &, +2&, -k)*/2u0 .

Sound wave energy Wsw = yP(V - £)%/2,
Interchange energy Wex =&, -VP)E| -K)/2,
Kink free energy Wi =—Jyb-(B1Lx§,)/2,

B, =Vx(&xB)
5. Eigenvalue
—— & F@av/ [ plerav
6. Orthogonality of eigen function
(0 —wﬁ)/psm "£,dV =0

7. Laplace transformed linear MHD equation

A —F/pl =a

8. Eigen mode equation of linear MHD equation

E=1—F/p]"'a

6.4 Newcomb equation: Euler-Lagrange Equation of Ideal MHD
Newcomb equation for cylindrical plasma

1. Energy integral of cylindrical plasma

2Mo [f‘ +g|§|2} dr + W, + W, ,
_ r(sz + (m/r)Bg)Z
S =" iy
— 1 r(sz - (Wl/r)Bg)z 2By d(ng)
TP RAmirr r(kB; + (m/r)Bg)” - —

d (K*B2—(m/r)*B}
Cdr \ k24 (m/r)?
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d¢ _
dr (fdr) g6 =0

q'(r)/q(r)* + 8uoP’'(r)/rB2 > 0

2. Newcomb equation

3. Suydam criterion

4. Mercier criterion
r(dIng/dr)*/4 + 2p0(dP/dr)(1 — ¢*) /B2 > 0
5. Magnetic shear
s =r(dg/dr)

Newcomb equation for axisymmetric plasma

6. Grad—Shafranov equation for r = [2R, fow (q/F)dy]"/?

dy A(Vr - Vo) dy ,dP  dF
Vr — ' = _ygRP— —F—
ar [ Vr } R

7. Energy integral

N|:l

/ /d@L X E)XVBV
90 or’ 00
0

8. Euler—Lagrange equation for V

of_ oL ] 9L _
30 | a@v/aey | av

8L
—df =0
v

0

9. Solvable condition

10. Reduced 1-dimensional energy integral

a
2 dx
w,="_1|L (X, —) dr
Ko J dr

11. Euler—Lagrange equation for X

d aL L

ar a@x/an ax 0
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12. 2D Newcomb equation

d dX dX
—f— — +hX =0
drfdr +gdr +

6.5 Tension of Magnetic Field: Kink and Tearing

1. Energy integral in Tokamak ordering
]Tng : dg? no 1\?
Wy = / (r—) + (m* — 1)¢* (———) rdr}
/,L()R() dr m q
0

232 2
Wy =t [3 (ﬁ—i)+(1+mx)(ﬁ—i) ]azéé,
HoRo | ga \m  qa m - 4a
A= (1+(a/b)*™) /(1 - (a/b)*™)
2. Ohm’s law

n d*B,

By .
yBr — —(m —nq)ivy = ———
r Wo dr

3. Diffusion equation for helical flux

W Py

ot o or?
4. Rutherford equation

d
Y 16621 (A (w) — aw)
dr Ho

5. Newcomb equation for ¥ in Tokamak ordering

1d [/ dy m? wodJ /dr
Sl s
dr

rdr T2 _Bg(l—nq/m) -

6.6 Curvature of Magnetic Field: Ballooning and Quasi-mode Expansion
1. Expression of displacement by stream function

iBxVo®
L=

2. Eikonal form of stream function

& =F,0)e ", a=(—gqb
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Magnetic field in Crebsch coordinates
B =VaxVy
3. Shear Alfven term for ballooning modes

B’ Va)?
swep = 2L . VO g Gpp
2100 2p0B?

4. Ballooning term for ballooning modes

§Wex = (£, - VP)(EL 1)/2~ P'(Y)[(B x Va) -k /B |F|*

5. Energy integral for ballooning modes

1 v
Wp= 5o [' af’ (B -VF)?—2u,P (W)KwF2j| av
0

6. Euler-Lagrange equation for ballooning modes

A\ JIF
39[' of ]+M0P(W)Kw —0

JB? 36

7. Quasi-mode expansion of F
oo
F(y.0)= ) Fi(6—2xN)
N=—00

8. Euler—Lagrange equation for quasi-mode

0 [ Vel aF(y)
dy

JB2 dy ] + MOP/('(//)KwFl(y) =0

9. Double periodic Fourier expansion of @

00
Z @ (q)el(m+k)0e—1n§'

k=—o00
10. Ballooning mode expression using radial Fourier integral

[o.]

Q— 4
=2_ Z /Fo(s)e”("q_k)ds

—00

233
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6.7 Flow: Non-Hermitian Frieman—Rotenberg Equation

1. MHD equilibrium equations with flow

pu-VYu+VP—-JxB =0,
VxmxB)=0,
B =V{xVy + FV{

2. Flow relation

uxB=-Vo,
Vo =Q2{y)Vy ,

@
u=-—"B 1+ R2QV¢
P

3. Surface quantities

F = F(y). P(W. R) = Po(¥) exp [%RZQZ}

where B =V{xVy + FV{
4. Grad—Shafranov equation with toroidal flow
A"y = —poR*IP (Y, R) /0y — FF' ()

5. Action integral for ideal MHD with flow
S = / LdVdet,

1 .2 . 1
L= Zps —pé-(u-V)«SJrEpS-F(s)
6. Generalized momentum

p = 03L/0& = p(0&/0t) + pu -V

7. Hamiltonian for flow MHD

1
H:Z—p[p—pu-V«S]z—%p’é'F(s)

8. Hamilton equation

dp/dt = —9H /¢ ,
dp/dt = F (&) —pu-V[(p/p) —u-VE]
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9. Frieman—Rotenberg equation

2
P S b2 VB = F ).
F(E) = Fu®) + Fa®) .
Fy€) = VIE-VP +yPV £+ (Vx B) x B+J x B, ,
Fo(€) = V- [p&u-V)u— puu - V)E] .
B, =Vx(&xB)

Chapter 7
Wave Dynamics:
Propagation and Resonance in Inhomogeneous Plasma

7.1 Eikonal Equation: Dynamics of Wave Propagation

1. Eikonal equation

__ %
oo
9¢
k=_—
x
2. Eikonal relation
ok do
a  ox
3. Dispersion relation and group velocity
w=8R(%k,x,t),
dw ok 082

Vo,

4. Hamilton equation for wave propagation
dx (082
d  \ok ),
dk 052
dt - dx k

5. Lagrangian for wave propagation

L=k -x—-%
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6. Ohm’s law

7. Dielectric tensor

Kw,k)y=1+-Z
Eow

8. Electric field equation

M-E=0,

M = (kk —Kk*I)/k2 + K .

K=I+-"2, K=o
Eow

9. Poynting theorem (S = E x B/ o)

2 2
9 B wE )y E_v.s
ot 2#0 2

10. Wave energy equation

11. Wave energy

2
en=(e+e")/2,
Q=E"0,E,

2

1 ~x 0 - 1 ~x (oM A
s:—(eoE*' (g)eh)'E—l——B*'B) or s:@E*~M~E
®

Mo
My=M+MT))2,

S =Re(E* xl})/,uo

12. Wave energy and action

c=wJ
13. Wave action
E0 o * 3Mh A
LY el
J 2 dw

14. Wave kinetic equation

0

o i 17.21=0

Appendix: Formulae

3

ow

op=(0+0%)/2,
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15. Poisson bracket

02 9 02 0
[j,g]:_.i__.i

7.2 Lagrange Wave Dynamics: Ideal and Dissipative Systems

1. Action principle for wave packet

S=/dt/de

L=Ly(A.®)+ ) Li, A.P)

A S|
Ly(A,®) =g [a_ + qu} — —(VxA)?
ot Mo

La(§e A.®) = na [ 260 +ea (ba A +£0.1) = O(x + 84.1)]
2. Lagrangian for linear wave
[Llin = & -M - E
3. Euler-Lagrange equation
]2 ]
dt | dw ox | ok

4. Momentum conjugate to eikonal

)
_aw_aé‘

x oM

. F
w

= SoE

5. Number conservation in a wave packet

aJ ad
E"’_E'(Ug*ﬂ_o

6. Lagrangian for MHD wave

1 1
L =3p0? 14> — P2 (k. x.1)° |4

7. Euler—Lagrange equation

Ly, o oLy
dat | dw ox | ok |
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8. Conservation of number of wave (N = g—i)

N + 9 (vgN)=0

_ — (v =

ot ox £
Hamilton Mechanics Using Conjugate Variables

9. Ordinary differential equation

dx
E =f(xvt)

10. Lagrangian from ordinary differential equation

11. Hamiltonian

H=p-f(x.0)
12. Hamilton equation
dx 0H
- = F = 7t 9
i " ap S (x.1)
dp  0H _0f(x,1)
d ~ ox  0x P

7.3 Plasma as a Dielectric Medium: Cold and Hot Plasmas

1. Dielectric tensor

Kw,k)y=1+-Z
Eow

2. Dispersion relation

M =det(M)=0,

2
M-E=0, M:(kk—I)(k—c) +K
w

Cold Plasma

3. Dielectric tensor for cold wave

Appendix: Formulae
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2 2
) k94 [0}
S=1-y" e p_y e Ppa
Yo pey et
2
P=1-— “pa 2 ﬁ 0 = ¢aB
= 5 pa — 5 a —
—~ goMg Mg
4. Refractivity
n=kc/w

5. Dispersion relation for cold wave

[Ssin® @ + P cos’ 8]n* — [RL sin? 6 + PS(1 4 cos® #)|n> + PRL =0 ,
S+ D —

+ L= S—D
2 2

6. Cut-off (n = 0) condition

R =

PRL =0
7. Resonance (n = c0) condition

P
tan’f = ——

8. Time symmetry of cold wave dielectric tensor
K(—w) = K*(0)
9. Onsager symmetry of cold wave dielectric tensor
K(-B) = K'(B)
10. Hermite symmetry of cold wave dielectric tensor
K=K"*

(+: complex conjugate)

Hot Plasma

11. Integral form of perturbed velocity distribution function

falk(x7 U,t) =

t
_ta (El(x(t/), ) + Lo x (k x Ey(x(2). z’))) :
ma_oo w

o)
v
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12. Unperturbed particle orbit
’ vl . ’ .
x(t) = x(@) + el (sm(9 + (" —1)) —sin 9) ,
y() = yt) — % (cos(f + 2(1"' — 1)) —cos b)) ,
z(t) =z(@) + v, (t' — 1)
13. Perturbed velocity distribution function

falk(xvvvt) =
t
_ Caitkextkoz—or) / ((1 k- v(t))E L) Bk ).3fo(v(t )
dv

Mg

(. kx VL
x exp|1i

14. Dielectric tensor for Maxwell distribution

=1+ Z [Zr)Oa)LTaL

a=i,e

—00

(sin(0 + 2(t' — 1)) —sin0) + i(k,v; — w) (1" — t)) dr’

+ Z (COaZ(zna) - (1 - A; ) (1+ énaz(zna))) exp(_ba)Xna] )

(nz/ba)ln i”(lyll — 1) —21’!1,,1 nna/aa
Xna=| —in(I)—1)  (1%/ba+2ba)In —2bal} AN Mpaa(I — 1) | -
—21’!1,,1;-/“27)”4/054 _i/\;"/azrlnaaa(l;; —1I) 2/\Ta7)na1n
w+ns2, Tia 1 (kivria 2 2T, 12
nna = ’ A'7‘[1 = = k) bll = = - 5 k) vT(l = k)
kzvr|a Tiq 2 24 mq
o0
w—kjuy, +ns2 kxvry 1 ex
tra = 1“lla @ gy = KxVTla gy / p( /3 )
ksz”a .Qa 7'[
—00

Causality and translational symmetry in plasma waves
15. Principle of superposition, translational invariance

J(x,t) = %//dx/dt’a(x —x't—thE(',t),
J(w, k) =0(w,k)E (w,k)
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7.4 Non-uniform plasma:
Alfven Wave Resonance and Continuous Spectrum

1. Perpendicular refractivity

(R—n)(L —n}

S—nﬁ

n =

2. Alfven wave resonance condition
o=k Vy
3. Cold plasma wave equation
2 PE | (R—np(L—nj

w? dx? S — nﬁ

4. Wave equation near resonance

d’E A2(y2 -1
dy? y +ie
D3w2

here A2 = |—— 2
where 2(dS(0)/dx)?

5. Dispersion relation of kinetic Alfven wave

3 T
i

7.5 Drift Waves: Universal Waves in Confined Plasma

1. Dispersion relation of simple drift wave
w(w—wsx) = kﬁCs2
2. Sound velocity
Cs = [(ZiT. + yiTi)/mi]'?
3. Diamagnetic drift frequency

k,T,dInn,
eB dr

Wy =
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4. Dispersion relation of ITG drift wave

Cw) =k2C 1 s (Vi
a)(a) Cl)*) 1< [ + o yit T Zi ni Zi

5. Critical temperature for ITG (example)

202
25t+1\" 3

dInT;
where n; =
dInn,
6. Polarization drift
my, dE
Vpg = ————
pa eB? dt
7. Boltzmann relation for electron
fle _ ed
Ne - T,

8. Drift wave dispersion with polarization drift
w’(1 + tkipiz/Z) —Wwsx = kﬁCS2

9. Hasegawa—Mima equation

8¢;t(t) tiog @) = Y Vi k@it () Pha(1) .
k=k+k;
W
T Tkl p?/2
o2
Ve, k, = > (k1Xk2)'eZ[k%_k%]

(1+ tk?p2)B
Ps = (Te/mi)l/z/gi
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Chapter 8
Collisional Transport: Neoclassical Transport
in a Closed Magnetic Configuration

8.1 Collisionless Plasma: Moment Equation and Neoclassical Viscosity
1. Momentum balance equation
du,
mana? =eqng(E +uyxB)—VP,—V-II;,+F,+M,

2. Heat flux balance equation

Jd (q e 5
Maz- (Fa) :T—anxB—EnaVTa—V-@a—i—Faz—i—Qa

3. CGL expression of viscous tensor

M, = (P, — Pia) (bb - %1) + 0(8%)
4. CGL expression of heat viscous tensor

0, = (0, —OLy,) (bb — %1) + 0(8%)

5. First order perpendicular flow

6} E xB b x VPa
uJ_a = 2 +
B Mahg§24

6. First order perpendicular heat flow

W _ 5 bxVT,

11a = 279 my82,

7. Averaged parallel momentum balance
(B-V-Hg)= (B -Fq)+ewna(B-E)+ (B-M,)
8. Averaged parallel heat flux balance
(B-V-04)=(B-Fa)+(B-0Q,)

9. Particle density

ng = /fa(x,v,t)dv
10. Flow 1

Ug = —/vfa(x,v,t)dv
Na
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11. Heat flow
m
q, = /(v —ua)Ta |v—ua|2 fa(x,v,t)dv

12. Pressure
P, E/% v — ugl? fulx,v,1)dv

13. Viscous stress tensor
1
I, = /ma (vv — gvzl) fa(x,v,t)dv

14. Heat viscous tensor

1 av? 5
0, = /ma (vv — gvzl) (n;Tz - 5) Ja(x,v,0)dv

15. Friction force

Fg = /mavc(fa)dv

mgv® 5
Fg = a - = 2)d
o= [ (B 3) et

16. Heat friction

17. Parallel flow
v”Eb-v, u”aEb-ua

18. Parallel pressure

P||a = /ma (v“ —una)2 fa(x,l),l)dl)

19. Perpendicular pressure

m
Plo= / w1~ ura)’ falx, .0

20. Parallel heat viscosity

mgv? S
@lla = /ma(v” —u||a)2( 26; _E) fa(x,v,1)dv

21. Perpendicular heat viscosity

m mgv? 5
Olq E/Ta(UJ_—”J_a)Z( zaTa —5) fa(x, v, t)dv

22. Laguerre expansion of distribution function
fa(®) = fam (v) + fa1(v) + fa2(v) ,

n
Jam (v) = M

2,2
3203 exp (—v*/v7,)
a
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v2

Ly § 2x
Ja2(v) = 2 [H +(0@,+1,) ( )i| Jam (v)
manavTa

8.2 Incompressible Flow: First Order Flow on a Magnetic Surface

1. First order perpendicular flow

uV _ L @ 1 dP bxVy |
La dy  egng dyr
W 5P dT,
- Hap v
10= 20 g ay 2 < VY

2. First order perpendicular flow is on the flux surface

u) vy =0,
O.vy =0
qJ_a 1/[—

3. First order flow

(l) =uj W +u||ab s

4" =) + quab
4. Poloidal flow

(1)
u; Vo N
ﬁ = a0 ().

W.ove
B V@ qa@(lz”)

5. Flow relation

BMZQ(!”) = U|ja — Via »

. 5
Bqae(lﬂ‘) ={4|a — EPaVZa

6. Thermodynamic forces

o ul) . VO Fy) (@ 1 &)
la — — = dl//+_

b-Vo B eqng dyr
o2 ¢\)-vo  F(y)dT,
= 7sp, b-VO

eaB Ay

245
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7. Expression for first order flows

BVia V{ x b
1 1
u® = upab +u) = ujeb + F(VS B
5Py BVay VY x b
1 2
& = qiab + 44, = q1ab + = F(w‘; 3
7.1 Corollary
BV,
) _ % la 2
u,' =uye(Y)B + RV,
o F()
5P, BV,
00" =42 (VB + " p s RV

8. Axisymmetric relation
bxVy = F(y)b— R*BV{
9. Toroidal flows

O . BVia
- B R,
Ugp = Uap (V) Be + F(y)
5Pa BVaa

2 F()

9% = 4l Be +
10. Flux surface averaged flow relation
(B*)uze(¥) = (Buja) — (BVia) .

(B*) 450 (V) = (Bqya) — 55" (BVaa)

11. Expression for local toroidal flows

B B} | BV,
u(l) ==t (Bu||a)+ |:1 S :| la s

“ " (B?) (B*) | B
R P17 BZ 1 BVa
a = (g7 VAT (B2) | B

8.3 Friction and Viscous Forces: Momentum and Heat Flow Balance

1. Friction—flow relations

F —Z< llalb —lfzb) uél)
Foo| G \-180 182 ) 24\"/5P,
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2. Friction coefficient

ab _ Malla Taa 5 ;i—1,j—1 Taa y;i—1,j—1
Zij Tt .C_Mak Sab + .L._Nab ’
aa X ak ab

mp
MO — 10 — 3 | a) (14 2\
ab = Map = =5 +m_b (1+xg5) ;
3 15 5/2
1 2 4 2
My, = — (— + 4xg, + jxab) (1+xz5) ;
a 3/2
Ngp = (1 + m_b) (1+x5) ",
3 m 5/2
0 a 2
Nalb=§(1+m—b) (L+xz,) .
3T, _ b 5/2
o1 a_ 1 2
NabZEFb ab (1+m—a) (1+x3,) .
27T, 5/2
Nap = Iﬁxib (1+x2,) ;
= 3n3/2£%m‘21v%a
¢ npele;in A’
o omals [T
ab = T “ Mg

3. Symmetry relations of friction coefficient

ab __ jba
ij _ Ji
Mab - Mab ’
JO _ _ agJO
Nab - Mab ’
ij Tyvra ji
ab TbUTb ba

4. Viscous force-flow relation

|:(B'V'Ha>j|:(32>|:/ial Ha2:||: uZ(g(w) :|
(B-V-0q) Ha2 Ha3 29,4(¥)/5Pa
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5. Viscosity coefficients
Hal = K?l ,
a 5 a
a2 = K5 — EKII ’
25

Ma3 = K3, — 5K, + 4K

6. Velocity partitioned viscosity coefficient

lOt

Ke — Mghg ft { 2(l+] 2) a (U)Taa} .
Taa fc
%)

{A(v)} = 81/2 /exp(—xé)sz(xava)dxa ,
0
vy (v)
[1+2.48vv% (V) Taa/Xa] [1 + 1.96V4(v)/Xaw1a]
3f ! 1y npZ2 B (xp) — G(xp)

v =
p(v) = Taa ngZ2 x3

37l anzg [4(Q+ ab) G(xp) 2¢(xb)}’

Taa b Ng a b Xa ;Ca

v (v) =

’

d(x) = %/exp(—uz)du . G(x) = [@(x) —x®'(x)] /2x*
0

V?‘(v) = 3vaD(v) + l)aE(v) . Xqg =V/VTq, ®Tqa =VTa/Lc¢

6. Collisionality

1.5
" 1 R Rq
va =g~y :
& " WTaTaa r UTaTaa

-3\ 74
vE=49x 10~18 R(m)qna(m™)Z;In A
SI.ST[IZ(eV)

7. Circulating particle fraction
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8. Parallel momentum and heat flow balance equation
Mal Ha2 (Bu”a) — BVia _
a2 tas | | (2Bqja/5Pa) — BVoa
5 [ 1P —lf’z”} [ (Buys) } N [Eana (BEII)] . [(BMan)}
o Lt 5y | [ (2Bays/5P) 0 (BOa)
8.4 Parallel Current: Generalized Ohm’s Law

1. Parallel momentum and heat flow balance equation (Matrix form)

M(U||—VJ_)=LU||+E*+S||,

B i L [fe1 0 0 per 0 0]
O R 0 tir 0 0 i 0
I - we o o =iy -1y -1 M= 0 0 pun 0 0 pup
—ige st it ougs g g | fe2 0 0 pes 00
T 0 jix 00 pis 0
g (000 s 00 pun
[ (Buje) ] [ BVie ]
(Buy:) BVii
Uy = (Buyr) | B
2(Bqje) /5Pe BVae
2(Bqyi) /5P BV
L 2(Bqy1)/5P1 | BVyr |
[ —en, " (BM.,) ]
eZin; (BM;)
E* = (BE)) gzml R
(BQe)
0 (BQi)
L 0 _ | (BO1) |
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2. Parallel flow—thermodynamical force relation
U=M-L)"'"MV,+(M—-L)""E*+M-L)"'Sy,

Uja = Z (otapVip + cap(Ep + Sip))
b

«o=M—-L)y '"Mande =M —L)™!
3. Generalized Ohm’s law

(B-J)= > eana (B ua)

a=e,i,]

E €allg

a=e,i,]

6
D[ =)' M],, Vi
b=1

3
+ Y [(M—L)"],, esny (BE))
b=1

+ 26: [((M—-L)"], Snb§

b=1
(B'J)bs+o-|l|\IC<B'E>+<B'J>bd+(B'J)RFCD

8.5 Trapped Particle Effect: Electrical Conductivity

1. Spitzer electrical conductivity

OSpitzer _ neeztee 3.4(1.13 + Zeff)
I Mme  Zei(2.67 + Zegr)

1
Zar=— Y mZ;.
eff o npty

b=i,I
6x/§7‘[3/28(2)mé/2Te3/2 _y TekeV]*/?
Tee = =274x 1074 =L [sec]
neetIn A ne[m=3]In A

1'. Spitzer electrical conductivity (moment equation)

Spitzer -1
ot == 3 D eanaconsLyy

a=e,i,l b=e,i,I
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2. Neoclassical electrical conductivity

Hirshman—Hawryluk—Birge form

; C
O_|I|\IC — O_”Spllzer [1 ft j| |:1 th i| ’

R T
0.56 3 — Zetr
Cr(Zg) = _—, Zer) = 0.58 + 0.2Zfr
R(Zesr) Zor 3 1 Zon §(Zetr) + it
(1—e)?
Jr=1-
(1+ 1.466'/2) V1 — &2

Moment equation

GIII\IC _ Z Z eqngepny [(M - L)_l]ab

a=e,i, I b=e,i,I

8.6 Thermodynamic Force: Bootstrap Current

1. Bootstrap current expression

1 1 dP,(¥) dT,(¥)
(B T)y, = —F()ne(®) [L“ vy,
’ ‘ ZZ, Zal [ na(y)  dy ?
IZaI Zb
L?] = Z Za Z“ab ,
a=-e,i,l
|Za| Zpnp
LS, Z Za Ca,b+3
a=-e,i,] a ¢

3. Galeev-Sagdeev simple expression

pTedne 1 dPe

Jboolstrap ~ —€ Bp dr Bp dr
4. Simplified electron generalized Ohm’s law

ezne 1 E I:Lel 1 dP,
MeVei fler + 1 | /:Lel‘f‘pr dr

Jle =

251

]
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8.7 Momentum Input: Beam-driven Currents

1. Expression for beam-driven current

(B-T)pa= Y. eana[M—L)"], Ss,
a=e,,l,f

(B-J)pg = (B Iy + (B J)hicta >
(B J)q=erng [(M—L)"] . Sys.

(B + J)shiela = Z €alla [(M - L)_l]af Sir

a=ce,i,l

2. Stacking factor

Z €qllg (M - L)_l
(B M J>bd _ a=e,i,I,f [ ]af

F = =
(B - J) st ernyg (M — L) gy
3. Fast ion Fokker—Planck equation
My 50 r/ 5, 3 pvl 0 (1_772)<U||>afb
Tse 9 =V 70 [(UC +v )fb] + 1)377<U/U||> 3,7 7 v 877
+ t5¢eS(v, 1),
32m) 22 M T)* 0.200A4, T, [keV]3/>
se = 1/2 ) 20.1—3 [s] ,
e*Zinem " In A Zine[10m=]In A
1/3 23
9 m njZ; = 1/3
E. = ? L1 ApT. = 14.8Z%3 AT, [keV][keV
: (16me) S| A VAT, keVI[keV]

(/o) = /MK /). (vy/v) = @/WELe /0], ve = QEc/mp)'?

4. Solution of Fokker—Planck equation (Gaffey)

Jp(v,n) = Sotse Zan(v)cn(n) )

An/3
kn v (v] +v?) pan/
v 40l | vi (v +0))
kn 2Ep(1 + (ve/vp))* v —vp

3 S exp | — 3 v > vp
vy, + U2 Te + (ve/vp)°T; Vp

v < Vp




Appendix: Formulae 253

5. Equation for ¢,

1 d v an
— =) {2) ==+ Awcen =0
n(v/vn)dn[( n)<v>dn} m
6. Fast ion current
e’} 1
(B.J)fastzer/v3dv dnfp(v,n, p)H(,1n,p) ,
0 -1
B d
H(v,n,p)Z/—dS/—s
v U||

7. Friction and viscous matrix elements with fast ion components
e =1 = meme/zee) (Z3n /e )
llfik = l{clf = (3\/;nkmk/4tkk) (Z?nf/Z,%nk) (I+mg/my)
(zsvig/3Tnvy) (k =1i,1)
17e =19 = (neme/ee) (zﬁnf/ne)
A CARR AR A N RS KT
iLf If S Sfi S
l;l =hLi = llze = 1121 =1l =0

e = tkeany — 1k =ei 1), 15 =150an) — 18

Tse = 3(271)3/28(2]MbTe3/2/e4Z§nemé/2 In A : slowing down time

tn = (tse/3) In((Epo/ Ec)'> + 1) thermalization time

Z%n¢ 743
Nem fZv . L .
Jineme 2517 Zv; : fast ion viscosity coefficient

= Je Tee Ne f)g
2
m v
pr=/[ %ff (v)dv: fast ion pressure
2 vb
Z_ Zzini ﬁ3— Tse nfmf/ vdv
> Zimg/m;" ¢ 3wy 2pp ) vi40d
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0 0]

8.8 “Rotation”: Toroidal Rotation and Flow Relations among Ions,
Impurities, and Electrons

1. Fluid equation of motion

Zmana%:JxB—VP—ZV-Ha—i—ZMa
a a a

2. Momentum conservation and charge neutrality

ZFalzov
a

Zeana=0
a

3. Toroidal angular momentum balance equation

Z Mg <naR
a

4. Conservation law

duge
d

; >=<;R2V§-V-Ha>+

(R*V(-V-M,)=0

o)
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5. Local impurity toroidal flow

o _ Bt p. _ B (40, L o)
(B u1)+|:1 (B2):| dl/f+€1n1dl// ,

e T By
do 1 dpPy 1 dT7T,
B - =-F —_— —_—
(B -ur) W) Z [alb(d'(// ebnbdllf)+ XLb+37 d’ﬂ:|
b=e,i,l
+ > epnpery (B-E)
b=e,i,l
6. Radial electric field from impurity toroidal flow
do 1 (B % al, dPy 1 dTb}
T = |~ Ugr — ————ta Ib+x——
ay b_z' o, | RBIC bge;’l epnp AP dy
=e,i, ]
+ Z epnpcrp (B - E)
b=e,i,l

7. Flux surface averaged electron flow

do 1 dP 1 dT;
(Bou)=—F(p) [aeb(dw ebanJ)+ ety dﬂ

b=e,i,I

+ Z epnpCep (B - E)
b=e,i,I

8. Flux surface averaged ion flow

do 1 dP 1 dT;
Beuy =) Y [oun (G5 + G2 ) Hanna |

b=e,i,I
+ Z epnpcip (B - E)
b=e,i,I
9. Momentum and heat flow balance equation for impurity and ion

i
ﬁi'”fgziil'”ﬁ‘i‘lﬂt u .
va | Pal a2 . jab _jab
- ’ ’ ab = ab 7ab
Ma2 HLa3 —121 122
o | (Bluie(h) | (Buw)
6= ’ =
2(B%)q},(¥)/5Pa VL (2Bays/5Ps)
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10. Normalized friction coefficient

iab _ Taa lab
ij = ij
MaNg

11. Normalized viscosity coefficient

Taa

MaNg

llai = Hai

12. Flow relation
uf = uf —V*

BV,
a __ a
ve=[ o]
14. Ton and impurity flows

Tk
uj = Ve,
0 K,

1 K; +1.5K .
uﬁz[ 1 }V

13. Thermodynamic force

0 0
K, = Y iz K= Qirfis — [i7, ,
D D

D = fii(fus +y) — 2,
y=2%4a, a=n|Z*/n;Zi*
15. Simplified parallel and poloidal rotations of ion and impurity

1 [do n 1 dp; n K, dT;
u; ~—— | —+ —— —,
Ii dr eZin; dr eZ; dr

By

1 [do 1 dP; K+ 1.5K,dT;
Uy~ - | -t - T

By | dr eZin; dr eZ; dr

B; K, dT;
Uig &~ — —_——,
0T (B Z; dr

B; L dPp 1 AP K+ 15K dT
Urg ~ — e _—t
== By \Zin; ar ~ Zin; dr Z;  dr

8.9 Neoclassical Transport: Transport Across the Magnetic Field

1. Cross field transport flux
(nauay1 - V) FaCI FaNC
dal V = q;" +
To VY Ta
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1
Fac _ B x Vl// Fal
qul €q B Fa
3. Neoclassical flux

;e BxVy [VPi+V-M,—emsE
4 | T\ e,B? VT, + V-0,

Ta

2. Classical flux

4. NC particle flux

Nc__F(w) L_L . N F(Kﬁ) . . E
r,- = . <(B2 (BZ))B Fa1> eu (BY) (B-V-M,)+1T,

5. Electrical flux

; F) (1B - E)
la ="

—(R*V¢-nsE4) . Egu =—%—f

6. NC heat flux

qifc_ F() 1 1 Fyr)
T T e <(ﬁ‘@)’*'“2>‘eawz>“*'V'@”

7. Classical flux by thermodynamic force

L vy P I I A |
a5’ B [~ eqep | —1gP 1) T, (V)

Ta

8. Pfirsch—Schliiter flux

Ik fp1 1 \[B-Fa
@ e (ﬁ_@) B-Fu,

9. Pfirsch—Schliiter flux by thermodynamic force

I _L‘W(<L>_ 1 )Z L[ [ P e
4] e B (B Gren | g || T

a

10. Banana-plateau flux
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11. Banana-plateau flux by thermodynamic force
" Kb KT PLy)/n

11 12 a a &la

plens LKSP KS T,(¥)

Ta

8.10 Neoclassical Ion Thermal Diffusivity:
Ion Thermal Diffusivity by Coulomb Collisions

1. Classical and Pfirsch—Schliiter flux

Facﬂ’s _ ) F(y)? Mahg
[ 2 ] N ((R )~ 82 ) Y (p)Taa

oy ey [(de/dp)/nb}
~ ZaZp | I8 [ dTy/dp

2. Minor radius defined using toroidal flux

p=(¢/da)"?a

3. Ion thermal diffusivity for classical and Pfirsch—Schliiter

. Y N
X;ps - _ (qzaJ_ p) — \/gp;a Vaa K;ES )
(IVPI >nadTa/dP
MgVUTa 2 Bg

= s B =
Pra = By~ P T F(y)

oo BB ()Y
26 (B F(y)?
4. Ton thermal diffusivity for classical and Pfirsch—Schliiter including impurity col-
lisions
kCPS _ B(% (R2> (Bz> -1 ﬁ fab _ iab
2a — 2 F 2 Z 7 21 22
2B\ F() =7,

5.Ion thermal diffusivity for classical and Pfirsch—Schliiter including impurity chan-
nel loss

chs _ ((qu_ + qIJ.) . Vp)

i(tot) —

0 IV 01 + n)dTy dp
fi=ni/(ni+n1), a=Zing/Zin;

= Ve [ RSP + (1 - faksy] .
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6. Ion thermal diffusivity for banana-plateau

al ~Ab
= = VeppavaaKy .
<|VP| >”adTa/dP

Bg (13a(1 — Qa43,a + Qat3a+3) + foa (1 + Qaa — g a+3))
2.z (B?)
H2a, Oij = [(M _L)_IM]I']'

obp _
K2a -
Taa ~ Taa

H3a = H3a » M2a =
MaNg MaNg

7. Neoclassical ion thermal diffusivity
\/—pPaVaaKZa ’ KZI\izC chgs + K
8. Neoclassical thermal diffusivity including impurity channel loss

oo @it am)-Ve)
i(tot) <|Vp|2>(ﬂi+n1)dTi/dp

= Vep,vii [fi KN+ (1 - ﬁ)al@f]

Chapter 9
Turbulence in the Plasma:
Self-organized Criticality and its Local Breakdown

9.1 Concepts of Nonlinear Dynamics: Dynamical System and Attractor

1. Second order linear dynamics

d>x dXx
— b— cX =0
a2 + +

2. Addition of nonlinear term produces limit cycle

d2x dx dx\?
—— =+ Xx+(—=]) =0
d? Mdt+ Jr(dt)

9.2 Self-organized Criticality: Turbulent Transport
and Critical Temperature Gradient

1. Hydrodynamic equation to produce Bernard cell

ou 1
— 4+ —(W-Vu)=——Vp+ V?u+ RkT ,
31+ ( u) P, p+Vu+
aT
Pr—4+wu-VT=V?, TV-u=0

ot
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R = (gad*/kv) |AT/Az|: Rayleigh number, P, = k/v: Prandtl number, g: grav-
ity constant, : thermal expansion coefficient, k: thermal conductivity, v: kinematic
viscosity, d: vertical height, AT /Az = (T, — T»)/d

9.3 Chaotic Attractor: Three-Wave Interaction in Drift Wave Turbulence

1. Wave number relation in three-wave interaction

k=ki +k;
2. Hasegawa—Mima equation
9d D - -
1= iV — + vge— — [P, pi V@] =0,
=gV + v =20V 9]
m; T, - - - -
p= g [P ¥]=e:-VOXVE

3. Conservation of mass, energy, and enstrophy in HM equation
M= / [43 - p?VJz_dg]dx dy,

1 1= .
W= E/[<1>2+p§ (VJ_(D)Z]dxdy,

U= / [(V28) — 02 (V1) ]axay

4. Nonlinear drift wave equation with dissipation

9P B

P L
1+ £)— e— + 9P+ [D,.LD] =0
(+)3t+vd3y+yl +[ ]
]
L=Ly+ Lap =—ps V> + 80 (co+ p;V?) —

dy
5. Amplitude and phase equations for three-wave interaction
da; (?)
dt

d¢ araj .
T —Aw—i—Azkl: a (Fjsin{ —Gjcos¢)
J

=yjaj — Aaxa;(Fjcos{ + G;sin{)

6. Kolmogolov spectrum for 3-dimensional uniform turbulence

F(k) = Ck™3



Appendix: Formulae 261

9.4 Structure Formation: Turbulence Suppression
by Shear Flow and Zonal Flow

1. Pump wave
Py(x,1) = exp(int — iwot) Z @o(m —ngq)exp(im6) + c.c.
m

2. Zonal flow ~
Dzr(x,t) = exp(ig,r —i82t)Pzr + c.c.

3. Side band waves

D, (x,1) = exp(—int —iwot + ig,r —iR21) Z@.(m —nq)exp(im6) + c.c.

m

D_(x.,1) = exp(—inl + iwgt + iq,r —i82t) Z @—(m —ngq)exp(imb) + c.c.
m

4. Zonal flow evolution equation

WVozr 0 _
— = — Vdamp V4
9t ar (V60r) — Vdamp Vo, zr
V,zr: velocity of zonal flow
Vg, Ur: poloidal and radial fluctuating velocity

Ydamp: damping rate of zonal flow

Vector formulae

1.VxV¢p =0

2.V-(Vxa)=0

3.V-(Vp xVy) =0
4da-(bxc)y=b-(cxa)=c-(axb)
S5ax(bxc)=b(a-c)—c(a-b)
6.(axb)-(cxd)y=(@-c)b-d)y—(a-d)-c)
7.V-(pa) =¢pV-a+a-Vo¢

8. VX (pa) =Vo xa+ ¢V xa
9.V@-c)=c-Va+cx(Vxa)+a-Ve+ax(Vxc)

—
=)

.V(a-c) =c-Va+ ¢ xV xa (If ¢ is constant)
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11.V-(axb)=b-(Vxa)—a-(Vxb)

12.Vx (@axb)=a(V-b)—b(V-a)+ (b-V)a—(a-V)b

13.Vx (Vxa)=V(V-a)—Va

Tensor Algebra

Let a and b are vectors, we define “dyad” ab by using arbitrary vector x as follows,
x-ab=(x-a)b, or ab-x =a(b-x), )

where (-) is dot product of two vectors. Consider decomposition of dyad ab by
gradient vector e/ = Vu’, and tangent vector e; = dx/0u’, where it should be
noted that e’ and e; are not unit vector and sub- and superscript i correspond to
the location of u’ in the definition. A vector a can be expressed as @ = a;e’ or
a = a'e;. Therefore, dyad ab is decomposed as

i j j iy i
ab =ajbje'e’, or ab=a;b’e;je!, or ab=a'bje'e;,

.y )
or ab=a'bleje;.
General 2nd order tensor @ is defined as,
0 = Qije,-ej = G;e,-ej = Qijeiej = Qijeiej. 3)

This general 2nd order tensor can’t be written as a single “dyad” since it has
9 components but can be written as a sum of three dyads. Because of this, general
2nd order tensor is called “dyadic”. It is now trivial that dyad is dyadic but dyadic
is not necessarily dyad. Dot product of a vector a and a tensor @ is defined using
orthogonal relation ek.e; = Oi as,

a-0 =a,~9ije_i =ai9ije_,- =a,~9;ej =ai9,-_,-e-" 4)
©-a=0"aje; zéjajei :9ijajei = f;jale’ . (5)

Dot product of a tensor with two vectors a, b from both side @ - @ - b is a scalar
and is given by various forms as expected from (4) and (5). An example is shown as

follows, N By
a-0-b=aqbe; -bkek =a;0Yb;. (6)

“Double dot product” of two tensors F and G as a scalar is defined as follows,

F:G=fUg;=figh=/re =rflgl. D
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Here it should be noted that scripts for g are reversed in comparison with those
for f. The gradient operator V is defined as follows,

V = Vu (3/0u’) = e'd/ou’ . (8)
The divergence of tensor @ is defined as,
V-0 = [eka/auk]-[Gi-ieie_i] . 9)

This includes ae,-/auk or ek . de;/duk, which has to be expressed in terms
of Christoffel symbols of first kind ((ae,-/auk),) and second kind ((de; /duk)7),
where de; /du* is expanded as de; /duk = (ae,-/auk),e-i = (8ei/8uk)jej. Tak-
ing u¥ derivative of orthogonal relation e’ - e ; = §;;, we obtain (de’ /du* - e ;) =
—(e' - de ; /0u*) or

(e’ Jouk); = —(de ; /Iur) . (10)

Now, we can derive a vector formula V-(a - F) = a-V-F + F : Va where
a is an arbitrary vector and F is an arbitrary symmetric tensor. Proof in Cartesian
(Descartes) coordinates is simple. Since a - F = qa; Fj;, we obtain,

V.-(a-F)=20a;F;j/dx’ = a;dF;;j/x’ + Fijda; /dx’
= a;0F;; /0x) + F;;0a;/3x’ =a-V-F + F :Va.

Here symmetry F;; = Fj; is used. Proof of vector formulaV-(a-F) = a-V-F+F :
Va in general curvilinear coordinates u’ is more lengthy but is useful to understand
how to use tensor algebra. Let e = Vu! and e; = dx/du’, V operator in general
curvilinear coordinates is given as V = e’d/du’. Dot product a - F is given as
a-F =ape*-FYee; =a;Fe;. Therefore, V - (a - F) is given by,

V-(a-F)=e*d/du* -[a; Fe;]
=ek. [(aaiFij/E)uk)e_,- +a,~Fij8ej/8uk] .
Since de ; / duk = (de i/ duk)"e,,, this equation is expressed as follows,
V-(a-F)=e*. [(3aiFij/3uk)e_,- +a; F7 (3e_,-/3uk)nen]
= (0a; F /ou’) + a; FV (3e_,-/8uk)k
= FYda; /0w’ + a;0F 7 )’ + a; FY (de;/u®)* . (11)
The divergence V - F is given by,
V.-F =e*3/0u* - [Flese,]
=ek. [SFij/E)ukeiej + Fij{(aei/f)uk)nenej + (ae_,-/auk)neien}] .
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Here, we used a relation de; /du* = (de; /du*)"e,. Using orthogonal relation, we
have

L g k .
V-F =0F joule,; + FI {(ae,-/auk) e+ (de; /o) e,,} .
Therefore,a - V - F is given by
m ij i ij k\k i\n
a-V-F =ape -[3F]/8u ej+ F-’{(aei/f)u ) e; + (e /ou’) en}]
= a;0F 7 Jou' + FII {a, (9e;/0u¥)* + ay (ae,/aui)"} . (12)
The double dot product F : Va is given by,
F:Va = F7{ (30 /o) — a (dei /') | (13)
Where we used (note (10) for last line)

Va = (e/3/u’) (aie’) = (3a; /ou’) e’ e’ + a; (de’ /ou’), e’ e*
= (0a; /ou’)e’ e’ +ak(8ek/8uj)iejei
= (0a; /0u’) elel —a; (3e,~/8uj)k elel .
The 1st term of (11) is same with first term of (13). The 2nd term of (11) is same
with 1st term of (12) due to symmetry of F. The 3rd term of (11) is same with

2nd term of (21) due to symmetry of F. The 3rd term of (12) cancels the 2nd term
of (13). Therefore, proofof V- (a- F) =a-V - F + F : Va is concluded.
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