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Notation

e

. I.= SBa’/R

P
MR N O

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

~aspect ratio

—ion atomic mass

—vertical half-width of plasma

-magnetic field vector

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

~field on magnetic axis; B = Rg By/ R, where
Ry 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 helicai
symmetry; By is its azimuthal compoirent

~light velocity

~diffusion coefficient

—electron charge

-electric field vector

-neutral beam energy

~energy of mnagnetic field and of plasma
compressidn at weak oscillations (eq (255))

"~electron-cyclotron frequency

-ion-cyclotron frequency

~tower hybrid frequency

~L-mode enhancement factor of energy confinement

—ion and electron tuning factors of magnetic
Pumping and magnetic naise 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, = |
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g = Brr/BeR
gs = Bra/ByR

—normalized current

-local current density

~current densily averaged over cross section

—wave humber

—plasma elongation

—squate ratio of plasma radius to mean ion
Larmor radius

—internal inductance per unit length

—internal inductance

~electron mass, ion mass

~Murakami number

~local electron density, local ion density

—chord mean density value

—averaged over volume plasma density

—non-dimensional number, proportional to
the number of particles in a Debye sphere

-plasma pressure

-neutron load on the wall

~plasma heating power

—ohmic heating power

—fusion power

—alpha-particle heating power

~local safely factor

-safety factor

goff = gu = BBrab/IR -the same but for elongated cross section

Q=Pi/P
QpT*
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T

(in simple equations—g)

—ratio of fusion power to plasma heating power

—predicted value of @ for D-T plasma

~variable minor radius

_resonance point, where ¢(r;) = m/n;
inversion radius of saw-tooth oscillations

—electron classical radius

—variable radius in cylindrical coordinate system

—plasma major radius,

~local shear ¥

—time

—electron Lemperature, ion temperature

—-temperature at plasma centre, where r = 0

-normalized phase velocity of drift waves .

-loop voltage

-hydredynamic velocity

~mean thermal velocity of electrons, ions;
vy =215 /m,

-drift phase vewcity

~plasina volume

-hall-width of magnetic island

—plasma thermal energy

~heat flux to the chamber wall
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—distance from resonance point Ny
~coordinate along the magnetic surface cross section
~effective charge number of plasma ion compon;nt
Zeft = En,Z /ne
~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 magnetic field
B = 8r(p)/BY, Be = 8x(p)/ B}, Bp = 8n(p)/ B}
-ratio of alpha-particle pressure to magnetic
field pressure
-adiabatic index; for plasma y = 5/3
-non-inductive current drive efficiency
--vortex density
-particle flux
—electron heat flux
~ion heat flux
—triangularity of plasma cross section
—Shafranov shift (eq (82))
logarithmic discontinuity jump of ¢ (eq (117))
~local toroidicity
-resistivity
-ratio of temperature relative gradient to that
of density .
~density relative gradient
~temperature relative gradient
—clectron thermal conductivity coefficient
~ion thermal conductivity coeflicient
~effective potential (eq (141))
-mean free path length {eq (14})
-London length, magnetic ficld penetra.l.lon
depth into ideal plasma
-normalized angle of rotational transform
~electron and jon collision frequencies
—anomalous collision frequency
~non-dimensional density, number of particles
per unit length (eq (160})
-Larmor electron, ion radius
-Larmor radius in poloidal field
-plasma electrical conductivity
—ion to eléctron temperatlure ratio
—energy confinement time
—azimuthai angle
—electric field potential
~toroidal magnetic flux
—electron thermal conductivity adjustment
factor (eq (292))
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~flux function (eq (97))

-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)

-poloidal magnetic flux perturbation

—magnetic flux for auxiliary field 8*

~oscillation frequency

~drift frequency

-electron and ion cyclotren frequency

~lower hybrid {requency

-Langmuir frequency

~Alfven frequency

~Alfven frequency in poloidal magnetic field
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1 Introduétion

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 athounts
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
‘&ﬁg}ifﬁac¥' 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
d‘etafi“le;d study and improvement. ‘ o '

“Finally, there js one other reason for summarizing the major re-
sults of studies in tokamaks. This reason is explained by the fact
th__at. tokamaks have passed a very important stage of their develop-
Iz}g{}ti."f‘Wg_ha.vg 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,
- YWhick'would consequently permit us to master plasma as the subject

I.I}a-ftt_afr"of futire reactors. .

[



2 Tokamak Plasma: A Complex Physical System

For quantitative characteristics of such plasma it is very conve-
nient to use the value of @—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-
tritiumn 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-*He.

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 tokamaks. To be more specific, the review should be
. available not only to the patnarchs in this field of science but also to
~young scxentlsts and engmec ~s who are just starting their work and
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who have decided to combiné 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 I 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: ‘T'wenty-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 therma) insulation to laser meth-
ods’. ; s
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 js 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-' .jown and even described in a textbook

4




Tokamak Evolution 5

by Tamm. This proposal to generate an additional current had de-
fined 2 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. Experimenta) 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 piasma 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
Q{f’.partlclfas 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

DPI9misitig. The possibility of using a limiter to constrain the plasma

- gelumn - which was successfully proven in stellarators opened new ..

Mayshof tmproving plasma quality. Step by step maturing of toka-
Sstarted 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-
finement time upon the major plasma parameters was proposed by
* Gorbunov, Mirnov and Stretkov—the so-called cms-scaling. Com-
pared with Bohm formulae it was much more optimistic. Art-
simovich 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 colhsxonal 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 Fzzzcheskzkh 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 publlcatxon, 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 clongated 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
1V Kurchatov Institute of Atomic Energy and PLT at Princeton
Plasma Physice 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 jon 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. Tlis was very accurately demonstrated in a small fa-
cility ISX-B in Qak 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 small
am% 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 u regime, the prospects appeared to be more optimistic.

s for the regime of ‘not so good’ confinement it was named the L
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regime (L—Ilow, H~-high). Successive experiments in other tokamaks
including large ones, confirmed the existence of the u regime and
broadened the number of other posmble modes of improved plasma
confinement.

The ASDEX facility is one of the first facilities with a polmda.l
divertor, i.e. a special too! for pla,sma impurities removal. (The
first poloidal divertor was installed in a small T-12 tokamak 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 ,Co'ncept‘ of Tokamaks and their.
Status

The initial physical coneept 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 self-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 casily 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 cxperimental 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
'i%lsatimle, then the typical scale for the fuel burn is of the order of

Mo sT oo : ’ .
» . 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 Hed.

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 3T without the Boltzmann
constant. The temperature T = 1keV corresponds to 1.16 x 107 K.
Therefore, the optimal temperaiure for a D-T reaction temperature
of 10keV is aboutl 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 Co

PIV = tnt(ou)ss. | (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 sectjon and
relative velocity of nuclei and n is the ion density. We can represent
relation (2) in the form ‘

1

16

1%, ®)

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

The expression (¢v)/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 ctoss section is 1barn = 10-2% em?.
For a D-T reaction at a temperature of about 10keV, the D~T fusion
cross section is even lower than ~ 10728 ¢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~n cm~3s™!, n has to be
of the order of 10* cin~3 (see relation (2)). At this value of particle

_density the power density (2) is about 1 W cm=3 or 1MW 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 7g has to
be not less than 10~2 of complete burn time. The latter value is of
the order of 103(10™/n) s cm~2, so that for D-T self-sustained fusion
reaction we have a necessary condition

nrg > 10" (em™?s). ' (4)

This is known as the Lawson criterion.

As we see again the density of 10'* particles per cm?® is the most
" natural one for tokamak plasma. That is why the value 10" cm™®
or 10?° m~3 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: nrgp > 1.
Here r 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 vacuam 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® ems~! would cool a plasma of 1 metre size during 1
tnicrosecond. 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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la) (&)

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

this picture is drastically changed if a strong magretic 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 .
duv e : .
md_t-—€E+—c-va. (5)

Here m is the mass of a particle, e is its eleciric charge, v is its
velocity, £ js 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 s present.
It acts in the v 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 # 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:

. we=el/me. (6):

This is called the Larmor or cyclotron frequency. The Larmor radius
is equal to
p=vy/w (7)

where v, is the transverse component of the particle velocity, As
we see, the Larmor radius increases with the transverse energy
£ = mvi/2 as the square root of energy. If this energy is the .
energy of thermal motion then the average value of Larmor radius is




Concept of Tokamaks and their Status 13

proportjonal to the square root of temperature. For the deuterons
we have '

p = ﬁ/zﬂ (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~0.3cm. 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 jon 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{coswet, - sinwt} + {Zc, %}, and components of the velocity
{vzyv,} = vi{—sinwet, — coswct} where ., y. are the coordinates
of the Larmor centre. The point {2, 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 vj.
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 = (envy) where
n is the ion density, v, is the y-component of Larmor velocity and
averaging js produced over all particles passing through the given x
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 =
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(zc, vy) 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 & = x4 p coswct; v, = —v, cosw.t, so that z. = +w .
T_he jon distribution function is equal simply to the guiding centre
d.lstribution with z. expressed through z. In the linear approxima-
tion we have f = fo + wI'v,dfp/dz . Thus, the averaged current
density is equal to .

. d
Jy={efv,) = 7 &;(mvﬁfo).
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The average over a Maxwellian distribution of muv] is equal to T, so
that

o= Sa(a). ©)

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 (8) contains three different
components of different vectors and can be writter in the vector form

Vp=oixB. Qo)
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*/8n) = 0. (11)
It follows that : '

p+ B*/81 = constant = B2 /8r (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 B/8x, 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

§ = 8np/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: B = 44% was claimed to be reachéd 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?v;, where p; is their mean
Larmor radius and # is the ion-ion collision frequency.

To find the collision frequency v, = #/A;, we have to know the
mean free path A; = 1/no; 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 7(e?/T") because

“the €2/T value corresponds Lo 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 meau free path in ces units

M =T xLe'n. (14)
If we measure again n in 10" cm™ and T in keV this relation is
approximately equal to
M2 10Tt (cm). {15)
At the temperature T ~ 10 keV and the density n ~ 1 {in units
10" cm~?) we oltain from (15) A ~ 10%cm, so that the ion-ion
collision frequency is not very high: v ~ v;/A ~ 10%5~!. Remember-
ing that p; is of the order of 0.3cm at T' = 10keV and B = 5T we
~ estimate ion thermal diffusivity as x; ~ 10em?s~!. This is a very
low value. It shows that the energy confinement time rg ~ a®/4x
can reach the desired value of the order of several seconds at a quite
modest size of vacuum chamber radius a > 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.

Flectron thermal diffusivity is even lower than the jon 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
controlled nuclear fusion applications. ‘ .

To proceed from the ideal picture of an infinitely long cylinder to a
closed configuration it seerns 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 tqroidal 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 partncles
Therefore to discuss plasma confinement we ha,ve to analyse the mo-
tion of single particles.

As we know, each charged partlcle rotates over the Larmor gy-
ration producmg 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 p. It can be calculated directly, but
in case anybody has forgotten how to do this, we can propose a
‘somewhat artificial but nevertheless very simp]e approach.

Let the magnetic field be directed along the 2z axis and be slowly
varying. along the z axis. We can find the F force along the
z-direction by averaging the z component of the Lorentz force
F = £(v,B). We know that, v, = —~v, coswst and = = pcosw,t
when the guiding centre is placed at the point z. = 0 and F =
—(e/2¢c)vypdB/dz , 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

evy mu?

TR T -9

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 & = 7p*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 magnettc fields. ‘

The energy of the diamagnetic momentum g in the magnetic field
is equal to £, = uB = mo? /2. It 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 1nh0m0geneous in the longitudinal direction then a longitudinal
force —pdB/dz appears which again is directed towards the weaker
of magnetic field. We have for longitudinal motion

d’U” dB
W rE (17)
Multlplylng this relation by v, we obtain
d mvj dB dB _
TRCRR PR Ty (18)
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where the derivative B with respect to time is taken along the par-
ticle path. As p =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 Bpax where vy = 0, 1e, pBnax = pB+mv’|/2.
Such a reflection of the particle is called the magnetic mirror ef*ect.
It is used in mirror devices for fusion research.

Now we are ready to consider the charged -particle motion in a
pure toroidal magnetic field. Such a field decreases wilh distance R
from the symmetry axes as R~'. Due to this field inhomogeneity
the charged particle is expelled with the force —udB/dR = uB/R.
The particle moves freely along the magnetic field line but due to
the curvature of the field line a centrifugal force m'uﬁ /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, ¢, z, the drift
will he directed along the z axis. Drift velocity can be found very
easily: Lhe Lorentz force produced by this drift motion should bal-
ance the externally applied force. Remembering expression (16} for
i we obtain the following expression for the drift velocity

va = (v + v} [2)/wcR. (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

eT 2

(va) = BE

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
22 0.3cm and B = 300cm;, the averaged drift is three orders of
magnitude less than the thermal velocity but at » =~ 108 cns=! it is
‘Still too high. - '

' :j":";[‘!lus a purely toroidal magnetic field is not valid even for single-
-£hartitle.confinement. We will see later that for plasma the situation

¢omes even worse, : :

(20)
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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 felds. If an electric field exists in addition -
to a strong magnetic field then the longitudinal component of this
field Ey simply accelerates the particle along B, whereas the perpen-
dicular component E, produces the so-called electric field drift

vy =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 E 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 p and angular momentum M, = mvR. Thus,
the total energy of particle

£ =mv?[2= M[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 p= constant and B «

R )
. M2\ R muv? R
g:—(ﬂB{‘W)E:—( 2““+mvﬁ)ﬁ (23)

where the dot means the derivative over time. But R = —cE/B so
that £ = eva E, where vy is given by expression (19). Thus, the radial
shift with conserved g, 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 toroidaj magnetic tube. We assume for simplicity that
all particles have the same v} and vf. Being initially electrically
neutral, this tube starts to generate the electric field I due to charge
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tal th)

Figure 3.2 The longitudinal magnetic field inside {a) &
straight cylinder and (b) 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, eEv, 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
mub = v F. 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~? is definitely
quasi-neutral: any reasonable electric fields can be bailt 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 cutrrents jo
(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, = Njo. Magnetic field in such a
solenoid is equal to

4 . 4w . ’
B = "'c—js = "é—Njo (24)
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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

= Llp _p
F= 2C-BJ, = B*/8x. (25)

Thus we tan 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
radil ® and R + dR. Toroidal magnetic field decreases with R as
R~1, so that at the external cylinder the magnetic pressure will be
less than at the internal cylinder by the value 2dR R-'B?/8r. If
we select a sector with angle dyp we'see that the force acting on the
internal wall of this sector, F} = Rd@B?/8n, is higher than the force
acting on the external cylinder F = (R+dR)de(1-2dR/R)B?/8x.
The equilibrium exists only if we take into account the centripetal
force produced by tension of the magnetic field: F = dTdy, where
dT = dRB?/8r is the tension of the field lines inside the dR layer,
so that the tension per unit area is equal to B?/8.

Now let us bend the straight solenoid (figure 3.2(a)) into a toroidal
one (figure 3.3(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(4). 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. TFor 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 gencrated
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Figure 3.3 Magnetic-field-line distortion when the plasma is
. shifted along the y direction with periodic dependence upon z.

by particles 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
general approach or its simplified version of the so-called MHD equa-
tion, i.e. magnetohydrodynamics, 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 simplest case of plasma dynamics is its expulsion from a
purely toroidal magnetic field, but as a starting point we take an
even simpler case when the longitudinal magnetic field is 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
generated. When the magnetic field perturbations are very small
the electric field is vortexless and can be described by electric poten-
tial o, so that the electric drift is given by the relation

vy = %ez x Vo. (fﬁ)

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

T=(Vxuvy), = -}%A_qu. (@7

hillt when ‘dp/dz = 0 the expression Ai¢ is proportional to the
Ql,e_ctric charge density, i.e. to the diflerence between the jon and
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electron lensities. There are no reasons for this charge density to be
changed if no longitudinal currents are present, so that the vorticity
I’ will move together with the plasma and

dr _ar
— T — T=20.
In other words, the plasma vorticity is simply' transported with the
plasma when no particle collisions are present and both species are
simply shifted by the electric drift. When plasma is homogeneous
and of constant density equation (28) can be written in the form

minog-g:—' +VF=0 (29)
where F is an arbitrary function of z,y,t variables and plays the
role of pressure. It is easy to check that for the incompressible two-
dimensional-motion equation (28) can be obtained from (29) by the
simplé operation curl = e, X V.

Thus two-dimensional motions of the collisionless plasma in the
strong magnetic field look like incompressible flow of ordinacy liquid.

Now if the toroidal curvature is included, equation (29) has to be
supplemented by the toroidal expulsion force

m‘;n% +VF = %R/ R (30)

where p is the kinetic plasma pressure and R is the toroidal radius-

vector. The right-hand side looks like a gravitational force with the

p playing the role of mass density. It is easy to imagine how such a |

fluid is moving.

1

Now let us consider a very simple example when the plasma mo- :
tion is not a homogeneous one along the z direction. For simplicity :
we consider only small perturbations of initially homogeneous sta- ;

tionary plasma.
The plasma perturbations can be described by the plasma dis-

placement £ related to the velocity v = d€/d¢ . We assume that the :

displacement along the y axis is a periodic function of z, as shown
in figure 3.3. The waved surfaces in figure 3.3 correspond to the
initial planes distorted by the subsequent plasma displacement. It
is easy to see that the magnetic field lines are curved together with
the waved surfaces. Indeed, any closed contour on the surfaces, for
instance, represented by a dotted line in figure 3.3, has 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 = Bodf/dt = tkBof and the corresponding current density
is equal to j, = —(c/4n)(8B} /8z) = (ck/4r)Bof. Thus from the
plasma motion equation with the ampere force taken into account
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d2
Myg— = -4 X B’
ming dz = c] X
it follows that the frequency w is equal to

Bk
\/47rmino'

The value ¢4 = By//Armim, is called the Alfven velocity and the
corresponding wave is called the Alfven wave. In plasma with low §-
value this velocity is larger than the jon thermal veloci ty. 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 alinost 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
- Mmagnetic field and is elastic but alfhost rigid while deforming 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 jnitial stage of plasma.
- Physics research. However, the precise valie of the laboratory plasma
Tesistivity was not at all well-known for a long-period and arguments
-f-%_ere presented in favour of the existence of an anomalously high
'V\’,a-l_ue of resistivity. I remember that Piotr Kapitsa, Nobel Prize
“Winner for the discovery of superfluidity, underlined many times
-thadt the basic physics of plasma has to be started with’ very simple
sberiments, In particular, he insisted that it is necessary to measure
.plasma resistivity value by special experiments.
fturned out that the tokamak itself is the best experimental
Tliment for these measurements. The plasma resistance in toka-
Was measured with quite good accuracy. It was shown that its
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valite 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. f .

3.5 Plasma Eqﬁilibrium

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 mn agnelic field is generated by a
toroidal field coil system. Inserted into the coil system a toroidal vac-
wum 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 Ligh 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, LI/e, where [is the plasma current
and L is the total (external and internal) plasma inductance. The
remaining part of the total flux swing may be used {or chmic 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. :
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]

"Figure 3.4 ‘Schemalic diagram of a tokamak: lﬂprin\ary'
transformer circuit; 9 _toroidal field coils; 3—liner; 4—poloidal
ficld coils; 5—copper shell; 6—iron transformer core.

Ceometrical parameters of the plasma torus are its radiiz, the mi-
nor radius @ and the major radius R. The value Rfa = Als called the
aspect ratio. The current I flowing in the plasma produces its own
(poloidal) magnetic field By, which at the boundary of the plasma
is equal to B, = 2I/ce.in cGSE units (c—velocity of light). In mKs
%nits B, = I/5a, where Tis measured in MA, a in metres and B, in

A strong longitudinal magnetic field is used in tokamaks, so that
B? « B?. The plasma pressure is weak compared with magnetic
field pressure. These specific features impose certain constraints on
the tokamak plasma dynamics. :

et us consider now .the forces acting on the plasma torus. To
begin with, we consider first ‘an ideal case when there is either no
current in the plasma or that it is negligible. 1t is obvious that the
plasma cannot be in a steady state under such conditions. Indeed,
plasma as a gas tends to expand. The longitudinal magnetic field
{rozen into plasma hinders its direct expansion along the minor ra-
'fli'u‘s.. However, plasma with the frozen-in magnetic ficld can expand
“in the djrection of the major radius . The toroidal magnetic field
séreases with 1t as R-!. Magnetic field is frozen into plasma so that
when displacing along & the plasma cross section § increases propor-
nally to K. In addition the length of the plasma turn also increases
th- B. Therefore the plasma volume V changes with R according
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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 unlt length i.e. we take F,2rRdR = (p)dV. Since
V = 272g% R and «? is proportional to R, we derive:

2ra® 2
Fy= ()22 = 2(pwe (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 field 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 detajl 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 longitudinal plasma current is
present and the dircct expansion of the plasma column in the direc-
‘tion of the major radius is prevented by the ampere force (1/e) B,
where T is the plasma Jongitudinal current and B, is the vertical
magnetic field produced by poloidal field coils. .

In fact in addition to the force (31) the force Fy; of electromagnetic
expansion also needs to be compensated. The poloidal magnetic field
energy is equal to .
LI®
2e?
where L is the plasma inductance, and the corresponding Fp force
per unit length of the plasma column is equal Lo:

& = - (32)

. oL
Fo = G RAEOR (33)
If the poloidal coils generating field B,, are located close enough to
the plasma column, only the internal inductance has to be taken
into account: L; = 2 Rl where l; is inductance per unit length. The
value of [, does not depend on R since the relative distribution of
frozen-in magnetic field inside the plasma is conserved during the
displacement of the plasma along R. Thus, the equilibrium equation
could be written as

ora? L I? 1

SR LT Ny ; 1 4
Fp'l'IB (p) R R2C2 chI (3 )
The-poloidal magnetic field on the boundary of the plasma is equal
to B, = 2I/ca. Thus equilibrium condition (34) may be written as

s

By + 0.5 = B.Re/1. (35)

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

B, = 8n(p)/ By (36)

In expression (35) the internal inductance I, is simply a number which
depends on the current density profile: {; = 0.5 for uniform current
and it increases with current shrinking. In modern tokamaks the
equilibrium field B, is automatically controlled in such a way that
‘tl}e,_cqlumn is centred with respect to displacement along the major,
dius. Thus the value of R is known and equation (35) may be used
:the‘experimental measurement of 8, by measuring l; and B;.
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z4

Figure 8.5 Equilibrium magnetic barrel-type field lines.
When the plasma torus is shifted vertically the restoring force

F' generates a vertical component directed towards the median
. plane,

If the equilibrium field is ‘barrel-like’, i.e. increasing on "hoth
sides from the median plane, then it provides vertical column sta-
bility: such a field has a radial component at z # 0 which tends
to push the column back to a stable position when it is displaced
along z (see figure 3.5). The field ‘barrel-likeness’ means also
that B, decreases along the major radius, i.e. the decay index
a, = =(R/B)(dB,/dR) > 0. When the field decay index increases
the effect of vertical stability becomes stronger. But if a, is very large
then the stability along 1 may be lost. Indeed, to ensure stability
along R the right-hand side of (34) should increase when R increases
(since !; ~ constant and f3,, as may be shown, changes weakly with
R). When the plasma is shifted along the major radius the total
current decreases as 1/R as a result of magnetic flux conservation
inside plasina, i.e. 2r Rl;J = constant. That is why, to ensure radial
stability, B, should not decay faster than R~? (see (35)), i.e. the field
decay index should not be higher than 2.

The plasma position control may be strengthened with the help
of a feedback system. In the first tokamaks the effect of plasma
positioning was achieved with the help of the conducting shell: when
the column was displaced, image currents were generated in the shell
and the magnetic field of such currents pushed plasma back to the
initial equilibrium position. Modern tokamaks have on-line systems
to control plasma equilibrium which actively centre the plasma in
respect of its radial displacements.

The poloidal magnetic field coil system may be used also to shape
the plasma cross section. A circular form is simplest but is not the
optimal form. To incresse plasma stability it is desirable to locate it
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in the region with the maximum ma.gnetic field strength, i.e. to push
it towards the inboard chamber contour. Then D-shaped plasma is
formed: its cross section is clongated along the vertical axis and takes
some triangularity as is shown for example in figure 3.6 for the D-
TIID device cross section. This facility has a D-shaped chamber and
plasma of the same configuration. If plasma has a non-circular cross
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 '1
represent nested tori and beyond the separatrix the magnelic 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 = 9.5 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 a, R 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
clongation because of vertical instability of the plasma column. In-
deed the elongation seems {0 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 jnductot solenoid is located at the axis of symmetry with the

——
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Figure 3.6 - DIII-D toi{am&k elevation [147].

toroidal field coils placed around an inductor. Taking the DIIL-D
configuration as an example, one may observe another 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 27.

3.8 Plasma Stability

- The major advantage of the tokamak configuration is the possibility
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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 7,8, as is shown in figure 3.7. A magnetic
line with = = 0 is closed and is called a magnetic axis. The value of
the toroidal magnetic field By 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 A = 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 he'ical lines: under angle displacement dy along the
torus, the magnetic line rotates by angle d8 in the poloidal direction.
Since the arc length along ¢ is equal to Rd¢p, and along @ is equal
to r 4 their ratio is equal to the ratio of the components of the cor-
responding fields: Rdep/rdf = Br/Bs. Hence df/dy = ByR/Byr.
Thus, after a complete round along the torus, angle ¢ will change
as Af = 2w By R/r By. This angle is called the rotational transform
angle. Let us use the following notation:

BTT‘
" BiR | (31

Cg=

= e

where By = Bg(r). Then the rotational transform angle will be
written as 2w = 27/q. '
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The value of ¢ is of great importance in a tokamak. Geometri-
cally it may be defined as the ratio of the number of magnetic-line
rotations along the major and minor azimuths. If a magnetic line

becomes closed after m rotations, i.e. ¢ becomes equal to a rational-

fraction of m/n, then such a surface is rational, For example, on
the surface with ¢ = 2 a inagnetic line rotates poloidally at Af =
after a single toroidal rotation and becomes closed after the second
rotation along . If ¢ is irrational, the magnetic line is never closed
and the definition of ¢ as the ratio of a numbers of rotations should
be understoud asymplotically, i.e. as the limit when the number of
rotations tends to infinity.

The radial variation of ¢ in tokamaks usually looks like a
monotonously growing [unction of the radius 7, including the re-
gion outside the current channel, where g ~ r%. The ¢ value on the
boundary of plasma column 7 = a is denoted by g,. Afterwards,
when the global plasma characteristics as a whole are meant, the
index a is omitted. The value of g, may also be expressed as

_ BTCI. _ (.'BT(I.2
“=BRT AR

(38)

where B, = By(a), I is the plasma current and c is the velocity of
light (the cask system of units is used). In Mks units, this ratio is
_ 5BTG.2
qﬂ - IR

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

(39)

;' =1/I. I =5Brd/R. (40)

Thus, ¢;'! value may be considered as a dimensionless current.

The g(r), p1(r) values can be introduced using another definition
which js more universal. Let us introduce toroidal, ®, and poloidal,
¥, magnetic ftuxes:

® = nr’Byp ¥ = 27r1?,/ Bydr. (41)
"]

The increments of these fluxes for an increase dr in r are, respec-
tively, d® = 2rrBrdr and d¥ = 27 RB, dr.
Comparing these flux ratios with (7) we find that:

. dvy
p=1lg= 12 (42)

{
i
i
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This is a much more convenient representation. Lel 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 u and q, they are sometimes labelled with an index
U, namely fie, qv- :

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 scparatrix magnetic line asymptotically
approaches the X -point and does not make even a single poloidal
rolation. when the number of rotations along the major azimuth ¢
tends to infinity. 1t means thal j = 0 on the separatrix. When
approaching the separatrix from inside pe = 0, gy — oo. That is
why the gg value on the separalrix seems to be misleading. How-
ever, when approaching the separatrix the qu function tends to in-
finity very slowly according to the logarithmic law and a recasonable
characteristic of the edge g-parameter may be its value beneath the
separatrix but not very far from it. For this reason the gogs value
is used which represents the value of ¢ on the magnetic flux point
U = 0.050,, where ¥, is the value of ¥ on the separatrix. For
non-circular plasmas sometimes another expression is used:

., wh .
L=t = s 43
o=ty = 5 (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 I = bfa # 1 one may
use a simplified expression .

IR
feir = Qo = 5Bab’ (44)
The gog value is called a cylindrical or enginecring value of ¢, 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 g = J/I, where [, = 5Bab/R. The g, value defined
by the equation (39) or, respectively, by (44) for a non-circular cross
soction is called the safety factor. As was shown by Shafranov and
Kruskal, the tokamak plasma is unstable at g < 1 in respect of he-
lical perturbations. That is why plasma current cannot exceed the
limit :

1, = 5Bab/R (45)
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Figure 3.8 When the helical conductive filament {a) is
stretched vertically the maguetic ficld lines become helical (b).

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

da > 1 . (46)

was named the Kruskal-Shafranov criterion. _

To clarify the physical cause of this instability we consider the fol-
lowing ‘Gedanken experiment’. Let helical superconductive filament
be placed in a strong longitudinal magnetic field (figure 3.8(a)).

If the two ends of this filament are pulied apart (sec figure 3.8(a))
the magnetic field lines deforin into helices of the same sign of screw,
left or right. When the filament becomes a straight string all the
magnetic lines are helical. It means that a current [is induced. We
can easily evaluate this current. -

Let us choose some section of the initial helix with length L and
number of turns equal to N. Let a be the filament radius and b the
radius of the cylindrical superconductive casing. I we take the loop
shown by the dotted line in figure 3.8 we have to accept that the
total magnetic flux is invariable during the filament deformation.
Its initial value is equal to NxR?B where R is the initial radius of
the helical line guiding cylinder. The final value of the flux through
the same dotted line loop is determined by the azimuthal magnetic
field and is equal to 2LIc™"In(b/a). Therefore, the filament current
value is equal to I = wR2%cB(2! In{b/a))"", where | = L/N is the
pitch of the initial helix.

The magnetic field energy in the final stage, figure 3.8(b), is higher
than that in the initial state just by the azimuthal magnetic field
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, 2raBr/ B, 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 < oraBr/Bp, OF ¢a > 1 corresponds
to the Kruskal-Shafranov limit.

The higher ¢q, the more stable plasma is in respect of kinks. Ex-
periments show that the stability becomes reliable only when g, > 2.
As a matter of fact very carefully handled plasma discharges were
realized even in the Tegion near g = 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.
(N . .

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
«nd an upper density limit. At low densities the electron—ion colli-
sion frequency is not sufficient to prevent the generation of so-called
‘run-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
rather 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 ugill plot (figure 3.9). The non-dimensional
current 1[I, 1.e. 1/qen, 18 plotted on the ordinate axis, and the non-
dimensional density or Murakami numberf ‘

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

*

M = f R By | (47)

is plotted on the abscissa axis. Here T, is the mean electron density
which is measured experimentally along the central chord. Tt is al-
ways somewhat higher than that averaged over the volume value of
{(ne). In (47), the density 7. is measured in 102m=2, R in metres
and Br in tesla. As is seen from figure 3.9, the tokamak operational
domain on the current-density plane is restricted by four limits: 1—
limit of run-away electrons at low density; 2—current limit due to
the MHD-instability; 3-—Murakami limit at high density; 4—Hugill
density limit where the I ugill number H = g M remains constant,

The limiting density is determined by the power balance on the
plasma periphery, i.e. by balance of the energy flow from the central
region and radiation and ionization losses. When additionally heated
the plasma density limit usually increases approximately as /P,
where P is the total plasma heating power. - .

There is one other tokamak plasma limit, which is not directly re-
lated to the limits on the ugill diagram, namely, the pressure limit,
The pressure limit is related to the so-called ballooning instability:-
tokamak magnétic lines of the outer region are convex with radius of
curvature ~ R. That is why at the higher pressures a ‘swelling’ may .
occur on magnetic surfaces there. Without going into theoretical
detail, which can eventually be supported by numerical calculations,
the value of the pressure limit may be estimated with the help of
simple arguments. Namely, if the bundle of magnetic lines (with the
effective length ~ gR) experiences a ‘swelling” on the outer region,
it will be drawn back by the magnetic tension of ~ B2/87¢R, and
the cause for ‘swelling’ is plasma pressure gradient, « p/a.

Thus, the instability ‘occurs at § = 8mp/B3 ~ a/qR. Since g ~
~a ~ Bra®f/IR | the expression for the limiting value of 8, i.e. 8,, is



Concept of Tokamaks and their Status _ - 37 .

approximately .

B = QaB“ = gln (48)
where Iy = I/aBr is the normalized current. The ¢ coefficient
(sometimes the notation By is used) in equation (48) is called the
Troyon factor because it was I 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
(s, pressure profile and shape of plasma, Roughly, it may be con-
sidered as constant and equal to ¢ ~ 3%. The normalized current
I differs from the previously introduced ratio of I to the maximum
current [,

In = I/dBT = (I/[c)5b/R. ' (49)

For the most eflective use of the toroidal magnetic field it is preferable
to have the values of (8 as high as possible, i.e. to have a high In
value. Since I/1. is limited by the upper current limit on the Hugill
Jdiagram, 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 experimentally in DII-D with strong
clongation of K = bfa = 23. The values of g = By exceeded 3% in
DILD and in some discharges reached as high as 5%. ‘

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

Theoretical analysis of instabilities. (ballooning and kink) shows
that the values of the g = fn -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 g are
summarized by a simple empirical formulae B. = 41 /aBr, where [
is the internal inductance per uiit length.

3.8 Plasma.~ as a Complex System

For many years until now the main abjective of the experiments in
tokamaks was the investigation of the physics of plasma magnetic
confinement, i.c. the study of processes of heat and particle trans-
port across magnetic surlaces (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 experimentally and -
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then theoretically explained and numerically simulated. The theo-
retical physicists try to go further—to construct a complete theory of
thermonuclear plasma in the presence of collective effects. Much has
been done here. However, numerous experiments unceasingly supply
information on much finer processes in plasma, which in their turn
require the further development of theoretical and numerical mod-
els. Very roughly speaking, one may say that the phenomenological
clarity of the main plasma features has been achieved, but details
continue to be explained.

Many experiments have shown that tokamak plasma represents a
very complicated object: many collective Processes occur in plasma
simultaneously—processes initiated by instabilities of different na-
tures. The most powerful of these is the so-called disruptive in-
stability. It develops while approaching the stability limits on the
Hugill plot. During disruption the magnetic configuration collapses
totally: instead of mutually enclosed magnetic surfaces the magnetic
islands, i.e. helical configurations embedded between main magnetic
surfaces, start to grow with subsequent total stochastization of mag-
netic lines. Then plasma thermal quench is produced by thermal
electrons moving along the stochastized magnetic lines. Simulta-
neously, but somewhat more slowly, the plasma current decays: a
current quench takes place. ‘ ‘

If one does not approach the stability limits and handles plasma
carefully one can avoid the disruption instability (to be more precise,
drastically reduce the probability of disruptions). However, less pro-
nounced effects of Mup-activity might persist, Among them, first of
all, are the so-called saw-tooth oscillations wlhich look like periodi-
cally repeated processes near the magnetic axis. Each period consists
of two phases. At first, a comparatively slow heating of the plasma
core leads to sharpening of the electron temperature profile. Then,

during the second phase, the temperature profile flattens drastically.

One other type of MHD-activity, the so-called Mirnov oscillations, is
observed outside the plasma column in the form of poloidal magnetic
field periodical oscillations. These magnetic oscillations correspond
to the small perturbations of magnetic surfaces inside the plasma.
All these oscillations affect the plasma transport not only in the sense
of a local increase of thermal conductivity and diffusion but in the
form of mutual influence of different plasma regions. There are two
effects which illustrate the existence of the second phenomenon very
clearly: the existence of different confinement modes and the mutual
influence of profiles and transport in so-called ‘profile consistency’
phenomenon. ‘

. The first effect was very clearly manifest in the well-known L-u
transition, first discovered in the ASDEX facility [19]. The confine-
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ment of t-mode type (from the word ‘low’) is more universal. in
practice, it is present in all tokamaks with additional heating, if spe-
cial altention is not given to the processes in the peripheral plasma.
The 1t mode (from the word ‘high’) was casily realized in the AspEX
configuration wilh poloidal divertor and later on it was discovered
also in the geometry with a limiter. Compared with 1. mode, i mode
has a sharply-emphasized modification of peripheral plasma. The
density and, especially, the electron temperaturc 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 I, linc. But the main feature of the
1 mode rosts with a sharp improvement of plasma confinement—2-3
times as compared with the ©. mode. -

The density and temperature increase on the periphery resembles
some kind of a barrier lor partlicie transport. 1lowever, the confine-
ment improvement is caused not only by this barrier but also by the
_global decrease ol transport coellicients

There are some other regimes ol improved confinement. For ex-
ample, the confinement mproves (especially in the ohmic heatling
regime) with the injection of pellets- - i.e. grains of solid hydrogen
or deuterium. In the ohmic regime improved ohmic confinement (10C)
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 1 mode could be produced not only from the . mode but from
‘super shots’ as well, and these modes of improved confinement re-
tained some leatures of super shots, {for instance, weak dependence
upon current and heating power vajues). '

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 cach 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, prolfiles affect the diffusion and thermal
conductivity coefficients as weil.

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 itsell 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-
aty of the eflective current channel, r = . the ¢-value according to
the formula ¢ = 5a*By/ R is close to 2. Hence the effective radius
of the current channel is proportional to the square root of current,
a, ~ I\/RI{Bpr. When the ¢, value grows the plasma channel con-
tracts. This eflect was demonstrated by experiments on TFTR [23)
and agrees with the results of other tokamaks.

The profile self-consistency plienomenon 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/1, so that one may speak of the
‘limiting’ profile strongly retained a4 high values of n/1.

3.9 Physics of Confinement

The profile effects together with the existence of different conline-
ment. regimes have clearly shown Lhat 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 yel.
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 quantily of tesults 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 formulac the fa-
cilities of different sizes are compared with each other. That is why
the corresponding empirical formulac were named ‘scalings’.

One of the most important scalings is the scaling lor 74, i.e. energy
confinement time. This value is introduced in the following way. Let
‘W be the total plasma thermal cnergy: W = (3/2(n,7, + n;1}))V.
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Here n,, T are electron and ion densities (they can be non-equal,
if the mean charge number Zeg # 1), Te, T are their temperatures,
angle brackets mean volume ‘averaging and V is the plasma vol-
ume. Plasma continuously loses its energy through different chan-
nels: electron and ion thermal conductivities, diffusion, radiation,
charge exchange recharging and neutral atom ionization. That is
why to maintain plasma in a steady state one should launch a cer-
tain power P into it. The 7z = W/P value is called the energy

_confinement time. Wiiting this relationship as a balance of powers,

W/tg = P, wé observe that 7g is a characteristic time of plasma
cooling. The higher 7z, the better is the confinement. -

It turns out that scalings for 7g, i.e. the dependence of energy
confinement time on plasma parameters, differ markedly in regimes
with ohmic and additional heating. ‘ '

For ohmically heated plasma at not very high density (in the non-
dimensional representation) the neo-ALCATOR scaling is valid. Tt
summarizes many of the experimental data with sufficient accuracy
and can be written as’ I

TR = 7% l()"'“'neaR"qcn. .‘ (50)

7 is measured in seconds, a and I in metres, 7, in 10%® m~* whereas
e is defined by (44). A relationship, somewhat similar to (50},
was derived for the T-11 device and was named T-11 scaling or
Merezhkin-Mukhovatov scaling [15). '
When density increases, but still does not exceed the upper den-
sity limit on the Hugill diagram, the improvement with density is
lost and confinement saturates so that the relationship (50) is not
valid. Instead of being proportional 10 2.¢R*geri, the energy confine-
ment time becomes proportional to aRBr. The transition from one
dependence to anotlier occurs approxiinately at the density value:

ﬁ ~ BT
° 7 qaR

A2 (51)

where A; is the atomic mass of ions [26].

With additional heating, confinement degrades: i.e. the energy
confinement time decreases with power. There are many empirical
scalings, i.e. various dependences of 75 on the main plasma parame-

‘ters for tokamak data with additional heating.- The first of them was

proposed by Goldston in 1984 [27] for the L mode of confinement. It
18 in reasonable agreement with the experimental data from medinm-
size and large tokamaks. There are many other scalings which at first

L glance seem to be considerably different from the Goldston scaling.
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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 deflined accurately enough. There exist also
H-mode scaling laws. Very roughly the corresponding rg 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 coeflicients 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 msta,bllll,les 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-
port. .
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 guldmg 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, i

Vp = enE + %n(v;) x B (52)
Vpe = —enE — %n(ve) X B. (53)

We assume that jon 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 electric field is absent the averaged velocities (v} and
(ve) 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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we see from equation (52) the ions_p,re‘conﬁned in fact by the electric
field in this case. For instance, if the temperature is constant and
density is a function of the minor radius r, we obtain from. (52)

n =‘n° exp(—eci)/;”)' (54)

where ¢ is the electric potential, i.e. E = ~V¢. If the density
decreases towards the walls the potential ¢ has to be a rising function
of the radius: In other words, the plasma is negatively charged. The
ions are -confined by the negative electric field and corresponding
electron expulsion is balanced by their additional drift across the
magnetic field. : ‘

We see that the ion guiding centres are rotating in the electron
drift direction when the averaged ion velocity (v;) is zero. We can
say that we have in fact a very slow plasma rotation. The order of
magnitude of the rotation velocity is the Larmor drift

vp ~ pvfe~ ¢T/eBa. (55)

Here p is the averaged Larmor radius and v is the thermal velocity
of either ions or electrons. -

This slow flow of plasma may be either stable or unstable in the
linear approximation. But in both cases we can imagine that the
plasma may transit into the turbulent mode of flow: many exam-
ples of ordinary fluid motion demonstrate this possibility very well.
Plasma has a very low dissipation rate so that its turbulent behav-
iour is quite a natural one. .

By analogy with an ordinary liquid the assumption can be made
that the cross-field transport is produced by convection with veloc-
ities of the order of (55), so that the diffusion coefficient I may be
estimated as D ~ Avp, where A is so-called mixing length. If A is
proportional to the plasma radius ¢ we obtain:

T

D= a—- {56)
This is the well-known Bohm formula for plasma diffusion. Bohm
proposed this relation using the results of experiments with arc dis-
charges in strong magnetic fields. He proposed the numerical value
a = 1/16 for the dimensionless factor a in (56).
Tt is interesting to note that Bohm diffusion was supported by
“many early experiments in the so-called stellarators, i.e. toroidal
*I‘_ﬁ’agnetic traps which differ from tokamaks. But fortunately the
8kamak plasma is confined much better than was predicted by the
hm formula. '
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The reason is that Bohm diffusion builds up only when no con-
straints are present that could suppress the free plagma motion with
the drift velocity (55). This is not so in tokamak geometry. As
we know, the tokamak magnetic configuration looks like a family
of nested magnetic surfaces. To diffuse across the field, plasma has
to cross a series of such surfaces between the plasma core and the
walls, This could be done by convection, but convection is produced
by electric drift. For the radial motion the electrical field should
have a component which is directed tangentially to the magnetic
surfaces. However, this component of electric field is constrained
due to the very high electric conductivity of plasma: plasma tends
to be eqmpotentlal along the magnetic field lines.

There is only one exception when the high longitudinal electnc
conductivity cannot prevent the build up of the tangential compo--
nent of‘electric field. This is the case when the safety factor ¢(r) is
in fact equal to a constant rational number, ¢(r) = constant = m/n.
In this case all the magnetic lines are closed. Therefore, longitudi-
nal currents cannot take off the electric charge from plasma tubes.
We obtain a situation similar to the pure toroidal magnetic field.
Again, cross-field convection can develop and Bohm diffusion can be
produced.

The case ¢ = m/n = constant is unique and cannot be realized
generally. In the generalscase g(7) is a function of the minor radius.
It can coincide with the radial number ¢ = m/n at some resonance
point 7 = 7,. But even very near to this point g(r) is different from
“the m/n value.. The rate of ¢ variation can be characterized by the
quantity

Y

h] S: dq

r
. g dr
which is called ‘shear’. The value of g near the resonant point can
be represented as :

(57)

m m x5 ;
q:-n—-{—q’x= "T_I.'(1+_1‘—) (58)

Here z = » — ry is the distance from the resonant point.

Very close to the », point the electric potential looks like an arbi-
trary function of the cross section point extended along the magnetic
field lines as a screw with m grooves, But when r — 7, increases the
magnetic field lines cease to be closed and the electric field is weak-
encd as a result of longitudinal electric conductivity action. The con-
. ductivity value is very high in a high temperature tokamak plasma.
That is why Bohm diffusion is strongly suppressed in tokamaks, at
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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 radius
a. If X 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)
ig proportional to the small ratio p;/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 instabilities 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
(1rrem) and the dissipative trapped electron mode (prem). These in-
stabilities continue to be the subject of detailed consideration among
plasma theoreticians. They indeed may play an important Tole 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 o In tokamak
plasma the symmetry break-down arises as a conmsequence 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 superposition
of harmonics like exp(im8 -+ inyp) where @ and ¢ are poloidal and -
foroidal azimuthal angles, and m and n are integers. The small per-
turbation can be considered as a linear one everywhere but the res-
onant point g(rs) = m/n. At this point a family of helical magnetic
fubes is generated (figure 3.9(b)) 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 3
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, B, i.e. in the direction of lower magnetic field, their ;
energy is diminished due to conservation of the adiabatic invariant 4
"~ p=mvl/B. Asit was argued in section 3.3. the longitudinal energy i
also decreases when the ions 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.- . C
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 élec- -
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 1
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 experiinentally 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 Ti(0) is plotted,
measured in keV, and on the ordinate axis the confinement parame-
ter nq(0)773(0) is plotted where n4(0) is the deuteron density at the
centre of the plasma column, measured in 102 m=3 and 7y is the en-
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ergy confinement time. The maximal value of this parameter equal
to 9 was reached in JET. The Qpr# value which is equal to the ratio
of the calculated D-T reaction power ratio (when using D-T instead
of deuterium) to the plasma heating power, reaches the value of the
. order of unity in JET. In TFTR this value is close to 0.5. Thus, these
two facilities are close enough to ‘break-even’, Qpr* ~ 1, which was
preset in their design objectives as a major goal. A record ion tem-
perature value 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 D-T fuel on JET have demon-
strated Q value of 0.15 with a reasonable projection to @ ~ 1 [160].
Several facilities are routinely working at multi-keV temperatures
with the help of different additional heating methods. One may say
that the problem of plasma heating and confinement in tokamaks is
almost solved.
When approaching a fusion reactor two new important physics
problems emerge: impurity control and steady-state non-inductive
current drive.

3.10 Edge Plasma

Impurity control depends very strungly on the plasma-wall interac-
tion and edge plasma behaviour. This can be argued in the following
way. : :
If the plasma ions are at rest, i.e. their averaged macroscopic ve-
" locity is zero, then ions are confined by the electric field only. Let us
consider again the simplest case of a homogeneous. temperature in-
side the plasma core. Then for the ion density we have a Boltzmann
distribution (54). For impurities the same law is valid but the ion
charge e lias to be replaced by the Z value, the charge number of an
ion, so that we have an equilibrium ' '

n, = n:(0) (n/nn(0))° (59)

.~ Here n, is the density of impurities with charge number equal to
~- Z and my is the hydrogen (or deuterium) density. We see that im-
‘'Durities have a tendency to be accumulated near the centre of the
“plasma. The central value n,(0) of impurity density depends-upon
e total number of impurity ions. If impurities are continuously
upplied by the wall the impurity accumulation becomes dangerous
te for high-temperature plasma. :
he problem is that impurities produce higher radiation losses
ch are higher for larger Z-numbers. Radiation power is a de-
asing 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].) ‘ ' K '
on the plasma periphery. This feature leads to the shrinking of the
plasma column making it less stable. The impurities are quite unde-
sirable also from the point of view of fusion because they dilute the
hydrogen plasma. Each heavy ion provides Z electrons so that at a
given plasma pressure each heavy jon replaces Z hydrogen ions. All
this means that the fusion plasma has to be very clean. '

‘The medium- and high-Z impurities are released from the walls |
due to sputtering: bombardment of walls by high energy ions knocks -
out atoms-from the solid surface. The freshly released atom is ionized -
very ¢lose ‘to the wall so that it has a high probability of returning
back to the wall. This process leads to redeposition of the wall ;

‘material. - The atoms' which penetrate deeper into the plasma are

further ionized and their charge number increases. Some of them can .
;’ea,ch 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 ions 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
ions and impurities have enhanced diffusion flux towards the walls.
Some level of plasma turbulence is maintained by the edge plasma
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 (eLM) 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 tool for.impurity control is the poloidal di-
vertor, i.e. such a configuration which has open magnetic surfaces
outside the so-called separatrix—the last closed magnetic surface
(see figure 3.6). The divertor configuration aliows the plasma-wall
interaction surface to.be isolated from the plasma edge. The diver-

* tor has to fulfil two functions: to unload the thermal flux from the
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 a focus of present plasma experiments.
~ In {usion D-T plasma it is necessary to take care of the helium
exhaust: the ash of the {usion reactions has to be expelled from the
plasma in ofder not to poison it. This function can be laid again on
the divertor. - L S ‘ ! :

T ‘ '
- 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
Ren an oppositely directed magnetic field flux between the inductor
aéﬁd plasma appears. The vatiation of this flux with time entails the
pearance of an induced electric field directed along the toroidal
th, .. . . g e ; A .- . .
sach plasma electron is accelerated by this field according to the
ion of motion: .. : . - :
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dv
ey =

Here v is the longitudin.l electron velocity and v, is the electron—ion
collision frequency. If the density of electrons is equal to » then their
current density j = —enw.

According to the Maxwell equation

eE Vm,v. ' (60)

%?—-—-—CVXE _ (61)

the inductive electric field is caused by the magnetic field variation
with time. ‘

Let us use again the cylindrical frame of reference neglecting the
toroidal curvature of plasma column. The electric field is directed
along the z-axis and the current density has the same direction.
Equation (60) can be expressed in the form

o
b

where ¢ = e?n/v.m, is the electric conductivity. On the left-hand
side of (62) the first term prevails when the current density changes
much faster than the collision frequency. We consider first the case
where 8J /3t = v,oE. We express E in (61) with the help of this
relation and take into account the Maxwell equation

+ ved = v oFE : (62)

L
J=-—-VxB '
wVxB _ ‘ (63)

where we have neglected the term with the time derivative of the
electric field. Now we can transform (61) into the following relation:

tij: ' *me 0
BT Tmen b XV XE | (64)

If we assume that n = constant and use the relation V- B = 0 we

can rewrite (64) in the form
2]
at

B
ot

where A? = ¢?/w2, = ¢*m, /4we?n is the collisionless skin layer thlck-
ness or London fength and Wpe is the plasma Langmuir frequency.

= AzA_L (65)

Relation (65) is well-known in the theory of superconductivity. It "
-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 ficid
looks like By(t)exp(—x/A), where z 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**em=?
A =~ 0.05 cm. As for the value of the collision frequency, ve = ve/Ae
it can be estimated with the help of (15) taking into account that A,
and ); are of the same order of magnitude. At n = 10 cm™? and
T = 10keV the value of v, is of the order of ~ 5 x 103s~!, 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 = o E and relation (61)
takes the form . o, :
v Vx(4WUVxB). (66)
When the poloidal magnetic field has a By component only, relation
(66) can be written as :

339 _ c‘? (.‘2 li
o o (mar’"ﬂe) - (6D

while the J value is equal to J = (¢/4w)(1/r)(8/0r)(rB,). If the
poloidal field B, = By(r = a) is held to be constant al the plasma
boundary the current density relaxes to the value J = gF value at
E = constant. As we know, ¢ is proportional to T3/2 since A, is pro-
portional to T2, so that the steady state current density as a function
of the minor radius r looks like 73/2.. The electron temperature is
bell-shaped and the same is true for the J(r) distribution.

The rate of current density. relaxation is described by equation
(67) from which we can estimate the skin-time value '

T, & a* /4D, (68)
where D, = ¢*/4mo is the magnetic field diffusion coeflicient. We see

. that S «
T, ~ mainreT, (69)

where 7, = v7! is the average collision time and ro = €*/m.c? is the
so-called classical radius of the electron. We see that {69) contains

. the dimensionless parameter wa®nr, which is called ‘the electron line

s

dénsity’. We shall use the parameter Il = a/A? = 4rna’ry instead
,'C\Jff."eléctron line density’. The Tl 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 =
cm~3, T, = 10keV, and @ = 100 cm. We find that ra®nr, = 10°,
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Te = v;1 =~ 2 x 10* 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 field
component By in the form of a continuity equation

4B, & a .
e - ar (VEBQ) =0 _ (.70)

where Vg = ¢E/DB, 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 By of the magnetic field lines is also con-
stant. The change of total poloidal magnetic flux ¢ = [’ Bydr, as
we see from relation (70), is balanced by the influx of magnetic field
lines through the plasma boundary Vg By = —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 pilse
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 circimstances. The first is the very low electric resistivity
of plasma leading vo very largé 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
minimurn magnetic field value at given magnetic surfaces, i.e. near
the outer circumference of the torus. The trapped particles are not



Concept of Tokamaks and their Status - 53

confined by the toroidal magnetic field and their toroidal expulsion
is 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 on the shaping of the
electron 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 v # 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-inductive current drive fop may be represented as:

Iep = Yo P/(ne)}R | (1)

where {n) is the mean volume electron density measured in 1022,

R is the major radius measured in metres, and P is the power in
MW launched in plasma for the current drive. The yep coeflicignt
is the current drive efficiency. The reversed dependence of the non-
ohmic current on density is a common unfavourable feature of all
the current drive schemes.

The physical reason for such a dependence is gquite clear. The
current carrying electrons have an angular momentum which is pro-
portional to the product IR. This momentum is damped by colli-
sions with the main bulk plasma being at rest. Just to restore this
momentum an external power supply is nceded. 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 2
favourable 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. . - . L

The best results on current drive .were obtained in the Japanese
tokamak JT-60, where Icp = 2MA was maintained using electro-
magnetic waves at the lower hybrid resonance. The current drive
efficiency has been raised up to the value of 7ep = 0.34 at a moder-
ate density [30].. _ . L L

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

Thus, tokamak experiments are, performed at a very sophisticated
level. The possibility. of plasma heating up to temperatures of the
order of ~ 30keV has begn shown, the operational limits of .plasma
steady, state confinement have been established, and a reliable data-
base has been created which is sufficient for the design and construc-
tion of an experimental thermonuclear reactor. Progress in plasma
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Table 3.1 Main ITER parameters developed
during the conceptual design.

Major plasma radius R=6.0m
Plasma half-width a=215m
Elongation bja =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-
matjon 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 confinement 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, Healing of
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6—cryostat; T—active control coils;
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Figure 3.11 ITER clevation view: l—inductoer; 2—blan-
ket:; 3—plasma; 4—-vessel; 5—plasma exhaust (gas-pumping);

8——toroidal field coils;

9—first wall; 10—divertor plates; 1i—poloidal field coils [149].

the plasma and non-inductive current drive are achieved with the
help of a multi-function heating and current drive sysi
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 ion 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-

em. The first
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ing of gas, i.e. the product of the electron-ion recombination on the
divertor plates.

Systems of toroidal field coils and poloidal field coils are used
for plasma confinement. The goal of achieving extended burn (ul-
timately, steady-state) dictates the use of superconducting-coil sys-
tems. As we see, the toroidal and poloidal systems are not linked
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 integrated structure of
blanket and shield. Tritium needed for the D~T reactions could be
produced by the fusion reactor itself. For this purpose, a tritium
breeding blanket can be used which contains lithium compounds.
The nuclear reactions of fusion neutrons with the lithium nuclei can
generate tritium with a breeding ratio greater than unity, if the chem-
ical composition of the blanket is appropriately adjusted.

The ITER programme has three major research objectives. The
first objective is to demonstrate controlled ignition and extended
burn in a D-T plasma with steady-state operation as an ultimate
goal. The second objective is to demonstrate tcrhnologles essential
for a reactor in an integrated system. The third goal is to perform
integra,ted testing of the high heat flux nuclear components required
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.




4  Plasma Equilibrium

Il 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 Bfe. , (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 jocated on the surfaces
p = constant, these surfaces are the magnetic surfaces. In a tokamak
with quiet plasma the magetic 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.

Tf 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, r = constant. The equilibrium condition will be

as follows: d e B d B
dr+d'r(87r)+ r dfr(/hr)—o' (1)

The toroidal raagnetic field in a tokamak is strong enough and
therefore it slightly differs from the initial vacuum value. Let

57
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By = B} + ABy where BY = constant and ABr is small. Retaining
the linear terms only we can replace (74) by the relation

dp o d By d
4Wdr + BTdT(ABT) + r dr
Equilibrium condition (75) relates three functions p, By, Br so that
it may be interpreted as an equation for ABr at a given p(r) and
By(r). In other words, equilibrium along the minor radius does not
impose any constraints on the profiles of pressure and of current
density as functions of the minor radius. Let A®; be the difference
in magnetic flux in the plasma compared with its vacuum value:

(T‘Bg) = 0. (75)

A‘pi =/ ZWTABTdT. (76)
o

Let us multiply (75) by 2rdr 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 8m{p}a®, where the angle brackets de-
note a volume average. The third component gives the value of
a?Bf(a} = 4a*[%¢~%, The second component, after integration by
parts, gives the following expression:

BS [2a2ABT(a) - / 41~ABTdr] :

0

Let 7. be the radius of the magnetic field toroidal coils. Since the
longitudinal magnetic field beyond the plasma column is uniform, the
value of Br(r) remains the same in a circle of radius r, a <.7 < ..
Therefore, the total longitudinal lux change is

A® = AD, + 7(r? - a®) ABr(a). (77)

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

CBIA®, = I*[c* ~ 2n(p) (78)

where the constant C = #2B%/27a?(r? — a?). The value of the
longitudinal flux change is easily measured experimentally. Thus,
expression (78) allows us to measure a volume average of plasma
pressure. As we can see from (78), the longitudinal current creates
paramagnetism—strengthening of the flux inside plasma while 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: ’

Fe 0 A 0 -
Abr = f BrABr g rdr = PTAg = 0. (79)
0 4r - - 47 o
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
toroidal 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: '

B, + 0.5, = 2B, R/ Bpa. (80)

Here 8, = 87m(p)/ B2, ; 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 miner radius r (see figure 4.1(e)). 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 o

F, = (5 - p)2nr*/R (81)

where p(r) = r=2 [ 2pr dr is the mean value of pressure inside radius
7. Thus, for the internal torus under 3, in (80) one should assume the
value 8, = 87(p — p)/B3(r). Here {; is ihe internal inductance: f; =
2¢2€,/I2, where £, is the energy of the poloidal magnetic field equal
to (Bf)ra®/8x. Therefore, {; for the whole column may be written
as (B})/B2. Tor the internal torus of radius 7, /; in equation (80)
should be replaced by B2/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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8,

{al (b}

Figure 4.1 Relationship between magnetic surface dis-
placement and an effective vertical equilibrium field B,.
Radially dependent dispilacement {r} of mag~<tic surfaces
leads to the change (a) of the poloidal magnetic field:
6B, = B1A'(r)cosd. It is equivalent to the superimpasition
of an additional vacuum field (#). The equivalent vertical mag-
netic field B, far from the surface is half that at points A and
c.

-

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 + 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’By is
produced. Now we have to find the equivalent equilibrium field B,,
i.e. the additional vacuum field perturbation outside of the colimn
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(b). The magnetic dipole value s adjusted in such
a way that the magnetic lines of the additional field do not intersect
the circle contour. It is easy to sce 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 cap put B. = —LA'B,. ‘

Substituting all the calculated values into the radial equilibrium
equation (80) which is related now to the torus of radius r, we obtain
an equation for the displacement Al

| - 8n(p~p) , B3 }
A = U BSGAY N o A R S 82
{ Bf ' 2B} (82)

As is seen, displacement A’ grows with 0y and may reach a value of
the order of a when By ~ Rfea. .

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 iransformed to a simpler scalar
CGrad-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 21, /cR in CGSE units, where I, is the total current flowing
through a horizontal plane stretched on the circle of radius R. The
current I, is constant on the magnetic surface. Furthermore, the
poloidal magnetic field divergence is equal to zero:

b
ROR

9B, _

(RBgr) + B, - 0. (83)

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

19y 1 99

Br= g5, BT TRIR

(84)
As we see, BYVy = 0, ie. the function 7 is constant on a mag:-
netic surface. Consequently, the current I, may be considered as

a function of ¥. By using {84), the azimuthal current density
J = (c/47)V x B can be expressed via ¥:

Jo= =AY (85)

where the operator A* is defined by &A™ = R(8/OR)(1/R)(8/0R)+
(82/02%). Since the plasma pressure is also constant on a magnetic
surface and may also be considered as a function of #, the pressure
gradient Vp = p'V, where p' = dp/di. Now we can project the
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la} [b) {c)

Figure 4.2 Divertor configurations: (a) double nuli, (b) sin-
gle nult, (¢) semi-double null.

vector equation (72) on the direction of V+ and .obtain the Grad-
Shafranov equation: a

. ’ 4 v
A+ 4T R 4 EEI*"I;’ = 0. (86)

A prime here means differentiation with respect to 4. 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 (72)". The equilibrium toroidal magnetic field
nga,y be changed in the T)road range consistent with the condition
IZ > 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 & = b/a > 1, also possesses a triangular-
ity. The triangularity value é is determined as shown in figure 4.3,

Due to cross field diffusion, muD-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 4.3 Parameters of D-sl.aped plasma: K = bh/a—elongation.

Figure 4.4 = Scrape-off layer {soL).

the plasma column. As is 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
medinum 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 mubp-instabilities, because
for their description one may use the magnetohydrodynamic approx-
imation or, to be more precise, gaseous dynamics for compressible
plasma.,

MmuD-instabilities may lead Lo 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 spile of macroscopic min-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 instahilities 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-lincar noise and turbulence,

It is reasonable to start Lthe analysis of instabililies with large-scale
mun-modes. Tokamak plasma has two origins of instabilities, i.e. two
energy sources for excitaiion of oscillations: the magnetic energy of
plasma current and plasma thermal encrgy. 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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m:j

{a) T

Figure 5.1 Hclical. perturbatnon ofthe tokamak plasma con-
sidered as a cylindrical column of length' 2R w:th ulentlcal ends:
(a) initial sl.ar.t, (&) pcrturbatlon of the m = 3 mode

helical instabilities, whi!e the thermal energy ex‘cites the flule and
ballooning modes.

5.1 Kink Instability,

- Tokamak plasma kink instability is the most strong and dd,ngerous
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 = 27R with identified ends (see figure 5.1(a)). We
will use a cylindrical system of coordinates r, § and z, where the
vertical z coordinate replaces Ry in the prevtously used coordinate
system (figure 3.7). Alongside the new z coordinate we will also
use a ¢ coordinate. Let us superimpose a small perturl)atlon on the

"cylindrical column. The perturbation should be periodic in the 8,
¢ angles, so that it must represent a sum of harmonics of the form
exp{im@ — ingp), 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-
sthread entry’ screw (figure 5.1(b)). 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 d = ¢ 'dey, i.e. they correspond to the relation gf — ¢ =
constant. 1t follows that at the point where

q= m/n (87)

the magnetic line pitch coincides with the helical perturbation pitch.
In general ¢ is a function of the radius 7, so that condition (87) be-
comes valid at some point r = 7, This point is called a resonance
point, and Lhe corresponding magnetic surface is also called a reso-
nance, or rational point, since ¢ is expressed as a rational fraction
(87). The r, resonance point may be located either outside or inside
the plasma column. It turns out, that these two cases differ strongly.
The kink instability refers to a case when r, > a. If 7, < @, i.e. the
resonance point is inside the plasma then such instability is called a
tearing instabilily, or a tearing mode.

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

5.1.1 Reduced Myp Equations

Theoretical description of kink modes can be performed with the
help of the magnetohydrodynamic equations. For an ideal plasma,
i.e. neglecting dissipative processes, these equations are:

miniv— +Vp = lj X B (88)
di c

j=—VxB (89)
. 4T .

divB =0 (90)

B . :

= = 91

T VxvXxDB . (91)

an : ' :

- i = 0. 92

i div{nv) =0 . (92)

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

It turns out, that for a tokamak these equations may be simpli-
fied, using the fact that the longitudinal component of the magnetic
field B, = By strongly exceeds the transverse component B - the
field in r — 6 plane. From the point of view of physics this simpli-
fication consists of excluding fast magnetosonic waves which cannot |
be excited by natural plasma motion. :
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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 MuD 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 Bi! expansion. The idea of simplifica-
tion is the assumption that the strong longitudinal field B, = Br is
considered as constant, and plasma is allowed to move only in the
transverse direction, so that »; = 0. Under these assumptions the 2
component of equation (91) reduces to the following statement:

divy 1= 0 (93)
and equation (90) takes a simple form
div By, = 0. , (94)

Making a natural assumption, that all the values change slowly along
the z axis, l.e. 8/0z ~ (BL/Br)V., one may carry out a strict
expansion of the initial equations in inverse powers of By. Then
equations (88) and (91) are simplified to the form -

-

dv 1
T;'.n-a-i- + VP = E(B . V)B_L (95)
B, _ i v ’ '
5t =Vx{vxBy)+ BT—'-az (96)

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

They may be simplified even further if we assume that n = ng =
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

v, =€, X VX B, =e, XV¢ (97)

where e, is a unit vector along the vertical axis. With this new
otation, equations (95) and (96) are reduced to two scalar equations
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i 1 . -
m-lnoa-t— = -E(B 'V)J . . (98)
dyp  , 0x S
@ = B 89

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

j= =A%, o (00)
T

The scalar equations (98) and (99) are sometimes cailed-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 4 imé — iny), they take the form

- B VO AL
wmingA L% = = (m = rg)Aup+ =i (101)
- B .
wy = -—f(m -ng)X (102)

where small perturba‘,'tion values are marked with a ~ sign and ¢ =
RB/rBr and j' = dj/dr. :

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

' {w® —wi(m—ng)}ALp =0 (103)

where the notation w? = B}/4wmner? has been introduced. We
have two possible solutions. With - S

w? = wi(m — ng)’ (104) .

the value of A % may be arbitrary. These are the well-known Alfven
waves. If w? is not equal to (104), then A % = 0, which entails 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:

. 1!‘;a("'/a')m atr<a

v= {J'a(alf‘)"‘ atr >a (105)
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The x function looks similar. We_séé.:'t-}fat the v derivative has a
discontinuity at the boundary: T

Al = 149

P dr

_Ldy

Pdr

“ _ = -2m/r. (106)

a0

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 poloical 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 a+0: e

' m Bm, -’ m_ =
-—-wmino—&-xn = P—az(mT’nq%ba - 'Z_W'Bpwa (107)
R A

»

2

where B, = By(r = a). SR

Eliminating x, from (107) by means of (102} we obtain a disper-
sion equation: I
v = -2(m —~ng)(m—=1-ng) (108)

where 72 = —2w?/w? is the normalized growth rate of kink pertur-
bations. S

The upper row of figure 5.2(a) shows the dependence of growth
rate upon nq 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(%). In other words,
there appear windows of stability in which tokamak should operate.
These windows are present only at g, > 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. oo

5.1.8 Magnetic Bubbles _

The physics of kink instability can be more easily understood by
nsidering its non-linear phase, which éxtends beyond the linear ap-
% proximation. To do so, it is sufficient 1o cohisider a class of non-linear
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2
AR
2 3
ngla) .

Figure 5.2 Growth rates of ideal mMuD 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 functions of
t, 7, § — np/m. Thus, the derivative with respect to z in equations
(95) and (96) can be replaced by —(n/mR)0/06. 1t is convenient to
introduce an auxiliary magnetic field

: B
B, =B, ~ —R“lreg (109)
where ey is a unit vector along the minor azimuth. Equations (95)
and (96) convert to a compact form in which B, is simply replaced
by B}, and the second component on the right-hand side of (96)
disappears. Thus, we obtain truly two-dimensional equations: flows
in each plane simply repeat each other rotating at an angle of Al =
(n/m)Ap when @ changes along the z axis. A
The simplest one is the case when the ¢ value is constant over the 3
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 compressionless flute-
type displacements which are constant along the magnetic force lines. ;
Tt 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). _ 3
In the linear approximation according to {108) we have no instabil
ity: growth rate is equal to zero at m — ng = 0. However, non-lineal
perturbation may grow in time. 3
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Figure 5.3 Non-linear kink instability and helicat bubble in-
jection inte 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: {or 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-mun 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(¢) 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.

. Yor 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
~Mmagnetic 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 ﬁgur@ 5 4(b) The
sNew plasma radius e, is somewhat larger so that a? = a? + ro, where
¢ is the radius of a single bubble. Magnetic field ‘inside the plasma
Creases in the region a < r < a, but the external magnetic field
ecreases. To find the new external field value and the new plasma
E-Urrent we can proceed in the following way.
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Figure 5.4 Poloidal ‘magnetic ficld distribution in the initial
state (a) and in the final state (b} with a single cylindrical

bubble. _
e |

Let us consider a cylindrical ‘plasma column of length L = 2w Km.
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
memhra.ne 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 plasiia’ ‘because the tangential component
of electric field is equal to zera both on plasma and conductive shell
boundaries. With the help’ of this constraining condition it is not
difficult to'find the value of'tlie external poloidal field and its energy.
It turns out that the vacuum. magnetic energy decrease is larger than
the energy increase inside thie plasma, which means that the bubble
formation is energetically’ favourable. ,

The simple picture described above corresponds to the case when
g = constant throughout the pIa.sma, In fact the g(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 lock 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 thlS phenomenon which lasted for a
considerable time.

Bubble formation is the: snmplest idealized model of a dlsruptwe
instability, i.e, a total current termination produced by helical mode .
disraption. 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.
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Figure 3.5 Soft x-ray (vertical camera, 140 um thick Be fil-
ter) argund the time of pellet injection showing the initial peak
from ablation and the subsequent ‘snake’ oscitlations [37)].

5.2  Tearing Instability

If the rational point g(r;) = m/n is. inside the plasma, then the
so-called tearing instability may develop. If the plasma rdsistivity
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’ pla.sma remstwlty That
is why it is much Slower compared’ with the ideal Map modes.

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

C oL BTV = (Ve XVJ),“'O _ (10)

Here j ma,y mean the valie

yee

= (c/4vr)Am T an

o wntten as

SR ;; | - {112)
50 that Ay ¢* = ﬁlz/J + constant. From (110) a.nd (111 n fol]ows

ﬁat the equlhbmum rondmon is satisfied when

B aw =R S )
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where Fi(1") is an arbitrary function of .

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

(114)

The derivative
dF _dF (dp " 47, hes
dy, ~ dr (-—(-1.;-) =77 (B3)

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 '
BiAp+—jP=0 ' (116)

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

Equation (116) has a singularity at the point r,, where g(rs) =
m/n and Bj = 0. Therefore we can assume the following. First we
find a regular solution of ; inside the plasma up to point 75, then
the solution of . outside 7, including the external region between
plasma and the conducting shell. Using these solutions we find the |

value of the difference between the derivatives: 4
A= (—I-M) - (-1—9-’!’—) . (117)';:
Pe dr re+0 'pi dr ro=0

- This yalue is sufficient to find a stationary solution. Namely we mayf
~ assume Y=t alr <7 oandy = P at r > 1 when matched;
- ds'i(fy) = Po(ra). Hence, equation (114) will be satisfied, but th
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Figure 5.6 Magnetic surfaces with no istand structure.

current density, i.e. A'c;!;, has a singularity. In other words, on the ra-
tional surface a surface current j, along the non-perturbed magnetic
 field is generated

¢ ro+0

de= | Auddr = A(n). (118)

Ll ry—0 : .
This solution is correct for a very small perturbation but it should
be analysed in more detail for finite 1.

To do so, let us examine the behaviour of ¥ in the vicinity of
point r,. For convenience, we introduce distance from the rational
surface = 7 —r,. According to (115), in the vicinity of the rational
surface we have

. q .oy g 28
B, = — By =" —Byg—— 11
Bi=-Bls v eve)-Bl3 (119)

where B, is the poloidal magnetic field value at the point r, and g
is the derivative with respect to r. Note that By = du/dr.
Let the 1 dependence on the angle § (in a certain cross section,
¢ = 0) be chosen as
P = acosh (120)

where the positive constant o is the amplitude of the 1) perturbation
at a point r,. Let us now examine the nature of %" = constant lines

. '
—~ By %:ﬁ + 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
surfaces 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:

S NPV S :
.Tn -_,4ang' cos*(8/2). | . (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 = v/daq/Bq'. (123)

The island half-width increases as the square root of the perturbation
amplitude.
. Let us go back to the equilibrium equation A ¥ = F{3). 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
rq 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 exarple
of such a solution will be given in Chapter 9. The equivalent surface
current value for narrow islands may be considered as the perturbed
current density integrated over a narrow layér with width ~ w.
Now let us remember that plasma has low resistivity # . To main-
tain a current j somé longitudinal electrical field £ 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 BY the resistivity is taken into account through

dyr g L
= O oV = S (124)

According to this equation the current densily perturbation inside
the island can be maintained only by a corresponding varialion of
¥ with time. From (124) it is seen that, inside the island, where
A qBA’/tu, o

a hd ? T }
T;!:-— o na—-r,tb A fw

Since 9 ~ w?, we have :
A YN N ©(125)

As we see, the island width increases linearly with time when A’ >
0 and decreases when A’ < 0. Such a regime of magneti¢ 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
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the value of A’ by the formulae (115) not just at the point r,, but,
correspondingly, at r, + w and r, — w. When A’ determined in 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
1" can be neglected, so that the solutions in the vicinity of r, be-
haves as #*™ 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 clea.rly 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 § < 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, i.e. it tries to increase its volume V = [ §d! where §
is the tube cross section. Since the flux & = SB along the tube
is constant its value can be represented in the form V = & [dl/B.
Thus, plasma tends to increase the integral U = [ dl/B. In a toroidal
vacuum field this integral is proportional to R?. That is why the
radial force affecting the tube can be found with the help of the
1elat10n for work pdV VIrdR, from whlch we find: '

Fa=p(V'IV) = p(U'/U) = 20/R.© (120)

This force is similar to the gravitational force, with the mass density
replaced by pressure p. Similar to a liquid 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 ' > 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 2 value
673 = —&p'. fp' <0, p > 0, the net force taking into account thie
‘buoyancy force’ will lea.d 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 pl/. 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 = 27 R length. In zero approximation' with respect to
the ratio B;/Br the function U is equal to 2r 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 B, / Br.

Let us assume at first that the current density is constant so that
g = m/n = constant too. The length of magnetic line [ is given by
! = 2rr+/R? +7%¢g=%. 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 B} = B} — 2B},
where By is the magnetic field value at the centre. Remembering that
¢ = Brr/ByR we find B = /B2 B = By\/1 - r?/q?R2. Thus
the value of U is approximately equal to 2r RB;(1 + r?/q*R?). We
see that the function U 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 radia] direction by the force
b, = pU'fU = 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 Bf/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 statemant means that this force has the
same value when the safety factor is not constant over the plasma
cross section, but depends upon the minor radius. ‘

- This force can be taken into account in-the reduced mup equa-
tions. It is sufficient to add a term 2rrp/q2R? to the right-hand
side of equation (95). Equations (98) and (101) have to be modified
correspondingly. The model equation (98) for pure ballooning mode.
(driven by normal curvature only) looks like :

2 dp
g2 R? df

1
ming— = ~(B - V)j - (127)
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and equation (101) takes the form

" By - m.~, 2m

mineALXx = —T—{m— A —3' ——=P. 2
WwIm;No 1X | 47FT(m RQ) J-¢ + TCJ 1)0 + quzp (1 8)
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:

o moy . T -9P
p=-kP = wrXdr’
Marginal stability can be found using equations (101), (102) and
(128) at w=0. Fxcluding %, we obtain

dzm grm?

—_——— e —— 4] — !
S (m - nq)cB.gJ v B2(m — nq)z'rp v (129)
As we see the last term has a very strong singularity near the singular
point, where ¢ = [n+dz, T =T""s Thus we can neglect the first
term on the right-hand side and equation {129) takes a very simple
form } ) ‘

AP mlz‘%b =0 (130)

where 7 = —8rp'r/B2S?*, S5 = rq'/q. § is known as the ‘shear’.
Relation (130) looks like a Schrodinger equation with the potential
equal to —7v/ 22 My >1/4,2 solution exists with many nodes, and
hence a helical perturbation can be constructed. Thus the necessary
condition for stakility, ¥ < 1/4, may be written as

8rp'r 1o
- . 1
B + 4.5' >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 g = m/n = constant.
Since the poloidal field in a tokamak is considerably less 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/ Rde = Bg/B s0 that-dl = Rdp =
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(Br/Be)df. But then U = [di/B = r [df/B,; = r2rn(l/B,),
where m is the number of magnetic line rotations along the minor
azimuth for m rotations along the major radius, and the value of
(1/Bs) averaged over § when g = constant is approximately propor-
tional to 1/r. Thus, in the linear approximation with respect to the
ratio By /B the U-integral does not depend on 7 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 /q?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
eflect. The situation is similar to the well-known strong stabilization
procedure in accelerators.

We have to take into account all the remaining approximation
terms. IHere two different competing effects appear. On the one
hand, there js a ballooning effect, that is, the displacement on the
external contour may he somewhat higher than on the internal one.
On the other, the averaging of 1/ B 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/B, in relation
dl = (Br/B,)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 (421~

- 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 fiux. If many tubes are arranged
close to each other and fill some tubular volume between radii r and
7 + dr then we'can put dV = Ud®. Here V is the volume of the
plasma torus with minor radius r, and @ is its longitudinal magnetic
flux. Thus we can define U as U = dV/dé. If the toroidal mag-
netic surfaces have Shafranov shift. A, then the distance between the
neighbouring surfaces looks like dr(3 4 A’ cos §), where A! = dA/dr,
The major radius R = Ro(1+¢cosf) where ¢.= 7/ Ro; Ry is the mag-
netic axis major radius. Hence the volume difference averaged over
8 is dV = 4n?Ror((1 + ccos8)(1 + A’ cos 8)) = 472 Ror(1 + eA' [2).
The averaged value of d is equal to d® = 257 Bo{(1 + ccos8)-1(1 +
A'cos0)) = 2rrBy(1 — eA'/2 + €2/2). We have taken into account
that the B field depends as. R~! on the major radius. o

Taking into account the change in U with a homogeneous shift A
due to toroidal dependence of B oc B~! we obtain. :
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2 Ro

U=
B,

(14 €A — /24 28/Ro). (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’ = —e(8, + 1/4), where By =
gx{p)/B2. In this case the part of U which depends on r can be
written as

SUJU = —E(1 +26,). (133)

We see that U/ decreases towards the periphery so that tokarnak
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, ie.
self-stabitizing 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

8xp : . '
~—;—21(1—q2)+§sz>0 BGED

where p' = dp/dr and § = (1/¢)dg/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>1landp <0 the flute instability is stabilized both by the
magnetic well itself and also by shear.

5.4 The Ballooning Instability

When the plasma pressure increases and the value of €3, 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 increase
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
ilustrated by figure 5.7. : C
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Figure 5.7 Simplified high-pressure plasma shapes:
(a) droplet; (k) 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 outor 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 B, 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 separairix. Thus, a natural divertor configuration
is produced by plasma itsell. Incidentally, such a configuration has
been realized in the TFTR device [47].

The second configuration, figure 5.7(b), 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 Lo 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 U value on the magnetic axis with the
U value on the separatrix for both configurations. We have U, =
2r R/ By 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 Rs, Bs the corresponding
values at the X point and take into account that B o« R~!, we obtain:
U, = 21 R,/ Bs =~ Up(1+2€), where ¢ = (Ro— R,)/Ro. In other words,
the magnetic-well value continues to follow relation (133) even at
€fp ~ 1 when we obtain not quadratic but linear dependence of
§UJU 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 ocuter 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 ép = —p'€, where p' = dp/or. Since p' < 0, then ép > 0
and the tube is affected by the radial force Fp = 26p/R = —2p'§ /R.
Since the ends of the tube are frozen, the tension in the magnetic
lines creates the force Fp = (B2/8m)E/(gR)*. Equating Fgp to Fp
one can calculate the limiting pressure which is stable in respect of
the ballooning perturbations. Since —p' ~ pfa, and g ~ 5Ia/R we
can estimate the value for the critical B: B ~ I/10gaB.

_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 toroidicivy. When the
plasma. pressure increases this link becomes stronger and produces 3
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 5.8 Schematic diagram for the ballooning instability
region. :

I
Pe = 9—. | ‘(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 8 even further. It turns out, that in principle,
tokamak has such a possibility, We mean the second zone of stability
which was suggested in theoretjcal papers [49-51]. It is based on °
the effects of magnetic well self-deepening and the outer connection
length shortening when 8 increases. Figure 5.8 shows a qualitative
picture of the ballooning stability region. On the abscissa axis the
value @ = —8np'r/B? is seen. When the plasma pressure is high
encugh 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 S is small
or even negative. Such a type of transition was studied on DIili-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
DII-D have shown that the central region can also be placed in the
second zone of stability,

- The maximal g value in this experiment was 11% and the central



Plasma Stability _ _ 85

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 ¢(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 = 9 modes plays a stabilizing
role so that the instability can develop only when 3, is large enough.
The critical 3, 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-fiuid magnetohydrodynamics is valid only for fast motion of
plasma. To describe a class of slower oscillations, one should use
either two-fluid muD, 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 jons and electrons:

m;n%? +Vp, =enE + f—gv x B (136)

Up. = —enE — “—Ziue x B. (137).
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Here v is ion velocity, p; is jon pressure, p, 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
intci account that p = p; + p., j = en(v - v,), we shall again obtain
88).
( It is worth noting that if the surfaces of constant pressure Pe =
constant and those of constant density n = constant coincide, i.e.
Pe = pe(ne), then it follows from (137) that the magnetic field is
frozen into the electron component. '
For tokamak plasma it is convenient to use the reduced mHD equa-
tions. For this, we assume that B = e, By + €, X V¢ and consider
Br to be constant. Since ¢V x E = —(8B/8t), we obtain

- 10% : _
B = "V¢+ p 73'?8,. | (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 _
T B—T(V¢ = =Vp)=0. (139)

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

O A
-a—t-}-[e, XV.:\]-V’!/J-BTB';_ (140)
where -
[ .
A= E:[':((ﬁ - "gln n). : (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, :

cE X e, ¢
Br =B X V. (142)

vy =

Comparing this expression with (97) we find

X =54 (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

on ¢ |
= -y e = e . . 4
3 v-Vn BT(e, x V¢)+Vn (144)

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 = cp/Br = x. In this approximation the reduced
D 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

Ayt = F($"). | (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: ¥ = (7).
Then it follows from (140) that A is constant along the magnetic field
lines. It means that a non-singuiar A function is equal to A(r).

Now let us consider small perturbations of ¢ and n, so that ¢ =
do(r) + @, n = ng(r) + 7. Since A depends only on r, it follows from
(141) that :

o3

- it
= — 146
| o= (146)
and the linearized continuity equation (144) gives
Of ¢ dgo 1 0R _ EEQE&!..‘?E (147)

‘6_t+~§r;?r5§—.e3q‘ dr r 86

The second term on the left describes the eloctrical 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 +imf — ing), we obtain from
(147) a dispersion equation for the {requency:

£

Ww=w

il

eT,
—= 148
e (148)

=13
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where .
K= e e (149)

The expression (148) is the well-known drift frequency. The cor-

responding wave perturbation ¢, # is called the drift wave. Lot us
notice some of its specific features. Let us find the electron drift
velocity when E =0, B, <« Bp: -

c  dp.
enBr dr’

(150)

‘Uea:-

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; = y/1}/m; as compared with the phase velocities. To find
the longitudinal phase velocity one has o find first the longitudinal
component of the wave number ky = —(1/B) ((m/r)B, - (n/r)Dr).
We see that &y = (m/r){Bs/Br)() — (n/m)q(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 r, one may put r = 7, 4 z, so that the
expression for & takes the form . '
m Ba
‘LH = 2 BTS.L . (1‘51)
where § = (r/q)dg/dr. .
We see that the condition w* > kyv, is fulfilled only within the
interval .
kr T,
S eByv,’

As an order of magnitude, the right-hand side is equal to pg, that is,
to the ion Larmor radius in the poloidal magnetic field. Beyond this
interval a drift wave damps rapidly duc 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 clectron
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 magnelic 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. Tn 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.

Tt 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 1 =
dlnT}/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. Iu 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 ol 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 1 woulid
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; Lo 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-
ceplionally 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 cold
walls. While reaching the walls, the thermal flux releases a lot of
entropy accumulated by intensive production of entropy in plasina
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,
One 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 he not less than
10* electronvolts. Thus we have at least 10 for the ratio of these
temnperatures. 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 colierent 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.
_ Tinally 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 cach other
and then the long-range interaction between the different parts of
he plasma column may lead to feedback coupling of the local trans-
ort 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
plasma 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~3 the drift current velocity of
electrons is of the order of 10¥ms~' 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-temperadure 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 experiinents aimed at understanding empirical laws sup-
ported by development of a theoretical description and computer
madels. Al 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-
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mediate stations with gas blowers | it this is not important in our
case, and we aTe gding to consider a constant pressure gradient Vp.
"Practical engineers are interest. J 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 =, at temperature T.
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
d = ®(Vp) dependence we have to take into account five other pa-
rameters, i.e. the problem becomes rather complicated. Nevertheless
we can be helped hy a dimensional method.
Tt is known, that all the laws of physics are based on mechan-
ics, and mechanics itself uses . onventionally 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 whesn non-dimensional combinations of dimensional
values are used. Therefore, all the objective-daws 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 re- rain. In other words, we obtain
a three-parameler 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
% it:ombined with a pressure gradient

mnu?ja| 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=Fa|Vp| /) (155

Here F is a non-dimensional factor which is a function of the otk
three non-dimensional parameters., Let us consider other parametersii
which have a reasonable physical meaning. To begin with, let fif
form a non-dimensional combination N = no3/%. This represents*l}
characteristic of gas rarefaction, if N € 1 the gas is ideal from‘ ‘
thermodynamical point of view. As we see, the nurmber N can b
considered as an internal parameter., It is proportional to n and s
in no way related to other non-dimensional parameters. If the ‘raré]
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 well. -
Let us take into consideration the sound velocity which is propor-§
tional to the mean thermal velocity of atoms: ¢, = /¥T/m, where]
4 is the adiabatic index. The ratio M = ufc, is non-dimensional]
and is called the Mach number. If M € 1, then the flow is deﬁmtely 4
subsonic.
In order to conclude our consideration of non-dimensional param- 1
eters let us introduce K = a/cl/?, a number which is proportlonal
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 N, 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-mentioned 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. I{ 3» 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 3> 1. Now let .
us compile another non- dlmensmnal combination which is called the:

Reynolds number:
unaoy

Re = ——=, (155);_%
Cs :
The Reynolds number (155) is equal to the product MA: it may]
vary over a broad range of values. ' 1
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3

. Experiments show that sub-sonic (M < 1) flow characteristics of
B the rarefied gas (N < 1) with low viscosity (A = N K > 1) depend
¥ only on the Reynolds number. In other words, N,A = NK,M,

B respectively, seem to drop out and only the Reynolds number is

B relevant. If so, we can set both M and A~! to zero and only the Re

% parameter is variable. ‘

% Thus, in expression (154) the non-dimensional factor F' depends

Z 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 wa = constant and

therefore with the same' RHe 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 jntroduce one other parameter, namely, the tube roughness,
i.e. the ratio of the roughness é to the tube radius, then the factor ¥’
will depend on §/a. At high Re numbers F ceases to depend on Re
and depends on 6/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.

i
o,
£
%
3

6.2 Dimensional Analysis of Tokamaks

b Tokamak plasma is a more complex object than gas turbulent flow.
t - 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 @ be maintained in a’
. steady-state by means of purely ohmi~ heating. Plasma has a mean
density 7, and we assume that mean electron and ion temperatures
dre equal, ie. Te=Ti=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, Br, the toroidal magnetic field,
i, the electron mass, mi, the ion mass and ¢, the velocity of light.

__——@



-

96 Tokamak Plasma: A Complex Physical System

Let us assume for a while, that atomic processes are not impor-
tant Le. 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 the 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, BTajjpa Mo, Wi, €, €, 7, T. ' (156)

Here n and T are the mean vglues of density and temperature (in
any sense of averaging). ‘Ehe yelocity of light has appeared here since
we are using cosE units. .

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

A . R/.a; q,: wl:-f-r/ht,Bp m.fm; (157)
8 = 8wp/ B2 = 16wl B5.

‘he parameter m./m; for pute deuterinm plasma may be taken as
constant. The range of the cliange in the aspect ratio, A= Rfa,is
usually not very large. The values of ¢, and, § 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-interpal 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)*". : (155)

As an internal characteristic length, let us accept the value

A =cpre= Vmectfdmeln. - (159)

FRCRONPRIRTN
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Then for a non-dimensional size parameter we can accept the number
M= a®/A? = dwna’ry - (180)

where 7y = e?/m.c? is the ciassical electron radius.

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

R 3/2 o M
vt = (—T—) 'q‘;R./)\. - o (161)

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

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

‘As is known, the mean free path for Coulomb collisions depends
' strongly on the temperature, A ~ 2 /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 : _ B
7 A= R/as Gas me/miv ﬁ1 'N'Da Ha ’7"_' l ' (162)
It is easy to check that all seven parameters are independent of each
other. : S
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: g ' '

' ',K' = a2/ p? = a’¢® Bp/2Tmic’. (163)

Here p; = ;e is the ion Larmor radius, v = /27 /m; is the mean
" thermal velocity, we; = eB/m;c 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 i = 2meIl/m;f using
the parameters introduced in (162). For my part, I do not feel that
the parameter K plays any role in tokamak plasma physics. Usually
k-1 is very small and can be omitted from the sel of important
parameters. . S ‘ :

The non-dimensional parameters define the internal physics of a
mplex system. They are indicators of the fundamental state of

5



98 Tokamak Plasmi: A Complex Physical System

such a system. As for dimensional parameters, they look like some
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 dimensjonless 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 ¢ 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 N5' — 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 8
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
})ut enters as a result of interplay between the heating and energy
osses, : ,

Hence the most natural assumption is Ng! — 0. Note that Np
is also contained in the argument of the Coulomb logarithm but the
latter is such a weak function of Ny that it can be considered as a
- constant. If Ny 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. Becausé for given A and ¢, the
dimensionless parameters scale as ‘

8 x nT/B? Il « na® e a,'n/l’.]’"'2 (164)
the dimensional values allow the following scaling
ex B-%  no B T o BYC. (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 aB x ¢
In other words, the product fa'/% can be considered as the main
parameter of this family, This value labels the family of self-similar
tokamaks. To a rough approximation the current is the most im por-
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 7gwg is dimensionless so that the value Brg depends on the
dimensionless parameters only. Instead of the Tgwp 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 transpor{ losses.
Hence, according to (165), we have only two independent combina-
tions '

—1/4_

Ba®*  nB78S. (166)

Bry 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~'%)

An éxperimental 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/Pou 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.

6.3° Murakami and Hugill Numbers

Let us consider now atomic processes. This means that we involve an
additional parameter %, 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?/ke, the fine struc-
ture constant, is dimensicnless 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
(or the appropriate parameter we should consider the corresponding
physical background again. ‘ ‘ '
For convenience we may introduce atomic units for length, velocity
and energy
h2 82
T e - TR fa =

meet

k2

To evaluate the role of atomic processes we should compare appro-

(167)

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 #, 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 Fpy apparently is equal to 7j2,
where j is current density and 75 is electrical resistivity. The average
current density is proportional to cBy/q, R, where ¢ is the velocity
of light (here we use again caese units). Electrical resistivity can be
evaluated as ' '

Mol Lr?

7?"_" W:.nleef;F(T*) (168)

where v, is the electron-ion collision frequency, 7. = T/¢, is the
non-dimensional temperature, F is a factor of the order of unity at
T. ~ 1 and decreasing as 75"*/* at higher temperatures. In (168) we
emphasized the factor L ~ 10: it is the Coulomb logarithm which
takes into account the lons, range character of Coulomb collisions.
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Thus, the average power of ohmic heating may be expressed as

c2B% LK

2 R? m.e

F(T.). | (169)

Poy =
As {or losses due to radiation and ionization, they can be written as
2.2 1 2‘32&‘
Pp = n2r20,6,G(T.) = » E—G(T')' (170)
e

As can be seen, Fr increases as the square of the density and if Pr
becoimes comparable to Pou, then atomic processes start to a play
significant role. That is why as a characteristic of this role we may
accept the guantity Pn/ Pou which can be expressed as:

Pn/Pon = H*G(T.)/F(T.) Soamn

where

i = R (172)

BxVL
~n = e?ffic~ 1/137 and L is a number of the order of 10.

In expression (171) G/F is of the order of unity at T ~ 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 which we call the Hugill number. it
we put L'equal to 12.3, H will have the following numerical value:

H = ng.R/Br : (173)

where the average density 7 is measured in units of 10%° m~3, R in

metres and By in tesla. !
in addition to the Hugill number, the so-called Murakami number
[62] is used . ‘ _ . &
o " M =nR/Br. | (174)

Tt is expressed in the same units. M is used for plotting the Hugill
diagiam (figure 3.9).. We should note, that the straight rays from the
origin of the coordinates on the Hugill plot of figure 3.9 correspond to
the lines of constant H: I/l = 1/¢s = 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 Lthe Green-
wald criterion [64), #. = constant X Js, Where 7, is the current den-
sity averaged over the plasma cross section. The Murakami Himit,
n ~ Br/R, corresponds o 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, = /27 /m,. The
ratio j/env, is approximately equal to VLT H='. Here T, is the
dimensionless electron temperature expressed in atomic units. At
temperatures of the order of several keV the value of 7/enwv, is of the
order of 0.1H~!, 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 nsually anomalous, i.e. highly ex-
ceeding neoclassical values. Nevertheless, even iu this case, one may
try to apply methods of.dimensional analysis in order to find out
the main non-dimensional paramneters 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 75 on the basis of dimensional analysis. To begin with, let us use
the Hugill diagram once more $o that even our starting point would
be bound to the non-dimensional parameters. From a practical point
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 ge) = gy > 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 2 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 shawn in figures 6.2 and 6.3. '

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

5= TX 10~ 2naR*q,. (175)

Scaling expressed in such a way has wrong dimensionality. The right-
hand side of this equation is non-dimensional, but should Wave dime-
sions of time. In order to restore the dimensionality of (175) let us
express it in the following way:

-2 ]
g = 0_.4—;-—aR2qa (176)
0

where A= = 4me?ii[mac?, vo = 2 X 107ms™!.
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pellet injection: 1-—gas puffing; 2—rminor pellets; 3—large pel-
lets. Full circles—limiter, open circles—divertor [103, 147}

‘The quantity v, is the mean thermal velocity of electrons at 1keV
temperature, i.e. v, = voVT, 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 v, %eplaped by

Ve, i.€. 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 depeéndence upon density is
valid only up to some critical density n, above which a saturation and
sometimes even slight decrease of 7z with density is observed. The
critical density value n, at which the transition from one dependence
to another occurs is given by the Sltimomuira relation [26]

 n =~ BrJ/AJ2/0R. -am),

It means, that the transition line corresponds to the Hugill number
H, = 4/ Ai/2, as shown in figure 6.4. Above the critical density the
energy confinement time may be considered as neo-ALCATOR at
i = ng, i.e. '

TE=TX 10'2aRBT\/ Al/2 (178)
This statement does not affect the Frascati tokamak (FT) results
(65] which will be discussed somewhat later.

PrCE VRO
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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 ihe Troyon limit is situated on the Tugill plane. It is
convenient 10 ¢xpress B 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 = Ty(1 — r?fa?), n = ma(l — 72/a?). Then with g = 2.8 we can
express the Troyon limit in the form

H. = TaBc/Ty (179)

where T is expressed in keV and . is the ITugill number at B = Be.

We immediately see that at a fixed value of aBr/To the ballooning
limit corresponds to H = 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 Hy = /Ai/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 confinerment scaling with auxiliary
heating. It is convenient to start from the Goldston scaling

e =3.7X% 10'2IR"7"’a‘°'37I(“'5P”“'S(AI/I.S)U'S. (180)

Here we use again MA, metres and MW units. The factor with
A; takes inlo account the isotope effect reflecting the fact that the
original scaling was based on experiments with H and D mixture,
Ai = 1.5

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 seeking for accuracy but looking for



106 Tokamak Plasma: A Comple.;t Physical System

parametric clarity let us round-off the power indexes, so that, for
dimensional analysis we accept a very simple dependence

T 6 x 1072 R1Pq-05 p-0s (181)

which approximately agrees witls (180) for large-size facilities. Tak-
ing into account that P = Wi /rp where W = 2% R{3nT) is the
total thermal energy of plasina, then, squaring (181) and eliminating
P we get the following simple relation

2
TR = 7 X 10“313—. : (182)

wf,
Here g8, = 167 (nT)/ B2 and B, = I/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, lel us express it as follows

R

=14 x 10° )
E ?)Q(Lﬁp

(183)

Transition from neo-ALCATOR scaling (17G) to additional heating
scaling (183) occurs at

A* <3 %107 7a*8,q,. ‘ (184)

Let us introduce into our consideration an average Larmor electron
radius in the poloidal magnetic field B,: p, = 2’1‘rrzcc2/ezB§.

This expression may be written as: re = A/B,[2, where 8,/2is
the electron component in By Equation (184} may be rewritten at

q =4 as .
A <4 x 107 /ap,.

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 Lo r-mode scaling
with additional heating, as we sec, may be expressed as

i B,q, > 1 (185)

where 7 is expressed again in 1020,=%, This is a different version of
(184). -

Finally, we can find one other approximate relation for the point
of transition from nea-ALCATOR to r-modo 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 Tough approximation relation (181) can be
written for ohmic heating as. ) ,

p=ex 0PRSS (%)

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

uBy > JIR[ad. . (8D

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 sumimarize the results of our considerations. Tran-
sition from linear ALCATOR scaling to saturation in plasmas with
ohmic heating occurs at & 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 satisty 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 be made on the basis of empirical data,
namely that dissipation is not 0 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

4
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the ion channel adjusts to it unless the jon transport lowers down
to the neoclassical value. Then why does Goldston scaling contain
(A4)*7 Some light is shed by the relation n, ~ (4;)'? for the criti-
cal density of transition from linear r2H dependence on saturation.
As soon as n, corresponds o some fixed Hugill number and seems to -

be related to the processes at the plasma edge, the presence of the

factor (Ai)ll % in scaling may be related to plasma edge phenomena.
The lighter ions 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.5 (where plasma. confine-
ment was improved by heavy impurity influx from the walls) support
this point of view. Thus the edge plasma may be 2 i essential char-
acter in tokamak transport phenomena. We will sve in section 9.3
that mechanisms with ion mass dependence may exist even .inside
the bulk plasma. :




7  Non-linear Plasma Activity

Tokamak plasma ‘ives a very complicated life: many collective pro-
cesses spontaneously develop and persist in it. Some of these pro-
cosses 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 mup-perturbations, and kinetic, related to electron and ion
nou-equilibrium distribution functions.
The present chapter covers mainly regular processes in plasma.

7.1 Mirnov Oscillations

Mirnov and Semenov having instalied 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 mosl 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 jook like perturbation
bursts with different numbers m ~ q(a). Each such burst is ac-
companied by energy loss from plasma, and even by local current
disruption al the plasma periphery [67].

Such oseillation hursts can be described theoretically {68], as the
result. of a tearing-mode development when g(r) dependence is non-
monotonic. The bursts during current rise may be suppressed or
even climinated by gas puffing which creates more stable current
densily 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

109
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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.

T.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
lemperature drops at the centre the temperature profile flattens, so
that the temperature decreases inside some radius r, and increases
_directly beyond this radius. The 7, radius is called the inversion
radius. -

After a drastic phase of temperature drop in the r < r, 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 7,
are plotted. The sharp flattening of the temperature profile is called
internal disruption. _

A simple model of internal disruption was proposed 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- A
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 B3, = Bg—(r/R)Br has
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Figure 7.1 Eleclron-temperature-profile flattening at an
internal disruption,

different sigus on both sides of radius r,, as shown in figure 7.2(a).
If the plasma column inside 7, is perturbed according to the heli-
cal m = 1,7 = 1 mode then in each cross section, this perturbation
} looks like a simple displacement. Asis seen in figure 7.2(b), a current
‘ layer with oppositely directed magnetic fields is formed. Due to fi-
nite conductivity in the ab current layer (figure 7.2(¥%)) 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 shown
in figure 7.2(d). Now B, has the same polarity everywhere, i.e.
¢ > 1. But as a result, a cooler plasma occurs at the centre whereas
a hotter one forms at the periphery. Thus, r, radius indeed is an
. inversion radius. After each internal disruption a much slower phase
t 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 Jower than unity, and the column becomes prepared for
a new internal distuption. .

This simple model explains the main eflect—the relaxation nature
of the oscillations with a slow 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
aled up to larger size (figure 7.3). Its width is of the order of ry,
and-thickness é is determined by the magnetic field diffusion rate. As

he field diffuses into plasma and magnetic lines reconnect, plasma is
foxtracted from the layer. A kind of ‘catapult’ of strained magneiic
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directed fields B°; (¢) reconnection of the curvent bayer ab due
to finite plasma conductivity; {d) final result. of reconnections
awxiliary magnetic field is unidirectional. '
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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(b}). An
estimaltion of the reconnection rate can be bhe made in the following
way.
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Let At be the time taken for a'layer renewal, i.c. 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 4. Smce 62 ~ c? /41r(nAt), where 7 1s reslstmty, we

obtain 12
: e ,
6 ~ n— 2 i ‘
(47""%) ,
. Now we can ﬁnd the time of complete reconnectlon T~ r,At/6

TR, ) g e

TN(TATR)”! C 3 (188)’

_where T = cA/r,, TR = 41r1'2/c 7 ‘

A comparison of this simple model of lamlnar rt.mnncctmu w1th
experiment has shown that it describes the main. features of the
phenomenon guite satlsfactonly However, the accumnlation of ex-
perimental data had indicated a great variety of possible forms of
reconnection, which entailed the necessity of model improvément

and, in some aspects, its, se.rlous modification.

To simulate numerically a ‘saw-iooth’ one should describe JLS 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
dens:ty of current carrlcrs . As a result, the resistivity is modi-
fied n 2 19(1 - 2\/c)"}, where el is the classical Spitzer resistiv-
ity, € = 7/R, and the multiplier in brackets takes into account.the
electron- -trapping effect. Due to toroidal correction,, the stationary
temperature profile tends o sharpen even for a flat temperature
profile the resistivity at € = 0 is lower thap that at some distance
‘from the magnetic axis. The phase of current density restoration
lasts for the resistivity time . If one assumes that r, is propor-
_tional to R one may obtain {73], a very simple semi- empmcal scaling
for the period of saw-tooth oscillations o

rsr =~ 1072 RT3 [ 2,0 - (189)

Here R is the major radius in-metres, 7% is the electron temperature
in keV, Z.r is the effective ion cha.rge, T¢1 I8 in seconds. There
are some other more accurate a.(.almgs for Ty [74], but (189) is Lhe
Simplest one.

'The second phase is the phase of the sharp temperature proﬁlp
flatiening i.e. an internal disruption. Three questions arise:-what is



114 Tokamak Plasma: A Complex Physical System

the trigger of the internal disruption (i.e. type of instability), how
does the disrnption develop and what is the time of disruption?
To discuss these questions one should turn back to the simplest
model 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 g, inside radins r, ex-
ceeds a certain critical value [59). 7
The real process of reconnection. may-substantially differfrom the
ideal picture of a quiet evolution of the ‘moon-like’ island descibed
above. The facl is that every force tube ‘catapulting’ into A may
' drastica.]]y perturb plasma. and create mup-turbulence. I a turbulent
zone is formed in region A then the B.'mean value may dlsappear 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 T
point.

Further on, the stochasticity ‘of the magnetic lines may appear
due to the toroidicity which violates the ideal helical symmetry [76].
Both types of stochasticity may change sngmf‘ cantly 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 a]ong a
magretic line of length ¢ R with thermal velocity v, = \/2T/ 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 Ir'l_‘s_tability
The diqruﬁtion instability was discovered in the easliest phase of ex- |

periments in tokamaks [8,10]. The first observations had shown-
major cha,ractenstlcs 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
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loop voltage, positive current derivative and drastic decrease 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 Mub-
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 discharge phase
the disruptions develop while approaching the operating limits, Cor-
respondingly, the disruptions may develop at the
— density limit,

— qq limit,

— f3 limit. ‘

The disrnptions 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



£16 Tokamak Plasma: A Complex Physical System

—- by changing the geometry from a limiter to the divertor with
a separatrix; _ _ .

-~ as a result of a large ‘saw-tooth’, especially at low g,;

~ 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. Constriction of a current channel due to radiation losses;

2. Mup-precursor, such as kink modes growth, particularly m =
2/n = | mode; sometimes this mode slows down with the fre-
quﬁmcy 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 still be restored., If differenf 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 exampfe, figure 7.4 displays the energy and current
decay in JET. As we see, the energy quench is very fast—Iless 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 Mup-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 penetrate inside-the |

plasma core and Lo 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. o ‘
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. o : : :
' Applied to a tokamak plasma with Br > 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 looks 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
. Tegions 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. .
i Disruption in large tokamaks is a kind of modest accident: a large
- amount of energy is releaged to the walls. In addition to the thermal
mpact, 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.

$-
%4  Fan Instability

f fast particles are produced in tokamak plasma, both electrons
@nd jons, then kinetic instabilities. can develop. One of the first
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kinetic instabilities discovered in the experiments [81] was called 3
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 ¢ > |

A cons:derable 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 < 0.1Fp, where the value of the critical field

Eo = 1oTefere (190)

has been called the Dreicer field, yp is the numerical coefficient, Xe
is the electron mean free path.

Run-away electrons may appear near the left-side limit on the
Hugill diagram (fignre 3.9), and also at the initial stage of the dis-
charge when the loop voltage is high enough. Run-away electrons
are injected more 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 ~ 5 ~ T“’f 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”v" = +‘-‘_-_’ce or w —‘k”v“ :-“‘ —Wee (]91)

where w is the wave frequency, k" is the projection of the wave vector
on the direction of the magnetic field, Wee = eB/m.c is the e]ectron-
cyclotron frequency

The frequency w’ = w — kv is equal to the Doppler shif-ted fre-
quency of the plane wave exp(—iw + ikr), which is seen by the elec-
tron in its moving frame of reference. When ' 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 fuw and longitudinal momentum hku Then
the electron energy change is equal to

6E = 66+ 68, = ~hw. (192)
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Due to momentum. conservation the {ongitudinal energy change is '
~ equal to 88 = myydyj = —vylik). Thus we have for the'transverse
- energy change f P
651_ = —ii(w - k"v“). (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
I happens. Namely, the electron increases its transyerse energy while
radiating the electron-cyclotron wave in the anomalous Doppler ef-
fect. o '

The phase velocity v, = w/ky 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 wee, 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.

CTh fFish-borrle’VInstability

| 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 mun-oscillations resembled the skeleton: of
a fish (figure 7.6). o : - :

Similar to the predecessors of a saw-tooth crash, the ‘fish-bone’ is
am =1, n =1 modde. 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
f toroidal g, i.e. Bg, = 5%. The instability leads to intensive loss of
2st jons 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 p_oioidal-ﬁcld lime .deri‘va_Lt_ivé o
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 stablhzed runtll
the next burst.

“Theoretically the “fish-bone’ instability is explamed as a kmetlc
excitation of the internal helical mode by fast ions [84]. When 4,
Jncreases the internal helical. mode reaches-its excitation threshold
.80 -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 osc1lla.t10ns drop until the next spike of fish-bone .
activity.

A fish-bone mstablhty is dangerous because it throws out a s:g
nificant amount of fast ions trapped in plasma. There is a danger |
that a similar process may happen in future fusion reactors where




o

" 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 sometimes observed in this fa-
cility at B, 21,5, e < 102¢m-3, generally the plasma was stable,
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7.6 Edge Localized Modes

" In the ASDEX tokamak in the u-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 B,. Similar behaviour of these signals -
was observed in ASDEX during transition from n-mode to L-mode
confinement. Roughly speaking, one may say that the ELM resembles
a short pulse of H-L-# transjtions. In fact the plasma losses in a single
gLM may be even higher than in a quiet r-mode phase.

“The characteristic features of a set of Eums 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 H- to L-mode con-
finement occurs. During LM pulses one may observe helical pertur-
bations of higher modes, m = 3,4, s0 that m/n is close to the value
of ¢, 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 BLM is something like an edge disruption. B

" Instabilities of eimM type have been observed in many facilities, e.g.

. PDX, DIIL-D, JET. The presence of eLm oscillations does not mean

 that plasma should transit into the . mode: n 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 n mode appeared to be too
quiet and accumulating impurities as predicted by the neoclassical

theory. - oo - : o
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 BLM discharges with a
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Figure 7.7 Oscillations in the eLM mode [87).

carefully optimized eLm repetition rate stationary conditions could
be achieved.

7.7  MARFE

In the ALCATOR-C facility at very high plasma density another
phenomenon was discovered which was called MarrE, for multifaceted
asymmetric radiation frum 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. o .

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 mMaRFE 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 Marre. Edge 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—wmarre—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
reason why the process of cross-field heat transport to the wall is
diminished there, C

MARFE, similar to BLM, is a result of plasma self-organization pro-
cesses in a tokamak. ‘A phenomenon, similar 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 thermal 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
experiments 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 jon 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 coeflicients of ion x; and

124
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electron ¥, thermal conductivity, as well as the diffusion coefficient
are determined very simply: xi = p?vi; Xe = D o2 plv. where p; and
pe are the mean Larmor radii, and v; ansd v, are the mean collision
frequencies; x; is approximately 1/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: x 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 B2/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-="v) fw. , where w, = eB/mec is the ‘cyclotron frequency of the
charged particle with mass m (here we use again cgse-units which
is more convenient for theoretical discussions). '

Let us consider the toroidal magnetic surface of circular cross sec-
tion with major radius R, 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(1 — ¢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 € = mufl /2 + mu} /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

s = 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 haye '”Izl < 2ev? at @ = 0. Indeed, at an an-
gle increase A8 = = the value of v} according to (194) would be-
increased by 2ev} but if uf 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’
v > 2¢v} 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 Fyy = —p, VB = mo? /2R and F. = mvj /R,
centrifugal force. These forces lead to drift with velocity vy, so that
the Larmor force evg B/e compensates the expulsion forces. In other
words, -
_ vi + 0% /2
w. R

where w, = eB/mc 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 Iooks like a ‘banana’ in the cross section -
projection. The ‘banana’ width is A ~ v,2, where £ is the transit
time of one half of the ‘banana’. For a typically trapped particle
with longitudinal velocity vy ~ v.4/¢ and total velocity of the order
of the thermal velocity the banana width is

A = gp/v/e o (19)

where ¢ = Byr/RBy, p = vy fwp and vp = V2T /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, 1/%, so that their displacement along the minor radius
is again of the same order as for trapped particles. However, for a

UYq (195)
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Figure 8.2 Schematic dependence of diffusion coefficient D
and thermal diffusivity on the collisional frequeacy. :

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

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 §?v.q where oy 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 Aeg = vr/ Verr is high enough compared with ¢R. Trapped
particles are the main contributors to transport in this case, so that
one ma,y gpeak about diffusion and thermal conductivity on the ‘ba-
nanas’.

The schematic dependence of the coeflicients 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 vrhich correspond to transferring the pa,rtlcles from
being trapped to .ransit ones and vice versa. Thus a single collision
can produce a characteristic dlsplacement of the order of A = gp/+/e.
Since for such a collision it is sufficient to change the longitudinal
velocity by vy /€ 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

Ve 2 V[ € (197)

since the effective collision frequency exceeds the mean collision fre-
quency by a factor of (v /o))

Bearing in mind, that the fraction of trapped partlcles is of the
order of /e, the correspondmg transport coefficients may be charac-

terlzed by )
VeAlvg = ¢ ug?p?, (198)
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This expression is valid both for jon 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 vmi/me. 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 jon thermal conductivity. '

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

v* = ve ¥R vy (199)

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

In region 2, where 1 < v* < €~%2, the average collision frequency
v is less than the mean bounce frequency qR/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 vvd [v?. Their
relative number is of order of v/vy, where the characteristic value of v’
can be found from the relation vq ~ v/qR. Thus their contribution
to the transport can be estimated as A*vgufvr ~ ¢?p?vp/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). N . ‘

The region of frequent collisions, 3, may be described hydrody-
namically. It is called the Pfirsch-Schliiter region, aftér 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 longjtudinal magnetic field the diffusion
arises due to finite resistivity: to maintain the equilibrium current
jL = —cB~'dp/dr, plasma shoild move with such a velocity to
provide a Lorentz force evB/c which compensates the friction force
enLjL, where 7, = m./e*nr, is the transverse resistivity. From here
we find the diffusion flux in a uniform field S

e dp
nv = —nﬁm_a—f-_. . . (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 Juo current
non-symmetry along §. As we know, 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 §j1 = €jy. cos § appears. Since the current lines are continuous,
i.e. divej =0,a non-symmetrical commponent of poloidal current 691
should be compensated by a longitudinal current fiowing along the
magnetic field lines S A -

B . 2¢r dp

"To ma’.inté.in this current a longitudina.l‘electric field Ey = njy and

E; = EyB/Bj should exist in the plasma. This field leads to radial
plasma convection with the velocity v, = cE/B = enyin/ Be- This
velocity changes according to.a cos 0 law, and might appear not to
lead Lo an average plasma flux across the magnetic surfaces. But
this is not true: the element of toroidal surface is dS = 2w Rrdf ~
9r Ror(1 + e cos ) d8, so that the radial velocity should be averaged
over the angle 8 with a weight (14€cos#) in order to find the average
flux. After.averaging and adding {199) we uvbtain :

nv'E —nIEIL (l -| m‘q . _ ”(2{]‘2)

~ Yor Coﬁlbmb '(_:ollisions in H and D plasmaé 7y, > 27, SO ﬂla,t, as
compared with a uniform magnetic field, the flux in toroidal plasma

'(202) is enhanced by 2 factor (14 ¢°)- Thus, the neoclassical values

of Xi, Xe 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-Schhiter
regions. : o ‘

Comparison of theory with experiment shows that the.ion ther-
mal conductivity is of the order of Lthe 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 Cufrent
The neoclassical theory has: clarified some other transporl effects.

For example, it allows one lo calculate the diffusion of impurities.
The impurity -diffusion cocfficient, obviously, has the same order of
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Figure 8.3 Bootstrap-current dependence on polaidal f,
[103]. ' .

to total current ratio fgs/j should be proportional to the value of
Bp ~ 8mp/BZ 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:

~ poc (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 ohmic confinement) is a regime of ohmic con-

~ finement at n > 7y, where the dependence of 7g on density is
saturated. soc is an ohmic analogue of the L mode;

- 10¢ {improved ohmic confinement) is a mode of improved ohmic
confinement, where the regime of linear ohmic confinement is
significantly extended towards high densities. Tnitially, this
regime was obtained in ASDEX by handling the plasma pa-
rameters accurately [104). It looks ike the ohmic analogue of H
mode. :

— the upm (high density mode) was obtained in TUMAN-3 in an
ohmic phase of the discharge [105] and is similar to the n 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 tlie 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 L mode is satisfactorily de-
scribed by Goldston scaling, or by its improved modifications.

_ — the 1 mode was first discovered in ASDEX [17]. Tt is the most

~ popular mode of improved confinement with additional plasma

heating. Just after this mode was discovered in ASDEX, the
terms & (low) mode and 1 (high) mode were established.

— 1L, the improved 1 mode in J FT-2M, resembles the 1 mode, but

: does not possess its characteristics at the plasma periphery.

1 -— 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 » 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 I1SX-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, o n

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; c-improved di-
verter confinement is a variation of 10¢, 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 vu 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 1 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 intgl;_est, shows how strong the effect of the transition from
the L'mode to the 1 mode was. If Tg degradation was clearly seen in
the L. mode at power increase, in the initial phase of the u 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
H mode, but 7z is still 2 to 3 times higher than in the L mode.

- The 1 mode is observed in the diverter as well as the Jimiter con-
figurations. It possesses the following main characteristic features..
Usually, at the r- 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 » power the plasma thermal ‘energy grows in time until a
liew 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 intensi ty drops. A thermal
barrier seems to be formed at the plasma, edge: electron temperature
rises almost up to 1 keV. On the DIII-1) tokamak the presence of such
a barrier and experimentally observed electric field ~ 300 Vem™! gi-
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rected inside the plasma indicate good electron confinement in the
. edge plasma- ‘ : . S L
~ The L1 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 §-modes are
compared in the ASDEX double-null DN diverter configuration. The
{hreshold power deusity at the plasma edge needed foriL-H transition
s about (2-3) 10-2 MW m™2 for different facilities. To establish 2
{ransition, additional heating is usually needed, but in TFTR and
pu-D o mode Tegimes were reached .al ohmic heating alone. The
confinement time for the 1 mode is usually 2-3 times higher than for
the 1. mode, although more accurate scalings are available. :
1t is reasonable 10 discuss the modes with peaked density profiles
together with the ohioic confinement regime. Figure 8.6 shows the
ALCATOR-C initial data which served as a basis for neo-ALCATOR
gcaling, and the results of peliet injection which eliminated TE sat-
aration with density. . Figure g.7 shows that TFTR pellet injection
allows one Lo InCrease \he ohmic density limit but 1t did not prevent
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Figure 8.5 Density threshold for L-i transition in ASDEX
[27].

the transition from the linear dependence of 75 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 r% to increase by 2--3 times as compared with the
I-mode scaling. In this respect the s mode Tesembles 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 L mode, and on the abscissa axis—
peaking factor of density profile, i.e. the ratio of .(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. Ti turns
out that n and s regimes are not completely different: recent ex-
periments in ' TFTR [106] managed to produce a u 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.
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Figure 8.9 shows the comparison of confinement times in a regular
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Figure 8.8 Plasma ecnergy confinement improvement - in
TTFTR as a result of density-profile peaking [139)].

ohmic regime (Loc + soc) and in the regime of improved confine-
ment 1oc in ASDEX. The authors have shown that discharges with
Tg 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 ioc 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 roc to soc, it usually corre-
sponds to the Hugill number value H = H, ~ Vv Ai/2. However, in
devices with strong toroidal magnetic field the predicted soc-value
of energy confinement time might turn out to be higher than the
corresponding 1. mode value. This happens when relation (187) is
fulfilled. In this case the L-mode value of confinement time is valid
at high densities even at ohmic heating. For example, figure 8.10
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Figure 8.9 Improved ohmic confinement mode in ASDEX:
the broken curve cortesponds to the saturation mode; dots and
citcles—two different 1oc modes [38]. '

shows good agreement between the experimental data in FT [60]
and the predicted value of 7;; accordirig the recipe given by Gold-
ston [27): T5® = Ton + Taux Where 7oy is the energy confinement
time in ohmic regime, and 7,yx under additional heating. In this
case the saturation in respect of density begins at lower values than
Tige
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 8.11 Simplified scheme of the diflerent 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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n

* Figure 8.12 The hest theoretical mode of confinement looks
like a superposition of the superclassical confinement (1) and
electron plus ion meoclassical confinements (2}.

cealistic truth. We know that electrons are always anomalous. Thus
we have to accept for them not neoclassical but anomalous {ransport.
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 mfode of confinement, when the electrons correspond to
neo-ALCATOR i.e. superclassical, and ijons to neoclassical trans-
ports, is realized by the Loc-iocC 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 10¢ 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. Il 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 amaplification. :

The most typical mode of confinement is the L mode which is
shown in figure 8.11 by a continuous line aux-L. In Tough approxima-
. tion the aux-Lline can be considered as the soc line decreased by the .
ki factor (Pou/P)™*, where Poi i the ochmic heating power. By the
way, this simple procedure is known as T-10 scaling. As we see in
g figure 8.11 the density value for transition to saturation diminishes
L as compared with n, as na( Pouf P)°®- Thus with increase of the
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auxiliary heating power the area of Loc scaling on the Hugill plot
shrinks (see figure 5.3).

If the enhanced confinement mode, for instance, u mode, is re-
alized then the corresponding Aux line in figure 8.11 is enhanced
two-thr e times higher than the aux.r line. If the L-1 transition oc-
curs at density lower than ny; we observe something like the Testoring
of the Loc mode with neo-ALCATOR scaling. But at n > ny the
aux-iH 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 auxh line can be situated higher than the
soc line. This takes place in the nom which looks like the v 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. o -

Thus, summing up the results of different confinement mode stud-
jes 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 .. 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 L mode. For the v mode the possibility, of improving con-
finement is associated with the formation of a thermal barrier for
electrons on the plasma boundary. The n-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, P and roc modes. Com-
binations of these are also possible. o ‘

Now we see that only the best confinement regime rLoc-soc ap-
pears to be stipulated by some fixed transport coefficients. All
other regimes, namely soc, aux-H, avx-L, indicate that some self-
organization-type phenomena can be present in tokamak 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 thé non-dimensionally similar discharges with :

the same parameter Ba®* = constant (see formula (166)). In such |
a fa,mily_ of similar discharges all plasma characteristics have to be |
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dependent on a single variable nB-16, 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 ¢ and Bae%/* the M parameter
is proportional to nB-13. This is not very much different from
nB~18, so that, even with the atomic phenomena taken into account,
there is eflectvely 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. L

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 intérnal plasma activity,” = o

1. 8.4  Scalings

A large database on plasma-energy confinement in tokamaks may
be summarized in simple empirical values for 7, 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
xperimental data well enough. Applied to other facilities such scal-
tings are not always correct. Nevertheless, step by step more or less
funiversal scalings have been established. We will mention only some
bof these scalings. ‘ : ‘
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Figure 8.13 Comparison of energy confinement tirﬁe versus )
density (a) in dimensional units for 3 tokamaks of very differ-
ent sizes, (b) in dimensionless variables for dimensiqha.lly simi-
lar TFTR and PLT plasmas, {c) in dimensionless variables for
dimensionally similar TFTR and ALC_ATOR.-C plasmas [107].

In the vLoc regime the experimental results are adequately de-
scribed by neo-ALCATOR scaling

wa = 0. 07naR2q, - (207)

- where ¢ is the eﬂ‘ectwe safety factor with’ ‘respect to kink modes j.e g
a cylindrical equivalent the correct value of which for shaped plasma
[135] can be. simplified again :

q‘

RI

Here g is the minor ra.dms in metres R the major radms, I the cur” 5
rent in MA, n the mean density in 1020 -3 , K = bjathe elongatloﬂ‘f
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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, = -I?—q\/AiK/Z (209)
and transits above it into the Shimomura [110] scaling

7, = 0.07aRB\/AK/[2 (210)

where A; 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

75" = Ton + TAUX: (211)
The Goldston scaling for the 1. mode is as follows
T= _0.037IP‘°""R"75a“°'37K°'5(A1 /1.5)%%. - (212)

Here P is the plasma heating power in MW. An isotope correction
factor is added to reflect the fact that empiiical data for Goldstor
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} ete.
The general feature of all these scalings is confinement degrada-
tion with power. In power-law scalings this degradation is close
to 75 ~ P~°%. For instance, in very simple T-10 scaling

Ty = TO}[(P/POH)_Q V (213)

the energy confinement corresponds to the diminished ohmic heating
value. The power index @ in (213) is not very different from 0.5.
. According to (213) the aux.L line in figure 8.11 corresponds simply
:  to the Loc-soc line lowered by the factor (Poxu/P)®®. This recipe can
"  be accepted for the case when instead of the soc line we have in fact
the ohmic -mode line (as in a FT device, for example}. But when
the soc-line corresponds to Shimomura scaling, it is not so evident
R that (213) can be applied. When accepted (213) means simply that
i its accuracy is not sulficient to discriminate both scalings in medium-
i size machines. :

Detailed analysis of all scalings for auxiliary heated plasma was
. undertaken by the ITER team [28]. It was shown .hat the difierence
k- 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 f

other to g.s. Many different scalings were summed up as the ITER-

89 scaling
TITERS9-P _ 0.048I°‘35R1‘2a°'31(2‘5nb'1BO'ZA?'s p-0s (214)

Here K, means separatrix elongation and all parameters are ex-
pressed in Mks units, accepted by us in other empirical formulas.
The expression (214) is somewhat complicated. Perhaps it could be
corrected further in future. For theoretical discussion it is more con-
venjent to simplify (214) by expressing B through J, dropping the
density dependence and by rounding off the power indexes

TeL & 6 X 1072 LRIPKOS(4;/2)08 P05 (915)

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 1. mode of confinement.
For the n mode the energy-confinement time is larger by a factor of
about two. Sometimes, as in the ve mode for instance, this factor is
equal to about three, _
There are also scalings for the w mode. We shall mention here
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 . :
TEH ™ O.IIRI'S(A;/2)D'5P"0'5. ‘ (216)

Here the isotope effect is taken into account with the usual assump-
tion that 75 ~ AP, The authors of paper [111] claim that (216)
does not contain the dependence on K. As is seen from compari-
son of (215) and (216) the u-mode confinement time is almost twice
greater than the .-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)' V (217)

Here Woy is the thermal energy of the plasma at ohmic heating, Poy
is the ohmic heating power before additional heating, 7, is the so-
called incremental confinement time for which experimental scalings
were proposed. As compared with the power law the linear off-set
scaling contain twice as many fitting parameters and which is why
it is less convenijent for extrapolation to larger devices.
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8.5 Thermal Conductivity, Diﬁ'usion and Viscosity

1t 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 Tg global energy-confinemert time.
Unfortunately, the experimental information concerning these coef-
ficients is not as comprehensive as information on Tg; MOTeover, 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 pe 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 ions are nor-
mally determined in the following way -

aTei
[ei= _ne.iXe,i"'E;'_° (218)

Thus, TeiXei PI3YS 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: & = Cx, where C is the specific heat.
Since the plasma thermal energy is equal to 3(neTe + n,T})/2, then
according to common practice, 1.5%,iXe,i 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 7g. One may roughly assume that

g~ a®[4x (219)
where  is the half-sum of thermal diffusivities Xe and Xi. *

According to experiments, jon 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 Mmore. The electron thermal diffusivity is almost always
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anomalous and usually exceeds neoclassical values by two orders of
magnitude. It may go down almost to the neoclassical value only
in the 1 mode inside the high-temperature thermal barrier at the
plasma edge. ' i

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?2s-1,
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 ny, 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 2 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

o [T o
o R V2w, B

This expression is written in case units, e = 7/R, ry = €2/m.c? is
the electron classical radius, T, is the electron temperature] '4; is
the atomic weight. T suggest we call expression (221) superclassical
thermal diffusivity. The reason for this is that it contains classical
values only while A = /4mwnr, 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 ~ (BJwl)ve/qR o (222)

where wp, = y/d4me?n/m, is the plasma frequency, v, = V2T /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
¢"/4. 1t is clear that the surrclassical 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, xmwm 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 2 Xe- (223)

As a matter of fact, the multiplier in front of x. 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 y azimuth as well a5 along the minor d
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. Ton-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

Tp ™ 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, > 75 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 rg. 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 conductivity, diffusion and
viscosity) points to the fact that-they are determined by collective,
turbulent processes, and only at very quiet conditions may they go
down to neoclassical values.



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’, L.e. 1o relatively small external perturbations.
A more detailed study of these Aproperties,revea,ls 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 cffects 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
2 long time as one of the essential features of plasma. Here we are
- gpeaking 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
offort in additional analysis. Indeed, plasma temperature attained
by Joule heating should obviously be maximal in the centre and drop
to very low values on the walls. .

Moreover, intensive plasma cooling due to atomic processes at the
petiphery produces a ‘pell-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 plasma column cross section.
As is seen from figure 9.1, one may distinguish three zones in which
transport processes play the dominant part: 1-—saw-tooth oscilla-
tions; 2—heat transfer; 3—atomic processes. It is just zone 2 which
is responsible for magnetic confinement. The volume of zone 1 de-
pends on the ¢ value at the plasma column boundary, i.e. g,. If
qa is reduced, then the inversion radius r, of saw-tooth oscillations
grows, and, consequently, the saw-tooth contribution to the total
heat transfer also increases. In large and middle-size tokamaks the
zone of saw-tooth oscillations does not disappear completely even at
high g, values: the central value g(0) continues to be slightly less than
unity even in these cases. Thus, the plasma column seems to be ‘sup-
ported’ by a certain current density at the centre, so that g(0) ~ 1.
As the total current grows, the current channel simply broadens.
This very fact noticeably aflects the profile’s ‘self-consistency’.

In fact, if one takes a certain point v = a., where ¢(r} starts to
grow considerably with r, it is natural to assume,/that a significant
portion of current flows inside this radius. But.then, a? should be
proportional to total current. Now let us intrediice non-dimensional
radius p = r/a, where a, is expressed as

@. = /RI[5B7. (225)

In other words, a. is the radius, inside of which the total plasma cur-
rent with homogeneous current density and g = 1 inside the currens
channel could be placed. ' ' '

In a tokamak steady-state phase of discharge the current density
is proportional to 7'%/2, since it is equal to j = ¢ E, and the electrical
conductivity ¢ ~ T§’ 2. Therefore, if j and T, profiles decay beyond
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r = a., then similar profiles, dependent onlyonp =T {a., may exist.
In other words, they resemble self-similar profiles which are functions
of ¢, but not directly of 7.

Self-similar profiles reflect somewhat better the sense of ‘profile
sell'—consistency’, but theit resemblance to the experimental profiles
is not very decisive, since g(0} settles at a value of about unity and gq
values are maintained to be not very high at the plasma boundary.
This fact alone together with ‘hell-shapeness’ makes the profiles look
similar. ‘

More evidently the effect of profile solf-consistency Wwas demon-
strated by the direct experiments on 7-10 {113]. The T-10 tokamak
is equipped with a powerful set of gyrotrons which permits the intro-
duction of aboul oMW power at the clectron-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. T\, can be seen that, in a certain interval
of R 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 offective heating. The pressure
profiles remained even more rigid. The rigidity of the pressure pro-
file increases with the parameter n/l, so that one could speak of
reaching some optimal or canonical profile [113,]14] at large nfI
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 2 simple’ enough picture for the plasma self--
consistent global state. Some energy principle seems {0 he more
attractive. This approach was developed by Taylor to describe the
plasma relaxed state in the reversed field pinch [115]. 1t 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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Figure 9.2 Increment of plasma energy with Ecﬁ-heating ;
as a function of resonance position (n. = 3 x 10! m7?,
Pup = 820kW): I—plasma current I = 270 kA; 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

I(:/A-B21rrdr o (22)

where B is the magnetic field vector, A is the vector potential of
the magnetic field. It is & that js conserved at local reconnections
of magnetic-field lines.

The logic to constrain the helicity is the following. With the help
of miD equations 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 £ 4+ MK, where £ is the magnetic field energy and A
is a Lagrange multiplier.

’.’ghe procedure leads to the solution with the force free magnetic
fielc :
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VxB=aB a = constant . (227)
Tt follows from this relation that

Bz = Bng(T) Bg = Bng(T).

Here Jq, Ji are the Bessel functions. Near the axis B, is much
smaller than B,. Thus from the point of view of tokamak ordering,
By > By, the force free solution leads to the homogeneous current
density distribution

B, ~ B, = constant B, ~ 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.

Yor tokamaks the energy variational approach was proposed al-
most simultaneously in three papers: Hsu and Chu [116], Biskamp
[117] and Kadomtsev [118}. Formally, it relates Lo requirement of an
extremum of plasma and poloidal magnetic field energy

_ (B _»
g_/(87r+'y—1) 2rrdr (228)

under an additional constraint
I= ijm‘ dr = constant (229)

and the assumption that the plasma pressure p and the current den-
sity j are functions of g or = 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 g = 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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In order to find out whether these reconnections are favorable
from the energy point of view, one may compare two states: be-
fore and after reconnections. When the energy of the final state is
lower, the reconnections may develop even if some intermedjate po-
tential barrier exists to prevent the release of magnetic energy of kink
modes. Perhaps this very barrier leads to the relaxation-type feature
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, as
a consequence of non-linear tearing mode "development, a tubular.
layer with stochastic magnetic field of reconnected magnetic lines
is formed. Plasma in this layer can smooth out préssure along the
magnetic lines, so that a loeal pressure plateau can be formed. This
is shown in figure 9.3(5). Since there is no pressure gradient in this
area, a force-free tfagnetic field is produced, i.e. 7 current flows along
the magnetic field lines

J =aB. (230)

We can assume that all the stochastisized layer is filled by a single
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-3 = 0 it follows
that B-Va = 0, i.e. « 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 u(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 I = constant, one shouid find the
variation of F' = £ + M functional, where J is a Lagrange multiplier.
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:
@ /!, 85/6p = §' /) where primes indicate derivatives over
r~hco

hugzd's, one Ay p = p{p), j = j(p) in the variations
considered. 4 Taete pp 4

One should note, that thi “finial 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
_ ¢ d(rBy)
T 4rr dr
Tt 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 aulomatically conserved, and the corresponding term would be
immediately excluded from the free energy variation. 2 - AT
e TS \"ﬂ)

i

(231)

Since Zos
= MBB= R dy i (3L
T BT : ’J"BT dr q 5’5"-

and 1 flux is conserved outside the stochastic layer, the functional
F = £ 4+ M may be varied over % on the assumption that p = p(y)
and j = j(u).

Supposing 84 is localized in the vicinity of a rational point (see
figure 9.3(d)), then after variation and integration by parts we obtain

ﬁfggcﬁ}:r%’}}-" ' 5F'=_fQ5¢dr & g;{"] (233)

e

g i ’ R a4 (B ir d vl
1 - _ & odfbr ., 2T CP ™ 234
" 4By dr(RET”+q'—ldy.+4nAdu)' (234)
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If @ = 0 we obtain a neutral equilibrium staie with respect to sto-
chastic layer formation. And since, according to figure 9.3(d), 6 < 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. . : S

In order to find relaxed state profiles, let us choose the simplest
dependence of p and j on u ‘ '

2 sy p=pop’  j=gult. - (235)

3 v £¥The p value is naturally considered to be equal to unity at the cen-
3¢ 'tre since the saw-tooth oscillations belong to the class of relaxation

processes under consideration. Therefore Po and jg are the. corre-
sponding values at the centre of the plasma column.
Inserting these expressions into the Q = 0 relationship we obtain

Gy p=Q1+p)"" p=p(1+p%)77 =014+ )7 (236)

where
p=rla, a? = RI /5B jo = 5B/nR.

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 chaice.

Comparison with experiments [118] shows that profile p = py(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 g again behaves
as (a3 + 7?)7%, af being a constant not yet defined.

Thus, for JET it is natural to assume

_J1 ) ' free, 237)
PEV @)@+ ifrn<r<a, (

At the plasma edge 1, = ¢;' = RI/5Bra® = a?/a?, i.e. the experi-
mentally prescribed value. Therefore, according to (237) there exists
a relationship between a? and r2

fa(a) + a*) = a? + r2, (238)
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Figure 9.4 Comparison of the plasma pressure distribution
profiles with the experimental data: l—p = po(l + pz)""‘;
2—p = po(} + £ ° e .

At 7, = 0 we have @ = a2(1 — pa)”! and at ap — 0 we obtain
a maximal possible value 77 = paa? = a?. From (237) and the
relationship (231) between j and By it follows that

1 ifr<re S
= Jg 4 - . ‘ 3
7= { au?/(a + 1)) frp<r<e (2_ 9)_

where jo = 5Bp/n R. For the profiles (237) and (239) one can esti-
mate the value of free energy F = £+ M, by excluding the Lagrange
multiplier using the @ =0 relationship, where @ is given by (234). It
turns out that J* has a maximum at r, = 0 and reaches its minimum
at 7, 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 7y — 0. . S ~
Another :model for optimal profile treatment was proposed by
Taylor [125]. To describe the plasma state with the stochastized
magnetic 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 coordinates
of the filament 7 in the cross section z = constant. We use notation
Ys(r,7;) for the elementary poloidal flux at the point r from the ith
filament with coordinate »; in the cross section z = constant.

Ther we have the equations for the (z;, ) coordinates

*E T TBey, Td: T Boz (240)

Here

H=3Y jldurir)
i

As we see H plays the role of a Hamiltonian for the (z,, y) points
considered as ‘propagating in time 2°.

We can use the standard statistical approach to the dynamical
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 * -

Jatp(r) = Z jf?,bs(r, ;)
§

at the point ». We obtain the model of particle motion in the ‘gravi-
tational’ potential 1 with j, playing the role of the mass of a particle.
If the Boltzmann distribution is reached, then

J = joexp(—fp). S (241)

Here 8 = j,/T.,, ju 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 v we have

8up=Thep(-py). (242)

The solution of this equation with cylindrical symmetry looks like
the canonical profile, j = 7o(1 4 r?/a2)~2. The constant a. increases
together with the artificial temperature T,,. -

Thus a very simple model of current filament pattern leads to the
same optimal current density profile in the stochasticized magnetic
field as the variational principle. We shall discuss this feature in
section 9.4, i S
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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
jion 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 su-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-H transition when
the pressure profile near the plasma edge becomes much sharper
as compared with the canonical one. Anaother experimental fact,
namely the existence of so-called hot ion 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.

0.3 Spontaneous Breakdown of Symmetry

We intend to show that the high-temperature plasma in a Loka-
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-1I
superconductivity, rotating He II and so on. However, there is an
essential difference, because in a tokamak plasma the breakdown of
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Figure 9.5 Mﬁgliel.ic island stfuctﬁreq (a)in tlle.cy]indrical,
plasma column; (b) toroidal variant of island structure which
can be pumped by lons ‘

i

symmetry occurs in a highly non-equilibrium state a,nd has the a,p-
pearance of a self-organization phenomenon.

" Let us start with a small perturbalion of cylindrical symmetry: 1f
the amplitude of the magnetic field perturbations is very low, it can
‘be considered as a superposition of Fourier modes like exp(imt?—-—incp),
where m, n are the azimuthal nimbers, # 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 ¢(r;) =
m/n. Here q is the local safety factor, g(r} = Byr/ByR, Br is the
toroidal wmagnetic field, By is the po]onda] magnetic ﬁeld r i the
minor radius and R Lhe 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, #, 2 =* Ry. The perturbation
is assumed to be helical and so is dependent on », m# — ne, .

To describe the plasma motion we can use a set of reduced two-
fluid MuD equations (139)-(143). '

Thus, we use the so-called tokamak ordcrmg, in which BT 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 = Bre, + €, X V4. (243)

From the Ma.xwe]l equation for the electric field we find

e) a’l,b
P o = L 4
Vo' + puly- T (244)
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Here ¢' is the electric field potential. In addmon to ¢' we shall use
a notation ¢ for the normalized potential: ¢ = e¢'/Te.
The electrons can be considered as being in equ1llbr1um

%V(nT) = —eE - %ve x B. (245)

The electron 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 compomnt in the magnetic field dlrec»
tion, we obtain

6‘11) 19X
(e.p X V)\) V‘lb By R 5& ) (247)
where
c,, T : N
= E‘;(l}b - c In n). (238)

In the electron continuity equation we can use for the longitudinal
component v, the relation

4re

The transverse component of the electron velocity can be found from

Ve, = —jle= ——— Ay . ~ (249)

. equation (245), so that the density continuity equation takes the form

on
ot

We shall assume that the transverse dimension of the filament
structure is much less than the mean jon Larmor radius but larger
than the mean electron Larmor radius. For such very short wave-
length perturbations we have to use the Vlasov kinetic equation for
ions instead of mup equation. However in the first approximation
the ions can be considered as being in equilibrium with the Boltz-
mann distribution function, so that for the density we can use the
expression

+ ——(ey, X V§) - Vn= ——(B - V)ALp. (250)
By

4}3

n =.n0(1 —kz —e¢d'[T}) (251)

where K = —(d1n ny/dz), T; is the ion temperature and z = r — 7y
is the distance from the rational surface where ¢(r,) = 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 s

oy 10y 147 '
gt + v g7 Rl Dy(B V)¢ (252)
b, 194 _
5 vt 0 = L(B -V)Ay. (253)
Here we have introduced the notation
. _ cT. _ cTe _m _
vt = eBTK 5= g r=T,/T. L = crf4mensBr.

_ (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 A1, the second by (1+7)Dp#/7L, integrate them
over Lhe cross section and sum the resuits. We then have

1 1 :
£ = 8.1, + 'gqs = / ('S—W(VJ_’!/))z -+ —2_13p0¢2) 2rrdf dQD d?“ (255)

where py = no(Te + T3), @ = red' [T, = —T#[ng, 7t being the density
perturbation. The tota] energy £ consists of magnetic energy &, and
electrostatic energy &s.

We shall consider later the stationary rotating pattern of the he-
lical island-chain structure in which all the variables are functions
f(8 — nip/m — wv.t), v being the dimensionless phase velocity. For
such perturbations we can estimate the quantity ¢ ~ stk /kyB
where kjj is the wave number along the magnetic field. With the
help of this relation we can estimate the coupling between £, and
Ept Ey = E kw/ By, where k = m/r is the wave number, w the trans-
verse dimension of the helical island chain, and B, the ratio of the
plasma pressure to the poloidal magnetic field pressure. .

We are interested in the so-called soft modes in which mBefr —
nBy/R is small. This means that & = r — 7, is small too. Let us
Low introduce an artificial magnetic field B*, whose # component is

B; = .Bg - nB»p'r/mR =~ -—BQS&:/?' (256)

where § is the so-called ‘shear™ § = (r/g)dg/dr. We shall introduce
in addition the flux function ¥", so that B* = e, X V1. Near the
rational surface the equilibrium value of ¥* is

Y = ~Ee--€-$2.

= (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 8/8z can
be omitted when B* and 1 are used. Now let us introduce the
following normalized variables:

_ Te 14T
¢a"' Bgs‘dj ‘f’a" KT ¢' (258)

Omitting the index a, we obtain in place of equations (252) and
(253)

BN
(96 x Tle, = (=D (259)
V() X Tle, = (1 TG (260)

where the constant ¥ = [/hmTe/ (1 + 7)B3)(krs/ S )2 and the variable
y is determined by the expression ¥ = (0 ~ npfm — uv.t). The

equilibrium function 2o is given by %o = —z?[2.
Equation (259) can easily be solved |
$=(u—-1z+ P(¢} : (261)

where P(1) is an arbitrary function of 9. With the help of relation
(261), equation (260) can be written in the form

At = —1(u+T)sg + F@) (262)

where F(1) is an arbitrary function of .
We shall seek a solution of these equations in the form of a periodic
* island chain. For this purpose we can write ,

=1+ P =-z°f2+ a cos(ky) (263)

where @ is the perturbation amplitude and k is the wave number

= m/r,. The amplitude o might itself be dependent on ¥, but in
our approximation we can omit the higher harmonics in ¥; in other
words, we can assume that o is independent of ¥ and is a function

only of z. Let us also agrée to regard afz) as approximately equal
to its maximum value, &g = a(z = 0) within the magnetic islands.
The curves for 4 =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-—hy 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 = 27! where [ is an integer including ! = 0. The value
of ¢ = 1, on the separatrix (separating the istands from the toroidal
magnetic surfacés) can be found as the value of ¥ forz =0, y = 7

W, = —aq. - (264)

Accordingly, the half-width of the magnetic island, w, can be deter-
mined if we put in equation'(188) ¥ = 4, y = 0, z = w:

w = 2./a,. . - (265)

Thus, the island width increases with perturbation amplitude as the
sguare root of the amplitude. ‘ o '

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
convenient to linearize (259) and (260) on the assumption that 3 and
¢ = ¢ are small quantities periodically dependent on y. Neglecting
quadratic terms, we obtain

. b= (u=1)y (266)
o=t L (267)

where I' = y(u — 1){u 4+ 7). As we can sce, equation (267) has
the form of a Schrédinger equation with a potential I/ = —T'/22.
Since Ay = (d*/dz?) - k?, our task reduces to seeking a bound state
with energy &* in the potential well U{x), which outside the island
structure behaves as I'fz2,

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
z the Laplacian A; — 0, so that our approximate solution takes the
form

P~ age™** 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 —I'/x? for
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T > w/2, and if for. z < w/2 we use the same linear equation but
with U = 0, then.for small I' we can use the matchmg condition

A= 2k = / vdzxl  (269)
"where 3 .
A= -}.—%—T{)— - —L%‘é = -2k
1/) $_4:>D d} .'L‘ e

is the difference beiween the logarithmic derivatives of the asymp-
tolic solutions, familiar to us from tearing-mode theory. And 50,
in accordance with expression (269), the half-width of the island is
defined in terms of T:

kw = 2T = 29(u— 1)(u+ 7). (270)

I T is small, i.e. if the phase velocity u of the lsland chain is close
either to the electron drift velocity (u = 1) or the ion drift velocity
(u = =7), then the islands are narrow, with small kw."

" More exact relationships can be obta.lned with the help of an
"approxlmate solution of the non-linear equation (267), taking ex-
pression (261) into account, The function ¢ should tend to zero
far from the island structure, since there is no equi]ibr‘ium electric
field in the frame of reference we have chosen, and since 9 tends to
o = —z?/2 at large = the function P(d)) for lal ge x must be close to
:F(u—— 1)v/=2%, where the dilferent signs hefore 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(1)) inust be proportional

2(ts ~ ¥), where 9, is the value of ¢ at the separatrix. Hence

b=slu-1){1-V3b - D/, @)

"This expression refers only to the region outside the separatrix where
P < . -Within the separatrix we consider ¥ = ag cos ky, so that
in accordance with expressions (261), (271) we can match both so-
lutions simply by puttmg P(1/)) = (} inside Lthe islands-

== :c(u -1) al P > . (272)

In other words, the Square root in expression (271) vanishes at the
separairix and continues to be zero in the region within the sep-
aratrix. Thus, we know P(4), which can be substituted in equa-
tion (262). Within the separatrix P = 0, so that A ¥ = F(%)
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there. In the approximation we have adopted, & = &y = constant
within the separatrix ¥ = —22/2 4+ @, cos ky. Since oy is of the same
order as w?, the second term in the expression for A, v is negligible
as compared with unity in w?k* € 1 and .we can put F(3) =~ -1, i.e.
the equ:librium value. Qutside the separatrix where ¥ < 1, the ex-
pression found above for P{1) can be substituted in equation (262)
As a result we obtain

2:2

1 /2

Far from the island, AJ_'qb tends to its equilibrium value, which s
equal to minus unity, so that from equation (273) we get an ex-
tremely simple expression for the function F, namely F(1) = —~1+T.
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 . The inte-
gral of the root on the right-hand side together with a corresponding

contribution in F is equal to —I'z, where z = 24/ao| cosky| is the
position of the separatrix. In or(ler 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 #, to z. In this way we find a
more exact matching condition

16 16 "

kw = 31rP = 31r'y('u l)(u-{- T). ‘ (274)
This condition is similar to condition (270) obtained in a simple
linear approximation. Relationship (274) can be considered as an
equation for determining the magnitude of the dimensionless phase
velocity u. For small kw, u is either somewhat greater than unity
or somewhat less than —r. In other words, the phase velocity is
either somewhat greater than v* for waves travelling along the elec-
tron drift or somewhat less than —rv* 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, i.e. to the
poloidal S,.

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 pla.sma 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 force of electrons with respect to the ions equal t0 —MeVeVes
where v, is the average frequency of electron—ion collisions. Accord-
ingly, on the right-hand side of equation (247) for the flux function
1 an additional term A2u,A 1t will appear where

A= cz/wﬁe = c*m.[4me’n. (275)

. If we repeat the operations which led to the energy definition in
expression (255), we will see that & is not conservéd but rather damps

2 .

%‘% = —% /(Auﬁ)""%rrdﬂ dpdr = -7 /(3’)22'” dé depdr

. (276)
where n = meve/e*n is the resistivity and 7 is the perturbation of
the current density: j= cAypfan. Since AP~ ['9/z? outside the g
separatrix, the right-hand side of equation (276) is proportional to
Ia2w=® ~ w®, and the energy to the square of the amplitude, i.e.

~ wh. Accordingly, expression (276) leads to a monotonic decrease
of the island width :

—a—(kw) = — constant A%k*ve. (277) -
at .

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
a tokamak plasma tends to be collisionless, and Landau damping
resonance effects come into play instead of Coulomb collisions. To
describe these we have to use the Vlasov kinetic equations with self-
consistent fields. As we will see, the exchange of energy between
the wave and the elecirons is weakened owing to the formation of a
plateau on the electron distribution function in the region of electron
resonance with the wave, The ion distribution function, on the ather
hand, is distorted very little because the transverse size of the island
structure is substantially smalier than the average Larmor radius of
the ions. _ )

Let us assume that island structures with a characteristic width
w and a characteristic wave number & fll the whole cross section of
the plasma in a quite densely countiguous pattern. The perturbation
of the poloidal magnetic field in each istand structure is given by
the relation By ~ w2k By /r. This perturbation extends over a width
Az ~ 1/k. The magnetic field encrgy density of these closely packed
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structures at a distance of ~ w from each other amounts to £ ~
B2 /8mwk ~ w3k B [8nr2.

As to the energy associated with the electric field &, it is localized
on 2 length of ~ w since the electric potential perturbation decreases

as 1/z when z increases. Accordingly, we have £, ~ nT(ed' [T)?,

where ¢ is the amplitude of the electric field potential perturbation.

Since £, ~ £y8s/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 ~ v_;,/_wci. In
its motion over a Larmor circle, this ion intersects N = p/w island
structures. At each of these island structures the ion may receive a
momentum increment along the y axis of the order of

milAv ~ ked'w/v, (278)

where w/v; is the time of crossing the structure and k¢’ is the
electric field perturbation. Owing to a change in the magnitude
of the perpendicular y component of the velocity, the centre of the
Larmor circle is shifted by ~ Av/w.. Let w* be the characteristic
frequency of the oscillations we are considering. Since the interaction
phase persists for a time At ~ 1/w*, in multiple crossings of a given
island structure over a time At ~ 1/w* the jon accumulates a total
shift 6, which is wg/w* times greater than in the case'of a single
passage across the island
L wi ed kw
w* My W
This shift is produced by a single island structure. In fact, the ion
interacts not with a single structure but with N = p/w neighbouring
structures. If the partial shifts are not phased, they can be consid-
ered as random shifts, so-that the total shift of the ion along the
z axis amounts to 6, = 6NV/? = §(p;/w)/*. The phenomenon of
the accumulation of many single shifts is very important: the total
shift does not decrease strongly with the wave number, so that even
very short wave length patterns can play an essential role in plasma
{ransport.

If we have N = p/w waves with mean oscillation frequency w* and
with a frequency difference of the same order of magnitude, we can
consider this pattern as a quasiperiodic process with a very large
period, Q~!, where @ = w*/N. The time Q! is N times greater
than w; !, If the shifts are again summed in a random fashion, the
maximum shift 8,,,, = 6. N2 will be

(279)

f

bmax = N& = pbfw = a-e% ~ W. (280)
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Here we have assumed that the drift velocity w* is of the order
kT [1niweia.

We see that in a quasiperiodic perturbation with [requency ) the
ion is shifted over a distance ~ w. Hence, in a time Q7' 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 ions are marginally stochastic,
the corresponding mechanism of diffusion and ion thermal conduc-
tivity is very sensitive and can Dbe 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 Q = w*/N is extremely slow, and
for this reason each ion retains its adiabatic invariant on average.
Consequently, in a homogeneous magnetic field the transverse ion
energy is conserved. If ihe field is inhomogeneous, then a shift to-
wards the weaker field diminishes the ion energy, s0 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 lon 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 £ = £y + &. Then due to con-
servation of the adiabatic invariant and the toroidal momentum the
averaged energy change of jon is 6 = ~2618/R - £, 6/ R, where § is
the shift. When & 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 is easy
to see that, due to the relation p = constant, only the longitudinal
energy can be lost in the case shown in figure 9.6). Thus in toroidal
geometry the ion 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
tao 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 I the drift turbulence fills the hatched area and -
the phases of perturbations allow for ions to be shifted radially
while crossing this area, then a single ion can transform some
part of ils energy into the energy of noise, This transforma-
tion is based on the conservation of azimuthal and magnetic
momentum.

Let us consider this possible pumping mechanism in greater de-
tail. If the island structures are touching each other, each island can
be inclined with respect to the y axis by a small angle 4. Then,
simultaneously with the shift along the z axis, the ion will be shifted
along the y axis as well. As a result, the time of interaction with the
island structure changes and becomes equal to At ~ (1 + vké)w",
where 74§ is the shift along the y axis.” Correspondingly, the value of
the shift in expression (279) changes and becomes equal to '

/
~ B e ks (281)

LW mvy

When v # 0, a systematic ion shift in the radial direction occurs.
Let us assume that the ions themselves can sustain an average value
of v in such a way that pumping of magnetic field perturbations
could take place. It is possible to show [156] that in the case of a
single island chain the toroidal configuration looks like figure 9.5(),
but being turned over an angle v/2. Thus the single chain cannot
produce both an averaged flux and fluctuation pumping: many inter-
acting chains are needed. We assume that pumping itself can slightly
turn each island-chain in such way that the final picture looks like
a superposition of the initial one and of that shown in figure 9.5(b).
Since 7 is small, we can find at first the linear part with respect to
‘6 and then insert the value thus found in additional 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 1/w".

The shift defined by expression (281) is produced by a single island
structure, whereas the ion, in its motion along the Larmor. circle,
intersects N = p/w sych structures. Thus, the total systematic ion
flux can be estimated with the help of relation '

W, = n{v) = nw* N {(8) = yek*wivin ; (282)

where & = —d(Inn)/dr comes from the expression for w*, and % is’
the mean thermal velocity of the ions. i

The flux n{v) is directed along the major radius (see figure 9.5(b)).
Accordingly, the jslands are tilted in such a way that v has opposite
signs on the inner and outer contours (see figure 9.5(b}). In other
- words, y varies a8 CO8 @. This means that, to be continuous, 4 =
~yq€cos 8, where € = r/R, and 7, = constant. If we are seeking
an average value of the flux through a toroidal surface” of radius 7,
“then (v) has to be averaged with a weighting function (14 €cos 6) in
order to take into account the g-dependence of the surface element
ds = 21 Rrdf = 27 Ro(1 + e cos 8)r dé. Accordingly, we obtain

L el '
I.={(1+ ecos)Wi)s = 52—7,nk2w3vin. (283)

Although the flux Ty is found to be proportional to the density
gradient, as nsx = ~dn/dr, it is still more propet to speak not of
diffusion but of free convection of plasma.

The flux defined in expression (283) transfers not only particles
but also’ion thermal energy. The expression for the heat flux T; takes
o form similar to expression (283)

2
I = 52—7;K.k2 wiuinT} (284)

where the coefficient ¥; allows for the fact that the heat flux can
be greater than the particle flux, so that 7; can be greater than
4g. Furthermore, the product v;K 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 fiux defined in expression (283) is responsible for noise pumping

-with a power oe WTH .
: T, TK
-5!;: o~ —-.;"(:'_' ~ 'yiﬁgkzwav;n’ﬂ. (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 (~1/2"7)8£/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 ion flux T,
appears, since the friction force acting on the ions is balanced by the
Lorentz force —eBc¢™'T,. From the momentum balance condition
(—1/v*7)BE /Bt = —eBc~!T,, taking into accouut 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
*jon heat flux is of the order of the eonveciion flux: I'y ~ TiT,.

Let us now consider the behaviour of the electrons. To describe
them we can use a drift-kinetic equation

af

- (286)

+o(b V) + %(w' X Ve, = o= %.

Here f is the electron distribution function with respect to longitu-
dinal velocity v, b = B/B and F is the longitudinal component of
the electric field: E = d¢/cdt — b . V¢'. For helical symmetry the
expression ( b+ V) again becomes equal to (B*/B) -V, and we can
use 9* instead of i, 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 + e /e, we can express kinetic equation (286) in a simpler form

8f0t = (VI X Ve, | (287)

where f is considered as a function of P and the Namiltonian H is

_ ¢
" 2m.cB

(P~ EW - %eﬁ’ + 2. ~ (288)

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 = kyv. Since the longitudinal wave number k) has opposite signs
on opposite sides of the point r = 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
function 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
chains via 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 longitudinal
momentum across the plasma (figure 9.7). Hence, anomalous Tesis-
tivity, 7a, appears which leads to the saturation of island structure
growth by jon pumping. As 2 matter of fact, it would be more cor-
rect to speak not of resistivity but of viscosity, because the averaged
resistivity related to the averaged current density remains the same.
The anomalous regi-tivity 7. can be evaluated if we assume that an
anomalous collision frequency Va appears

v = kyve = (ve/qR)kw. (289)

Now we can estimate the magnetic diffusion coefficient: D. =
/AT = Ay, ~ Azkwv,,/qR. _
. We can find a more accurate value {or7na in the linear approxima-

tion
= %Jrﬂ/?melk"[. © (290)

This expression would be true if a Maxwellian electron velocity dis-
tribution were restored fairly quickly cither by collisions or by ex-
changes of electrons between neighbouting island structures.

Let us now use the total energy balance

9e 0t = 2yie — (vel IRVELw: T (201)
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v"—11x

Figure 8.8 Contact between the plateaux of two neighbout-
ing island chains in phase space: 1—rational surface and island
chain (hatched area} of the first wave; 2-—plateau on felvp);
3—second rational surface; 4—plateau formation due to the
second island chain. ‘

Here 41 is a growth rate produced by ions, and with the factor
Fe = A’k*F', where F' < 1; we have taken into account the pos-
sibility of self-adjustment of wave damping by the electrons. Factor
F. increases with k as k? so that shorter waves decay faster. If there
is a family of island chains their average energy decay will be domi-
nated by waves with the maximum & values, but the wavenumber &
" cannot be larger than A~!. Thus, for the average decay rate we can
assume (A%k?) ~ 1, so that F. ~ F'. The factors F7, and F! may
be very small, but with increasing oscillation amplitude and closer
contact between the islands the factors F! and F, increase. Since the
factor F, is capable of self-adjustment, it automatically establishes
itself at a value such that the island structures are maintained in a
steady state (on average). Thus, even with weak ion wave pumping
broken magnetic field symmetry in a tokamak plasma can be main-
tained. The magnetic surfaces break down to a slight extent, being
filled with a large number of helical magnetic structures. This pat-
tern looks similar to the picture, previously suggested by Rebut et
al [109] using qualitative arguments. :
Since the islands are formed by current filaments located on both
sides of each island outside the separatrix, it is fair to say that the
plasma is filled with a huge quantity of current filaments. These
filaments are arranged in such a way that the currents flow parallel
to the lines of force on the rational magnetic surfaces g(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 /Ky, 18 extremely large on the resonance surface ky = 0
and becomes of the order of the thermal electron velocity only at a
distance z > ps 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 come
into play; the quantity v, can be considered zero at T < ps- Conse-
guently, very small structures with wk <1 and 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 moient
to switch on the anomalous transport mechanism. That is why the

“electron transport is so: sensitive to any external perturbation and

t5 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 xo ~ v,
Let k& be the mean wave number of the island structures. Then the
thermal conductivity of the electrons can be written in the {form

Xe = wkd v./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.

Tor 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 € = 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 acceptl that kw ~ 1, w? ~ 47A? ~ 1/ryn, we get the estimate

| _._N3/2 o
Ke™ € gRnrg . (293)

where v, = 2./T./m., and ry = €?/m.c? is the classical electron
radius. This quantity is close to the superclassical value (221) ob-
tained on 7" — 11 and is in line with the formula for x, suggested
by Ohkawa [123]. The transpori of longitudinal momentum’ affects
those electrons which carty the momentum; i.e. those with a lon-
gitudinal velocity » ~ v,. - For these electrois there may be a very
small transverse exchange and the factor F, can then have a value
substantially Jess than ®,. Variations in the factor F, will not:affect
the heat transport described by relation (293) which is associated ex-
clusively with slow passing clectrons. 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) corresponds 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 conductjvity to ac-
company electron thermal conductivity of the T-11'level. A regime of
this kind corresponds to neo-ALCATOR or 1oc scaling of a tokamak
plasma with ohmic heating. ‘ : R

Il ion pumping becomes more powerful, then the mechanism of
enhanced transport appears which is naturally linked with n-mode
confinement. This mode is created by the same island structures, but
with closer contact. To understand the physics of this more powerful
trapsport 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 equalion takes the form '

. g_f = F;%kzwzni’ - ‘L'q—" — L (294)

where Fi = ;6w is a small ion control factor, and v and v, are the
ion and electron thermal velocities.
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With high pumping pbwer we may assume that the islands are
pumped up to a level wk ~ 1. In this approximation for the average
steady stale we obtain an estimate of the characteristic island width

w? Foga me

—_ - —. 295
R RR ™ (205)
The ratio F/Fe depends implicitly upon k and w. However, relying
on experimental data we can accept that this dependence is weaker
than the strong Fi [T sensitivity to the level of stochastization. In
this approximation F:/F. can be considered as a tuning factor.

Substituting this value for w? in the electron thermal diffusivity
expression, we obtain :

Ye

=@,
Xe QR

3

v,
3 w = pepz B (296)
Here the factor pe = F&./F. € 1, since B is a small parameter.
If the electron loss channe! dominates, we can estimate the energy
confinement time as 7g ~ a®/4xe, where ¢ is the plasma minor radius
and X, is some averaged value of the electron thermal conductivity.

“With the help of the energy balance equation, 3nTV = Prg, where ..

V is the plasma volume and P is the heating power, we can express
rg through the plasma parameters :

rp = CIRVGOSAV®P™S. ()

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 confinement.

Thus the strongly stochasticized ion regime corresponds to L-mode
confinement. - According to expression (294), the island width w in
an L-mode regime is a certain fraction of @ If the plasma density
decreases, the length A increases and at some density value the re-
lationship A € w will no longer hold true. From this density value
downward neo-ALCATOR scaling is valid (this transition was dis-
cussed in [124]).

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-~organization: magnetic island chains fill the whole plasma cT0sS
section and are in contacl 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 is produced by turbulence suppression due to shear
" rotation of plasma [128].

Both ions and electrons are marginally stochastic in such a pat-
tern. The magnetic noise is maintained by the ions owing to their
convection in the direction of the weaker magnetic field. As they are
essentially stochastic, the jons can pump island structures, propa-
gating in the direction of the ion magnetic drift.

Both ions and electrons can tune their levels of transport, so that
this mechanism is very sensitive to the profiles, boundary conditions'
and so on. This is why I have deliberately avoided trying to find,
theoretically, a numerical factor C in expression (297) for the scaling.
The great sensitivity of transport to external influences provides a.
clue to understanding why almost the same expressions—similar to
expressions (297)—are valid for both . and u modes of confinement.

Another result which follows from the mechanism considered
above is the possibility of continuous transition from scaling with
auxiliary heating to neo-ALCATOR scaling when the density de-
creases. Neo-ALCATOR scaling is, as it were, the best mode of
confinement which can be realized with the quietest plasmas.

Up to now we have discussed cooperative phenomena in the bulk
plasma. Experiments show that strong non-linear phenomena. de-
velop in the edge plasma as well. Here a very strong non-linear
activity is observed which looks like mup-turbulence of the electro-
static drift type. The L-u transition phenomenon is related to this
edge plasma activity. - '

The most plausible explanation for L-n transition is based [115-
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Figure 9.10 Schematic diagram of the plasma transport
self-organization: }—thermal flux produced by deviation from
optimal profile; 5-—bulk plasma transport; 3.—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 t0 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 7. I shows the edge thermal flux dependence upon the
plasma {emperature 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 10 the critical value W, of the thermal flux. After this
the temperature gradient jumps to the higher value (VITh- It is
just an &-H transition, when the ‘thermal barrier’ is developed near
ihe chamber wall. When W diminishes, the backwards transition
-1 takes place at 2 gomewhat lower value (VT )2 Thus hysteresis
appears which is observed sometimes in experiments.

Now we cal conclude discussion of the plasma transport self-
organizatiod phenomenon by a very simplified picture as in fig-
are 9.10. It shows the plasma pressure profile in accordance with
the ‘proﬁle-consistency’ principle. The different mechanisms of ther-
mal conductivity are shown in the same figure. The first one is
exaggerated]y shown as stripes near ihe rational points. This mech-
anism controls the profile itsell and saw-lceth are the most striking ~
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representative of these partners.

The next is the bulk transport which is produced as a result
of magnetic symmetry break-down. This mechanism defines global
scaling for the energy confinement time. Accompanied by a slight
current filamentation it can assist profile consistency formation by
a mechanism similar to that considered by Taylor [125]. We have
to assume simply that the filamented portion of current looks like a
mixture of strings playing the role of a filament ensemble. Finally, we
have a very strong activity at the edge which controls the transition
from one mode of confinement to another and its influence extends
well over the bulk plasma.

Cooperative action of these three mechanisms of enhanced trans-
port with addition of neoclassical transport is responsible both for
global plasma confinement and feedback couplings between profiles
and fluxes. Their interplay controls the plasma self-organization phe-
nemena including the existence of different modes of confinement.



10 Heating and Current Drive

The simplest method of plasina heating is ohmic heating: the cur-
rent circulating in plasma needed for its equilibrium simultaneously
heats plasma due to its ohmic resistivity. Ohmic heating is used in
all small-size tokamnaks. In larger Lokamaks it serves Lo prepare ini-
tial plasma with not very high temparature. At higher temperatures
ohmic heating is not effective since plasma resistivity. decrcases as
temperature Grows. To reach higher temperatures additional plasma
heating is required. Al the present Lime numerous methods of plasma
heating have heen developed, e.g. beam injection of neutral atoms
of high encrgy, eleclromagnetic waves, adiabatic plasma compres-
sion along the minor and major radii. me-heating embraces a wide
range of [requencies and corresponds to various plasma oscillation
modes: jon-cyclotron resonance (ICR), e]ectron-t:yclotron resonance
(zcry, lower-hybrid resonance (L) and Allven 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 s 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 ‘

n3x 10732070 (Qm). | (298)

Here T, is electron temperature, in keV, Zen is the effective jon charge
aumber. 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 possibility of
prolonged ohmic current-drive at one and the same consumption of
Volt-seconds. Thiere are three effects which may slightly increase
loop voltage: the presence of impurities leading to Z.q increase, the
neo-classical effect of current-carrier decrease, and reconnection of

d
magnetic lines, particularly, in saw-tooth oscillations.

10.2 Lower Hybrid Resonance

Plasmas can be heated efliciently by waves with frequencies near the
geometric mean of ion and electron gyro frequencies

fun=065BVA,  (GHz) - (299)

where 4; is the atomic number. For thesc frequencics (a few GHz),
" the index of refraction for the plasma is large, highly anisotropic
and depends strongly on density. As a result, the plasma reflects the
wave, thereby precluding direct heating. Rather, il is necessary for
a slow wave to tunnel through the edge plasma. A grill—a system
of juxtaposed waveguides-—is used for the launching of waves into
plasma. The launcher should be placed very close to the plasma.
The waves in the region of lower-hybrid resonance are very con-
venient for current generation. The current generation physics is
explained by figure 10.1 that shows how the energy electron ‘tail’
grows due to resonance absorption of lower-hybrid waves with pliase
velocity spectra shown in the same ligure. '
~_The wave with the phase velocity v, = w/ky establishes a local
plateau on the electron distribution function due to the simple res-
onance w — kv = 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 be described theorctically
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 {rom waves
1o electrons. The high-energy tail generation leads Lo more effective
current drive than simple ‘pushing’ of the electron distribution by
momentum transfer. The reason is that the high enérgy electrons
have a much lower collision [requency with the thermal electrons
than thermal electrons themselves. Thus the full distribution func-
tion of figure 10.1 is scentred’ by the collisions in such a way that
the main electron velocity is not zero. :

The ‘tail’ electrons slow down finally on the plasma clectrons and
ious due to binary Coulomb collisions. The effectiveness of the cur-
rent drive is determined by the balance ol power gained from the
waves and lost-due to pair collisions of tail clectrons with the ther-
mal particles. ‘ ' :

The current drive method by lower-hybrid waves has been used
in many facilities. The best results with an efficiency of yep = 0.34
and total current up to about 2MA were obtained i JT-60 [134].
The corresponding experimental data are shown in figure 10.2. The
results with the efficiency of yen = 034 were obtained while injecting
2.4.5 MW ol power of lower-hybrid waves with density up to . =
0.3 x 102°m~* and a current / = 1-1.75MA. Note that, for steady
current drive in the ITER tokanmak, an-officiency of yep = 0.3 is
required. ST : S

Unfortunately, this niethod 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 JIon-cyclotron Resonance
Electromagnetic waves in the range of ic)||-cy(f!('nL1‘(:|| resonance
fi :_l5BZ/A, (Mi12) (300)

penctrate plasma casily enough and are absorbed near the resonant
" layer of plasma, where the wave frequency coincides with one ol the
harmonics of gyro frequency. This method is well develaped: heating
physics is clear and olliciont antennas for the launeh of rr-power
into plasma have been developed. To improve wave propagation in
plasma as well as thoir effeetive absorption in the resonant layer,
the method of minoritics las been used. I[ the absorption occurs on
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" Figure 10.2 Summary of the low-hybfid current drive efﬁ-
cnency i JT 60 and other tokamaks [134 147). '

the ions of the mmorltv species, then the ions are heated up to hlgh
energies, and the healing mode resembles fast ion injection.

To maintain current drive by waves which are directed along the
toroidal column, one can use two possibilities. If a uni-directional
fast jon tail could be generated in plasma, then the current is gener-
ated similarly to that by neutral injection. In the second possibility
damping of cyclotron waves occurs on electrons at resonance on elec-
tron transit frequency. Theoretically yep ~ 0.2~0.4 efficiency has

been predicted, but addltlonal experiments are required to support
the theory.

10.4 Electron-cyclotron Resonance

This heating method is based on the absorption of rr-waves of or-
dinary or extraordinary polarization and with frequency near the
electron gyrofrequency.

fc.; =288 (GHz) (301)

or higher harmonics.
~ The absorptlon occurs in the region of Doppler resonance where
w — nwe = kvy. In the case of propagation nearly perpendicular
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Figure 10.3 . Heating with ECRH in T-10: (@) time integrated -
x-ray spectrum over the heating pulse; the dashed line isafitto
‘the spectrum obtained, assurning: an electron temperature on
- the axis of 8 keV and a typical radial profile; (b) time evolution
_of the electron temperature on the axis measured by ECE.

to the magnetic field' the resonance may broaden by the relativistic
dependence 6f the electron mass on its energy. . ‘

‘Similarly to the lower hybrid current drive the main idea of cur-
rent drive by Ecr consists of such a deformagion of the electron dis-
tribution function that its steady state would “correspond to non-
zero net longitudinal velocity. For instance, let Tesonance condition
W = Wee t+ kv correspond, to the resonance of electrons with ve-
locity v > 0 of the order of thermal velocity. These electrons are
accelerated by the wave in such a way that their transverse veloc-
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 v. Thus the net number of elec-
trons with v > 0.is incredsed so that a negative electron current is
generated. Here again a net current is produced since high-energy
electrons have much lower collision rates than thermal electrons.

The advantage of this method is in the use of waveguides without .
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 RF-
waves 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)—are being developed.

In principle, EcrR-waves may also be used for current drive. The
current drive mechanism is related to the anisotropy of the electron
distribution function, which occurs al the scattering and slowing
down of ecr-heated clectrons. 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 ago 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 neutral particlés into plasma. The netitral beam atoms
become ionized by charge exchange and by inelastic collisions with
electrons and ions.: Then the high energy ions are confined by Lhe
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 B; > 15T, 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 {rom 20 to 200keV per nucleon it can be approximated
as .

A~55x%x10°NE [A ;' (m). (302)

Here E;/A; is the cnergy of the beam particles in keV per nucleon,

n. is mean electron density in 102 m~3, ‘

. To jncrease the beam absorption by plasma tangential injection
is used. The penctrating 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 ol heating eflectiveness:
plasma ‘runs away’ from the beam, so thal 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 TI'TR.

Neutral injection may be used for current drive. Injtially the con-
cept of this current drive scheme was proposed by Ohkawa [138]. His
idea was as follows. I a neutral beam is directed in a tangential di-
rection, then after ionization it can produce a positively charged ion
beam. Tt looks-like a tail on the ion distribution function. Formally,
we can find the corresponding heam' current [y, but in fact it is not
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the electric current: the electrons are carried together with jons so
that the whole plasma then rotates. What is required is the electron
drift with respect to ions. "

The simplest way to do this is to inject neutrals with ion charge
number Z; different from the average plasma ion charge nurmber Zog.
The electron drag by each ion is proportional to Z3 per ion or to 4
per the given charge density. Thus an ion tail with Z # Zeg will drag
~ electrons and met electron current is equal to [ = L(1 — Zy/Zg)

‘When Zy > Zent this current is oppositely directed to Iy. This is the-
simplest mechanism of current drive by neutral beams.

I Z, is not very different from Z.m, as in the case of deuterium
beam injection in pure deuterium or deuterium-—tritium plasmas the
more delicate mechanism of current drive may exist. The ion distri-
bution function has again a high energy tail and the electron distri-
bution function in equilibrium can have non-zero averaged velocity
in the ion frame of reference. This is a result of the collision <ross
section dependence upon the energy. The net effect is much smaller
but may be sufficient for a current drive in the high-temperature
plasma when the averaged current drift velacity is less than the jon
thermal velocity. .

‘This method is convenient for existing tokamaks due to the fact
tlat the beam of neutral particles penetrates plasma deeply enough,
so that it can be used for current drive inside the central core of the
plasma column. Driven currents in the range of LMA were demon-
strated in TFTR [139] and JET [140] by means of neutral injection,
and in the range of 0.5 MA in DII-D [141]. Current drive efficiency
in units of 10¥ m~2 MA/MW equals '

vop = Rl R/ P. ' (303)

1t reached the values of ~ 3 X 10-2 (in TFTR} in agreement with
the theoretically predicted value. Theory predicts an efficiency one
order of magnitude higher in.fusion reactor plasma. But the energy
of beam particles has to be increased to guara,ntee"their penetration
deeply into plasma.

10.6 Other Schemes of Heating

In small and medium-size facilities other heating modes are used,
e.g. adiabatic plasma compression, Alfven wave heating, ‘helicity’
injection, [142-144] etc. Adiabatic compression is a simple method
of pulsed plasma heating. It usesa variable.magnetic energy only and
is quite convenient for small size tokamaks. Both minor and major
- radii compressions were tested in small and medium size tokamaks.
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Alfven waves are again quite convenient for smaller tokamaks .
This method of heating can also be used for current drive with good
efficiency. But in large size tokamaks this scheme looks somewhat
complicated demanding a large additional coil structure.

In future fusion reactors plasma will be heated by fast alpha-
particles which are the product of D~T reactions. Theoretically, the.
possibilities of using alpha-particle power for the. current generation
are being studied. T S : :



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 3 MA. However,
offects of collective behaviour of alpha-particles are not to be ex-
cluded.

The tnost 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
10 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. _

Tn any case the power of alpha-particles would be high 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 before they are
slowed down in plasma. Alpha-particles may generate many waves
in plasma. The most daugerous 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 figure 11.1, which shows the dependence on
radius + of the frequency of local kink Alfven modes with low nam-
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 — oo, and then propagate along the
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Figure 11.2 Reactor plasma instability thresholds: 1-—bal-
looning mode; 2—fish-bone instability; 3—Ta® mode [145].

radius due to finite Larmor radius effects. However, two modes, 85
can be seen from figure 11.1, may cross-over, and in the presence of
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toroidicity they are linked to each other, so that a ‘gap’ is formed.
This is the condition when a rag-mode may occur, Near the point
of former cross-over, global waves appear which can grow. Here
we have a kirid of fibre-glass analogue which has a refraction index
higher than in the surrounding medium. This means, that due to
‘total internal refraction’ there is a possibility of Alfven wave ‘wave-
guide’ propagation. This is the very Tag-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 TAE-
modes depending on the alpha-particle 8, as a fuuction of the ratio

of its velocity to the Alfven phase velocity. The 8, value is the ra-
tio of the alpha-particle pressure to the magnetic field pressure. Be
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 {hresholds 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 experimental fusion
reactor. ‘ .




12 anclusion

For those readers who, like me, prefer to look through the Introduc-
tion and Conclusion before deciding whether it is worthwhile reading
all the text, I shall try to summarize the main content of this book.

The tokamak is a Russian invention due to two Nobel Prize win-
ners, Andrei Sakharov and Igor Tamm. ‘The word ‘tokamak’ itself
is simiply an abbreviation for the more precise specification of this
invention: ‘toroidal chamber with magnetic ¢6ils’.

A tokamak is the simplest configuration for plasma magnetic con-
finement. It looks like a simple toroidal vacuum chamber immersed
in a toroidal magnetic field. The torus itself can be considered as a
closed secondary loop in a magnetic transformer with an iron core
(see figure 3.4). When the primary coil is energized a secondary cur-
rent is induced in the plasma coil produced by the gas break-down.

In the simplest case of ohmic discharge the plasma persists for
a short time only when a unidirectional inductive electric field is
maintained inside the vacuum chamber. The plasma current has to
be high enough: the poloidal magnetic field produced by this current
provides the plasma equilibrium along the major radius, assisted by
an additional vertical magnetic field.

The inductive electric field maintains the current and provides
ohmic heating power mainly inside the high-temperature plasma
core, This power is sufficient to heat the plasma core up to a tem-
perature of the order of tens of millions of degrees. The power is
supplied in a sufficiently ordered form so that the entropy per unit
energy is very low.

The plasma energy is transported towards the cold walls by ther-
mal conductivity. The closer to the walls the lower is the plasma tem-
perature and therefore the entropy flux increases rapidly towards the
walls. It means that the entropy production rate increases rapidly
with approach to the walls. In other words, a tokamak plasma is
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-organizalion: 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 it. As experiments show, the tokamak plasma is a
complex physical system with many mechanisms of self-organization
evolving simultaneously. These mechanisms control the plasma be-
haviour. We have to underline that these mechanisms are strongly
non-linear so that to investigate and 10 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
behaviour is the electron thermal conductivity. Experiments show
that the electron thermal conductivity is two orders of magnitude
higher than the classical value produced by particle collisions. This
fact indicates thal some cooperative processes are present in plasma.

To explain the anomaly several attempts have been made based
on.the consideration of the so-called drift modes, that is, slow waves
with very long wavelengths along the magnetic field lines. However,
all such mechanisms lead either to Bohm-like or to gyro-Bohm trans-
port which is 'strongly dependent upon the value of the magnetic
field. Experiments do not display such strong dependence. That is
why drift waves cannot provide a reasonable explanation in spite of
the fact that the absolute value of transport predicted by them is
not very different from the exp_érimental‘value‘s. 'y '

As for me, 1 believe that the explanation is a different one but it
is not drastically different {rom 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 I would prefer not to use
this word simply to avoid the habitual way of imagining at firdt some
ideal symmetrical geometry and to investigate its instability with re-
spect to small magnetic surface deformations. Let us accept th at the
magnetic symmetry is destroyed initially and can be considered as
filled by many island-chain structures rotating in the ion drift di-
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 llustrated 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. L ‘ ' ,

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 deposition 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 1 (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-
tium. 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. ‘ S ‘

. 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 sectjon 9.2 in connection with the ‘profile consistency’
phenomenon. The first one is based on the energy variational prin-
ciple. It compares the enerjes of two neighbouring states: an initial
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‘one and one with a turbulent stochastic layer. If the energy varia-
tion is zero, the initial state is marginally unstable with respect to a
perturbation which stochastizes magnetic field lines and can produce
enhanced transport. The corresponding profiles can be considered
as limiting ones prescribed by the profile consistency principle.

113t is assumed that enhanced transport is produced by alocal de-
viation from the oplimal profile, then a very simple transport model
can be suggested which describes the feature more precisely. With
an additional assumption that with a strong deviation {from the op-

" timal profile the stochastic mode cannot be developed and transport

‘forgets’ that the optimal profile exists, more complicated phenom-

ena like L-H transition or the central ‘hump on profile’ development

can be described by this simple computer model. A quite different
approach to understand the optimal profile jphenomenon is based on
the physical model of plasma. current filamentation.

Many violent non-linear phenomena can develop near the plasma
edge where the plasma physics is complicated by different atomic
processes. Many examples of such non-linear phenomena are known
now from different tokamaks. _ ‘

The most familiar ones are edge localized modes (ELM)S and mul-
tifaceted asymmetric radiation from the edge (MARFE) .

In spite of the many plasma instabilities and non-linearities, the
tokamak concept demonstrates ‘the ability to heat and %o confine
high-temperature plasma. Experimental efforts have led to the safe
confinement of plasma with high pressure of the order of one tenth
of the magnetic field pressure. Experiments have clarified the area of
stable plasma operation. On the current density plane this operation
region is given by the so-called Hugill plot (figure 3.9).

The operation limits ‘appear at low and high density vaiues and
at plasma current increase. The most interesting from the practical
point of view is the region of high density and large current. On
the Hugill plot this is the upper right corner of the operation area.
Here plasma handling has to be very careful, negligent operation
can cause current disruption, i.e. by complete plasma destruction.
Experiments sliow that a high-temperature plasma, with parameters
acceptable for a future reactor, can be maintained for a long time in
Jarge facilities when the plaswma is handled delicately.

For a fusion reactor completely stationary plasma operation is
preferable. To realize steady-state operation a non-inductive cur-
rent drive is needed. Assisted by the bootstrap current, i.e. current
generation by the plasma jtself, different schemes of current drive are
under investigation providing the possibility of mastering this mode |
of operation for future fusion reactors.

Tokamak plasma physics has reached a mature state now. A ma-
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jor effort by experimentalists and theoreticians has resulted in es-
tablishing the physical basis of a tokamak high-temperature plasma
confined by strong toroidal and poloidal magnetic fields. A clear un-
derstanding of many physical processes in plasma has been achieved.
Many processes in plasma are well-simulated by computer codes.
The database established in preceding years has proved sufficient
for the design and the subsequent construction of an experimental
thermonuclear reactor, ITER, for instance. 7

- Studies have revealed that the tokamak plasma is a very complex
physical object with numerous internal feedback links and different
forms of self-organization. Therefore, to master all the potential
of the plasma physical properties aimed at its optimal utilization
in future fusion reactors one should conduct further research aimed
at detailed studies of all fine physical processes that exist in high-
temperature tokamak plasma. This research will be carried out on
a more sophisticated experimental basis and using more advanced
diagnostics. We may believe that these investigations will lead even-
tually to a practical assessment of fusion energy and to the creation
of fusion power in the next century. ' o
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