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E, F.

NQ‘Q

I.=5Ba*/R

-minor radius, horizontal half-width of
plasma cross section

—aspect ratio

~lon atomic mass

-vertical half-width of plasma

-magnetic field vector

-absolute value of the field, toroidal field in
simplified relations

-field orn magnetic axis; B = RoBo/R, where
Ro is the major radius of magnetic axis

-toroidal magnetic field

-vertical equilibrium field

-poloidal field component

—poloidal field on plasma edge

—auxiliary field for perturbation with helical
symmetry; By is its azimuthal component

-light velocity

~diffusion coefficient

—electron charge

—electric field vector

-neutral beam energy

—-energy of magnetic field and of plasma
compression at weak oscillations {eq (255))

-electron-cyclotron frequency

-ion-cyclotron frequency

-lower hybrid frequency

-L-mode enhancement factor of energy confinement

~ion and electron tuning facters of magnetic
pumping and magnetic noise decay {eq (294})

~-Troyon factor

—Hugill number

—-plasma current

—total current flowing through a circle with
radius R (eq (86))

—plasma current corresponding to g, = 1
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viii Notation

Iy =1/Be -normalized current

i J —local current density

ja —current density averaged over cross section

k -wave number

K =bfa -plasma elongation

Ki = ‘12/Pi2 -square ratio of plasma radius to mean ion
Larmor radius

I -internal inductance per unit length

L; = 2xRi; -internal inductance

Me, Mi -electron mass, ion mass

M=#a.R/B —Murakami number

Ne, M -local electron density, local ion density

fle —chord mean density value

Ne —averaged over volume plasma density

Np = 'n(T/’ezn)s"2 —non-dimensional number, propertional to
the number of particles in a Debye sphere

p=nT. + 0T -plasma pressure

Pn -neutron load on the wall

P —plasma heating power

Pox ' —ohmic heating power

Py ~fusion power

P, —alpha-particle heating power

g=DBrr/BeR ~local safety factor

ga = Bra/B,R -safety factor

geft = ¢+ = 5Brab/I R -the same but {or elongated cross section
(in simple equations—g)

Q=FP/P -raiio of fusion power to plasma heating power

Qpr* -predicted value of @ for D-T plasma

r -variable minor radius

s ~resonance point, where g(r;) = m/n;
inversion radius of saw-tooth oscillations

ro = e'l,"m,ec2 ~electron classical radius

R —variable radius in cylindrical coordinate system

Ro -plasma major radius

S=rq¢'/q -local shear

t —time

T.,1i ~electron temperature, ion temperature

To = T(0) -temperature at plasma centre, where r = 0

u —normalized phase velocity of drift waves

v -loop voltage

v ~hydrodynamic velocity

Ve, Ui -mean thermal velocity of clectrons, ions;

v; = /215 /m,

v* ~drift phase velocity

14 -plasma volume

w -half-width of magnetic island
W -plasma thermal energy

154 -heat flux to the chamber wall
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~distance {rom resonance point

—coordinate along the magnetic surface cross section

~effective charge number of plasma ion component:
Zew = Tn, 2% n.

—normalized plasma pressure gradient

—amplitude of helical perturbation of

poloidal flux eq {120))

-decay index of equilibrium field B,

~ratio of plasma pressure to that of magnretic field
8 = 8n(p)/ B3, B = 8n(p)/ B3, 8, = $7(p)/ B2

~ratio of alpha-particle pressure to magnetic
field pressure

—adiabatic index; for plasma v = 5/3

-non-inductive current drive efficiency

—~vortex density

-particle flux

~electron heat fiux

~ion heat flux

‘triangularity of plasma cross section

~Shafranov shift {eq (82}))

~logarithmic discontinuity jump of ¢ {eq (117))

~local toroidicity

—Tesistivity

~ratio of temperature relative gradient to that
of density

—density relative gradient

~temperature relative gradient

—electron thermal conductivity coefficient

-ion thermal conductivity coefficient

—effective potential (eq (141))

-mean free path length (eq (14})

-London length, magnetic field penetration
depth into ideal plasma

-normalized angle of rotational transform

~electron and jon collision frequencies

-anomalous collision {requency

-non-dimensional density, number of particles
per unit length (eq (160))

~Larmor electron, on radius

-Larmor radius in poloidal field

-plasma electrical conductivity

—ion to electron temperature ratio

~energy confinement time

—-azimuthal angle

—electric field potential

-toroidal magnetic flux

~electron thermal conductivity adjustment
factor (eq {292))}




X Notation

—flux function (eq (97))

ihn —electron and ion transverse thermal diffusivities

¥ —poloidal magnetic flux per unit length of
cylindrical plasma (per radian in the torus, Chapter 4)

¥ —total poloidal magnetic flux in the torus
{Chapter 3)

n —poloidal magnetic flux perturbation

v* ~magnetic flux for auxiliary field B*

w —oscillation frequency

w"* —drift frequency

Wee, Wei —electron and ion cyclotron frequency

WLH ~lower hybrid frequency

Wpe = y/41e2n/m.  -Langmuir frequency
wa = k/B?/4rmin -Alfven frequency

wag -Alfven frequency in poloidal magnetic field
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1 Introduction

From time to time, at a certain stage in the development of any
branch of science, the need arises for a summing-up of the results
achieved so far. A certain ‘compression’ of information is required,
i.e. a concise presentation of major results from numerous publica-
tions which have previously appeared in the form of articles, reports
and contributions to conferences. The need for such a summary has
arisen now in tokamak research, and there are several reasons for
this.

The first, but not the main reason, is the existence of vast amounts
of information. Even for an experienced person, who has worked for
along time in a given field of research, it is often difficult to find the
way through a large number of publications, to observe the similar-
ities or contradictions among various results and, moreover, to eval-
uate the quality of certain published results, which, unfortunately
these days, are often rather shallow.

The second, more important reason, lies in the fact that we have
now reached a clear understanding of the major principles that gov-
ern the behaviour of high-temperature plasma in tokamaks. Today
we can formulate these principles with a sufficiently high degree of
accuracy and there is a tangible probability that the principles will
‘survive' succeeding stages of experimental and theoretical studies,
although it is quite reasonable to assume that they will undergo
detailed study and improvement.

Finally, there is one other reason for summarizing the major re-
sults of studies in tokamaks. This reason is explained by the fact
that tokamaks have passed a very important stage of their develop-
ment. We have witnessed a vast number of experiments on larger
new facilities. These experiments together with theoretical devel-
opments were aimed at studies of high-temperature plasma physics,
which would consequently permit us to master plasma as the subject
matter of future reactors.




2 Tokamak Plasma: A Complex Physical System

For quantitative characteristics of such plasma it is very conve-
nient to use the value of (J—the ratio of fusion reaction power to
input power, which is required to maintain plasma in a steady state.
Value {§ = 1 corresponds to the so-called ‘break-even'—a state when
the fusion power is equal to the plasma heating power. Break-even
has been the major objective of studies so far. At the present time
this goal has been practically reached: the largest European toka-
mak, JET, has plasma with temperature, density and level of thermal
insulation of such an order that in the case of using a deuterium-
tritium mixture the fusion power should be close to the power of
plasma heating. The experiments with deuterium—tritium (D-T)
are in their initial stage: in the first D-T shots a megawatt level
of fusion power was achieved [160]. It is hoped that the calculated
value of ¢} ~ 1 will be reached in the near future. Somewhat more
modest, but of the same standard of deuterium plasma, were the
results obtained on the American tokamak TFTR. That is why we
can accept that the problem of plasma heating and confinement is
solved.

But this does not mean that absolutely all problems of thermonu-
clear plasma physics have been solved. Additional attempts are
needed to obtain a D-T plasma extended burn, to remove helium-
reaction products as well as other impurities from plasma, to develop
optimal schemes and scenarios of plasma heating and current drive
by non-inductive methods, to obtain temperature and density pro-
file control with the aim of decreasing the probability of current dis-
ruption, and to further increase plasma pressure as compared with
magnetic field pressure. Further experiments are required which are
aimed at optimization of a tokamak-reactor and at a possible transi-
tion to more promising fuels, e.g., to a low-radioactive mix of D—3He.

The major task has, however, been achieved—a physical data base
for a fusion reactor has been created and because of this the designs
of fusion reactor-tokamaks are currently being developed. Among
them the most advanced one is the design of an International Ther-
monuclear Experimental Reactor (ITER}, which was started in 1988
on the initiative of the former Soviet Union.

Fusion reactor design activities require the continuation of studies
of plasma physics and plasma technology as well as the implemen-
tation of specific R&D engineering and technological programmes
for the design needs. The fusion researches attract a broad num-
ber of new scientists and engineers of various disciplines. This fact
superimposes another image on the pattern of digesting the results
of studies on tokamauks. To be more specific, the review should be
available not only to the patriarchs in this field of science but also to
young scientists and engineers who are just starting their work and
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who have decided to combine their creative activity with the assess-
ment of fusion as a real energy source. That is why the ‘compression’
of information should be not only a compilation like a ‘guidebook’
on published materials but rather a review of major ideas and of
the basic knowledge accumulated so far. In any case, this was the
very goal I tried to reach while preparing this book. How far I have
succeeded is for the readers to judge.

One other remark. Tokamak plasma is a complex physical system.
Various physical processes exist and interact simultaneously there.
That is why the deeper the studies are the more sophisticated are
the discovered physical phenomena. Here, similar to many paintings
by the prominent artist Hieronymus Bosch, there exist many levels
of perception and understanding. At a cursory glance of the picture
you promptly grasp its idea. But under a more scrutinized study of
its second and third levels you discover new horizons of a deeper life
and it turns out that your first impressions become rather shallow.
Tokamak plasma investigators go deeper and deeper and some of
the details are still to be agreed upon among them. That is why in
attempting to give a compressed description of tokamak physics it is
rather difficult to make an unbiased account of the results obtained.
For this reason I have deliberately roughened and simplified the pic-
ture. In doing so I hope to be as close to the reality of the situation
as possible. This is rather difficult by itself and for me especially be-
cause [ cannot completely release myself from my own ideas, feelings
and perceptions. That is why the reader is recommended to accept
major well-proven results with confidence and not to be so critical
towards the presented explanations of details.

To make your reading easier, a list of the major symbols used in
the text has been given at the beginning of the book.




2 Tokamak Evolution

A man'’s fate is determined primarily by his parents’ standing and
also by the abilities of those who taught him his first steps, first
words and first ideas. The same applies to a branch of science—it is
very important who the initiator and developer of that branch was:
the depth and magnitude of the spirit of those who established that
branch of science determine the level of that branch.

In this regard tokamaks were fortunate. Their originators were
prominent physicists—theoretician Tamm and, one of the greatest
thinkers of our time, Sakharov. In his lecture [1] on the occasion
of the Nobel Peace Prize award Sakharov recollects that period of
his life as follows: ‘Twenty-five years ago I was fortunate together
with my teacher, Nobel Physics Prize winner Tamm, to launch the
research into fusion reactions in our country. Now this work has
expanded tremendously. Various trends are being studied, ranging
from classical schemes of magnetic thermal insulation to laser meth-
ods’.

The main idea of the fundamental works by Sakharov and Tamm
was the idea of magnetic thermal insulation: a high-temperature
plasma immersed in a strong magnetic field should have a strongly
decreased thermal conductivity across the magnetic field due to the
fact that the trajectories of charged particles look like compact he-
lical lines wound on the magnetic field lines. There is no thermal
insulation in the longitudinal direction and that is why magnetic
lines should be closed in such a way that a magnetic flux tube would
have a toroidal form. But here another difficulty arises: the toroidal
magnetic field is non-uniform, and in a non-uniform field charged
particles undergo a systematic drift, so that thermal insulation is
destroyed. To restore thermal insulation, Sakharov proposed to gen-
erate an additional current either along the conducting coil which is
situated on the circular axis of the torus or simply along the plasma
ring. A field configuration composed of mutually enclosed toroidal
magnetic surfaces was well-known and even described in a textbook

4

Tokamak Evolution 5

by Tamm. This proposal to generate an additional current had de-
fined a major step towards tokamak concept but still much effort
was needed to bring it up to the present level.

Studies on controlled fusion reaction with magnetic plasma con-
finement were started soon after the idea of magnetic thermal insula-
tion had been formulated. Experimental work was headed by Artsi-
movich and theoretical studies by Leontovich. The first experiments
went along a simpler way of pinches—self-compressed gaseous dis-
charges. Only when numerous instabilities of magnetically-confined
plasma were observed did the interests of the experimentalists turn
to the initial Tamm-Sakharov idea. In 1955 Golovin and Yavlinsky
and a group of young and vigorous scientists started experiments on
the toroidal facility Tmp [5] where a toroidal discharge which was ex-
cited by an azimuthal electric field was immersed in a strong enough
toroidal magnetic field. To avoid column shift along the major ra-
dius Sakharov proposed to use a conducting shell. Inductive currents
in the shell were to facilitate the plasma column positioning. Some-
what later a new term was proposed which unified major elements of
a plasma facility: the tokamak—a toroidal chamber with magnetic
coils.

The first results obtained on toroidal discharges were not very
inspiring to anyone, except the experimentalists themselves: the
plasma was impure and cold. A metallic chamber made of Cr—
Ni stainless steel appeared to be more attractive: plasma became
purer. But the laws of plasma physics were unknown, which was the
reason why the theory was developed by its own logic almost inde-
pendently of experiment. The idea of plasma column stabilization
by a strong longitudinal magnetic field was theoretically proved to
be very important [6]. After the Geneva conference of 1958, when
all fusion research was declassified, this idea quantitatively formu-
lated by Shafranov [7], was combined with a similar discovery by
Kruskal and was called the Kruskal-Shafranov criterion. Shortly af-
ter this the theoretically predicted stability was confirmed by the
experiments conducted by Gorbunov and Razumova [8].

At the Geneva conference Soviet physicists became acquainted
with the remarkable idea of stellarators, put forward by the well-
known American astrophysicist Spitzer. In a stellarator toroidal drift
of particles is compensated by external helical magnetic fields. So-
viet physicists returned from the Geneva conference inspired: toka-
mak geometry seemed to them simpler and, correspondingly, more
promising. The possibility of using a limiter to constrain the plasma
column which was successfully proven in stellarators opened new
ways of improving plasma quality. Step by step maturing of toka-
maks started with the operation of new facilities T-2, T-3, TM-2.
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Plasma parameters were improved, being accompanied by the de-
velopment of theory and deeper perception of processes occurring
in tokamak plasma. In parallel with the development of science the
technology was also improved and diagnostic tools were expanded.

For many years the major objective of tokamak studies was physics
of confinement, i.e. physics of transport phenomena in plasma: ther-
mal conductivity, diffusion, impurities transfer. At that time the
Bohm diffusion relation persistently dominated in stellarators and
the prospects of magnetic confinement were rather grim. The first
non-Bohm type scaling, i.e. a simplified empirical dependence of con-
finermment time upon the major plasma parameters was proposed by
Gorbunov, Mirnov and Strelkov—the so-called gms-scaling. Com-
pared with Bohm formulae it was much more optimistic. Art-
stmovich having recognized in this a principal difference between
the two concepts stated at the Novosibirsk conference of 1968 that
plasma confinement in tokamaks is better than predicted by Bohm
formulae. He started to develop his investigations in a way that
would permit better understanding of this difference. Since the mea-
surement of the electron temperature based on the value of the lon-
gitudinal electrical conductivity did not seem to be very reliable,
he invited a group of experimentalists from England with newly-
developed laser diagnostics. The high electron temperature in the
T-3 tokamak was confirmed. In parallel with the experiments, the
theory was also being developed. The Soviet and foreign theoreti-
cians studied various types of plasma instabilities including a broad
class of relatively slow drift instabilities. Galeev and Sagdeev devel-
oped a more precise theory of collisional transport which was called
neo-classical theory [9].

This progress enabled Artsimovich to draw up certain conclusions
of tokamak physics studies in a review in Nuclear Fusion [10]. Fol-
lowing on from the comparison of theory and experiments in T-3 and
T-4, ion component confinement agreed fairly well with the classical
theory and the electrons showed anomalous transport which could
be described by an empirical formulae of pseudo-classical diffusion.

Somewhat earlier, in 1967, two short articles (in Russian) ap-
peared in Uspekhi Fizicheskikh Nauk (Soviet Physics Uspekhi)
[11,12]). In the first publication Artsimovich gave a positive assess-
ment of the status and prospects of tokamaks. He emphasized, in
particular, that in order to improve plasma parameters and to get
a deeper understanding of plasma confinement physics it was nec-
essary to develop methods of additional plasma heating (additional
to ohmic heating). In the second publication, written by myself,
I supported the idea that instabilities in tokamak plasmas did not
hinder the achievement of good plasma confinement which is re-
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quired for a fusion reactor, i.e. the confinement could be two orders
of magnitude better than according to the Bohm formulae. To get
this result, however, plasma dimensions should be large enough so
that the product of the minor radius and longitudinal magnetic field
would be of the order of 10 mT. It is interesting to note, that this
value of aB ~ 10 mT was chosen by the International Thermonu-
clear Reactor (ITER) Team for elongated plasma cross section and
improved ‘H-mode’ confinement regime.

Experimental studies showed a slow but steady progress. Soon
the stellarator in Princeton Laboratory was modified into an ST
tokamak, which immediately resulted in a drastic improvement of
plasma parameters. After this many plasma laboratories throughout
the world started to build tokamaks.

In 1975 two large tokamaks were commissioned: T-10—at the
I V Kurchatov Institute of Atomic Energy and PLT at Princeton
Plasma Physics Laboratory. A high-temperature and pure enough
plasma was immediately obtained in T-10: temperature grew up to
1 keV, energy confinement time was increased four-fold as compared
with T-4. That was a clear demonstration of the advantages of go-
ing to larger scale plasmas. Very soon, devices for additional plasma
heating by means of neutral injection were installed on PLT facility,
and ion temperature was easily raised to multi-keV values. Other
heating methods were initiated and implemented: ion-cyclotron res-
onance heating, electron-cyclotron resonance (ecr) heating with the
help of gyrotrons, heating and current drive at lower-hybrid reso-
nance etc.

Apart from being practical, the use of additional heating turned
out to be very important for magnetic confinement physics studies.
Quite unexpectedly, it was found that additional heating in contrast
to purely ohmic heating leads to a definite degradation of plasma
confinement. This was very accurately demonstrated in a small fa-
cility ISX-B in Oak Ridge. There it was also shown that the degree
of degradation was very sensitive to plasma conditions at its periph-
ery. It took much effort to study these phenomena both in smalt
and large tokamaks. Plasma confinement. under an ohmic heating
regime was studied scrupulously in comparatively small facilities of
T-11 and ALCATOR type [13,14]. Respectively, similar scalings
were obtained: T-11 and neo-ALCATOR ones [15,16] which were
confirmed later on larger devices. But, of course, studies of plasma
confinement with additional heating are of major interest.

The first experiments were not particularly encouraging. After
the discovery of the regime of improved confinement in ASDEX [17],
the so-called n regime, the prospects appeared to be more optimistic.
As for the regime of ‘not so good’ confinement it was named the L.
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regime (L—low, i—high). Successive experiments in other tokamaks
including large ones, confirmed the existence of the u regime and
broadened the number of other possible modes of improved plasma
confinement.

The ASDEX facility is one of the first facilities with a polcidal
divertor, i.e. a special tool for plasma impurities removal. (The
first poloidal divertor was installed in a small T-12 tckamak at the
I V Kurchatov Institute [152].) The idea of a divertor was initially
proposed by Spitzer in relation to stellarators. In tokamaks, to main-
tain axial symmetry, this idea naturally evolved into the poloidal di-
vertor. Together with elongation of plasma cross section, proposed
initially for confinement improvement [18] and later proved to be
useful from other points of view the poloidal divertor turned out to
be a very convenient tool for improvement of plasma parameters and
its confinement capability.

In the 1980s several large tokamaks were commissioned: TFTR
in USA, JET in Europe, JT-60 in Japan and somewhat later two
tokamaks with superconducting coils—TORE SUPRA in France and
T-15 in the former USSR. These large facilities started a new phase
in tokamak studies and prepared a scientific basis for design and
subsequent construction of an experimental thermonuclear reactor.

3 Concept of Tokamaks and their
Status

The initial physical concept of the tokamak was an extremely sim-
ple one: a plasma ring with a toroidal current immersed in a strong
toroidal magnetic field seems to be safely confined and permanently
heated. However, even the first attempts to implement this idea had
shown that the tokamak plasma is a much more sophisticated object
than could be imagined from the abstract theoretical model. Plasma
represents a very complicated world of non-linear seif-organized mat-
ter with quite unusual behaviour. Tokamak plasma is really one of
the best examples of the so-called complex physical system. Being
such a complex system it can be easily produced in a laboratory and
can be diagnosed and investigated in detail.

Initially the family of small tokamaks and later the tokamaks of
medium and large sizes had clarified many mysterious phenomena
in magnetically confined high-temperature plasma. At present we
have an extensive experimental data base and enough theoretical
understanding to explain the major effects in plasma.

3.1 Nuclear Fusion

The tokamak concept was proposed in connection with the idea of
controlled nuclear fusion. The question is how to assess the huge
source of nuclear energy of light elements in the form of quiet con-
trolled burn of nuclear fuel.

When we talk about slow controlled burn we mean in fact burning
at such a rate that the time for fuel refreshment is of the order of
one minute. If only a few percent of fuel was really burned during
this time, then the typical scale for the fuel burn is of the order of
1072 571,

The highest rate of fusion reactions takes place in the deuterium-
tritium (D-T) mixture. The D-T reaction looks like
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D+ T — He*+n + 17.6 (MeV) (1)

where its products are the helium nucleus and the neutron. Most of
the energy released;i.e. 14.1 MeV, is taken by the neutron and the
rest, 3.5 MeV, is left with He*.

The nucleus, deuteron and triton are positively charged. Therefore
to obtain an appreciable yield of nuclear reaction the initial relative
velocity of nuclei should be high enough to pass through the Coulomb
barrier.

The optimal energy for the D-T collisions is of the order of 10 keV.
If this energy corresponds to the energy of thermal motion of parti-
cles, then the temperature of the D-T mixture has to be very high.
At very high temperatures the hydrogen atoms, including its heavy
isotopes, are split into their constituent parts—electrons and ions.
Such a mixture of electrons and ions is called plasma. This high tem-
perature plasma serves as the ignition for controlled nuclear fusion.

The temperature in plasma physics is measured usually in elec-
tronvolts or in kiloelectronvolts. Neither kelvin nor fahrenheit are
convenient for high temperatures in plasma. Thus,the thermal en-
ergy of plasma electrons or ions is equal to %T without the Boltzmann
constant. The temperature T' = 1keV corresponds to 1.16 x 107 K.
Therefore, the optimal temperature for a D-T reaction temperature
of 10keV is about one hundred million kelvin.

If we denote by n the density of ions, i.e. the number of ions
per cm~2, then the specific power of fusion reactions for 50%-50%
mixture of deuterium and tritium can be written as

PV = in*(ov)E,. (2)

Here P is the total fusion power, V is plasma volume, & = 17.6 MeV
is the energy yield of a single reaction, {ov) is averaged over
Maxwellian distribution product of the D-T fusion cross section and
relative velocity of nuclei and » is the ion density. We can represent
relation (2) in the form

1 ,{ov)
PV = 167 Wfo (3)

where p = 2nT is the total plasma pressure, including both ior and
electron components (we assume similar temperatures for jon and
electron components and the absence of impurities).

The expression {ov}/T? has a smooth maximum in the region 8-
18keV, so that the optimal temperature for the D-T reaction at a
given plasma pressure is about 10 keV.
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The typical scale for nuclear cross section is 1barn = 10-2% ¢m?.
For a D-T reaction at a temperature of about 10 keV, the D-T fusion
cross section is even lower than ~ 1072 cm?, i.e. much less than the
nuclear characteristic energy value. As for ion thermal velocity it is of
the order of 108 cms™! at T ~ 10keV, so that if we are interested in
the nuclear reaction rate of the order of 10~3n cm=3s~1, » has to be
of the order of 10'* cm~3 (see relation (2)). At this value of particle
density the power density (2) is about 1 W cm=3 or 1 MW m~3. These
are the typical values for controlled D-T fusion in particular, based
on the tokamak concept.

To be energetically favourable the fusion reaction rate has to be
higher than the energy losses from plasma. The fusion energy yield
&, is three orders of magnitude higher than the mean thermal energy.
Thus the characteristic confinement time of plasma energy 7z has to
be not less than 10~2 of complete burn time. The latter value is of
the order of 10%(10'*/n) scm~3, so that for D-T self-sustained fusion
reaction we have a necessary condition

nrg > 10" (cm™3s). (4)

This is known as the Lawson criterion.

As we see again the density of 10'* particles per cm?® is the most
natural onre for tokamak plasma. That is why the value 10 ¢cm~3
or 10°® m~2 can be reasonably used as a unit for density measuring.
In the subsequent text we shall express the particle density just in
these units and then Lawson criterion looks very simple: nrg > 1.
Here g is measured in seconds and n in 10%° m~3.

3.2 Magnetic Confinement

Plasma density of the order of 10'* particles per cubic centimetre is
about five orders of magnitude lower than air density. Therefore to
produce such a plasma a chamber with a very high vacuum is needed.
The chamber is filled with the D-T mixture which has to be heated
to a temperature of the order of one hundred million degrees kelvin.
To maintain this temperature for quite a long time is a very difficult
task. Indeed, even a simple thermal gas expansion at velocities of
around 10® cms~! would cool a plasma of 1 metre size during 1
microsecond. We need at least 10% times better insulation.

This task is fulfilled by magnetic confinement accompanied by
magnetic thermal insulation.

Let the magnetic vacuum chamber approximate an infinitely long
cylinder (figure 3.1). In the absence of the magnetic field (see fig-
ure 3.1{a)) plasma particles can reach the walls very quickly, but
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tal

Figure 3.1 Trajectories of charged particles {a) without and
(b) with a strong magnetic field.

this picture is drastically changed if a strong magnetic field directed
along the cylinder is added (see figure 3.1(b)). Such a field prevents
free motion of charged particles in a transverse direction. The ion
trajectories look like helical lines stretched along the cylinder. In
other words, the strong magnetic field is able to confine charged
particles in a transverse direction. The motion of charged particles
is described by the equation

mi—t_eE+—va (5)

Here m is the mass of a particle, e is its electric charge, v is its
velocity, E is the electric field vector, and B is the magnetic field
vector. cGs units are used in (5) hence the appearance of the velocity
of light in the expression for the Lorentz force.

If the electric field is absent then only the Lorentz force is present.
It acts in the » X B direction so that the particle moves freely in the
longitudinal direction.

As for the transverse direction, the circular motion of the particle
is produced by the Lorentz force. Let p be radius of Larmor motion.
Then the centripetal acceleration mw,v is equal to the Lorentz force
evB/c and leads to the following expression for angular frequency:

w. = eB/me. (6)
This is called the Larmor or cyclotron frequency. The Larmor radius

is equal to
p=vyfw (1)

where v is the transverse component of the particle velocity. As
we see, the Larmor radius increases with the transverse energy
£, = mv? /2 as the square root of energy. If this energy is the
energy of thermal motion then the average value of Larmor radius is
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proportional to the square root of temperature. For the deuterons
we have

p=~VT/2B (cm). (8)

Here the ion temperature is measured in keV, B in tesla, and p in
centimetres. For the typical value of magnetic field in tokamaks,
B = 5 T and the temperature T = 10keV the estimate (8) gives
p = 0.3 cm. This is much less than the typical value of the tokamak
chamber radius by an order of one metre. The electron Larmor
radius is still smaller than the ion radius. Thus, the strong magnetic
field can confine the charged particles quite safely.

It is easy to check that the positively charged ion rotates
in the clockwise direction if the magnetic field is directed to-
wards us. The z, y coordinates of a particle are {z,y}
p{eoswet, — sinwet} + {z., 9.}, and components of the velocity
{vz,v,} = vy {—sinw.t, — cosw.t} where ., y. are the coordinates
of the Larmor centre. The point {z., y.} is called the guiding cen-
tre. In the case of a homogeneous magnetic field it moves along the
magnetic field line with the longitudinal component of velocity Y.
Each rotating charged particle produces a tiny current loop. If many
particles are involved they can produce a macroscopic current den-
sity which is called the Larmor current density. To find the Larmor
density we have to sum all the elementary currents. For instance,
the y-component of the Larmor current density is j = {env,) where
n is the ion density, v, is the y-component of Larmor velocity and
averaging is produced over all particles passing through the given z
point. If the plasma is homogeneous, the average value of the Lar-
mor current density is equal to zero, but when a gradient in the z
direction exists a current density arises. To find it we have to use
the distribution function f{z,v,,v,) instead of n while averaging the
elementary currents over many particles.

Let fo(x., v1) be the distribution function of the guiding cen-
tres. When the mean Larmor radius is small, this function does not
greatly differ from the particle distribution function. More exactly,
this difference is small and can be taken into account in the linear ap-
proximation with respect to the Larmor radius. We have for a single
particle z = z. + p coswt; vy = —vy coswt, so that z. = ¢ + w>'v,.
The ion distribution function is equal simply to the guiding centre
distribution with z. expressed through z. In the linear approxima-
tion we have f = fy + wi'v,dfy/dz . Thus, the averaged current
density is equal to

= (efv Y= % dd (mvjfo).
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The average over a Maxwellian distribution of mvj is equal to T, so
that

(nT). (9)

The nT product is simply the ion pressure. A similar expression is
also valid for the electron current. Thus the total current density is
doubled as compared with (9). Relation (9) contains three different
components of different vectors and can be written in the vector form

Vp = %J x B. (10)

Here p is total plasma pressure. Relation (10) shows that the plasma
pressure gradient is supported by the ampere force. Thus the simple
fact that each Larmor gyration is retained by the magnetic field
leads immediately to the macroscopic equilibrium equation (10). If
we remember that j = =V x B then for the case when B has only a
z component depending upon z, y variables we can represent relation
(10} in the form

V(p+ B*/8r) = 0. (11)
It follows that

p+ B*/8r = constant = B2 /87 (12)

where By is the magnetic field value outside of plasma, i.e. at p = 0.
We see that plasma pressure cannot exceed the value B3 /87, that
is, the magnetic field pressure outside the plasma. Thus plasma is
really confined by the magnetic field pressure. The magnetic field
inside plasma is weaker than the vacuum magnetic field. In other
words, plasma behaves like diamagnetic matter and Larmor current
defined by relation (9) is called the diamagnetic current.

Now let us introduce a very important dimensionless value,
namely, the ratio of plasma pressure to the magnetic field pressure

3 = 8rp/ B> (13)
In tokamaks this value is usually much less than unity. The max-
imum value reached up to now was demonstrated in the DIII-D
tokamak: 3 = 44% was claimed to be reached there at the plasma
centre,

Thus, a strong magnetic field is a very convenient tool for confin-
ing high-temperature plasma, or, more precisely, to prevent thermal
expansion of plasma. Now we have to take care of its thermoinsula-
tion: plasma should not be cooled too fast by thermal fluxes to the
chamber walls.
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The thermal fluxes may be produced by binary collisions of plasma
charged particles. Such collisions can interchange particles with dif-
ferent energies providing the net thermal flux to the wall.

Let us estimate the rate of plasma cooling. The thermal diffusivity
of ions x; can be estimated as x; & p?y;, where p; is their mean
Larmor radius and ¥ is the jon-ion collision frequency.

To find the collision frequency v, = v;/A;, we have to know the
mean free path A; = 1/ne; for ions (v; is the ion thermal velocity
and o; is the cross section of ion-ion collisions). At first glance the
ion-ion collision cross section could be estimated as w(e?/7) because
the €2/T value correspends to the minimal distance of ions while
approaching each other at collisions. In fact this value has to be
increased by a factor L ~ 10 which arises due to the long-distance
nature of Coulomb forces and is called the Coulomb logarithm. Thus
we have the following estimate for the ion mean free path in ccs units

A =T%/rLe*n. (14)
If we measure again n in 10!* cm™2 and T in keV this relation is
approximately equal to
A~ 10*T?*n"! (cm). (15)
At the temperature T ~ 10 keV and the density » ~ 1 (in units
10** cm™3) we obtain from (15) A, ~ 10°cm, so that the ion—ion
collision frequency is not very high: # ~ v /A ~ 162s~1, Remember-
ing that p; is of the order of 0.3cm at T = 10keV and B = 5T we
estimate ion thermal diffusivity as x; ~ 10cm?s~!. This is a very
low value. It shows that the energy confinement time 7z ~ a®/4y
can reach the desired value of the order of several seconds at a quite
modest size of vacuum chamber radius @ > 10cm. At a reactor size
of plasma column of about one metre the classical collisional thermal
flux would be almost two orders of magnitude better than needed
for fusion plasma thermal insulation.

Electron thermal diffusivity is even lower than the ion thermal
diffusivity because the electron Larmor radius is much smaller than
the ion one.

Thus, for an infinite straight cylinder the physics of plasma mag-
netic confinement looks very attractive from the point of view of
controfled nuclear fusion applications.

To proceed from the ideal picture of an infinitely long cylinder to a
closed configuration it seems that it would be sufficient to take some
section of this cylinder and to bend it into a torus. Unfortunately
the bending of the magnetic field lines produces toreidal inhomogene-
ity of the magnetic field strength which drastically changes plasma
properties. Before considering these plasma features we have to learn
something new about particles and fields.
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3.3 Charged Particles and Fields

To confine plasma it is necessary to confine each of its particles.
Therefore to discuss plasma confinement we have to analyse the mo-
tion of single particles.

As we know, each charged particle rotates over the Larmor gy-
ration producing a tiny circular current loop. This current induces
magnetic field which is directed against externally applied field. We
can say that the Larmor gyration is seen from a long distance as
a small magnet with moment u. It can be calculated directly, but
in case anybody has forgotten how to do this, we can propose a
somewhat artificial but nevertheless very simple approach.

Let the magnetic field be directed along the z axis and be slowly
varying along the 2 axis. We can find the F force along the
c-direction by averaging the z component of the Lorentz force
F = £(v,B). We know that, v, = —v, cosw.t and ¢ = pcosw,t
when the guiding centre is placed at the point z. = 0 and F =
—~(e/2¢)vy pdBfdz , i.e. the particle is expelled in the direction of
the weaker magnetic field. We can say that the charged particle has
a diamagnetic moment _

ev) mv?

2?7328 (16)

This expression is proportional to the ratio of energy to frequency

and corresponds to the so-called adiabatic invariant. It is conserved
when the external magnetic and electric fields are slowly varying.

It is easy to see that the value of ® = wp?B is equal to the magnetic
flux through the Larmor gyration. This flux is also conserved by the
motion of a charged particle in the strong magnetic fields.

The energy of the diamagnetic momentum u in the magnetic field
is equal to £, = pB = mvi f2. Tt is exactly equal to the transverse
kinetic energy of particle. This means that instead of a gyrating
particle we can consider a tiny Larmor circle as a quasi-particle with
mass m, charge e and magnetic moment . When the magnetic field
is inhomogeneous in the longitudinal direction then a longitudinal
force —pudB/dz appears which again is directed towards the weaker
of magnetic field. We have for longitudinal motion

d'v” _ dB
& T Har
Multiplying this relation by v we obtain

(17)

d muj dB dB
W2 RIS T RE (18)
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where the derivative B with respect to time is taken along the par-
ticle path. As y =constant, it follows from (18) that £ = £, + §
=constant, where £, and £ are the transverse and longitudinal com-
ponents of energy. We see that the total energy is constant. This is
quite a natural result because the Lorentz force cannot produce any
work perpendicular to the velocity vector.

Equation (17) shows that the particle is repelled from the strong
field region. If, for instance, the particle was initially moving in the
direction of stronger magnetic field it gradually slows down and stops
completely at the point Brax where vy = 0,i.e. pBpax = ,uB-+—mvﬁ/2.
Such a reflection of the particle is called the magnetic mirror effect.
It is used in mirror devices for fusion 'research.

Now we are ready to considef the charged particle motion in a
pure toroidal magnetic field. Such a field decreases with distance R
from the symmetry axes as R=!. Due to this field inhomogeneity
the charged particle is expelled with the force —pdB/dR = uB/R.
The particle moves freely along the magnetic field line but due to
the curvature of the field line a centrifugal force mvﬁ /R appears. It
is again directed along the radius R.

If some force is acting on the charged particle in a very strong
magnetic field the particle responds by drifting in the perpendicular
direction to this force and to that of the magnetic field.

If we introduce the cylindrical frame of reference, R, ¢, 2, the drift
will be directed along the z axis. Drift velocity can be found very
easily: the Lorentz force produced by this drift motion should bal-
ance the externally applied force. Remembering expression {16) for
4 we obtain the following expression for the drift velocity

va = (vf +v}/2)fwck (19)

This velocity is directed along the vertical z-axis and is called the
toroidal drift. Averaged over Maxwellian distribution the mean value
of this drift is equal to

T 2

(”Ud) = E—B—E

This is of the order of v;p; /R, where v, is the mean thermal velocity
and p; is the mean Larmor radius for j-species. For instance, if
pi ~ 0.3cm and R = 300 cm, the averaged drift is three orders of
magnitude less than the thermal velocity but at v; ~ 10%cms~! it is
still too high.

Thus a purely toroidal magnetic field is not valid even for single-
particle confinement. We will see later that for plasma the situation
becomes even worse.

(20)




18 Tokamak Plasma: A Complex Physical System

Thus, for plasma toroidal confinement a more complicated geom-
etry is needed in a closed magnetic trap. In tokamaks this complica-
tion relates to the existence of the poloidal magnetic field produced
by current induced in a plasma ring. But before we consider this
more complicated configuration we continue our acquaintance with
the charged particles and fields. If an electric field exists in addition
to a strong magnetic field then the longitudinal component of this
field £y simply accelerates the particle along B, whereas the perpen-
dicular component E, produces the so-called electric field drift

vdr,'z ¢cE x B/B* (21)

which is sometimes called simply ‘E cross B drift’.

Expression (21) is written under the assumption that the electric
field is a homogeneous one, but in fact the same relation is valid
when F is produced by a very short wavelength perturbation: the
corresponding value of E relates simply to the value averaged over
a particle orbit.

An interesting effect appears when both electric and magnetic
drifts are simultaneously present. Let the magnetic drift {(19) be
directed along the z axis. If the electric field is directed along the
same axis the electric drift (21) is directed radially and is equal to
—cE/B. Being shifted along the R radius the particle conserves its
adiabatic invariant ¢ and angular momentum M, = my R. Thus,
the total energy of particle

E=mv?f2=MZ/2mR* + uB (22)

decreases when R increases. This energy change can be considered as
a result of the work produced by the electric field along the toroidal
drift motion. Indeed, from (22) we have at y= constant and B «

R
. M2\ R moi R

where the dot means the derivative over time. But R = —cE/B so
that £ = evyg £, where vy is given by expression (19). Thus, the radial
shift with conserved u, M is accompanied by the work produced by
the electric field. This field can be generated by the charged particles
themselves. We may consider here a very simple example.

Let the charged particles, both positively and negatively charged,
fill a tiny toroidal magnetic tube. We assume for simplicity that
all particles have the same v? and vﬁ. Being initially electrically
neutral, this tube starts to generate the electric field E due to charge
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(a) I&)

Figure 3.2 The longitudinal magnetic field inside {a) a
straight cylinder and (&) the torus.

separation: the differently charged particles have oppositely directed
toroidal drifts (19). The electric field E leads to radial motion of
all tubes with velocity v = ¢E/B. We can claim that the work
produced by E on each particle per second, namely, e Evy has to be
equal to vF, where F' = m(v} + v]/2)R~" is the radial force, acting
on each particle. Thus we can say that due to energy conservation
mv® = vF. In other words all the particles are accelerated in a radial
direction by the force F,

This means that the quasi-neutral tube of charged particles can be
thrown out to the walls much faster as compared with the drift ve-
locities. The same conclusion is valid for quasi-neutral plasma when
F has to be averaged with the Maxwellian distribution function. It is
easy to check that a plasma with density n = 10" cm~2 is definitely
quasi-neutral: any reasonable electric fields can be built up at very
small charge separation.

Note, that during the radial tube motion the size of each Larmor
circle increases proportionally to R so that the cross section of the
full tube also increases. The magnetic flux of this tube is conserved
so that we can say that the plasma is tied to the magnetic field lines.

Now to be prepared for subsequent discussion of the tokamak con-
cept we have to remember some features of magnetic fields.

The simplest example of a vacuum magnetic field is a homoge-
neous field produced by an infinitely long solenoid. We can consider
this solenoid as a series of superconducting rings with currents j,
(see figure 3.2(a)).

If we have N rings per unit length then the averaged surface cur-
rent j, in the solenoid is equal to j, = Nj,. Magnetic field in such a
solenoid is equal to

B=—3 = —Njy,.
%= T, (1)
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Outside the solenoid magnetic field is equal to zero so that the aver-
age value of field inside the ring conductor is equal to half the value
in (24). Keeping this in mind, we can find the ampere force F acting
on the surface area of solenoid

1
- —Bj, = B*/8r. 25
5o Bis B* 8= (25)

Thus we can say that magnetic field has a pressure which acts on
the surface of the solenoid playing the role of the magnetic field
container.

In addition to transverse pressure magnetic field lines have a ten-
sion along the lines. This fact is most easily seen when the toroidal
magnetic field is placed between two superconducting cylinders of
radii R and R + dR. Toroidal magnetic field decreases with R as
R-!, so that at the external cylinder the magnetic pressure will be
less than at the internal cylinder by the value 2dR R-'B*/8x. If
we select a sector with angle do we see that the force acting on the
internal wall of this sector, F} = RdpB*/8,is higher than the force
acting on the external cylinder Fe = (R + dR)d¢(1 —2dR/R)B? /8.
The equilibrium exists only if we take into account the centripetal
force produced by tension of the magnetic field: F = dTdey, where
dT = dRB?/8n is the tension of the field lines inside the d R layer,
so that the tension per unit area is equal to B*/8x.

Now let us bend the straight solenoid (figure 3.2(a)) into a toroidal
one (figure 3.2(b)). To avoid collapse of the rings produced by tension
of the magnetic field lines we have to use a support cylinder. If the
rings are considered to be elastic strings then each coil will appear
as shown in figure 3.3(b). Namely, it has a D-shape with the straight
section attached to the support cylinder. Such D-shaped coils have
no shear stresses when only toroidal field is present.

As we will see later, when tokamak plasma is placed in equilibrium
an additional vertical field is needed. In this case the toroidal field
coils undergo the overturning moment which has to be unloaded
by a special mechanical structure. For plasma shaping even more
complicated poloidal fields are needed ~ Toroidal and poloidal fields
in tokamak are mutually perpendicular and not linked with each
other.

3.4 Elementary Plasma Dynamics

Plasma is a complicated form of matter. Its dynamics is the dynam-
ics of charged particles in the magnetic and electric fields generated

PRpPARS————
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Fi.gure 3.3 Magnetic-field-line distortion when the plasma is
shifted along the y direction with periodic dependence upon z.

by _p?_irticles themselves. There is a more or less precise method of de-
scribing plasma dynamics. It consists of a kinetic-equations approach
supplemented by Maxwell equations for self-consistent fields. This
g.ener.al approach or its simplified version of the so-called MHD. equa-
tion, i.e, mag'netohydrodynamics, will be used throughout this book
Here we consider only some very simple examples of plasma dynam:
ics to get some intuitive basis for understanding plasma physics

The sxmglest case of plasma dynamics is its expulsion fron; a
purely_tormdal magnetic field, but as a starting point we take an
even sunpler_ case when the longitudinal magnetic field s homoge-
neous and directed along the z axis. Let us assume that the plasma
motions are also homogeneous along the z axis. Plasma may move
with the so-called electric drift when transverse electric fields are
generateq. When the magnetic field perturbations are very small
t.he electric field is vortexless and can be described by electric poten-
tial ¢, so that the electric drift is given by the relation ’

¢
vl = pe. X Vo. (26)

It is easy to check that this motion is inc i i i
ompressible, i.e. dive, = 0.
The vortex of the velocity field (26) is equal to =t

F:(VXUL)J=%AL¢' (27)

Blut \_Vhen de/dz = 0 t.he expression A, is proportional to the
electric charge density, i.e. to the difference between the ion and
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electron densities. There are no reasons for this charge density to })e
changed if no longitudinal currents are present, so that the vorticity
I’ will move together with the plasma and

dT ar’
— == VI = 0. (28)
TR T

In other words, the plasma vorticity is simply transported Wi_th the
plasma when no particle collisions are present and both species are

simply shifted by the electric drift. When plasr_na is.homogeneous
and of constant density equation (28) can be written in the form

mime S § VF =0 (29)
dt
where F is an arbitrary function of z,y,t variz}bles and plays the
role of pressure. It is easy to check that for th.e incompressible two-
dimensional motion equation (28) can be obtained from (29) by the
simple operation curl = e, X V. N )
Thus two-dimensional motions of the collisionless pl.:amsma in t‘he
strong magnetic field look like incompressible flow gf ordinary liquid.
Now if the toroidal curvature is included, equation (29) has to be
supplemented by the toroidal expulsion force

min(—lgti +VF =2pR/R? (30)
where p is the kinetic plasma pressure and R is .the toroidal Tadius—
vector. The right-hand side looks like.a grav1tat.1onall force with the
p playing the role of mass density. It is easy to imagine how such a
fluid is moving.

Now let us consider a very simple example when the pla‘sma.n}o-
tion is not a homogeneous one along the z d.irection. For simplicity
we consider only small perturbations of initially homogeneous sta-
tionary plasma. )

They lflasma perturbations can be described by the plasma dis-
placement £ related to the velocity v = d&/dt . We assume that the
displacement along the y axis is a periodic function of 2, as shown
in figure 3.3. The waved surfaces in figure 3.3 cor.respond to the
initial planes distorted by the subsequent plasma dlsplacement._lt
is easy to see that the magnetic field lines are curved together with
the waved surfaces. Indeed, any closed contour on the surfaces, fgr
instance, represented by a dotted line in figure 3.3, }}afs no magnetic
flux because the collisionless plasma has zero resistivity and initial
flux through this contour was zero.
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Thus all the magnetic lines are bent to be on the same mag-
netic surfaces which are deformed in their turn by plasma displace-
ments. This effect of the displacement of magnetic field lines to-
gether with plasma is called tied magnetic lines. Sometimes peo-
ple say the magnetic field is frozen into plasma. The distortion of
magnetic field lines produces immediately the strong forces acting
on the plasma because a transverse current density is generated.
Indeed if § ~ exp(~iwt + ikz) then the perturbed magnetic field
is B = Bydf/dt = ikBy€ and the corresponding current density
is equal to j, = —(c/4n)(3B,/8z) = (ck[4n)By€. Thus from the
plasma motion equation with the ampere force taken into account

d2
minga; = -E] X B
it follows that the frequency w is equal to

Bok
VaATming

The value ¢4 = B,/+/Armng is called the Alfven velocity and the
corresponding wave is called the Alfven wave. In plasma with low 3-
value this velocity is larger than the ion thermal velocity. This means
that any perturbation of magnetic field lines propagates along these
field lines very rapidly, faster than the speed of sound. Thus, plasma
in a strong magnetic field is almost rigid with respect to its bending
along the magnetic field.

From these two examples it is seen that plasma in a magnetic
field is a very unique physical object. It looks like a fluid across the
magnetic field and is elastic but almost rigid while deformirg along
the magnetic field lines,

We have assumed above that the plasma resistivity is zero. This
is indeed very close to reality: the resistivity of fusion plasma is
less than copper resistivity at room temperature by six orders of
magnitude. This feature was quite clear at the initial stage of plasma
physics research. However, the precise value of the laboratory plasma
resistivity was not at all well-known for a long period and arguments
were presented in favour of the existence of an anomalously high
value of resistivity. I remember that Piotr Kapitsa, Nobel Prize
Winner for the discovery of superfluidity, underlined many times
that the basic physics of plasma has to be started with very simple
experiments. In particular, he insisted that it is necessary to measure
the plasma resistivity value by special experiments.

It turned out that the tokamak itself is the best experimental
instrument for these measurements. The plasma resistance in toka-
maks was measured with quite good accuracy. It was shown that its

W =
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value is close to the classical Spitzer value with toroidal neoclassical
corrections taken into account. In other words, the classical plasma
resistivity is not affected by low-level turbulence which is sufficient
for anomalous cross-field transport . Thus, at least in this respect,
the properties of plasma are quite well known.

We shall consider more complicated plasma features in subsequent
chapters.

3.5 Plasma Equilibrium

Tokamak is the most natural concept of magnetic confinement.
Plasma is produced in the form of an axisymmetrical torus, of cir-
cular cross section in the simplest case. Plasma is confined by a
combination of magnetic fields: toroidal (along plasma turn) and
poloidal (across the current turn). A schematic view of a tokamak is
shown in figure 3.4. A strong toroidal magnetic field is generated by a
toroidal field coil system. Inserted into the coil system a toroidal vac-
uum chamber is filled with hydrogen or its isotopes under relatively
low pressure. This gas forms a kind of a closed secondary trans-
former coil, with a primary winding on the iron core. When current
is driven through the primary winding an inductive electric field is
produced inside the chamber, directed along the chamber. When the
value of this field is high enough, an electric gaseous break-down oc-
curs and a closed plasma ring is formed. Then the current increases
and heats plasma up to high temperatures. In this way, the primary
winding serves as an inductor for current drive and ohmic heating of
plasma. In addition to the inductor, which should not create stray
transverse fields in the chamber, there are special windings to pro-
duce poloidal fields in the plasma: these are needed to control the
position and shape of plasma.

The value of magnetic flux swing {volt-second) in the primary
transformer winding is an important parameter of a tokamak. In an
actual pulse the magnetic flux has to be allocated both for resistive
volt-second consumption during plasma initiation and inductive flux
linkage during current ramp-up, L{ /¢, where Iis the plasma current
and L is the total (external and internal) plasma inductance. The
remaining part of the total flux swing may be used for ohmic current
drive: usually, loop voltage U is of the order of ~ 1V (in medium-
size tokamaks), and, thus, pulse duration under ohmic current drive
is of the order of the remaining volt-seconds. It is desirable to have
this duration as long as possible, but the volt-second capability is
constrained by the inductor size and by the maximum value of the
inductor magnetic field.

e S AT Mt 5 G

Concept of Tokamaks and their Status

25
Figure 3.4 Schematic diagram of a tokamak: l—primary
transformer circuit; 2—toroidal field coils; 3—liner; 4—poloidal
field coils; 5—copper shell; 6—iron transformer core.
Geometrical parameters of the plasma torus are its radii: the mi-

nor radius @ and the major radius R. The value R/a = A ;

aspec‘t ratio. The current 7 flowing in the plasm/a, proiilultszecsaﬂidotu}:
(polmdal) magnetic field By, which at the boundary of the plasma
1s equal to B, = 2I/ca in cose units (e—velocity of light). In mxs
%mts By = I/5a, where Iis measured in MA, @ in metres a.;ld B, in

2A stro?g longitudinal magnetic field is used in tokamaks, so that
BY < B*. The plasma pressure is weak compared with r;la netic
field pressure. These specific features impose certain constrair%t
theitokamak Plasma dynamics. SO

et us consider now the forces acting on t

begin W}th, we consider first an ideal cise Wh}::l I;llif;sa:stzirtff;r ’EO
current in the plasma or that it is negligible. It is obvious that th(::
plasma cannot be in a steady state under such conditions. Indeed
pla,sma,. as a gas tends to expand. The longitudinal magnetic ﬁeld’
fr_ozen into plasma hinders its direct expansion along the m
.dl‘LlS. quever, plasma with the frozen-in magnetic field can expand
in the dlrec'tion of the major radius R. The toroidal magnetir‘pﬁeld
decreasgs w1t.h Ras R™!. Magnetic field is frozen into plasma s0 that
\Yhen displacing along R the plasma cross section S increases propor-
txpnally to R. In addition the length of the plasma turn also‘increzses
with R. Therefore the plasma volume V changes with R according

inor ra-
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to a quadratic law. Any plasma magnetic tube follows the same law.
When displaced along the major radius the total work produced by
all plasma tubes is equal to (p)dV = (p)V2dR/R, where (p) is the
mean value of plasma pressure averaged over the volume. Let Fj
be a force acting on plasma ring in the radial direction. We can
relate it to the unit length i.e. we take F 27 RdR = (p)dV. Since
V = 27%a?R and o? is proportional to R, we derive:

2ra? 2

F, = (p)=—F~ = gloimd” (31)
This force could be compensated by an additional current across
the plasma in the vertical direction so that the ampere force of this
current and of the longitudinal magnetic fleld would be directed to-
wards the axis of symmetry. However, such a current would destroy
the thermal insulation by heat convection with current carrying elec-
trons.

It is worthwhile considering plasma behaviour in purely toroidal
field in more detail because something similar can occur in each
tokamak at the early initial phase of the shot.

The radial force acting on each plasma tube and being equal to
2p/ R per unit cross section area is similar to the gravitational force
acting on an inhomogeneous liquid. If the pressure p of some tube
is higher than that of the neighbouring environment then this tube
will be expelled in the radial direction. On the contrary, if this
pressure is lower than the surrounding pressure the tube is pushed
in the direction of smaller radii. This is a direct result of plasma
polarization due to toroidal drift: the higher the plasma pressure
the larger the field built up. Thus in initially non uniform plasma
a specific convection develops which tends to stratify the plasma
in such a manner that the pressure is a monotonically increasing
function of R, not depending upon =

If the vacuum chamber is conductive and axially symmetric then it
is an equipotential. Hence the tangential component of electric field
is zero at the wall so that the normal component of electric drift, at
the wall, is also zero. Therefore, the plasma cannot be thrown out
directly on the wall and direct loss of plasma with the mup velocity
is absent. Slower plasma loss can be produced by toroidal drift. The
plasma pressure near the walls decreases and subsequently plasma
tubes are pushed inside the plasma core generating a plasma con-
vection. Such a combination of convective transfer of fresh plasma
tubes towards the walls with subsequent electron—ion recombination
on walls leads to plasma leakage. As a result at such slow convection,
the plasma losses can be strongly suppressed as compared with its
direct expulsion along the R-radius with thermal velocity.
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In a tokamak configuration the longitudi
. ngitudinal plasma current i
present and th_e dxrec? expansion of the plasma column in therfililreg
tlzn of th.e major radius is prevented by the ampere force (1/c)IB
where I is the plasma longitudinal current and B, is the vertic:;l’
maIgnfetlc ﬁd(jj produced by poloidal field coils
1 fact in addition to the force (31) the force F f
: lectromagnetic
expansion also needs to be compensat oidal .
gy o oo T pensated. The poloidai magnetic field
Lr
& ==
P 2¢2 (32)

where L is the plasma inductance. a i
_ nd the corresponding F
per unit length of the plasma colu;nn is equal to: i 8 f force

_I* ar
"= TR R (33)
If the poloidal coils generatin

g field B,, are located close enough t
_thte plasma column, only the internal inductance has to be tgaker?
mlo accfount: L; = 2z Rl; where {; is inductance per unit length. The
;’a. ue o I; does not depe:nd. on R since the relative distribution of
rozen-in magnetic field inside the plasma is conserved during the
displacement of the plasma along R. Thus, the :
could be written as ,

equilibrium equation
2ra® L 171
Fo+ Fg=(p)——+ 21 __ - _
b+ Fa = (p) T+ pas = BL (34)
The poloidal magnetic field on the bound
3 field ary of the plasma i
to By, = 2[/ca. Thus equilibrium condition (34) ma,ypbe w;tlieilq‘;:l

By + 0.5 = B,Re/I. (35)

Here we use a speciﬁc symbpl for the ratio of the mean plasma pres-
sure to the poloidal magnetic field pressure at the plasma boundary:

Bo = 8m(p}/ By (36)

In expression (35) the internal inductance l; is simply a number which
depe{ld.s on the current density profile: i = 0.5 for uniform curre(r:n
and. 1t Increases with current shrinking. In modern tokamaks th
equilibrium .ﬁeld B, is automatically controlled in such a wa thai
the.column 1s centred with respect to displacement along the )Ilna'o
radius. Thus.the value of R is known and equation (35) may be uJ (i.
for the experimental measurement of B, by measuring I; agd B ”
) i z:
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)
)]

Figure 3.5 Equilibrium magnetic barrel-type field lines.
When the plasma torus is shifted vertically the restoring fo}'ce
F' generates a vertical component directed towards the median

plane.

‘equilibrium field is ‘barrel-like’, i.e. incr.easmg on both
sidIefs tf}rlgnf ?;he median plane, then it provides vertical col.ur}rlm st(zli-
bility: such a field has a radial component at z # 0 whl(;: Ten g
to push the column back to a stable position 'When n’; is disp acle
along z (see figure 3.5). The field ‘b;.lrrel-}lkeness means ;3 $0
that B, decreases along the major radius, i.e. th.e decia.y index
a, = —(R/B)(dB./dR) > 0. When the field decay index mcriases
the effect of vertical stability becomes stronger. But if a, is veryb;?,ﬁge
then the stability along R may be lost. Ipdeed, to ensure stability
along R the right-hand side of (34) should increase when R Jni:rea§fﬁ
(since l; ~ constant and 3, as may be shown, cbanges_weak ¥ WIta]
R). When the plasma is shifted along the major radius the to
current decreases as 1/R as a result of magnetic flux conservat&gri
inside plasma, i.e. 27 Rl;I = constant. That is why, to el}surehraﬁ 112:1
stability, B, should not decay f}?,sterhthag R~2 (see (35)), i.e. the fie

index should not be higher than 2. .

de?l{e plasma position control may be strengthened with th(i help
of a feedback system. In the first tokamaks the eﬁ'ect ofl? a,s}ina
positioning was achieved with the help of the conducting §hel : whe{\i
the column was displaced, image currents were generated in the s i

and the magnetic field of such currents pushed plasma !)ack to the
initial equilibrium position. Modern tokamaks have on-line systems
to control plasma equilibrium which actively centre the plasma in

ect of its radial displacements.

res’II)’he poloidal magnetic field coil system may be used a,isc? to shaﬁe
the plasma cross section. A circular fqr_m is §1mp1gst but is not t .c:
optimal form. To increase plasma stability it is desirable to locate i
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in the region with the maximum magnetic field strength, i.e. to push
it towards the inboard chamber contour. Then D-shaped plasma is
formed: its cross section is elongated along the vertical axis and takes
some triangularity as is shown for example in figure 3.6 for the D-
IIID device cross section. This facility has a D-shaped chamber and
plasma of the same configuration. If plasma has a non-circular CTOSS
section symbol a is used for the plasma half-width in the equatorial
plane. Half-height is denoted by b, and elongation by K = b/a.
Triangularity, i.e. the degree of D-shapeness is denoted by &.

In figure 3.6 the contour lines show the cross sections of magnetic
surfaces. Inside the loop-line, named the separatrix, these surfaces
represent nested tori and beyond the separatrix the magnetic sur-
faces are open ones and the magnetic lines may continue up to the
chamber walls. Thus, a configuration with a poloidal divertor is es-
tablished, when the magnetic lines outside the separatrix divert to
the walls. In figure 3.6 the separatrix has only one X-point: this is
a point where the poloidal field component is zero. In some cases
instead of a single-null configuration, a double-null divertor config-
uration may be used which is symmetrical in respect of the z = 0
plane.

The elongated plasma shapes with the divertor are used in many
tokamaks, e.g., JET, PBX-M, ASDEX, JT-60-U etc. The maximal
elongation of K = 2.5 was reached in DIIL-D for a single-null con-
figuration. JET operates at K up to 1.8 although more typical are
the values of 1.4-1.7. The elongation allows the increase of the cur-
rent plasma at the same geometric dimensions of @, B and of the
toroidal magnetic field B value. The gain expressed in the current
value which could be achieved with non-circular plasmas, reaches the
values in the range 2-3. However, it is difficult to attain a greater
elongation because of vertical instability of the plasma column. In-
deed the elongation seems to be produced by coils with currents in
the same direction as in the plasma. These currents are located
above and below the plasma ring and because the parallel currents
attract, the vertical displacement of the plasma leads to its ‘sticking’
to the corresponding poloidal field coil. A rather effective feedback
system is needed to prevent plasma vertical instability.

In this respect the DIII-D facility has a very effective configura-
tion: the poloidal magnetic field coils are located inside the toroidal
magnetic field coils close to the plasma. Since the two systems of
the coils are mutually linked, the toroidal coils of the facility were
made to be dismantable.

In large tokamaks with a strong toroidal field the poloidal field
coils are located outside the toroidal field coils. Correspondingly,
the inductor solenoid is located at the axis of symmetry with the
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Figure 3.6 DIII-D tokamak elevation [147).

toroidal field coils placed around an inductor. Taking the‘DHI-D
configuration as an example, one may observe anot_her specific fea-
ture of modern tokamaks: an inductor without an iron core can be
used in such devices. By removing the iron core, the magnetic field
of the inductor can be increased to values higher than the iron sat-
uration field, i.e. considerably higher than 27T.

3.8 Plasma Stability

The major advantage of the tokamak configuration is the possibility

i s
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Figure 3.7 Magnetic field lines and coordinates r, 8 and ¢
for a tokamak with a circularly-shaped plasma.

of stabilizing mup-instabilities by a strong toroidal magnetic field.
Let us consider the tokamak magnetic field geometry in more detail.
Figure 3.7 represents a simplified picture of magnetic lines. When
the plasma cross section is circular, magnetic field lines are located on
the nested toroidal surfaces of circular cross section. Let us introduce
a system of coordinates r,8, ¢ as is shown in figure 3.7. A magnetic
line with 7 = 0 is closed and is called a magnetic axis. The value of
the toroidal magnetic field Br on this axis is considered as a main
characteristic of a tokamak as viewed from its ability to confine stable
plasma. The toroidal field decreases with the major radius as 1/R,
but assuming that the aspect ratio 4 = R/a is high enough, we can
neglect this variation of B in the first approximation.

The magnetic field lines are located at the magnetic surfaces wind-
ing on them as helical lines: under angle displacement d¢ along the
torus, the magnetic line rotates by angle d in the poloidal direction.
Since the arc length along ¢ is equal to Rdey, and along 4 is equal
to rdé their ratio is equal to the ratio of the components of the cor-
responding fields: Rde/rd@ = Br/B,. Hence d#/dy = ByR/Byr.
Thus, after a complete round along the torus, angle # will change

as A8 = 27 By R/rByr. This angle is called the rotational transform
angle. Let us use the following notation:

1 BTT
9= ; - BgR (37)

where By = By(r). Then the rotational transform angle will be
written as 2mu = 21/q.

* LI ok
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The value of g is of great importance in a tokamak. GeO{neﬁrk
cally it may be defined as the ratio of t}}e number of magnet.lc-line
rotations along the major and minor azimuths. If a magnetic n(i
becomes closed after m rotations, i.e. q becqmes equal to a raltlona
fraction of m/n, then such a surface is rational. -For examp;,_on
the surface with ¢ = 2 a magnetic line rotates poloidally at A = 1(;
after a single toroidal rotation and becomes clgsefl af‘ter the belcond
rotation along . If g is irrational, the magnetic line is never choseid
and the definition of ¢ as the ratio of a nurlnb'ers of rotations shou !
be understood asymptotically, i.e. as the limit when the number o

i s to infinity. _
IOt';;:gn:;(;I;(li variationyof q in tokamak§ usua,.lly lopks like a
monotonously growing function of the radms2 r, including the 1;5-
gion outside the current channel, wh_ere g ~ 7%, The ¢ value on td e
boundary of plasma columrn r = e is denoted by g¢,. After“tfarths,
when the global plasma characteristics as a whole are meant, the
index a is omitted. The value of g, may also be expressed as

0 = Bra _ cBra® (38)
"~ B,R_ 2R

where B, = By(a), I is the plasma current and ¢ is the_veloc.it).f of
light (th; cGsE system of units is used). In mks units, this ratio is

_ 5BTG2
= "R

where Br is measured in T, a and R are in metres and [is in MA.
Equation (39) may also be written as

ol =1/, I. = 5Brd*/R. (40)

(39)

i i ionless current.
Thus, ¢-! value may be considered as a d]merESlO[l .
Th’eq;(r), p(r) values can be introduced using another deﬁm.tlon
which is more universal. Let us introduce toroidal, ¢, and poloidal,
¥, magnetic fluxes:
P = 7TT‘2BT ¥ = 2TFR-/ Bng. (41)
0
The increments of these fluxes for an increase dr in r are, respec-

tively, d® = 2rrBy dr and d¥ Z.QﬂRBg dr.
Comparing these flux ratios with (7) we find that:

dv
u—l/Q—dq)- (

SR
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This is a much more convenient representation. Let us assume for
instance that with ‘frozen-in’ magnetic fluxes we will deform the
plasma column cross section to a D-shape (figure 3.6). Relation (42)
will not be changed because the field topology is conserved. Thus,
the relation (42) is more universal and that is why it is used for
plasmas of non-circular cross section. In order to mark these more
exact values of i and g, they are sometimes labelled with an index
¥, namely sy, gy.

As we have already noted, when the poloidal divertor is present
the transverse magnetic field tends to zero near the X-point of the
separatrix. That is why the separatrix magnetic line asymptotically
approaches the X-point and does not make even a single poloidal
rotation when the number of rotations along the major azimuth ¢
tends to infinity., It means that # = 0 on the separatrix. When
approaching the separatrix from inside He — 0, gg — o00. That is
why the ¢g value on the separatrix seems to he misleading. How-
ever, when approaching the separatrix the qe¢ function tends to in-
finity very slowly according to the logarithmic law and a reasonable
characteristic of the edge g-parameter may be its value beneath the
separatrix but not very far from it. For this reason the ¢y 45 value
is used which represents the value of ¢ on the magnetic flux point
¥ = 0.95¥,, where V.- is the value of ¥ on the separatrix. For
non-circular plasmas sometimes another expression is used:

o1 _ TR
s=grl= 43
o= 0= opds (43)
where j, is the current density averaged over the cross section. For
plasma of circular cross section this expression coincides with (39)
whereas for the elongated cross section with & — b/a # 1 one may
use a simplified expression

IR
5Bab’

The g.q value is called a cylindrical or engineering value of g, since
it contains the simplest plasma parameters which are used for engi-
neering design of tokamaks. Equation (44) similarly to (40) may be
written as ¢ = [/I,, where [, = 5Bab/R. The q, value defined
by the equation (39) or, respectively, by (44) for a non-circular cross
section is called the safety factor. As was shown by Shafranov and
Kruskal, the tokamak plasma is unstable at ¢, < 1 in respect of he-

lical perturbations. That is why plasma current cannot exceed the
limit

(44)

Heit = q,;fl =

I. = 5Bab/R (45)
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Figure 3.8 When the helical conductive ﬁ]ament. (a) is
strctched vertically the magnetic field lines become helical (b).

which corresponds to the value of ¢ = 1. The kink-mode stability

condition w1 (46)

d the Kruskal-Shafranov crifcerion.‘ . ‘ -
wa’i‘:ilr:fify t}Te physical cause of this instability we goni}derﬁﬁfnit;lt
ing * i *. Let helical superconductive
lowing ‘Gedanken experiment’. e e S (a)).
i strong longitudinal magnetic fie g .
beIIi?ljhc: (1\:; :nds of gthi:s filament are pulled ?p}z:rt (see ﬁ.guref3s.§r( :‘1)
i i into helices of the same sign o ,
the magnetic field lines deform in e o the
ight. When the filament becomes a straig b s
lriﬁg?lzt?cglines are helical. It means that a current Iis induced. We
i luate this current. o
Cali::iilsyci‘;z::s?)me section of the initial helix w1thd!engthdLbatr}1[(i
be the filament radius an
number of turns equal to N. Let a . : e e Toon
radius of the cylindrical superconductive casing. phe loop
ine i 3.8 we have to accept tha
shown by the dotted line in figure : have Lo accept that the
tic flux is invariable during the filament d :
;Sst?ilii?::lgl\lfzme is equal to N7 R?*B where Rlis thfetlﬁl1tflialxr;).}(llitolflgoﬁc
i i idi i he final value of the flu
the helical line guiding cylinder. T : AV
tted line loop is determined by the azimu
;i}el:?dsz;nde iioeqfla,] ltf; 2LIIZ"‘ln(b/a). Therefore, the filament cgrrsﬁt
value is equal to I = wR?*cB(2[ In(b/a))!, where | = L/N is the
i f the initial helix. o
plt’%}i:magnetic field energy in the final stage, figure 3.8(5), zi_m%};ﬁ
than that in the initial state just by the azimuthal magnetic

energy.
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Now we consider the backward deformation from the state shown
in figure 3.8(b), where the current is flowing along the filament, to
the state shown in figure 3.8(a) where the azimuthal magnetic field
disappears completely. We can say that such a transition is energeti-
cally favourable. In other words, the state in figure 3.8(b) is unstable
in respect of the helical deformation of the current-carrying filament.

A similar phenomenon can take place in a tokamak plasma. If the
plasma column is very long then it is unstable in respect of helical
deformation, but if 2r R becomes less than the pitch of the magnetic
field line, 2maBr/ By, then the magnetic energy decrease outside the
plasma column is balanced by the magnetic energy increase inside
the plasma due to the toroidal magnetic field perturbation. The nec-
essary stability condition, 2r R < 2raBy/B,, or ¢, > 1 corresponds
to the Kruskal-Shafranov limit.

The higher g,, the more stable plasma is in respect of kinks. Ex-
periments show that the stability becomes reliable only when ¢, > 2.
As a matter of fact very carefully handled plasma discharges were
realized even in the region near q = 1.3 [19]. However, these dis-
charges with low g-values correspond to higher plasma, energy losses
and were not considered to be of much interest

3.7  Operational Limits

Plasma discharges in a tokamak can be realized only within a defi-
nite range of densities: at a given plasma current there exist a lower
and an upper density limit. At low densities the electron-ion colli-
sion frequency is not sufficient to prevent the generation of so-called
‘Tun-away’ or accelerated electrons. The run-away electrons can be
accelerated by the inductive electric field up to very high energies.
They spoil the discharge characteristics and may be dangerous for
the vacuum chamber of the tokamak. Thus the plasma density has
to exceed some critical value.

At high densities the atomic processes at the plasma edge become
tather important. These processes are radiation, charge-exchange
and neutral atom ionization. They can lead to contraction of the
plasma column: the effective plasma radius decreases and the dan-
ger of kink instability becomes real, Thus, on the current-density
plane there is a limited operational region which schematically is de-
fined by the so called Hugill plot (figure 3.9). The non-dimensijonal
current I/1,, i.e. 1/q.q, is plotted on the ordinate axis, and the non-
dimensional density or Murakami numbert

t The non-dimensional nature of M is explained in Chapter 5.
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Figure 3.9 Hugill plot for tokamak plasma .op.eration re-
gion: 1—run-away electron limit; 2—-current limit; 3—Mu-
rakami density limit; 4—Hugill limit.

M = a.R/Bx (47)

is plotted on the abscissa axis. Here %, is the meanlelfilctrgn I(ie;nssl::ly
i i the central chord. -
ich is measured experimentally along
xglcshs:)mewhat higher than that averaged.over 21;0hose f;)lum(? valu: osf
(n% In (47), the density n. is measured in 10 m~>, R in ntle re;l
anil .BT in tes’la As is'seen from figure 3.9, the to]ga.n;ak oliper.i: 10{1
i . - ity plane is restricted by four limits: 1—
domain on the current—density p _ p limits: 1
imi ty; 2—current limit du
t of run-away electrons at louf d_en'm ;2 t limit ¢ :
}:]}ILI: M(:{Dj:insta,bility; 3—Murakami limit at hlngenSlt.y, 4 I;I;;g;il
ity limi ill number A = ¢.4M remains con .
density limit where the Hugi 1 nal tant.
imiti ity i d by the power balance o
The limiting density is determine: ce on the
i i the energy flow from the ce
a periphery, i.e. by ba,]anc::e of ro
fi;?::l aﬁd rl;diati’on and ionization losses. When ad41t10naﬂy hea\m/t;_)d
the plasma density limit usually increases approximately as ,
P is the total plasma heating power. ‘ -
Wh',‘Ie‘Il‘fere ils one other tokamak plasma limit, which is not dzrect%_y r(z
lated to the limits on the Hugill diagram, ﬁagnilyl,lthe_presiit;r::blix]?tly:
imit i the so-called ballooning :
The pressure limit is related to ' looning instability:
ak magnetic lines of the outer region are co ‘ radi
f:?lliﬁure NgR. That is why at the higher pressures a swi%nge:?czji
i ithout going into theor
ur on magnetic surfaces there. Wi . .
ggiail, which %:a,n eventually be supported b3f nutrngrlc?xtlhci.;c;ﬂ}a;;igns%
imi be estimated wi
the value of the pressure limit may e Catet the
i ly, if the bundie of magnetic lines _
simple arguments. Namely, ] T T
tive length ~ gR) experiences a ‘swelling
ftﬁirciﬁvl?e drgawn back by the magnetic tensxon’of ~ BZ/8mgR, and
the cause for ‘swelling’ is plasma pressure graczhent o« p/a.s. N
Thus, the instability occurs at § = 87p/Bf ~ a/q}fi. .mceﬁq -
Ga ~ BT’az/IR , the expression for the limiting value of 3, i.e. 8.,

Concept of Tokamaks and their Status 37

approximately

I
Be = 925 = gln (48)

where [y = I/aBr is the normalized current. The g coefficient
(sometimes the notation Bn is used) in equation (48) is called the
Troyon factor because it was F Troyon who had summarized in a
simple formula, (18), the results of numerical calculations for var-
ious plasma-pressure radial-distribution profiles and various shapes
of plasma column cross section. The g-factor slightly changes with
9a, pressure profile and shape of plasma. Roughly, it may be con-
sidered as constant and equal to g ~ 3%. The normalized current
Iy differs from the previously introduced ratio of [ to the maximum
current [,

In=1/aBr = (1/1.)5b/R. (49)

For the most effective use of the toroidal magnetic field it is preferable
to have the values of B as high as possible, i.e. to have a high Iy
value. Since I/I, is limited by the upper current limit on the Hugill
diagram, b/ R should be maximized according to (49), i.e. the column
should be elongated vertically as much as possible. The highest
3 value of 10% was reached experimentaily in DIII-D with strong
elongation of kK = b/a = 2.3. The values of g = fy exceeded 3% in
DIH-D and in some discharges reached as high as 5%.

The maximum 2 value at the magnetic axis 5(0) = 44% was
reached when very accurate pressure profile tailoring was realized in
DIII-D.

Theoretical analysis of instabilities (ballooning and kink) shows
that the values of the g = B~ -factor obtained in DIII-D may indeed
reach such high values by carefully tailoring the pressure and current
profiles.The maximum 3 value reached in DIII-D depended on the
current density profile [50]. The experimental data for critical 3 are
summarized by a simple empirical formulae 8. = 41 /a By, where 4
is the internal inductance per unit length.

3.8 Plasma as a Complex System

For many years until now the main objective of the experiments in
tokamaks was the investigation of the physics of plasma magnetic
confinement, i.e. the study of processes of heat and particle trans-
port across magnetic surfaces (the transport along the surfaces is
very fast— practically comparable to thermal velocities of particles).
The experimental and theoretical studies complemented each other.
A huge variety of phenomena were discovered experimentaily and
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ment of L-mode type (from the word ‘low’} is more universal. In
Practice, it is present in all tokamaks with additional heating, if spe-
cial attention is not given to the processes in the peripheral plasma.
The u mode (from the word *high’) was easily realized in the ASDEX
configuration with poloidal divertor and later on it was discovered
also in the geometry with a limiter. Compared with L mode, H mode
has a sharply-emphasized modification of peripheral plasma. The
density and, especially, the electron temperature on the periphery
markedly increase so that ‘a pedestal’ is formed on the electron tem-
perature profile. The recycling on the wall (i.e. plasma recombina-
tion with re-entry of neutrals into the column) reduces which entails
a visible drop of radiation in the H, line. But the main feature of the
H mode rests with a sharp improvement of plasma confinement—2-3
times as compared with the L mode,

The density and temperature increase on the periphery resembles
some kind of a barrier for particle transport. However, the confine-
ment improvement is caused not only by this barrier but also by tke
global decrease of transport coefficients

There are some other regimes of improved confinement. For ex-
ample, the confinement improves {especially in the ohmic heating
regime} with the injection of pellets— i.e. grains of solid hydrogen
or deuterium. In the ohmic regime improved chmic confinement (1oc)
was observed. In TFTR the so-called ‘super shots’ with improved
confinement and strongly-peaked density and temperature profiles
were discovered [20,21]. Recently, it was shown in TFTR [21] that
the H mode could be produced not only from the L mode but from
‘super shots’ as well, and these modes of improved confinement re-
tained some features of super shots, (for instance, weak dependence
upon current and heating power values).

All these phenomena indicate the existence of some specific feed-
back or self-organization mechanisms: transport processes in various
regions of the plasma column turn out to be bound to each other. In
other words, in tokamak plasma not only do temperature and den-
sity profiles depend on radial distribution of sources and transport
coefficients but, vice versa, profiles affect the diffusion and thermal
conductivity coefficients as well.

The plasma self-organization phenomenon is clearly displayed by
the so-called effect of ‘profile consistency’ which was first declared
by Coppi [22]. He noticed, that the experimentally measured profiles
of electron temperature have a bell-like form similar to a Gaussian
distribution. These profile features are not the simple trivial con-
sequence of the fact that the plasma temperature on the boundary
is much lower than at the centre and its gradient on the periphery
is low due to higher transports. The question is of some kind of
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profile self-similarity: their width is directly related to the g, value
on the plasma column boundary and with growing of ¢, the profiles
get narrowed. One may say that the electron temperature profile
adjusts itself in such a way that a significant part of the current
flows inside the radius r = a., where ¢g(r = a.) = 2. At the bound-
ary of the effective current channel, r = a, the ¢-value according to
the formula ¢ = 5a?Br/RI is close to 2. Hence the effective radius
of the current channel is proportional to the square root of current,
a, ~ I./RI/Bt. When the ¢, value grows the plasma channel con-
tracts. This effect was demonstrated by experiments on TFTR [23]
and agrees with the results of other tokamaks.

The profile self-consistency phenomenon was studied in some de-
tail in T-10 [24,25]. This facility has a powerful gyrotron system for
plasma electron component heating at the electron-cyclotron reso-
nance frequency. By using gyrotrons with different frequencies, one
may easily change the profile of the power deposition and study
the response of the electron temperature profile to the heating pro-
file. The experiments clearly demonstrate the effect of the self-
consistency of the electron-temperature profile: plasma tends to
maintain the same optimal profile even in spite of drastic change
of the power deposition profile. The rigidity of the profile retention
grows together with the value of n/I, so that one may speak of the
‘limiting’ profile strongly retained at high values of n/I.

3.9 Physics of Confinement

The profile effects together with the existence of different confine-
ment regimes have clearly shown that tokamak plasma is a complex
self-organizing physical system. For its description one may use the
approaches advocated for other complex systems. For instance, or-
dinary turbulence of liquid or gas is a very complicated non-linear
phenomenon. It has not been precisely described theoretically yet.
However, this fact does not bother engineers, since there exist em-
pirical formulae, which are based on dimensional analysis. The same
is true for plasma. Summarizing a large quantity of results from var-
ious tokamaks and taking dimensional analysis into consideration,
one may obtain the formulae for the description and prediction of
plasma confinement characteristics. To find these formulae the fa-
cilities of different sizes are compared with each other. That is why
the corresponding empirical formulae were named ‘scalings’.

One of the most important scalings is the scaling for T, i.e. energy
confinement time. This value is introduced in the following way. Let
W be the total plasma thermal energy: W = (3/2(n.T. + T}V
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However, as the ITER team has shown [28], these differences are
not so essential-—they hide the existence of parameter combination
which vary insignificantly from one facility to another. Eventually,
the L-mode scaling was defined accurately enough. There exist also
n-mode scaling laws, Very roughly the corresponding 7g value is
about 2-3 times the L-mode value.

The minimal values of transport fluxes can be found theoretically,
taking into account only Coulomb collisions between charged parti-
cles. Proposed first by Galeev and Sagdeev and improved further by
the American theoreticians, the so-called neoclassical theory allows
the calculation of transport coefficients in-a quiet plasma with nested
toroidal magnetic surfaces. The experimentally measured fluxes usu-
ally exceed the neoclassical values. As for the ion thermal conduc-
tivity, it slightly exceeds the neoclassical value and sometimes even
approaches this value. The electron thermal conductivity and diffu-
sion, however, are almost two orders of magnitude higher than the
neoclassical values. To describe this high degree of anomaly one may
apply the ideas based on turbulent processes in plasma with various
types of instabilities.

We can presume that the macroscopic instabilities are stabilized
with the help of profile tailoring when not approaching the opera-
tional limits. The concern is caused by the very fine-scale so-called
microscopic instabilities which cannot destroy the plasma as a whole
but can produce a small-scale turbulence entailing enhanced trans-

ort.

b We start the discussion with the very simple case: plasma of low
pressure in a homogeneous magnetic field. For both components of
plasma, ions and electrons, the equilibrium with the guiding centres
at rest means that a so-called Larmor current (9) is present. Let
(v;) be the averaged ion velocity and {v.} be the averaged electron
velocity. For each component we have, taking the electric field into
account,

Vpi = enE + “n{n)) X B (52)

Vp. = —enE — En(”e) X B. (53)

We assume that ion and electron densities are equal.

The sum of these two equations is equal to the equilibrium equa-
tion (10) since j = en((v;} — (ve)).

When the eleciric field is absent the averaged velocities {v;} and
{v.} correspond just to Larmor drifts and are directed opposite to
each other. The guiding centres do not move in the radial direction.
More realistic is the case when only ions are at rest, i.e. (v;} = 0. As
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least, inside the high temperature core. The supressing of D as com-
pared with the Bohm value can be taken into account by formula
(56) with the correspondingly diminished a-factor. If it is assumed
to be some small constant number we obtain the suppressed Bohm
diffusion. This value corresponds to the much smaller scale of the
mixing length A, but again A is proportional to plasma minor radjus
a. If A becomes of the order of the ion Larmor radius, A ~ p;, then
we obtain the so-called gyro-reduced Bohm diffusion, when a in (56)
is proportional to the small ratio pi/a. Both suppressed Bohm and
gyro-Bohm transport coefficients are not very much different from
the experimental values. But their dependence upon the plasma
temperature and the magnetic field values does not agree with ex-
periments,

The preliminary analysis of different instabilitjes and their role
in tokamak plasma transport phenomena was performed by Pogutse
and myself [54] several years ago. It was shown that many modes can
be stabilized in the high-temperature tokamak plasma and the most
dangerous ones left are the so-called ion temperature gradient mode
(rram) and the dissipative trapped electron mode (DTEM). These in-
stabilities continue to be the sub ject of detailed consideration among
plasma theoreticians. They indeed may play an important role in
plasma transport, but I believe that the main cause of the enhanced
transport in tokamaks is quite different.

As will be argued in Chapter 9, the electron component of tokamak
plasma destroys the nested magnetic surface structure. Instead of
smooth surfaces many so-called magnetic islands appear which split
the surfaces and produce a great number of helical magnetic tubes,
Such surface destruction is a result of specific filamentation of current
density. It could be said that the initial, Very symmetric, geometry
breaks down spontaneously.

Spontaneous break-down of symmetry is well-known in different
branches of physics. It takes place, for instance, in ferromagnetics,
type-II superconductors, rotating superfluids and so on. In tokamak
plasma the symmetry break-down arises as a consequence of the
fact that the plasma is very far from thermodynamic equilibrium.
Possessing a very low dissipation rate the plasma prefers to generate
a non-linear pattern with magnetic surface destruction.

The physical picture looks like this. If a small perturbation of
magnetic fields is present it can be considered as a superpasition
of harmonics like exp(imé + inw) where 6 and @ are poloidal and
toroidal azimuthal angles, and m and n are integers. The small per-
turbation can be considered as 2 linear one everywhere but the res-
onant point ¢(r,) = m/n. At this point a family of helical magnetic
tubes is generated (figure 3.9(8)) which looks like an island-chain
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in cross section. Therefore, the perturbed magnetic configuration is
filled with many island chains. Due to plasma inhomogeneity the
magnetic configuration perturbations are accompanied by plasma
density perturbations. As a result corresponding electric fields ap-
pear.

Let us assume that this structure has a very fine-scaled structure
with dimensions much less than the mean ion Larmor radius. When
electric fields are present the ions are able to move across the mag-
netic field. If the ions are shifted by these fields in the direction of
the major radius, R, i.e. in the direction of lower magnetic field, their
energy is diminished due to conservation of the adiabatic invariant
p = mvl /B. Asit was argued in section 3.3. the longitudinal energy
also decreases when the jons are shifted along R. Thus when small-
scale electric fields are present, ions can diminish their energy, being
toroidally shifted. This energy loss is transferred to the fluctuations.
In other words, when the shift of ions along R is possible we have a
direct pumping of fluctuations by ions.

More detailed analysis of Chapter 9 shows that such a pumping
takes place when the island-chains fill all the plasma cross section
and are touching each other. Both ions and electrons are at the
margin of stochasticity in this case. Ions pump the noise and elec-
trons lead to their decay. As a result of a very delicate balance of
pumping and decay the self-organized configuration is maintained. It
has a broken magnetic symmetry: an initial azimuthally symmetric
configuration is filled with a huge number of helical filaments. This
pattern is very sensitive to external influence. That is why transport
in tokamak plasma is so sensitive to profile modifications and edge
plasma activity.

The picture described above predicts the energy-confinement time
dependence upon different parameters of plasma which is in qualita-
tive agreement with experiments. It gives in addition a clue to un-
derstanding many phenomena of tokamak plasma self-organization.

The scalings experimentally found are safe enough and allow the
prediction of plasma parameters for the experimental thermonuclear
reactor. For example, the ignition and D-T plasma burn is predicted
for ITER from the existing database with a sufficient degree of confi-
dence. However, to assess the ignition, some additional experiments
on plasma optimization at the ITER reactor itself would be needed.

The present status of high-temperature plasma magnetic confine-
ment in tokamaks is shown in figure 3.10. On the abscissa axis the
ion temperature at the centre of the plasma column T;(0) is plotted,
measured in keV, and on the ordinate axis the confinement parame-
ter ng(0)7£Ti(0) is plotted where ny4{0) is the deuteron density at the
centre of the plasma column, measured in 10?2 m~? and 7 is the en-
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ergy conﬁnement. time. The maximal value of this parameter equal
to 9 was reached in JET. The o7* value which is equal to the ratio
of the calFulated D-T reaction power ratio {when using D-T instead
of deuterxum) to the plasma heating power, reaches the value of the
order 01'” unity in JET. In TFTR this value is close to 0.5. Thus, thes
two fac_lhtles are close enough to ‘break-even’, Qpr+ ~ 1 whic’h w. .
preset in their design objectivas as a major goal. A reco’rd ion terff
perature v'a]ue. of ~ 30keV, i.e. twice as high as is required for the
D-T reaction ignition, was first reached in TFTR [29] and later on
in JET. The first experiments with DT fuel on JET have demon-
strated Q value of 0.15 with a reasonable projection to @ ~ 1 [160]
Se.zveral facilities are routinely working at multi-keV temperature-
;Nhltl; tt}l:e help of different additional heating methods. One may sa;
a]:mSt zofiicégl‘em of plasma heating and confinement in tokamaks is
When approaching a fusion reactor tWo new important physics

pI‘ l m m g . mp 5' n y' on-
()]le S emerge 1 urit (OIIthl a d Sl;ea,d State non lnductlwe

3.10 Edge Plasma

Ifnpunty control depends very strongly on the plasma-wall interac-
3(;; and edge plasma behaviour. This can be argued in the following
If the plasma ions are at rest, i.e. their avera i

loc1t;y is zero, then ions are confined by the electrgiidﬁgzcggi;o%gtvli
cpnmder again the simplest case of a homogeneous tempera.ture in-
S].de .the Plasma core. Then for the ion density we have a Boltzmann
distribution (54). For impurities the same law is valid but the ion
Fharge e has to be replaced by the Z value, the charge number of

ion, so that we have an equilibrium -

ne = 7.(0) (ny/ny(0))% . (59)

Here n, is.the density of impurities with charge number equal to
Z am_n'd ny is the hydrogen (or deuterium) density. We see that im-
purities have a tendency to be accumulated near the centre of the
tp}llasma,. The central yalue _nz(O) of impurity density depends upon
e tf)tal number of impurity ions. [f impurities are continuousl
supplied by the wall the impurity accumulation becomes dangero d
one for high-temperature plasma. serons
The prob!em is that impurities produce higher radiation losses
whlcl} are higher for larger Z-numbers, Radiation power is a &e-
creasing function of temperature so that radiation losses are larger
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Figure 3.10 Progress in tokamak parameters. (See also the
review paper [147].)

on the plasma periphery. This feature leafis to Fhe shrmklr.lg of Eihe
plasma column making it less stable. Thg impurities are quite unt}?—
sirable also from the point of view of fu'smn because they dllilute t e
hydrogen plasma. Each heavy ion .prov1des Z electrons so that aMelL
given plasma pressure each heavy ion replaces Z hydrogen ions.
this means that the fusion plasma has to be very clean. .
The medium- and high-Z impurities are r?leased fror_n the waks
due to sputtering: bombardment of walls by high energy ions .kn(.)c j
out atoms from the solid surface. The fre_shly release'd‘ atom is ionize
very close to the wall so that it has a high probab_llqy of returnmlgl
back to the wall. This process leads to redeP051t10n of the wa
material. The atoms which penetrate deeper into the plasma are
further ionized and their charge number incregses. Spme of the{n can
reach the hot plasma core. In a quiet plasma impurity accumulation
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at the centre could occur. But in fact a tokamak plasma is not
quiet at all, so that thermodynamic equilibrium (59) is not reached.
Outwardly directed diffusion flow Captures the impurity jons and
protects the plasma core from impurity accumulation,

Thus the most pleasant mode of plasma confinement is where some
slight turbulence is maintained in the plasma so that both hydrogen

itself. Experiments show that a high level of fluctuations is present
near the plasma edge. Some of the fluctuations have a quite irregular
feature, but others display a regular behaviour. For instance, so-
called edge localized modes (BLM) look like a series of spikes similar to
the saw-teeth of relaxation oscillations. Many complicated physical
phenomena take place in the edge plasma and the main objective
of the corresponding researches is to use all these phenomena in the
optimal way,

The most convenient tog] for impurity control is the poloidal di-
vertor, i.e. such a configuration which has open magnetic surfaces
outside the so-called separattix—the last closed magnetic surface
(see figure 3.6). The divertor configuration allows the plasma-wall

plasma and to screen plasma from the impurity influx. If the plasma,
density inside the divertor chamber is high enough, both these func-
tions can be realized. However, for a reactor plasma the matter is not
so simple and continues to be 2 focus of present plasma experiments.

In fusion D-T plasma it is hecessary to take care of the helium
exhaust: the ash of the fusion reactions has to be expelled from the

plasma in order not to poison it. This function can be laid again on
the divertor.

3.11 Current Drive

In most tokamak devices the plasma current is generated and main-
tained with the help of an inductive current drive. When the induc-
tive coils are used to change the magnetic flux inside the inductor
then an oppositely directed magnetic field flux between the inductor
and plasma appears. The variation of this flux with time entails the
appearance of an induced electric field directed along the toroidal
azimuth.

Each plasma electron is accelerated by this field according to the
equation of motion:
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meaa—:: = —eE — v.m,v. (60)

Here v is the longitudinal electron velocity anfi v, is the elec}11:ront—hloirll-
collision frequency. If the density of electrons is equal to n then the

current density j = —enw. '
According to the Maxwell equation

9B =-cVXE (61)
ot

the inductive electric field is caused by the magnetic field variation

ith time. )
WJLet us use again the cylindrical frame of refere'nce negl'ectn.ng th:ie
toroidal curvature of plasma column. The electric field is _dlrec.te
along the z-axis and the current density has the same direction.
Equation {60) can be expressed in the form

63_: + vJ = v.0E (62)

where ¢ = e?n/v,m, is the electric conductivity. On th_et lefltl-hnalgi
side of (62) the first term prevails when the current der;‘lm i/tch acgse
much faster than the collision frequenc:y. We cor.lslde;‘1 ;sl ef ase
where 0J /0t = v.cE. We express E in (61) w1t.h the help o
relation and take into account the Maxwell equation

J=‘vxn (63)
i

where we have neglected the term with the time deriv_ative Iof‘the'
electric field. Now we can transform (61) into the following relation:

9B __cm O o vun (64)
ot dme?n Ot

If we assume that n = constant and use the relation V- B = 0, we
can rewrite {64) in the form

B
Ty (65)

= i lisionless skin layer thick-

e A? = ¢2/w?, = ¢?m.[4me’n is the col ‘
:'lvehsiror Londoi ength and w,, is the plasma Langmuir frf:q.uenc%r.
Relation (65) is well-known in the theory of superconductnwty}.1 At
shows that magnetic field penetrates into plasma only to a depth A.
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Indeed, according to (65) the poloidal component of magnetic field
looks like B,(t) exp{~z/A), where r is the distance from the plasma
edge and B, () is a given poloidal field value at the plasma bound-
ary. The value of A is very small. For instance, at n — 10 ¢m -3
A >~ 0.05 cm. As for the value of the collision frequency, v, = e/ e
it can be estimated with the help of (15) taking into account that Ae
and A; are of the same order of magnitude. At n = 10™¢m-3 and
T = 10keV the value of Ve is of the order of ~ 5 X 10%s-!, This is
a very high value so that for slow current rise and time variations it
is more appropriate to drop the first term on the right-hand side of

relation (62). In this case we have simply J = ¢ E and relation (61)
takes the form

JB c?
W:“VX(RVXB), (66)

When the poloida) magnetic field has a B, component anly, relation
(66) can be written as

aBg 8 02 1 6
ot or (47r 7 BrrBa) (67)
while the J value is equal to J = (c/41r)(1/r)(6/8r) (rB,). If the
poloidal field B, = By(r = a) is held to be constant at the plasma
boundary the current density relaxes to the value J = o F valye at
E = constant. As we know, & is proportional to T3/2 since A, is pro-
portional to 72, so that the steady state current density as a function
of the minor radius r looks like T2/2. The electron temperature s
bell-shaped and the same is true for the J(r) distribution.

The rate of current density relaxation js described by equation
{67) from which we can estimate the skin-time valye

Ts & a2/4Ds (68)

where Dy = ¢? /470 is the magnetic field diffusion coefficient, We see
that

T, =~ ma’nryr, (69)

where 7, = 17! js the average collision time and r, = e?/mee? is the
so-called classical radius of the electron. We see that (69) contains
the dimensionless parameter ma’nry which is called ‘the electron line
density’. We shall use the parameter IT = a®/A? = 4rna?r, instead
of ‘electron line density’. The II parameter shows how large the
plasma. size is compared with the collisionless skin-layer depth.
Now let us estimate the skin time for the plasma with n =
101 em=3, 70 = 10keV, and a = 100 cm. We find that 7a’nr; ~ 108,
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7o = v ~ 2x 107 so that 7, ~ 200s. We see that this value is
almost two orders of magnitude larger than the energy confinement
time needed for a thermonuclear reactor.

Let us represent the equation (61) for the poloidal magnetic fleld
component By in the form of a continuity equation

OB, 0 3
W+E(VEBB)—O (70)

where Vg = c¢E/B, is the electric drift in the poloidal magnetic
field. This drift velocity is sometimes called Ware-pinching. If the
longitudinal magnetic field were absent, each charged particle would
be drifting just with this velocity.

Equation (70) can be considered as a continuous flow of poloidal
magnetic field lines towards the centre of the plasma column. When
E = constant, the flux Vg B, of the magnetic field lines is also con-
stant. The change of total poloidal magnetic flux P = fﬂa Bydr, as
we see from relation (70), is balanced by the influx of magnetic field
lines through the plasma boundary Vg B, = ~cE(r = a). Meanwhile
the magnetic line loops disappear at the centre. In the steady state
it is necessary to maintain the constant influx of lines to prevent
the current decay by the tightening of magnetic line loops. In other
words, we have to supply the new magnetic loops between the plasma
and inductor. To do this it is necessary to increase the magnetic flux
inside the inductor. But this flux is limited by the maximum value
of the inductor magnetic field due to stress limitation.

Thus the inductive current drive can maintain the plasma current
for a restricted period of time only. Afterwards a new discharge pulse
can be produced. The pulse mode operation is not appropriate for
future fusion reactors. That is why the different schemes of non-
inductive current drive attract attention of many researches.

The hope of adapting non-inductive current-drive schemes is based
on two circumstances. The first is the very low electric resistivity
of plasma leading to very large skin-time value and the second is
the very low electron-current velocity J/en as compared with the
sound velocity. Both of these facts mean that small deviations from
thermodynamical equilibrium can lead to various driving forces.

One of these forces is produced by the plasma pressure gradient.
It is called ‘bootstrap current’ and will be explained in more detail in
Chapter 10. Its physics is based on the existence of so-called trapped
particles. These particles with very small longitudinal component
of velocity are oscillating between the magnetic mirrors near the
minimum magnetic field value at given magnetic surfaces, i.e. near
the outer circumference of the torus. The trapped particles are not
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confined by the toroidal magnetic field and their toroidal expulsion
s balanced by their drift along the toroidal azimuth. The current
produced by such toroidal drift is diamagnetic, being directed in the
same direction as that induced by ohmic current drive.

Another, more active, approach is based op the shaping of the
elef_:tron distribution function with the help of external tools, Such
an influence can change the electron equation of motion (62) in favour
of relaxation to the state with o # 0. Thus this mechanism can be
really considered as a driving force generation.

For the current drive different additional heating tools may be
used. The non-inductjve current drive [op may be represented as:

ICD = 7CDP/(ne)R (71)

where (n.) is the mean volume electron density measured in 1020 -3,
K is the major radius measured in metres, and P is the power in

ohmic current on density is a common unfavourable feature of al
the current drive schemes.

The physical reason for such a dependence is quite clear. The
current carrying electrons have an angular momentum which is pro-
portional to the product IR. This momentum is damped by collj-
sions with the main bulk plasma being at rest. Just to restore this
momenlfum an external power supply is needed. As the collision fre-
quency is proportional to the plasma density the momentum balance
leads to an expression similar to (71). The efficiency ycp may have a
favm.arable .dependence on electron temperature for such schemes of
non-inductive current drive when the thermal electrons in addition
to beams participate in the current carrying.

The best results on current drive were obtained in the Japanese
tokama'k JT-60, where Icp = 2 MA was maintained using electro-
magnetic waves at the lower hybrid resonance. The current drive
efficiency has been raised up to the value of yop = 0.34 at a moder-
ate density [30].

For current drive at higher densities some other schemes could
be used: neutral injection, electromagnetic waves at ion-cyclotron
and electron-cyclotron resonances. Some of these have already been
tried, and others are being developed.

Thus, tokamak experiments are performed at a very sophisticated

level. The possibility of plasma heating up to temperatures of the
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Table 3.1 Main ITER parameters developed
during the conceptual design.

Major plasma radius R=60m
Plasma half-width a=215m
Elongation bla=2
Toroidal field By =485T
Nominal plasma current I =22MA

D-T reaction power

Py = 1000 MW

physics is based on many advanced technologies: magnetic systems,
including superconducting ones, plasma heating systems, control sys-
tems etc. A well-developed theoretical basis and many numerical
models permit the description of a variety of complex non-linear
phenomena in a high-temperature tokamak plasma.

3.12 Tokamak Reactor

The present level of fusion research is sufficient for realization of
plasma burning and construction of an experimental fusion reactor.
There are several designs for studying D-T reaction burning as well
as several experimental reactor designs. The most thoroughly devel-
oped design of the experimental reactor is the International Ther-
monuclear Experimental Reactor (ITER) [149,150]. A diagram of
the ITER scheme is shown in figure 3.11.

ITER represents a large complex engineering structure. Its pa-
rameters were chosen to provide a thermonuclear reaction burn in
the first phase of ITER operation and a steady-state operation by
means of non-inductive current drive as a final goal.

The major ITER technical objective is to obtain all technical infor-
mation for the subsequent construction of DEMO— the first power
thermonuclear reactor.

ITER is an experimental reactor but it has all the systems of a
future power reactor so that figure 3.11 can be used to get the first
impression of the main features of a future fusion power reactor with
magnetic coenfinement of plasma.

We see that the toroidal plasma is placed in a big toroidal vacuum
chamber. Plasma has an elongated shape with separatrix separating
the closed magnetic surfaces from the open ones. The divertor con-
figuration is foreseen to accomplish the impurity control and to solve
the problem of helium ash exhaust. Future power reactors will have
a steady-state mode of operation. ITER will operate in the long-
pulse mode having the steady-state operation as a goal. Heating of
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Figure 3.11 ITER elevation view: 1—inductor; 2—blan-
ket; 3-—plasma; 4—vessel; 5-—plasma exhaust (gas-pumping);
6—cryostat; T—active control coils; 8—toroida! field coils;
9—first wall; 10—divertor plates; 11—poloidal field coils [149].

the plasma and non-inductive current drive are achieved with the
help of a multi-function heating and current drive system. The first
option is based on 1.3 MeV negative-ion neutral beams working to-
gether with lower hybrid and electron cyclotron resonance schemes.
The second option uses jon cyclotron heating. The current-drive
systems will be used to study very long pulses and steady-state dis-
charges. The plasma will be continuously refreshed with the help of
D-T pellets—tiny grains of frozen hydrogen accompanied by pump-
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ing of gas, i.e. the product of the electron-ion recombination on the
ivertor plates.

@ Systen}l)s of toroidal field coils and poloidal field coils are used
for plasma confinement. The goal of achieving extende_d burp (ul-
timately, steady-state) dictates the use of superconductmg-cm.l sys-
tems. As we see, the toroidal and poloidal systems are not ].mlfed
with each other: all the large poloidal field coils are placed outside
the toroidal field coils. All the coils have a common cryostat.

The burning plasma is surrounded by an integrateq structure of
blanket and shield. Tritium needed for the D-T reactions cou}d_ be
produced by the fusion reactor itself. For this_pqrpose, a tritium
breeding blanket can be used which contains lithium compm}nds.
The nuclear reactions of fusion neutrons with the lithium nuclei can
generate tritium with a breeding ratio greater than gnity, if the chem-
ical composition of the blanket is appropriately a,dJustE'Ed. '

The ITER programme has three major resear.c.h objectives. The
first objective is to demonstrate controlled igm.tlon and ext?nded
burn in a.D-T plasma with steady-state operation as an ultlma.te
goal. The second objective is to demonstrate technolo.gles essential
for a reactor in an integrated system. The third goal is to perfgrm
integrated testing of the high heat flux nuclear components regmred
in the practical utilization of fusion power. ITER has to provide all
the technical information needed for development of DEMO—the
first fusion power reactor.

T 1 o s . e T b

4 Plasma Equilibrium

If tokamak plasma parameters are within the stability region, plasma,
reaches an equilibrium when the pressure gradient is balanced by the
ampere force;

Vp=J x Bfec. (72)
Here J is the current density, B is the magnetic field vector, the
cross denotes the vector product and ¢ is the velocity of light. case
units are used here. Using mks units and measuring the current in
MA, the value of ¢ should be replaced by 10, Multiplying (72) by B
and J we obtain:

B .Vp=0 J -Vp=0. (73)

These relations may be considered as a statement that the pressure is
constant along the magnetic field lines and current lines: the ampere
force does not act in these directions. Relations (73) also mean that
the magnetic field lines and current lines are located on the surfaces
p = constant, these surfaces are the magnetic surfaces. In a tokamak
with quiet plasma the magnetic surfaces are toroidal and nested.
When the minor radius tends to zero the torus shrinks into a line
which is called the magnetic axis. All the magnetic surfaces embrace
this axis.

If the aspect ratio (R/a) is high enough the equilibrium along
the minor and the major radii can be considered separately. When
considering the equilibrium along the minor radius one may neglect
the plasma column curvature. This means that /R — 0, and, for
circular cross section, the magnetic surfaces can be considered as
circular cylinders, + = constant. The equilibrium condition will be

as follows: q 4 /B2 B 4
LA (Br), By d (rBy\ _
dr+dr (81r>+ T dr(41r)_0' (74)

The toroidal magnetic field in a tokamak is strong enough and
therefore it slightly differs from the initial vacaum value, Let

57
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Br = B} + ABr where B} = constant and ABr is sm.all. Retaining
the linear terms only we can replace (74) by the relation

By

d d d ~
ar=L 4 By T(ABr) + =" —(rBy) =0. (75)

dr
Equilibrium condition (75) relates _three functions p, B"a, Bt so tha;
it may be interpreted as an equation for ABr at a given ﬁ(r) ant
By(r). In other words, equilibrium along the minor radius does not
impose any constraints on the proﬁl.es of pressure and of. curren
density as functions of the minor radius. Lfet Z_k@i be the dlﬂ'ert?nce
in magnetic flux in the plasma compared with its vacuum value:

A, :/ 27rABrdr. (76)
IR Q0
N b

Let us multiply (75) by \lr’cﬂ and integrate the result over the col-
umn region, i.e. from zero up to r = a. The first component, after
integration by parts, gives 87{p)a?, where the ar_lgle brackets de-
note a volume average. The third component gives the va_ulue of
a’B}(a) = 4a%I%¢=2. The second component, after integration by
parts, gives the following expression:

B; [QaQABT(a) ——/ 41'ABTdr] .
0

Let r. be the radius of the magretic field toroidal cc_»ils. .Since the
longitudinal magnetic field beyond the p}a,sma colu:pn is uniform, the
value of Br(r) remains the same in a circle of radius 7, & < r < r..
Therefore, the total longitudinal flux change is

A® = A®; + 7(r? — a®) ABy(a). (77)

We assume that A® = 0 since flux is fixed by thg toroidal magnetic
field coils. Then (77) allows us to express ABr in terms of A®,, so
that the result of integration of {75) may be written as:

CBYA®, = I*/c* - 2n(p) (78)

where the constant C = r2B%/2ma®(r? - a?). The value of the
longitudinal flux change is easily measured experimentally. Thus,
expression (78} allows us to measure a volpme. average of plasma
pressure. As we can see from (78), the ]ong‘ltu_dmal current creates
paramagnetism—strengthening of the flux 1ns!de plasma wh‘lle the
plasma pressure leads to diamagnetism. That is why measuring {p)
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with the help of the value of A®, actually means using a diamagnetic
signal.

Let us also note another feature which is important for the under-
standing of tokamak physics. The value of the longitudinal magnetic

field energy change in a linear approximation with respect to ABr
is equal to:

" BOAB BY
Abr = [ T—Torrdr=2Tag . (79)
0 4 4r

As the total magnetic flux is constant, the toroidal magnetic energy
Is constant too. This statement has a much broader meaning: at any
changes of pressure and of the poloidal field in tokamaks the strong
toroida! magnetic field plays the role of an external constraint and
energetically is not involved in these processes.

Let us now consider the equilibrium along the major radius. For

the column as a whole, the equilibrium is determined by (5) which
can be written as: >

By +0.5L = 2B, R/B,a. (80)

Here g, = 87(p)/BE, I is the internal inductance, B, = By(a) is
the poloidal field at the plasma boundary and B, is the vertical
equilibrium field.

Equation (80) could also be used for the internal magnetic sur-
faces if it were modified appropriately. Indeed, let us consider some
internal torus of minor radius r {see figure 4.1(a)). This torus is
affected by a force F, which pushes it along the major radius (see
formula (31)). However, similar to the Archimedes force applied to
an object immersed in a liquid, the upward force is determined by
the excess pressure compared with the pressure p(r) at the point r.
Thus, for the torus of radius r instead of {31) we have

F,=(p-p)2rr¥/R (81)

where p(r) = -2 Js 2prdr is the mean value of pressure inside radius
7. Thus, for the internal torus under Bp in (80) one should assume the
value 8, = 8x(p — p)/B2(r). Here [, is the internal inductance: /, =
2¢%€,/I?, where &, is the energy of the poloidal magnetic field equal
to {B})ra*/8x. Therefore, I, for the whole column may be written
as (Bg)/BZ.. For the internal torus of radius 7, l; in equation (80)
should be replaced by BZ/B?, where the bar again marks averaging
over the internal torus.

Let us remember that to assure equilibrium for the whole column
a vertical field B, is needed. This increases the poloidal field on the
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-

Figure 4.1 Relationship between magnetic surface dis-
placement and an effective vertical equilibrium field B..
Radially dependent displacement (r) of magnetic surfaces
leads to the change (a) of the poloidal magnetic field:
§BL = BiA'(r)cos8. Tt is equivalent to the superimposition
of an additional vacuum field {(b). The equivalent vertical mag-
netic field B, far from the surface is half that at points A and
C..

B,
— " 1>__ C
\ A . A
|

ta) (o)

outer plasma contour and decreases it at the inner one. Similarly
the internal torus should be ‘supported’ by the outer poloidal field.
In other words the torus is shifted along the major radius in order
to amplify the poloidal field on its outer contour and to reduce the
poloidal field at the inner one. This radial displacement of magnetic
surfaces is called the Shafranov shift. Let us denote the magnetic
surface displacement by A(r). For the radial force to appear di-
rected towards the symmetry axis, the displacement of the internal
surfaces should be larger than that of the external ones, as seen in
figure 4.1{a). At a slight displacement the distance between adja-
cent surfaces, initially equal to dr, becomes dr — A’dr at point A
and dr 4+ A’dr at point C, where A’ = dA/dr. The field at point A
decreases and becomes equal to By(1+ A’), while the value of field at
point B increases to By(1 — A’), where By is the initial unperturbed
poloidal field. Thus, at the points A and C a vertical field A’B; is
produced. Now we have to find the equivalent equilibrium field B,,
i.e. the additional vacuum field perturbation outside of the column
of radius r. The appropriate additional vacuum field is shown in
figure 4.1(b).

This field controls the radial position. The position control field is
considered as a superposition of the homogeneous magnetic field B,
and the field of a magnetic dipole placed at the centre of the shaded
circle in figure 4.1(5). The magnetic dipole value is adjusted in such
a way that the magnetic lines of the additional field do not intersect
the circle contour. It is easy to see that the additional field strength
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at the points A and C is twice the homogeneous control field B, far
from the circle. Thus we can put B, = —3A'B,.

Sul?stituting all the calculated values into the radial equilibrium
equation (80) which is related now to the torus of radius T, we obtain
an equation for the displacement A’

I r Sﬂ(ﬁ—p) Bz
A= =2 F o Py
R { gr ot 233}' (82)

As is seen, displacement A’ grows with 3, and may reach a valve of
the order of @ when 8, ~ R/a.

In a tight torus the aspect ratio cannot be considered as a very
high value. Therefore, a separate consideration of the equilibrium
along minor and major radii is not valid, but the vector equation
(72} due to axial symmetry may be transformed to a simpler scalar
Grad-Shafranov equation.

To derive this equation, we can use a cylindrical system of coor-
dinates R, ¢ and z. Let B, be the toroidal magnetic field, which is
equal to 27,/cR in cosk units, where I, is the total current flowing
through a horizontal plane stretched on the circle of radius B. The
current I, is constant on the magnetic surface. Furthermaore, the
poloidal magnetic field divergence is equal to zero: ,

0
ROR

9B,

(RBgr) + 5. =

0. (83)

Therefore, the poloidal magnetic field may be expressed using the
poloidal magnetic flux

1 0¥ 1 8¢
By = —=2=C = __7
"=Ra: P =mar (84)
As we see, BV = {, i.e. the function ¥ is constant on a mag-
netic su'rface. Consequently, the current I, may be considered as
a function of ¢. By using (84), the azimuthal current density
J = (e/4m)V X B can be expressed via

c

Jo= oA (85)

where the operator A* is defined by A* = R(/OR)(1/R)(d/OR) +
(8°/02%). Since the plasma pressure is also constant on a magnetic

surfa'ce and may also be considered as a function of 1), the pressure
gradient Vp = p’'V4, where p" = dp/dy. Now we can project the
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{a) (&) lc)

Figure 4.2  Divertor configurations: {a) double null, (4) sin-
gle null, (¢} semi-double nuli.

vector equation (72) on the direction of V1 and obtain the Grad-
Shafranov equation:

4
AY +4x R + S LI, = 0. (86)

A prime here means differentiation with respect to ¥. This equation
is convenient for numerical calculations of equilibrium configurations
with arbitrary plasma shapes.

Equation (86) contains a large quantity I, related to the toroidal
magnetic field. It is not difficult to observe that the equilibrium
does not depend on the absolute value of the toroidal field: if I,
increases, the derivative I/, automatically decreases and the equation
is unchanged for given (/2)'. The equilibrium toroidal magnetic field
may be changed in the broad range consistent with the condition
2 >0.

From the point of view of reactor applications divertor configu-
rations are most important. Figure 4.2(a) shows schematically the
tokamak magnetic-surface cross section for the case of a double-null
divertor, and figure 4.2(b} for a single-null one. The latter is in fact
an internal part of a more general divertor configuration (see fig-
ure 4.2(c)) which is called a semi-double-null divertor. When the
vertical asymmetry is reduced, the semi-double-null divertor con-
figuration tends to a double-null one. If the separatrix is ‘pressed’
towards the internal contour, a D-configuration is formed which, in
addition to the elongation K = b/a > 1, also possesses a triangular-
ity. The triangularity value 6 is determined as shown in figure 4.3.

Due to cross field diffusion, mMup-equilibria described by (72) re-
semble, in fact, a slow flow of plasma towards the walls. The convec-
tion velocity is many orders of magnitude less than the particle mean
thermal velocity. The closer to the plasma edge, i.e. the less the den-
sity of particles, the higher is the convection velocity. It reaches a
particularly high value in the vicinity of the limiter, which restricts
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Figure 4.4 Scrape-offl layer (soL).

the plasma column. Asis shown in figure 4.4, a layer is formed here,
which rests on the edge of the limiter and is called the scrape-off
layer (sor). The particles which enter into the soL are swept towards
the limiter with velocities close to thermal. Since the cross-field con-
vection velocity of the magnetized plasma is very low compared with
the sonic velocity, soL is very shallow.




5 Plasma Stability

From the practical point of view any equilibrium is real only when it
is stable. An unstable equilibrium is just an abstract idealization: if
slight deviations from the equilibrium start to grow then the equilib-
rium will not exist for a long time. Since the plasma is a very mobile
medium with an enormous number of collective degrees of freedom,
numerous instabilities are inherent. They have been studied and
classified in detail. One should clearly understand that all those in-
stabilities, although they have a common source, i.e. a strong thermal
non-equilibrium of high-temperature plasma, are rather different.
Global instabilities related to large-scale plasma perturbations are
most dangerous. They are usually called mup-instabilities, because
for their description one may use the magnetohydrodynamic approx-
imation or, to be more precise, gaseous dynamics for compressible
plasma.

MHD-instabilities may lead to complete plasma collapse. If they
are eliminated, then microscopic instabilities of slower growth may
develop. One may live with them since they do not lead to plasma
collapse but only enhance transport fluxes, i.e. diffusion and thermal
conductivity. In this case the plasma equilibrium can be maintained
only on average: in spite of macroscopic Mup-stability various phe-
nomena of a collective nature may occur in plasma. They are, as a
rule, very erratic and related to chaotic turbulent processes. Never-
theless, the study of instabilities even in a linear approximation is of
great interest. In respect of large-scale perturbations, plasma should
be stable while the studies of micro-instabilities could be a first step
to the understanding of non-linear noise and turbulence.

It is reasonable to start the analysis of instabilities with large-scale
mup-modes. Tokamak plasma has two origins of instabilities, i.e. two
energy sources for excitation of oscillations: the magnetic energy of
plasma current and plasma thermal energy. At high pressures they
start to interact with each other but at low pressure they can be
studied separately. The poloidal field magnetic energy excites the
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Figure 5.1 Helical perturbation of the tokamak plasma con-
sidered as a cylindrical column of length 2R with identical ends:
(a) initial start; (b) perturbation of the m = 3 mode.

helical instabilities, while the thermal energy excites the flute and
ballooning modes.

5.1 Kink Instability

Tokamak plasma kink instability is the most strong and dangerous.
To understand its physical nature many simplifications can be used
(although to describe plasma of non-circular cross section precisely,
a numerical analysis should be done).

Instead of a toroidal column we will analyse a straight cylinder
of length L = 27 R with identified ends (see figure 5.1{a)). We
will use a cylindrical system of coordinates r, 8 and z, where the
vertical z coordinate replaces Ry in the previously used coordinate
system (figure 3.7). Alongside the new 2 coordinate we will also
use a @ coordinate. Let us superimpose a small perturbation on the
cylindrical column. The perturbation should be periodic in the 4,
@ angles, so that it must represent a sum of harmonics of the form
exp(im# — iny), where n and m are integer numbers. Let us call this
perturbation the m/n mode. The m-number specifies the ‘entry’ of
a helical perturbation. For example, when m = 3 we obtain a ‘three-
thread entry’ screw (figure 5.1()). When m = 1 the column winds
along the screw together with the magnetic axis.

The non-perturbed magnetic lines (figure 5.1(a)) are helical, so
that a question naturally arises: how is the helical symmetry of
magnetic lines related to helical perturbations? The magnetic lines
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have df = g¢~'de, i.e. they correspond to the relation ¢ — ¢ =
constant. It follows that at the point where

g=m/n (87)

the magnetic line pitch coincides with the helical pertur.b‘ation pitch.
In general ¢ is a function of the radius 7, so that condition (87) be-
comes valid at some point 7 = r,. This point is called a resonance
point, and the corresponding magnetic surface is also ‘called a reso-
nance, or rational point, since ¢ is expressed as a rathnal fre.Lct}on
(87). The r, resonance point may be located either outside or inside
the plasma column. It turns out, that these two cases differ st'rongly.
The kink instability refers to a case when ry > a. If r, < a, ie. the
resonamnce point is inside the plasma then such instability is called a
tearing instability, or a tearing mode.

The kink instability was studied in detail by Shafranov 7] at the
initial stage of tokamak investigations and later on it was scrupu-
lously analysed (including the non-circular plasma) by means of nu-
merical simulations.

5.1.1 Reduced mno Equations .
Theoretical description of kink modes can be perforrped with the
help of the magnetohydrodynamic equations. Eor an ideal plasma,
i.e. neglecting dissipative processes, these equations are:

dv 1
M 4 Vp=_-jxB (88)
e d¢ tve ?
i=—V xB (89)
4r
divB =0 (90}
9B =VxwvxB (91)
ot
%7.} + div(nv) = 0. (92)

The equations are written in the cgse-system, using standard nota-
tion.

It turns out, that for a tokamak these equations may be simpl‘i-
fied, using the fact that the longitudinal component of the magnetic
field B, = By strongly exceeds the transverse component Bi.~ th_e
field in r ~ @ plane. From the point of view of physics this simpli-
fication consists of excluding fast magnetosonic waves which cannot
be excited by natural plasma motjon.
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The reduced equations were first proposed by Pogutse and my-
self in 1973 [31]. Later they were used by Rosenbluth and his co-
authors [32,33], by Strauss [34] and other authors. These equations
are called the reduced mup equations. In some Russian papers they
are known as the Kadomtsev—Pogutse equations while in papers by
American authors, as the Strauss-equations. Later on various correc-
tions of a higher order were introduced in the simplified equations,
but still, the most clear qualitative picture of helical plasma flows,
including non-linear ones, is obtained with the help of the simplest
zero-approximation in the B1' expansion. The idea of simplifica-
tion is the assumption that the strong longitudinal field B, = Bris
considered as constant, and plasma is allowed to move only in the
transverse direction, so that v, = 0. Under these assumptions the z
component of equation {91) reduces to the following statement:

dive, =0 (93)
and equation (90) takes a simple form

divB, = 0. (94)
Making a natural assumption, that all the values change slowly along
the z axis, ie. /82 ~ (BL/Br)V,, one may carry out a strict

expansion of the initial equations in inverse powers of B, Then
equations (88) and (91) are simplified to the form

dv 1 )
mina +V,P= E(B -V)B, (95)
0B, )
3 —Vx(vaJ_)+BTb; (96)

where P is the sum of the plasma and magnetic field pressures, and
B -V =Br-V,+ B, -V,. The equations (93)-(96) are called the
reduced MHD equations,

They may be simplified even further if we assume that n = ny =
constant across the plasma column. With such an assumption we
are losing some detail of plasma column evolution with time, but
all the energetic part, which is essential for instability build-up and
evolution of non-linear flow, is conserved.

According to {93) and (94) one can introduce two scalar functions
x and

vy =e, Xx Vy B, =€, xVy (97)

where e, is a unit vector along the vertical axis. With this new
notation, equations (95) and (96) are reduced to two scalar equations
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dlr 1 .
ming‘g = E(B 'V)] (98)
dy 0Ox 99)
4 Ba dz’ (

Here d/dt = 8/0t+v, V,, T is the vortex density: T' = (VX v, ), =
Ay x and j is the longitudinal current density

c
= — . 100
J 4IAJ.¢ ( )

The scalar equations (98) and (99) are sometimes called the Strauss
equations.

5.1.2 Linear Approzimation

To study the kink instability, equations {98) and '(99) should be
linearized. In the linear approximation for perturbations of the form
(—iwt + imf — inyp), they take the form

. B = mo, -
wmingA, ¥ = —#(m —nA P+ ;;] ¥ (101)
wb = ~2m — ng)x (102)
r

where small perturbation values are marked with a ~ sign and ¢ =
RBy/rBr and j' = dj/dr. o

The case of a uniform distribution of current density, j = constant,
g = constant is especially simple. Eliminating y , we find

{w? —wi(m-ng)’}Ay =0 (103)

where the notation w% = BZ/4wmin,r® has been introduced. We
have two passible solutions. With

w? = wi{m — ng)? (104)

the value of A; 1 may be arbitrary. These are the well-_known A]fven
waves. If w? is not equal to (104), then A v = 0, which ent.alls the
plasma boundary perturbation. We will consider this case in more

detail.
Suppose that the plasma column is not surrounded by a conduct-

ing shell. Then we have:

; {J},,(T/a)’“ atr < a (105)

- Yala/r)™ atr>a
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The x function looks similar. We see that the 1 derivative has a
discontinuity at the boundary:

1 do

Al = 1dy _1dy
3 dr

= ;/J:F = -2m/r. (106)

a+0 a~0

The discontinuity of the derivative of the perturbed magnetic flux
implies the existence of a surface current, which affects the plasma
owing to its interaction with the poloidal field.

In order to find another matching condition, one should integrate
equation (101) over the narrow interval, which includes the point
r = a. Going back to the derivation of (98) from (95) one can see
that one derivative on r should be placed outside density n(r). That
is why the equation (101) can be easily integrated over r between
a-0and a4 0:

B,m
27a?

m o - m_ -
—wminga—xa = (m — ng)y, - E;Bpw,, (107)
where B, = By(r = a).

Eliminating x, from (107) by means of {102) we obtain a disper-
sion equation:

¥? = ~2(m - ng)(m - 1 - ng) (108)
where ¥2 = —2w?/w? is the normalized growth rate of kink pertur-
bations.

The upper row of figure 5.2(a) shows the dependence of growth
rate upon ng at different values of m. As we see, for any ng there
exists some m that corresponds to instability.

This unfavourable conclusion is the consequence of the simplified
assumption that j, = constant. If the current is non-uniform and,
moreover, a conducting shell is present, the situation changes for the
better as is shown in the lower part of figure 5.2(b). In other words,
there appear windows of stability in which tokamak should operate.
These windows are present only at > 1.

In the presence of toroidicity, neighbouring m modes are linked to
each other, but the possibility of a stable state is preserved. Thus,
the kink instability does not prevent stable plasma confinement, how-
ever, it has a chance to destroy plasma instantly when it is treated
carelessly.

5.1.8 Magnetic Bubbles

The physics of kink instability can be more easily understcod by
considering its non-linear phase, which extends beyond the linear ap-
proximation. To do so, it is sufficient to consider a class of non-linear
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Figure 5.2 Growth rates of ideal mup kink modes for differ-
ent current density profiles: (a) homogeneous current density
distribution; {b) natural current profile with decreased current
density near the walls.

flows with helical symmetry when all the variables are _function's of
t, r, # — np/m. Thus, the derivative with respect to z in equations
{(95) and (96) can be replaced by —(n/mR)d/88. It is convenient to
introduce an auxiliary magnetic field

Bl =B, — %Tea {109)
where e is a unit vector along the minor azimuth. Equations (95)
and (96) convert to a compact form in which B, is SJmp!y replaced
by B}, and the second component on !:he right-hand S{de of (96)
disappears. Thus, we obtain truly two-dimensional equations: flows
in each plane simply repeat each other rotating at an angle of A8 =
(n/m)Ay when ¢ changes along the z axis.

The simplest one is the case when the ¢ value is constant over th_e
cross section and is equal to m/n. Hence, By = rnBr/mR in this
case so that the auxiliary field (109) is equal to zero and will remain
zero. That is why magnetic field does not generate internal forces
imposed on plasma: plasma motion consists of compress.ionless ﬂ.ute»
type displacements which are constant along the magnetic force lines.
It is clear that in this case work can be produced by the external
magnetic field only. It is easy to see that the external magnetic field
may form a flute on the plasma boundary and then penetrate into
plasma as a bubble (figure 5.3). _ .

In the linear approximation according to (108) we have no mst.abll-
ity: growth rate is equal to zero at m — ng = 0. However, non-linear
perturbation may grow in time.
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Figure 5.3 Non-linear kink instability and helical bubble in-
Jection into plasma.

The magnetic lines inside the bubble being helical initially,
straighten up at later stages of plasma deformation. This means
that generally this process is favourable from the energetic point of
view. When the bubble is large enough, it may capture the whole
poloidal magnetic field from the external region between plasma and
the shell: for an external observer the plasma current will disappear.
In fact it is cancelled out by the surface current in the opposite direc-
tion on the plasma edge. The helical vacuum ‘snake’ of figure 5.3 is
free of current but its magnetic field has helical magnetic lines: the
poloidal field is produced by the bulk plasma outside the bubble. In
the reduced-mup approximation the ‘snake’ has neutral equilibrium:
any positions of figure 5.3(¢,d) are energetically equivalent. While
straightening the helical bubble from figure 5.3(c) to (d}, the mag-
netic field energy inside the ‘snake’ diminishes but the distortion of
expelled lines leads to an increase of energy. Thus the net effect
results in marginal stability behaviour.

It means that the energy of plasma with a ‘snake’ can be calculated
with the help of the axially symmetrical state of figure 5.3(c). We can
compare this energy with initial one without a helical perturbation.
If the final energy is less than the initial one the ‘snake’ formation
is energetically favourable.

For the case ¢(r) = m/n = constant over the plasma column
the helical bubble has m-order symmetry and looks like m small
circles in each cross section. The initial distribution of the poloidal
magnetic field is given in figure 5.4(a). When the bubbles merge
in a single cavity at the plasma centre a tubular configuration is
produced with the poloidal field distribution of figure 5.4(b). The
new plasma radius a, is somewhat larger so that a2 = a2 + ré, where
7o is the radius of a single bubble. Magnetic field inside the plasma
increases in the region a < r < a, but the external magnetic field
decreases. To find the new external field value and the new plasma
current we can proceed in the following way.




72 Tokamak Plasma: A Complex Physical System

8, ‘l 84 ‘}

B |— — — —, Ba |— —

e
|
I
a

tat [b)

Figure 5.4 Poloidal magnetic field distribution in the initial
state (a) and in the final state (b) with a single cylindrical
bubble.

Let us consider a cylindrical plasma column of length L = 2r Rm.
In such a column each of the m bubbles before their coalescence
experiences n rotations along the minor azimuth and has identical
ends, so that it can be considered as closed. If we stretch a helical
membrane between the plasma edge and a conductive shell then this
membrane will have the same helical symmetry as the plasma itself.
The total magnetic flux through this membrane is conserved during
the helical deformation of plasma because the tangential component
of electric field is equal to zero both on plasma and conductive shell
boundaries. With the help of this constraining condition it is not
difficult to find the value of the external poloidal field and its energy.
It turns out that the vacuum magnetic energy decrease is larger than
the energy increase inside the plasma, which means that the bubble
formation is energetically favourable.

The simple picture described above corresponds to the case when
q = constant throughout the plasma. In fact the ¢(r) safety factor
is a function of the minor radius. Thus it takes the rational values
g = m/n at some discrete singular points. Near these points helical
perturbations can develop. Such perturbations look like ‘snakes’
if the bubble-type entity is filled with cold plasma. Such a type
of ‘snake’ was discovered on the JET device after pellet injection
[37]. Figure 5.5 demonstrates this phenomenon which lasted for a
considerable time.

Bubble formation is the simplest idealized model of a disruptive
instability, i.e. a total current termination produced by helical mode
disruption. The real process of disruption is accompanied by plasma
turbulent oscillations, but its final state looks like a complete con-
version of poloidal magnetic field energy into plasma kinetic energy
and the latter is eventually transferred to the walls.

Plasma Stability 73

Flux (waH/cmz)

Figure 5.5 Soft x-tay (vertical camera, 140 um thick Be fil-
ter) around the time of pellet injection showing the initial peak
from ablation and the subsequent ‘snake’ oscillations [37].

5.2 Tearing Instability

If the rational point ¢(r,) = m/n is inside the plasma, then the
_so-ca]led tearing instability may develop. If the plasma resistivity
Is not zero the tearing-instability leads to the break-up of magnetic
surfaces. That is the reason why this is called a tearing instability,

A tearing mode is slow: the magnetic-surface break-up is produced
'by reconnection of magnetic lines due to the plasma resistivity. That
is why it is much slower compared with the ideal MHD modes,

Since this process is slow, it may be described by an equilibrium
equation of type (95) or (98). Let us again introduce an auxiliary
field B* and corresponding flux * by formulae similar to (97). Then
the kink equilibrium condition will be of the form

B*Vj=(V¢* x Vj), =0. (110)
Here j may mean the value
3" = (e/4m)A T (111)

since the difference hetween %" and 9 according to (109) can be
written as
Brr? n

v=uwt D (112)

so that A ¥" = A, % + constant. From (110) and (111) it follows
that the equilibrium condition is satisfied when

Ay = F(y") (113)
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where F{1*} is an arbitrary function of 9.

At first sight equation (113) seems to be rather simple. However,
there are a number of various solutions of it, including non-trivial
ones [38]. The magnetic bubbles, i.e. vacuum ‘helical snakes’, belong
to one of the classes of such solutions. If those ‘snakes’ are filled with
plasma, different from the bulk plasma, then they are called ‘plasma
snakes’. Just this ‘snake’ is shown in figure 5.5.

Equation (113) describes equilibria which are slightly different
from a cylindrical one. They can be treated by linear approximation.
Let us assume that ¢" = ¢ + 1, where 97 is the equilibrium value,
and 9 is a small correction. The ¥, function depends only on r, and
1 depends also on 8 — (n/m)e. The flux 7 is small, so that equation
(113) can be linearized:

- dF

A= 4o (114)

va

The derivative

dF  dF fdv.\"' Am .|
dw._E(dT) =T

where j’ is the non-perturbed current derivative with respect to the
the radius r and
B, = By — Brnr/mR. (115)

It is easy to see that the equation obtained by this analysis
BiA ¢+ —j' =0 (116)

is the same as (101) when w = 0—a fact to be expected.

Equation (116) has a singularity at the point ry, where ¢(r,) =
m/n and By = 0. Therefore we can assume the following. First we
find a regular solution of #; inside the plasma up to point r,, then
the sclution of ¢, outside r¢ including the external region between
plasma and the conducting shell. Using these solutions we find the
value of the difference between the derivatives:

s (LB (L)
?!’I“}e dr ro+0 ’5/)1 dr r,—0
This value is sufficient to find a stationary solution. Namely we may

assume ¥ = ¥ at r < r, and ¥ = 1, at v > r, when matched
as ¥i(re) = te(rs). Hence, equation (114) will be satisfied, but the

Plasma Stability 75

—_———

Figure 5.6 Magnetic surfaces with no island structure.

current density, i.e. Ay, has a singularity. In other words, on the ra-

tiona-l surface a surface current j, along the non-perturbed magnetic
field is generated

. ¢ ra+0 . .
Js = — Aypdr = A'y(r,). (118)

ar J.._o

This solution is correct for a very small perturbation but it should
be analysed in more detail for finite .

To do so, let us examine the behaviour of ¥y in the vicinity of
point . For convenience, we introduce distance from the rational

surface z = r —r,. According to (115), in the vicinity of the rational
surface we have

L

¥ =)~ B LT

q 2

.where Bg.iS t.he poloidal magnetic field value at the point r, and ¢
is the derivative with respect to r. Note that By = dy/dr.

Let the % dependence on the angle # (in a certain cross section,
© = () be chosen as

. g
B; :_BOEI (119)

¥ = acosd (120)
where t.he positive constant « is the amplitude of the 1 perturbation
at a point r,. Let us now examine the nature of ®* = constant lines

— By %rz + 2a cos@ = constant . (121)

These lines are shown in figure 5.6.

We can see that the perturbation leads to rupture and splitting
of the magnetic surfaces. Only outside the separatrix do magnetic
su‘rfa,ces form a family of nested toroidal surfaces, inside the separa-
trix a series of magnetic islands is formed, i.e. closed surfaces with
helical structures. The separatrix corresponds to a surface, assigned
by the constant on the right-hand side of (121) equal to —2a. Thus
the separatrix may be represented by the equation: ,

z? = 4ai0082 2/2).
e cos'(0/2) (122
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It is seen from here, that the half-width w of the island, which is
equal to the separatrix half-width at 8 = 0, is

w = \/4aq/ Bq'. (123)

The island half-width increases as the square root of the perturbation
amplitude.

Let us go back to the equilibrium equation A, v = F(¢). It shows
that the current density should be constant on the magnetic surfaces.
Therefore, the surface current is seen as the current localized on the
r, surface only by an observer situated far enough from the island.
In fact this current is composed of the currents inside and outside
the separatrix, but close to it. Without going into detail, let us note
that an approximate solution can be found analytically. An example
of such a solution will be given in Chapter 9. The equivalent surface
curreat value for narrow islands may be considered as the perturbed
current density integrated over a narrow layer with width ~ w.

Now let us remember that plasma has low resistivity 7 . To main-
tain a current j some longitudinal electrical field E is required. This
has to be taken into account in the equation describing the magnetic
field evolution, (96). For the above-defined flux function ¥* of the
auxiliary field B} the resistivity is taken into account through

dy* 9y
dt = 9t

2
VI = naLy. (124)

According to this equation the current density perturbation inside
the island can be maintained only by a corresponding variation of

¥ with time. From (124) it is seen that, inside the island, where
AJJL x ’(/;A'/TU,
.
ot

02 Te AT
x nﬁrsu’; Allw,

Since 9 ~ w?, we have
dw
gt an
As we see, the island width increases linearly with time when A’ >
0 and decreases when A’ < 0. Such a regime of magnetic island
evolution is called a Rutherford regime [39].

Thus, when A’ > 0 the island structure builds up in plasma. This
process is called a tearing instability. When the islands become large,
such an almost linear approximation is not valid. However, if one is
not too rigorous, one we may use the following trick. Let us calculate

(125)
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the value of A’ by the formulae (115) not just at the point 7y, but,
correspondingly, at r; + w and r, — w. When A’ determined jn this
way is zero, the island reaches a steady state.

Thus, according to single-fluid hydrodynamics with finite resistiv-
ity the tearing instability develops only when A’ > 0. This means
that harmonics with very high m numbers are not dangerous. In-
deed, when m is high then the term with J' in equation (116) for

¥ can be neglected, so that the solutions in the vicinity of 7, be-
haves as r¥™ and r~™ respectively. Thus the value of A’ = -2m/r,
and the perturbation should decay. In other words the surfaces are
self-repaired in this approximation.

5.3  Flute Instability

Now let us consider instabilities which are caused by plasma. pres-
sure. The simplest one is called a convective, or flute, instability
(40,41]. This instability can be clearly analysed for the case with
closed magnetic lines. This analysis is similar to the analysis of
plasma equilibrium in toroidal geometry.

Let the magnetic lines of the magnetic configuration be closed, and
plasma pressure low, so that 3 < 1. Let us select a closed magnetic
tube with plasma and assume that it is surrounded by a vacuum field.
Such a tube tends to expand both in transverse and longitudinal
directions, l.e. it tries to increase its volume V = del where §
is the tube cross section. Since the flux ® = §B along the tube
Is constant its value can be represented in the form V = ® {di/B.
Thus, plasma tends to increase the integral U = [dl/B. In a toroidal
vacuum field this integral is proportional to B2. That is why the
radial force affecting the tube can be found with the help of the
relation for work pdV = V FrdR, from which we find:

Fr = p(V'/V) = p(U'[U) = 2p/R. (126)

This force is similar to the gravitational force, with the mass density
replaced by pressure p. Similar to aliquid with a non-uniform density
in a gravitational field, the plasma equilibrium in a pure toroidal field
exists only for a stratified distribution when p = p(R). If p’ > 0, this
equilibrium is stable, and if p’ < 0, a convective instability occurs.
The physics of this instability is very simple. When some tube
with plasma is shifted a distance ¢, its internal pressure p{ R) will
differ from the plasma surrounding pressure p(R + £) by a value
bp = —£p'. If p’ < 0, ép > 0, the net force taking into account the
‘buoyancy force’ will lead to further displacement of such a tube.
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Thus the main characteristic of a magnetic trap for a low pressure
plasma is pUU. A plasma tube tends to expand along the direction
of increasing U. Thus the ‘minus U’ value appears in the role of
potential energy. If the function U for some magnetic configuration
of a magnetic trap increases from the centre towards the periphery
then this configuration has an ‘average magnetic hill'. If on the
contrary the function U decreases towards the trap boundaries an
‘average magnetic well’ is realized. It is clear that the magnetic well
configuration is preferable.

Let us consider tokamak configuration from this point of view.
We begin with the most simple idealization considering the straight
cylinder of L = 2r R length. In zero approximation with respect to
the ratio By/ By the function U is equal to 21 R/ Bt = constant, so
that to find the U(r) dependence we have to take into account the
second-order terms in respect of the ratio By/Br.

Let us assume at first that the current density is constant so that
q = m/n = constant too. The length of magnetic line { is given by
! = 27/R? +7r7¢=2. We have to find the magnetic field value with
the same accuracy. It means that we have to take into account the
radial inhomogeneity of the longitudinal magnetic field. Using the ra-
dial equilibrium equation {74) for the case of low-pressure plasma and
homogeneous current density distribution we find B2 = B2 — 2B2,
where B, is the magnetic field value at the centre. Remembering that
q = Brr/ByR we find B = \/B} + B = Bo+/1 - r?/¢?R?. Thus
the value of U is approximately equal to 2r RB; (14 r2/¢2R?). We
see that the function UV increases towards the periphery so that the
straight cylinder configuration has an ‘average magnetic hill’. As a
result, each plasma tube is expelled in a radial direction by the force
F. = pU'JU = 2nrp/q*R®. This force can be again explained as
a result of plasma tube expansion in a magnetic configuration with
convex magnetic field lines. The curvature of the helical magnetic
field line is equal to B}/rB® In tokamak geometry this is equal
to r/g*R®. Thus the force F. is again equal to the double curvature
multiplied by pressure. This statement means that this force has the
same value when the safety factor is not constant over the plasma
cross section, but depends upon the miner radius.

This force can be taken into account in the reduced mup equa-
tions. It is sufficient to add a term 2rrp/¢?R? to the right-hand
side of equation (95). Equations (98) and (101) have to be modified
correspondingly. The model equation (98) for pure ballooring mode
(driven by normal curvature only) looks like

dr 1 . 2 dp
minOE - E(B ) V)J - qZRZE

(127)

Plasma Stability 79
and equation (101) takes the form

2m
qZ R?

- By b m ., ~ -
wmingA X = —47”(7” —ng)A P+ vt P (128)
Here p is the pressure perturbation, which can be found under the

assumption that the plasma pressure is simply shifted together with
the magnetic tube:

Marginal stability can be found using equations (101}, (102) and
(128) at w=0. Excluding ¥, we obtain

- 4rm i 8rm? L
Bup= (m — ng)cB,” vt B2(m - ngyer’ v (129)

As we see the last term has a very strong singularity near the singular
point, where ¢ = m/n+q'z, z = r —r,. Thus we can neglect the first
term on the right-hand side and equation (129) takes a very simple
form

—ALG - %wz}=o (130)

where v = —8rp'r/B?S%, § = rq'/q. § is known as the ‘shear’.
Relation (130) looks like a Schrédinger equation with the potential
equal to —y/z® If ¥ > 1/4, a solution exists with many nodes, and

" hence a helical perturbation can be constructed. Thus the necessary

condition for stability, v < 1/4, may be written as

xp'r 1 _,
B2 +ZS > 0. (131)

This stability condition is known as the Suydam criterion. It takes
into account the destabilizing effect of the magnetic hill and stabi-
lization by the shear of magnetic field lines.

Now let us consider how U changes in real tokamak geometry. We
start again with closed magnetic lines, when ¢ = m/n = constant.
Since the poloidal field in a tokamak is considerably iess than the
toroidal one, the absolute value of the field is determined by the
toroidal field decreasing as 1/R with the major radius. As for dl, it
is equal to Rde with the same degree of accuracy. From geometrical
considerations it follows that rd8/Rdyp = By /B so that di = Rdyp =
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(Br/By)df. But then U = fdl/B = r [d8/B, = r27n{1/B,),
where m is the number of magnetic line rotations along the minor
azimuth for m rotations along the major radius, and the vatue of
(1/By) averaged over @ when g = constant is approximately propor-
tional to 1/r. Thus, in the linear approximation with respect to the
ratioc By/B the U-integral does not depend on r when ¢ = constant
and the magnetic tube is not affected by any force along the mi-
nor radius. In other words, this approximation leads to marginal
stability and we have to take into account second-order terms.

The toroidal curvature R~! is much larger than the helical line
curvature r/g*>R? in straight geometry. In spite of the fact that the
toroidal curvature has different signs on the inner and outer parts of
a toroidal plasma turn, its averaged value may lead to a beneficial
effect. The situation is similar to the well-known strong stabilization
procedure in accelerators.

We have to take into account all the remaining approximation
terms. Here two different competing effects appear. On the one
hand, there is a ballooning effect, that is, the displacement on the
external contour may be somewhat higher than on the internal one.
On the other, the averaging of 1/ By over the poloidal angle should be
done more precisely taking into account the Shafranov shift. Plasma
pressure leads to displacement of the equilibrium magnetic surfaces:
they are approaching each other on the outer contour and move
apart on the inner one. For this reason the factor Br/Bj in relation
d! = (Br/By)df becomes larger on the inner contour and, in its turn,
increases the contribution of this region to U, As a result a specific
effect of magnetic-well self-deepening arises [42].

This effect is very important for tokamaks, so that we will con-
sider it in more detail. Remember that I/ was introduced as a ratio of
plasma tube volume to its magnetic flux. If many tubes are arranged
close to each other and fill some tubular volume between radii r and
T + dr then we can put dV = Ud®. Here V is the volume of the
plasma torus with minor radius », and @ is its longitudinal magnetic
flux. Thus we can define U/ as U = dV/d®. If the toroidal mag-
netic surfaces have Shafranov shift A, then the distance between the
neighbouring surfaces looks like dr(1+ A’cos 8), where A’ = dA/dr.
The major radius R = Ry(1+€cosf) where € = 7/Ro; Ry is the mag-
netic axis major radius. Hence the volume difference averaged over
8 is dV = Ar? Ror{(1 + €cos 8)(1 + A’ cos8)) = 472 Ror(1 + €A'/2).
The averaged value of d® is equal to d® = 2rrBo((1+€ecosf)~'(1+
Alcos 8)) = 27 Bo(1 — €A’/2 + €2/2). We have taken into account
that the B field depends as R~! on the major radius.

Taking into account the change in U with a homogeneous shift A
due to toroidal dependence of B x R~! we obtain
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(14 €A’ — /2 + 2A/Ry). (132)

The value of A is given by the relation (82). For a special simple
case when the pressure has a parabolic distribution and the current
density is homogeneous we obtain: A’ = —€(0p + 1/4), where 3, =
87(p)/B}. In this case the part of U which depends on r can be
written as

SUU = —é¥(1 + 28,). (133)

We see that U decreases towards the periphery so that tokamak
configuration has an averaged magnetic well and flute-type pertur-
bations are stabilized even in the absence of shear.

When plasma pressure increases the magnetic well deepens, i.e.
self-stabilizing effect appears. However, in parallel with magnetic-
well self-deepening the ballooning effect of perturbations become..
larger when pressure increases. These two effects compensate each
other significantly, so that the condition of stability in the quadratic
approximation has the form

8rp'r
B2

where p’ = dp/dr and § = (1/¢)dq/dr.

The local stability criterion (134) was obtained by Shafranov and
Yurchenko [43]. The stability condition may also be found on the
basis of the more general Mercier stability criterion [44]. Thus, when
g > 1 and p’ < 0 the flute instability is stabilized both by the
magnetic well itself and also by shear.

(1-¢)+15*>0 (134)

5.4  The Ballooning Instability

When the plasma pressure increases and the value of €8, is not
very small the distortion of magnetic surfaces becomes so large that
the simple approach with a rigid shift of circular surfaces is not
valid. Correspondingly, the quadratic approximation in respect of
the toroidal curvature is not justified and the higher-order terms
have to be taken into account. It turns out that at the jncrease
of plasma pressure the self-deepening of the magnetic well prevails
over the ballooning effect. Plasma is self-stabilized. When this ef-
fect of plasma self-stabilization was discovered by Mikhailovskii and
Shafranov [45,46] it was a great surprise for us plasma physics the-
oreticians. This effect is now quite well understood and may be
illustrated by figure 5.7.
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{5}

Figure 5.7 Simplified high-pressure plasma shapes:
(a) droplet; (&) semicircle.

This figure shows two simplified plasma configurations at high
pressure. The first one emerges more or less naturally when the
plasma pressure increases inside the toroidal chamber with circular
cross section. In this case the position control coils have to increase
the poloidal magnetic field near the outer edge of plasma and reduce
it near the inner edge. According to equilibrium condition (80) the
vertical magnetic field approaches the current azimuthal field value
when 8, becomes of the order of R/a. This means that at such B
values the zero-field point can appear inside the vacuum chamber.
The magnetic configuration has a separatrix with open magnetic sur-
faces outside the separatrix. Thus, a natural divertor configuration
is produced by plasma itself. Incidentally, such a configuration has
been realized in the TFTR device [47].

The second configuration, figure 5.7(5), is produced with the help
of plasma elongation combined with triangularity. It can be imag-
ined as a result of such positional control when only outer poloidal
field coils are energized to withstand the plasma expansion along the
major radius. We can imagine that plasma is heated and its pres-
sure increases due to frozen-in magnetic field lines. All fluxes are
conserved and surfaces are pushed along the major radius. Finally,
only half of the circular chamber is filled by plasma.

Now we can compare the I/ value on the magnetic axis with the
U value on the separatrix for both configurations. We have U, =
27 R/B, on the magnetic axis. As for the value of the separatrix
U, it is determined by the corresponding integral along the circle
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crossing all the X points, because this is the final magnetic field
line of the closed surfaces. If we denote by R, B, the corresponding
values at the X point and take into account that B o R~!, we obtain:
Us = 27 R,/ B, ~ Uy(1+2¢), where ¢ = (Ro—R;)/Ry. In other words,
the magnetic-well value continues to follow relation (133) even at
€3, ~ 1 when we obtain not quadratic but linear dependence of
6U/U upon toroidicity. Distortion of magnetic surfaces even helps
to deepen the magnetic well.

As for plasma perturbations, they do not need to be of flute type
when the plasma pressure is not low. The corresponding instability
has been called ‘the ballooning instability’.

The ballooning instability is closely related to plasma toroidicity.
It resembles the flute instability and in a similar way it develops
by means of plasma tube displacement. However, unlike the flute
perturbations, the ballooning displacements of the tubes take place
mainly on the outer contour of the torus. On the inner contour they
seem to be fixed due to the action of magnetic well and shear.

Suppose that a certain plasma tube undergoes displacement ¢
along R on the outer contour of the torus. The characteristic length
of the plasma tube which is frozen in on the inner contour,is L ~ ¢qR.
When displacement £ occurs the tube pressure in its new location
is higher than the pressure of surrounding plasma; the difference of
this value is §p = —p’€, where p' = Op/0r. Since p' < 0, then ép > 0
and the tube is affected by the radial force Fr =26p/R = -2p'¢/R.
Since the ends of the tube are frozen, the tension in the magnetic
lines creates the force Fig ~ (B%/87)¢/(qR)*. Equating Fg to Fg
one can calculate the limiting pressure which is stable in respect of
the ballooning perturbations. Since —p' ~ p/a,and ¢ ~ 5Ia/R we
can estimate the value for the critical 3: B. ~ I/10qaB.

In addition to these local ballooning modes the global kink modes
can be destabilized when plasma pressure increases. The problem is
that the different helical modes with different m numbers are linked
with each other in a real tokamak due to its toroidicity. When the
plasma pressure increases this link becomes stronger and produces a
destabilizing effect. A very rough estimation leads to the same type
of dependence as for pure ballooning modes. Being more rigorous
we cannot separate the kink and ballooning modes because both
sources of energy, plasma pressure and poloidal magnetic field, act
coherently when the plasma pressure is high enough.

The numerical calculations [48], taking into account both bal-
looning and kink modes, have shown that instead of the multiplier
(10g)~", the Troyon factor g appears, which is weakly dependent on
the plasma shape and on the profiles of the plasma pressure and the
current density distributions
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Figure 8.8 Schematic diagram for the balloaning instability
region.

I
b= g (135)
The numerically calculated factor g is about 3 x 102, The exper-
imental data are in reasonable agreement with Troyon scaling but
with the help of very careful plasma tailoring the g-factor can be
increased.

For more optimal use of toroidal magnetic field energy it would be
desirable to increase 4 even further. It turns out, that in principle,
tokamak has such a possibility. We mean the second zone of stability
which was suggested in theoretical papers [49-51]. It is based on
the effects of magnetic well self-deepening and the outer connection
length shortening when @ increases. Figure 5.8 shows a qualitative
picture of the ballooning stability region. On the abscissa axis the
value @ = —8wp'r/B? is seen. When the plasma pressure is high
enough one may reach the second zone of stability. Difficulty here
lies in the fact that during the increase of plasma pressure one should
pass through the instability zone. To diminish the instability gap
between the first zone and the second, strong shaping can be used.
With shaping of plasma into a D-like form with triangularity, the
instability zone shrinks.

One may pass from the first zone to the second if shear § is smali
or even negative. Such a type of transition was studied on DIII-D
[52,53), where the central core of plasma was in the second zone and
its periphery in the first zone of stability. Recent experiments on
DIII-D have shown that the central region can also be placed in the
second zone of stability.

The maximal § value in this experiment was 11% and the central
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B(0) value defined as the central plasma pressure normalized to the
vacuum toroidal field pressure at the axis reached 44%.

Figure 5.8 takes into account ideal Mup modes only. In real exper-
iments dissipative and kinetic effects may be important. Theoretical
dissipative modes analysis [54, 55] has shown that they do not pre-
vent the stability in the second zone.

Rosenbluth and others [56,154] have shown that penetration into
the second zone of stability can be facilitated by use of kinetic effects:
in the presence of high-energy particles their finite Larmor radius
effect can help to stabilize the ballooning perturbations.

5.5 Internal Kink Mode

If g(0) < 1 on the magnetic axis, then according to (134) a magnetic
hill should exist there. The value of the shear near the magnetic axis
is small. That is why the question of the ideal m = 1/n = 1 mode
stability arises. For an accurate theoretical description of this mode
one should take into account the toroidicity of the plasma column
leading to coupling of m = 1 and m = 2 modes. The relevant study
was done by Bussac and co-authors [155]. They showed that the
toroidal coupling of m = 1 and m = 2 modes plays a stabilizing
role so that the instability can develop only when Gp is large enough.
The critical 8, value depends on the current density profile and is
equal to the value of the order of ~ 0.3 for a parabolic profile. In
the case of very low shear the stability threshold may be reduced
significantly [58] but again it depends only on the pressure gradient
near the magnetic axis.

5.6 Drift Instabilities

Single-fluid magnetohydrodynamics is valid only for fast motion of
plasma. To describe a class of slower oscillations, one should use
either two-fluid mHp, or, which is more accurate, the Vlasov kinetic
equations with self-consistent magnetic and electrical fields.

Equations of ideal two-fluid hydrodynamics are simple enough:
instead of a single equation for the plasma velocity one should write
two equations, for ions and electrons:

d
mind_:f] +Vp, = enkE + Egv X B (136)

Vp. = —enE — ?ve X B. (137)
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Here v is ion velocity, p; is ion pressure, Pe is electron pressure, v,
is electron velocity, E is electric field; a term with electron inertia,
being negligible, is omitted. If these equations are summed up taking
éntg; account that p = p, + p., § = en{v — v}, we shall again obtain
88).

It is worth noting that if the surfaces of constant pressure p, =
constant and those of constant density n = constant coincide, i.e.
Pe = Pe(n.), then it follows from (137) that the magnetic field is
frozen into the electron component.

For tokamak piasma it is convenient to use the reduced Mup equa-
tions. For this, we assume that B = e.Br + e, x V¢ and consider
Br to be constant. Since ¢V x E = —(8B/dt), we obtain

1 8¢

E=-V¢+ Z ae,. (138)

Here ¢ is the scalar potential. If this expression is substituted for E
into equation {137) for electrons and then the equation is multiplied
by B, we obtain

Y ¢B 1
i B—T(W ~ —Vpe}=0. (139)

The electron temperature 7. may be considered to be constant along
the magnetic lines, i.e. B - V7. = 0. Therefore, equation (139) may
be written as

o aA
E"i‘{ez XV/\]‘V}L': BT% (140)
where
c T
A= —(¢p - ~ .
BT(dB . Inn) {141)

Now let us return to (136). In this equation the components on the
right-hand side are larger than those on the left-hand side. Therefore
approximately,

v_cEXe,_c v 142
L= g —BTezx @. (142)

Comparing this expression with (97) we find

¢
X = B_T(b- (143)
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Equations (140) and (142} together with equation (98) for the vor-
ticity I' = A, x replace equations (98) and (99) of single-fluid hydro-
dynamics. The continuity equation should be added to them

= -v-Vn=—=(e, X V¢)- Vn. (144)
By

The new system of equations (98), (140) and (143) is more compli-
cated than the two equations (98) and (99). For the special case of
fast plasma motion the component with inertia in (98) is of impor-
tance. The potential ¢ in the expression (141) for A is large, so that,
approximately, A o~ ¢¢/Br = x. In this approximation the reduced
MHD equations for a single-fluid and two fluids coincide.

New effects appear for a class of slow motions, when the inertia
component in (136) may be neglected. For helical symmetry one
may again introduce an auxiliary field B} and corresponding flux
function, so that the solution of (98) is again

2

ALy™ = F(y7). (145)

In other words, we have come back to the tearing modes.

Suppose that the tearing modes are stabilized and the magnetic
surfaces coincide with the initial nested toroidal surfaces: ¥ = ¥(r).
Then it follows from (140) that X is constant along the magnetic field
lines. It means that a non-singular A function is equal to A(r).

Now let us consider small perturbations of ¢ and n, so that ¢ =
$o(r) + ¢, n = no(r) + #i. Since A depends only on r, it follows from
(141) that

$=—=— (146)
and the linearized continuity equation (144) gives

an c dgg 1 00 T, dny 1 8%
5% T Brdr 798 eBr dr r 38" (147)

The second term on the left describes the electrical drift in the ¢ field.
In the frame of reference which rotates in the azimuthal direction
with the velocity of the electrical drift, this term disappears. Then
for perturbations of the form exp(—iwt +im# — inyp), we obtain from
(147) a dispersion equation for the frequency:

cT. m
z 14
eBr rﬁ (148)
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where L d
- _ - 9%
K= g (149)

The expression (148) is the well-known drift frequency. The cor-
responding wave perturbation ¢, # is called the drift wave. Let us

noticé some of its specific features. Let us find the electron drift
velocity when E =0, B, « Brt:

_ ¢ dp.
Voo = enByp dr’ (150)

The plasma pressure gradient usually has the same direction as the
density gradient, so that the drift wave propagates in the direction
of the electron drift {150). Since the frequency w* is low enough, the
question arises whether we could really neglect the ion longitudinal
velocity v = /T,/m; as compared with the phase velocities. To find
the longitudinal phase velocity one has to find first the longitudinal
component of the wave number ky = —(1/B) ((m/r)Bs — (n/7)Br).
We see that ky = (m/r)(Bs/Br)(1 — (n/m)g(r)). At a point r,
where ¢ = m/n, ky is zero, i.e. the phase velocity is infinite and
hence our approximation is obviously fulfilled.

In the vicinity of the point 7, one may put 7 = 7, + z, so that the
expression for kj takes the form

m Bg

where § = (r/q)dq/dr.
We see that the condition w* > kyv; is fulfilled only within the

interval
Kr T,

< ? CBgvi'

As an order of magnitude, the right-hand side is equal to pj4, that is,
to the ion Larmor radius in the poloidal magnetic field. Beyond this
interval a drift wave damps rapidly due to the ion Landau-damping.

Thus, drift waves in tokamaks look like strongly r-localized pertur-
bations which propagate azimuthally in the direction of the electron
drift with the phase velocity about the same value. The main relation
(146) is a result of the electron equilibrium along the magnetic field.
Since the magnetic line fills all irrational magnetic surfaces, this con-
dition is fulfilled along any direction on such a surface, but then it
follows from (137) that the component of electron velocity normal to
the magnetic surface, turns out to be zero. In drift waves electrons

(152)
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simply move along the magnetic lines without crossing magnetic sur-
faces. On the contrary, ions move across the surfaces, but in such a
way that the total flux through the magnetic surface is equal to zero
in order to ensure plasma quasi-neutrality.

Thus, in the frame of ideal two-fluid magnetohydrodynamics, drift
waves do not lead to any transport across magnetic surfaces.

It turns out that, when taking into account dissipation, drift waves
may become unstable: a small imaginary component is added to
frequency w* and such a growth rate corresponds to the drift-wave
instability.

There are many mechanisms of drift-wave instabilities [155]. Let
me indicate the best known. In a rarefied plasma the drift waves
are destabilized by collisional transitions of trapped electrons into
untrapped and vice versa: this mode is called a drift mode on trapped
electrons.

If the ion temperature gradient is high enough, ie. 7 =
dinTi/dInn > 1, the ion drift-temperature instability may develop.
On the plasma edge, where the temperature is low and the role of dis-
sipation grows, the instability on the resistivity gradient may build
up. In the literature from Russia this instability is called a current-
convective mode, and in English it is called a rippling mode. In
addition to tearing modes discussed above the so-called microtear-
ing modes can be unstable. These modes are sensitive to drift effects
and have to be studied with the help of kinetic equations.

Drift-wave instabilities and drift-wave turbulence constitute a spe-
cific broad area of tokamak plasma physics. Many theoretical and
experimental papers deal with this topic. Drift waves are definitely
important for tokamak plasma especially in its periphery, but I would
prefer to pass over this important branch of tokamak physics. On
the one hand, it has not yet reached a state of maturity, and on the
other hand, to discuss it thoroughly we could deviate from the most
interesting plasma feature—its self-organization.




6 Plasma as a Complex System

High-temperature plasma, confined by a magnetic field, is an ex-
ceptionally unusual physical object. To begin with, it is an open
dissipative system permanently supplied by a source of external en-
ergy in a rather orderly form. This energy dissipates in the plasma
converting it into thermal energy. Then it diffuses slowly to the coid
walls. While reaching the walls, the thermal flux releases a lot of
entropy accumulated by intensive production of entropy in plasma
itself.

Similar to other dissipative open systems of this type, non-linear
phenomena build up in plasma, enhancing energy and entropy fluxes
through the system. In a magnetized plasma these processes become
especially multi-various due to the presence of long-distance forces.
Omne should speak rather of a self-consistent system of particles and
fields, than of an ensemble of charged particles immersed in the field.

Let us consider a simplified picture of tokamak cross section (fig-
ure 6.1). The plasma is maintained in a state of high temperature
equilibrium with the help of an external power source. In the sim-
plified version this power is launched into the central core of plasma.
Then it is transported towards the walls in the form of a thermal
flux. The wall temperature is definitely less than 0.1 electronvolts,
i.e. 10° K, while the plasma core temperature has to be not less than
10* electronvolts. Thus we have at least 10% for the ratio of these
temperatures. It means that the entropy related to a given portion
of energy is a factor 10 higher inside the walls as compared with
the entropy at the plasma core. In other words, energy transport
is accompanied by entropy production with a large multiplication
factor.

We consider first the hot plasma core. Of course, we could imag-
ine the completely quiet plasma state when the collision transport
dominate. This is, so to speak, a purely theoretical ideal. All the
transport fluxes in this case have to follow the neoclassical theory
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Figure 6.1 Tokamak plasma as an open dissipative complex
system. External power (1) is launched inside the high tem-
perature plasma core and then this power is transported to the
room-temperature walls (3). With the pellet injection (2) the
plasma flows towards the exhaust pumps {4). This flow re-
freshes the plasma and together with the energy flux maintains
its ‘life’.

which establishes the low limit for transport. The fluxes would be
very low and plasma confinement extremely good.

However, this most quiet plasma state does not withstand invasion
of many different non-linear cooperative agitations, which lead to
amplification of the transport fluxes and hence to the increase of
the rate of entropy production. The agitations can intercept some
portion of the initial order and energy flux to maintain their own
activity. If this activity embraces all the plasma core we can state
that some coherent pattern develops which destroys the initial axial
symmetry and produces something like global convection. This is a
fully non-linear macroscopic instability.

On the other hand, there is local entropy production everywhere
inside the plasma. This entropy generation is the by-product of the
local plasma transport. We have local dissipation everywhere. This
dissipation diminishes the order of energy and some local structures
may appear. They amplify this dissipation to maintain their steady-
state average level. Such structures can enhance the rate of local
entropy production by increasing the transport fluxes feeding the
structures themselves. This picture looks like anomalous transport.

Finally we have the possibility when both types of non-linear pat-
terns can be present: some local turbulence may coexist with the
coherent macroscopic modes. They can be linked with each other
and then the long-range interaction between the different parts of
the plasma column may lead to feedback coupling of the local trans-
port coefficients and profiles. This phenomenon is called profile con-
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sistency.

Now let us consider the edge plasma. Here again we have thermal
and particle fluxes with a very large difference in temperatures of
plasnia and walls. This means that many non-linear phenomena can
be present here. In practice it means that the edge plasma looks like
a source of noise with a very high level. This noise can propagate
inside the plasma core leading to transport enhancement.

The heating itself can be a source of additional noise generation.
The most harmless is ohmic heating, when power is softly launched
into the central plasma core with a smooth profile. The current
density in tokamak plasmas is of the order of 1 MA m~2. Therefore at
a plasma density of the order of 102°m~2 the drift current velocity of
electrons is of the order of 10°m s~ which is much less than the sound
velocity. That is why the current itself cannot play a significant
role in plasma noise generation, but different auxiliary heatings can
serve as additional sources of noise. Neutral beams for instance
produce a high energy tail in the distribution function and this non-
equilibrium can lead to the so-called ‘fish-bone’ instability. There
is some concern that similar phenomena can be present when the
fusion reactor plasma is heated by alpha-particles. Thus the tokamak
plasma represents a very complicated state of matter.

In fact, each laboratory or natural plasma is a complex physical
system. The high-temperature tokamak plasma is even more sophis-
ticated, in particular because Coulomb collisions are very rare and
the classical channel of dissipation by means of collisions becomes
insignificant.

A rational approach to study complex systems consists of a large
number of experiments aimed at understanding empirical laws sup-
ported by development of a theoretical description and computer
models. All this is actively used in modern tokamak studies. As
experience with other complex systems shows, the general method
of scaling and dimensional approach represents a powerful tool for
their description.

6.1 Dimensional Approach

Methods of dimensional approach and similarity in physics are often
closely related to each other. In order not to depart from the physics
of ionized gases, we shall illustrate the major ideas of this approach
by a simple example of gas flow in a tube.

Let us assume that in a long tube of radius a, gas with a mean
velocity u flows under the influence of a constant pressure gradient.
In actual gas-pipe lines the pressure gradient is maintained by inter-

Plasma as a Complex System 93

mediate stations with gas blowers but this is not important in our
case, and we are going to consider a constant pressure gradient Vp.
Practical engineers are interested in the dependence of velocity upon
the pressure gradient, or, to be more precise, the pressure gradient
dependence of the flux ¥, i.e. the amount of gas flowing per unit
time. The function ¢ = ®(Vp) can be found theoretically. How-
ever, this is a simple task for Poiseuille laminar flow only. For more
interesting turbulent flows accurate methods of calculation are still
absent. But this fact does not bother engineer-hydrologists, since
reliable empirical laws exist which can be applied to tubes of any
diameter by means of scaling relations.

Let us consider the way it is done. We assume that the gas consists
of atoms or molecules of mass m and density n, at temperature 7.
Thus, together with tube radius, mean velocity and pressure gradient
we have six parameters. The size of atoms is another feature which
may be described by o., the mean cross section for collisions. Thus,
we have seven parameters in total. Therefore, if we want to find the
¢ = &(Vp) dependence we have to take into account five other pa-
rameters, i.e. the problem becomes rather complicated. Nevertheless
we can be helped by a dimensional method.

It is known, that all the laws of physics are based on mechan-
ics, and mechanics itself uses conventionally chosen units for mass,
length and time. It is clear, that the objective laws of nature cannot
depend on those units: these laws are invariant with respect to vari-
ations of measurement units chosen by man. This invariance is seen
more precisely when non-dimensional combinations of dimensional
values are used. Therefore, all the objective laws of physics may be
presented as relations between non-dimensional parameters.

Only four non-dimensional combinations can be constructed from
the available seven dimensional values in the gas pipeline case.
Therefore, in the expression & = ®(Vp), which can be written in
a non-dimensional form thereby coupling two dimensional parame-
ters, only three extra parameters remain. In other words, we obtain
a three-parameter family with which it is not difficult to fit experi-
ments and to find empirical data for any combination of parameters.

Thus, let us form non-dimensional parameters, only four of which
are independent. Selection of non-dimensional parameters is often a
matter of opinion, and therefore, a certain physical judgment has to
be involved. For instance, a mean velocity could be quite naturally
combined with a pressure gradient

mnu®fa | Vp|= F? (153)

where F? is simply a notation for the left-hand side. The quantity
mn is equal to the gas mass density p, and relation (153) may be
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considered as an expression for the mean velocity
u=F(a|Vp|/p)'/ (154)

Here F is a non-dimensional factor which is a function of the other
three non-dimensional parameters. Let us consider other parameters
which have a reasonable physical meaning. To begin with, let us
form a non-dimensional combination N = ng?/2, This represents a
characteristic of gas rarefaction, if N < 1 the gas is ideal from a
thermodynamical point of view. As we see, the number N can be
considered as an internal parameter. It is proportional to n and is
in no way related to other non-dimensional parameters. If the ‘rare
gas’ criterion is fulfilled then N drops out of the group of significant
non-dimensional parameters. But it is still too early to say definitely
that o. is of no importance: N may be multiplied by a large number
and, therefore, to reach a proper judgment we should consider some
other parameters as weil.

Let us take into consideration the sound velocity which is propor-
tional to the mean thermal velocity of atoms: ¢, = /4T/m, where
7 is the adiabatic index. The ratio M = u/c, is non-dimensional
and is called the Mach number. If M < 1, then the flow is definitely
subsonic.

In order to conclude our consideration of non-dimensional param-
eters let us introduce K = afol/?, a number which is proportional
to the ratio of tube radius to atom size. It is evident that for macro-
scopic flows K > 1, but, nevertheless, such a non-dimensional pa-
rameter does exist. It is easy to see that the numbers ¥, M and K
do not depend on each other.

In addition to K and N, one may introduce another purely ge-
ometrical parameter A = NK = no.a, which is equal to the ra-
tio of the tube radius to the mean free path A = 1/no.. All the
above-mentjoned non-dimensional parameters have definite physical
meaning and indicate regions of specific gas behaviour. The most
interesting is the region of parameters where gas is rarefied, N < 1
and the tube is wide, i.e. K > 1. The product A of these two pa-
rameters may be either greater or less than unity. If A < 1, then
we have Knudsen flow at a deep vacuum. Ordinary gas at pressures
of the order of atmospheric pressure correspond to A > 1. Now let
us compile another non-dimensional combination which is called the

Reynolds number:
undao,
Re = . {155}

Cs

The Reynolds number (155) is equal to the product MA: it may
vary over a broad range of values.
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Experiments show that sub-sonic (M <« 1) flow characteristics of
the rarefied gas (N < 1) with low viscosity (A = NK > 1) depend
only on the Reynolds number. In other words, N,A = NK, M,
respectively, seem to drop out and only the Reynolds number is
relevant. If so, we can set both M and A~ to zero and only the Re
parameter is variable,

Thus, in expression (134) the non-dimensional factor F' depends
only on Re. This means that similar gas flows may exist. Even
without the gas changing, and thus assuming that no./c, is constant,
a family of similar flows can be imagined with ue = constant and
therefore with the same Re value.

After measuring the function F(Re) in the experiment, we can
evaluate a mean velocity with the help of (154) and, consequently,
find the total flux ® for any gas flow.

It is worth noting, that all similar flows with the same value of
Re have similar profiles for the mean velocity distribution over the
radius, since there are no other parameters which could affect the
profile variations. Moreover, all the turbulence characteristics can
be scaled keeping the Re number the same.

If we introduce one other parameter, namely, the tube roughness,
i.e. the ratio of the roughness & to the tube radius, then the factor F
will depend on §/a. At high Re numbers F' ceases to depend on Re
and depends on §/a only, i.e. again only one parameter is relevant.

Similar considerations may be applied to other, more complex
flows in gas hydrodynamics.

Let us simply note that dimensional analysis should always be
based on reasonable physical parameters which are specific for each
particular case. Such an approach can allow us to pick out the most
relevant parameters and to drop the unimportant ones.

6.2 Dimensional Analysis of Tokamaks

Tokamak plasma is a more complex object than gas turbulent flow.
Nevertheless, dimensional analysis [59-61] can also be used here.

Let us first consider an idealized case. Let plasma of circular cross
section with major radius R and minor radius a be maintained in a
steady-state by means of purely ohmic heating. Plasma has a mean
density n, and we assume that mean electron and ion temperatures
are equal,i.e. T, =T; =T.

Suppose that there are no impurities and there is a single-
component plasma. Let I be plasma current, B, the poloidal mag-
netic field at the plasma boundary, B, the toroidal magnetic field,
m., the electron mass, m;, the ion mass and ¢, the velocity of light.
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Let us assume for a while, that atomic processes are not impor-
tant i.e, radiation is low enough, and neutrals do not penetrate deep
into plasma, so that ‘the mantle’ of partially ionized edge plasma is
thin compared with a. Thus we can assume that recycling of par-
ticles takes place in a very thin layer as compared with the main
plasma core. Under these conditions one can expect th# existence
of self-similar self-organized plasma states, if they have the same
macroscopic non-dimensional parameters. When compiling these pa-
rameters one should be guided by physical arguments.

First let us write down all the dimensional parameters

a, R, By, B,, m., mi, e, c, n, T. (156)

Here n and T are the mean values of density and temperature (in
any sense of averaging). The velocity of light has appeared here since
we are using cGsE units.

Thus, we have ten dimensional values. One may construct seven
non-dimensional parameters with them, First let us write either the
well-known, or rather obvious values

A=R/a 9. = aBr/RB, me/m;

8 = 8xp/B% = 16wnT/B3. (157)
The parameter m./m; for pure deuterium plasma may be taken as
constant. The range of the change in the aspect ratio, 4 = Rfa,is
usually not very large. The values of ¢, and, 3 are very important
and have a definite physical meaning. They have a somewhat larger
range of variation.

Thus we have indicated four parameters (157) and we have to find
another three. Similarly to gas flow, they could be: a parameter
for ‘ideal plasma’ behaviour in a thermodynamic sense, the ratio
of size to characteristic internal plasma length, and the dissipation
parameter which contains collision frequency. When constructing
these parameters one should imagine a fully ionized hot plasma.

The ‘ideal plasma’ parameter is a number Np which is equal to
the number of particles in a Debye sphere. If Np > 1, the plasma
may be considered as ideal in a thermodynamic sense: the potential
energy of the Coulomb interaction of particles turns out to be much
less than their kinetic energy of thermal motion.

Omitting a numerical coefficient we have

Np = n(T/e*n)¥2. (158)

As an internal characteristic length, let us accept the value

A = ¢fwpe = /mec?faTeln, (159)
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Then for a non-dimensional size parameter we can accept the number
Il = a®/A? = 47na’r (160)

where 5 = €?/m.c? is the classical electron radius.

To characterize plasma dissipation one may use a non-dimensional
collision frequency. Neoclassical theory involves a non-dimensional
effective collision frequency v+

V= (g)anR/A. (161)

Here A is the mean free path length for Coulomb collisions.

In (161) the quantities ¢ = ¢(r) and A = A(r) are local, and
related to a given radius r. For the global characteristics of the
plasma column we will use some averaged value D*.

As is known, the mean free path for Coulomb collisions depends
strongly on the temperature, A ~ 72/n. This fact will be taken into
account later on. Note, that the mean free paths for ions A, and
electrons A., differ slightly from each other by a numerical factor.
We will neglect this difference for a while. Thus, a full set of non-
dimensional parameters for tokamak plasma of circular cross section
looks as follows

A= Rla, q., m./m;, 3, Np, I, »". (162)

It is easy to check that all seven parameters are independent of each
other.

Let us also note, that it is possible to construct one other geomet-
rical parameter which, at first sight, might play a certain role in the
physics of tokamaks. This is the cross section of plasma, expressed
in Larmor radii:

K = a%/p? = a®¢* By [2Tm,c%. (163)

Here p; = v;/w, is the ion Larmor radius, v; = 1/2T;/m; is the mean
thermal velocity, w, = eB/mjc is the ion-cyclotron frequency. The
parameter in (163) is similar to the above-mentioned K parameter
for a rarefied gas. It can be expressed as K = 2m.I[/m;3 using
the parameters introduced in (162}. For my part, [ do not feel that
the parameter K plays any role in tokamak plasma physics. Usually
K~! is very small and can be omitted from the set of important
parameters.

The non-dimensional parameters define the internal physics of a
complex system. They are indicators of the fundamental state of
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such a system. As for dimensional parameters, they look like same
projection of a given system on the external world. Being immersed
in the external physical world, each complex system can possess a
non-unique set of dimensional parameters. In other words, for a
given set of dimensionless parameters the family of systems can exist
with different sets of dimensional parameters. This phenomenon is
called self-similarity. For instance, at a given Reynolds number for
gas flow in a pipe-line only the product au is fixed, so that a one-
parameter family of similar flows exists with the same au value.

In plasma three-dimensional parameters, namely, m., e and c are
fundamental constants of nature. Hence only seven parameters out
of the ten (158) are really variable. That is why if we fix all the pa-
rameters (162) the dimensional parameters will be fixed, and plasma
will have no freedom for similarity. However, if some of the parame-
ters drop out, then families of similar discharges exist, in which only
the parameters left over are fixed. This approach is conveniently
used when comparing ideal theoretical models with experiment [60].

The set (162) itself suggests variants of idealization aimed at a
diminishing number of relevant parameters. It is obvious that the
number Np cannot be included in the set of important parameters:
high-temperature plasma is ideal from the thermodynamical point
of view, so that N3' — 0. Therefore, there is at least a single-
parameter family of similar tokamaks. Examining the full set of
independent parameters (162) we can imagine other idealizations
when some of these parameters are not important. For instance, we
can assume that collisions are not relevant when a very hot plasma
is at hand. In the case of collisionless plasma &* — 0, a family of
similar tokamaks becomes double-parametric. Another assumption
is related to the case when the plasma pressure is very low and 3
is extremely small. If we put 8 — 0, one other free parameter of
similarity enters.

However, both of these assumptions are of a rather abstruse char-
acter and may be interesting mainly for theoreticians. In any case
collisions are definitely important for ohmic heating, which relates
to collisional dissipation, while 8 is not an independent parameter
but enters as a result of interplay between the heating and energy
losses.

Hence the most natural assumption is N35! — 0. Note that Np
is also contained in the argument of the Coulomb logarithm but the
latter is such a weak function of Np that it can be considered as a
constant. If Np is dropped out of the set {162) then a one-parameter
family of similar tokamaks has to exist.

Let us fix all the parameters in (162) except for Np. Then one
of the dimensional parameters is left free. It can be chosen as we
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like. Let it be the magnetic field B. Because for given A and g, the
dimensionless parameters scale as

B nT/B® Mxnd® v xan/T? (164)
the dimensional values allow the following scaling
ax BY*  no B¥® T x BYS (165)

It is easy to check that the quantities in (164) are not changed when
the scaling (165) is fulfilled.

The dimensionless parameters (162) look like internal character-
istics of plasma. When atomic processes are not important these
parameters and only these are responsible for the features of all
phenomena in plasma. The physics of plasma with the same pa-
rameters is the same too. For the external observer there exists a
one-parameter family (165) which represents the concrete realization
of such a plasma.

Note, that according to (165) the plasma current / x a8 x @
In other words, the product Tal/* can be considered as the main
parameter of this family. This value labels the family of self—gimilar
tokamaks. To a rough approximation the current is the most impor-
tant plasma parameter for distinguishing tokamaks from each other.

The self-similar tokamaks are geometrically similar and have the
same ratio of size to the internal parameters of length. The similarity
inside the one family is also true of other physical values. In par-
ticular, this statement relates to the energy-confinement time. The
product Tgwp is dimensionless so that the value Brg dEPEPdS on the
dimensionless parameters only. Instead of the rgwp combination we
could relate 75 to the transit time, or to the Bohm confinement time.
But all such combinations convert again to Brg if the similarity con-
dition (165) is valid. . '

Thus according to (164) there are three dimensionless combina-
tions. But the temperature is not an independent variable; it is con-
trolled by the balance of ohmic heating power and transport los.ses.
Hence, according to (165), we have only two independent combina-
tions

-1/

Ba®/* nB=35, (166)

Brg is dependent upon them. If we take, for instance, the family
of similar tokamaks with Ba®/* = constant then the value of Brg is
the function of a single parameter: Brg = F(nB~1°) _

An experimental discussion of this statement will be given in sec-
tion 8.3. If auxiliary heating is used in addition to ohmic heating
then another dimensionless parameter P/Poy appears where P is
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the total heating power and Poy is the ohmic heating power prior
to additional heating. We will see later how this parameter can be
used in the dimensionless approach.

8.3  Murakami and Hugiill Numbers

Let us consider now atomic processes. This means that we involve an
additional parameter h, namely, Planck’s constant. Correspondingly,
we can construct a new non-dimensional parameter. It is known
that dimensionless parameters can be constructed with the help of
atomic constants alone. The combination v = €?/#e, the fine struc-
ture constant, is dimensionless and equal to approximately 1/137.
Of course this number does not help very much in application to
plasma physics problems. To obtain a more convenient expression
for the appropriate parameter we should consider the corresponding
physical background again.

For convenience we may introduce atomic units for length, velocity
and energy
h? e? m.e*
= e = The

f

Ta =

(167)

mee?

To evaluate the role of atomic processes we should compare appro-
priate power losses with Joule heating power. It is much easier to
proceed with the help of the following ‘Gedanken experiment’. Let
us assume that we have a plasma with a temperature of the order of
T ~ ¢,. At this temperature the plasma looks like a mixture of ion-
ized and non-ionized gases. Let us assume that the density of both
gases is of the same order of magnitude and is about 7, i.e. about
the average plasma density in a tokamak. Now let us compare ohmic
heating power with power losses produced by atomic processes.
Heating power per unit volume Poy apparently is equal to 7,
where j is current density and 7 is electrical resistivity. The average
current density is proportional to ¢Br/q, R, where ¢ is the velocity
of light (here we use again cask units). Electrical resistivity can be

evaluated as
Melei L3

= F(T.

M= o T et (T.) (168)
where v,; is the electron—ion collision frequency, T. = T/e, is the
non-dimensional temperature, F is a factor of the order of unity at
T. ~ 1 and decreasing as T."%/? at higher temperatures. In (168) we
emphasized the factor L ~ 10: it is the Coulomb logarithm which

takes into account the long-range character of Coulomb collisions.
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Thus, the average power of ohmic heating may be expressed as

¢?B% LK

7R et T (169)

OH =

As for losses due to radiation and ionization, they can be written as

2
,€°k

Me

Pr = n*r2vu,6,G(T.) = n

G(T.). (170)

As can be seen, PR increases as the square of the density and if Py
becomes comparable to Poy, then atomic processes start to a play
significant role. That is why as a characteristic of this role we may
accept the quantity Pr/Poy which can be expressed as:

P/ Pon = HXG(T.)/F(T.) (171)

where
_ €YngR

" B:VI

v = e*/he ~ 1/137 and L is a number of the order of 10.

In expression (171) G/ F is of the order of unity at 7. ~ 1. Both
functions G and F decrease with temperature, so that very roughly
the right-hand side in expression (171) may be considered as a con-
stant independent of T,.

Thus, the role of atomic processes in a tokamak is defined by a
non-dimensional parameter H which we call the Hugill number. If
we put L equal to 12.3, H will have the following numerical value:

(172)

H = ng.R/Br (173)

where the average density n is measured in units of 102 m~3, R in
metres and By in tesla.
In addition to the Hugill number, the so-called Murakami number
[62] is used
M = aR/Br. (174)

It is expressed in the same units. M is used for plotting the Hugill
diagram (figure 3.9). We should note, that the straight rays from the
origin of the coordinates on the Hugill piot of figure 3.9 correspond to
the lines of constant H: I/I. = 1/q, = M/H. As is seen from (171),
increasing the Hugill number, the role of the atomic processes also
increases compared with ohmic heating. Radiation on the periphery
of plasma may affect the current density profile and cause degrada-
tion of plasma confinement. That is the most important mechanism
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that leads to the Hugill density limit [63], which corresponds to the.

critical value of H_. = constant.

This density limit may also be expressed in the form of the Green-
wald criterion {64], 7. = constant X j,, where j; is the current den-
sity averaged over the plasma cross section. The Murakami limit,
n ~ Br/R, corresponds to the absolute density limit at the maximal
permissible plasma current.

If in addition to ohmic heating some auxiliary heating is used
then returning to (171}, one may easily see that both density limits
increase approximately as n ~ /P, where P is the total heating
power.

The low-density limit on the Hugill plot {see line 1 in figure 3.9)
can also be expressed in terms of the Hugill number. This limit
relates to electron run-away at low density when the current electron

velocity j/en approaches the thermal velocity v, = /2T /m.. The
ratio j/enwv, is approximately equal to /L/T.H~!. Here T, is the
dimensionless electron temperature expressed in atomic units. At
temperatures of the order of several keV the value of j/env, is of the
order of 0.1/ 7', so that strong electron run-away begins when the
Hugill number decreases below a few tenths of unity.

6.4 Dimensional Analysis of Energy Confinement

The mechanisms of energy losses from tokamak plasma are rather
complicated not only because there are several channels of energy
leakage, but also due to the fact that major channels, namely electron
and ion thermal conductivities, are usually anomalous, i.e. highly ex-
ceeding neoclassical values. Nevertheless, even in this case, one may
try to apply methods of dimensional analysis in order to find out
the main non-dimensional parameters which control transport. Al-
though such an approach cannot replace real theory it can help to
shed light upon the most important physical mechanisms of trans-
port.

To be more precise, let us first try to consider empirical scalings
for 7 on the basis of dimensional analysis. To begin with, let us use
the Hugill diagram once more so that even our starting point would
be bound to the non-dimensional parameters. From a practical pofnt
of view, the most interesting region of plasma parameters is that of
high densities and currents. Figures 6.2 and 6.3 show two examples
of successfully attaining high densities, in JET by using beryllium
coating of the chamber walls and in JT-60 with the help of pellet
injection. It can be seen that the experimental points are inside the
region of g.;) = ¢q.¢ > 2 and H < 3. Experimental points of other
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Figure 6.2 Hugill plot for JET with beryllium coating of
vessel walls (1989) [102].

tokamaks are usually deep inside the limits of this region except in
some cases when very low values of ¢ were attained [19].

Let us emphasize once more that high densities here and later on
are meant in the sense of a non-dimensional Murakami parameter.
For instance, high absolute values of density in high-field tokamaks
(ALCATOR, FT) do not have the same high values of Murakami
parameter, as shown in figures 6.2 and 6.3.

For a discussion of scalings we begin with ohmic heating dis-
charges. When the densities are not high enough so-called neo-
ALCATOR scaling is valid

e = 7 %x 107 naR%q,. (175)
Scaling expressed in such a way has wroug dimensionality. The right-
hand side of this equation is non-dimensional, but should have dime-

sions of time. In order to restore the dimensionality of (175) let us
express it in the {ollowing way:

TE = 0.‘l£\_—ka32qa (176)

(2]

where A=% = dwe?ii/m.c®, v = 2 X 107 ms™L.
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Figure 6.3 Operation region (Hugill plot) for JT-60 with
pellet injection: 1—gas puffing; 2—minor pellets; 3—large pel-
lets. Full circles—limiter, open circles—divertor [103, 147].

The quantity vg is the mean thermal velocity of electrons at 1 keV
temperature, i.e. v. = vov/T, where T is expressed in keV. Thus,
the ALCATOR scaling can be considered as a simplified empirical
version of a more regular relation of type (176) with vy replaced by
¥, Le. having a slightly unfavourable dependence on temperature.
One should note that such dependence was clearly demonstrated by
the T-11 device [15].

Neo-ALCATOR scaling with linear dependence upon density is
valid only up to some critical density ng above which a saturation and
sometimes even slight decrease of 7 with density is observed. The
critical density value n, at which the transition from one dependence
to another occurs is given by the Shimomura relation [26]

ne > Bry/ A /2/q. R. (177)

It means, that the transition line corresponds to the Hugill number
H, = \/A;/2, as shown in figure 6.4. Above the critical density the
energy confinement time may be considered as neo-ALCATOR at
n = ng, l.e.

g =7 x 107 2aRBr /A /2. (178)

This statement does not affect the Frascati tokamak (FT) resulis
[65] which will be discussed somewhat later.
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Figure 6.4 Boundary of the ALCATOR scaling on the Hugill
diagram {broken line).

The question may arise as to whether the critical density value
relates to ballooning instability. To answer it, we have to exam-
ine where the Troyon limit is situated on the Hugill plane. It is
convenient to express 8 not in terms of average pressure but in
terms of chord average of density and central temperature. To do
so we choose some standard profiles for density and temperature:
T = To(l — r?/a?}), n = ng(1 — r?/a?). Then with g = 2.8 we can
express the Troyon limit in the form

H. = 7aBr /T, (179)

where Ty is expressed in keV and H. is the Hugill number at 8 = ..

We immediately see that at a fixed value of a By /T the ballooning
limit corresponds to # = constant. This line changes together with
temperature and enters the H < 3 region only at high enough tem-
peratures, so that the limit by ballooning modes is not relevant to the
transition line H; = 1/ A,/2 from linear to saturation dependence on
density. In other words, the energy confinement time saturation with
density is not related to ballooning modes (this is obvious directly
from the experiments).

Let us consider now energy confinement scaling with auxiliary
heating. It is convenient to start from the Goldston scaling

7= 3.7 X 107 RV S 3 KO P=05(4,/1.5)%°. (180)

Here we use again MA, metres and MW units. The factor with
A; takes into account the isotope effect reflecting the fact that the
original scaling was based on experiments with H and D mixiure,
Ai = 15

Not to complicate matters, let us restrict ourselves to circular
plasma, K = 1, and assume A; = 2 (the case of deuterium). More-
over, as soon as we are not secking for accuracy but looking for
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parametric clarity let us round off the power indexes, so that, for
dimensional analysis we accept a very simple dependence

TE =6 x 1077 RV 08 pos (181)

which approximately agrees with {180} for large-size facilities. Tak-
ing into account that P = Wy /7p where Wy = 272 R(3nT) is the
total thermal energy of plasma. then, squaring (181) and eliminating
P we get the following simple relation

2
~Tx 107 —. 182
TE 7 x 10 aﬁp ( )

Here 3, = 167 (nT)/B: and B, = 1 /5a.

The right-hand side of (182} again does not have proper dimen-
sionality. We may proceed in the same way as we did with neo-
ALCATOR scaling. Namely, let us express it as {ollows

.M
T = ll X 10')—'+. (183)
eyl

Transition from neo-ALCATOR scaling (176) to additional heating
scaling (183) occurs at

A <3 % 10770 8,4, (184)

Let us introduce into our consideration an average Larmor electron
radius in the poloidal magnetic ficld B,: p, = \/ZTthE/eng.

This expression may i)-e writt?n as: py = A B3p/2, wherel_ﬁp/‘z is
the electron component in H,. lLquation (134) may be rewritten at
g~ 4 as

A <1 x 1077 fap,.

In other words, when A diminishes the confinement gets poorer.

Now let us return to empirical scalings (175} and (182). The con-
dition of transition from neo-ALCATOR scaling to L-mode scaling
with additional heating, as we see, may he expressed as

na’B,q, > 1 [185)

3. This is a different version of

where 7@ is expressed again in 10%° 1~
(184).

Finally, we can find oue other approximate relation for the point
of transition from neo-ALCATOR to L-mode scaling. For this, let us
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take into account loop voltage, which in tokamaks is usually of the
order of one volt. Thus, the ohmic heating power is proportional to
the current. In such a rough approximation relation (181} can be
written for ohmic heating as

T,’E‘ - 6 X 10—2[0'5R1‘5a-0'5 (186)

where the prime denotes that 7 does not depend on density. This
relation leads to another variant for transition from linear 7z de-
pendence of saturation density. Scaling (186) is relevant when the
corresponding 7 value is less than that of (178}, i.e. at

aBr > /IR/a4;. (187)

This condition is fulfilled in facilities with ohmically heated plas-
mas at high magnetic field values. For instance, Goldston scaling
(180} i.e. the more precise version of L-mode scaling, explains quite
satisfactorily the FT experimental data with ohmic heating [65].

Now we can summarize the results of our considerations. Tran-
sition from linear ALCATOR scaling to saturation in plasmas with
ohmic heating occurs at a fixed Hugill number. One may suppose
that this transition relates to approaching the critical Hugill bound-
ary, i.e. it is related to atomic processes. These processes may modify
the current distribution profile to a less favourable one and may en-
hance transport.

When heating power is increased the Hugill limit shifts towards
higher densities. The transition point from linear dependence upon
saturation density will be shifted with power increase to lower density
values, because the L-mode energy confinement time decreases with
power. In large facilities which satis{y condition (187), the region of
saturation of density corresponds to auxiliary heating scaling even
with ohmic heating alone. That is why in large machines a neo-
ALCATOR scaling is valid only at low densities so that Goldston
scaling (with its modifications) should be considered as the basic
one.

One more conclusion can he made on the basis of empirical data,
namely that dissipation is not so important and #% can be omitted
from the number of parameters responsible for transport. This does
not mean that dissipation is definitely of no importance at all. The
situation here is rather similar to gas flow in rough tubes at very
high Reynolds number values, i.e. dissipation is not seen explicitly
but is important for non-linear small-scale patterns.

One more remark. Simplified expressions (176) and (183} contain
either macroscopic or electron parameters. This suggests that a ma-
jor channel of energy losses could be the electron channel whereas
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the ion channel adjusts to it unless the ion transport lowers down
to the neoclassical value. Then why does Goldston scaling contain
(4}/*? Some light is shed by the relation n, ~ (4;)*/* for the criti-
cal density of transition from linear 79" dependence on saturation.
As soon as n, corresponds to some fixed Hugill number and seems to
be related to the processes at the plasma edge, the presence of the

factor (Aj)u2 in scaling may be related to plasma edge phenomena.
The lighter jons are, the more violently they move in turbulent fluc-
tuations at the periphery and, in turn, more intensively excite the
plasma core. The experimental data of 1sx-B (where plasma. confine-
ment was improved by heavy impurity influx from the walls) support
this point of view. Thus the edge plasma may be an essential char-
acter in tokamak transport phenomena. We will see in section 9.3

that mechanisms with ion mass dependence may exist even inside
the bulk plasma.

7 Non-linear Plasma Activity

Tokamak plasma lives a very complicated life: many collective pro-
cesses spontaneously develop and persist in it. Some of these pro-
cesses are of a clearly obvious, regular nature and could be observed
directly by means of different diagnostics. Others, like anomalous
thermal conductivity, indicate the existence of some perturbations
in plasma. Sometimes corresponding noise can be measured directly,
for example, by means of electron density fluctuations. Below we will
describe major types of non-linear activity both macroscopic, related
to the muD-perturbations, and kinetic, related to electron and ion
non-equilibrium distribution functions.
The present chapter covers mainly regular processes in plasma.

T1 Mirnov Oscillations

Mirnov and Semenov having installed a series of small magnetic
probes in the T-3 tokamak, measured for the first time external mag-
netic oscillations [66]. Correlation analysis allowed them to identify
m and n numbers of helical perturbations. That was the beginning
of tearing mode investigations.

The most intensive tearing-mode build up is indicated at the initial
phase of the discharge when the factor g{a) at the plasma bound-
ary increases monotonically with time. They look like perturbation
bursts with different numbers m ~ ¢(a). Each such burst is ac-
companied by energy loss from plasma, and even by local current
disruption at the plasma periphery [67].

Such oscillation bursts can be described theoretically [68], as the
result of a tearing-mode development when ¢(r) dependence is non-
monotonic. The bursts during current rise may be suppressed or
even eliminated by gas puffing which creates more stable current
density profiles.

Tearing modes may exist also in the steady-state phase of a dis-
charge: a weak instability plays the role of supervisor which controls
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the current distribution profile near its marginal shape. Internal
tearing modes, as a rule, propagate azimuthally in the direction of
electron drift. This is quite a natural feature, since the magnetic sur-
faces are frozen into electrons. Sometimes the tearing modes slow
down or even stop completely—such modes are called locked modes.
The presence of such a mode may be dangerous: a magnetic island
formed in plasma ceases to feel the stabilizing role of the conducting

chamber and may easily develop to large sizes; and large islands lead
to disruptive instability.

7.2 Saw-tooth Oscillations

Saw-tooth oscillations were discovered in the ST facility by Von
Goeler et al [69]. It was observed that in a stable phase of the
discharge the central temperature experienced periodic oscillations
of relaxation type. Since then saw-tooth oscillations have been reg-
istered in practically all tokamaks. This is a very important type of
plasma non-linear activity not only because it noticeably decreases
the plasma thermal insulation in large facilities but also because it is
the key to understanding a more drastic phenomenon—the disrup-
tive instability.

The process itself consists of periodically repeated phases of slow
temperature rise at the centre of the plasma column with subse-
quent fast drop. Shortly before each temperature drop, oscillation-
precursors are observed. They appear to be m = 1 mode. When
temperature drops at the centre the temperature profile flattens, so
that the temperature decreases inside some radius r, and increases
directly beyond this radius. The r, radius is called the inversion
radius.

After a drastic phase of temperature drop in the r < 7, region,
and increase beyond this region, a thermal wave propagates from
the central region to the plasma periphery. This wave is often used
for electron thermal conductivity measurements. The temperature
profile flattening during saw-tooth oscillations in T-10 is shown in
figure 7.1 where the normalized values of temperature and radius r,
are plotted. The sharp flattening of the temperature profile is called
internal disruption.

A simple model of internal disruption was proposea by Kadomtsev
(70]. This model is based on the fact that prior to the disruption the
value ¢(0) abates below unity everywhere inside the r, radius corre-
sponding to ¢(r,) = 1. Here the development of m/n = 1/1 internal
mode is possible. To describe this mode one may use the reduced
MHD equations. The auxiliary transverse field B, = B;—(r/R)}Br has
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Figure 7.1 Electron-temperature-profile flattening at an

internal disruption.

different signs on both sides of radius ry, as shown in figure T.Q(a_).
If the plasma column inside r, is perturbed according to the hfzh-
cal m = 1,n = 1 mode then in each cross section this perturbation
looks like a simple displacement. As is seen in figure 7.2(4), a current
layer with oppositely directed magnetic fields is formed. Due to ﬁ
nite conductivity in the ab current layer (figure 7.2(b)) the magnetic
lines reconnect. As a result of this reconnection a moon-like island A
is formed (figure 5.5(c)),which pushes the plasma column core out-
ward. Thus, reconnection cannot be stopped unless the cylindrical
symmetry of the magnetic surfaces is completely. restored, as sho.wn
in figure 7.2(d). Now B. has the same polarity everywhere, i.e.
g > 1. But as a result, a cooler plasma occurs at the centre whgreas
a hotter one forms at the periphery. Thus, r, radius indeed is an
inversion radius. After each internal disruption a much slower phase
of initial state restoration takes place. The central plasma region
is heated up, part of the current penetrates into it, the g(0) value
drops again lower than unity, and the column becomes prepared for
a new internal disruption. .

This simple model explains the main effect-—the relaxation nature
of the oscillations with a siow phase of temperature increase at .the
centre and a subsequent phase of temperature-profile fast flattening.
The reconnection of the magnetic field lines may be described by
the Sweet—Parker model [71,72]. Let us consider the current layer
scaled up to larger size (figure 7.3). Its width is of the order of 7,
and thickness 6 is determined by the magnetic field diffusion rate. ATS
the field diffuses into plasma and magnetic lines reconnect, plasma is
extracted from the layer. A kind of ‘catapult’ of strained magnetic
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Figure 7.2 Process of reconnections on auxiliary transverse
magnetic field B*: (a) direction of magnetic lines relative to
the surface with 8" = 0; () contact of surfaces with oppositely
directed fields B*; (c) reconnection of the current layer ab due
to finite plasma conductivity; {d) final result of recennections:
auxiliary magnetic field is unidirectional.

Figure 7.3 Plasma expulsion along the layer during recon-
nection.

lines is formed, which throws out the plasma from the layer into
the moon-like region A of the magnetic island (figure 7.2(4)). An

estimation of the reconnection rate can be be made in the following
way.
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Let At be the time taken for a layer renewal, i.e. the time taken to
expel the plasma from the layer by magnetic lines. This time is of the
order of At ~ r./c%, where ¢} is the Alfven velocity corresponding
to the auxiliary magnetic field. During this time the magnetic lines
diffuse a depth §. Since 8% ~ ¢*/47w(nAt), where 7 is Tesistivity, we

obtain 12
¢ r
5§~ —n— .
(4# nc:\)

Now we can find the time of complete reconnection 7 ~ r,At/é.

T~ (TaTR)"? (188)

where 75 = ¢} /rs, TR = 47rI /.

A comparison of this simple model of laminar reconnection with
experiment has shown that it describes the main features of the
phenomenon quite satisfactorily. However, the accumulation of ex-
perimental data had indicated a great variety of possible forms of
reconnection, which entailed the necessity of model improvement
and, in some aspects, its serious modification.

To simulate numerically a ‘saw-tooth’ one should describe its two
phases: the phase of slow profile restoration with ¢(0} < 1 and the
phase of fast temperature flattening. To describe the first phase
the neoclassical resistivity has to be taken into account. The fact
is that only the transit particles contribute to the electron electrical
conductivity so that electron trapping leads to a decrease of the
density of current carriers. As a result, the resistivity is modi-
fied n = ny(1 — 24/€)~!, where 7, is the classical Spitzer resistiv-
ity, ¢ = r/R, and the multiplier in brackets takes into account the
electron-trapping effect. Due to toroidal correction, the stationary
temperature profile tends to sharpen: even for a flat temperature
profile the resistivity at ¢ = 0 is lower than that at some distance
from the magnetic axis. The phase of current density restoration
lasts for the resistivity time 7. If one assumes that ry is propor-
tional to R one may obtain [73], a very simple semi-empirical scaling
for the period of saw-tooth oscillations

rer ~ 1072 R*T3? [ Z 4. (189)

Here R is the major radius in metres, T, is the electron temperature
in keV, Z.¢ is the effective ion charge, 71 is in seconds. There
are some other more accurate scalings for 75 {74], but {189) is the
simplest one.

The second phase is the phase of the sharp temperature profile
flattening i.e. an internal disruption. Three guestions arise: what is
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the trigger of the internal disruption (i.e. type of instability), how
does the disruption develop and what is the time of disruption?

To discuss these questions one should turn back to the simplest
maodel of complete reconnection and consider the simplifications
made. In the framework of the reduced mup-equations there is no
ground for the initial instability: the internal m = 1/n = 1 snake
is in neutral equilibrium until the process of reconnection starts. In
some cases instability can be triggered when 3, inside radius r, ex-
ceeds a certain critical value [59].

The real process of reconnection may substantially differ from the
ideal picture of a quiet evolution of the ‘moon-like’ island descibed
above. The fact is that every force tube ‘catapulting’ into A may
drastically perturb plasma and create mup-turbulence. If a turbulent
zone is formed in region A then the B, mean value may disappear due
to mixing of magnetic lines. Then there is no force that would *press’
the internal core to the magnetic surface with the inverse magnetic
field. In this case a partial reconnection can take place. Such ‘saw-
teeth’ with incomplete reconnection were observed in TFR (Tokamak
Fontendy aux-Roses) and were interpreted by the authors [75] as a
result of the development of Mup turbulence in the vicinity of the
point.

Further on, the stochasticity of the magnetic lines may appear
due to the toroidicity which viclates the ideal helical symmetry [76].
Both types of stochasticity may change significantly the resistivity
value inside the current layer. If after crossing the current layer each
electron does not return back to the same point, then, instead of
a normal skin-layer, an anomalous skin-layer can develop. In this
case in the expression for classical m.v./ne? resistivity the electron
collision frequency of v, should be replaced by an anomalous value i.e.
by the characteristic inverse time of an electron single transit along a
magnetic line of length ¢R with thermal velocity v. = /27T /m, [77].
The replacement of v, by its anomalous value significantly increases
the reconnection rate and makes it close to the observed one at the
fastest internal disruptions.

A broad series of experiments on the study of saw-tooth oscilla-
tions was done in the T-10 facility [78]. A great deal of information
has been obtained in experiments on large facilities {79, 80]

7.3 Disruption Instability

The disruption instability was discovered in the earliest phase of ex-
periments in tokamaks [8,10]. The firsi observations had shown
major characteristics of this phenomenon: negative spike on the
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Table 7.1 Comparative characteristics of different types of disruption.

Types of distuption  Saw-tooth  Minor disruption  Major disruption

vie) ¢ ¢ t
—*‘ ——- _—’

Voltage
AV —_ —-1--10 —10--500V
X{1)

ANV /\/L
Soft x-ray Drop by.
AX ~ 10% ~ 20-80% several times
AT.(0) ~ 10% ~ 20-50% ~90%
Ane ~ 1-4% ~ 10% ~ 30%
Bo/Be — < 4% ~ 15-20%
m 1,0 (3),2,1,(0) (3),2,1,0,3,4

—  — ——

loop voltage, positive current derivative and drastic decre?,se of the
plasma major radius. They all indicate a sharp broadening of'the
current-carrying zone accompanied by partial release of the poloidal
flux from plasma. The disruption is accompanied by strong MHD-
oscillations and plasma energy loss. The disruption instability may
lead to total plasma collapse; such a disruption is called a major
disruption. Alongside this there are minor disruptions: partial loss
of energy from plasma which may be repeated without total de-
struction of the column. Both minor and major disruptions together
with internal disruption in saw-tooth oscillations represent similar
phenomena but on a different scale. This is easily seen from ta-
ble 7.1 where the comparative characteristics of these three types of
disruption are shown [67]. .

Major disruptions are most dangerous. In a quiet fhsch.arge phase
the disruptions develop while approaching the operating limits. Cor-
respondingly, the disruptions may develop at the

— density limit,

— ¢, limit,

— 3 limit. _

The disruptions may also be initiated by careless handling of plasma:

-— by a fast density rise, _ ‘

— by a fast current rise, often while a locked mode is growing
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— by changing the geometry from a limiter to the divertor with
a separatrix;

— as a result of a large ‘saw-tooth’, especially at low ¢,;

— by a mode activity localized at the plasma edge.

In addition, the disruptions may be initiated by casual circum-
stances, for instance, penetration into plasma of a fragment from
the first wall etc.

Scenarios of disruptions are more or less similar varying with dif-
ferent factors of plasma destabilization.

In large tokamaks disruptions at the density limit go through four
different phases

1. Comstriction of a current channel due to radiation losses;

2. muD-precursor, such as kink modes growth, particularly m =
2/n = 1 mode; sometimes this mode slows down with the fre-
quency decrease, then it stops completely and forms a locked mode

3. Drastic energy loss—is a real disruption but at this stage the
plasma can stili be restored. If different modes, particularly
m = 1, develop further, then mup-activity affects all the column
and a major disruption becomes unavoidable.

4. Current decay—it begins with current-profile flattening accompa-
nied by a plasma current hump and negative loop voltage, then
the current decays due to impurity influx and plasma cooling.

As a typical example, figure 7.4 displays the energy and current
decay in JET. As we see, the energy quench is very fast-—less than
one millisecond. One can distinguish two phases of the quench.

Disruptions of other types (not at the density limit) have similar
scenarios, but the mHup-precursor may be shorter in time.

The intimate cause of disruption is related to the ability of the
poloidal magnetic field to release energy. If the plasma column
shrinks and the g(r} = 2 surface becomes located outside the hot
plasma boundary then a non-linear tearing mode may develop.
Roughly speaking, a double-threaded helical bubble appears near
the hot plasma boundary. This bubble tends to penctrate inside the
plasma core and to tear it in two parts. Additional excitation of other
modes which accompanies this process and leads to current-density
profile flattening simply enhances the situation.

Another approach to describe the same phenomenon is based on
the Taylor relaxation model (sec section 9.2). This model was sug-
gested for the reversed field pinch. It presumes reconnection of free
magnetic lines in the plasma that can lead to energy relaxation con-
strained by the helicity conservation law. As a matter of fact the
tokamak plasma is immersed in a very strong magnetic field which
does not allow for the reconnection of free magnetic lines. However,
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Figure 7.4 Current decay and the temperature quench dur-
ing disruption in the JET tokamak [102].

when many modes are excited, i.e. during the disruption, such a
possibility appears.

Applied to a tokamak plasma with By » B, the Taylor theory
leads to a homogeneous current-density distribution which is most
undesirable from the point of view of kink modes. Once it appears,
this state is maintain by the Taylor mechanism until complete decay
of plasma current. Thus, a major disruption locks like a total con-
fusion of reconnections, whereas a minor one leaves untouched the
magnetic structure of the central part of the column. In both cases
regions with chaotic behaviour of magnetic lines appear which lead
to an enormous electron thermal conductivity. Very high heat losses
from plasma to the walls are produced.

Disruption in large tokamaks is a kind of modest accident: a large
amount of energy is released to the walls. In addition to the thermal
impact, the chamber experiences a mechanical impact due to electric
currents flowing from plasma. Together with the toroidal magnetic
field these currents create quite appreciable ampere forces.

In principle, the probability of disruptions can be reduced but, as
a rule, this is a specific problem for each device,

7.4 Fan Instability

If fast particles are produced in tokamak plasma, both electrons
and ions, then kinetic instabilities can develop. One of the first
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kinetic instabilities discovered in the experiments [81] was called a
fan instability. It is produced by run-away electrons i.e. electrons
which cannot be stopped by Coulomb collisions and pass into a free
acceleration regime. This effect is related to the fact that the cross
section of Coulomb collisions decreases with the energy of the particle
beam ¢, as eb‘?.

A considerable number of run-away electrons may appear when
the electron energy acquired in a collision-free path represents a con-
siderable fraction of thermal energy. Numerically, this condition may
be expressed as E < 0.1Ep, where the value of the critical field

Ep = ypT./eA (190)

has been called the Dreicer field, vp is the numerical coefficient, A,
is the electron mean free path.

Run-away electrons may appear near the left-side limit on the
Hugill diagram (figure 3.9), and also at the initial stage of the dis-
charge when the loop voltage is high enough. Run-away electrons
are injected meore violently by disruptions when local bursts of cur-
rent density may appear. A major disruption further intensifies the
rate of production of run-away electrons: the plasma temperature
decreases and the electric field in plasma grows as E ~ n ~ T.3/2,
whereas the Dreicer field diminishes.

When many run-away electrons appear they may excite oscilla-
tions due to the so-called anomalous Doppler effect [82]. For excita-
tion of waves the following resonance condition has to be fulfilled

w — k”vu = +Wee or w — k‘"v” = —Wee (191)

where w is the wave frequency, &y is the projection of the wave vector
on the direction of the magnetic field, w.. = eBfmec is the electron-
cyclotron frequency.

The frequency w’ = w — kjv) is equal to the Doppler shifted fre-
quency of the plane wave exp(—iw + ikr), which is seen by the elec-
tron in its moving frame of reference. When w’ coincides with the
cyclotron frequency the resonance condition is fulfilled. The first
relation (191) corresponds to the normal resonance and the second
one to the anomalous Doppler effect.

To see the difference between these two cases it is convenient to
use quantum-mechanics language. Let the electron emit just one
quantum with energy fw and longitudinal momentum hk;. Then
the electron energy change is equal to

68 = (55" + 68, = —hw. (192)
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Figure 7.5 Conversion of longitudinal energy into transverse
energy for a fan instability.

Due to momentum conservation the longitudinal energy change is
equal to §& = myvyévy = —vyhk). Thus we have for the transverse
energy change

(551_ = ~h(w - k"'U”). (193)

For the case of the normal Doppler effect we have the usual picture
where the emission of quanta leads to diminishing of the transverse
energy, whereas for the anomalous Doppler effect just the opposite
happens. Namely, the electron increases its transverse energy while
radiating the electron-cyclotron wave in the anomalous Doppler ef-
fect.

The phase velocity v, = w/kj of such a wave, as seen from (191),
is less than the electron velocity. That is why the wave seems to
have a negative energy in the electron frame of reference: an elec-
tron, as an oscillator with frequency w,., does not lose but gains
its perpendicular energy when the wave is excited at the expense of
its longitudinal energy. This scenario resembles a fan opening (fig-
ure 7.5). As a result of the fan-type instability the high-frequency
oscillation bursts are excited in plasma and they are accompanied
by losses of fast electrons. It is just the leakage of fast electrons to
the walls that makes the fan instability a dangerous one.

7.5 ‘Fish-bone’ Instability

The ‘fish-bone’ instability was discovered in PDX during the trans-
verse injection of fast neutral beams [86]. It was so named because
regular bursts of Mirnov mup-oscillations resembled the skeleton of
a fish (figure 7.6).

Similar to the predecessors of a saw-tooth crash, the ‘fish-bone’ is
am =1, n =1 mode. Oscillation frequency in each burst decreases
almost two-fold from the beginning of a burst to its end. In the PDX
facility ‘fish-bone’ instability was observed at sufficiently high values
of toroidal 8, i.e. Bq, > 5%. The instability leads to intensive loss of
fast ions and thus worsens the efficiency of additional heating. Later
on this instability was observed in practically all large facilities: JET,
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Figure 7.6 Oscillations of the poloidal-field time derivative
as an indication of fish-bone instability [83].

TFTR, JT-60, DIII-D. The frequency of the excited mode is usually
not high, of the order of ~ 10* Hz. The oscillations grow rather fast,
then they decay somewhat more slowly and plasma is stabitized until
the next burst.

Theoretically the ‘fish-bone’ instability is explained as a kinetic
excitation of the internal helical mode by fast ions [84]. When 3,
increases the internal helical mode reaches its excitation threshold
so that its frequency slows down and the coupling of wave with ion
precession may occur. For a more accurate analysis of instability
the diamagnetic drift of the plasma thermal component should be
taken into account [85]. Each spike of fish-bone activity starts with
linear instability and then it transits into a non-linear regime when
some portion of high-energy particles is expelled from plasma. The
wave frequency is very low so that the particles can continue to be
in resonance. When they are shifted along the major radius the par-
ticle energy diminishes and simultaneously these particles produce
work in the averaged vertical electric field of perturbations. In other
words the radially drifting particles can pump energy in oscillations,
thus increasing their level. When the energy of resonant particles
is exhausted the oscillations drop until the next spike of fish-bone
activity.

A fish-bone instability is dangerous because it throws out a sig-
nificant amount of fast jons trapped in plasma. There is a danger
that a similar process may happen in future fusion reactors where
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helical-mode destabilization may be excited by a-particles produced
in the D-T reaction. That is the reason for a detailed investigation
of this instability.

The results in DIII-D [86] were optimistic in this regard. Although
the ‘fish-bone’-oscillation bursts were sametimes observed in this fa-
cility at 8, 2 1,9, 7. £ 10?° m~3, generally the plasma was stable.

7.6  Edge Localized Modes

In the ASDEX tokamak in the H-mode, an enhanced plasma confine-
ment regime, oscillations affecting only the plasma periphery were
discovered. They were called edge localized modes, or ELms. They
are characterized by a sudden H, radiation growth in the divertor
accompanied by fast decay of x-ray radiation from the plasma pe-
riphery and by a fast drop of §,. Similar behaviour of these signals
was observed in ASDEX during transition from H-mode to L-mode
confinement. Roughly speaking, one may say that the ELM resembles
a short pulse of H-L-# transitions. In fact the plasma losses in a single
eLM may be even higher than in a quiet L-mode phase.

The characteristic features of a set of eLms in ASDEX are shown
in figure 7.7, taken from references [87,88]. The frequency of relax-
ation oscillations (figure 7.7) grows gradually, the amplitude decays,
and towards the end of the ELM a transition from u- to L-mode con-
finement occurs. During £Lm pulses one may observe helical pertur-
bations of higher modes, m = 3,4, so that m/n is close to the value
of g, at the plasma boundary.

The relaxation nature of eLms and the fact that they are accom-
panied by kink modes and energy loss from the plasma periphery
resemble the characteristic features of internal disruption. One may
say that eLm is something like an edge disruption.

Instabilities of ELM type have been observed in many facilities, e.g.
PDX, DIII-D, JET. The presence of ELM oscillations does not mean
that plasma should transit into the L mode: 1 modes with eLms as
well as without ELMs, have been observed in several facilities. Ab-
sence of ELMs in ASDEX led to the accumulation of heavy impurities
in the central region of plasma, i.e. the u mode appeared to be too
quiet and accumulating impurities as predicted by the neoclassical
theory.

It seems that the optimal situation could be reached when a very
low ELM activity without confinement degradation is maintained and
the influence on the impurity content is already present. On DIII-
D [89] and ASDEX [90] it was found that in eLm discharges with a
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Figure 7.7 Oscillations in the LM mode [87].

carefully optimized ELM Tepetition rate stationary conditions could
be achieved.

7.7 MARFE

In the ALCATOR-C facility at very high plasma density another
phencmenon was discovered which was called MarrE, for multifaceted
asymmetric radiation from the edge. MARFE is a toroidal ring of a
dense moderately cold plasma, located at the periphery of a plasma
column on its inner contour. MARFE is easily observed due to its
intense light radiation.

Later marre was discovered in a number of facilities. Plasma
density in MARFE is high enough and is comparable with the central
density of the main plasma. Its temperature is low, only several
electron volts. That is why MARFE is an intense light source.

The physics of MARFE is similar to the physics of a solar promi-
nence. It is known, that a protuberance on the sun represents a
‘sheet’ of dense plasma, suspended on magnetic field lines. Plasma
temperature in a protuberance is much lower than in the surround-
ing corona. As a result, a plasma layer with intensive radiation
builds up. The heat flux from the corona is not sufficient to heat
a prominence to high temperatures. However, corona plasma pres-
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sure is sufficient to support the prominence in a state of hydrostatic
equilibrium.

The same occurs in MARFE. Fdge plasma is not very hot and its
radiation increases when temperature decreases. If colder plasma
appears, then it continues to be cooled down, and plasma pressure
along the magnetic field increases cold plasma density and further
enhances its radiation. A region of cold plasma—marrFE—is formed.
Edge plasma ‘compresses’ MarFE cold plasma along magnetic field
lines and feeds the energy for the subsequent re-radiation.

Thus, MARFE is the result of thermal-radiation instability of edge
plasma [83-85]. It is obvious why MaRFE is formed on the inner
contour. This is just the region where magnetic lines have a higher
connection length due to a higher value of the longitudinal field. In
addition, plasma on the inner contour is more stable which is the
reasan why the process of cross-field heat transport to the wall is
diminished there.

MARFE, similar to ELM, is a result of plasma self-organization pro-
cesses in a tokamak. A phenomenon, simitar to MARFE, i.e. compres-
sion of cold plasma with the subsequent power re-radiation is used
in an open divertor geometry.




8 Plasma Thermal Insulation

Study of plasma therma!l insulation has been the major objective of
numerous experimental and theoretical investigations. Practically all
transport processes are included here, i.e. ion and electron thermal
conductivities, diffusion, impurity transport and viscous decay of
the rotation. At the beginning of research there was a hope that
experimerits would allow us to determine all empirical expressions
for kinetic coefficients which would then be explained theoretically.
This hope was supported for along time by the results from small and
medium size tokamaks where the ion thermal conductivity was close
to the neoclassical value; and as for electron thermal conductivity
and diffusion there was hope that experiments might help to produce
a universal formula applicable for all cases. These illusions were
dispelled in the 1980s partially due to more detailed investigations in
medium-size tokamaks, but, mainly, as a result of vast experimental
data from large facilities.

A new quality emerged as a result of the discovery of various
confinement regimes, which sometimes differ greatly from each other
in respect of the values of thermal and diffusion fluxes. It became
clear that in tokamak plasma profile effects play an important role: a
greater role than at fixed kinetic coefficients. We should speak rather
of the feedback coupling between profiles and kinetic coefficients. In
other words, some kind of self-organization processes occur which
control the plasma shape. To describe these more complex processes
one has to abandon the simplest approaches like thermal transport
with given thermal conductivity coefficients and proceed to more
sophisticated physical models of self-organization.

8.1 Neoclassical Theory of Transport

The minimal level of transport fluxes is determined by Coulomb
collisions. In a uniform magnetic field the coefficients of ion x; and
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electron x. thermal conductivity, as well as the diffusion coefficient
are determined very simply: xi = p?1i; xe = D ~ plv, where p; and
p. are the mean Larmor radii, and v; ansd v, are the mean collision
frequencies; x; is approximately \/m;/m. times higher than x. and
D.

In a tokamak the situation becomes more complicated due to drift
of particles in a non-uniform magnetic field. In a fundamental work
by Tamm (4] the maximal enhancement of kinetic coefficients due to
this mechanism was estimated: y and D should not exceed the classi-
cal values corresponding to the case when only the poloidal magnetic
field By is present. In other words, the theoretical enhancement fac-
tor is not higher than BZ/B} = ¢%¢?, where ¢ = r/R.

A more accurate theory by Galeev and Sagdeev [9,4], known as
neoclassical theory, has shown that the real form of the enhancement
factor is more complicated. A simplified version of this theory can
be presented as follows.

To account for toroidal effects let us investigate first singly-charged
particle motion in a tokamak magnetic field. To be more precise, let
us study the motion of the guiding centre of the drift circle of radius
p = vy Jw. , where w, = ¢B/me is the cyclotron frequency of the
charged particle with mass m (here we nse again ccse-units which
is more convenient for theoretical discussions).

Let us consider the toroidal magnetic surface of circular cross sec-
tion with major radius Ry and minor radius r (figure 8.1). We shall
assume that € = r/R is small. Then the magnetic field strength on
this surface is approximately equal to B = Br{]l — €cos§): on the
external contour the field is somewhat weaker than on the internal
contour, When a charged particle moves in a magnetic field its total
energy € = mvﬁ/? + mv? /2 is conserved (v is the longitudinal com-
ponent, and v, is the transverse velocity component). In addition
the transverse adiabatic invariant is also conserved

iy = mv: /2B = constant. (194)

While the Larmor orbit is moving from the external contour towards
a stronger magnetic field, the transverse kinetic energy increases and
the longitudinal energy decreases correspondingly. If the longitudi-
nal energy is not high enough as compared with the transverse one,
then a mirror effect may appear: the particle is reflected from a
strong magnetic field. It is easy to see that reflection occurs for

those particles which have vf < 2ev] at # = 0. Indeed, at an an-

gle increase A = 7 the value of v} according to (194) would be
increased by 2ev] but if v is less than this value then the particle
cannot penetrate into the strong magnetic field region. These re-
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Figure 8.1 Trapped particle trajectories (‘banana’).

flected particles are called trapped particles, whereas particles with
vf > 2¢vi are called transit particles.

Now let us consider magnetic drift. Two forces directed along the
major radius affect the drift motion: the expelling force of diamag-
netic Larmor motion Fp, = —u; VB = mv? /2R and F. = mvﬁ/R,
centrifugal force. These forces lead to drift with velocity vy, so that
tke Larmor force evy B/c compensates the expulsion forces. In other
words,

B vﬁ + 22 /2
- w R

where w, = eB/me is the cyclotron frequency. The drift velocity is
directed along the vertical symmetry axis. Correspondingly, in the
upper part of the torus the particles drift outside the magnetic sur-
face, and in the lower part inside. As a result, the trapped particles
perform a trajectory which looks like a ‘banana’ in the cross section
projection. The ‘banana’ width is A ~ w4t, where ¢ is the transit
time of one half of the ‘banana’. For a typically trapped particle
with longitudinal velocity vy ~ v, /¢ and total velocity of the order
of the thermal velocity the banana width is

g

(195)

A~ qpf/e (196)

where ¢ = Brr/RBy, p = vrjwp and vr = /2T /m.

The trajectories of transit particles also deviate from the magnetic
surfaces. For particles which have just become transit ones, i.e. which
are located in the vicinity of the separatrix {that, in its turn, sep-
arates trapped particles from transit ones), the v, value is again of
the order of v} \/¢, so that their displacement along the minor radius
is again of the same order as for trapped particles. However, for a

JEe———

S

P —

PR

Plasma Thermal Insulation 127

¢3! 1 vRg /v,

Figure 8.2 Schematic dependence of diffusion coefficient D
and thermal diffusivity on the collisional frequency.

typical transit particle with longitudinal velocity of the order of a
transverse one, this relationship looks like A ~ qgp.

With known particle trajectories it is possible to find correspond-
ing kinetic coefficients by solving the kinetic equations with Coulomb
collisions. For a rough estimation of transport coefficients, it is suffi-
cient to find 6%, where v.q is the appropriate frequency of collisions
and § is a particle displacement between collisions. It is convenient
to start with a rarefied plasma at high temperature, when the mean-
free path A.g = vy /ves is high enough compared with gR. Trapped
particles are the main contributors to transport in this case, so that
one may speak about diffusion and thermal conductivity on the ‘ba-
nanas’.

The schematic dependence of the coefficients of diffusion D and
thermal conductivity x upon the effective frequency of collisions is
shown in figure 8.2. The region of very rare collisions is labelled
‘1’. Diffusion and thermal conductivity in this region are dominated
by the collisions which correspond to transferring the particles from
being trapped to transit ones and vice versa. Thus a single collision
can produce a characteristic displacement of the order of A ~ gp/+/¢.
Since for such a collision it is sufficient to change the longitudinal
velocity by v, /¢ value then the corresponding frequency of collisions
turns out to be much greater than the mean collision frequency be-
cause the process of Coulomb collisions has a diffusion nature in
velocity space. Thus, it follows that

Veg = Ve (197)
since the effective collision frequency exceeds the mean collision fre-
quency by a factor of (v  /v))*.

Bearing in mind, that the fraction of trapped particles is of the
order of /¢, the corresponding transport coefficients may be charac-
terized by

VeN v = e ugpl, (198)
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This expression is valid both for ion and electron thermal conduc-
tivities: it is sufficient to insert the corresponding values for v and
p. It is easy to see that x; exceeds x. by a factor of m; /m,. The
diffusion coefficient D in neoclassical theory is of the same order of
magnitude as the electron thermal conductivity, i.e. it is much less
than the ion thermal conductivity.

The expression for transport on ‘bananas’ is valid only at low
values of v.q, when the collision frequency of trapped particles is
less than the bounce frequency i.e. at veg > /evr/qR. In terms of
the dimensionless collision frequency

vt = ve 3R /vy (199)

the ‘banana’ diffusion region in figure 8.2 is limited by the condition
v < 1.

In region 2, where 1 < #* < ¢73/2, the average collision frequency
v is less than the mean bounce frequency ¢R/vr. Correspondingly,
not all the particles contribute to the transport, but only slow-transit
ones. Such particles suffer a displacement of the order of A ~ gpvr /v
and their effective collision frequency is of the order of #v2 /v?. Their
relative number is of order of v/vr, where the characteristic value of v
can be found from the relation v ~ v/gR. Thus their contribution
to the transport can be estimated as Alvgv/vr ~ ¢%p?ur/qR and
gives the ‘plateau’ in figure 8.2. In other words, in this intermediate
region, x and D do not depend on collision frequency (naturally, to
a rough approximation only).

The region of frequent collisions, 3, may be described hydrody-
namically. It is called the Pfirsch—~Schliiter region, after two physi-
cists who were the first to investigate this problem theoretically. It
is better to imply specific plasma convection which leads to diffusion
as well as to convective thermal fluxes. Let us start with diffusion.
In a straight cylinder with a longitudinal magnetic field the diffusion
arises due to finite resistivity: to maintain the equilibrium current
ji = —cB~ldp/dr, plasma should move with such a velocity to
provide a Lorentz force ev B/¢ which compensates the friction force
enyji, where 7, = m./e’nr, is the transverse resistivity. From here
we find the diffusion flux in a uniform field

2 dp

ny = —nﬁnl E

(200)

In the toroidal magnetic field this value is modified by the addi-
tional flux due to longitudinal current which is called the Pfirsch-
Schliiter current. This current is produced due to the j; current
non-symmetry along #. As we kuow, the expulsion force in the

-
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direction of the major radius is equal to 2p/R per unit length of
plasma tube with unit cross section. Therefore, an additional cur-
rent §j; = ¢j) cos @ appears. Since the current lines are continuous,
i.e. divej = 0, a non-symmetrical component of poloidal current §7,
should be compensated by a longitudinal current flowing along the
magnetic field lines

. B _,
_]||—-—B—05]J_— RBOECOSB, (20])

To maintain this current a longitudinal electric field Ey = nj; and
Ey = EyB/ By should exist in the plasma. This field leads to radial
plasma convection with the velocity v, = ¢E/B = cnyj;/Bs. This
velocity changes according to a cosf law, and might appear not to
lead to an average plasma flux across the magnetic surfaces. But
this is not true: the element of toroidal surface is dS = 27 Rrdd ~
2m Ror{1 + €cos §) df, so that the radial velocity should be averaged
over the angle # with a weight (1+e€cos#) in order to find the average
flux. After averaging and adding (199) we obtain

c? dp 21]“
NS —ne L 3 (1 + TI—J.q2 . (202)

For Coulomb collisions in H and D plasmas 5, ~ 27, so that, as
compared with a uniform magnetic field, the flux in toroidal plasma
(202) is enhanced by a factor (1 + ¢?). Thus, the neoclassical values
of xi, x. and D are approximately as shown in figure 8.2. This rough
picture is of a rather qualitative nature. A more accurate quantita-
tive theory was developed by Hinton and Hazeltine [95] and later in
the work by Chang and Hinton [96]. Their main result is a smoother
transition between the ‘banana’ region, plateau and Pfirch-Schliiter
regions.

Comparisan of theory with experiment shows that the ion ther-
mal conductivity is of the order of the theoretical value, but often
differs from it by several orders of magnitude. As for the y. and D
experimental values, they exceed the values predicted by neoclassical
theory by two orders of magnitude.

8.2 Bootstrap Current

The neoclassical theory has clarified some other transport effects.
For example, it allows one to calculate the diffusion of impurities.
The impurity diffusion coefficient, obviously, has the same order of
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magnitude as yi, since ion thermal conductivity looks like diffusion
of hotter ions with respect to the backward flux of colder ions. Cal-
culations of classical impurity transport were done in detail. Some-
times they agree with the experimental data. But more often a
much cruder approach seems to be more correct: the same diffusion
coefficient for all the impurity species.

Another effect, which is quite clear from the point of view of neo-
classical theory, is a change of plasma longitudinal conductivity due
to electron trapping. Roughly speaking, in rarefied plasma the num-
ber of current carriers changes, and therefore, the electron resistivity
becomes higher as compared with the classical Spitzer resistivity by
a factor of (1-24/¢)™!

7=na(1- 2V nq = 10%Z4T7%2 (Qm). (203)

The last expression is given in Mks units and 7, electron temperature,
in keV,

We have to mention one additional effect, namely Ware pinching
produced by trapped particles [97]. Its origin is the following. The
trapped particle trajectories in the form of ‘bananas’ do not embrace
the magnetic axis and do not feel the direct influence of the toroidal
magnetic field. When a longitudinal electrical field E is applied,
these particles start to drift in the poloidal magnetic field By. The
drift velocity is controlled by the balance of two forces, the electri-
cal fleld force and the Lorentz force. Since the portion of trapped
particles is ~ /e, the pinching velocity related to the whole plasma
becomes equal to

tw ~ —— /e (204)

The neoclassical theory allows us to calculate this value over the
whole frequency range, not only for the ‘hanana’ region.

The most interesting effect discovered by neoclassical theory is
the so-called bootstrap-current. Bootstrap-current was predicted on
the basis of neoclassical theory in the work of Bickerton et al {98]
(see also [99]). This is a current produced by plasma itself due to
its diffusion expansion. This seems to be an effect opposite to Ware
pinching, plasma expansion replaces longitudinal electrical field. The
name ‘bootstrap current’ was suggested with ‘Alice in Wonderland’
in mind where the heroine managed to support herself in the air by
her shoelaces.

Basically, bootstrap current is related to the presence of trapped
particles, but is transported not only by trapped particles but mainly
by transit ones. Trapped ‘bananas’ create a toroidal drift current due
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to toroidal expulsion

2 ¢ dp
Bg dT.

Here the multiplier ¢!/? accounts for the contribution of trapped

particles, and the other multiplier € accounts for the fact that this

current is produced by the toroidal expulsion.

Collisions between the trapped and the slowest transit electrons
with effective frequency v.g ~ € v, transfer the toroidal momen-
tum to untrapped particles at a rate of ~ e 'v.jr. Due to the
balance with ions a steady-state jps current of untrapped electrons

is produced: ~ € e jr ~ Vojss. Now we can estimate the bootstrap
current

jr ~ € (205)

12 ¢ dp

Bg dT"
In spite of the apparent clarity of this logic it is no more than simple
mnemonics. As a matter of fact, expression (206) corresponds to
the averaged drift velocity which is larger than the trapped-particle
drift (205). This looks like a kind of contradiction. The stricter
approach of neoclassical theory shows that the bootstrap current
is closely related to diffusion [99]. Let us find the radial diffusion
current j. ~ eDdn/dr which, according to (198), is of the order of
€ 32ug’p?edn/dr. Multiplying it by the factor 1/cB, we obtain the
same estimation for the friction force, as follows from the arguments
based on the momentum transfer.

Thus the bootstrap current is a very delicate phenomenon deeply
related to collisional diffusion of the rarefied plasma. The detailed
theoretical analysis [100] of the bootstrap current phenomenon was
summarized by a very simple relation

Igs/l = 067,@p\/€-

where € = a/r and [ is the total plasma current.

The bootstrap current is a direct consequence of the ‘banana’
toroidal drift combined with the collisional diffusion. Being based
on collisions of electrons near the separatix it is not sensitive to the
anomalous behaviour of the transit particles. In other words, the
mechanism for sustaining bootstrap current is more robust in regard
to collective processes than the diffusion itself. Nevertheless, for a
long time the bootstrap-current effect was not observed experimen-
tally. It was observed for the first time in TFTR experiments [101],
and then it was reproduced in a number of facilities. The highest
effect was demonstrated first in JT-60 [103] and later in the JET
facility. Since the current in plasma is I ~ B, then the bootstrap

JBs = —¢€ (206)
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Figure 8.3 Bootstrap-current dependence on poloidal 4,
[103].

to total current ratio jgs/j should be proportional to the value of
B, ~ 8mp/B? according to (206). This very dependence was ob-
served on JT-60 as is shown in figure 8.3. As we see, when By ~ 3,
the bootstrap current fraction accounts for 80% of the total current.
In the JET facility it was only possible to realize transient regimes
with a bootstrap current.

The presence of bootstrap current in tokamak plasma is a very
encouraging feature. It facilitates creating a fully steady-state toka-
mak: less power would be required to maintain non-inductive current
drive.

8.3 Confinement Modes

Several confinement modes have been discovered in tokamaks. In
each of those modes a certain interrelation is observed among pro-
cesses at the plasma edge and profile effects in the main core of hot
plasma. Therefore, modes differ sometimes in the characteristics of
the peripheral plasma, sometimes in their profiles and, in some cases,
in both features. We shall review first of all the empirical data.
From a practical point of view the regimes of improved confine-
ment are the most interesting, and those regimes have been studied
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in depth (though much is left for a more detailed study). All the
regimes of improved confinement are either continually linked with
the regime of worse confinement (L mode), or arise due to the process
of sharp transition, i.e. bifurcation. Therefore, it is quite natural to
consider first a regime of basic confinement, i.e. L. mode with its ana-
logues and then to proceed to regimes of improved confinement. Let
us start with ohmic confinement. Ohmic heating is characterized by
the following modes:

— Loc (linear ohmic confinement) is a regime of ohmic confine-
ment where the density is not very high, n < n,. Here a linear
relationship between energy confinement time and density, i.e.
the neo-ALCATOR scaling, is valid;

— soc (saturated chmic confinement) is a regime of ohmic con-
finement at n > n,, where the dependence of 7z on density is
saturated. soc is an ohmic analogue of the L mode;

— 1oc (improved ohmic confinement) is a mode of improved ohmic
confinement, where the regime of linear ohmic confinement is
significantly extended towards high densities. Initially, this
regime was obtained in ASDEX by handling the plasma pa-
rameters accurately [104]. It looks like the ohmic analogue of 1
mode.

— the npm (high density mode) was obtained in TUMAN-3 in an
ohmic phase of the discharge [105] and is similar to the 1 mode;

— the P mode is a mode of improved plasma confinement both in
the ohmic regime and with additional heating while injecting
pellets—particles of frozen hydrogen. The p mode is related to
n(r) peaked profile and in this sense it is similar to the s mode.

The regimes with additional heating are characterized by the fol-
lowing modes:

— the L mode is the basic mode of non-improved confinement
which occurs, so to speak, by itself, i.e. without additional ef-
fort. Plasma confinement in the . mode is satisfactorily de-
scribed by Goldston scaling, or by its improved modifications.

— the 1 mode was first discovered in ASDEX [17]. It is the most
popular mode of improved confinement with additional plasma
heating. Just after this mode was discovered in ASDEX, the
terms L (low) mode and » (high) mode were established.

~— IL, the improved L mode in JFT-2M, resembles the 1 mode, but
does not possess its characteristics at the plasma periphery.

— the s mode (or supershots) is the mode experimentally discov-
ered in TFTR. It is the mode of improved confinement with
strongly peaked distribution n(r). In this respect it is similar
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to the p mode with additional heating.

__ the z mode is the name for the improved confinement mode
where the edge parameters are controlled by an influx of impu-
rities. This mode was discovered in ISX-B and it is an inter-
esting one because it helps to clarify the physics of improved
confinement but it is certainly less attractive from a practical
point of view.

In addition to the modes mentioned above, there exist combina-
tions or slight modifications. For example, the pz mode indicates
a simultaneous presence of pellets and impurities; mc-improved di-
verter confinement is a variation of 1oc, but with the diverter and
additional heating; detached plasma in TEXTOR is also a variation
of 1oc; s and B regimes in T-10 are very similar to the ‘attached’ and
‘detached’ regimes in TEXTOR. The vi mode found in the DIII-D
tokamak was so named because it corresponds to a very high con-
finement regime and looks like a best version of the n mode without
ELMs and saw-teeth.

It is convenient to start the discussion of the experimental data,
from various confinement modes, with 1 mode, since, starting from
its discovery in 1982 [17], intensive studies of different modes and
their relationships have been made. Figure 8.4, which is now of his-
torical interest, shows how strong the effect of the transition from
the L mode to the u mode was. If 7z degradation was clearly seen in
the . mode at power increase, in the initial phase of the n mode {fig-
ure 8.4) this degradation is absent and the confinement time seems
to resemble the neo-ALCATOR scaling. Subsequent experiments
have shown that the degradation with power also takes place in the
1 mode, but 7g is still 2 to 3 times higher than in the L mode.

The 1 mode is observed in the diverter as well as the limiter con-
figurations. It possesses the following main characteristic features.
Usually, at the L-u transition a slight electron temperature increase
at the plasma edge leads to some kind of bifurcation, with the plasma
reaching its new state: at its edge the temperature and density pro-
files sharply steepen and the global confinement increases so that
at given p power the plasma thermal energy grows in time until a
new stationary level is reached (there is no such a sharp transition
in DIII-D). Not only energy confinement improves but particle con-
finement as well. There are significant changes at the plasma edge:
edge temperature grows so that some kind of a pedestal is produced,
the recycling decreases and H, radiation intensity drops. A thermal
barrier seems to be formed at the plasma edge: electron temperature
rises almost up to 1 keV. On the DIII-D tokamak the presence of such
a barrier and experimentally observed electric field ~ 300 Vem™! di-
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Figure 8.4 Electron temperature in L and 1 modes in
ASDEX [17].

rected inside the plasma indicate good electron confinement in the
edge plasma.

'Ijh.e L-H transition takes place only at high values of density and
additional heating power. The density threshold is clearly seen in
figure 8.5, where energy confinement times for L and u modes are
compared in the ASDEX double-null DN diverter configuration. The
_threshold power density at the plasma edge needed for L transition
is about (2-3) 102 MW m~? for different facilities. To establish a
transition, additional heating is usually needed, but in TFTR and
DIII-D 1 mode regimes were reached at ohmic heating alone. The
confinement time for the 1 mode is usually 2-3 times higher than for
the L.mode, although more accurate scalings are available.

It is reasonable to discuss the modes with peaked density profiles
together with the ohmic confinement regime. Figure 8.6 shows the
ALCATOR-C initial data which served as a basis for neo-ALCATOR.
scahpg, and the results of pellet injection which eliminated g sat-
uration with density. Figure 8.7 shows that TFTR pellet injection
allows one to increase the ohmic density limit but it did not prevent
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Figure 8.5 Density threshold for L-u transition in ASDEX
[17].

the transition from the linear dependence of 7z on density to the
saturation regime, which has some similarity to the . mode. Super-
shots which lead to even higher peaking of density and temperature
profiles permitted 7 to increase by 2-3 times as compared with the
L-mode scaling. In this respect the s mode resembles the u mode.

Figure 8.8 shows a continuous transition from the L mode to the
s mode in TFTR. In this figure the enhancement factor is plotted
on the ordinate axis, i.e. ratio of improved confinement time to the
predicted confinement time of the . mode, and on the abscissa axis—
peaking factor of density profile, i.e. the ratio of n.(0) density at the
centre of the discharge to its (n) value averaged over the volume. As
is seen, there is a clear correlation between these values. It turns
out that u and s regimes are not completely different: recent ex-
periments in TFTR [106] managed to produce a H mode from the
supershot while maintaining a high peaking factor of profiles: a fac-
tor of n(0)/(n) ~2-3 and a factor of p(0)/{p) even higher, up to
5.

Te
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regime [108].

Figure 8.9 shows the comparison of confinement times in a regular
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Figure 8.8 Plasma energy confinement improvement in
TFTR as a result of density-profile peaking [139).

ohmic regime (Loc + soc) and in the regime of improved confine-
ment 10c in ASDEX. The authors have shown that discharges with
T saturation on density were observed at freshly-carbonized walls
releasing large amounts of gas. However, if the walls were not car-
bonized or if they were carbonized and subsequently treated by a
glow discharge in helium, then the confinement was improved while
decreasing the gas puffing. At these conditions, together with modifi-
cation of the diverter chamber aimed at decreasing the recycling, the
improved ohmic confinement regime was realized. Figure 8.9 shows
that the linear dependence on density is restored in 1oc at much
higher density values than the transition point from Loc to soc. We
cannot exclude the possibility that it is simply shifted into the region
of higher densities—in the same way as with pellet injection.

As for the n, transition point from Loc to soc, it usually corre-
sponds to the Hugill number value H = H, ~ \/A,/2. However, in
devices with strong toreidal magnetic field the predicted soc-value
of energy confinement time might turn out to be higher than the
corresponding L mode value. This happens when relation (187) is
fulfilled. In this case the r.-mode value of confinement time is valid
at high densities even at ohmic heating. For example, figure 8.10

Plasma Thermal Insulation 139

150
f‘

100

T, ms)

501

T t T T T -
]

5, 10" em™)

Figure 8.9 Improved chmic confinement mode in ASDEX:
the broken curve corresponds to the saturation mode: dots and
circles—two different 10¢ modes [88)

shows good agreement between the experimental data in FT [60]
and the predicted value of 7e according the recipe given by Gold-
ston [27]: TE_:Z = 758 + Ticy where 7oy is the energy confinement
time in ohmic regime, and Taux under additional heating. In this
case the saturation in respect of density begins at lower values than
Ng.

Many different modes of confinement can produce the impression
that no conformity of laws exists at all. This is certainly not so.
To display a hidden regularity it is reasonable to abandon the pre-
cise empirical formulas and to use an extremely simplified picture of
figure 8.11 which schematically shows the energy confinement time
dependence upon density for different modes of confinement,

The continuous line Loc-soc corresponds to the ordinary ohmic
confinement mode. The Loc part relates to neo-ALCATOR or T-11
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Figure 8.10 Dependence of rg on plasma density in FT
tokamak: full line corresponds to ALCATOR scaling; dashed
line to Kay—Goldston (kG) scaling in Goldston combination for
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Figure 8.11 Simplified scheme of the different confinement
modes. The Loc-10c line (linear ohmic confinement plus im-
proved ohmic confinement) corresponds to the best experi-
mental confinement. Saturated ohmic confinement, soc, and
auxiliary heating confinements demonstrate degradation with

power.

scalings. It is dominated by the electron channel of losses. At n = n,
saturation with density takes place. When the density increases the
neoclassical ion thermal conductivity can be important.

We can ask: what is the best plasma confinement that can be re-
alized? Of course, the answer is a trivial one: the best confinement
corresponds to neoclassical transport. This is the truth, but not the
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Figure 8.12 The best theoretical mode of confinement looks
like a superposition of the superclassical confinement (1) and
electzon plus ion neoclassical confinements (2).

realistic truth. We know that electrons are always anomalous. Thus
we have to accept for them not neoclassical but anomalous transport.
I believe that the minimal value for electron transport is provided
by T-11 scaling. I propose to call the corresponding expression {221)
for the electron thermal conductivity superclassical. Thus the best
energy confinement is displayed in figure 8.12. At low density elec-
tron superclassical transport dominates and as the density increases
the ion neoclassical transport becomes more important.

The best mode of confinement, when the electrons correspond to
neo-ALCATOR i.e. superclassical, and ions to neoclassical trans-
ports, is realized by the Loc-1oc line only, It does not mean that
this best confinement mode cannot be reached when auxiliary heat-
ing is present. It means only that to reach this best confinement
regime is not a simple matter. In some experiments, for instance, in
a T-11 device, in ASDEX 1oc mode and for p mode in ALCATOR
(see continuous line in figure 8.6) the best confinement mode was
realized. However, in most experiments the degradation of confine-
ment is seen when the heating power is increased. It is better to
say that this degradation has already begun in the soc ohmic con-
finement mode. Additional heating simply reveals this degradation
more clearly by means of its amplification.

The most typical mode of confinement is the . mode which is
shown in figure 8.11 by a continuous line aux.L. In rough approxima-
tion the aux.L line can be considered as the soc line decreased by the
factor (Pou/P)%®, where Poy is the ohmic heating power. By the
way, this simple procedure is known as T-10 scaling. As we see in
figure 8.11 the density value for transition to saturation diminishes
as compared with n, as n,(Pou/P)%®. Thus with increase of the




142 Tokamak Plasma: A Complex Physical System

auxiliary heating power the area of Loc scaling on the Hugill plot
shrinks (see figure 5.3).

If the enhanced confinement mode, for instance, 1 mode, is re-
alized then the corresponding aux-H line in figure 8.11 is enhanced
two-three times higher than the aux-v line. If the L 1 transition oc-
curs at density lower than ny we observe something like the restoring
of the Loc mode with neo-ALCATOR scaling. But at n > ny the
AUX-H mode corresponds again to saturated dependence upon den-
sity and the Loc confinement is not restored at all. If the transition
to enhanced mode happens at not very high power or even at ohmic
heating power then the aux-H line can be situated higher than the
sac line. This takes place in the nom which looks like the 1 mode in
the ohmic heating regime.

In the high field tokamaks L-mode energy-confinement scaling pre-
dicts values lower than for soc mode. In this case ohmic confinement
will correspond to the Loc-aux.L line but not to the Loc—soc line.
This regime takes place in a FT-device.

Thus, summing up the results of different confinement mode stud-
ies the following can be said. The linear ohmic mode with AL-
CATOR scaling is the best confinement. Unfortunately, at regular
conditions with increasing density it transfers either into a satu-
rated ohmic confinement mode, or into the L mode with Goldston-
confinement scaling. Different improved confinement modes look like
a Loc mode extended into the high density region with subsequent
saturation. Accompanied by neoclassical ion thermal conductivity,
improved modes increase confinement by a factor of 2-3 as compared
with the ¢ mode. For the H mode the possibility of improving con-
finement is associated with the formation of a thermal barrier for
electrons on the plasma boundary. The H-mode temperature and
density profiles can be broad, but at the plasma edge a high temper-
ature pedestal builds up. The second possibility rests upon peaked
density and temperature profiles: these are s, » and 10c modes. Com-
binations of these are also possible.

Now we see that only the best confinement regime roc-soc ap-
pears to be stipulated by some fixed transport coefficients. All
other regimes, namely soc, aux-H, aux-L, indicate that some seli-
organization-type phenomena can be present in t()karr_lak plasma.
They couple the transport fluxes with profiles and provide the non-
linear transitions from one mode of confinement to another.

In support of this statement direct comparison of similar tokamaks
can be made. Such an analysis was performed in [107] by Scott et
al. They compared the non-dimensionally similar discharges with
the same parameter Ba®/* = constant (see formula (166)). In such
a family of similar discharges all plasma characteristics have to bhe
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dependent on a single variable nB=1% if atomic processes are not
important. If the latter statement is not correct we have toinclude an
additional parameter, namely, the Murakami number M = nR/B.
For similar discharges having the same g and Ba5/* the M parameter
is proportional to nB~!8. This is not very much different from
nB~1% 5o that, even with the atomic phenomena taken into account,
there is effectvely only a single parameter which is variable in similar
discharges.

Figure 8.13 gives the comparison of energy confinement time for
similar tokamak discharges in dimensionless variables [107]. We
see that the majority of points for three tokamaks of very differ-
ent sizes are superimposed on each other in the non-dimensional
variables. Only one exclusion exists—these are the TFTR points
in figure 8.13(c). Now if we compare this picture with figure 8.6
for the energy confinement time in ALCATOR-C device we can see
that the TFTR points in figure 8.13(c} just overlap with figure 8.6
points at the pellet injection. In other words, TFTR plasma cor-
responds to ALCATOR-C plasma with pellet injection. Thus two
different modes of confinement are directly demonstrated in this non-
dimensional representation.

Tokamak plasma is a complex physical system, which demands
a set of non-linear equations for its description. It is known that
non-linear equations can have not only a single solution but two,
three or even several. This phenomenon is called the branching of
solutions. Different branches of the mathematical model correspond
to different states of a given physical system.

Thus we can say that the different modes of tokamak-plasma con-
finement correspond to different branches of the plasma state. The
transition from one mode to another can be caused by a very tiny
external perturbation or it can occur spontaneously as a result of
some internal plasma actjvity.

8.4  Scalings

A large database on plasma-energy confinement in tokamaks may
be summarized in simple empirical values for 75, which are called
scalings. Such scalings are numerous: participants of different ex-
perimental teams are trying, as a rule, to establish empirical depen-
dences which would permit them, first of all, to describe their own
experimental data well enough. Applied to other facilities such scal-
ings are not always correct. Nevertheless, step by step more or less

universal scalings have been established. We will mention only some
of these scalings.
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Figure 8.13 Comparison of energy confinement time versus
density (a) in dimensional units for 3 tokamaks of very differ-
ent sizes, (b) in dimensionless variables for dimensionally simi-
lar TFTR and PLT plasmas, {c) in dimensionless variables for
dimensionally similar TFTR and ALCATOR-C plasmas [107].

In the Loc regime the experimental results are adequately de-
scribed by neo-ALCATOR scaling

~a = 0.07na Ry, (207)

where g is the effective safety factor with respect to kink modes, i.e. ¢
a cylindrical equivalent the correct value of which for shaped plasma
[135] can be simplified again
Sab
~ 2R, (208)
1= RI
Here @ is the minor radius in metres, R the major radius, I the cur-
rent in MA, n the mean density in 10*°m=3, K = b/a the elongation
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of the plasma cross section and B the field in T. The neo-ALCATOR
scaling is valid only up to saturation density

n=n, = R% AK]2 (209)

and transits above it into the Shimomura [110] scaling

7, = 0.07aRB\/A K /2 (210)

where 4; is the atomic number of ions.

With additional heating instead of (207) and (208), one should
use the auxiliary heating scaling, and for transition from one regime
to another the Goldston suggestion can be used

TE' = Ton + Tatx- (211)
The Goldston scaling for the . mode is as follows
7= 0.037/ P~ SR Tq=057 [r05( 4, /1 505, (212)

Here P is the plasma heating power in MW. An isotope correction
factor is added to reflect the fact that empirical data for Goldston-
scaling referred to the nearly-equal mixture of hydrogen and deu-
terium. After Goldston many different scalings were proposed: Kay-
Goldston {108], Rebut-Lallia [109], Odajima-Shimomura [110] etc.
The general feature of all these scalings is confinement degrada-
tion with power. In power-law scalings this degradation is close
to 75 ~ P95 For instance, in very simple T-10 scaling

Tr-10 = TOH(P/POH)—O’ (213)

the energy confinement corresponds to the diminished ohmic heating
value. The power index a in {213) is not very different from 0.5.
According to (213) the aux-r line in figure 8.11 corresponds simply
to the Loc-soc line lowered by the factor {Por/P)"*. This recipe can
be accepted for the case when instead of the soc line we have in fact
the ohmic t-mode line (as in a FT device, for example). But when
the soc-line corresponds to Shimomura scaling, it is not so evident
that (213) can be applied. When accepted (213) means simply that
its accuracy is not sufficient to discriminate both scalings in medium-
size machines.

Detailed analysis of all scalings for auxiliary heated plasma was
undertaken by the ITER team [28]. It was shown that the difference
between different scalings relates to the very weak dependence upon
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two parameters, one of which corresponds to aspect ratio and the
other to g.q. Many different scalings were summed up as the ITER-
89 scaling

TETERSQ_P — 0.04810'85}{1'200'3K£'5n0'1Bu‘zAinP_O's. (214)

Here K, means separatrix elongation and all parameters are ex-
pressed in MKs units, accepted by us in other empmcal_ formulas.
The expression (214) is somewhat comp}jcatfzd. Pferha.ps' it could be
corrected further in future. For theoretical discussion it is more con-
venient to simplify (214) by expressing B through.I, dropping the
density dependence and by rounding off the power indexes

TeL &~ 6 X 1072 TRVSKO8(4,/2)°° P05, (215)

This simplified empirical value differs from the simplified version of
Goldston scaling only by the absence of dependence upon the minor
radius. The (215) scaling corresponds to the . mode of confinement.
For the u mode the energy-confinement time is larger by a factor gf
about two. Sometimes, as in the vu mode for instance, this factor is
1 to about three. )
eql’lIz‘Lhere are also scalings for the H mode. We s.ha]l mention her'e
a very simple scaling of Schissel et al {111]. With further simpli-
fications by rounding off the numbers it can be represented in the

form
e~ 0.1TR'3(A;/2)°°P~°5, (216)

Here the isotope effect is taken into account with the 1.15uaJ assump-
tion that 7y ~ A®. The authors of paper {111] claim that (216)
does not contain the dependence on K. As is seemn .from compari-
son of (215) and (216) the r-mode confinement time is almost twice
greater than the L-mode confinement time. )

In addition to power laws, the experimental data may be described
by a linear off-set scaling, This means that the plasma thermal
energy may be written as

W = WOH + Tinc(P - POH)' (217)

Here Wayy is the thermal energy of the plasma at ohmic hea?ing, Pon
is the ohmic heating power before additional heating, 7, is thg s0-
called incremental confinement time for which experimental scalings
were proposed. As compared with the power law the Iinfear .off-set
scaling contain twice as many fitting parameters ;%nd which is why
it is less convenient for extrapolation to larger devices.
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8.5 Thermal Conductivity, Diffusion and Viscosity

It would be much more pleasant to deal with ion and electron tem-
perature conductivities as well as with the kinetic coefficients of dif-
fusion and viscosity instead of 75 global energy-confinement time.
Unfortunately, the experimental information concerning these coef-
ficients is not as comprehensive as information on Tg; moreover, the
spread of experimental data is more pronounced. As for the theory,
it cannot yet calculate kinetic coefficients on the basis of turbulent
processes in the self-organized plasma with a sufficient degree of con-
fidence. Nevertheless, certain conclusions can be drawn on the basis
of existing knowledge.

Foremost, experiment shows that energy loss is dominated by ther-
mal transport in the bulk plasma outside the zone with saw-tooth
oscillations. The convection contribution by the diffusion flux turns
out to be lower. Total thermal fluxes for electrons and jons are nor-
mally determined in the following way

oT.;
or
Thus, n.;x.; plays the role of thermal-conductivity coefficients. In
other words, a certain difference exists compared with the com-
monly accepted definition for thermal-conductivity coefficients in
other branches of physics: « = Cy, where € is the specific heat.
Since the plasma thermal energy is equal to 3(n.T. + n;7;}/2, then
according to common practice, 1.57n. ;X should play the role of ther-
mal conductivity coefficients. However, the relationships (218) are
routinely used in plasma physics.

Thermal diffusivity coefficients are more convenient for compar-
ison with theoretical expressions, and besides that, it is easier to
compare them with scalings for 5. One may roughly assume that

Fe,i = TN i Xe,i (218)

g > a’ [4x (219)

where x is the half-sum of thermal diffusivities Xe and y;.

According to experiments, ion and, to a greater extent, electron
thermal diffusivities are increasing functions of the minor radius.
Roughly speaking, plasma is confined inside the magnetic surface
with ¢ ~ 2, the confinement is worse beyond this region. Thermal
diffusivity coefficients are essentially increased at the plasma periph-
ery (except H mode).

The ion thermal diffusivity sometimes drops to the Chang-Hinton
neoclassical value of xcy. But more often it exceeds this value by 3
times or even more. The electron thermal diffusivity is almost always
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anomalous and usually exceeds neoclassical vaiues by two orders of
magnitude. It may go down almost to the neoclassical value only
in the H mode inside the high-temperature thermal barrier at the
plasma edge.

To have some notion of the magnitudes of x, and x; one has to keep
in mind that their experimental values are of the order of 1 m? s,
deviating in both directions by several times. For example, there is
a rough INTOR scaling which assumes that

Xe ~ 0.5/n (220)

Here x. is measured in m?s~!, and the local density in 102°m-2.
The approximation (220) corresponds to ‘the assumption that the
electron thermal conductivity nx, is constant over the cross section.
In reality, the electron thermal conductivity rises strongly towards
the periphery, but even a rough simulation with (220) sometimes
gives acceptable results. For (220) to agree with a neo-ALCATOR
scaling, one would have to insert an additional multiplier into this
relationship containing the r/qR? product, but it seems that such a
complication lacks physical sense.

Much greater physical sense leads to the empirical value of Xe
proposed by Merezhkin and Mukhovatov on the basis of experimental
data obtained at the T-11 facility

€/ T
~ . 221
gRnrg ¥V 24,m. ( )

~

XMM

This expression is written in cgse units, ¢ = /R, vy = €¥/m.c? is
the electron classical radius, 7, is the electron temperature, A; is
the atomic weight. I suggest we call expression (221) superclassical
thermal diffusivity. The reason for this is that it contains classical
values only while A = \/4wnry which is called the London length and
is well-known in superconductivity physics.

The relationship (221} was found empirically, but it agrees with
Ohkawa’s idea [123] who pointed out that experiments in tokamaks
correlate with an assumption that

Xe ™~ (cz/use)ve/qR {222)

where wp. = \/4me?n/m, is the plasma frequency, v. = \/2T,/m. is

the mean electron thermal velocity.

Expression (221) is better than (220) both in the physics sense
and because of a much steeper profile along r due to the multiplier
€"/*, 1t is clear that the superclassical value cannot be considered as
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a universal, empirically found thermal diffusivity coefficient: relation
(221} corresponds more or less to neo-ALCATOR scaling, but does
not describe other confinement modes. Thus, xmwMm is a lower limit of
anomalous electron thermal conductivity, as if it were an analogue
of xcu, the neoclassical value for ions.

Now let us discuss diffusion which has been studied in detail in
many experiments. The experimental results can be roughly sum-
marized as follows: the diffusion coefficients for all the plasma com-
ponents are approximately equal to each other and have a value of
the order of

D=~ 1y, (223)

As a matter of fact, the multiplier in front of Xe may slightly change
from 1/5 to 1/2 for different plasmas.

As for the viscosity, it may be related to the decay of the differen-
tial rotation along the major ¢ azimuth as well as along the minor 4
azimuth. However, rotation of tokamak plasma along the minor az-
imuth is practically forbidden: at such a rotation the plasma would
be compressed and expanded periodically due to changes of its local
major radius. lon-ion collisions prevent this process and dampen
rotation.

Thus, only rotation along ¢ may exist. This rotation is generated,
for instance, during a non-balanced injection of fast neutrals. Plasma
rotation is undesirable: if plasma ‘runs away’ from the neutral beam,
then the velocity of the beam relative to plasma decreases, and,
consequently, the power introduced into the plasma decreases as well.

The rotation damping due to viscosity may be characterized by
the global time of rotational momentum decay 7,. In exact analogy
to rg, the 7, value may be called rotational momentum lifetime. The
experiments show that with rare exception

Te = TE. (224)

This fact clearly contradicts neoclassical theory. In neoclassical the-
ory when the rotation velocity is low compared with the speed of
sound, the relation 7, > 1z is expected, since the momentum is
transported by transit ions only and the collision amplification ef-
fect due to the particles which are close to trapping, becomes in-
significant. If the rotation velocity is high, the 7, neoclassical value
becomes significantly smaller and reaches 7g. However, direct com-
parison of the theoretical neoclassical value of 7, with TFTR ex-
periments [112] has not shown a satisfactory agreement even in this
case.

Thus, to summarize the state of the art of the investigation of
tokamak transport processes, one may say the following. The set
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of all transport processes (i.e. thermal conducti\fity, diffusion :‘md
viscosity) points to the fact that they are deterlr'uped by collective,
turbulent processes, and only at very quiet conditions may they go
down to neoclassical values,

R g S s e

9  Plasma Self-organization

Tokamak plasma is an exceptional physical object, artificially created
in laboratory conditions. Plasma parameters are most impressive—
temperature up to hundreds of millions of degrees, i.e. an order of
magnitude higher than at the centre of the Sun, currents up to sev-
eral million amperes with loop voltage less than 1V—and all this
when particle density is five orders of magnitude less than atmo-
spheric. But the most amazing parameter is the long-time existence
of hydrogen plasma which fills practically the whole chamber and
remains sufficiently pure. Moreover, in spite of relative ‘brittleness’
with regard to strong perturbations, plasma quite easily adjusts to
‘minor inconveniences’, i.e. to relatively small external perturbations.
A more detailed study of these properties reveals the existence of
different self-organization mechanisms which enhance ‘survival’ of
plasma at a level close to the optimal one.

9.1 Profile Self- consistency

The effects of plasma self-organization in a tokamak are numerous—
in fact all non-linear processes are related to these very phenomena.
Therefore, we shall start the discussion with an effect, although very
obvious from first acquaintance with plasma, but still neglected for
a long time as one of the essential features of plasma. Here we are
speaking about ‘profile consistency’. This term was introduced by
Coppi [22] who paid attention to the fact that electron temperature
profiles as functions of the minor radius are strikingly similar to each
other in very different facilities.

An inattentive person may take this fact for granted and spend no
effort in additional analysis. Indeed, plasma temperature attained
by Joule heating should obviously be maximal ir the centre and drop
to very low values on the walls.

Moreover, intensive plasma cooling due to atomic processes at the
periphery produces a ‘bell-shaped’ profile (figure 9.1) which, in its
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Figure 9.1 Three different plasma regions: 1—saw-tooth ac-
tivity; 2—confinement region; 3—edge plasma.

turn, makes the temperature profile seem to be universal. However,
one should not draw hasty conclusions. '
Let us investigate more closely the p_lasn}a column cross sectl(‘)nh.
As is seen from figure 9.1, one may distinguish three zones in W]_’llllc
transport processes play the dominant part: lfs.aw-to'oth osc}ll‘a};
tions; 2—heat transfer; 3—atomic processes. It is just zone 2 “i :ic
is responsible for magnetic confinement. The volume of zone Eﬂ'
pends on the ¢ value at the plasma. column boundary, i-e. ga.
¢. is reduced, then the inversion radius r, of s;w-tc.)oth OSCﬂlatlmlj
grows, and, consequently, the saw-tooth co_ntrlbu.tion to the tot
heat transfer also increases. In large and middle-size tokamaks the
zone of saw-tooth oscillations does not di.sappear com.pletely even at
high g, values: the central value ¢{0} continues to be slightly l(;ss ‘than
unity even in these cases. Thus, the plasma column seems to be su};-
ported’ by a certain current density at the centre, 50 that g(0) =~ 1.
As the total current grows, the current channel s1mp1y bro’adens.
This very fact noticeably affects thg profile’s ‘self-consistency’. t
In fact, if one takes a certain point r = a,, where q(r).stz%rts o
grow considerably with r, it is natural to assume that aflgmﬁcant
portion of current flows inside this radiu._s. But then, a__shoul.d be
proportional to total current. Now let us introduce non-dimensional
radius p = r/a. where a, is expressed as

a. = RI/5Br. (225)

In other words, a, is the radius, inside of which the‘tofzal plasma cur-
rent with homogeneous current density and ¢ = 1 inside the current
channel could be placed. .
In a tokamak steady-state phase of discharge the current den§|ty
is proportional to T'%?, since it is equal to j = o F, and the electrical
conductivity o ~ T3/2. Therefore, if j and T, profiles decay beyond

JP—
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r = a,, then similar profiles, dependent only on p = r/a., may exist.
In other words, they resemble self-similar profiles which are functions
of ¢, but not directly of .

Self-similar profiles reflect somewhat better the sense of ‘profile
self-consistency’, but their resemblance to the experimental profiles
is not very decisive, since q(0) settles at a value of about unity and g,
values are maintained to be not very high at the plasma boundary.
This fact alone together with ‘bell-shapeness’ makes the profiles look
similar.

More evidently the effect of profile self-consistency was demon-
strated by the direct experiments on T-10 [113]. The T-10 tokamak
is equipped with a powerful set of gyrotrons which permits the intro-
duction of about 2MW power at the electron-cyclotron resonance, at
any chosen major radius. ‘

Figure 9.2 shows the dependence of EcR-heating efficiency upon
the value of power consumption: in fact this is an increment of
plasma energy content during ecr heating as a function of the reso-
nance position at point R. It can be seen that, in a certain interval
of B the plasma energy increment does not depend on the point
of power consumption, and beyond this interval the effectiveness
reduces quickly, although the resonance point is still far from the
plasma column boundary, a = 32 cm. According to the experiments,
the electron temperature profile remained constant at the resonance
point variation inside the region of effective heating. The pressure
profiles remained even more rigid. The rigidity of the pressure pro-
file increases with the parameter n/I, so that one could speak of

reaching some optimal or canonical profile [113,114] at large n/J
values.

9.2 Optimal Profiles

The physical cause of ‘profile self-consistency’ can be understood on
the basis of tearing-mode activity when profiles are not optimal from
the point of view of their stability. The effects may appear when the
plasma global state exerts influence on its local characteristics.
Unfortunately, the linear theory of stability does not help very
much in obtaining a simple enough picture for the plasma self-
consistent global state. Some energy principle seems to be more
attractive. This approach was developed by Taylor to describe the
plasma relaxed state in the reversed field pinch {115]. It is based
on the assumption of complete reconnection of magnetic field lines.
In a tokamak such a reconnection may occur only in the region of
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0 31 32 33 3%
BT}

Figure 9.2 Increment of plasma energy with ecr-heating
as a function of resonance position (n. = 3 x 10'* m™?,
Pyr = 820kW): 1—plasma current | = 270kA; 2—plasma
current [ = 170 kA [113].

saw-tooth oscillations or during severe disruption process. That is
why some special arguments are required for the tokamak plasma.
The relaxed state may be described as a certain minimum of en-
ergy under specific constraints, .
In a reversed field pinch the ‘helicity’ is just such a constrained
factor, which is determined as

K= /A - B2xrdr (226)

where B is the magnetic field vector, A is the vector potentia_.l of
the magnetic field. It is A that is conserved at local reconnections
of magnetic-field lines. .

The logic to constrain the helicity is the following. With the help
of MHD cquations it is possible to show that integral (226) over any
volume inside the magnetic surfaces is conserved if the resistivity
is zero. For finite resistivity this is not so because magnetic field
lines can reconnect. But when the resistivity is low the K-value
has to be conserved approximately if the integral in {226) is taken
over the full volume of plasma. The reconnection leads simply to
redistribution of magnetic field line tubes but not to decay of K. In
finding the energy minimum it is necessary to find the extremum of
the functional £ + AR, where £ is the magnetic field energy ‘and A
is a Lagrange multiplier. .

The procedure leads to the solution with the force free magnetic
fleld

B R

# s e s
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VXB =aB a = constant . (227)
It follows from this relation that
Bz = BQJ[)(T) Bg = Bng(T).

Here J;, J; are the Bessel functions. Near the axis B, is much
smaller than B,. Thus from the point of view of tokamak ordering,
Bt > By, the force free solution leads to the homogeneous current
density distribution

B, ~ B, = constant By ~ Byar.

Such a state with an energy minimum at K = constant could corre-
spond to the disrupting plasma only when no restrictions are imposed
in respect of magnetic field line reconnections.

For tokamaks the energy vartational approach was proposed al-
most simultaneously in three papers: Hsu and Chu [116], Biskamp
(117} and Kadomtsev [118]. Formally, it relates to requirement of an
extremum of plasma and poloidal magnetic field energy

B2
£ = / (a‘- + 7‘%{) 2rr dr (228)

under an additional constraint

I= /j27rrd1' = constant (229)

and the assumption that the plasma pressure p and the current den-
sity j are functions of q or y = 1/q.

Let us explain what this means. Because the toroidal magnetic
field energy is conserved, the expression (228) represents the total en-
ergy inside the plasma column. Without additional constraints, this
energy would go down to an absolute minimum, i.e. to zero. How-
ever, this is not possible in a tokamak plasma because the magnetic
field is frozen into highly-conducting plasma.

In a tokamak, global reconnection of magnetic lines takes place
only at current disruption. In a steady state phase overall reconnec-
tion is forbidden, but some small local zones of reconnection may
appear. A typical example is saw-tooth oscillations in the vicinity of
the plasma column axis—this is a reconnection process repeated pe-
riodically. More accurate experimental studies have shown that ‘fine
saw-teeth’ were detected in the vicinity of rational points qg=m/n
with not large m and n numbers. These are also periodically re-
peated reconnections, but on a smaller scale.
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Figure 9.3 Local plateau formation on profiles p = 1/q, 7,
p at m = 0, n = 0 variation of 6¢.

In order to find out whether these reconnections are favo.rall))le
from the energy point of view, one may compare two states: be-
fore and after reconnections. When the energy of Fhe ﬁnal_sta,te is
lower, the reconnections may develop even if some 1.ntermed1atfekpo];
tential barrier exists to prevent the release of magnetic energy of kin
modes. Perhaps this very barrier leads to th_e relaxation-type fea::lure
of saw-tooth oscillations when the energy is slowly accumulated to
be released subsequently in the saw-tooth crash. . '

Let us assume that in the vicinity of some rational point, 1as
a consequence of non-linear tearing mode development, a t.ub1!1 ar
layer with stochastic magnetic field of reconnected magnetic m}?s
is formed. Plasma in this layer can smooth out pressure along t le
magnetic lines, so that a local pressure plateau can be fo;med'. T?s
is shown in figure 9.3(5). Since there is no pressure gradient 1n1t is
area, a force-free magnetic field is produced, i.e. j current flows along
the magnetic field lines

J=aB. (230)

isi is filled by a single
We can assume that all the stochastisized layer is
magnetic line. This leads to two effects: firstly, the ¢ value (or u)
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also reaches a plateau due to averaging of rotational transform angle,
and, secondly, a plateau is formed in the current density. The second
statement is related to the fact that from (230) and V-5 = 0 it follows
that B-Va = 0, i.e. o is constant inside the stochastic region. But in
a tokamak the toroidal component of magnetic field is much higher
than the poloidal and this means homogeneity of longitudinal current
in the stochastic layer. Thus, when a stochastic layer is formed a
plateau develops on p(r) as well as on pressure and current densities,
as shown in figure 9.3. In order to find out how the energy changes
under an additional constraint of f = constant, one should find the
variation of F' = £+ AI functional, where X is a Lagrange multipljer.
As we see, F plays the role of free energy which can be released when
the stochastic layer is formed. By variation from initial distribution
to the plateau, (see figure 9.3), the following expressions can be used:
bp[bp = p' /i, 67/6p = j'/u’ where primes indicate derivatives over
r. In other words, one may put p = p(i), 7 = 7{p) in the variations
considered.

One should note, that the final state is considered to be stochasti-
sized. Therefore, formally keeping cylindrical symmetry (ie. m =
n = 0), we actually mean a local disruption-type transition. That
is why the current density should not be considered as related to
magnetic field by a normal expression with axial symmetry

= _E_M (231)
4rr  dr
It is just the current density which is the most sensitive to field
stochastization. If we express j through the magnetic field, then, at
the frozen field outside the stochastic layer, the total current would
be automatically conserved, and the corresponding term would be
immediately excluded from the free energy variation.

Since
_RBy R dy
) k= rBr ~ rBp dr
and ¢ flux is conserved outside the stochastic layer, the functional
£ = £ + Al may be varied over v on the assumption that p = p(u)

and 7 = j(u).

Supposing §v is localized in the vicinity of a rational point (see
figure 9.3(d}), then after variation and integration by parts we obtain

(232)

6F = —/Qéwdr (233)
where B o4 /g ) i
— - =T 2 T __p __1
Q‘4BTdr(32”‘ 7_l(m+z:nr,\d#). (234)




158 Tokamak Plasma: A Complex Physical System

If @ = 0 we obtain a neutral equilibrium state with respect to sto-
chastic layer formation. And since, according to figure 9.3(d), ¥ < 0
for the variation considered we see that < 0, i.e. a faster decrease of
p and j with radius as compared with the relaxed state, corresponds
to free energy gain, i.e. to energy reduction during the stochastic
layer formation.

In order to find relaxed state profiles, let us choose the simplest
dependence of p and j on p

p=po®  J=jop’. (235)

The p value is naturally considered to be equal to unity at the cen-
tre since the saw-tooth oscillations belong to the class of relaxation
processes under consideration. Therefore p; and j, are the corre-
sponding values at the centre of the plasma column.

Inserting these expressions into the @@ = 0 relationship we obtain

p=14+p)" p=p(l+pY)77 j=5(1+p5)72 (236)

where
p=r/a. a? = RI/5B7 jo = 5Br/7R.

The current density profile (236} turns out to be consistent with
relation j/jo = (1/2r)(d/dr)(r?u) relation, which follows from (231}
relating j to B. This is why (235) is the only reasonable choice.

Comparison with experiments {118] shows that profile p = po(1 +
p?) agrees well with experimental data, as shown in figure 9.4. As
a matter of fact from figure 9.4 it follows that experimental profiles
are somewhat steeper than the optimal one on the plasma periphery.

The JET profile, which differs greatly from the optimal one due
to a large zone of saw-tooth oscillations, is not shown in figure 9.4.
Lazzaro with co-authors [119] considered a relaxation model on the
assumption of the existence of a broad zone of saw-tooth oscillations.
Inside this zone the relaxation on free reconnections forms the profile
of p = 1, and outside this zone, r > r,, the variational principle
again agrees with the profiles of type (235), where u again behaves
as {af + r?)7!, a? being a constant not vet defined.

Thus, for JET it is natural to assume

_Jt ifr<r, 237)
H= (a4 r2}/(al + r?) fri<r<a. (

At the plasma edge p, = ;' = RI/5B1a® = a?/a?, i.e. the experi-
mentally prescribed value. Therefore, according to (237) there exists
a relationship between a2 and r?

pala? +a?) = af 472, (238)
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Figure 9.4 Comparison of the plasma pressure distribution
profiles with the experimental data: l—p = po(1 + p*)72;
2—p = po(l + p%)"".

At 7, = 0 we have o] = a?(1 -~ p,)"" and at 4y — 0 we obtain
a maximal possible value r2 = 1.6 = 4. From (237) and the
relationship (231) between j and B, it follows that

j=i {1 ifr<or,
" adu?/(a2 + r2) ifri<r<a (239)

where j, = 5B1/rR. For the profiles {(237) and (239) one can esti-
mate the value of free energy F = £ + A, by excluding the Lagrange
multiplier using the Q = 0 relationship, where Q is given by (234). It
turns out that F has a maximum at 7s = 0 and reaches its minimum
at v, which is a bit less than a. Therefore, the JET profile corre-
sponds to this F minimum, whereas the ASDEX profile corresponds
to the relaxed state with r, — 0.

Another model for optimal profile treatment was proposed by
Taylor [125). To describe the plasma state with the stochastized
mag.netic field lines he suggests that one considers plasma current to
consist of many current filaments. Let each current-carrying filament
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have the same elementary current j,. Let (z;,,) be the coordlna.tes
of the filament ¢ in the cross section z = constant. We use notation
Ps(r, r;) for the elementary poloidal flux at the point = from the ith
filament with coordinate #; in the cross section z = f:onstant.

Then we have the equations for the (z;, y) coordinates

. d.’L‘i ] BH . dy] _ l@H

¥ _ 9% 240)
*4 T TBay, 4% T Boxs (

Here

H=1%"i(ri,my).
i

As we see H plays the role of a Hamiltonian for the (z;, %) points
considered as ‘propagating in time 2’ '

We can use the standard statistical approach to the d,ynamlcal
system (240). In particular, we can look for a ‘stationary’ thermal
equilibrium, If many ‘material points’ are present we can use an
averaged self-consistent value of H, so that the derivatives in (240)
can be replaced by the derivatives of

() = ZJ‘fths(rarj)

at the point ». We obtain the model of particle motion in the ‘gr.avi-
tational’ potential ¢ with j, playing the role of the mass of a particle.
If the Boltzmann distribution is reached, then

J = joexp(—0%). (241)

Here 8 = j,/T., jo is the central current density and 7, is some ar-
tificial ‘temperature’ which measures the level of magnetic-field-line
stochasticity. The T,value has no relation to the plasma tempera-
ture. Using relation {(111) between j and 1 we have

A= 4%]'0 exp(—~09). (242)

The solution of this equation with cylindrical symmetry lf)oks like
the canonical profile, j = jo(1+ r2/a?)~2. The constant a. increases
together with the artificial temperature T,.

Thus a very simple model of current filament pattern leads to t}'le
same optimal current density profile in the stochastlmz.ed magnetic
field as the variational principle. We shall discuss this feature in
section 9.4.

s o
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The profile resilience phenomenon can be described quantitatively
with the help of a very simple model for computer simulation [153].
This model is based on the idea that in addition to the usual heat
transport flux, which is proportional to the temperature gradient,
enhanced electron and ion fluxes can appear when the profiles de-
viate from the canonical ones. If the heat flux increase is large the
optimal profile will be controlled by this feedback coupling between
the profiles and non-linear transport fluxes.

This model gives quite a good numerical simulation of the exper-
iments on optimal profile retention. It can be further extended to
describe numerically the transition from the L to 1 mode and to hot
ion and/or hot electron modes.

For this it is sufficient to assume that at a strong deviation of the
real electron and ion pressure profiles from the optimal ones the effect
of heat-flux increase with the deviation ceases to act. This fact can
be taken into account by introducing a so-called ‘forgetting factor’
in the expression for the additional heat fluxes associated with the
deviations from the canonical profiles.

This model leads naturally to the possibility of L-u transition when
the pressure profile near the plasma edge becomes much sharper
as compared with the canonical one. Another experimental fact,
namely the existence of so-called hot jon and/or electron modes is
again modelled sufficiently well as a result of the decrease of the
effective transport coefficient when the deviations from the canonical
profile are large enough.

Physically this simple model can be explained as a result of some
kind of suppression of plasma turbulence or impediment for transit in
the regime with the stochastized magnetic field lines when the pres-
sure profile deviation from the canonical one exceeds some critical
value.

Let us underline once more that this transport model is a strongly
non-linear one. That is why it is very convenient for modelling phe-
nomena of transitions between different confinement modes.

9.3 Spontaneous Breakdown of Symmetry

We intend to show that the high-temperature plasma in a toka-
mak, being practically in the collisionless regime, destroys by itself
the symmetrical pattern of nested toroidal surfaces [108-111]. This
breakdown of symmetry is similar to other examples of physical phe-
nomena involving broken symmetry, such as ferromagnetism, type-11
superconductivity, rotating He I1 and so on. However, there is an
essential difference, because in a tokamak plasma the breakdown of
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Figure 9.5 Magnelic island structures: (a)in the cylindrical
plasma celumn; {b) toroidal variant of island structure which
can be pumped by ions.

symmetry occurs in a highly non-equilibrium state and has the ap-
pearance of a self-organization phenomenon.

Let us start with a small perturbation of cylindrical symmetry. If
the amplitude of the magnetic field perturbations is very low, it can
be considered as a superposition of Fourier modes like exp(imf—ine),
where m, n are the azimuthal numbers, § is the poloidal angle and
@ is the toroidal angle. Each mode can be considered as very small
everywhere except at the so-called rational surface where g(r,) =
m/n. Here ¢ is the local safety factor, ¢(r) = Brr/ByR, By is the
toroidal magnetic field, By is the poloidal magnetic field, r is the
minor radius and R the major radius.

Near the rational surface a small magnetic perturbation leads to
a distortion of the initially symmetrical magnetic configuration (fig-
ure 3.7) and a helical pattern of filaments is produced (figure 9.5).
Let us consider a single pattern in greater detail. We shall start with
a perturbation in the case of a straight cylinder, using a cylindrical
frame of reference with the variables r, 8, z = Re. The perturbation
is assumed to be helical and so is dependent on r, m8 — ny, t.

To describe the plasma motion we can use a set of reduced two-
fluid MHD equations (139)-(143).

Thus, we use the so-called tokamak ordering, in which Br is con-
sidered to be very large and ion motion is allowed in the transverse
direction only. Thus we have divB = divB, = 0 so that a poloidal
magnetic flux can be introduced

B = BTew +e; X V;b (243)
From the Maxwell equation for the electric field we find
/ €1 3¢
E=- = .
Ve + -y (244)
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Here qS'_ is the electric field potential. In addition to ¢’ we shall use
a notation ¢ for the normalized potential: ¢ =ed[T..
The electrons can be considered as being in equilibrium

i e
;V(RT) = —eFE — ;‘De X B. (245)

The ele.ctron temperature can be considered as a constant along the
magnetic field lines, so that

B-VT, =0. (246)

If we now substitute expression (244) for the electric field in equa-
tion (245) and then take its component in the magnetic field direc-
tion, we obtain

vy 1 8
E + (E(F X VA) - Vw = BTE % (247)
where
c T
A= —(¢ = =
BT(¢.~ . In n). (248)

In the electron continuity equation we can use for the longitudinal
component v, the relation

} c
e, = —Jje = —EAL@/}. (249)
The transverse component of the electron velocity can be found from
equation (245), so that the density continuity equation takes the form

on ¢ c
r
N + B~T(.syp X V¢'y-Vn = m(B VYA 2. (250)
We shall assume that the transverse dimension of the filament
structure is much less thar the mean ion Larmor radjus but {arger
than the mean electron Larmor radius. For such very short wave-
!ength perturbations we have to use the Vlasov kinetjc equation for
lons.instead of MuD equation. However in the first approximation
the ions can be considered as being in equilibrium with the Boltz-
mann djstribution function, so that for the density we can use the
expression
n=no(l — kr — ¢ /T)) (251)

where & = —(dlnny/dz), T is the ion temperature and z = r — r,
1s.the‘ dlstar.lce from the rational surface where q(rs) = m/n. Sub-
stituting this relation for the density in equations (247), (248) and
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(250), we obtain a closed set of two equations for the functions ¥

and ¢ = ed’ /T,
o ‘l%_ 141

ks = . 52
EY +v B8 Dp(B - V)¢ (252)
o 1 d¢
T gt 2L = . ) 2
5 VT 50 L(B-V)A ¢ (253)
Here we have introduced the notation
T. T,
" = :BTK Dg = :BT r =TT, L =e¢r/dmenyBr.

(254)
Equations {252) and (253) can be used to describe non-linear plasma
perturbations with helical symmetry. The set of equations (252) and
(253) has an energy integral, and to find this we must multiply the
first equation by A%, the second by (1+7)Dp¢/7L, integrate them
over the cross section and sum the results. We then have

‘ 1 1
E=&,+ & = [ (S—W(VJ_?J))Z + Fpgqbz) 2rrdfdedr  (255)

where po = ng(T. + 1), ¢ = Ted’/T, = —77/n,, @ being the density
perturbation. The total energy & consists of magnetic energy &,, and
electrostatic energy £,.

We shall consider later the stationary rotating pattern of the he-
lical island-chain structure in which all the variables are functions
f(8 — np/m — uv.t), u being the dimensionless phase velocity. For
such perturbations we can estimate the quantity ¢ ~ k7ky/k B
where kj is the wave number along the magnetic field. With the
help of this relation we can estimate the coupling between &£; and
Eoi &y ~ E kw/ By, where k = m /7 is the wave number, w the trans-
verse dimension of the helical island chain, and §, the ratio of the
plasma pressure to the poloidal magnetic field pressure.

We are interested in the so-called soft modes in which mBy/r —
nBr/R is small. This means that z = r — r, is small too. Let us
now introduce an artificial magnetic field B*, whose # component is

B; = B,g — nBTr/mRz -BgS.’C/T (256)

where § is the so-called ‘shear’: § = (r/q)dg/dr. We shall introduce
in addition the flux function %, so that B* = e, x V¢*. Near the
rational surface the equilibrium value of ¥* is

By §

w‘ = ——Q—T—SI . (257)
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Equations (252) and (253) will not be changed if the variables B*
and ¥* are used instead of B and ¥, and the derivative 3/0z can
be omitted when B* and ¥" are used. Now let us introduce the
following normalized variables:

Ts . 1
L/J ¢a: tr

Yo = B,5 pot 2 (258)

8r;1§‘;ting the index «, we obtain in place of equations (252) and

V6 x Ve, = (u- 1) (259)

. 0
< [V(A0) X Tele, = (w7 5P (260)
where the constant v = [drnT./(1+ 7)B?)(xrs/S)? and the variable
y is Fletermmed by the expression y = (8 — no/m — uv,t). The
equilibrium function %, is given by ¥ = —z%/2.
Equation (259) can easily be solved

o= (u- 1z + P(y) (261)

where P(d]).is an arbitrary function of 4. With the help of relation
(261), equation (260) can be written in the form

_ dpP
Ay = —r(utn)e o+ Fy) (262)
where F(1) is an arbitrary function of .

. We shal.l seek a solution of these equations in the form of a periodic
island chain. For this purpose we can write

=+ = —2?/2 4 a cos(ky) (263)

where « is the perturbation amplitude and k is the wave number
k = mfr,. The amplitude a might itself be dependent on ¥, but in
our approximation we can omit the higher harmonics in y; in other
words, we can assume that « is independent of y and is a functijon
on]y of z. .Let us also agree to regard a(z) as approximately equal
Lo its maximum value, ag = a(z = 0) within the magnetic islands.
The curves for ¥ =const, including the island structure, are shown in
figures 5.6 and 9.5. These curves in fact represent the cross section of
the new magnetic surfaces for helical symmetry. Since the electrons
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and ions follow a Boltzmann distribution, we have what might be
described—by comparison with simple cylindrical equilibria—as a
broader class of equilibria.

From equation (263) it can be seen that magnetic islands form at
the points ky = 2wl where [ is an integer including { = 0. The value
of ¥ = 1 on the separatrix (separating the islands from the toroidal
magnetic surfaces) can be found as the value of ¢ forz =0,y ==

e = —aq. (264)

Accordingly, the half-width of the magnetic island, w, can be deter-
mined if we put in equation (188) ¥ = 1,, y = 0, 2 = w:

w = 2/ a. (265)

Thus, the island width increases with perturbation amplitude as the
square root of the amplitude.

We need to construct a solution, at least an approximate one, of
the non-linear equation (262) taking into account relation (261). In
tackling this problem it is natural first to consider the region far
from the islands where a linear approximation is valid. It is more
convenjent to linearize (259) and (260) on the assumption that % and
¢ = ¢ are small quantities periodically dependent on y. Neglecting
quadratic terms, we obtain

zh = (u—1)¢ (266)
A=t _%J, (267)
T X

where I' = v(u — 1)(u + 7). As we can see, equation (267) has
the form of a Schrédinger equation with a potential U = —I'/z2.
Since A = (d?/dz?) - k?, our task reduces to seeking a bound state
with energy £? in the potential well U(z), which outside the island
structure behaves as I'/z2.

If I' < 1/4, then in the region of small z there are no solutions
with nodes, and hence we can seek a single ground state. For large
x the Laplacian A, — 0, so that our approximate solution takes the
form

¥~ age %7 cos ky. (268)

We may adopt the approximation that equation (267) is true for
z greater than the average half width of the island structure, that
is ¢ > w/2. If the potential U is taken to be equal to —T'/z? for
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z > w/2, and if for 2 < w/2 we use the same linear equation but
with U = 0, then for smail T we can use the matching condition

A’:—?k:—] Udz’z£ (269)
— 0 w
where
, 18y 1 8¢
Al = ; -é; d '1; E = -2k
r>0 <0

is t.he diﬁ‘grence between the logarithmic derivatives of the asymp-
totic solutions, familiar to us from tearing-mode theory. And so
k)

in accordance with expression (269), the half-width of the island is
defined in terms of T

kw =~ 2I = 2y(w - 1){u + 7). (270)

If [ is small, i.e. if the phase velocity u of the island chain is close
either to the electron drift velocity {u = 1) or the ion drift veioci%y
(x = —71), then the islands are narrow, with small kw.

Morg exact relationships can be obtained with the help of an
approximate solution of the non-linear equation (267), taking ex-
pression (261) into account. The function @ should tend to zero
far fr‘om the island structure, since there is no equilibrium electric
field in the frame of reference we have chosen, and since P ténds to
o = ~z%/2 at large z the function P(y) for large z must be close to
;:(u = 1)v/=2%, where the different signs before the root refer to the
regions on either side of the separatrix, Thus, in order for the root
to vanish at the separatrix, the function P(%) must be proportional

to \/2(¥, — 1), where 3, is the value of ¥ at the separatrix. Hence

¢=z(u~1)[1—\/2(ws~w)/z2]. (271)

Thls expression refers only to the region outside the separatrix where
¥ < ¥s. Within the separatrix we consider Y = aycosky, so that
in _a,ccor(_iance with expressions (261), (271) we can match ’both $0-
lutions simply by putting P(%) = 0 inside the islands

p=z(u-1) at &>y, (272)

In other' words, the square root in expression (271) vanishes at the
separ.atnx and continues to be zero in the region within the sep-
aratrix. Thus, we know P(¥}, which can be substituted in equa-
tion (262). Within the separatrix P — 0, so that A v = F()




168 Tokamak Plasma: A Complex Physical System

there. In the approximation we have adopted, a = g = constant
within the separatrix ¥ = —z2/2+ ag cos ky. Since ap is of the same
order as w?, the second term in the expression for A, 1 is negligible
as compared with unity in w?k* < 1 and we can put F{y) ~ 1, i.e.
the equilibrium value. Qutside the separatrix where ¥ < s, the ex-
pression found above for P(4) can be substituted in equation (262).
As a result we obtain '

2(@95 - u‘))

Far from the island, A} ¢ tends to its equilibrium value, which is
equal to minus unity, so that from equation (273) we get an ex-
tremely simple expression for the function F, namely F(¥)y= ~14T.
Now equation (262) can be used for a more exact calculation of the
matching condition in (269). In order to find the matching condition,
we integrate the right-hand side of expression (273) over z. The inte-
gral of the root on the right-hand side together with a corresponding
contribution in F' is equal to —T'z, where z = 2 agl cosky| is the
position of the separatrix. In order to single out the terms that are
proportional to cos ky, we average both sides of equation (273) with
a weighting function cos ky and integrate the left-hand side from zero
to z, and the right-hand side from z, to z. In this way we find a
more exact matching condition

Ay =T [ ]1/2 + F(). (273)

16 16
= ——F = — - 1 *
kw T 311_‘7(“ Hu+7) (274)

This condition is similar to condition (270) obtained in a simple
linear approximation. Relationship (274) can be considered as an
cquation for determining the magnitude of the dimensionless phase
velocity u. For small kw, u is either somewhat greater than unity
or somewhat less than —7. In other words, the phase velocity is
either somewhat greater than v* for waves travelling along the elec-
tron drift or somewhat less than —7v* for waves travelling along the
ion drift. The magnitude by which the phase velocity exceeds the
corresponding drift velocity is proportional to kw, where w is the
half-width of the island, and inversely proportional to v, t.e. to the
poloidal .

When dissipation is taken into account, both types of island struc-
ture begin to evolve with time. Let us first consider the case of a
dense cold plasma which, though it bears no relationship to a toka-
mak plasma, is instructive from the standpoint of understanding the
role of dissipation.
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.We take into account on the right-hand side of equation (245) a
friction fqrce of electrons with respect to the ions equal to —m_p. v
.where V. is the average frequency of electron—ion collisions. Aceccirg-’
ingly, on the right-hand side of equatior (247) for the flux function
¥ an additional term Av AL will appear where

A= Sl = m,fanetn. (275)

If we repeat the operations which led to the energy definition in
expression (255), we will see that £ is not conserved but rather damps

o€ Ay, Tin =
i _F/(A‘Lw) 2rrd@dpdr = —n/(j)?%rrdﬂdgadr

. . i (276)
where n = m.y, /e n is the resistivity and j is the perturbation of
the current densi_ty: J=cA /47, Since At~ T'yp/z2 outside the
sezpazrat—r;x, thg right-hand side of equation (276) is proportional to
Fofw=3 ~ wi, and the energy to the square of the amplitude, j.e.

v W, ACCOTdngl 3 GXPreSSi()Il 2;6 ]eads to t e
. y ( ) 4 mono onic d 2Crease

d 2
E(kw) = —constant A%k%y,. (277)

Thus, in a dense plasma the magnetic surfaces undergo a form of
self-repair as their short-wave perturbations damp with time.

In a tokamak plasma this does not happen: the magnetic islands
do not damp, but rather tend to increase with time. The point is that

resonance effects come into play instead of Coulomb collisions. To
desc_nbe these we have to use the Viasoy kinetic equations with self-
consistent fields. As we will see, the exchange of energy between
the wave and the electrons is weakened owing to the formation of a

structure is substantially smaller than the average Larmor radius of
the ions.

Let us assume that jsland structures with a characteristic width
w and a cha:racteristic wave number & fill the whole cross section of
the plasma in a quite densely contiguous pattern. The perturbation
of the poloidfil magnetic field in each island structure is given by
the relation B, ~ kaBg/r. This perturbation extends over a width
Az ~ 1/k. The magnetic field energy density of these closely packed
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structures at a distance of ~ w from each other amounts to £, ~
R2 ~ 3 72 2 ’

Baz{xzﬂtgjltche ;jle;;g éi:orciated with the electric field &, it is localized
on a length of ~ w since the electric potential perturbation degfeasezs
as 1/& when 2 increases. Accordingly, we have £¢. ~ nT(ed /T) ,
where ¢’ is the amplitude of the electric field potential pertl_lrbap(.m.

Since &4 ~ &£, 8, /kw, we find that e¢’/T ~ w/a. For simplicity
we make no distinction here between T, and T;. .

Let us now consider an ion with Larmor radius p ~ vl/w_ci. In
its motion over a Larmor cirele, this ion intersectsf N =plw 1s_land
structures. At each of these island structures the ion may receive a
momentum increment along the y axis of the order of

miAv ~ ked'w/vy (278)

where w/v, is the time of crossing the structure and k¢’ 1§t tge
electric field perturbation. Owing to a change in the magmflihe
of the perpendicular y component of the velocity, the centre o ‘the
Larmor circle is shifted by ~ Aw/fuw,,. 'Let.w‘ bu? the ch:fnracterls_tlc
frequency of the oscillations we are copsaderm.g. Since Fhe 1ntferac'tlon
phase persists for a time At ~ 1/w”, in multfple crossings of a gfng
island structure over a time At ~ 1/w” the ion accumulates a to :

shift &, which is w,/w" times greater than in the case of a single
passage across the island

wi e kw (279)
W' MYy W

This shift is produced by a single island structure. In fa.ct, the fon
interacts not with a single structure but with N = p/w nelghboun_ng
structures. If the partial shifts are not phas.ed, they can be consid-
cred as random shifts, so that the total shift of the ion along thef
z axis amounts to 8. =~ §NYZ = §(p,/w)l/? The phenomenon o

the accumulation of many single shifts is very important: the total
shift does not decrease strongly with the wave number, 0 .that even
very short wave length patterns can play an essential role in plasma
tralfl'igsliltz;,ve N = p/w waves with mean oscillation [req'uency w” and
with a frequency difference of the same order of ma‘gmtude, we}e can
consider this pattern as a quasiperiodl_c procelss_ with a very large
period, 7', where Q@ = w*/N. The tlme. Q-lis N t]mes.greatltler
than w_!. If the shifts are again summed in a random fashion, the
maximum shift §.,,, = 6. V2 will be

&~

bax = N& = pbjw = aeT ~ . (280)
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Here we have assumed that the drift velocity w* is of the order
kT/miwcia.

We see that in a quasiperiodic perturbation with frequency Q) the
ion is shifted over a distance ~ w. Hence, in a time 0~! the ion
is shifted by the width of the island structure and can enter a dif-
ferent non-linear resonance. In other words, Chirikov’s stochasticity
criterion is marginally fulfilled. Accordingly, in a system of densely
Packed island structures the ions can undergo stochastic diffusion
across the magnetic field. Since the jons are marginally stochastic,
the corresponding mechanism of diffusion and ion thermal conduc.
tivity is very sensitive and can be easily self-regulated by the degree
of contact among the island structures—in other words, for a given
arrangement of the island structures, by the perturbation amplitude

The process with frequency 2 = w* [N is extremely slow, and
for this reason each ion retains its adiabatic invariant on average.
Consequently, in a homogeneous magretic field the transverse jon
energy is conserved. If the field is inhomogeneous, then a shift to.
wards the weaker field diminishes the ion energy, so that the ion may
transfer a part of its energy to the waves. In other words, a shift of
ions towards increasing major radius leads to pumping of the island
structure energy.

To understand the possibility of noise pumping by a single ion we
can consider a very simplified picture of figure 9.6. Let us assume
that we have some mixture of drift waves with the fluctuating electric
fields. Next we assume that the ion can be shifted in the major radial
direction over some length ¢ in the averaged electric field. This is an
averaged drift, which has already been considered in Chapter 2.

Let the ion energy be equal to £ = L+ &y Then due to con-
servation of the adiabatic invariant and the toroidal momentum the
averaged energy change of ion is §& = —286/R—E,6/R, where 6 is
the shift. When 6 is positive, the ion energy diminishes.

Let the ion be shifted radially at the inner and later on at the
outer position, as shown in figure 9.6. The net ion displacement
along the minor radius after averaging due to the longitudinal ion
motion can be zero. But the total energy loss is not zero (it s easy
to see that, due to the relation # = constant, only the longitudinal
energy can be lost in the case shown in figure 9.6). Thus in toroidal
geometry the jon can directly pump the noises and lose its energy
without net displacement across the magnetic surfaces, if perturba-
tions have suitable symmetry. Of course the picture in figure 9.6 is
too idealized. It is more realistic to imagine that the noise pumping
is accompanied by net ion diffusion. In this case the toroidal expul-
sion of diamagnetic ions can Serve as a noise pumping mechanism.
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Figure 9.6 If the drift turbulence fills the ha.tc!led a.rea..and
the phases of perturbations allow for ions to be shifted radially
while crossing this area, then a single ion can tryansform some
part of its energy into the energy of noise. This tra.nsform?.-
tion is based on the conservation of azimuthal and magnetic

momentum.

nsider this possible pumping mechanism in greater de-
tai{d.e;f%;ec?sland Stl‘llCtIII)I'eS are touching each other, each 1slandhcan
be inclined with respect to the y axis by a smal} ang%e y. g.fend,
simultaneously with the shift along the = axis, th.e ion w1.].l be s }i :ie
along the y axis as well. As a result, the time of interaction w1]1;5 !
island structure changes and becomes equal to A.t ~ (147 ; Yo %
where 76 is the shift along the y axis. Correspondingly, the value o
the shift in expression (279) changes and becomes equal to

kw eq}'

w* mivy

s (1 + 7ké). (281)

When v # 0, a systematic ion shift in the radia}l direction occulrs.
Let us assume that the ions themselves can sustain an average value
of v in such a way that pumping of magnetic ﬁelfl perturbatlc}ns
could take place. It is possible to show [156] that‘m the ca;e;ba
single island chain the toroidal configuration look§ like ﬁgu_re 5{ )t,
but being turned over an angle 7/2. Thu;. the smg_le chain c;.mzlo

produce both an averaged flux and fluctuation pumping: manyl_mhelr—
acting chains are needed. We assume that pumping 1Fself can sklg 1'tky
turn each island-chain in such way that the final picture loo 55 Jbe
a superposition of the initial one and of t}.lat shown 1n.ﬁgure 9.5( t).
Since v is small, we can find at first thg lmea,_r part with respect1 o
é and then insert the value thus found in additicnal brackets evalu-
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ating the quadratic term in {281). Its averaged value corresponds to
a systematic ion drift along the major radius over a time 1fw*.

The shift defined by expression {281) is produced by asingle island
structure, whereas the ion, in its motion along the Larmor circle,
intersects ¥ = p/w such structures. Thus, the total systematic jon
flux can be estimated with the help of relation

Wi = n(v) ~ ' N{b) ~ yrk*wivn (282)

where k = —d(Inn)/dr comes from the expression for w*, and v; is
the mean thermal velocity of the jons.

The flux n(v) is directed along the major radius (see figure 9.5(5)).
Accordingly, the islands are tilted in such a way that ¥ has opposite
signs on the inner and outer contours {see figure 9.5(b)). In other
words, v varies as cosd. This means that, to be continuous, y =
Ya€cos @, where ¢ = T/Ry and v, = constant. If we are seeking
an average value of the flux through a toroidal surface of radius r,
then (v} has to be averaged with a weighting function (1 + ¢ cos #) in
order to take into account the 6-dependence of the surface element
ds = 2r Rrdf = 27 Ro(1 4 € cos 8)r dé. Accordingly, we obtain

2
Tn = {(1+ ecos )W), %nf:kzwsvln. (283)

Although the flux T, is found to be proportional to the density
gradient, as nx = —dn/dr, it is still more proper to speak not of
diffusion but of free convection of plasma.

The flux defined in expresston (283) transfers not only particles
but also ion thermal energy. The expression for the heat flux I'; takes
a form similar to expression (283)

2

I = %’ﬁ}ck?w%infﬂ (284)

where the coefficient 7 allows for the fact that the heat flux can

be greater than the particle flux, so that 4, can be greater than

Yo. Furthermore, the product y& can depend on the temperature
gradient.

When the ions are shifted along the major radius, their transverse
energy diminishes as 1/R owing to conservation of the transverse
adiabatic invariant and the longitudinal energy decreases as 1/R?
owing to conservation of the azimuthal momentum. For this reason,
the flux defined in expression (283) is responsible for noise pumping

with a power
& WT
e 7= 7,%k2wsvinTi. (285)
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This energy pumping must be correlated with momentum pump-
ing. The wave momentum can be obtained by dividing the wave
energy by the phase velocity vy, = —w*r/k = ~v"r. Accordingly,
the momentum pumping is equal to (—1/v*r)8E/8t. Due to wave
momentum pumping the ions experience a reaction force directed
opposite to the rotation of the island structure, which in fact means
that a friction force is acting upon them. As a result an jon flux T,
appears, since the friction force acting on the ions is balanced by the
Lorentz force —eBc™'I',. From the momentum balance condition
(—1/v*7)dE [0t = —eBe™'T,, taking into account expressions (283)
and (284), we find v = y,rk/2. Since all the expressions are very
approximate, we can simply say that 4, ~ 7,. In other words, the
ion heat flux is of the order of the convection flux: T; ~ T'T,..

Let us now consider the behaviour of the electrons. To describe
them we can use a drift-kinetic equation

of ¢ oo _ e 0f
etV + 5V X VS)e, = Egy

(286)
Here f is the electron distribution function with respect to longitu-
dinal velocity v, b = B/B and E is the longitudinal component of
the electric field: E = 9y/cdt — b V¢'. For helical symmetry the
expression ( b- V) again becomes equal to (B*/B) +V, and we can
use " instead of +, dropping the asterisk again.

Let us use a frame of reference rotating with the phase velocity
of the wave, vy. Then, introducing the helical momentum P =
mv + ey /c, we can express kinetic equation (286) in a simpler form

8f10t = (VH x Ve, (287)

where f is considered as a function of P and the Hamiltonian K is

c

H=
2m.cB

(P = §) = =4/ + 70, (288)
c B

According to these equations, the electrons move along the lines
H = constant, keeping P = constant. We see that island structures
are also formed on the drift surfaces near the resonance points where
w = kjv. Since the longitudinal wave number ky has opposite signs
on opposite sides of the point 7 = r,, drift islands appear on electrons
having different signs of v on opposite sides of the resonance point.
On the drift islands, plateau-type distributions at P = constant are
easily formed, since a rarefied plasma does not have time to dissipate
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Figure 9.7 Plateau formation on the electron distribution

f.unction in phase space. The plateau develops along the dotted
lines P = constant.

.through collisions (see figure 9.7). Hence, the formation of a single
island structure is not prevented by electron collisionless damping,

. As a result, many island chains continue to grow until they be-
gin to interfere with each other; the interaction between the island
cha.ms_wa, electrons begins only when they touch each other. Once
the drift surfaces are in contact, the electron drift trajectories be-
come stochastic and the electrons are able to transfer a longitudinat
momentum across the plasma (figure 9.7). Hence, anomalous resis-
tivity, n,, appears which leads to the saturation of island structure
growth by ion pumping. As a matter of fact, it would be more cor-
rect to 'spea,k not of resistivity but of viscosity, because the averaged
resistivity related to the averaged current density remains the same,
The anomalous resistivity 7, can be evaluated if we assume that an
anomalous collision frequency v, appears

Va = ke ~ (ve/qR)kw. (289)
Nzow We can estimate the magnetic diffusion coefficient: D, =
/4T = A%y ~ A’kwo, /qR. )
We can find a more accurate value for 7, in the linear approxima-

tion
Me
Ma = v WTe/Qme|k"|. (29())

en
T!ns e'xpression would be true if a Maxwellian electron velocity dis-
tribution were restored fairly quickly either by collisions or by ex-
changes of electrons between neighbouring island structures.
Let us now use the total energy balance

DE/Bt = 2916, ~ (v./qR)F.E,. (291)
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Figure 9.8 Contact between the plat_caux of two neigh.blou:
ing island chains in phase space: 1—rational surface and islan .
chain (hatched area) of the first wave; Z—pfat.eau on fe(u))s
3—second rational surface; 4—plateau formation due to the

second island chain.

Here 41 is a growth rate produced by ions,. and with Ehteh facng
F. = A2K?F', where F' < 1, we have t.aken into accoun E ptor
sii)ility of self-adjustment of wave damping by the elefc!:rtons.If ?}clere
F, increases with k as k% so that shorter waves decay as.{elr.be here
is a family of island chains their average energy decay wi fomi:
nated by waves with the maximum k values, but the wave;mme T
cannot be larger than A~1. Thus, fo; t}}e average decay rade;: o
assume {Ak?) ~ 1, so that F. ~ F". 'Fh(? factors .Fe,da,n delos:r/
be very small, but with increasing oscillation amphtu e ag. c st
contact between the islands the factors Fe' and F, increase. t11}bc1'e the
factor F, is capable of self-adjustment, it automatlcally esta dl? s
itself at a value such that the island structures are maintaine 1Ii1n
steady state (on average). Thus,.even with weak ion wave gum};ing.
broken magnetic field symmetry in a tokamak pla§ma can te Ilr)lein
tained. The magnetic surfaces break down to a slight exte;h,l atg.
filled with a large number of helical magnetic structure;. N Lg [; v
tern looks similar to the picture, previously suggested by Rebu
sing qualitative arguments.
“ El?gl 1tlhe igsl(;nds are formed by current ﬁ!amen@ located (;ln ?c;ih
sides of each island outside the separatrix, it is fair to say t ;’i[‘h 2
plasma is filled with a huge quantity of current filaments. ﬁsl
filaments are arranged in such a way that t}‘le currents flow Bara/e
to the lines of force on the rational magnetic surfaces ¢(r) = m/n,
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where the island centres are located. Note that in fact the current
filaments are located not inside the magnetic islands but in a layer
with a thickness of the same order as the island width, i.e. w. Since
the currents in the plasma are screened over a thickness of the order
of A, there exists a minimum dimension of island width, i.e. w > A.

Let us note further that the longitudinal phase velocity of the
waves, w.t [k, is extremely large on the resonance surface ky = 0
and becomes of the order of the thermal electron velocity only at a
distance z > pe from the resonance surface (where py is the electron
Larmor radius in the poloidal magnetic field). Only at this distance
does the mechanism of island structure damping by electrons comae
into play; the quantity v, can be considered zero at z < py. Conse-
quently, very small structures with wk < 1and kA)1 show extremely
weak damping even in the linear approximation, i.e. without any al-
lowance for the plateau effect in phase space on the electron distribu-
tion function. Summing up, we can say that the magnetic structure
is generated in such a way as to enable the electrons at any moinent
to switeh on the anomalous transport mechanism. That is why the
electron transport is so sensitive to any external perturbation and
to non-linear phenomena in the edge and bulk plasmas.

9.4  Physics of Transport

The breakdown of magnetic symmetry and the formation of a large
number of mutually contiguous helical structures leads to anomalous
electron heat conduction, If the mean width of the structures is w,
the anomalous thermal conductivity can be evaluated as Xe ~ Va2,
Let & be the mean wave number of the island structures. Then the
thermal conductivity of the electrons can be written in the form

Xe = wsk‘beve/qR (292)

where the tuning factor . takes account of the degree of contact
among the island structures.

Let us first consider the case of weak contact, which can occur at
low level of wave pumping by the ions. In this case a steady state is
reached at F, < 1 when the island structures are just beginning to
come into contact with each other. The factor @, in formula (292)
is correspondingly small. Let us try to estimate it.

For this purpose we assume that in toroidal geometry a stochas-
tization of the lines of force near the separatrix occurs in a layer
comprising a fraction e = r/R of the island width w. If an ex-
change of electrons between neighbouring island structures were to
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take place in this layer, then both heat and longitudinal momentum
could be transferred across this field. The cross-field transport in-
volves preferentially slow passing electrons which carry practically
no longitudinal momentum. The fraction of such electrons is ~ ¢. If
we accept that kw ~ 1, w? ~ 4xA? ~ 1/ryn, we get the estimate

. B Ue 293
Xe ™ € qRnry (263)

where v, = 24/T./m,, and r, = €?/m.c? is the classical electron
radius. This quantity is close to the superclassical value (221) ob-
taired on T — 11 and is in line with the formula for x,. suggested
by Ohkawa [123]. The transport of longitudinal momentum affects
those electrons which carry the momentum, i.e. those with a lon-
gitudinal velocity v ~ v,. For these electrons there may be a very
small transverse exchange and the factor F. can then have a value
substantially less than ®.. Variations in the factor F. will not affect
the heat transport described by relation (293) which is associated ex-
clusively with slow passing electrons. In other words at low level of
ion pumping the relation (293) is almost constant when ion pumping
has a value in the main part of its range of variation.

Expression (293) correspends to the minimum level of electron
transport in a fairly quiet plasma, albeit one with slightly distorted
magnetic field symmetry.

When the magnetic surfaces are only slightly disturbed, the ion
dynamics is not very strongly modified. Thus, along with the scaling
in (293) we would expect neoclassical ion heat conductivity to ac-
company electron thermal conductivity of the T-11 level. A regime of
this kind corresponds to nec-ALCATOR or ioc scaling of a tokamak
plasma with ohmic heating.

If ion pumping becomes more powerful, then the mechanism of
enhanced transport appears which is naturally linked with L-mode
confinement. This mode is created by the same island structures, but
with closer contact. To understand the physics of this more powerful
transport regime, we must take into account the ion pumping of
magnetic perturbations by the mechanism described above.

With pumping according to (285), the magnetic noise energy bal-
ance equation takes the form

65 av: B, w3k B2
— = F—-lkz 2 - — — —i‘
o7 = Fioggktw'nT FeqR — 3 (294)

where F; = v;xw is a small ion control factor, and v and v, are the
ion and electron thermal velocities.
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With high pumping power we may assume that the islands are
pumped up to a leve? wk ~ 1. In this approximation for the average
steady state we obtain an estimate of the characteristic island width

w?  Foqae m,
a?  F, E’B"\/ m (295)

The ratio F/F, depends implicitly upon & and w. However relyin
on experimental data we can accept that this dependence is’ weake%
th.an the strong F/F, sensitivity to the level of stochastization. In
this approximation Fi/ F. can be considered as a tuning factor. '

Substituting this value for w? i
_ w* in the electror ther iffusivi
expression, we obtain mal diffuivity

3

L & 2 _ [24]
Xe = (bequ - ueﬁfaﬂ- (296)
Here the factor p, = i®./F. < 1, since F is a small parameter.

If the electrm} loss channel dominates, we can estimate the energy
conﬁnez}nent time as 7z ~ a%/4y., where a is the plasma minor radius
an_d Xe IS Some averaged value of the electron thermal conductivit

Wj’th the help of the energy balance equation, 3nTV = Prg whegg
V is the plasma volume and P is the heating power, we can ;:x Tess
Tg through the plasma, parameters ’ pres

e = CIR a5 495 p-os. (297)

Here I is the plasma current and A; is the atomic mass number
The factor C is a slowly varying function of some of the plasma.
parameters_ and can be considered approximately as a constant

The scaling (297) is similar to the so-called 1. mode of conﬁnen;ent

Thus the strongly stochasticized ion regime corresponds to L-mode.
confinement, According to expression (294), the island width w in
an r-mode regime is a certain fraction of a. If the plasma densit
dec.:rease:s, the length A increases and at some density value the re)—,
zatjonshlp A < w will no longer hold true. From this densiiy value
cs;:g(‘iv?;d[;l;};\LCATOR scaling is valid (this transition was dis.

Thus we have shown that a spontaneous breakdown of magnetic
symmetry takes place in a practically collisionless high-temperature
tokamak Plasma. This breakdown of symmetry looks like plasma
self—prgamzation: magnetic island chains fill the whole plasma cross
section and are in contact with each other. The transverse size of
these islands is much smaller than the mean ion Larmor radius but
larger than the electron Larmor radius.
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Figure 9.9 Thermal flux to the wall as a function of the edge
plasma temperature gradient [117]. Depression of thermal con-
ductivity i produced by turbulence suppression due to shear
rotation of plasma [128].

Both ions and electrons are marginally stoch;}stic in 'such at}})la't-
tern. The magnetic noise is maintained by the ions owing t}? eir
convection in the direction of the weaker magnetic field. As they are
essentially stochastic, the ions can pumtp 1(5115}}1td structures, propa-

ing i irection of the ion magnetic drift.
ga%z%k:?otrl};ea(ri:éeglectrons can tune their levels of transport, s:io t_;hat
this mechanism is very sensitive to the profiles, b.oundaryc con 1tflim:15
and so on. This is why I have de]iberately‘ avoided trying to }'n ,
theoretically, a numerical factor € in express;on.(297) for the sc_z:ilgga.
The great sensitivity of transport to external mﬂue‘nces pl"ov'lI e t
clue to understanding why almost the same expressxons—sfliml ar t0
expressions (297)—are valid for both 1 and 1 modes .of con ne.réxend.

Another result which follows from the .n_lechanlsm consi er.eh
above is the possibility of continuous transition from sgahngt w(11t
auxiliary heating to neo-ALCATOR sca_lmg when the densi {1 e—f
creases. Nec-ALCATOR scaling is, as it were, the best mode o
confinement which can be realized with L'he quietest plasmas. bl

Up to now we have discussed cooperative pllienomena in the 1&
plasma. Experiments show that strong non-linear phenomenlja e-
velop in the edge plasma as wel!. Here a very strong l:mnl- mtea,r
activity is observed which looks like MHD-turbuIen§e of t edetect{:?-
static drift type. The L-u transition phenomenon is related to this

activity. '
edgTehI(;lirslg: plausigle explanation for L-H transition is based [115-
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Figure 9.10 Schematic diagram of the plasma transport
self-organization: 1—thermal flux produced by deviation from
optimal profile; 2—bulk plasma transport; J—transport at the
plasma edge; 4—pressure profile.

118] on the idea of boundary plasma stabilization by differential
rotation, which can damp the edge plasma turbulence. The edge
plasma becomes quieter, and this effect can diminish the bulk plasma
transport if it is sensitive to external noise pumping.

The theory was developed in parallel with experiments [129-133]
which are in correlation with the theoretical approaches. The gen-
eral theoretical idea is illustrated by figure 9.9, taken from Hinton’s
paper [117]. It shows the edge thermal flux dependence upon the
plasma temperature gradient near the edge. This dependence can
be a non-monotonic one if an electric field builds up which can sta-
bilize the edge turbulence—and diminish the thermal flux. If one
starts to increase the thermal flux, for instance, by injection of ad-
ditional power into the bulk plasma, the temperature gradient also
increases up to the critical value W, of the thermal flux. After this
the temperature gradient jumps to the higher value (VT);. It is
Just an L-H transition, when the ‘thermal barrier’ is developed near
the chamber wall. When W diminishes, the backwards transition
it-1. takes place at a somewhat lower value (VT),. Thus hysteresis
appears which is observed sometimes in experiments.

Now we can conclude discussion of the plasma transport self-
organization phenomenon by a very simplified picture as in fig-
ure 9.10. Tt shows the plasma pressure profile in accordance with
the ‘profile-consisten cy’ principle. The different mechanisms of ther-
mal conductivity are shown in the same figure. The first one is
exaggeratedly shown as stripes near the rational points. This mech-
anism controls the profile itself and saw-teeth are the most striking
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tive of these partners.
rep’Ir‘iseennteaxt is the bulIlJ( transport whi_ch is pm(.:luce(é ES a rle(f;)l;tl
of magnetic symmetry break-down. .Thls mechamsm‘ de bnes g‘;1i 2!
scaling for the energy conﬁnemgnt time. Accc.)mpamef y zz.(.mgb
current filamentation it can assist profile consistency orm‘:jVL hav);
a mechanism similar to that considered b.y Taylor [125]1. " e]jke °
to assume simply that the filamented portion of currei\t 10:(.) SH 2
mixture of strings playing the rcﬁe ol(‘la, ﬁla}r:}f}rlltcixrllst?cl)llg ‘56}.13 ::;ns)i{;jon
ctivity at the edge whi
Pra{;\;z zrrsrr{l;gfeogtgzmﬁne);nent to another and its influence extends
e bulk plasma.
wegsgszr;};ive actiI())n of these three mechanisfms of enh::)rllceg :;arfls;
port with addition of neoclassical transport is responsible bo Lo
global plasma confinement and feedback couplings betw.eer;.pro e
and fluxes. Their interplay controls t}ne plasma self—orgam?ia ion pt
nomena including the existence of different modes of confinement.

10 Heating and Current Drive

of high energy, electromagnetic waves, adiabatic plasma, compres-
sion along the minor and major radii. Rr-heating embraces a wide
range of frequencies and corresponds to various plasma oscillation
modes: ion-cyclotron resonance (icr), electron-cyclotron resonance
(ECR), lower-hybrid resonance (LH) and Alfven waves (aw). Many heat-
ing methods including neutral injection can be used for non-inductive
current drive [135).

10.1 Ohmic Heating
Plasma specific resistivity is very low: at multi-keV temperatures it
is much lower than that of copper. In practical units the specific
resistivity according to Spitzer is equal to

723X 02T (). (298)
Here T, is electron temperature, in keV, Zeq is the effective jon charge

number. The rapid decrease of resistivity with increasing temper-
ature makes ohmic heating ineffective at temperatures above a few

“keV. However, low resistivity has an advantage: at high temperatures

the U loop voltage should be significantly lower than the common
value of the order of 1 volt for tokamaks with moderate electron

183
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Figure 10.1 Electron distribution function modification by

low-hybrid waves.

temperatures. Lower U/ values mean that there is a posmbltl_lty gll:
mi i umption
ent drive at one and the same cons |
o e e hich slightly increase
three effects which may slig
Volt-seconds. There are ct ‘ Shehtly increase
i ties leading to Z.g incr s
op voltage: the presence ofjmpulrl ' ‘ :
Teol?classitgal effect of current-carrier decreas.e, d..Ild reconnection of
magnetic lines, particularly, in saw-tooth oscillations.

10.2 Lower Hybrid Resonance

Plasmas can be heated efficiently by waves with frfequenmes near the
geometric mean of ion and electron gyro frequencies

fun = 0.65Bv/ A, (GHz) (299)

where A; is the atomic number. For these frequenhcie}sl(a fe_w ?HZ'),
i i i i nisotropic
i he plasma is large, highly a
the index of refraction for t |Bhly anSotropic
ity. As a result, the plasm >
and depends strongly on densi : oy
ing direct heating. Rather, it is 1
wave, thereby precluding TR
the edge plasma. A gri .
a slow wave to tunnel through i . ystem
j reguides—i d for the launching of wave
of juxtaposed waveguides—is use mching of waves
her should be placed very close p
e o lfmnc i ‘er-hybrid resonance are very con-
The waves in the region of lower-hy . ery, cot-
i i The current generation phys _
venient for current generation. b PEEs
i at shows how the energy electro
lained by figure 10.1 that s ; " |
g:({))ws due t())( resonance absorption of lower-hybrid waves with phase

i in the same figure. .
Veloilty SPECtFZ_iﬂSh?hVVerl]I:ase veiocitvo% = w/ky establishes a local
The wave with ity ; . :
plateau on the electron distribution function due to the simple res

. 3
onance w — kyr = 0. Adjusted to each other many local *steps’ on
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the distribution function produce an extended plateau as shown in
figure 10.1. The plateau formation can he described theoretically
with the help of quasilinear theory. We see that the electron current
generation relates to a somewhat more complicated physical mecha-
nism than the simple transfer of longitudinal momentum from waves
to electrons. The high-energy tail generation leads to more effective
current drive than simple ‘pushing’ of the electron distribution by
momentum transfer. The rcason is that the high energy electraons
have a much lower collision {requency with the thermal electrons
than thermal electrons themselves. Tlus tlie full distribution func-
tion of figure 10.1 is ‘centred’ by the collisions in such 3 way that
the main electron velocity is not zero.

The ‘tail’ electrons slow down finally on the plasma electrons and
ions due to binary Coulomb collisions, The effectiveness of the cur-
rent drive is determined by the balance of power gained from the
waves and lost due to pair collisions of tajl electrons with the ther.
mal particles.

The current drive mcthod by lower-hybrid waves has been wused
In many facilities. The best results with an efficiency of vop = 0.34
and total current up 1o aboyt 2MA were obtained in JT-G0 [134].
The corresponding experimental data are shown in figure 10.2. The
results with the efficiency of yey = 0.34 were abtained while injecting
2-4.5 MW of power of lower-hybrid waves with density up to N, =
0.3 x 10 m~? and a current J - L-1.75MA. Note that, for steady
current drive in the ITER tokamak, an efficiency of Yep = 0.5 is
required.

Unfortunately, this method is not suitable for current drive in the
central part of the plasma with high density and should be supple-
mented by other waves or neutral injection.

10.3  Ton-cyclotron Resonance
Electromagnetic waves i the range of ion-cyclotron resonarnce
Ja=15BZ/4,  (MHz) (300}

penetrate plasma ecasily enough and are absorbed near the resonant
layer of plasma, where the wave frequency coincides with one of the
harmonics of gyro frequency. This method s well developed: heating
physics is clear and efficient antennas for the launch of rr-power
into plasma have been developed. To improve wave propagation in
plasma as well as their effective absorption in the resonant layer,
the method of minoritjes has been used. If (Jie absorption occurs on
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Figure 10.2 Summary of the low-hybrid current drive cffi-
ciency in JT-60 and other tokamaks [134, 147].

the ions of the minority species, then the ions are }}ez‘mtet(% up to high
energies, and the heating mode resembles fast ion injec 1((1)11.1 e

To maintain current drive by waves }vl‘u.cl} are dlrect(? along ;
toroidal column, one can use two possibilities. If a unl-dlr.ectlona-
fast ion tail could be generated in p_]asxpa, then the curr(elnt is gs_r;ietr
ated similarly to that by neutral injection. In the second possi l]eg
damping of cyclotron waves occurs on electrons at resonz;l:rilc'e on ehELS
tron transit frequency. Theoretlcally Yep ~ O.Q—O.fl ed ciency s
been predicted, but additional experiments are required to suppo
the theory.

10.4 Electron-cyclotron Resonance

This heating method is based on the absorp'tion of rr-waves of o}:-
dinaty or extraordinary polarization and with frequency near the
electron gyrofrequency

Jee=28B  (GHz) (301)

or higher harmonics. _
T};ge absorption occurs in the region of Doppler resonance 'there
w — nw. = kvy. In the case of propagation nearly perpendicular
ce
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Figure 10.3 Heating with ecan in T-10:
X-ray spectrum over the heating pulse; the d
the spectrum obtained, assuming an electr
the axis of 8 keV and a typical radial profile
of the electron temperature on the axis me

{a) time integrated
ashed line is a fit to
on temperature on
; (b) time evolution
asured by rce.

to the magnetic field the resonance
dependence of the electron mass on

Similarly to the lower hybrid cur
rent drive by Ecr consists of such a
tribution function that its steady s
zero net longitudinal velocity. For i

may broaden by the relatjvistic
its energy.

rent drive the main idea of cur-
deformation of the electron dis-
tate would correspond to non-
nstance, let resonance condition

ity increases. The ‘depleted region’ left by these electrons in the
distribution function will be filled by thermal electrons, both with
Positive and negative values of 7. Thus the net number of elec-

the introduction of any special plasma facing components (however,
reliable windows transparent in this frequency region are needed).
The Ecr-method has gained broad development after new gre-
Wwaves generators—gyrotrons—had been created. Figure 10.3 shows
the results of T-10 electron component heating, where up to 10keV

temperature was obtained with the help of a powerful set of gy-
rotrons.
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At the present time new methods of electron plasma component
heating in strong magnetic fields—{ree electron lasers and cyclotron
auto resonant masers (carM)y—are being developed.

In principle, Ecr-waves may also be used for current drive. The
current drive mechanism is related to the anisotropy of the electron
distribution function, which occurs at the scattering and slowing
down of ecr-heated electrons. These experiments are in progress
now [136,137].

10.5 Neutral Injection

Neutral injection as an effective means of high-temperature plasma
heating was suggested a long time age and is used at present: many
large tokamaks have powerful injectors for plasma heating and cur-
rent drive. The physical process consists of injecting a beam of
high-energy neuntral particles into plasma. The neutral beam atoms
become lonized by charge exchange and by inelastic collisions with
electrons and ions. Then the high energy lons are confined by the
magnetic fields and slowed down by binary collisions with the back-
ground plasma, which is consequently heated. The fraction of energy
transferred to ions and electrons depends on the E; beam energy:
if E; > 157,, then the electrons are heated preferentially and if
E; < 15T, the ions are. The penetration depth of fast neutrals into
plasma depends on the beam energy and plasma density. In the en-
ergy range from 20 to 200keV per nucleon it can be approximated

as
A~55x 107%(E; /A )n7t (m). {302)

Here E;/A; is the energy of the beam particles in keV per nucleon,
n. is mean electron density in 102 m~3.

To increase the beam absorpticn by plasma tangential injection
is used. The penetrating beam may be directed either in the same
direction as the current (co-injection), or in the opposite direction
{counter-injection). Using only one direction of injection leads to
plasma rotation with a consequent decrease of heating effectiveness:
plasma ‘runs away’ from the beam, so that the energy of the beam
relative to plasma decreases. To avoid this effect a balanced injection
co- and counter the current direction was used in TFTR.

Neutral injection may be used for current drive. Initially the con-
cept of this current drive scheme was proposed by Ohkawa [138]. His
idea was as follows. If a neutral beam is directed in a tangential di-
rection, then after ionization it can produce a positively charged ion
beam. It looks like a tail on the ion distribution function. Formally,
we can find the corresponding beam current I, but in fact it is not
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Eﬁeteﬁ}lctri(}:l current: the electrons are carried together with ions so
dr;’t w;}:vreoslse;;ltaignia;;lslfm rotates. What is required is the electron
The simplest way to do this is to injec ith i
number 7, different from the average leasr‘r;u;l (iggl'tlr?}isar‘;ﬂrlu:rzl{)gl ?ge
The elect.ron drag by each ion is proportional to Z? per ion or toeg
per the given charge density. Thus an ion tail with Z # Z.g will dra;
electrons and net electron current js equal to J = 1,5(1eir 22 )g
When Zy > Zg this current is oppositely directed to [ Thi; is etf;
mmplest_mechanism of current drive by neutral bea,ms.b . °
If Z.'b Is not very different from Z,q, as in the case of deuterium
beam injection in pure deuterium or deuterium~tritium plasmas the
more dehca.tfe mechanism of current drive may exist. The ion distri-
but}on functl.on has again a high energy tail and the electron distri-
bution .functlun in equilibrium can have non-zero averaged velocit
in the ion frame of reference. This is a result of the collision cros)sl
section dependence upon the energy. The net effect is much smaller
b;lt may 111)6 sufficient for a current drive in the high-temperature
fhzizzlteleciitt};f averaged current drift velocity is less than the ion
This method is convenient for existing tokamaks due to the fact
that the' beam of neutral particles penetrates plasma deeply enough
so that it can be used for current drive inside the central core of tghé
gtlilastm; .col&l‘r}?l}%.RI[)lr;ve]n currents in the range of 1 MA were demon-
ed in 9] and JET [140] by me injecti
and in the range of 0.5 MA in DI[IIAI)] [1{11]. ?jrggnri:eg;ir\?el leril:fjiecc'tmn’
In units of 10** m~=2 MA/MW equals e

Yep = R R/ P. (303)

It reached the values of ~ 3 x 10-2 (i i

. of ~ in TFTR) in agreement with
the theoretlcauy pred_xcted value. Theory predicts angefﬁciency olne
0§ier of mag.mltudltle higher in fusion reactor plasma. But the energy
ol beam particles has to be increased to i i
Geeply pparicles b guarantee their penetration

10.8 Other Schemes of Heating

In sma}l anfi medium-size facilities other heating modes are used
e.g. a'dlabatlc plasma compression, Alfven wave heating, ‘helicit ;
injection, [142-144] etc. Adiabatic compression is a simp’le methojii
'ofpu'lsed plasma heating. It uses a variable magnetic energy only and
Is quite conveqient for small size tokamaks. Both minor and gla'or
radii compressions were tested in small and medium size tokamalj(s
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Alfven waves are again quite convenient for smalle.r tok.a,maksd.
This method of heating can alsc be used flor current drive with gc;lot
efficiency. But in large size toka(rir:iaks th{s s?ﬁeineclgﬁ‘];s somewha

icated demanding a large additional coil stru .
COIII;IP%CI?LS fusion rea%:tors plasma will be'heated by fa.st alph}?,—
particles which are the product of D-T reactions. Theoretically, the
possibilities of using alpha-particle power for the current generation

are being studied.

11 The Burning Plasma

The burning plasma [145] can be heated by the fusion reaction prod-
ucts. In a D-T plasma these are alpha-particles with high energies.
Single alpha-particles can be trapped by the tokamak magnetic fields.
According to calculations, only a small fraction of alpha-particles
may be lost due to toroidal drift (bearing in mind the toroidal mag-
netic field non-uniformity) at a plasma current over 3MA. However,
effects of collective behaviour of alpha-particles are not to be ex-
cluded.

The most attractive regime of a fusion reactor is that close to
steady-state burn, when the reaction can be self-sustained without
external additional power. A self-sustained fusion reaction has been
the cherished dream of many physicists during many years of fusion
research. However, a completely self-sustained fusion reaction may
not be an optimal solution. Firstly, to control the burn it is desirable
to have additional power that would allow us to adjust the reaction
rate. Secondly, the best operation mode is steady-state operation
of a fusion reactor. To implement this mode one should introduce
power to maintain current drive,

In any case the power of alpha-particles would be hkigh enough,
and, therefore, their influence on plasma behaviour would also be
high. The most dangerous are those collective phenomena that
could lead to loss of fast alpha-particles from plasma hefore they are
slowed down in plasma. Alpha-particles may generate many waves
in plasma. The most dangerous are the effects of “fish-bone’-type
instability and internal Alfven modes excitation.

Theoretically, one of the dangerous mechanisms is the excitation
of the so-called Tae-modes (toroidal Alfven eigenmode) {146]. Their
physics is explained in figare 11.1, which shows the dependence on
radius r of the frequency of local kink Alfven modes with low num-
bers of m, n. Since the oscillation frequency depends on the radius,
the waves at various points on the radius will ‘spread’ in phase, so
that local waves ‘wrinkle up’, k — oc, and then propagate along the
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Figure 11.1 Toroidal Alfven eigenmode spectrum in a toka-
mak.
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Figure 11.2 Reactor plasma instability thresholds: 1— bal-
looning mode; 2—fish-hone instability; 3—Taz mode [145)].

radius due to finite Larmor radius effects. Howevgr. two modes, a?
can be seen from figure 11.1, may cross-over, and in the presence o
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toroidicity they are linked to each other, so that a ‘gap’ is formed.
This is the condition when a TAE-mode may occur. Near the point
of former cross-over, global waves appear which can grow. Here
we have a kind of fibre-glass analogue which has a

‘total internal refraction’ there is a possibility of Alfven wave ‘wave-
guide’ propagation. This is the very Tae-mode which may persist in
plasma for a long time and interact with alpha-particles.

Figure 11.2 shows the excitation thresholds for fish-bones and Tag-
modes depending on the alpha-particle 3, as a function of the ratio
of its velocity to the Alfven phase velocity. The B, value is the ra-
tio of the alpha-particle Pressure to the magnetic field pressure. 3,
grows together with the D-T reaction power and the plasma tem-
perature since at higher temperatures the process of alpha-particle
thermalization slows down.

Figure 11.2 shows that thresholds increase with the size of the
facility so that in ITER, for example, these modes could be harmless.

The present level of fusion research is close to being sufficient

for plasma burning and the construction of an experimentaj fusion
reactor.




12 Conclusion

For those readers who, like me, prefer to look t.hrough th}e:illntrog};c—
tion and Conclusion before deciding whether itis worthwflt;e].rel:«: JOkg
all the text, I shall try to summarize the main content 0l : is ‘())Vin_.
The tokamak is a Russian invention due to two N‘Obi n}f?'tself
ners, Andrei Sakharov and Tgor Tamm. Thfe word 'lf:io’?na flthis
is simply an abbreviationbfor t‘hﬁ mare ;;?ec;islss,pem cation o
i ion: ‘toroidal chamber with magnetic . _
mvfin:cl)ig.m::}? is the simplest configuration for plasma magnetic con(i
finement. It looks like a simple toroidall vacuum chahmber.dlmnéts:rseaL
in a toroidal magnetic field. The torus itself can be.con51 ere asre
closed secondary loop in a magnetic .tr.ansforrqer with an éron 2(1)”_
(see figure 3.4). When the primary coil is energized a setlz)on lz:r(}lr cor
rent is induced in the plasma coil p_roduced by the gas brea - t0 fO;-
In the simplest case of ohmic dls'charg(.e the }_)lasma p(?rSJ; Td js
a short time only when a unidirectional inductive electric 1he s
maintained inside the vacuum cham’per. The plasma currhe_nt as to
be high enough: the poloidal magnetic field pro_duced'by t IS'C:;Héeb
provides the plasma equilibril{mﬁallc(»ing the major radius, assisted by
iti tical magnetic field. .
an'ﬁﬁglfg(:l?laélti\’\rfe; electric gﬁeld maintains tl}e current and pr(l)\ude:
ohmic heating power mainly inside the hlgh—temperaturf p a;semA
core. This power is sufficient to he.at. the plasma core u};: 0a rni1S
perature of the order of tens of millions of degrees. The powe s
supplied in a sufficiently ordered form so that the entropy per u
ow.
e“f‘lf%i ;;)sla‘,{si;); ]energy is transported towards the c_old wa}]s by tthﬁl;
mal conductivity. The closer to the wall§ the lower is .the P asm:zi ethe
perature and therefore the entropy flux increases ra;_nd]y towar s-d1
walls. It means that the entropy production rate 1ncree}1{sesl rapi )Sf
with approach to the walls. In other words, a t.okama P a§rr(11abl
a typical open system with energy ﬂux through it accompanied by
intensive entropy production inside it.
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It is known that many dissipative open systems of such a kind
reveal different modes of self-organization: some part of energy flux
and entropy production rate can be intercepted and used by the
system to complicate its internal structure. Many new secondary
coherent structures and turbulent chaotic noise may be produced
by such mechanisms. The plasma is especially volatile matter with
a very low dissipation rate so that secondary structure production
is inherent to jt. As experiments show, the tokamak plasma is a
complex physical system with many mechanisms of self-organization
evolving simultanecusly. These mechanisms control the plasma be-
haviour. We have to underline that these mechanisms are strongly
non-linear so that to investigate and to understand them and their
interplay is not a simple matter. Fortunately, a lot of experimental
data with theoretical discussions have been accumulated in previous
years and we have now a safe base for tokamak plasma physics.,

The first and the most striking indication of non-standard plasma,

all such mechanisms lead either to Bohm-like or to gyro-Bohm trans.

not very different from the experimental values,

As for me, 1 believe that the explanation is a different one but it
is not drastically different from the drift waves approach. As it is ar-
gued in section 9.3. I suggest we accept that the tokamak magnetic
structure is Spontaneously broken. This breakdown of symmetry
could be termed microtearing modes, but [ would prefer not to use
this word simply to avoid the habitual way of imagining at first some
ideal symmetrical geometry and to investigate its instability with re-
spect to small magnetic surface deformations. Let us accept that the
magnetic symmetry is destroyed initially and can be considered as
filled by many island-chain structures rotating in the jon drift dj.
rection. Such structures have electric field perturbations and ions
have the ability to pump these structures directly due to toroidal
curvature of tokamak plasma. This possibility is illustrated by fig-
ure 9.6, where it is shown that a single ion can perform the work in
the averaged vertical electric field near the median plane. The work
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is accompanied by ion shift in the major radius direction and with
the corresponding diminishing of ion energy.

Thus the pumping of perturbations by ions maintains the broken
symmetry. As it is argued in section 9.3, a very delicate balance
can be reached when both electrons and ions are in the regime of
stochastic motion. Ions pump the noise while electrons damp it
and as a result a self-organized structure is produced with strongly
anomalous electron behaviour and with moderately enhanced ion
transport.

The electron current density is slightly filamented to assure the
existence of magnetic-island structure and this feature itself can lead
to the effect of current profile control. Indeed the tokamak plasma
demonstrates a very impressive peculiarity, namely so-called ‘profile
consistency’. It looks like a tendency to retain optimal radial distri-
bution profiles of plasma pressure and temperature. These profiles
resist any attempts to modify them for instance by a change of ex-
ternal power depasition profile.

These profiles may change suddenly with simultaneous plasma
transition from one to another mode of confinement. The best known
examples are the so-called L (low) and # (high) modes of confinement.
They differ by several times with respect to the energy confinement
time. This fact shows the tokamak plasma is a strongly non-linear
system. Such systems can have a non-single-valued state of equilib-
rium. In other words, the non-linear equations which describe their
behaviour can display branching of their solutions. Such branching
corresponds to different modes of confinement with different plasma
profiles.

Several approaches might be suggested to describe this compli-
cated matter. The most perfect one consists in a detailed investi-
gation of all the elementary non-linear mechanisms which lead to
plasma self-organization. We have to analyse all plasma instabilities
in linear and non-linear regimes, to find the characteristics of micro-
turbulence, to classify all saw-tooth phenomena near the magnetic
axis, to classify and describe all non-linearities near the plasma edge
including turbulence suppression by differential plasma rotation etc.
Then we could try to combine all the findings into one integrated
picture of complex plasma behaviour. All these efforts are under
way.

In parallel with this ambitious activity simpler approaches would
be welcome which are based either on simple physical arguments
or on specially developed numerical models. Such approaches are
discussed in section 9.2 in connection with the ‘profile consistency’
phenomenon. The first one is based on the energy variational prin-
ciple. It compares the energies of two neighbouring states: an initial
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?ir;i ?szi one }\lwt_h.a.turbulef.zt stochastic layer. If the energy varia-
perturb;ftrio, t eh!mtlal state.ls marginally unstable with respect to a
D ourbal :)n which stochastizes magnetic field lines and cag produce
enfance ransport, The corresponding profiles can he considered
miting ones prescribed by the profile consistency princinl
Ifit is assumed that enhanced transport is producedpby :(:ﬁ)i'al de

< ¥ 3

ef;?;gl?]is that the optimal profile exists, more complicated phenom-

ena li edL—H transition or t‘he central ‘hump on profile’ development
e described by this simple computer model, A quite dig'ere;lt

The most familiar one i
_ S are edge iocalized modes
tlfacetetfi asymmetric radiation from the edge (MARFJ;;ELM)S nd mul

gotfa‘agllz ?]:ir;e;igpﬁeldt_pres%ire.hExperiments have clarified the ares of
stable plas; eration. On the current density p] i i
Tegion is given by Fhe so-called Hugill plot (ﬁgiri ?{n;)this Pperation

gw Hu]gill plot this is the upper right corner
Cae;recé)uasma handhpg ha§ to be very careful, negligent operation
se current disruption, i.e, by complete plasma destruction

under investigation providj ibili
‘ ing the possibility of i i
of operation for future fusion reactors. 7 7 mastering this mode

Tokamak plasma physics has reached a mature state now. A ma-
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i i theoreticians has resulted in es-
] flart by experimentalists and i
Jt(;{b]?shing t)}’xe physical basis of a tokamak hlgh—_terfrilplgra.tjuxrelp;?slrlrrl‘a
i d poloidal magnetic fields. A cle -
confined by strong toroidal an . - ear un
i ical processes in plasma has been ac .
derstanding of many physical p : red.
i ell-simulated by computer co
Many processes in p‘lasma. are well- W compter codes.
tabase established in preceding years has p :
I:[;}rletl(li:;esign and the subsequent construction of an experimental
instance.
onuclear reactor, ITER, for ins .
theSrtIEdies have revealed that the tokamak pi‘:sn]l(arlska, ver()ii (cipfrg}r)el;):
i i
i j ith numerous internal feedback links an :
P et izati Therefore, to master all the potential
forms of self-organization. erefore, : | the potential
i ties aimed at its optimal utiliz
of the plasma physical proper ization
i i hould conduct further researc
in future fusion reactors one s : arch aimed
i i hysical processes that exist in hig
at detailed studies of all fine p : S L n high-
This research will be carried ou
temperature tokamak p]asrr.la. . | | out on
isti tal basis and using more a
a more sophisticated experimen _ | usi e advanced
i i . tigations will lead e
i stics. We may believe that thesg inves .
?:11%11;/0’50 a practical assessment of fusion energy and to the creation
of fusion power in the next century.
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