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FOREWORD

The idea of writing an account of the achievements of JET in a coherent way for awider readership
arose afew years ago when it became clear that JET asaJoint Undertaking would end in 1999. | was
convinced that such abook, if well written, would serve an important purpose not only for JET but for
the European Fusion Community at large. | wastherefore extremely pleased when John Wesson agreed
to attempt this difficult task immediately following hisretirement, whilethe JET history was till fresh
in his mind. | am delighted that John has been able to complete the book in time for the farewell
celebrations of the Joint Undertaking and that his account makes such interesting reading.

The JET Project truly deservesto be remembered and honoured in thisway. It isfair to say that
JET has been one of the most successful joint ventures in Europe, not only from a scientific point of
view but also as one of the most efficient organisationsin Big Science. Herel would liketo record our
debt to the founding fathers of JET: Donato Palumbo, the then Director of Fusion in the European
Commission, who used his great perseverance and immense diplomatic skill to steer thislarge project
through all obstaclestoitsapprova in 1978. Hans-Otto Wiister, thefirst Director of JET, who successfully
set up the complex administrative, scientific and engineering structure of the project and fostered such
a splendid team spirit among its staff. And finally his successor as Director, Paul-Henri Rebut, who
must be remembered both for hisvision and drivein the design and construction of this great machine
and for his contributions to its scientific success. They have al shown themselves to be men of great
foresight, courage and dedication.

JET has been a major step en route to a fusion reactor, linking the specialised medium size
tokamaks of the 70’'s and 80's to the Next Step (ITER) which calsfor a plasma dominated by apha
particle effects and maintained for 1000 seconds or steady state. With its D-shaped plasma cross-
section, which later was combined with a divertor, its plasmavolume of 100 cubic metres, its plasma
current of several mega-amperes and its tritium and remote handling capabilities, the JET machine
broke completely new ground. Asaresult JET was able to take fusion research alarge step forward,
bringing usto the point where the physics can be extrapol ated to areactor with confidence.

On apersona note | should add that | have felt truly privileged to be associated with scientists
and engineers from all over Europe working like abig close-knit family towards the common goal of
making the dream of controlled fusion become redlity. Working with this team of dedicated and able
staff, both as physicist and Director, has certainly been the culmination of my professiona career.

| hope that this book will communicate to many people inside and outside fusion some of the
scientific excitement that we experienced in bringing about the grest success of this unique European
Joint Undertaking.

M. Keilhacker
November 1999






PREFACE

Can we produce useful power from the fusion of the nuclei of the light elements?.This question
has driven amassiveinternational research effort which has now provided sufficient understanding
aallow thedesign of afusion reactor. Theresearch carried out on JET, the Joint European Torus,
which is the world’s largest fusion experiment, has received worldwide acclaim.lIts success is
the result of the devotion of the scientists and engineers involved, their efforts.being repaid by
the excitement which comes from working at the frontiers of knowledge with an excellent
experimental facility which allows the discovery of new results.

Following the pattern of modern science, new results from the JET experiments were
quickly made available to other researchers at regular meetings and conferences. The more
important of the research papers finally appearing as articlesin the scientific journals. Through
this process the results from JET are scattered over a variety of conference proceedings and
embedded in many bound volumes of journals. The purpose of the present book is to bring
together the contributions of those involved and to give a coherent account of the scientific
achievements from JET.

During the writing | have been asked many times, “for what type of reader is the book
intended?’ It is not simple to answer this question because | have in mind different types of
readers.Firstly, | would like JET scientists themselves to find some satisfaction from seeing the
“JET story” put together. Then | would hope that newcomers to the subject will find it useful to
learn what has gone before. And finally it would be rewarding if the book found awider readership
both inside and outside the fusion community.

In an attempt to fulfil this broad ambition the book starts with a simple introduction to
fusion research and progressively introduces the concepts required for an appreciation of the
scientific advances coming from JET. Thus the technical level increases with successive
chapters.After the introductory chapters we come to the early JET experiments, and these lead
tothe core aspects of the research - stahility, plasmaconfinement, interaction between the plasma
and the neighbouring material surfaces, and basic physics. In the penultimate chapter we reach
the high point - the production of the thermonuclear power. The final chapter then gives an
overview and assessment of the JET research, and measures the achievements against the aims
declared at the outset of the undertaking.

I do not know how it will appear to the reader but, as one who has been involved in the
research from the early days, | am very impressed by the progress made. Personaly, | have
found encouragement in the confidence and dynamism of my colleagues and have been full of
admiration for the remarkable technical developments, the outstanding improvements in
diagnostic techniques, and the theoretical advances inspired by the experimental results, all of
which have contributed to the success of JET.My hope now isthat fusion research will continue
with the same imaginative commitment.



I must record my indebtednessto my colleagues. No matter what aspects of thework | was
dealing with, | was always able to turn to very helpful and knowledgeable experts in the JET
project to answer my questions. Many colleagues have read parts of the manuscript and detected
my errors.] would particularly like to mention those who read the whol e draft and have given me
their advice - Roy Bickerton, Rob Felton, Alan Gibson, Chris Gowers, MartinK eilhacker,
MerviMantsinen, Phil Morgan and Paul Thomas. | must thank Lynda L ee for her patience and
care in typing the manuscript, and RogerBasto w for his help in preparing the large number of
figures. Finally, | am very much indebted to Stuart Morris for the skill and commitment he has
put into preparing the manuscript for printing.

JET, Oxfordshire, England
November 1999 JOHN WESSON
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UNITS

The system of units used is m.k.s. Following the convention generally accepted in the subject,
temperatures arewritten either in joulesor in eV (or keV). Thusin place of the conventional kT°®
(where k is Boltzmann's constant and T° is in degrees Kelvin) we write T (joules), so that
T°= T (joules)/1.381 x 102, The temperature in electron-volts is defined by the potential
difference in volts through which an electron must fall to acquire an energy T, that is
T(eV)=T(joules)/e w here e is the electronic charge. Thus T(eV) = T(joules)/1.602 x 107,
Whenever the temperature given isin eV thisis explicitly stated.
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1. BRINGING THE SUN TO EARTH

JET cameinto operation in 1983, its purpose being to make a substantial step in the search for a
means of obtaining power from nuclear fusion. It had been preceded by aworld-wide exploration
of the subject which began in the late 1940s. However, the story starts a century earlier with the
problem of understanding the sun.

Mankind had always recognised that it owed its survival to the continuous supply of heat and
light inexplicably provided by the sun, but the mystery of this provision deepened with the
discovery of the law of the conservation of energy. Thislaw meant that the energy radiated by
the sun had to be accounted for in terms of an energy source. What could it be?

It is easy to calculate the magnitude of the problem. The power received at the earth is
1.4kilowatts per square metre. Sincethe sunradiatesuniformly inall directionswe can calculate
the total power emitted by the sun by multiplying this figure by the area of a spherearound the
sun, passing through the earth. The radius of this sphereisthe distance ofthe ear th from the sun,
150 million kilometres, and so the area of our sphere (41r) is 2.8 x10 23 square metres.
Multiplying by 1.4 kilowatts per square metre gives the total power, 4 x 1023 kilowatts. When
werrecall that atypical electricity generating plant produces around 106 kilowatts we recognise
that the magnitude of the sunOs output is difficult to conceive.

In the nineteenth century physicists must have been very concerned about the need to
provide an answer to this very obvious problem. The only sources of energy they had to call on
were chemical energy and gravitational energy. Let uslook at these in turn.

In the case of chemical energy it is easy to take atypical fuel, coal say, and imagineit to
burn in an oxygen atmosphere. Coal and oxygen have a calorific value of about 10 megajoules
per kilogram, and since the mass of the sun was known from its gravitational attraction to be
2 x10 30 kilograms, the maximum energy available from such a source would be 2 x10 31
megajoules. How long would this last at the observed power output of the sun? Dividing the
energy by the power output of 4 x 1020 megawatts gives a time of 5 x 1010 seconds, which is
about 1,600 years. The biologists believed that evolutionary timescales implied that the earth
had existed in essentially the same state for hundreds of millions of years, and the geologists
thought the age of the earth waslikely to be measured in billions of years. A few thousand years
would not do.

The idea of gravitationa collapse is that in a contraction of the sun each spherical shell
within the sun would move inward under the gravitational force of the mass enclosed by the
shell. The work done by thisforceisthen available as heat. If the total power released by such a
contraction is equated to the sunOs heat output it gives a required rate of contraction. This
calculation was carried out by Lord Kelvin and by Helmholtz. The problem was that when the
contraction was extrapol ated back in time, it only provided the requisite power for tens of millions



of years. Furthermore, going back for such atime, the sun would have been so large it would
have envel oped the earth. Again thiswasin conflict with the evidence of the earthOs antiquity. As
the years passed the problem of the sunOs energy source remained unsolved.

With the development of relativity and nuclear physics in the first two decades of the
twentieth century the necessary tools for constructing a satisfactory theory became available,
and they were used by Sir Arthur Eddington to guide the thinking toward a solution of the
problem. In the 1920s Eddington came to see the sun, and similar stars, as a sphere of hot gas
mainly composed of hydrogen. The temperature necessary for the pressure of the gasto balance
the inward gravitational forces was around 15 million degrees Kelvin. Eddington conjectured
that under these conditions it would be possible for hydrogen nuclei to fuse together, and that if
they formed a helium nucleus energy would be released. By that time it was realised that a
helium nucleus has less mass than four hydrogen atoms, and relativity predicts that the
mass loss Am would be converted into an energy E = Amc?, where c is the velocity of light.

Although uncertainties remained Eddington was basically correct. Hisideaswere given a
firm theoretical basis by Hans Bethe who, in 1939, showed that various nuclear processes were
possible, depending on the precise conditions. In the sun the dominant process starts from
hydrogen nuclei, which are simply protons, and proceeds in three stages. In the first stage two
protons fuse, releasing apositron and forming adeuteron. Thisisan extremely slow process, but
once the deuteron isformed it lasts only afew seconds before a further proton is added to form
the light isotope of helium, He3. The He3 nuclei then wait on average for about amillion years
before two of them fuse to form He* with the rel ease of two protrons.

Thetotal energy released in this sequence of reactionsis 6 x 108 megajoul es per kilogram
of hydrogen. This is about 60 million times the energy per kilogram available from chemical
fuels.

The realisation that the fusion of light elements could rel ease nuclear energy provided the
basis for inventive minds to search for a practical way of producing power.

A star isdrawing on some vast reservoir of energy by means unknown to us. Thisreservoir can scarcely
be other than the sub-atomic energy which, it is known, exists abundantly in all matter; we sometimes
dream that man will one day learn how to release it and use it for his service. The store is well-nigh
inexhaustible, if only it could be tapped. Thereis sufficient in the Sun to maintain its output of heat for
15 billion years.

The nucleus of the helium atom, consists of 4 hydrogen atoms bound with 2 electrons. But Aston has
further shown conclusively that the mass of the helium atom is less than the sum of the masses of the
4 hydrogen atomswhich enter into it. Thereisaloss of massin the synthesis amounting to about 1 part
in 120, the atomic weight of hydrogen being 1.008 and that of helium just 4. .E We can therefore at
once calculate the quantity of energy liberated when helium is made out of hydrogen. If 5 per cent of
astarOs mass consistsinitially of hydrogen atoms, which are gradually being combined to form more
complex elements, thetotal heat liberated will more than suffice for our demands, and we need look no
further for the source of a starOs energy.

If, indeed, the sub-atomic energy in the starsis being freely used to maintain their great furnaces, it
seemsto bring alittle nearer to fulfillment our dream of controlling thislatent power for the well-being
of the human raceNor for its suicide.

Extracts from Eddington’s remarkable lecture to the British Association for the

Advancement of Science in 1920.




Fusion Reactions

In a practical system the reactions could not proceed at the leisurely rate of those in the sun,
where the protons have a one in a million chance of reacting in ten thousand years. However,
this problem is readily solved by starting with deuterium, either alone or in a mixture with the
heavier hydrogen isotope, tritium.

With deuterium alone there are two fusion reactions, which occur at essentially the same
rate. They are

D+D - He3+n+33MeV
and

D+D - T+H+4.0MeV

where D denotes a deuteron, T atriton, H a proton, and n a neutron. The energies given are the
total energies released, this energy being the kinetic energy of the reaction products.

With a deuterium-tritium mixture the following reaction also occurs

D+T - He*+n+17.6 MeV ,

the He? isotope of helium being an a-particle.

The D-T reactions have a much larger cross-section than those for D-D, and so a D-T mixture
offers an easier route to power production than pure deuterium.

Even with deuterons and tritons the cross-section for fusion only becomeslarge enough to
be useful at high energies. If the required nuclear reactions were to be generated through the
thermal motions of the nuclei, so-called thermonuclear fusion, it would be necessary to achieve
extremely high temperatures, probably 100 million degrees K. How this could be done was not
clear.

Inthe sun the high temperature particles are held together by the gravitational forcearising
from the sunOs mass. In the absence of gravity the particles would fly apart with their thermal
velocities. In aterrestrial vessel particles at the required temperature would escapeto thewall in
microseconds.

How could these difficulties be overcome?



Plasmas and M agnetic Fields

If the temperature of a gas is raised above about 10,000K virtually all of the atoms become
ionised, with electrons becoming separated from their nuclei. The resulting ions and electrons
then form two intermixed fluids. However, the electrostatic attraction between their positive and
negative charges is so strong that only small charge imbalances are allowed. The result is that
theionised gasremains almost neutral throughout. This constitutes afourth state of matter called
aplasma. We shall seelater that a plasmahas some of the properties of other states of matter, but
also exhibits a wide range of unique features. Fusion research has been largely aimed at
understanding very high temperature plasmas, and the subsequent chapters will relate the
discoveries that have been made.

We now return to the problem of confining what we can now call the plasma, without the
gravitational field available to the sun. Whereas an uncharged atom is unaffected by a magnetic
field, the negatively charged electrons and the positively charged nuclel forming the plasmaare
subject to a magnetic force called the Lorenz force. The Lorenz force turns the motion
perpendicular to the magnetic field into acircular motion around amagnetic field line asillustrated
in Figure 1.1. This property of a magnetic field provided a crucial step in the early thinking
about confining the particles, leaving only the motion along the magnetic field lines to be
controlled.

Magnetic

/ field

Particle
orbit

1698.356/1c

Figure1.1. Inthe presence of a magnetic field the motion of a charged particle perpendicular
to the field takes the form of a circular orbit.

Early Days

Theearliest practical proposals were made by Peter Thonemann and Sir George Thomson. They
both had the idea of avoiding ends to the confinement vessel by making it toroidal, or doughnut
shaped. The vessel would be filled with hydrogen at a very low pressure and this gas would be
converted to ahot plasmaby passing an electric current through it around the torus. The magnetic
field associated with this current would hold the charged particles avay from the walls. In fact
the plasma current crossing its own magnetic field would produce an inward force which would
OpinchO the plasma toward the centre of the toroidal tube asillustrated in Figure 1.2.
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Figure1.2. Thefirst part showsthedirection of the magnetic field associated with the toroidal
current passing through the plasma. The current isactually distributed over the plasma cross-
section and, being perpendicular to its own magnetic field, produces a radially inward force.
Thisforceisillustrated in the second part of the the figure which shows a cross-section of the
plasma, the plasma current now being in the direction into the paper.

Experiments of thistypewere carried out by Alan Ware asastudent of Thomson at Imperial
Collegeinthelate 1940s. Historus had adiameter of 25cm and bore of 3cm, with currents up to
13,000 amps. Later, with Cousins, he observed the pinch effect in a somewhat larger torus with
27,000 amps. Similar experiments in which the plasma was made the secondary winding of a
transformer were carried out by Thonemann at the Clarendon Laboratory.

These investigations, which marked the start of fusion research, soon led to an expanded
program of research in the United Kingdom with substantial teams of scientists and engineers
being formed at Harwell and at the Research Laboratory of the Associated Electrical Industries
a Aldermaston. Experiments were also started in the United States.

An important early experiment was carried out at Harwell by Carruthers and Davenport.
The toroidal discharges which they produced lasted only for about 100 microseconds, but the
torus was made of glass and this allowed them to photograph the plasma. Photographs of one
such dischargeare reproduced in Figure 1.3. They show how the plasmalosesitsinitial symmetric
form, and devel ops OkinksO. Thisresult implied that the plasmawas unstable, and isthefirst hint
of a problem which was to form one of the main streams of fusion research. In amost al
subsequent experimentsinstability would constrain and limit the achievable plasma conditions.



-

Figure 1.3. Photographs from early pinch experiments showing how the discharge initially
forms a symmetric toroidal ring, but then develops a kink instability.

New |deas

Inthe 1950sthere was a proliferation of designsfor confining plasmaswith magneticfields. The
early toroidal pinchesled to larger experiments including ZETA with a plasma of 50cm minor
radius carrying currents of up to a million amps. These pinches were found to be much more
stable when atoroidal magnetic field was added.

A related configuration was the stellarator, suggested by Lyman Spitzer, in which the
helical form of the magnetic field was achieved by currentsin externa windingsrather than that
in the plasma. Another toroidal configuration, the Levitron, had a toroidal current-carrying
conductor inside the plasma. Then there were open ended devicesincluding the mirror machine,
so-called because the plasma particles were prevented from leaving along the magnetic field
through the open ends by reflecting from regions of higher magnetic field.

The Otokamak© was proposed by Sakharov and Tamm and devel oped in the Soviet Union.
It is a close relative of the toroidal pinch configuration, differing from it by having a larger
toroidal magnetic field, and it is to this tokamak family that JET belongs.

A Bleak Period

In the late 1950s the ZETA experiment was operated with a deuterium plasmain an attempt to
produce fusion reactions between the deuterons. In one of the two types of D-D reaction neutrons
are produced. Being unaffected by the magnetic field, such neutrons could be detected outside
the plasmavessel. In fact ZETA produced neutrons, but it was shown by studying the neutrons
that they had been predominantly produced by accel erated deuterons, and not through the thermal
motions of heated deuterons as had been intended. The precise explanation of the mechanism



has never cometo light, but the non-thermonuclear origin of the neutrons certainly cast ashadow
over the results.

A wide variety of configurations was explored in the 1960s, but the outcome was not
encouraging. Each confinement system was found to be subject to instabilities, which either
destroyed the configuration or led to a deterioration of the plasma confinement.

It is probable that the gloom of this period was not redlly justified. The expectation had
been of rapid progress and it took some time to adjust to the longer timescale required to reach
athermonuclear reactor.

Theway forward was shown by the tokamak experiments. Having ahigher toroidal magnetic
field for agiven plasma current, this configuration precludes the worst instabilities of the pinch,
and allows acomparatively quiescent plasma. In addition, the interaction of the plasmawith the
wall was carefully controlled. By the late 1960s the Soviet tokamak programme, under the
guidance of Lev Artsimovitch, had started to produce impressive results, including the
achievement of temperatures around 10 million K.

We shall return to the development of tokamaks, and the JET experiment, shortly but first
we need to take alittle time to look at some basic plasma physics.

Bibliography

It was clear to the pioneers that there were difficult problems to be solved if useful thermonuclear
power was to be achieved. The required temperature alone seemed formidable. In 1949 Gamow and
Critchfield, in their book on the Atomic Nucleusand Nuclear Energy Sources, expressed the opinion
that OIt goes without saying that the problem of obtaining such high temperatures

[10 million degrees] on earth is of almost unsurpassable technical difficultyO (page 268).

Theearly history of scientific developmentsisrarely straightforward, and fusion researchisno
different. Reasonable claimsto early contributions can be made by anumber of people. However, the
first reported directly relevant experiment seemsto bethat by Cousinsand Ware at Imperia College.
Their paper, which reportstoroidal experimentswith evidenceof the pinch effect, isin the Proceedings
of the Physical Society, B64, 159 (1951). The photographs of instabilities by Carruthers and
Davenport shown in Figure 1.3 are from the Proceedings of the Physical Society B70, 49 (1957).

Until 1958 the main experimental work was secret. The opening up of the subject in January
of that year was marked by the publication in Nature of the experimental work by several groups,
most notably that working on ZETA. In the following year a United Nations Conference in
Genevabrought together alarge variety of Ostate of the artO devel opments from several countries.
These are published in the Proceedings of the Second United Nations Conference of the Peaceful
Usesof Atomic Energy, Volumes 31 and 32 (1959). From then onwardsinternational collaboration
was to be an outstanding feature of fusion research.






2. SOME PLASMA PHYSICS

As already described, if agasis heated sufficiently the force binding the electronsin the atoms
is overcome and electrons are separated from the atom. The remaining atom is deficient in
electrons and forms a positive ion. For any species of atom there will be a plasma temperature
abovewhich all theatomshavelost an electron, and the gasisthen said to be fully ionised. Inthe
case of the hydrogen isotopes, hydrogen, deuterium and tritium, the atom has only one el ectron,
and consequently they become fully ionised at a comparatively low temperature.

The plasma can be thought of in two basic ways, both of which are useful. In the first we
can ask how individual electrons and ions behave. In particular it is of great importance that
their motion is dominated by the effect of a magnetic field. The second way is to regard the
electrons and ions as forming fluids. The electron and ion fluids then have their separate
temperatures and pressures. They also have other properties familiar from normal gases, such as
viscosity and thermal conductivity. It is sometimes convenient to think of the electronsand ions
asjointly forming asingle fluid and, in particular, the single fluid model provides the simplest
approach to analysing stability.

Before looking at the specific properties of the plasmait is useful to obtain some feel for
the magnitudes involved with the plasmas of interest.

The plasma densities are most easily appreciated by a comparison with the density of
moleculesin the atmosphere. Thisis about 3 x 1025 molecules per cubic metre. The plasmaswe
shall discusswill have electron and ion densities of afew times 1019 per cubic metre. That is, the
densitiesare about one millionth of the atmospheric density. The massdensity is correspondingly
small. Whereas a cubic metre of air weighs roughly a kilogram, a typical JET plasma, with a
volume of 100 cubic metres, weighs only as much as a postage stamp.

The required temperatures on the other hand are impressively high, higher than at the
centre of the sun. They need to be high because the rate at which the desired fusion reactions
occur isvery low at low temperatures. The target temperature for afusion reactor isin the range
100-200 million degrees. At such temperaturesthe reaction rate for adeuterium - tritium mixture
is 40,000 times higher than at “only” 10 million degrees.

Thetemperature of the plasmaisjust asimpleway of describing the average kinetic energy
of the particles. Knowing the temperature we can straightforwardly cal culate the thermal energy,
1/, mv2, of the particles. Electrons and ions at the same temperature have the same energy bui,
because the el ectrons have a much smaller mass, this corresponds to a much higher velocity for
the electrons. At 100 million degrees deuterons have a thermal velocity of 600 kilometres per
second, and electrons have a velocity 40,000 kilometres per second, more than one tenth of the
speed of light.

It istraditional and convenient to give plasma temperatures in electron volts, eV, or kilo-
electron volts, keV. The electron volt is defined as the energy an electron would receive in



falling through an electric potential of onevolt. The conversionisgiven by 1eV = 11,600 K, and
for present purposes it is adequate to think of 100 million degrees as 10 keV. From here on we
shall usethe eV notation.

The Effect of a Magnetic Field

The behaviour of charged particlesin amagnetic field isfundamental to our subject. Inauniform
magnetic field the motion of a charged particle has two parts. Firstly, it has a circular motion
perpendicular to the magnetic field, the radius of the circle being called the Larmor radius. This
radius increases with the energy of the particle and decreases with the strength of the magnetic
field. For atypical ionin a JET plasmathe Larmor radiusis afew millimetres. For an electron
the Larmor radius is smaller by the square root of the electron-ion massratio and is typicaly a
tenth of amillimetre. Because of the opposite signs of their chargesthe electronsand ionscirculate
in opposite directions.

The other part of the motion is that along the magnetic field. In auniform magnetic field
the charged particle’s motion parallel to the field is unaffected by the field, and the particles
“parallel velocity” isconstant. When the two parts of the motion are combined we have ahelical
trajectory as shown in Figure 2.1.

If the magnetic field becomes stronger as we move along the field line the particle seesa
force in the direction away from the stronger field, and if the increase in the magnetic field is
sufficiently large this force can reflect the particle back aong its path. For this reason the force
is called the “mirror force”. This effect is illustrated in Figure 2.2 where the increase in the
magnetic field is apparent from the convergence of the magnetic field lines.

Field
line
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Y
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Figure 2.1. The charged particles follow a helical Figure 2.2. The particles are reflected from regions of
trajectory with its axis along the magnetic field. higher magnetic field.
Pressure Balance

Because the mass of the plasmawe areinterested inis so tiny, itsinertiausually playslittlerole
in the plasma’s behaviour. This means that the forces must balance throughout the plasma, any
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imbalance being removed by arapid adjustment.

Inasteady equilibrium, thetwo forceswhich balance arethe gradient of the plasmapressure
and the magnetic force which arises from the current crossing the magnetic field. This magnetic
forceisjust that which drives an electric motor. The magnetic force is perpendicular to both the
current and the magnetic field, and consequently its component along the magnetic field is zero.
Thismeansthat there can be no plasma pressure force along the magnetic field, and consequently
the plasma adjusts to have a constant pressure along each field line.

The magnetic force can also be thought of as a magnetic pressure. In the simple case of
straight magnetic field lines a magnetic field of strength B has a pressure B%/2j1, where o isa
constant equal to 41t x 107 in Standard International units. A gradient in B2/, has the same
effect asa gradient in plasma pressure. However, the magnetic force is more subtle because, in
addition to the simple B%/2p, pressure, any curvature of the magnetic field lines contributes an
extraforcein the direction of the centre of curvature, and this must beincluded in the force balance.

Collisions

Many properties of the plasma are governed by collisions between particles. For example the
electrical conductivity isdetermined by the collisions between el ectrons and ions asthe el ectrons
drift through the ion fluid to produce an electric current.

Hard, close collision

Weak, distant collision ___

Figure 2.3. Comparing a hard collision with a weak, distant collision. Although the scattering
is small in weak collisions, they generally dominate because of their larger number.

However, collisionsin aplasmado not conform to the simpl e picture we might have based

on the collisions of hilliard balls, or those between the molecules of a normal gas. The basic
reason is that in these two cases the collision occurs when the balls or molecules make contact,
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but the particles of aplasmacollidewith distant particles. The force between the plasmaparticles
is the Coulomb force between electric charges. This force falls off comparatively slowly with
distance, in fact with the inverse square of the distance between the particles. As aresult of this
long range interaction any given particle is colliding simultaneously with a large number of
other particles. Inaplasmasuch asthat in JET each particleissimultaneously “in collision” with
millions of other particles.

Because of this special feature, collisions in a plasma are described by the cumulative
effect of all the separate collisions. It turns out that the contribution of the weak, but more
numerous, distant collisions outweighs that of the hard collisions which result from close
encounters. The two types of collision areillustrated in Figure 2.3.

An effective collision time can be defined for each particle species as the time for the
multiple collisions to produce a deflection through a large angle. The collision times depend
sensitively on the plasmatemperature, but taking atypical JET plasmathe collision time of the
electronsis a few hundred microseconds, and of the ions is tens of milliseconds. The distance
travelled in this time gives amean free path of tens of kilometres for both ions and el ectrons.

Bibliography

Before fusion research, plasma physics was largely concerned with partially ionised, low
temperature plasmas such as those found in arcs and sparks. An influential introduction to the
new subject was Spitzer’s small book on the Physics of Fully lonised Gases, Interscience, New
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by Goldston and Rutherford, Introduction to Plasma Physics, Institute of Physics Publishing
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3. TOKAMAKS

The tokamak was first developed in the Soviet Union in the early 1960s, the name “tokamak”
being formed from the Russian words toroidal naya kamera and magnitnaya k atushka meaning
“toroidal chamber” and “magnetic coil”.

The advantage of toroidal, as opposed to linear, geometry is obvious from the avoidance
of “ends’. The simplest magnetic field in atorus would be a purely toroidal magnetic field in
which all thefield lines form circles passing round the torus. However, a plasmaplaced in such
afield cannot come to an equilibrium force balance. The pressure of atoroidal plasma would
cause it to expand and the toroidal magnetic field is unable to provide a balancing force. The
result would be avery rapid loss of the whole plasma.

Inthetokamak thisdifficulty isovercome by passing atoroidal current through the plasma
itself. This current produces a poloidal magnetic field, whose field lines pass the “ short way”
round the plasma, as shown in Figure 3.1. This encircling magnetic field is able to hold the
plasmain place and to provide an equilibrium force balance. The way in which the toroidal and
poloidal magnetic fields combine is illustrated in Figure 3.2, the resulting field lines taking a
helical path around the torus.

Toroidal
field

Major radius

Toroidal
current

T—r

Figure 3.1. h€ currents and fieldsin a tokamak plasma.

X Plasma
Toroidal current Combined,
field helical field
Poloidal
fied s ™

Figure3.2.  Te tokamakOs toroidal magnetic field combines with the poloidal field of the
plasma current to produce a magnetic field with helical field lines.
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With a plasma in toroidally axisymmetric equilibrium the path of a magnetic field line
maps out a toroidal surface. Every field line remains within its “ magnetic surface” and these
surfaces form anested set. The current lines also lie in the magnetic surfaces, and the plasma
pressure is constant on each surface.

All magnetic fields have an associated current, and thetoroidal magnetic field in tokamaks
is produced by currentsin coilslinking the torus, as shown in Figure 3.3. Thefield is produced
using many toroidal field coils, to produce as uniform afield as possible. The magnitude of the
toroidal field is typically a few Tedlas, which is more than 10,000 times the strength of the
earth’s magnetic field.

Figure 3.3. Cails linking the torus produce the toroidal magnetic field.

In the early Soviet experimentsthe heating of the plasmawas achieved through the ohmic
heating generated by the plasma current. Thisis the familiar I2R heating, where | is the current
and R theresistance. In plasmastheresistivity isprincipally dependent on the temperature of the

electrons, being proportional to 1/ T>'%. The ohmic heating is, therefore, very strong at low
temperatures but becomes|ess effective at higher temperatures. Inthe early tokamak experiments
atypical ohmic heating power would be 10kW.

There was initially some reluctance to accept the superiority of the tokamak as compared
to other confinement devices, but the potential of the tokamak became clear when temperatures,
first of several hundred eV, and later over 1keV were obtained. By 1970 there was areadinessto
pursue this line, and a world wide tokamak programme soon developed. It should be noted,
however, that although the successes were welcome there were hints of serious difficulties to
come. Two particularly significant problems were the recognition that the confinement of the
plasma is not as good as basic theory predicted, and the appearance of violent instabilities,
called disruptions, which limited the operating conditions.

Confinement

The important role of confinement can be seen by considering the energy balance in a fusion
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reactor. The particlesin areacting plasma have been heated to ahigh temperature. Thisrequires
aninput of energy which iswasted for ionswhich arelost before they undergo an energy producing
fusion reaction. We see, therefore, that the confinement must be sufficiently good that a large
enough fraction of theionsreact beforetheir energy islost. Thisleadsto asimplecriterion, first
derived by Lawson, that the product nt of the density n and confinement time t must be greater
than 6 x 1019 m=3s,

We shall seelater that the subject of plasma confinement in tokamaksisfull of mysteries.
For the present we shall just look at the fundamental model of confinement in which the losses
are due solely to collisions between the particles. This represents the minimum loss rate and
provides abasic level of confinement for comparison with experiment.

Magnetic

field /

Collision

Figure 3.4. Schematic drawing showing how a collision causes the particleOs orbit to be
displaced by approximately a Larmor radius.

Inthe simplest model the diffusion of particlesacrossthe magnetic fieldisdueto collisions.
Asillustrated in Figure 3.4, acollision alows the gyrating particle to move to another field line
about a Larmor radius away. These collisions are equally likely to give an inward or outward
step, and the result is arandom walk. The resulting flow is outward because the particle density
is higher at the centre.

Although it is easy to picture the energy loss as arising from the loss of the particles
carrying the energy, thereality isthat the energy ismainly lost by the random transfer of energy
from particleto particleasaresult of collisions. Thisisthefamiliar process of thermal conduction.
The magnetic field provides the insulation, and the heat is driven across the plasma by the
temperature gradient between the hot central plasma and the colder plasma at the edge.

This simple model requires one elaboration. There is a subset of the particles which, in
addition to their Larmor motion, move in a broader orbit, and are therefore subject to a higher
loss rate. This subset, called trapped particles, dominates the overal collisional losses.
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Figure 3.5. The toroidal magnetic field falls off as /R, where R is the distance from the

major axis. So, asthe particle moves along the magnetic field from the outboard side it sees

an increasing magnetic field. This producesa Omirror forceO on the particles, and the more
slowly moving ones are reflected.

The particle trapping arises from the variation of the strength of the magnetic field seen by
the particles as they follow their spiral orbits along the field. A straightforward consequence of
Ampeéreslaw isthat the toroidal magnetic field will fall off with the distance, R, from the major
axis of the torus, the field being proportional to 1/R asillustrated in Figure 3.5. This means that
a particle starting on the outboard side of the plasma and following the helical magnetic field
line will encounter an increasing magnetic field as R decreases. The result is that the particle
sees aretarding mirror force as described in Chapter 2. Particles moving slowly along the field
arereflected and then, when they attempt to traverse the torusin the opposite direction, they are
reflected back again. These are the trapped particles. Until they suffer a collision they bounce
backward and forward around the outboard side of the plasma.

The orbit of trapped particlesisillustrated in Figure 3.6 which shows the projection of the
orbit onto apoloidal plane. Because of itsshapeit is called abananaorbit. The width of the orbit
is greater than the Larmor radius and this results in an enhanced loss rate as the particles are
displaced by collisions.

Thecollisional diffusion of the untrapped particles which circul ate freely around thetorus
iscaled “classical”. The enhanced diffusion of the trapped particlesis called “neo-classical”.
When the two are added together the contribution of the trapped particles dominates.

The requirement of electrical neutrality within the plasma means that electrons and ions
have equal diffusion rates. Thereisno such restriction for thermal conduction and the ions have
alarger conductivity than the electrons, the ratio being roughly the square root of the ratio of
their masses. The result isthat, neoclassically, the dominant energy loss process arises from the
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thermal conductivity of the ions. The underlying reason for this is their larger banana orbit,
which allows alarger step in the thermal diffusion.

The above account is purely theoretical and only sets the scene for the many unexpected
developmentswhich we shall encounter later. Aswith most aspects of plasmaphysicsthe plasma
seems capabl e of more complex behaviour than theory predicts.

Poloidal
cross-section

Major radius

Figure 3.6. A reflected particle returns along the magnetic field until it is reflected back
again. Such particles ObounceO repeatedly and as a result they are trapped on the outboard
side of the plasma. The trapped orbit projected onto the poloidal plane, as shown, has the
shape of a banana - giving the orbits their name.

I nstabilities

The pioneers of tokamak theory were well aware of the possibility that the plasma would be
subject to instabilities, and the experimentalists soon discovered such instabilities. Despitethis,
the success of tokamaksis duelargely to the fact that there are parts of operating spacewhich are
free from destructive instabilities. However, the early workers could not have foreseen the
complexity and subtlety of the stability problem. We shall see that some aspects have cometo be
understood theoretically, but others have been tantalisingly inexplicable.

A simple model of instability isthat of the inverted pendulum, illustrated in Figure 3.7. In
its exactly vertical position the pendulum isin equilibrium, but even the smallest displacement
will cause the pendulum to fall. Thisis because, for any finite angle of displacement, thereisa
component of the gravitational force which acts along the path of the pendulum’s head. The
result isthat gravitational potential energy is released and converted into kinetic energy.

These features of instability also govern the basic stability of tokamak plasmas. Again the
questioniswhether small perturbations about an equilibrium would grow, and thisin turn depends
on whether thereis accessible free energy for the instability. For tokamak plasmas, however, the
calculation of stability can be very complex. Firstly, the plasmais three dimensional and rather
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complicated, and then we have to consider all possible perturbations of the plasma equilibrium.
Furthermore, it turns out that there are many types of potential instability. We shall not delve
into this complexity. When we return to the subject we shall be content to identify the main
sourcesof instability and to seethe significance of the stability limitsin constraining the achievable

Equilibrium Q — /T
position LR~

plasma parameters.

T e
/ displacement
/ grows
/
/
/
/
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Figure 3.7. Aninverted pendulumis unstable. For any displacement from the equilibrium
position the gravitational force hasa component in the direction of the displacement, causing

it to grow.

The Early Tokamaks

The Soviet tokamak programme in the 1960s led to the device T-3. This had a major radius of
Im, a minor radius of 12cm and a plasma current of about 60kA. The electron temperature
estimated from the resi stance of the plasmawas around 100€V, but later measurements using the
perturbation of the magnetic field due to the plasma pressure indicated that the temperature was
much higher. Thiswas confirmed by measurements based on the scattering of laser light by the
plasma electrons, showing that el ectron temperatures of around 1,000eV were achieved.

On the crucial subject of confinement, the results from T3 indicated that the energy loss
through the ions was of the magnitude expected from the neoclassical theory of collisional
losses. On the other hand the electron | oss, which should have been small in comparison, wasin
fact dominant. Thismeant that the el ectron thermal conduction waslarger than predicted by two
orders of magnitude.

In addition, these tokamak plasmas were vulnerable to a gross instability, now called a
disruption, which was so strong that the plasma current could not be maintained and the discharge
was brought to an untimely end. An early example of thisis shown in Figure 3.8.
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Figure 3.8. Trace of the plasma current showing the collapse brought about by a plasma
disruption, from a paper by Gorbunov and Razumova in 1963.

Recognising the potential of tokamaks, the scientistsat Princeton Plasma Physics L aboratory
converted atoroidal device called astellarator into atokamak in 1970. The experiments on this
“ Stellarator Tokamak”, called ST, confirmed that high temperatures were achievable. However,
they also uncovered a new instability which became recognised as a regular feature in al
subsequent tokamak experiments. It was found that the central electron temperature underwent
arepeated and regular collapse. Each rapid collapse was followed by a slow recovery, giving
thetimetraces asawtooth pattern from which thisinstability has become known asthe sawtooth
instability. The original soft X-ray traces showing this behaviour are shown in Figure 3.9.

1G98 356122¢

t(ms)

Figure 3.9. Time traces of soft X-rays from ST tokamak, given in the paper by von Goeler,
Sodiek and Sauthoff. The emission fromthe axis (r=0) shows a sudden collapse followed by
a slow rise, giving the trace its sawtooth form. This relaxation instability throws energy to
the outer region where an inverted sawtooth is observed (r=3.9cm).

The French were quick off the mark, and designed and built the world's most advanced
tokamak. In the summer of 1973 TFR (Tokamak de Fontenay-aux-Roses) was providing itsfirst
results. The plasmahad amajor radius of 1m and a minor radius of 20cm, with adesign plasma
current of 400kA. With ohmic heating al one el ectron temperatures of 2-3keV were achieved and
record confinement times of around 20ms were obtained.
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These early tokamaks provided much needed encouragement for the fusion programme
and their success opened up aplausible path to areactor. 1t was clearly desirableto makealarge
step in that direction, and in Europe it was agreed that this could be most readily achieved by a
collaborative project. With thisaim in mind ateam was set up to design a Joint European Torus
- JET. Thedecision asto how large the step should be could not be based purely on established
scientific principles, since they did not exist. However, one simple cal culation could be made. If
the experiment was to succeed in producing a significant amount of fusion power, the energy of
the a-particles produced could only be retained within the plasmaif their orbitsin the magnetic
field were smaller than the width of the plasma. The condition for this depends only on the
plasma current, and the required current is around 3MA. A current of this size was therefore
envisaged, but it would be up to the JET design team to identify the important goals and to
propose the device which was best able to achieve them.
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4. JET -QUITEA STEP

What was known

Let usfirst get afed for the magnitude of the step to the proposed JET tokamak by comparing its
physical size to that of the largest tokamak then existing, that is TFR. The plasma volume in
TFR was less than 1m3. The volume for JET turned out to be over 100m3. Measured in these
terms, therefore, the step was more than afactor of 100. Whereas the minor radiusin TFR could
be spanned by one hand, the JET vacuum vessel would be twice the height of a man, so that it
would easily be possible to stand inside. Along with the increase in physical size the plasma
current, acrucia parameter, would be increased by an order of magnitude.

The scientific framework for making design decisionswas very shaky. Perhapsthe foremost
issue was how to reach thermonuclear conditions. The fundamental uncertainty was the
confinement properties of the hotter plasmas that would be required. The only base from which
towork wasthat of previous experimentswith ohmic heating. In these experimentsthe anomal ous
loss through electron thermal conduction was dominant, and the loss through the ion channel
was thought to be close to the minimum value as given by neoclassical transport resulting simply
from collisions. It was plausible, at least, that at higher temperatures the ion heat loss would
remain neoclassical. In that case theory predicts alowering of theion thermal conductivity with
increasing temperature. The question would then be that of the electron heat |oss. In the absence
of experimental information it was natural to look to theory. Unfortunately there was no accepted
theory. Then, as now, there were fashionable ideas, but the remarkable truth is that theory has
never satisfactorily got to grips with anomal ous transport.

Thus, little could be said with confidence and this, of course, was part of the justification
for the JET experiment. It was necessary to discover the rules governing confinement in plasmas
closer to reactor conditions.

There were other important uncertainties. Perhaps the most fundamenta was the question
of the so-called 3-limit. 3 isessentially ameasure of theratio of the plasmaenergy to the energy
of the magnetic field. Thisratio appears naturally in the theory of magnetohdrodynamic (mhd)
instabilities, and it was natural, therefore, to expect that these instabilities would impose alimit
on the achievable value of 3. Thiswould mean that for agiven magnetic field, the plasmaenergy
could not exceed a critical value. When the JET design team started its work the question of a
B-limit arose, and the absence of any theoretical calculation of the limit provoked the design
team to instigate calculations which were ultimately to lead to the establishment of a sound
understanding of the B-limit.

Another subject surrounded by mystery was “disruptions’. It was known that increasing
the plasma density too far would cause afatal disruption of the plasma. The same happened if,
for agiven toroidal magnetic field, the plasma current was increased to too high avalue. Since
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high density was to be desired for a high thermonuclear reaction rate, and since larger currents
were expected to improve confinement, the disruption problem was crucial. However, disruptions
were not understood, and even the pattern of their occurrence was somewhat unclear. It did
seem, however, that the limit to the plasma current was related to the so-called safety factor,
written as g. Thisis essentially theratio of the toroidal and poloidal magnetic fields divided by
the ratio of the major and minor radii of the plasma, R/a. That is, q = (B1/Bp)/(R/a).

Faced with these uncertainties the JET team had to come up with a design. The plasma
current was chosento be 3.8MA, sufficient to confine a-particles, with the possibility of extending
this to 4.8MA. The toroida field is limited by the force it imparts to the toroidal field coils
linking the plasma. The JET design implied a conservative view of the acceptable force, and
alowed atoroidal magnetic field at the centre of the plasma of 2.8T with a possible extension to
3.5T.

The Geometry

The remaining key decision was the geometry. Should the plasma be circular or elongated, and
what should be the aspect ratio, R/a. While there are physics issues involved, these decisions
appear to have been made with more practical considerationsin mind.
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Figure 4.1. The D-shaped design of the toroidal field coils. The magnetic force toward the
central axisiscarried on the primary winding, and the shape was chosen to eliminate bending
forces.

Because the magnetic field inside the toroidal field coilsfalls off with mgjor radiusas 1/R,
thereisalarger magnetic force on the inboard side of the coils than on the outboard side. In the
JET design the resultant force toward the central axis is borne by the primary winding of the
transformer as shown in Figure 4.1. The unsupported part of the toroidal field coil would in
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genera be subject to bending and tensile stresses. However, if weimagine that the coil werefree
to adjust its shape and balance the magnetic pressure at each position, the bending forces would
be reduced to zero. This principle was adopted for JET and as aresult the cail is D-shaped, the
weaker magnetic field at the outside requiring asmaller curvature to provide a balancing force
from the tensile stress. The vacuum vessel was then designed to use the space inside the coils
and this gave a height-width ratio of 1.6.

The aspect-ratio was decided on the basis of minimising the cost. With a range of
assumptions the optimum value of R/awas found to be between 2 and 3, and the chosen value
was 2.4.

The Size

The values of the parameters given above now allow usto see how the physical size of JET was
determined. It seemed from earlier experiments that a safety factor, g, of about 3 was needed to
provide an adequate margin of stability. With the geometric ratios given above, and a toroidal
field of 3T, this requirement on g means that the poloidal magnetic field, By , should not be
greater than 0.5T. The size of the plasmathen followsfrom Ampére'slaw, which relates the total
current to Bp and the minor radius. For agiven plasmacurrent, too small aplasmagivestoo high
aBp and too small asafety factor. With the given geometry, and the value Bp=0.5T , acurrent of
4AMA requiresaminor radius, a, of just over 1m. With the geometric ratios chosen for JET, R/a
= 2.4 and b/a= 1.6, the conveniently rounded dimensions R=3m and b = 2m give a satisfactory
minor radius, a = 1.25m, and these were the plasma dimensions chosen for the JET design.
Figure 4.2 shows the shape and size of the JET plasmaand for comparison also givesthe size of
the TFR plasma.

O TFR

Figure4.2. Designed shape and size of the JET plasma. The size of the world’s most advanced
tokamak at that time, TFR, is shown for comparison.
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Heating the Plasma

When tokamak plasmas are formed by driving atoroidal current thereisinitially a substantial
amount of ohmic heating. However, because the resistance of the plasmafalls with increasing
temperature, the ohmic heating is to some extent self-limiting. At the temperatures required for
thermonuclear plasmas, the ohmic heating in JET would be negligible.

The design team was therefore faced with the problem of how to heat the plasma.
Experiments in other tokamaks had shown the feasibility of various heating schemes, albeit in
smaller devices and at powers much less than would be necessary for JET.

The heating of plasmas by injecting high energy beamswas already an established technique.
Hydrogen ions of a chosen isotope are produced in a specially designed ion source. Theseions
are then accelerated to the required energy in an electric field. Because charged particles are
unable to cross the magnetic field it is necessary to neutralise the ions by passing the beam
through a neutral hydrogen gas. In a collision process called charge-exchange, electrons are
transferred from the neutral atoms of the gas to the ions of the beam. This turns the beam ions
into neutral atoms, still with their high energy, and allows them to cross the magnetic field and
penetrate the plasma. The neutral beam particles are finally stopped when they become ionised
by the plasmaelectrons. They are then held by the magnetic field and transfer their energy to the
plasma particles as they are slowed by collisions.

Another technique which was available wasthat of heating the plasmawith high frequency
electromagnetic waves generated at antennae mounted on the inside of the vacuum vessel. For
historical reasonsthisis called Radio-Frequency heating, awaysreferred to asR.F. heating. The
basic mechanismisthat therapidly oscillating €l ectric field of the el ectromagnetic wave resonates
with the cyclotron motion of the plasma particles and accel eratesthem to higher energy. A variety
of schemes can be used, and either the ions or the electrons can be heated depending on the
frequency of the chosen heating scheme.

A further method which was seriously considered by the design team was compressional
heating. Just as gas can be heated by the work done in compressing it, so can a plasma.

How much Heating?

The question of how much heating would be needed to reach interesting temperatures could not
beanswered. The fundamental uncertainty wasthe energy confinement. The energy confinement
timein TFR was 20 milliseconds at atemperature of about 1keV. It was reasonable to expect that
the confinement time would depend on the size of the plasma and on the magnitude of the
current and applied magnetic field, but these dependencies were unknown. The confinement
would also depend on the density and temperature of the plasma, and these, of course, would
depend on the confinement itself.

In this situation it was not clear what could be regarded as a reasonable goal. If the
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expectations were put too high they would lead to disappointment. Rather than review the wide
range of unconvincing conjectures made at the time, let us first obtain some feel for the
expectations by making the simple assumption that the energy loss processisthermal conduction,
and neglect the dependence of the conductivity on all of the variables listed above apart from
size.

Thermal conduction isadiffusive process, and its characteristic timeis proportional to the
square of thelinear dimensions. In our case this means that we can take the energy confinement
time to be proportional to the area of the minor cross-section of the plasma. In TFR this was
0.13m2and in JET it would be almost 8mZ2. The 20 millisecond energy confinement time of TFR
then gives a confinement in JET of 0.02 x (8/0.13)s = 1.2s.

The degree of uncertainty is easily seen by imagining that the thermal conductivity might
vary with temperature as TY2 or T-V2, Neither of these dependencies is dramatic, but in
extrapolating from the 1keV temperatures of the early experimentsto a possible 10keV in JET
the range of predicted values for the confinement time would be 0.4sto 4s, covering an order of
magnitude.

A possible goal for the JET experiment was the achievement of break-even conditions, in
which the thermonuclear power would be equal to the heating power supplied. However,
calculation of the necessary heating enhances the uncertainties associated with confinement
because the heating power, P, required for bresk-even depends on the square of the energy
confinement time, with P O 1/tg2.

For a confinement time of 4 seconds the power required for break-even would be only a
few megawatts but for a confinement time of 0.4 seconds the requirement would be at the
unrealistic level of hundreds of megawatts. The design team decided pragmatically to begin
with 3MW of heating and to increase this in stages to 10MW and 25MW.

Stability

When the design team started their work the understanding of the stability of tokamakswasina
very rudimentary state. The major questions to be addressed concerned the mhd stability of the
plasma. Mhd stands for magnetohydrodynamics, and this name describesthe model of the plasma
inwhichitistreated asafluid. Thefluid istaken to be electrically conducting, and this property
couples its mation to the magnetic field. This model, in principle, alows calculations of the
stability of the plasma to gross motions, and stability to such motionsis, of course, a crucial
issue.

Recognising that the theoriesthen available were hardly relevant to real tokamak plasmas,
study contracts were placed to try to improve the situation. This produced a breakthrough when
it led to the development of thefirst numerical code capable of calculating stability in full toroidal
geometry. In particular, the stability of any proposed JET plasmacould then be explored. It was
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to turn out that the question of the stability of JET plasmas would drive many of the major
advances in the understanding of tokamak stability.

Animportant discovery arising from the stability code wasthat an instability of the plasma
core which was predicted to occur in cylindrical geometry can be stable in toroidal geometry.
Ancther development arose from the choice of a vertically elongated plasma for JET. It was
aready known that this configuration is subject to an instability force in the vertical direction.
Without stabilisation this force would lead to an extremely fast instability. However, analysis
showed that the vacuum vessel would slow the instability to a growth-rate which could be
controlled by a feedback system, and such a system became part of the JET design.

The Design Proposal

The design team had started their work in September 1973. By September 1975 they had prepared
their design proposal. This document, called R5, had more than 600 pages. It listed the scant
information about tokamak physics then available, made its arguments for the specific JET
design, and presented an impressively detailed design of the many components. Figure 4.3.
shows asimplified illustration of the design, giving the basic dimensions. Its structure is almost
identical to the device which would ultimately be built.

This design, together with the plasma heating systems represents a courageous step from
the then existing tokamaks. The great uncertainties, which prevented precise predictions, had
presented a considerable challenge to the scientists and engineers involved. Time would judge
their decisions.
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Figure 4.3. Cross-section showing the basic elements and dimensions of the JET design.
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The Stated Aims

As we have seen the design was based on assessments as to what were reasonable aims, and
what could be achieved. Along with the design, the aims were spelt out clearly in the design
document and we must record these stated aims.

“Theessential objective of JET isto obtain and study aplasmain conditionsand dimensions
approaching those needed in a thermonuclear reactor. These studies will be aimed at defining
the parameters, the size and the working conditions of aTokamak reactor. The realisation of this
objective involves four main areas of work:

(i) thescaling of plasma behaviour as parameters approach the reactor range,

(if) the plasma-wall interaction in these conditions,

(iii) the study of plasma heating and

(iv) thestudy of a-particle production, confinement and consequent plasma heating.”

We shall recall these goals when we come to summarise JET's achievements.

Bibliography

The best reference is the report R5, or more fully EUR-JET-R5, entitled “ JET Project - Design
Proposal”. Thisisasplendid account of thework of the design team led by Paul-Henri Rebut. Its
contents and approach are best represented by giving the report’s abstract is full.

This proposal describes a large Tokamak experiment, which aims to study plasma
behaviour in conditions and dimensi ons approaching those required in afusion reactor.
The maximum plasmaminor radius (a) is 1.25 m and the major radius (Rg) is2.96m.
An important feature is the flexibility to study, for plasma currentsinthe 1 3 MA
range, awide range of aspect ratios (Ro/a=2.37 - 5), toroidal magnetic fields (up
to 3.6T), minor radii (0.6 — 1.25m) and elongation ratios (b/a=1 - 3.5).

The cost of the apparatus, power supplies, plasma heating equipment and specific
diagnosticsisestimated as 70.1 Muc [1975 prices, in year 2000 prices 200 Meuros].
The total construction phase cost including commissioning, buildings and staff is
135 Muc. These figures include an average overall contingency of 30%. The
construction timefor the project is estimated at Syears and requires 370 professional
man years of effort in the construction organisation with additional effort deployed
by the Associated Laboratories in such areas as diagnostics and plasma heating.

This design proposal is arranged as follows:

The Preface gives an introduction to the field of fusion research and relates JET to
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the European and International programmes. Chapter | is aconcise summary of the
design proposal, it describes the objectives of research with JET, and gives a brief
description of: the apparatus; the cost and construction schedules; the proposed
experimenta programme and the possible modes of operation of thedevice. A detailed
account of the project isgiven in therest of the report of which Chapters|V and VI
comprise the engineering design and the staff and cost estimates respectively.

The design team was comprised of 7 groups totalling 56 members. The “Scientific” group,
responsible for “Physics, Additional Heating, Diagnostics, Divertor and Cost Scaling”, was led
by Alan Gibson.
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5. THE CONSTRUCTION

The major components of the JET device each demanded that a range of design criteria be
satisfied, and in addition had to be designed so that they could be assembled in a way which
allowed the necessary access. A further requirement was the need to maintain and modify
components by remote handling when they had been made radioactive by neutron bombardment.
Figure 5.1 givesadrawing of the JET design showing the general layout. We can best appreciate
what was involved in the construction by considering the components in turn, starting with the
innermost element - the vacuum vessel.

Inner Poloidal Field Coils
(Primary winding)

Limbs

Vacuum
Mechanical Vessel

Structure

Toroidal
Field Coils

Outer Poloidal
Field Coils

Figure 5.1. Drawing of the JET design.

The Vacuum Vessel

The basic purpose of the vacuum vessel was to hold a vacuum in which the pressure was less
than one millionth of atmospheric pressure. This meant of coursethat it would have to carry the
force of atmospheric pressure over the whole of its surface, 10 tonnes per square metre over an
area of 200 square metres.

In order to cleanse the plasma-facing surface of the vessel of impuritiesit was designed to
be baked at 500°C, and thisimplied the additional requirement that the heating and cooling had
to be carried out without unacceptable stresses from expansion and contraction. The vessel was
designed with adouble skin to allow heating by hot gas which is passed through the interspace.

Mechanically the simplest structurewould betoroidally symmetric. However, thethickness
of metal required to support the pressure forces would be such that the electrical resistance
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would be very low. The consequence would be that the toroidal electric field applied to drivethe
plasma current would also drive an unacceptably large current through the vacuum vessel. The
solution wasto alternate sectionswith enough metal to providethe required strength with sections
having a high resistance. The high resistance sections were bellows whose convolutions
substantially increase their resistance. This structureisillustrated in Figure 5.2.

Asif these complications were not enough the nickel alloy construction called for eight
kilometres of vacuum tight welds.

o B?ows Rii;; sector
Il |

— —
/

Protection
plates

Toroidal
direction

Figure5.2. Part-section of the vacuum vessel wall, showing the alternating rigid and bellows
sectors.

Magnetic Field Coils

The toroidal magnetic field was to be produced by 32 D-shaped coils enclosing the vacuum
vessel, and the layout of these coilsis illustrated in Figure 5.3. Each coil was wound with 24
turns of copper bar and weighed 12 tonnes. The combined current carrying capacity of all the
coilswas5IMA. The coilswereto carry currents for several tens of seconds, and consequently
they had to be provided with a cooling system, using water as the coolant.

JG00.47/67¢

Figure 5.3. The toroidal field coil system.

The magnetic field exerts an expansive force on the coils and the tensile force on each coil
would be up to 600 tonnes, thisforce being carried by thetensile strength of the copper. Thetotal
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force on each coil would be amost 2000 tonnes, directed toward the major axis of the torus. A
further force arises from the interaction of the currents in the coils with the poloidal magnetic
field. Thecurrent in thetoroidal field coils crossesthe vertical component of the poloidal fieldin
opposite directions in the upper and lower halves. This produces a twisting force which, in the
JET design, is carried by an outer mechanical structure, illustrated in Figure 5.4.

3G00.47/68c

Figure 5.4. The mechanical structure which supports the toroidal field coils against the
magnetic twisting force.

The poloidal field coils are horizontal circular coils. If these coils were placed inside the
toroidal field coil sthe two sets of coilswould belinked, with the associated problems of assembly.

The poloidal field coils are therefore placed outside the toroidal field coils, and their layout is
shown in Figure 5.5.

JG00.47/69¢

Figure 5.5. The poloidal field coil system.

The main poloidal field coil isthe inner coil wound round the central column of aniron
transformer core, to act as the primary of the transformer. The other six coils are optimally

placed to provide control of the plasma shape and position. The largest of the coilsis 11 metres
in diameter.
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The laminated iron transformer core would dominate the appearance of JET having 8
limbs envel oping the other components. This massive structure, which would weigh 2,600 tonnes,
isillustrated in Figure 5.6.

3G00.47/70¢

Figure 5.6. Layout of the iron transformer core.

Power Supplies

Electrical power was needed to supply the currents in both the toroidal and poloidal field cails,
asimilar power being required for each.

JET was designed to allow a pulse repetition rate of one every 15 minutes. Each pulse
would call for atotal power of up to 800MW - the output of a medium sized power station. In
previous machines this pulsed load had been dealt with using heavy flywheels driven up to
speed by motor generators, the energy in the flywheel then being extracted during the plasma
pulse. The system used for JET combined this procedure with several hundred megawetts taken
directly from the electricity grid.

Plasma Heating Systems

It was decided that the main heating would be provided by two heating systems - neutral beam
injection and ion cyclotron resonance heating. Each of these systems consisted of a number of
separate units, so the power could be increased over time by increasing the number of injectors
and antennae. The plan was for an initial installation of afew megawatts in each system, to be
increased later to 25MW of neutral beams and an ion cyclotron power of around 15MW.

The choice of energy for the netural beam particlesinvolved a compromise. At too low an
energy the beam would not penetrate to the centre of the plasma. At too high an energy the
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neutralisation process becomes inefficient. The chosen energy for hydrogen beams was 80k eV,
to be increased to 160 keV with the introduction of deuterium operation. Figure 5.7 shows a
drawing of theinjection system.

82.1033cBW

Figure 5.7. Drawing of the neutral beam injection system.

The frequency of the ion cyclotron waves is determined by the ion cyclotron rotation of
the plasmaions, and thisin turn is decided by the magnetic field. However, since the magnitude
of the magnetic field changes by afactor 2 acrossthe plasma, the region of power deposition can
be controlled by a choice of frequency. The range of frequencies chosen for JET was 25-55

MHz. The RF waves are emitted into the plasma by antennae placed inside the vacuum vessel.
The antenna structureisillustrated in Figure 5.8.

Protection tiles

Figure 5.8. Drawing of one of the ion cyclotron heating antennas.
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Data Acquisition and Control

Each JET pulse would make available an enormous amount of data. Some of this would be
required to control the plasmaand the auxiliary systems. Even morewould be essential to diagnose
the plasma behaviour, with as high a spatia and time resolution as the measurement systems
would allow. It was originally envisaged that a hundred thousand readings per pulse would have
to be recorded. It ultimately turned out to be more than a hundred million readings per pulse.
Thebasicinformation acquired for each pulse had to be supplied immediately to the control
roomswith their arrays of monitors, shownin Figure5.9. A broader range of datahad to be made
availableto all of the scientistsinvolved, and the information from all pulses had to be stored.

396.131/bw

Figure 5.9. Overview of control rooms.

Diagnostic Systems

Once JET dtarted producing plasmasit would be crucial to know the basi c quantities characterising
the plasma. The diagnostic systems designed to provide this information called for a higher
degree of sophistication than had been necessary for smaller tokamaks. They had to beintegrated
into the complex JET structure, and provide a consistent reliability even when subject to high
levels of radiation.

Small coils placed around the plasma would detect changes in the magnetic field and
determine the plasma current. Larger loops encircling the plasma toroidally would give the
voltage around the plasma. The plasmaitself would partly be diagnosed by measuring theemission
of varies forms of radiation. The rapid cyclotron motion of the electrons in the magnetic field
causes them to emit radiation, and measurement of this electron cyclotron emission allows the
electron temperature to be determined. The full power radiated from the plasma in chosen
directions was to be detected by the temperature rise produced in a set of bolometers. Neutron
detectors were installed to measure the thermonuclear reaction rate when deuterium, and later
deuterium-tritium, plasmas were produced.

Theion temperature would be measured utilising the small number of neutral particlesin
the plasma, and analysing those which escape. These neutral particles have been formed by the
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neutralisation of plasmaions, and their energy, which is characteristic of the ion temperature,
can be measured by external detectors.
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2.5MeV Time-of-flight neutron spectrometer
Fast ion and alpha-particle diagnostic
High energy neutral particle analyser
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Figure 5.10. Layout of the diagnostic systems.

The plasma also emits soft X-rays and this emission can be followed with very high time
resolution. Thusthe soft X-ray detectorsinstalled could be expected to see phenomenaoccurring
within the plasmawhich most other detectors could not resolve. The ultra-violet radiation from
the plasma would be analysed using spectrometers to give information on the impurity content
of the plasma.

The average density of the plasma was to be measured robustly by interferometry. The
wavelength of electromagnetic radiation is modified in the plasma according to its density. An
interferometer would count the change in the number of wavel engths along a microwave beam
passing acrossthe plasma, and so determine an average plasmadensity. A more complete technique
for measuring the local density and the electron temperature would use the scattering of alaser
beam by the plasma el ectrons, so-called Thomson scattering. Thelayout of the diagnostic systems
isillustrated in Figure 5.10.

Completion

The construction of JET was completed on time, and Rebut and his colleagues from the design
team had the first reward for their efforts which had begun ten years earlier. Figure5.11 isa
photograph of the completed device. The detail in the photograph gives some indication of the
complexity of the construction - in contrast to the simplified drawing of Figure 5.1.
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85.1784c

Figure 5.11. Photograph of JET on completion.
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6. AND NOW EXPERIMENTS

JET started operation in 1983, four years after site work began.

As the starting date approached, excitement was mixed with an appreciation that with
such a complex system there would be unexpected problems. However, the start of machine
operation went smoothly and the first plasma was produced on 25" June. The operator’s note
reads “first light, a bit of current”. The plasma current was a tiny 17kA, but in subsequent
plasmas the current was increased in stages and by October had reached 1 MA.

Operation of JET involved alarge team of engineers and scientists, each of these groups
being based in a control room equipped with an array of monitors. The control rooms were over
a hundred metres from the tokamak itself. The conditions for forming the plasma were worked
out by the engineers and scientists in collaboration, the setting up procedure requiring the
programming the huge power suppliesto provide thetoroidal magnetic field and plasma current
necessary to generate and maintain the required plasma. The experimentalists had the diagnostic
systems ready for the moment the plasma current started and a plasma was formed.

An unusual experience for those operating JET was to be able to watch the traces of the
measured plasma characteristics on the computer screens in real time. At the start of fusion
research, plasmas typically lasted for athousandth of a second. By the time the construction of
JET was started, times had increased to a fraction of a second. Now, with pulse lengths of ten
seconds it was possible to take an interest in the plasma evolution as it occurred.

In the early experiments the plasmawas formed from hydrogen, and the only heating was
the ohmic heating of the plasma current. Despite thisthe early experimental resultswere eagerly
awaited. The result of most interest was the energy confinement time. It turned out to be in the
middle of the anticipated range, the best confinement times being about half a second. It would
have been encouraging to have found a much longer time, but at least the most pessimistic
forecasts could be discounted.

Thetemperatureswere something of asurprise. Using empirical formulasfor confinement,
temperatures of 1 keV or less had been predicted but temperatures of up to 4 keV were obtained.
Thiswas partly dueto the high level of impurity in the plasma, which substantially increased its
resistance and hence the ohmic heating. In retrospect it is now clear that another effect was
playing a role. It was explained earlier how particles can be trapped in the weaker, outboard
magnetic field. Electrons so trapped cannot carry their share of the current, and consequently the
resistance of the plasmaisincreased. In the experimentsthisincreased the heating and raised the
temperature still further. At the time, any increased resistivity due to trapped particles was
conjectural and, aswe shall see, it wasonly later that the phenomenon was directly demonstrated.

Althoughthehigh level of impurity produced ahigher plasmatemperature, it was completely
unacceptable. Many of theimpurity atomswere not fully ionised and the residual atomic electrons
allow radiation and energy lossfrom the partially ionised ions. In the early experiments radiation
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from impurities constituted 70% or more of the power lost from the plasma. A concern for the
longer term was that the presence of a high level of impurities would dilute the plasma and
reduce the thermonuclear power.

There were also indications that the presence of impurities played a direct role in the
abrupt disruptive terminations of the plasma which, as with other tokamaks, soon became a
regular feature of the experimental programme. It was conjectured that radiation from impurities
could lead to acontraction of the plasmaleading to aviolently unstable configuration. Disruptions
were to remain a serious problem and considerabl e effort was to be expended in clarifying their

causes.
imp—

Downward
displacement
of plasma

6902371

Figure 6.1. Shawing the growth of the plasma displacement resulting from the uncontrolled
vertical instability.

Much of the behaviour on JET was familiar from experiments on smaller tokamaks.
However, in the early JET experiments the first of many unexpected phenomena appeared.

Figure 6.2. Asthe plasma moves downward during theinstability it interactswith the vacuum
vessel. The induced currents produce very large forces.
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Vertically elongated plasmas were produced by an appropriate distribution of the toroidal
currents in the external coils. The required current distribution of these currents is such that a
small vertical displacement of the plasma leads to a force on the plasma which enhances the
displacement. That is, the plasmais unstable to a vertical movement. All of this was known and
understood and, as mentioned earlier, the plasmawould be held in position by afeedback system.
With the first few, low current, plasmas the feedback was not operational and Figure6.1 sho ws
agraph of the growth of the resulting instability. The feedback system was soon available and
the plasma could then be held central to within less than a centimetre of the desired position.
However, one day, aplasmawith two great an el ongation was produced and the feedback system
lost control. The plasma, carrying a current of 2.7MA, underwent alarge vertical displacement
leading to aforce on the vacuum vessel. The attraction between the external coils currents and
the plasmacurrent pulled the plasmaagainst the vacuum vessel, asshownin Figure6.2, inducing
currentsin the vessel. The repulsive force between the vacuum vessel and the plasmathen held
the plasmain place. Unfortunately the force on the vacuum vessel was several hundred tonnes!
This experience led to an improved feedback system and a strengthening of the vacuum vessel
mounting, with the introduction of hydraulic shock absorbers to prevent possible damage.
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Figure 6.3. Time traces of the plasma current and the toroidal loop voltage.

Traces of the plasma current and the voltage around the torus are shown in Figure 6.3. The
current is seen to riseto 2MA and to be maintained at a steady “flat top” for around 4 seconds.
Thevoltage measured by thetoroidal voltage loopsdoesnot follow the current for several reasons.
Firstly, a high voltage is necessary to breakdown the resistance of the initial plasma. The
application of the toroidal voltage drives the free electrons round the torus producing further
electrons in an ionisation cascade until the plasmais fully ionised. From that point the toroidal
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electricfield in the plasmasimply drives acurrent against the plasma resistance. Thisresistance
falls as the plasmatemperature increases causing adrop in the voltage measured by the voltage
loop. The voltage loop also measures inductive voltages produced by the changesin the plasma
current, leading to an increase in the loop voltage during the current rise and areduction during
the current decay.

The basic plasma parameters are the density and temperature. The requirement of charge
neutrality relates the electron and ion densities, and in a pure hydrogen plasmathey are equal.
Figure 6.4 shows the time variation of the line integrated electron density as measured by the
microwave interferometer. The build up of density over several secondsis due to the release of
neutral hydrogen from the walls and itsionisation at the surface of the plasma.
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Figure 6.4. The density, and electron and ion temperaturesin an early plasma. The electron
temperature measured by ECE is given by the full curve, and that measured by Thomson
scattering is marked by crosses.

The electron and ion temperatures are also shown in Figure 6.4. The electron temperature
graph shows the satisfactory agreement of two methods of measurement, one using electron
cyclotron emission (ECE) and the other using Thomson scattering. The ion temperature was
measured by the technique of neutral particle analysis. The plasma heating is ohmic, and this
predominantly heats the electrons. The underlying mechanism is that the electrons are dragged
past the much heavier ions by the electric field to produce the plasma current, and in the process
they are scattered by the ions. This produces a randomisation of the electron motion and the
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resulting thermal energy of the electrons determines their temperature. The ions are passive in
this process and the ohmic heating of the ionsis negligible.

Nevertheless, it is seen from the two temperature traces that the ion temperature almost
reaches the 2 keV attained by the electrons. The reason for this is that, through collisions, the
heated electrons share their energy with the ions. Under the conditions of this experiment the
timescale for this exchange of energy is about a tenth of a second.

Theflat top temperatures are determined by the bal ance between ohmic heating and energy
losses. The two main components of the losses are transport of energy across the plasma and
radiation. Together these losses balance the ohmic heating which is given by the product of the
voltage and the current. Taking values from the graphs of Figure 6.3 we find that the ohmic
heating is between 1 and 2 MW.

Pick-up coils

Figure6.5. The plasma shape could be varied from circular to elliptical, the shape being
calculated from the magnetic field measured by the pick-up coils around the plasma, placed
as shown in the figure.

The control of the plasma shape is illustrated by Figure 6.5 which shows magnetic flux
surfaces of two plasmas bounded by surfaces touching the limiter. These show the ability to
produce both circular and elongated plasmas. The flux surfaces themselves were calculated
using the magnetic signals picked up by the set of magnetic coils whose positions are also
shown in the figure.
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7. THE SCIENTIFIC SPRING

JET was a new and substantially different tokamak. With the impressive array of first class
diagnostics and an enthusiastic team of scientists and engineers, it was not surprising that the
first two years of operation saw thefirst shoots of what were to become major scientific research
projects.

Plasma Confinement

The subject destined to have the most prolonged attention was the confinement of the plasma
energy. With theintroduction of additional heating, using up to 4.5MW of ion cyclotron resonance
heating (ICRH), thefirst indication of so-called confinement degradation, already seen on smaller
tokamaks, was observed.

The confinement is conveniently measured by the confinement time. If a steady state is
reached with an applied power P, this power isrelated to thetotal energy, W, in the plasmaby the
bal ance between the input power and the power loss. The power |oss can be written W/tg where
Tg is the time which characterises the confinement of the plasma energy W. The power balance
equation isthen P=W/tg.

This can be regarded as the definition of the energy confinement time, Tg, in terms of the
two known quantities P and W, and we then re-write the power balance equation

g = T
When the first ion cyclotron heating became available on JET, and this was added to the ohmic
heating, it doubled the total input power. If the confinement time were unchanged the energy in
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Figure 7.1. Increasing the heating power reduced the energy confinement time. The results
shown are for two sets of plasma conditions with plasma currents of 4MA and 2MA and
toroidal magnetic fields of 3.4T and 2T.
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the plasmawould al so have doubled. Infact theincreasein plasmaenergy was only 50%, implying
areduction of the confinement time by 25%. The deterioration of confinement timewith increased
power is shown in Figure 7.1.

This early result only raises further questions. What happens at higher powers? How does
neutral beam heating behave? How does the confinement depend on each of the variable
parameters - plasmacurrent, magnetic field, temperature, density and so on. And very importantly
- could the confinement be improved? We shall return to these questions later.

Disruptions

The JET design team had given much attention to the causes of the disruptions which occur at
high density. They recognised that at higher electron densities the radiation from impurities
would beincreased, and their ideawasthat at acritical density thisradiation caused adisruption.
Initssimplest form the suggestion wasthat adisruption would occur when the power lost through
impurity radiation became equal to the power input.

If the total radiation power from the plasmais equa to or greater than the power input,
there is no power |eft to reach the plasmaboundary by transport processes. In this situation the
plasmaloses effective contact with the material limiters, and it can be imagined that it would be
unstableto acontraction. This contraction would then make the plasma current profile subject to
instability.
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Figure 7.2. Two radiation profiles, separated by one second, measured just prior to a
disruption. The later profile, drawn with a full line, shows the contraction of the radiating
layer towards the centre of the plasma.

In practice it is found that the radiation comes predominantly from the cool layer at the
edge of the plasmawhere the atoms of oxygen and carbon are not fully ionised and are therefore
able to radiate. If the proposed disruption mechanism was valid we would expect to see the
plasma contract as adisruption was approached, and the radiation layer at the edge of the plasma
would move inwards.



When the experimental results were examined both of these processes were found.
Figure7.2 showstheinward movement of theradiation layer and Figure 7.3 gives a sequence of
temperature profiles consistent with the contraction of the plasma and the movement of the
radiating layer. A first step had been made toward understanding disruptions. The years that
followed would see a research programme aimed at clarifying the conditions for disruptions,
and at understanding the physical mechanisms involved.
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Figure 7.3. The impurity radiation induces a contraction of the plasma as shown by the
sequence of electron temperature profiles. This finally leads to the violent mhd instability of
the disruption.

Sawtooth Oscillations

Sawtooth oscillationswerefirst observed on the ST tokamak in Princeton, the soft X-ray emission
showing a relaxation instability in the core of the plasma. The emission rose slowly, and then
collapsed rapidly as the instability occurred. The repetition of this behaviour produced the
sawtooth-like traces shown in Figure 3.9.

Therapid collapse required an explanation, and an el egant model which seemed to account
for the whole process was provided by Kadomtsev. The model involved a fast reconnection of
the magnetic surfaces during the instability. Theoretical support for KadomtsevOs model came
from numerical simulations of sawtooth oscillations, these simulations showing clearly therole
of the reconnection in the collapse process.

KadomtsevOs model predicted that, because JET was much larger than previous tokamaks,
the sawtooth collapse would be much slower. When JET Os sawtooth oscill ations were examined
it was found that the collapse time was two orders of magnitude shorter than expected - in fact
the collapse time was similar to that on smaller tokamaks.
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In those early days there was optimism that this discrepancy could soon be resolved.
However it wasto turn out that this disagreement between theory and experiment over sawtooth
oscillations was only the first. Subsequent analysis of the sawtooth instability on JET, mainly
using the soft X-ray emission from the plasma, was to lead to severa other difficulties, and to a
world-wide effort by theoreticians to understand what is really going on.

M agnetic Geometry

Enhancements of the plasma control system were soon introduced. In particular feedback
control of the plasma current and plasma shape became available. Control of the plasma shape
alowed very elongated plasmas to be produced with height/width ratios up to 1.8. Thiswas to
be the starting point of acentral part of the JET programme. With elongated plasmas thereisa
special magnetic surface called a separatrix, which separates two different types of magnetic
topology asillustrated in Figure 7.4. Surfacesinside the separatrix form closed, nested magnetic
surfaces, as needed for good confinement. Outside the separatrix the surfaces are open, with the
field lines finding their way to material surfaces. At moderate elongations the separatrix lies
outside the vacuum vessel, but with the new high elongations the separatrix entered the vessel
with OX-pointsQust inside the vacuum vessd.

S~

Closed
surface

Separatrix
X-point

Figure 7.4. With plasma elongation a separatrix is introduced into the magnetic
geometry. This separatestheinternal closed flux surfacesfrom external open surfaces.
Thischange of geometry impliesthat thereare* X-points’ on the separatrix flux surface.
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At first sight the introduction of open magnetic surfaces might not seem a good idea.
However, the use of these open surfaces to lead the escaping plasma to a receiving material
surface remote from the plasma had already been exploited on other tokamaks. The system is
caled adivertor. Furthermore such adivertor on the ASDEX tokamak had produced a different
type of plasma with improved confinement at the edge of the plasma, giving a substantial
improvement in overall confinement. Thistype of operation with higher confinement was called
H-mode, in contrast to the normal lower confinement, now called L-mode.

The question, of course, was whether the separatrix created inside, but close to, the JET
vacuum vessel would allow H-mode operation. The answer was yes. H-mode operation was
found, and its merits and limitations were to become crucial areas of research, particularly
concerning its compatibility with the divertor.

Impurities

The magnetic field provides insulation for the plasma and allows the achievement of high
temperatures. Neverthelessit is inevitable that the energy |eaving the plasma will be deposited
on some kind of material surface. This leads to the release of impurities, and the problem of
impuritiesentering the plasmafrom the surrounding surfaces soon became apparent. Theradiation
from these impurities was the principal energy loss mechanism, and impurities were also
implicated in the disruptions suffered by the plasma. Finding the best way to overcome this
problem soon became a major issue.

Metal surfaces with a high atomic mass, such as nickel and tungsten, have the advantage
of high melting points. Their disadvantage is that, at the plasma temperatures of interest, their
ions are not fully stripped of their electrons and are therefore able to radiate away the plasma
energy. Inthelonger term thereis al so the disadvantage of diluting athermonuclear plasmawith
the large number of electrons released from the metal ions.

The preference, therefore, wasfor materialswith alow atomic mass and consequently few
electrons per atom. These would be fully stripped in the bulk of the plasma, and would cause
little radiation. Thisargument gained acceptance and graphite limiters were used rather than the
nickel limiters which had been manufactured and were aready available. In addition it was
decided to install carbon tiles on the inboard wall of the vacuum vessel. Carbon was also
evaporated on to all the plasma facing surfaces, this process being called carbonisation. While
each carbonisation achieved itsimmediate aim of providing afully carbon surrounding surface,
the deposited carbon was soon eroded.

I's carbon the best material? A carbon atom has only 6 electrons, but there is a metal with
only 4 atomic electrons, namely beryllium. On the other hand beryllium has alow melting point
anditsdustistoxic. Could atrial of beryllium be carried out in JET? Theseissueswereregularly
discussed as the JET programme got under way.
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The early developments described above held the promise of arich harvest of scientific
results. They were, of course, al dependent on the wide range of quality diagnostics becoming
available and on the advance of reliable machine operation. Toillustrate the steady improvement
in operational capability, Figure 7.5 showsthe plasmacurrent traces for asequence of discharges.
Thefirst trace is from the first JET plasma, and the rest are for discharges in which the current
first reached IMA, 2MA and so on, up to the case which first exceeded the extended performance
design current of 4.8MA in June 1985. Whether this current would be the limit was a question
for the future years.
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Figure 7.5. The JET plasma current was progressively increased as shown by the sequence
of current traces.
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8. JET PLASMAS

The Central Role of Heating

It is one thing to have the world’s largest tokamak, it is another to heat its plasma. The large
volume of the JET plasmameant that a substantial heating power would be required. In general
terms the heating power needed to achieve given plasma conditions is expected to increase as
the volume - which is proportional to the cube of the linear dimension, and to decrease with
increased confinement time - which isroughly proportional to the square of thelinear dimension.
So the required power increases as the linear dimension of the tokamak, and JET would need a
lot of power.

Thekey to producing plasmas with temperatures of thermonuclear interest was, therefore,
to provide sufficient heating power. No one could know precisely how much heating would be
required, but it would surely be tens of megawatts. The ion cyclotron heating system and the
neutral beam injection were designed to achievethis, and by 1988 both were capabl e of providing
about 20 megawatts of power.

Figure 8.1. lon cyclotron antennas placed on the outer wall of the torus.

Theion cyclotron resonance heating (ICRH) was transmitted through eight antennas placed
on the outer wall of the vacuum vessel as shown in Figure 8.1. The power isfed to the antennas
through anetwork of coaxial transmission lines. The antennas emit high frequency electromagnetic
waves which are then absorbed by the plasma through resonant coupling with the cyclotron
motion. This coupling can be directly to the main ion component of the plasma or to aminority
species, say hydrogen in deuterium.

Initially the ICRH had a problem - the antennas generated impurities. Thiswas in large
part due to bombardment of the nickel surfaces of the antennas by plasma particles accel erated
along the magnetic field by the electric field of the waves emitted by the antenna itself. Once
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this was realised the antennas were realigned to minimise the component of the electric field
parallel to the magnetic field, and this brought a substantial improvement. The remaining effects
were minimised by replacing the nickel by beryllium, which releases fewer atoms under
bombardment and is a more acceptable impurity in the plasma.

The neutral beam system was designed to produced beam pulses of up to 10 seconds
duration. The injection was made through two units each consisting of eight beam lines. In the
early operation the deuterium ions were accelerated through a voltage of 80kV, and so their
injection energy was 80keV. Thiswas adequately above the desired plasmatemperatures, 10-20 keV,
but ahigher energy would allow penetration to the centre of the plasmaat higher plasmadensities,
and half the beam accelerators were modified to give 140keV.

When the beam particles areionised and held in the plasmaby the magnetic field they still
have their initial beam energy, say 140keV. This energy is then transferred by collisions to the
plasma particles. This heats the plasma, and slows the beam ions. The slowing continues until
the beam ions have the same energy asthe plasmaions. They then join the plasmaions as part of
the basic plasma. The time for the slowing istypically atenth of a second. These processes are
found to be in agreement with theory and are, therefore, reliably predictable.

ICRH liftsasmall number of resonant ionsto ahigh energy. They are then slowed through
collisions with the background plasma particles. The energy reached by ICRH driven particles
is much larger than that of the neutral beam particles, atypical energy being 1IMeV. At thishigh
energy alarge part of fast ion energy goesto electron heating, the electrons then sharing this heat
with the plasmaions through collisions.

The Temperatures
The temperature envisaged for a fusion reactor istypically somewhat over 10keV, which
is 100 million degrees. Temperatures well in excess of this were soon produced in JET. Thisis
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Figure8.2. Sho wingtheincr easeincentr aliontemper ature achieved with increasing power
per particle, as measured by the central particle density.
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illustrated in Figure 8.2 which plots values of ion temperature obtained for a range of power
inputs measured in terms of the heating power per particle. It is seen that temperatures up to
23keV werereached. Theseresultsare from 1989 and subsequently ion temperatures over 40keV
were achieved.

The results shown in Figure 8.2 were obtained with neutral beam heating. As the beam
crosses the plasma the heat deposited at each magnetic surface is rapidly spread around that
surface. Simply from the geometry, the volume over which this spreading occurs is smaller at
smaller radii, and consequently the heating is most intense in the centre of the plasma, leading to
very peaked ion temperature profiles such as that shown in Figure 8.3.
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Figure 8.3. lon and electron temperature profiles for a Ohot-ionO plasma, with a heating
power of 20MW.

It is seen from the figure that the electron temperatureis only 7keV, less than one third of
theion temperature. The reason isthat for the neutral beam to reach the centre of the plasmathe
plasma density must not be too high, and operating at lower densities the transfer of heat from
the ions to the electrons is quite small. Plasmas of thistype are called “hot ion” plasmas. More
equal ion and electron temperatures were obtained using combined neutral beam heating and
ICRH, the electron heating by the ICRH tending to restore the balance.

Monster Sawteeth

lon cyclotron heating came up with a complete surprise - monster sawteeth. The appearance of
sawtooth oscillations on thetraces of central temperature and density isso common asto generally
pass unnoticed. With ICRH it was found that above a certain power level very large sawteeth
would appear. Such acaseis shown in Figure 8.4. The name monster sawtooth hides the reality,
which isthat the sawtooth instability has been stabilised - in some cases for up to 5 seconds.
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Figure 8.4. Monster sawtooth - actually the stabilisation of the sawtooth instability by the
application of ion cyclotron heating. In this case the stabilisation lasts for about 3 seconds.

What is the cause of this stabilisation?

Thetheoretical story isquiteinteresting. It was shown that a sufficient number of sufficiently
fast ions in the plasma core could stabilise the sawtooth instability and, of course, that is just
what the ICRH can provide. It seems quite likely therefore that the fast ions are responsible for
the stabilisation.

However, we shall find in Chapter 10 that the sawtooth instability is a mystery. While we
apparently have awell devel oped stability theory, it does not explain what is seen experimentally.
We might, therefore be in a situation where we have identified the stabilisation mechanism for
an instability which is not itself understood.

Physics of the Temperature M easurements

The electron temperatures were first measured using the electron cyclotron emission, and the
ion temperatures were determined from an analysis of the neutral particles escaping from the
plasma.

The basis of the electron cyclotron method is that the emission from the plasma is
characteristic of the electron temperature. With asimple black body the material is absorbent to
its radiation except at its surface, and the radiation which escapes at the surface is therefore
characterised by the surface temperature. The subtlety of the tokamak plasmaisfirstly that the
surfaces from which the radiation escapeslie within the plasma, and secondly, for each emitting
surface, the radiation has the cyclotron frequency associated with that surface. The cyclotron
frequency is determined by the magnetic field and since the magnetic field varies across the
plasmain aknown way, essentially inversely proportional to the major radius, thelocation of the
origin of radiation with a given frequency is known, and its intensity gives the temperature at
that location.

Great careis needed to calibrate the detectors and there are many detailed complications
to be allowed for, but this method provides a reliable el ectron temperature measurement.



The ion temperature measurement relies on the existence of the small number of neutral
atoms in the plasma. It is somewhat surprising that there is a significant nhumber of neutral
particles deep inside the plasma. Neutral particlesenter the plasmaat its surface and, being slow,
aretypically ionised within acentimetre. However some of theincoming neutralsundergo charge
exchange - transferring their electron to a plasmaion. The hot plasmaion, now neutralised, has
a much longer mean free path than the original incoming neutrals and can reach the central
plasma. If such neutral atoms now undergo charge exchangewith the even hotter ionstheresulting
fast neutrals, with an energy distribution characteristic of the plasma temperature, can escape
from the plasmaand be measured. The measurement processinvolves stripping the neutral atom
of its electron and passing the resulting ion through a combination of electric and magnetic
fields. Theamount of deflection in thesefields givesthe energy of the particle and the distribution
of energies gives the temperature.

It isseen from thisaccount that the measured ion temperature will be an average determined
by the trgjectory of the charge exchanged particles, usually involving several charge exchanges,
and thismethod was | ater superseded by amore precise method - charge exchange recombination
Spectroscopy.

Measurement of theion temperature by charge exchange spectroscopy requiresthe presence
of aneutral beam, and in JET thisis conveniently provided by the neutral beam used for plasma
heating. A small fraction of the neutral beam particles undergo charge exchange with impurity
ions, an electron being transferred to the impurity ion. Some of the impurity ions areleft in an
excited state, and when these ions relax to a lower energy state they emit their characteristic
spectrum. Because thethermal velocity of theionsisvirtualy unaffected by the charge exchange,
measurement of the Doppler width of their spectral lines givestheion temperature. By viewing
the neutral beam at different positions along its length the ion temperature profile is obtained.

LIDAR

LIDAR is an ingenious system designed for, and introduced on JET to measure the electron
temperature and density. Its nameisavariant on RADAR, with which radio pulses are sent out,
and reflections from objects along the path of the pulse are used for detection and range finding.
With the JET system light pul ses replace the radio pul ses.

The method is based on Thomson scattering. When light is passed through a plasma the
electrons are accel erated by the oscillating electric field of the light wave and this accel eration
causes them to emit radiation - so-called scattered radiation. However, because of their thermal
motion the el ectrons pass through the wave and see adifferent frequency from that of the original
wave. This causes a change in the frequency they emit, and because the change depends on the
electron temperature analysis of the scattered radiation can give thistemperature. The amount of
scattering naturally depends on the number of scatterers, and so Thomson scattering can also be
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used to measure the electron density. Thomson scattering measurements normally give results
for a single point in the plasma. The clever idea with LIDAR is that the laser-produced light
pulsesare so short that they move acrossthe plasmalike bullets. This meansthat the measurements
made at any instant correspond to the temperature and density of the electrons at the position of
the pulse from which the detected scattered light was emitted. So, with asingle pulse we obtain
a space resolved measurement.

To spectrometer

Figure 8.5. Illustrating the principle of LIDAR. The short laser pulse passes through the
plasma, and the scattered light is transmitted to a spectrometer for analysis.
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Figure8.6. Typicalmeasur ementsoftheelectr on temperature and electron density using
LIDAR, giving the profiles across the major radius.

56



The principle of the measurement isillustrated in Figure 8.5, and typical measurements of
temperature and density are shown in Figure 8.6. Initialy the pulses were produced every few
seconds, but the system was developed to produce regular pulses 4 times a second, giving both
time and space resolved measurements.

Pellet I njection

Once adischarge has been formed the plasmadensity is controlled by the gasfeed to the vacuum
region around the plasma. |onisation of the gas atoms asthey enter the plasma provides asource
of plasma particles, and the rate of gas supply is regulated to give the required plasma density.

Because the gasfeed provides a source near the surface of the plasma, the resulting density
profilestend to beflat. There are obvious advantages from having amore peaked density profile.
A higher density in the hotter central plasma would give a higher rate of fusion reactions and
would not interact so directly with the surrounding material surfaces.

The required particle source can be achieved by firing high speed pellets of solid frozen
hydrogen or deuterium into the plasma. When such pellets enter the plasma they are heated
through the bombardment by plasma particles. The surface layer of the pellet evaporates, to
become ionised and form part of the plasma. As the pellet moves across the plasma, successive
layers are removed until the pellet is completely evaporated. With high speed pellets and the
appropriate plasma conditions it can be arranged that the pellet provides a high central plasma
density.
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Figure 8.7. Density build-up resulting from the injection of a string of ten pellets into the
plasma.

A multi-pellet injector wasinstalled and operated on JET in collaboration with scientists
from the United States. The pellets were 2.7mm and 4mm in diameter, and could be injected at
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arate of up to 5 per second with corresponding increases in plasma density as shown in Figure
8.7. The pellets were injected at a speed of 1km per second and at this speed they would reach
the centre of the plasma in a millisecond. When injected into a high temperature plasma the
pellets evaporated before reaching the centre, but when injected into an ohmically heated plasma
they penetrated to the centre producing peaked density profile such asthat shown in Figure 8.8.
When such pellet injection wasfollowed by plasma heating aremarkableimprovement in central
confinement was obtained, aswill be described in Chapter1l. The successin producing peaked
density profilesis brought out in Figure 8.9 which shows how deeper pellet penetration gives
improved density peaking as measured by the ratio of the central density to the average density.

10

With pellet

1G00.4718c

Major radius (m)

Figure8.8. Densitypr ofilef ollowingpelletinjection compar ed with a profile with no pellet.
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Figure8.9. Sho wing how the peaking of the plasma density achieved with pellet injection
increases with pellet penetration into the plasma. The peaking is measured by the central
density divided by the average density.
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Plasma Density

Because the thermonuclear reaction rate is proportional to the square of the plasmadensity, it is
important to obtain ahigh density. Two ways of fuelling the plasma have already been mentioned,
gas feed and pellet injection. The density is also increased by the deposition of particlesin the
plasma during neutral beam injection as shown in Figure 8.10.

Unfortunately the density achieved islimited by aglobal disruptive instability which will
be described in Chapter 10. The electron densities are usually afew times 1019 m3, with radial
profiles which are generaly flatter than the temperature profile. However, the peaked density
profiles obtained with pellet injection have shown that it is the edge density which determines
the disruption density limit. This implicates the plasma-surface interactions which introduce
impuritiesinto the plasma. It was of interest therefore to know the dependence of disruptionson
the material of the surrounding surface.

Beryllium was seen as a possible aternative to carbon as alimiter and wall material, and
aberyllium limiter was used in JET for awhile. In addition, experiments were carried out with
the vacuum vessel wall coated with an evaporated layer of beryllium. One result was that the
disruption density limit was replaced by a different kind of density limit. As the density was
increased a toroidally symmetric band of radiation appeared at the edge of the plasma on the
inboard side. Such bands of radiation had previously been seen in the Alcator C tokamak, and
the phenomenon was called by its discoverers aMARFE. The radiation is detected by an array
of bolometers, and a tomographic reconstruction reveals the MARFE as shown in Figure 8.11.
With beryllium coated walls attempts to increase the plasma density by gas feed would hit a
limit, and further increase of the gas feed just led to a more intense MARFE.
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Figure 8.10. Electron density profiles over the normalised plasma radius showing how the
plasma density is increased by neutral beam injection during a period of 1.3 seconds.
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Figure 8.11. Tomographic reconstruction of the radiation from the plasma showing the
formation of a MARFE on the inboard side of the torus.

Neoclassical Effects

The magnetic trapping of the particles toward the outboard side of tokamaks was described in
Chapter 3. Theory predicts that important macroscopic effects can result from this trapping and
these are termed neoclassical. Two important neoclassical effects have been observed
experimentally. They were first reported by the Princeton Plasma Physics Laboratory and were
also observed in JET.

The first effect is a modification of the resitivity. The reason in simple, trapped particles
are unableto carry acurrent in response to an applied electric field. The effect isnot just asmall
correction, it canresult in aresistivity several timesthe classical val ue cal culated without trapped
particles, with a corresponding increase in the ohmic heating. Analysis of the JET results gives
aneoclassical resistivity in agreement with theory.

The other effect, which is more subtle, was predicted by Bickerton, Connor and Taylor. It
turns out that the radial pressure gradient causes atoroidal current to flow. Because the plasma
“drives’ this current for itself it is called the bootstrap current. The existence of this current is
very fortunate because it partly relieves the problem of driving the toroidal current in areactor.
In present tokamaks the toroidal current is mainly produced by the electric field induced by a
flux change linking the tokamak, as in a transformer. Clearly the amount of flux change is
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limited, leaving the need for an aternative current drive, which the bootstrap effect can partly
provide.

The bootstrap current is more difficult to observe experimentally than the neoclassical
resistivity, but theresultson JET are consistent with itsexistence and it plays an accepted part in
the interpretation of results and in planning for areactor.

MARFEs

By thetime JET plasmas produced MARFES, theoretical work at JET had already provided an
explanation of the phenomenon. A key part of the physicsinvolved isthat, because the MARFE
istoroidally symmetric whereasthefield linesare helical, the MARFE isintersected by thefield
lines, asillustrated in Figure 8.12.

Magnetic
field

Figure 8.12. Showing how the magnetic field passes through the axisymmetric MARFE.

Because the thermal conductivity along the magnetic field is very high we would at first
sight expect the plasma temperature and density to become constant along the field lines. In a
MARFE they clearly do not, and we need a“drive” mechanism to maintain the MARFE.

Radiation increases
with decreasing temperature
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Figure 8.13. Over a range of temperatures the radiation increases with decreasing
temperature. Radiation from the plasma lowers the temperature and increases the radiation
still more, producing the MARFE instability.

61



The MARFE region is cooled by radiation from impurities, and it is the temperature
dependence of thisradiation which holdsthekey. In the temperature range of interest theimpurity
radiation increases with decreasing temperature as shown schematically in Figure8.13. Asthe
radiation energy loss causesafall intemperature, the radiation isfurther increased - and we have
aninstability. A further destabilising factor isthat, because the pressure is constant along afield
line, the lower temperature in the MARFE implies an increased density. The radiated power
increases with density and this provides an additional drive.

What limits this process? The fall in temperature in the MARFE produces an increasing
temperature difference between the MARFE and the surrounding plasma. Thisleadsto conduction
of heat into the MARFE, and asteady stateisreached when the thermal conduction balancesthe
radiated |oss.

The Magnetic Field

Sincethe plasmais confined by the magnetic field we expect the plasma behaviour to depend on the
magnitude of the magnetic field and, more subtley, on its structure.

The toroidal component of the magnetic field is basically straightforward. It is produced
mainly by external coils, and asimple calculation showsthat its strength will fall with major radius
aslR.

The poloidal field is produced mainly by the toroidal plasma current. Although the total
current is controlled, the distribution across the plasma s determined by the plasma itself. The
ohmic currentisdriven by an applied toroidal el ectric field, but thelocal current density depends
on the electron temperature, on the extent of electron trapping in the magnetic field, and on the
impurity content. In addition, thereisthe bootstrap current, driven by theradial pressure gradient
in the plasma.

Figure 8.14. The magnetic flux surfaces form a set of nested toroids.
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Thedistribution of thetoroidal current and the associated poloidal magnetic field aredifficult
to measure, and we shall turn to this subject shortly. Firstly, however, we need to understand
how the magnetic field structure in atokamak is described. In its simplest form each magnetic
fieldlineliesin atoroidal surface. Asit windsits helical path around thetorusit stayswithin this
magnetic surface. These surfaces do not intersect, and form a set of nested surfaces as shownin
Figure 8.14. Each surface is characterised by a quantity, g, describing the rate of twist of the
helical field lines. Thisq, called the safety factor, isacrucial quantity in understanding tokamaks
and we shall now look at it more carefully.

The Safety Factor, q

Thetoroidal component of the magnetic field carries the field lines around the torus “the long way”,
and the poloidal component carriesthefield lineround the magnetic surface the short way” , withthe
overdl| effect that the field lineswind ahelical path around the torus.

The definition of the safety factor q, isthat it is the number of toroidal turns afield line
makes in completing one poloidal turn. Thus for field lines with little twist, g is high, and for
field lines with a strong twist g is low.

The magnetic field lines lying in a given surface do not cross each other, so they all wind
at the same rate and all have the same value of g. This means that each surface has its own
g-vaue. Most surfaces do not have an integral value of g, and q varies continuously across the
plasma. Tokamaks are characterised by having q greater than one everywhere except in asmall
region near the centre of the plasma, where g can be slightly below one.

For a special subset of surfaces the field lines join up on themselves after a number of
turns. Such surfaces haverational values of g, its value being given by the ratio of two integers.
If g= m/n,fieldlinesjoin up after m toroidal turns, having made n poloidal turns. These surfaces,
particularly for small m and n, are especially vulnerable to instability because a helical plasma
deformation can match, or be“resonant” with, thefield line. For example the sawtooth instahility,
having an m=1, n=1 structure, requires the presence of a =1 surface.

Therate of change of g acrossthe surfacesis called the shear. Generally shear isstabilising
because aninstability matching aresonant surfaceisforced to bend thefield linesin neighbouring
surfaces, and the larger the shear the more the bending required.

Thesafety factor gisacrucial quantity in understanding how tokamaks behave. In particular
it isthe key parameter in determining stability against the most dangerous types of instability.
Since the toroidal field is known, measurement of q calls for a measurement of the poloidal
magnetic field.

Preliminary measurements of q had been made by Peacock and Carolan using Thomson
scattering in DITE in 1978, but the major step occurred when Soltwisch performed careful
Faraday rotation measurements on TEXTOR in 1987, the same technique being adapted to JET
shortly afterwards.
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Measurement of q

In the Faraday rotation technique a polarised beam of light from a laser is passed through the
plasma. In the absence of amagnetic field the direction of the polarisation would be unchanged
by the plasma, but the effect of amagnetic field isto cause the direction of polarisation to rotate.
Careful measurements of the small rotation allow the poloidal magnetic field to be measured
and the q profile to be determined. However, the Faraday rotation measurement of magnetic
field isindirect becauseit only gives aline average of the product of the magnetic field and the
density.

We shall seelater that the early measurements of g werefull of surprisesand uncertainties.
This brought into focus the remarkable fact that, although magnetic fields are central to
confinement in tokamaks, our ability to measure the magnetic field inside the plasma had for
several decades remained very limited. This situation was radically changed by a chance
observation on JET.

When neutral beams are injected to heat the plasma, some of the atoms are excited by
plasma electrons and emit radiation in the form of spectral lines, these spectral lines being
characteristic of the type of atom. The spectrum of the hydrogen atoms forming the beam iswell
known. It was surprising, therefore, that when the spectrum from the beam was examined it
seemed to be full of strange lines.

It was soon realised that the magnetic field was the cause. It has been known for a century
that an object moving across amagnetic field experiences an electric field, and it is also known
that an electric field splits each spectral line of the atom into three lines. What had happened in
the JET experiment was that this so called “motiona Stark effect” had split the lines, and the
superposition of lines from different beams had further complicated the spectrum.

Once the explanation was realised, the spectral pattern was understood. It was aso clear
that the motional Stark effect provided away of measuring the magnetic field. In particular, the
polarisation of the light emitted by the beams is related to pitch of thefield linesand soto g. A
flawed attempt at this measurement was made in JET but plasmaphysicistsin the United States
were quick to exploit the technique, and were able to obtain accurate measurements of the g-
profile.

A M easurement of Shear

We shall see in the next chapter that understanding of the sawtooth instability depends upon
knowledge of the g-profile, particularly inside and around the g=1 surface. In the early years of
JET hard information about g was not available, but an ingenious piece of analysis provided an
estimate of the rate of change of g, called the shear, at the g = 1 surface.

When hydrogen pellets are injected into the plasma, the hydrogen evaporating from their
surface emits radiation. It was found that as the pellet passed through the g=1 surface the
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radiation was much reduced, and a plot of the intensity of the measured radiation across the
plasma radius showed a dip around this surface as shown in Figure 8.15.

Reduction around
theq =1 surface

Light
intensity

| |
4.2 4.0 38 36 34
Major radius (m)

FigureB8.15. As the injected pellet crosses the g=1 magnetic surface there is a dip in the
radiated light.

The basic reason isthat the field lines on the g=1 surface join up on themselves after one
turn. So when the pellet passes through this surface, the cooling is localised to the field lines
passing through the pellet. At other radii thefield line will wind round the magnetic surface, and
the cooling effect is more widely spread. The dip in radiation is therefore simply due to the
reduced thermal capacity of the interacting plasma around the g=1 surface.

The key point is that the rate of transition from strong cooling on the g=1 surface to
normal cooling away from it depends on the magnetic shear, and so measurement of the radial
width of the dip in the radiation enables us to calculate the shear.

The calculated value of shear was very small, implying avery flat q profilein the region
aroundg=1. Thisseemed to bein conflict with the g-profile obtained using the Faraday rotation
measurement. Could therebealocal flattening of g around g=1, not detected by Faraday rotation?

This measurement of magnetic shear became one of the pieces of the puzzle presented by
the sawtooth instability and described in the next chapter - a puzzle not yet resolved.

Lower Hybrid Current Drive

So-called lower hybrid waves propagate in the plasma at frequencies between the electron and
ion cyclotron frequencies. When these waves are launched in the plasmathey can drive acurrent
with good efficiency and this allows some control of the current profile. With this aim a lower
hybrid current drive system was installed on JET using a grill structure of waveguides placed
close to the plasma edge.

A prototypewave launcher was put in placein 1990 and, after an experimental programme,
thefull system wasinstalled and ready for usein 1994. This system operated at 3.7 GHz and was
capable of producing up to 7.3MW of power and sustaining current drive for more than ten
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seconds. Driven currents drive of up to 3SMA were achieved and the current profiles obtained
werein general agreement with the theoretical simulations.

By driving currents in the outer plasma the current profile could be modified to raise the
central value of the safety factor above 1 and so suppress the sawtooth instability. The lower
hybrid system was also used to modify the current profile in the optimised shear discharges
which will be described in Chapter 11.

Plasma Rotation

The neutral beams injected to heat the plasma have a component of their motion in the toroidal
direction. Asaresult the beam deposits toroidal momentum in the plasma, and the plasma spins
in the toroidal direction.
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FigureB8.16(a). When the neutral beam spins the plasma toroidally the resulting Doppler
shift of the spectral lines emitted by the plasma allows a measurement of the plasma vel ocity.
(b) The toroidal rotation is also detected by magnetic probes which measure the magnetic
field perturbations of mhd instabilities, these instabilities being carried with the plasma.

Thistoroidal motion can be seen in the Doppler shift of spectral lines emitted from the plasma,
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and an example is shown in Figure 8.16(a). It can also be observed in the externallymeasured
magnetic perturbations. Mhd instabilities which arise in the plasma propagate with asmall drift
velacity evenin astationary plasma, but when the plasmais spun the magnetic perturbations are
carried with the plasma, and can have much higher velocities than the natural drift velocity.
Figure 8.16(b) showsthe increasing frequency of atypical magnetic signal asthe plasmaisspun
by beam injection.

Fluid driven through a pipe has its maximum flow velocity in the centre and a velocity
profilewhich fallsto zero at thewall. In the case of the plasma spinning round the torusit is not
obvious what the corresponding boundary condition at the edge should be. If particles diffusing
out of the plasma were simply lost we would expect the plasma to develop a uniform velocity
over itsminor cross-section. Figure 8.17 shows atypical experimental velocity profile. Itisseen
that there is a considerable fall-off in velocity toward the edge, indicating a drag force at the
boundary. The radial gradient in velocity also implies a viscous drag in the plasma with an
associated transport of momentum outward across the plasma radius.
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Figure 8.17. Typical radial profile of the toroidal rotation of a plasma spun by neutral beam
injection.
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Figure8.18. Theangular momentum confinement time plotted against the energy confinement
time for a number of plasmas. The graph shows a clear correlation between the two.
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It is found that there is a strong correlation between the ion temperature and the rotation
velocity. Both, of course, are generated by theinjected neutral beam, but the observed correlation,
shownin Figure 8.18 also requires similar confinement timesfor the thermal and directed motion
of theions.

Centrifugal Effects

When the soft X-ray emission from spinning plasmas was examined it was found that there was
agreater intensity from the outboard, larger major radius, side of the plasmathan on the inboard
side. A tomographic reconstruction of the radiation is shown in Figure 8.19. Because of the very
fast connection along the magnetic field linesin amagnetic surfaceit is generally assumed that
the temperature, density and impurity concentration are constant over a magnetic surface, and
so the X-ray emission is also expected to be constant around the magnetic surface.
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FigureB8.19. Toroidal rotation of the plasma throws the impurity ions to the outboard side of
the plasma. The tomographic reconstruction of the soft X-ray emission shows the resulting
asymmetry.

However it was soon realised that the effect being observed wasthe same as had previously
been found on ASDEX. The centrifugal force arising from the spinning was throwing the heavy
impurities responsible for the X-ray emission to the outer part of the magnetic surfaces. Unlike
most plasma phenomena, this centrifugal effect should be accurately predicted by theory, since
it only involves an equilibrium force balance within the magnetic surfaces.

When the plasmaspinsround thetorusit is subject to acentrifugal force. On each magnetic
surface the rotation acts to throw the ions toward the outboard side. For the electrons, being
much lighter, the centrifugal effect isnegligible. Since the plasmamust maintain quasi-neutrality
an electric field is set up to pull the electrons outward with the displaced ions. In the resulting
equilibrium the centrifugal force ontheionsis balanced by a combination of two inward forces,
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asillustrated in Figure 8.20. One is the pressure gradient force which arises from the outward
displacement of the ions, and the other is the electric field force between theions and electrons.
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Figure 8.20. Force balance determines the distribution of the ions around the magnetic flux
surface. The centrifugal force component along the surface is balanced by the sum of the
pressure gradient force resulting fromthe redistribution of the plasma on the magnetic surface,
and the electric field force necessary to maintain quasi-neutrality.

In fast spinning JET discharges the in-out imbalance in plasma density does not exceed
10%. However, the centrifugal forceis proportional to the mass of theion, and for heavy impurities
the centrifugal force can be very large. The plasma from which Figure 8.19 was obtained had
been seeded with atrace of nickel, and nickel ions have roughly 30 times the mass of deuterium
ions. Typical cases had ratios of X-ray emission between outboard and inboard of around 5.
When the interactions between the impurity ions, the deuterium ions and the electrons were
fully taken into account, the theoretically predicted ratios were close to the experimental values.

Mode L ocking

In JET the toroidal spinning of the plasma, as seen on the magnetic oscillations, sometimes
comes to a rather abrupt halt. The magnetic perturbation is due to a mode of instability which
has deformed the magnetic structure, producing aso-called magneticisland. Theseislands modify
the magnetic structure in asimilar way to that of knots in the otherwise regular grain of wood.
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Figure8.21. The magnetic signal gives the frequency and growth of an mhd instability. The
reduction in frequency shows the slowing of the plasma rotation. The signal measurestherate
of change of the magnetic perturbation, and the removal of the gross oscillation indicates the
final mode locking.
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Figure 8.21 shows a time trace for a case where the plasma is slowed and halted. The
measurement gives the time rate of change of the magnetic field as seen by a coil outside the
plasma. As the plasma slows the observed frequency falls, and when the plasma comes to rest
the signal disappears.

The reason the magnetic signal rotates with the plasmais that the magnetic perturbationis
“frozen-in” to the plasma because of its high electrical conductivity. The explanation of the
slowing involvesarel ated phenomenon outside the plasma. The perturbed magnetic field extends
to the conducting material surfaces surrounding the plasma, and the magnetic perturbations are
partially frozeninto these surfaces. However, the surrounding material isnot as highly conducting
asthe plasmaand the magnetic perturbations are ableto dip through. Nevertheless some“friction”
isinvolved and thisimpartsadrag on the plasmarotation. Thetheory of this processwas developed
and gave a good description of the experimental behaviour. Figure 8.22 shows the results of a
numerical simulation of the mode locking process.
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Figure8.22. A numerical simulation of the mode locking process shows the growth of the
instability and the fall in frequency of the magnetic signal.

Astheinstability grows the drag increases and the plasma.is brought almost to a stop. At
very low velocities the magnetic perturbations “see” the non-uniformity in the structure of the
surrounding surfaces, and ultimately lock into these non-uniformities bringing the rotation to a
complete halt.
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The experimental results on the basic features of JET plasmadescribed in thischapter give
some idea of therich variety of the physics involved. In the next three chapters we turn to the
main themes of the research involving these plasmas - the understanding and avoidance of
instabilities, the study and improvement of plasmaconfinement and the control of theinteraction
between the plasma and the surrounding material surfaces.
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9. TOWARDSA REACTOR

Theultimateaimisafusion reactor and with JET constructed and operating thoughts now turned
to the reactor issues which could be addressed.

A basic requirement isthat the plasma should not be subject to grossinstability. From both
theory and experimental experienceit was established that stability boundariesimpose operational
limits on various parameters. For example it waswell known that lowering the surface value of
the safety factor g would at some point lead to a disruption of the plasma. It was therefore
important for JET to investigate and determine this boundary. Disruptions also occur under
other conditions, and there are further instabilities which, although not destroying the plasma,
lead to a deterioration of confinement. The JET experiments were to bring to light unexpected
behaviour, both good and bad. The next chapter will tell the story of these investigations.

Given overall stahility, attention turns to the confinement requirements of a reactor. To
heat the plasma to reactor conditions the heating systems must be able to overcome the energy
losses from the plasma. However, if the energy confinement could be made good enough, the
heating provided by the fusion a-particles alone would be able to balance the heat loss from the
plasma. The plasmawould then ignite and continue to burn without any applied heating.

It ispossibleto cal cul ate an approximate condition for ignition which, through acoincidence
of the algebra, gives a smple requirement on the plasma. The a-particle production rate is
proportional to n?, the square of the particle density. In the temperature range of interest the
production rate happens also to be approximately proportional to the square of the temperature,
T2, and the a-particle heating per unit volume is therefore proportional to n?T2.

For ignition, this a-particle heating must be sufficient to balance the power loss from the
plasma which, per unit volume, is given by the plasma energy density, 3nT, divided by the
confinement time Tg, giving apower loss proportional to nT/tg. Allowing for the geometry, with
a50:50 deuterium-tritium mixture, and taking the peak values of n and T, the a-particle heating
will exceed the power loss for

A T2 > 5x10% —
TE

where T is measured in keV. So we obtain the ignition requirement
AT 7. > 5x10% m2keVs.

Itisquite neat that the obviously important quantitiesn, T and T should appear in such asimple
way. It is also very convenient that although we have calculated the ignition condition for a
deuterium-tritium plasma, the figure of merit AT Te can be cal cul ated for, say, a pure deuterium
plasma- theideabeing that, in principle, the deuterium could be replaced by adeuterium-tritium
mixture.
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Figure 9.1. The product of the density, temperature and confinement time provides a measure
of the progress towards reactor conditions. The graph shows the values achieved up to the
design phase of JET.

Figure 9.1 shows the advance in achieved values of AT Tz over the years up to the design
phase of JET. We shall later add the values obtained on JET.

We saw in the previous chapter how the additional heating applied to JET produced the
temperatures required for areactor, and it will be seen in the next chapter how instability limits
the density. What about the remaining factor, the confinement time 1g?

It has already been made clear that plasma confinement is not understood. This means that
we do not know the value of Tg which would arise in a particular design of fusion reactor. We
might have hoped that it would be possible to calculate tg, but the necessary theoretical
understanding has not yet been achieved. Thisplaced JET in aspecial position, for if we haveto
rely on empirical scaling to predict values of tg for a reactor, JET, being the largest tokamak,
would have acrucia role. The results of the substantial research programme on this subject are
described in Chapter 11.

The two chapters already mentioned, dealing with stability and confinement respectively,
will be followed by one dealing with another crucial reactor relevant subject. The heat and
particle loss from the plasma must be dealt with in a controlled way. The magnetic geometry is
such that the “natural” heat loss results in a localised deposition on material surfaces at an
unacceptably high level. Furthermore, impact of the plasma particles on the material surfaces
releases atoms and molecules which can enter the plasma as impurities.

Inthe 1990s JET has concentrated on effortsaimed at solving these heat |oad and impurity
problems by constructing divertorswhich carry the escaping plasmaaway from the main plasma
and make its effects as harmless as possible.

When we have dealt with all of these reactor relevant issues we shall look at some basic
plasma physics investigations, and then turn to the fusion power experiments using tritium.
These historic fusion experiments were such an important step toward a reactor that almost all
the areas of work on JET came to be seen as reactor oriented. This changed perception was
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further strengthened by requests for reactor relevent information from the team designing a
possible tokamak reactor to follow JET, namely ITER.

ITER stands for International Thermonuclear Reactor, and like JET its design team was
based on an international collaboration. There were four partners - the European Community,
Japan, the Russian Federation and the USA. The aim was to design a tokamak which would
ignite and produce fusion power in the gigawatt range. The successful design of such areactor
calls for answers to many questions which only existing tokamaks can provide. In the crucial
areas of stability, confinement, heat exhaust, and deuterium-tritium plasmas JET was very well
placed to address the issues involved.

79



80



10. STABILITY AND INSTABILITY

In the early days of fusion research many approaches to magnetic confinement of plasmas were
tried. Each had its particular magnetic configuration, and most were found to be grossly unstable.
Tokamaks are basically stable. With the appropriate operating conditions they show none of the
fluctuations of the magnetic field which are the signatures of unstable plasmas.

However in pushing the plasma parameters toward the desired high pressures, and in
increasing the plasma current to achieve better confinement, a variety of instabilities appear. At
alow level these instabilities do not significantly affect confinement, but there are circumstances
where they completely disrupt the plasma and even bring a collapse of the plasma current.

Two other instabilities which are regularly seen are called the sawtooth instability and the
ELM, standing for Edge Localised Mode. Both of these instabilities have the form of a relaxation
oscillation - there is an abrupt instability, removing the destabilising conditions, and a slow
recovery returning the plasma to an unstable condition once again. This leads to a repetitive
instability. Both instabilities are localised, the sawtooth instability to the core of the plasma and
the ELM typically to the outer 10% of the radius. In their milder forms the sawtooth instability
and the ELM only have a weak effect on confinement, but in their grosser forms both present a
serious problem.

We shall look at these instabilities in turn, but first it should be made clear that they are not
the only instabilities. There are other small amplitude fluctuations and in particular, and crucially,
it is generally believed that the observed “degradation of confinement” is due to the small
fluctuations caused by an unidentified instability. The mysteries of plasma confinement are
described in Chapter 11.

Disruptions

It is hard to imagine a more dramatic end to a tokamak plasma than that caused by a “disruption”.
In fast JET disruptions the plasma energy is wholly lost in a few milliseconds and the plasma
current decays away in about ten milliseconds. Figure 10.1 shows the abruptness of the current
decay for a typical fast disruption. The associated power loss from the plasma can be several
gigawatts, a hundred times the applied heating power. These disruption events cause eddy currents
to flow in the vacuum vessel with associated forces of hundreds of tonnes. Some JET disruptions
end with part of the plasma current being transferred to a beam of relativistic electrons, constituting
a further threat to the surrounding material surfaces. Clearly a fusion reactor must not be subject
to such sudden destruction of the plasma, with the even larger forces involved.

There were two lines of investigation to follow. Firstly it was necessary to make an empirical
exploration of the operational boundaries which disruptions impose on disruption-free operation.

This was clearly an important question both for the operation of JET, and to provide design
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constraints on a possible fusion reactor. Secondly it was important to understand what was
happening in a disruption. In earlier days it had been common to ask as to “the cause of
disruptions”. When a careful examination of the problem was made it was found that there was

a sequence of events, the importance and cause of each being dependent on the type of disruption.
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Figure 10.1. Time trace of the plasma current showing the abruptness of the current decay in
a fast disruption.

Murakami Parameter and the Hugill Diagram

The empirical approach to disruptions had started at the Oak Ridge National Laboratory when
Murakami noticed that disruptions in ohmically heated tokamaks limited the achievable value
of the parameter nR/Bg, where n is the plasma density, R the major radius of the tokamak, and

By the toroidal magnetic field.
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Figure 10.2. The Hugill diagram for JET. With ohmically heated plasma operation in the
shaded region was precluded by disruptions. Some amelioration was achieved when additional
heating was used, as indicated by the dashed line.

This idea was elaborated by Hugill who showed that the disruption limit also depended on
the value of the safety factor at the edge of the plasma, q, . He found that it was useful to plot
disruptions in a diagram with 1/q, as the vertical axis, and the Murakami parameter as the
horizontal axis. The Hugill diagram for JET is shown in Figure 10.2.

With ohmic heating alone, attempts to enter the shaded region in the diagram resulted in
disruptions, and the boundaries limited the achievable density and the minimum value of g,

With additional heating there was some increase in the density limit as indicated by the dashed
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line. This gave some support to the idea that disruptions were due to a loss of power balance, the
additional heating being able to make up for the increased radiation losses occurring at higher
density.

It must be made clear that the unshaded region is not free of disruptions. For various
operational reasons, including too fast a current rise, disruptions can occur under almost all
plasma conditions. The point of the disruption boundary is that, with careful operation, it is

possible to be disruption-free away from it.

The Low-q Limit

The low-q limit in the Hugill diagram restricts the plasma current which can be used with a
given toroidal magnetic field. The definition of g4 used in compiling the diagram is an operational
one used for simplicity. It seems likely that the plasma is more aware of the q defined by the
actual magnetic geometry - the true q. As described in Chapter 8 rational values of this q have
special significance, in that the field lines “join up on themselves” and are associated with
instability.
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Figure 10.3. Trajectories of discharges in the Hugill diagram showing the disruption boundary
to be close to qq = 2.

To investigate this, experiments were carried out in which, by increasing the plasma current,
the value of true q, was gradually reduced until the plasma disrupted. Figure 10.3 shows the
path of these discharges in the Hugill diagram for several starting densities, the dots indicating
the disruption. It is seen that all of the disruptions occur close to 1/q, = 0.5, which means q, = 2.

What happens in these experiments as the current is increased is that the g-profile falls, as
illustrated in Figure 10.4. It is seen that in this process the position of the q = 2 surface moves
outward and crosses the plasma edge when q, = 2. Theory tells us that the plasma is prone to a
strong instability driven by the current gradient when the q = 2 surface sits close to the edge of
the plasma. We see, therefore, that the occurrence of the disruptions at q; =2 is in good agreement

with theory.
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Figure 10.4. As the plasma current is increased the q-profile falls. Disruption occurs when
the edge g-value reaches 2.

Density Limit Disruptions

The Hugill diagram implies that for given q, and toroidal magnetic field the plasma density is
limited by disruptions. The disruptions occur when the increased density leads to a critical form
of current and q profile. The plasma is then subject to an mhd instability, usually a so-called
tearing mode. Its name comes from the fact that the destabilising force tears the magnetic surfaces,
which reconnect into a different geometry. The process is illustrated in Figure 10.5, which shows
that the reconnected surfaces form a new localised set of magnetic surfaces called a magnetic

island.

Figure 10.5. lllustrating how, in a tearing instability, the magnetic surfaces around a rational
q surface reconnect to form a magnetic island.

The most easily detected feature of the instability is the perturbed magnetic field. Although
the reconnection of the magnetic surfaces is localised, the magnetic perturbation extends outside
the plasma surface and is easily detected using small magnetic coils as pick-up loops. The

instability usually rotates toroidally passing repeatedly under the magnetic coils. The voltage
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induced in the pick-up coils is proportional to the rate of change of the magnetic field, usually

written as B, and so the toroidal rotation produces a periodic signal.
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Figure 10.6. Showing the growth of an instability prior to a disruption, as detected by the

magnetic coils measuring B. The expanded trace shows the decreasing frequency of the
signal as the toroidal rotation of the instability is slowed, and the continued growth in the

directly measured amplitude of the instability, B, after the B signal is lost by mode locking.

Figure 10.6 shows the growth of the B signal before a disruption. This growth implies the
growth of the associated magnetic island in the plasma. In the expanded trace the separate
oscillations are made clear. The trace also shows that the frequency drops and the signal almost
disappears. This slowing of the rotation had previously been thought to be due to an internal
effect within the plasma. Analysis of the JET results showed that the slowing is due to a coupling
of the external magnetic perturbations to the vacuum vessel. As described in Chapter 8§ the
reaction on the plasma is a force which brings the rotation of the instability almost to a halt. In
the experiment the rotation stops entirely, the perturbation becoming locked to some small toroidal
non-uniformity in the tokamak structure.

However, the loss of rotation does not mean that the instability has stopped growing and
Figure 10.6 also shows the continued growth using the magnetic perturbation directly rather
than its rate of change. Theory indicated that the magnetic perturbation observed outside the
plasma is associated with a tearing instability and the associated formation of a magnetic island
inside the plasma. The magnetic field lines inside the island wind around the island’s magnetic
axis, and fast thermal conduction along the field lines leads to a flattening of the temperature
profile over the island. When the electron temperature profile was measured just such an effect
was found as shown in Figure 10.7. This provided direct evidence that a large magnetic

reconnection was involved in the disruption.
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Figure 10.7. Graphs of the radial profile of the electron temperature. T is the profile through
the centre of the magnetic island and Ty is that through the ends of the island (the X-point).
Graph (a) is at an early stage in the island growth and graph (b), shows a more complete
flattening of the temperature across the island a few milliseconds later.

Although the magnetic island might cover 10-20 cm of the plasma radius and effectively
destroy the confinement of this region, it did not by itself explain the almost complete loss of
confinement. The behaviour of the central electron temperature in a severe disruption is shown
in Figure 10.8. It is seen that in the first stage the temperature falls by over 60%. While there is
no direct evidence it seems likely that the initial growth of the tearing instability is followed by
a more complete rearrangement of the magnetic field, producing a more general flattening of the
temperature and loss of plasma energy. Numerical simulations of the JET disruption by Bondeson

appear to bear this out.
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Figure 10.8. Collapse of the electron temperature during a severe disruption.

The Loss of Current

In severe disruptions not only is the plasma energy lost, the plasma current decays away also. It
is generally accepted that the loss of energy is due to strong plasma turbulence induced by
instability. It was also widely thought that this turbulence presented an increased resistance to
the plasma current, making it decay. However, in that case it would be expected that as the
current decayed, stability would be restored and the decay would slow or stop. In the current

decay following JET disruptions this did not happen, and another explanation was clearly required.
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Examination of the strongest disruptions provided a simple but puzzling explanation. The
current decays because the plasma is cold, by the standards of tokamak plasmas - very cold.
First, the electron cyclotron emission measurements showed that the temperature was less than
30eV, and then the spectroscopic measurements gave a few eV. Calculations showed that although
magnetic turbulence could reduce the temperature to 100eV, it was impossible for it to produce
temperatures as low as a few eV. How did the energy loss occur?

One possibility was impurity radiation. The total power emitted by the plasma was detected
by bolometers, which measure the temperature increase brought about by the radiation on a
surface of known thermal capacity. Examination of the results showed that enormous powers
were radiated by the plasma at the time of severe disruptions - often several gigawatts. This was
quite adequate to explain the fast energy loss from the plasma, and also explained the current
decay. If the low measured temperatures were correct, the plasma would have a very high
resistance, and the ohmic heating at these temperatures could be gigawatts, consistent with the
measured radiated power. The energy for this heating and radiation comes from the magnetic

field of the plasma current, and as the magnetic field is consumed, so the current decays.

The Impurity Influx

The above explanation of energy loss and power balance in disruptions leaves open an awkward
question. How did the high level of impurities required for the large fall in temperature and jump
in radiation suddenly arise? It seemed possible that the initial loss of confinement had poured
heat onto surrounding surfaces, and that this had released impurity atoms allowing them to
reach the plasma. But how did they penetrate into the plasma?

When an impurity atom enters the plasma it will be moving with a low velocity. As it
moves into the plasma it will be bombarded by the fast plasma electrons and will quickly be
ionised. Typically the impurity atom would penetrate only a centimetre into the plasma before
being ionised and held by the magnetic field.

For some years this problem prevented acceptance of the impurity explanation of the rapid
current decays in severe disruptions. A surprising resolution of the difficulty was then suggested.
Perhaps the impurity influx occurred, not as a result of individual particles penetrating the plasma,
but rather as a bulk inflow of gaseous impurity which displaced the plasma rather than penetrating
it.

The obvious test of this idea was its prediction of an increase in the density. Examination
of the interferometer measurements of the electron density after the disruption showed an increase
by at least a factor 4, and spectroscopic analysis gave a 5-fold increase in the carbon density.
These measurements therefore confirmed the model of severe disruptions in which an mhd
instability allows energy to escape from the plasma to release impurities at such high intensity

that they are able to force their way into the plasma.
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The Negative Voltage Spike

An initially surprising feature of disruptions is the appearance of a negative voltage spike on the
toroidal loop measuring the voltage, as shown in Figure 10.9. It would be expected that, since
the predominant effect of the disruption is to produce a current decay, there would be an induced
positive voltage, according to Lenz’s law, to maintain the plasma current.

The explanation is that there is a brief increase in current before it decays. The magnetic
energy associated with the plasma current, I, is éLIZ, where L is the inductance of the plasma
current. The disruptive instability flattens the plasma current profile and this reduces the
inductance. We see therefore that for a fixed magnetic energy the plasma current will increase -
and this is what happens. So we have a negative voltage spike, which is then followed by a more
prolonged, positive voltage as the current decays.

The JET experiments came up with a further surprise. In the disruption the negative voltage
spike is associated with the instability-induced magnetic rearrangement which causes the initial energy
loss. We would expect, therefore, that the negative voltage spike would occur at the same time as the

main temperature drop. In fact it was found to be delayed as is apparent from Figure 10.9.
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Figure 10.9. At the time of the disruption a negative voltage spike appears before the expected
positive voltage which resists the current decay. The negative voltage results from the
associated brief increase in the plasma current brought about by a fall in its inductance as
the current profile is flattened by the instability.

The resolution of this problem appears to be that the rearrangement of the current does not
reach the edge of the plasma. The induced negative voltage will then appear at the surface of the
internal rearrangement, and will drive a negative current sheet inside the plasma at this surface.
When, shortly afterwards, the plasma is cooled by the influx of impurities, the negative current
rapidly decays. This produces a sudden increase in the total positive current with its associated

negative voltage spike, now delayed, as seen in the experiment.

88



Sawtooth Oscillations

Sawtooth oscillations are a regular feature of JET discharges. They involve a repetitive collapse
of the electron temperature in the plasma core and, as shown in Figure 10.10, are also seen on

the measurement of the line integrated density.

Density

0.1s

JG99.303/11c

Time (s)

Figure 10.10. Sawtooth oscillations on the electron density.
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Figure 10.11. In Kadomtsev’s model of the sawtooth instability magnetic reconnection in the
centre of the plasma produces a magnetic island which grows to replace the original magnetic
surfaces with g < I (shown shaded).

It was mentioned in Chapter 7 that Kadomtsev had proposed a model for the sawtooth
instability, and that the collapse phase observed in JET was inconsistent with its predictions. Let

us first look at Kadomtsev’s model.
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An instability starts when the central value of q falls below one. A magnetic reconnection
then occurs through the growth of a magnetic island as illustrated in Figure 10.11. This is the fast
phase of the sawtooth oscillation and results in a q profile with q approximately equal to one
over the central part of the plasma as shown in Figure 10.12. During the ramp phase of the
instability the q profile diffuses back toward its more natural state with qo, the central value of q,
falling below one. After a while this profile becomes unstable and the next collapse occurs - this

cycle being followed repeatedly.
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Figure 10.12. Kadomtsev’s model predicts a flattening of the g-profile at the sawtooth collapse
and the development of an unstable profile with q < I during the ramp phase.

Quasi-interchange

Examination of this cycle for sawtooth oscillations in JET revealed an inconsistency in the
model. At the high temperature of JET, and with its large physical size, it was calculated that the

diffusion of the g-profile during the ramp phase was so slow that q, would hardly change from

Theory

Experiment
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Figure 10.13. Comparison of the type of deformation predicted for the quasi-interchange
instability, and the observed deformation as reconstructed from the soft X-ray emission.

one. If it started at 1.0 it would typically reach 0.97. With such a value of q,, so close to one, the

instability takes quite a different form from that envisaged by Kadomtsev. Instead of magnetic
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reconnection through the growth of a magnetic island, there would be a convective motion
involving the interchange of almost parallel magnetic field lines, resulting in the formation of a
cold bubble surrounded by hotter plasma.

This so-called “quasi-interchange” model was promising in that it was predicted to be
fast, overcoming the timescale problem. Even better, the soft X-ray images conformed to that
predicted by the model, as shown in Figure 10.13.

However, this apparent success was short-lived, the quasi-interchange model immediately
being put into question by measurements of the g-profile by Soltwisch on the TEXTOR tokamak
in Germany. He used the Faraday rotation technique, in which the rotation of the plane of

polarisation of a laser beam by the magnetic field is used to measure that field.
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Figure 10.14. Soltwisch’s measurement of the time variation of q, on TEXTOR.

What Soltwisch found was remarkable. The value of q, after the collapse was not close to
one, it was typically between 0.7 and 0.8. As shown in the time trace of Figure 10.14 it did not
fall much during the ramp phase, that at least being consistent with the JET calculations. However,
that qo, remained well below one was inconsistent with both the Kadomtsev and the quasi-
interchange model.

Later it became possible to measure the g-profile on JET, again using the Faraday rotation

technique. These measurements confirmed Soltwisch’s result, q, was generally well below one.

Fast Reconnection

The problem of the rapidity of the sawtooth reconnection was resolved by examining the
Kadomtsev model more carefully. In this model the magnetic reconnection occurs in a narrow
layer, and the rate of reconnection is determined by the resistivity of the plasma. However, at the
high temperatures of the JET plasma the electrons are essentially collisionless and the development
of the current in the reconnection layer is determined by the electron mass. Theoretical work in
JET showed that allowing for the electron inertia the reconnection rate should be increased by
an order of magnitude, bringing experiments and theory much closer together.

Subsequent work by the Chinese theoretician Qingquan Yu made clear that, although the
reconnection would indeed be limited by electron inertia, it was more appropriate to regard the

effect as a form of viscosity leading to an even faster reconnection rate.
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More Sawtooth Problems

Despite the progress on the physics of reconnection, the problem of the discrepancy of the
measured g-profile with theory persisted, and remains to this day. And more difficulties arose.

The first of these concerns the onset of the instability which causes the collapse. The
evolution of the g-profile during the ramp phase takes it into an unstable regime. At the point
where the configuration reaches this regime, so-called marginal stability, the growth rate is zero.
As already explained the evolution of the plasma equilibrium is very slow. So slow, in fact, that
during the very short time of the observed collapse the configuration would hardly have moved
from marginal stability, and the instability should have a slow growth, inconsistent with the very
fast growth observed in JET.

This has come to be called the trigger problem. It is unresolved for sawteeth, and is now
seen as a more general problem applying to other instabilities such as ELMs, to which we shall
return later.

The final sawtooth problem is that of the energy loss during the collapse. Since, apparently,
the collapse leaves qo well below one, any reconnection must be partial, and the central core,
then retains its structure of nested magnetic surfaces. This deprives us of Kadomstev’s mechanism
for transporting energy out of the core. But the temperature and density in the core do drop. How
can this be?

The explanation favoured by theoreticians was that the magnetic field lines are perturbed
by the instability in a more subtle way. They are not reconnected in a gross restructuring, but the
magnetic surfaces are broken by a smaller scale “wandering” of the magnetic field lines. As a
field line winds around the torus it wanders away from its original surface. Mathematically the
field line would eventually fill a whole region of space and is said to be ergodic.

It seems possible therefore that during the sawtooth collapse the magnetic field lines in the
core become ergodic and the electrons, with their very high thermal velocity, are then able to
carry their energy along the wandering field lines and out of the core. Theoretically this appears
quite plausible. What is the problem?

There are occasions in JET where a small trace of nickel impurity has made its way to a
region just outside the q = 1 surface which contains the potentially unstable core. The nickel is
readily tracked through its soft X-ray emission. When the next sawtooth collapse occurs it is
found that the nickel is transported into the core on the same short time scale as the electron
temperature collapse. But the thermal velocity of the nickel ions is 330 times smaller than that of
the electrons. If the electron temperature collapse is due to electrons moving along field lines
from the centre to the q = 1 surface, the nickel in this time would only cover 1/330 of the journey.
We see that the nickel could not reach the centre by moving along the supposedly ergodic field
lines, and some other explanation is called for. Although it is not logically necessary, it seems
likely that whatever explanation is found for the convection of the nickel would also explain the

electron temperature collapse - without appeal to ergodicity.
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These difficulties are compounded by the fact that the soft X-rays indicate that the nickel
moves to the centre through a convective flow of the type predicted by the quasi-interchange
instability - apparently ruled out by the measured g-profiles.

It is ironical that when JET started operation it was generally thought that sawtooth
oscillations were understood, but that each new observation on JET undermined accepted theory,
leading to the present set of theoretical problems. However, it is recognised that JET s experimental
results have given us a better understanding of the facts, and a deeper insight into the theoretical

1SSues.

ELMs

The Edge Localised Mode of instability appears when the plasma is in the high confinement
H-mode configuration. The higher plasma energy in these configurations is partly due to a
“pedestal” at the edge of the pressure profile. This pedestal results from pedestals on both the
density and temperature profiles, and a comparison of L-mode and H-mode temperature profiles
is shown in Figure 10.15. While it is obvious that the pedestal is advantageous to achieve a
higher confined energy, the price to be paid is that the inevitable steep gradients at the plasma
edge lead to instability - the ELMs.
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Figure 10.15. A comparison of L-mode and H-mode temperature profiles showing the effect
of the temperature “pedestal” at the edge of the plasma.

A further complication is that the pressure gradient is predicted to drive a current and such
a current at the edge of the plasma is also destabilising. It is difficult to measure the steep
pressure gradient accurately and the current cannot be measured directly, so it is not possible to
make precise comparisons with stability calculations.

The ELM has striking similarities to the sawtooth instability. The time traces even have a

sawtooth form, as shown in Figure 10.16. Even more impressive, however, is the similarity of
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the “collapse” phase. Both ELMs and sawteeth have an unexplained sudden onset - the trigger
problem, both can have very short collapse times - tens of microseconds, and both involve a
puzzling rapid radial transfer of energy over tens of centimetres.

ELMs appear in different forms. In their weakest form they occur as frequent small pulses,
producing time traces that look like grass, giving them the name “grassy” ELMs. With higher
power heating they become more separated in time and also larger in size. When they have
become “giant” ELMs they present a serious problem, the associated sudden energy release

producing a high heat loading on material surfaces - a subject we shall return to in Chapter 11.

Comparison with Theory

In general terms instabilities are driven by gradients in the pressure or the current. The main
stabilising effect is the stiffness of the magnetic field lines. However, when a helical perturbation
matches the helix of the magnetic field lines in a particular magnetic surface, this stabilising
effect is small. Consequently we expect instability when there is a strong pressure or current
gradient close to such a “resonant surface”.

With computer codes these concepts are made precise. Given an equilibrium, its stability
can be calculated as accurately as required. There are two problems. Firstly we are not sure how
much detail is necessary in the basic equations, and secondly the stability calculations are only

as good as the experimental equilibrium profiles on which they are based.
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Figure 10.16. Time trace of the edge density showing the “sawtooth” nature of the ELM instability.

With the development of computer codes at JET and with careful diagnostic measurements
it became possible to attempt a comparison of theory and experiment. An example is shown in
the stability diagram in Figure 10.16. An instability which occurs in the outer part of the plasma
was believed to be due to a so-called kink instability. This instability depends on the pressure
gradient and the current density at the edge of the plasma, and these quantities give the axes of
the diagram. Lines are drawn to separate the stable and unstable configurations. To the right of

the diagram a kink instability occurs, and at the top a pressure driven instability called the
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ballooning instability is predicted. At a given time the plasma configuration is at a point in this
diagram, and as time progresses this point follows a path in the diagram. The right-hand line
shows the path of a discharge in which an instability was observed at 12.9 seconds, and it is seen

that this is compatible with the predicted kink instability.
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Figure 10.17. Comparison of theory and experiment. The axes of the stability diagram are
the normalised pressure gradient and edge current density. The paths of the two discharges
are plotted. One crosses the kink stability boundary and instability follows the crossing. The
other avoids the boundary and no instability occurs.

As a further check on the theory a similar discharge was produced, but the edge current
density was reduced by “ramping down” the total plasma current. The path of this discharge is
also shown in Figure 10.17. Itis seen that theoretically the discharge now avoids the kink unstable
region and indeed the instability was not observed in the experiment. With the ramped current
the path of the discharge approaches the ballooning stability boundary, and this happens in other
discharges also, but the accuracy of the pressure profiles is not sufficient to say whether this
boundary is actually crossed.

Another test of theory is to compare the predicted spatial structure of the instability with
that observed. Figure 10.18 shows theoretically calculated soft X-ray emission contours with
the corresponding experimental contours derived by tomographic reconstruction of line of sight
soft X-ray measurements. The similarities indicate that the theoretically calculated instability is

in fact that which occurs in the plasma.

Non-linear Instabilities

The instabilities described so far are said to be “linearly unstable”. This means that no matter

how small the perturbation of the plasma, instability will occur. A commonly quoted analogy
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that of a ball sitting on top of a smooth hill - the smallest displacement will cause it to fall.
However, there are instabilities which require a sufficiently large perturbation before they can
grow.

Such an instability was conjectured in the early days at JET. The suggestion was that once
a magnetic island was formed, its internal properties might cause it to grow. The idea was that if
the magnetic island was cooled by radiation this would increase the electrical resistivity in the
island. The current in the island would then fall and the associated change in the magnetic field
is then such as to make the island grow - that is, to make it unstable. While the physics underlying

this model is sound such an instability was not clearly identified experimentally.

a)

Figure 10.18. (a) The perturbation of the plasma determined from tomographic reconstruc-
tion of the soft X-ray emission from the precursor instability of a disruption, compared with
(b) the theoretically calculated form of the instability.
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Figure 10.19. Comparison of the modelled evolution of a neoclassical tearing mode with
experiment. The heavier line gives the theoretical prediction.

In 1996 Carrera, Hazeltine and Kotschenreuter discovered another type of non-linear tearing

mode. The physics of these so-called neoclassical tearing modes is quite simple. The pressure
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gradient in tokamaks drives a local current - the bootstrap current. If an island is formed the
pressure is “short-circuited” and the pressure gradient is partially removed. This reduces the
bootstrap current in the island and, as in the previous example, this enhances the island still
further. This type of tearing mode has been seen in several tokamaks including JET. The simplest
theory predicts the widespread appearance of this instability, but allowance for thermal conduction
across the island’s magnetic surfaces, introduces a threshold amplitude below which instability
does not occur. Figure 10.19 shows the modelled evolution of the magnetic perturbation for a
JET discharge together with the experimental value observed width, providing supporting evidence
for this mode of instability.

Another variant of the non-linear tearing mode is that caused by errors in the magnetic
field. In JET small errors were found to arise from the internal winding structure of the coils and
from coil connections. Theory shows that these errors will lead to small magnetic islands.
However, it was found that for field errors above a critical size the islands grew unstably and
resulted in a disruption. This result places a severe constraint on the level of field error allowable

in a tokamak reactor.

Overview

The observed instabilities can always be related to one or other of the theoretically expected modes.
They are generally associated with the predicted driving mechanisms such as pressure and current
gradients. In some cases a quantitative comparison with theory shows convincing agreement.
However, the experiments on JET have uncovered aspects of the behaviour of instabilities
which were more difficult to understand. The rapid growth of the sawtooth instability was initially
puzzling, but finally explained. On the other hand the suddenness of the onset of the sawtooth
instability and of ELMs remains a mystery. Another difficulty is the extremely fast loss of energy,
both from the plasma core in the sawtooth collapse and from the edge in the case of ELMS. The
rapidity of the energy loss in these instabilities together with related behaviour in disruptions,

presents a fundamental question for plasma theory.
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11. CONFINING THE PLASMA

The requirement on plasma confinement can be readily appreciated by considering the distance
a plasma particle would travel in a tokamak reactor. For example a typical deuteron ionin a
plasmawith atemperature of 10 keV hasavelocity of 1,000 km per second. Sincein areactor it
would be necessary to confine such particlesfor several secondswe seethat theion would travel
a distance comparable to the size of Europe.

The effect of the magnetic field isto turn the motion perpendicul ar to the field into small
circular orbits. Typically the orbit of the plasmaions has a radius of a few millimetres. This
meansthat the particles perform very many orbits, adeuteronion completing about 30 orbits per
microsecond. The electrons, being faster and less massive, move in an orbit 60 times smaller at
3672 times the frequency. The particles move freely parallel to the magnetic field, but this takes
them along surfaces which are closed within the tokamak. In JET the particles are confined for
times of around a second, during which time the el ectrons travel a distance comparable with the
circumference of the earth, demonstrating the basic effectiveness of the magnetic field.

The question naturally arises as to what limits confinement in the magnetic field of a
tokamak. Why would the particles not gyrate about afield line forever? The first answer is that
the particles collide with each other and the collisions cause a displacement of the orbit. These
displacements are random and so the particles diffuse across the magnetic field until they reach
the edge of the plasma. The collisions aso lead to a diffusive transfer of heat, asin a gas, the
hotter particles passing energy to their cooler neighbours.

Although calculation of the collisional diffusion is complicated, the simple account given
above implies a straightforward process of particle and energy loss. However, it is not like that.
From the earliest days of fusion research it was recognised that experimental plasmas were not
governed by the rules of collisional transport. The loss rates are higher than calculated, and a
large part of the experimental effort on JET has been devoted to trying to understand thisbehaviour.
However, before describing these endeavours, we must examinein moredetail the basic collisional
transport of particles and energy.

Collisional Transport

In a gas the molecules spend most of their time free of collisions, the collisions being hard and
brief. We recall from Chapter 2 that, unlike gas molecules, the particles of a plasma have long
rangeinteractionswith each other. Asaresult each particle of aplasmaiscolliding simultaneoudly
and continuously with many other particles. However, when the effects of al these collisionsare
summed it is found that it is possible to describe the behaviour in terms of a characteristic
collision time, 1. The collisional diffusion coefficients can be expressed in terms of this time.
For a particle with an orbit size p the diffusion coefficient has the form p2/1. We see that in the
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limit of an infinite collision time there would be no diffusion.

There are several diffusion coefficients depending on the type of particle, and whether
particle or energy transport isinvolved. It turnsout that for all of thesethereisarather surprising
complicationto thetheory. The trapped particles described in Chapter3 e ven whenin aminority,
contribute more to the collisional transport than the untrapped particles. Thisis becausethe size
of the trapped particle orhit, the banana orbit, is larger than the orbit of an untrapped particle.
Thusthelarger p2 factor in the diffusion coefficient can outweigh the smaller number of trapped
particles.

The collisional diffusion coefficients depend basically on three quantities - the plasma
density, n, itstemperature, T, and the magnetic field. The coefficients are proportional to density
for the obvious reason that the number of collisions increases with the density of particles. The
temperature dependence is weaker. The collision time is proportional to T32 but thisis largely
cancelled by the temperature dependence of the factor p2. Since the orbit sizeis proportional to
TV2, the diffusion coefficient, p2/1, varies as 1/TV2,

We seethat in terms of the plasma properties the diffusion coefficients are proportional to
n/TY2, 1t would be expected, therefore, that the confinement would worsen at higher densities,
but would improve at higher temperatures. Since the early experiments were carried out at low
temperatures, typically lessthan 1 keV, there was the potential for asignificant improvement as
the temperatures were raised to the required 10-20 keV. We shall see later that the opposite
turned out to be the case, confinement deteriorated with increased temperature. First, however,
let us complete the description of collisional transport by examining its dependence on the
magnetic field.

Larmor
orbit

Fig. 11.1 (a) Classical transport: particle steps a Larmor orbit in a collision time. (b)
Neoclassical transport: particle steps a banana width in a collision time.

In classical collisional transport the step-length is the Larmor radius, which is inversely
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proportional to the magnitude, B, of the total magnetic field. So alarger magnetic field meansa
smaller orbit and consequently a smaller diffusion coefficient, varying as 1/B2. However as
described above the trapped particle diffusion is dominant in tokamaks and the characteristic
step-length for this process is the width of their banana orbit, asillustrated in Figure 11.1. The
banana width is inversely proportiona to the small poloidal component of the magnetic field,
Bp, and the resulting, neoclassical, diffusion coefficients are therefore larger, being proportional
to 1/Bp2.

Because of the need to heat the plasmato reactor temperatures, and for the a-particle heating in
a reactor to sustain such temperatures, most interest attaches to the confinement of energy. In
collisional transport the particles have athermal diffusion coefficient proportional to p2/t. This
means that the ion thermal diffusion at a given temperature would be much larger than the
electron thermal diffusion. Theratio of ion and el ectron bananawidthsisthe square root of their
mass ratio, mj/me, and so p2 is proportional to m;j/me. Counteracting this, the ratio of theion and
electron collision timesis (mi/me)Y2. The result isa collisional ion thermal diffusivity whichis
(mi/mg) V2 greater than that for electrons, giving afactor of 60 for deuterons.

Anomalous Transport

Having set the scene by describing the fundamental collisional diffusion process, we now face
the reality that in tokamak experimentsit isfound that the transport is anomal ous, the transport
coefficients being much larger than predicted by collisional transport theory. The ion thermal
transport is typically a few times the collisional value, the precise ratio depending on the
conditions. The electron thermal transport is much more anomalous but, because the electron
collisional transport is very small, the outcome is that experimentally the two types of thermal
transport are comparable in magnitude. The obvious explanation of this anomalous behaviour,
in general terms, is that the plasma is subject to instability. The fluctuations which arise from
such instability would carry particles and energy across the magnetic surfaces and provide an
additional contribution to the transport.

A large number of abletheoreticians have, over many years, sought to determinethe nature
of the instability and to understand the resulting transport, but these efforts have not yielded a
generally accepted explanation. This has led to the adoption of empirical approaches for the
interpretation of the experimental results. The simplest formul ation uses ameasure of the quality
of energy confinement in the form of the energy confinement time, tg, introduced in Chapter 7,
which measures the time that the supplied energy residesin the plasma. In a steady state with a
total heating power P, and atotal plasma energy W, the confinement timeis given by.

Te :F 111
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In the simplest model we can characterise the plasma by an average thermal diffusivity, X. As
with al diffusion processes, the thermal conduction losses are inversely proportiona to the
square of the length over which the conduction takes place, in this case the plasma radius,a.
This allows us to relate the confinement time to the thermal diffusivity and we find that tg is
proportional to a2/y.

Before turning to the experimental results let us ask what the scaling of the confinement
time would be for the collisional, neoclassical transport. We recall that, because the ions have
larger orbitsthan the electrons, theion heat conduction is predicted to dominate, and that theion
thermal diffusivity isproportional to n/(TV2Bg?). Thus, using T [ /X, the neoclassical energy
confinement time is given by

TI/ZBpZaZ
n

neo _

00 = ¢, 11.2

where ¢; depends upon certain geometric ratios, and n, T and By, are representative val ues.

When JET was being designed it was already known that the relation 11.2 did not hold. In fact
therewasevidencefrom theAlcator tokamak at the M assachusetts Institute of Technology (M.I.T.)
that the confinement time could increase rather than decrease with the particle densityn. The
scaling relation obtained with this experiment, based on ohmically heated plasmas, was

n
Tg = 0. 5%10%%2 11.3

Although this relation was only a tentative attempt to represent the plasma behaviour it did
provide some estimate of what JET might achieve, at |east with ohmic heating. It was not known
then at what particle density JET would operate, but atypical tokamak valueof n= 3x 1019 m3,
with an average plasmaradius of 1.4m, gave 0.3 seconds.

However tokamak experiments before the design of JET had low temperatures, typically
less than 1k eV, and confinement times measured in milliseconds. Predictions based on such
experiments were therefore clearly unreliable and, of course, one of the main purposes of JET
was to study confinement and reduce the uncertainties of extrapolation.

Early Results

The early experiments on JET gave encouraging results. The confinement times in ohmically
heated plasmas were up to two times greater than predicted by equation 11.3, a confinement
time of 0.6 seconds being achieved.

After obtaining results with ohmic heating, attention turned to the effect of additional
heating on confinement, and the scaling of confinement time with plasma current. Before
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examining the outcome it is helpful to examine the procedures used to analyse the dependence
of the confinement time on the experimental parameters. From the plasma physics point of view
it is natural to think of the confinement as determined by the plasma properties including the
temperature. However operationally the control parameters are the heating power, the plasma
current and the magnetic field, and it is often more convenient to use these variables. Let usfirst
examine the transformation to these variables for the case of neoclassical collisional transport.
Equation 11.2 gives the neoclassical confinement time in terms of the poloidal magnetic field
and the temperature. From Amperes |aw the plasmacurrent, I, is proportional to the product B pa
where Bp is now the surface value of the poloidal magnetic field. This enables usto replace Bpa
with | in the scaling. Equation 11.1 alows us to eliminate the temperature if we write the total

plasmaenergy asW = 3nTV, theenergy per particlebeing gT and afactor of two arising because
there are both ions and electrons. V isthe plasmavolume which we take to be proportional to a3.

Equations 11.1 and 11.2 now combine to give

120 =¢ iél 11.4
E 2 n3a3 E

where ¢ is anew coefficient.

We seethat the scaling given by equation 11.4 isvery beneficial, the confinement timeimproving
with increased heating power. But we also recall that the transport in tokamaks was known not
to agreewith thisscaling, the energy confinement timeswith additional heating being substantially
lower.
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Fig. 11.2 The dependence of confinement time on heating power for three values of the
plasma current.

The results with heated plasmas in JET confirmed the anomal ous nature of the transport,
and gave new information on the parametric dependencies of the confinement, in particular
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extending the results to much higher currents than had been possible in smaller tokamaks.
Figure 11.2 shows some experimental results, the measured confinement time being plotted
against the heating power for arange of plasmacurrents. It is seen that the confinement degrades
with increasing power at al values of the plasma current.

Ontheother hand, increased current doesimprove confinement, although not inthe dramatic
way of equation 11.4. In fact the confinement time increases roughly linearly with current. The
dependence on the applied magnetic field and the plasma density was found to be weak.

Theseresultsalso provided aremarkabl e confirmation of ascaling relation obtained by Goldston
from an analysis of a number of smaller tokamaks. Apart from geometrical ratios GoldstonOs
scaling takes essentially the form

|a3/2

TEG = C3 W 115
and both the linear dependence on current and the P12 degradation with power were consistent
with the JET results.

When these results are used to extrapol ate to the conditions needed for areactor it isfound
that a tokamak reactor would require a current of around 30 MA. Such a current would be
possible but clearly it would be better both for cost and for confidence if the confinement could
be improved. As mentioned in Chapter 7, the possibility of such improvement had been
unexpectedly discovered in the ASDEX tokamak in Germany. It was found that with sufficient
heating the plasma spontaneously jumped from the lower confinement of the L-mode into the of
improved confinement of the H-mode. Although not understood, the H-mode seemed to depend
on aspecial feature of ASDEX, namely the existence of separatrix inthe magnetic field geometry.
The purpose of this geometry was to divert the plasma escaping from the main plasmainto a
separate chamber. The JET design did not have such a divertor, but the question arose as to
whether, nevertheless, it might be possible to obtain H-mode confinement.

H-mode

It was found that by adjusting the currents in the external control coilsit was possible to make
the required change in the magnetic geometry - but only just. Figure 11.3 shows the initial
geometry, with fully nested surfaces, and the modified geometry with aseparatrix. Itis seen that
the X-point, which characterises the existence of a separatrix, isjust inside the vacuum vessel.
Since the reason for the H-mode was not understood, it was not possible to say whether this
small change would affect the confinement.
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Fig. 11.3 Showing the modification of the magnetic geometry with the introduction of an
X-point.

In fact an H-mode plasmawas obtained. Figure 11.4 shows the temperature profile for two cases
which are essentially the same except for the presence of a separatrix in the H-mode. It is seen
that for the same power the plasmatemperatureisincreased by 60% in the H-mode, corresponding
to asimilar improvement in the energy confinement time.

With separatrix

Without separatrix
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Fig. 11.4 Electron temperature profiles with and without a separatrix, illustrating the
achievement of the H-mode.

Figure 11.5 gives a comparison of the H-mode confinement times with L-mode cases taken
from Figure. 11.2. In addition to the improvement in confinement it is seen that the values of
confinement time now exceed the OmilestoneO value of one second.

Asfound in ASDEX, the H-moderequired acritical level of heating power. Thetransition
to H-mode was marked by the formation of large gradients in temperature and density at the
edge of the plasma. The fact that large differences in these quantities were sustained over a
narrow region seemed to imply that the improved confinement could simply be attributed to a
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transport barrier formed at the edge of plasma. The theoretical efforts to provide an explanation
of H-modes concentrated on trying to find a bifurcation between states with and without this
barrier.
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Fig. 11.5 Confinement time plotted against heating power for L-mode and H-mode discharges

with a current of 3MA.
A study of the phenomenon in JET finally led to a contrary view. Cases were found in which at
the onset of the H-mode an immediate change in the behaviour occurred, not just at the edge, but
acrossthe outer half of the plasmaradius. Figure 11.6 showsthe time dependence of the electron
temperature at several positionsacrossthe plasmaradius. It isclear that thisbehaviour isnot just
due to the formation of a barrier at the edge of the plasma. Had this been the case, the plasma
away from the edge would have a delayed response over a longer timescale. The almost
simultaneous changeinthe rate of temperatureincrease over the outer half of the plasmaobviously
callsfor adifferent explanation. One possibility isthat the conductivity isnot determined locally.
This might be the case, for example, if the anomalous transport is due to radialy el ongated
convective cells.
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Fig. 11.6 The fall in the Dy signal marks the onset of the H-mode and it is seen that the
electron temperature undergoes an increase in slope simultaneously over alarge part of the
radius. r isthe radius normalised to the radius of the plasma.

108



Outstanding Plasmas

In exploring the various parameters determining the types of plasmaobtained, it was found that
certain regimes produced plasmas with particularly good confinement. We shall ook at three of
these types.

Thefirst isthe hot ion plasma, produced by injecting energetic neutral particle beamsinto
alow plasma density. This mode of operation is possible because of afortunate dependence of
both theion heating and theion energy loss on the el ectron temperature. If the el ectron temperature
islow, say afew keV, the neutral beam heating which goesto the el ectrons becomes comparable
with that going to theions. At very low electron temperatures the el ectron heating is the larger.
Thusefficient ion heating requires asufficiently high electron temperature. In the hot ion plasma
the electron temperature is around 10 keV and almost al of the heating goes to theions. As a
result theion temperature risesto ahigh value, typically 20k eV. The other factor contributing to
thisresult isthelow collisional transfer of energy from ionsto electrons at low density and high
electron temperature. This alows the ion-electron temperature difference to rise to around 10
keVv.

Low T, High T,
Beam power Beam power
/ Heat \ / \
lons —— Electrons lons Electrons

transfer soma7

Fig. 11.7 Wth alow electron temperature the el ectrons are preferentially heated, asindicated
by the heavier arrows, and also take heat from the ions. With a high electron temperature the
ions are preferentially, and the energy exchange is small, allowing the achievement of a hot-
ion H-mode.

The different flows of heat with low and high electron temperature are illustrated in
Figurell.7. Theexperimental behaviour isshownin Figure 11.8 which givesthetime dependence
of the electron and ion temperatures in a hot-ion plasma. These plasmas can have very good
confinement. They undergo a transition to the H-mode and have confinement times up to four
times the value predicted by GoldstonOs L -mode formula (11.5) for the same conditions. Sinceit
is the ion temperature which determines the thermonuclear reaction rate these plasmas are
particularly successful in achieving a high neutron production. As a consequence this type of
plasmawas used when JET carried out the worl dOs first deuterium-tritium tokamak experiments,
as described in Chapter 14.

The second type of successful plasma is obtained with the injection of deuterium pellets
into the plasma, as described in Chapter 8. This leads to a Pellet Enhanced Performance , or
PEP, mode of operation. The solid deuterium pellets are produced by freezing deuterium to a
temperature of 10K, and dlicing off segments of a few millimetres. As the pellets cross the
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plasmatheir surface is continually removed by the bombarding energetic plasma particles. For
the pellets to reach the centre of the plasma before they are completely ablated they must be
fired into the plasmawith velocities of around 1 km per second. Thisis done by means of agas
expansion gun, the pellets being accelerated up to the required velocity by the expansion of a
previously compressed gas.
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Fig. 11.8 The time development of the ion and electron temperatures in a hot ion H-mode
plasma following the application of 18MW of heating power.

Asthe injected pellet penetrates the plasma, the gradually ablated material increases the
density on each magnetic flux surfaceit crosses. However, because of the geometry, the volume
between magnetic surfaces diminishes as the pellet moves inward a ong the plasma radius, and
so the effect on the density increases towards the magnetic axis. A comparison of discharges
with and without pellet injection was given in Figure 8.8 and a more impressive case is shown
inFigure 11.9.
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Fig. 11.9 Pellet injection produces an enhanced density in the region around the plasma
axis.
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The most interesting feature of PEP discharges is the improved confinement of the central part
of the plasma. The effective thermal diffusivity is decreased in this region as seen from
Figure 11.10. Because the outer part of the plasma normally has the least good confinement
properties, and the central volume is small, the improvement in this case does not have alarge
overall effect. However, the coreitself is strongly affected and the implications of the observed
improved confinement could be of considerable significance.
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Fig. 11.10 Pellet injection led to an improvement of confinement in the central plasma as
indicated by the reduced thermal diffusivity.

What could bethe cause of theimproved confinement in PEP discharges? Asisusual in tokamak
physicsit is difficult to be sure. Neverthelessit is clear that the magnetic field will be modified
by pellet injection and possibly in asignificant way. The high pressure corewhich arisesinevitably
produces a high pressure gradient at the edge of the core. It will be recalled from Chapter 3 that
pressure gradients drive bootstrap currents and the PEP core pressure gradient will be effective
in this way. Since the total current is constant the bootstrap current actually produces a
redistribution of current in which current isremoved from the region closeto the axis. The result
isthat the profile of the safety factor, q, isflattened around the axis, reducing the magnetic shear.
Infact g may have anegative gradient, reversing the sign of the shear asillustrated in Fig. 11.11.
Isthis the reason for the improved confinement?

Safety
factor

Flattened profile

Radius

Fig.11.11 Modif ication of the g-profile following pellet injection indicating the flattening of
the profile with a possibility of shear reversal.
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It is significant that such a possibility had earlier been predicted theoretically within the JET
team. The underlying idea related to the behaviour of the magnetic islands described in
Chapter 10. A possible explanation of anomalous transport isthat once formed, theseislands are
self-sustaining. This could occur, for example if the islands are driven by a reduction in the
current along the flux tube formed by the island. However, the theory predicts this behaviour
only for apositive shear. With reversed shear the self-sustained turbulence goes away. Thisthen
is acandidate for explaining the observed improvement in confinement in PEP discharges.

The third type of plasma we consider derives immediately from the account of the PEP
mode given above. If negative shear is beneficial for confinement, why not impose it directly?
Thisline of thinking was followed at the Princeton Plasma Physics Laboratory and the General
Atomics Laboratory in San Diego, and improved confinement was achieved by modifying the
magnetic shear. Similar experiments were carried out in JET.

The method of modifying the magnetic shear utilises the current skin effect. When the
plasma current is switched on there is atendency for the current to flow in the outer part of the
plasma. Given sufficient time the current diffusesinwards at a rate determined by the resistivity
of the plasma, and ultimately the current is peaked at the axiswheretheresistivity islowest. The
value of g on axisisinversely proportiona to the axial current density and so during the early
phase, when only partial current diffusion has occurred, the central region tendsto have ahigher
value of g. The experiments to investigate the effect of shear were carried out at this early stage.
Heating is applied at this time to raise the temperature. In addition to increasing the confined
energy and nuclear reaction rate this has the effect of increasing the electrical conductivity and
slowing the current diffusion, thus maintaining the desired q profile.
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Fig.11.12 Sequence of temper ature profilesin a heated plasma with modified shear, showing
the appearance of an internal transport barrier.
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The plasmas produced in thisway are among the best obtained in JET. The good behaviour
is due to the formation of a transport barrier. Unlike the edge barrier associated with H-modes,
this barrier forms internally. Such internal transport barriers had been found previously on the
JT60 tokamak at the Japanese Atomic Energy Research Institute. Fig. 11.12 givesatime sequence
of JET temperature profiles. The transport barrier is identified by the increased temperature
difference which is sustained across it. Thus, in the figure the evolution of the strong localized
temperature gradient demonstrates the barrier. It is further seen that the barrier moves outward
in radius as it strengthens to its full effect. The magnitude of the improvement in the local
confinement is shown in Fig. 11.13 which gives a graph of the time dependence of the ion
thermal diffusivity. It is seen that the diffusivity falls by more than an order of magnitude and
reaches alevel comparable with the neoclassical diffusivity which would result from collisions
alone. The reduction is also observed in the particle and electron thermal transport.
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Fig.11.13 Asthe transport barrier forms the local thermal diffusivity falls to a low value,
comparable with that expected from collisions alone.

Unfortunately a straightforward explanation of the improved confinement simply as the
result of the modified magnetic shear does not seem possible. It was found that the transition to
good confinement required a sufficient heating power in addition to the required magnetic shear,
and it is clear that factors other than the shear must be involved. It was also found that the
improved confinement could be achieved when the modification of the g-profile did not involve
actua reversal of the shear.

The Confinement Time

In envisaging a tokamak reactor it is clearly important to know as accurately as possible its
confinement capability. In particular we would like to know the dependence of the energy
confinement time on the various parameters which must be extrapolated from present tokamaks.
Let usfirst recall the requirement on confinement for a reactor.
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In Chapter 9 we saw that for a self-sustaining reacting plasmathe triple product of density,
temperature and confinement time, nTtg, must be approximately 5 x 1021 m-3keV s. Thedensity
in a reactor must be around 1020 m-3 and the temperature around 15 keV. This means that the
confinement time must be around 3 seconds. In JET, with acurrent of 5 MA the temperature has
the required value but the density is about afactor 3 lower than required. The confinement time
is a factor of 5 smaller, and so the triple product nTte must be increased by a factor 15 for a
reactor.

How large must areactor be to achieve the required improvement? Because of JETOs size
it has played acrucia rolein the research into this question. However, it turns out that it is very
difficult to obtain a precise answer. Furthermore, because reactor cost increases rapidly with
size we cannot take the easy option of alarge safety margin. We shall ook at the issuesinvolved
but first let us obtain a rough idea of the requirements by carrying out a simple, approximate
calculation.

Itisusual to assumethat areactor would operatein one of the regimesin which confinement
is better than that of L-mode scaling. For example we can take the L-mode confinement time
scaling of equation 11.5 and introduce an improvement factor H to write

TE = C3m . 116

This equation appears to indicate that tg is proportiona to the current, |. However, for given
plasmaconditionsthisisnot the case. Using the definition te=W/Pto eliminate Pin equation 11.6,
together with the scaling relation for the total energy, W O nTa3, we find

nT

Tg=C 11.7

The confinement time is now seen to be proportional to the square of the plasma current and
inversely proportional to the plasmapressure. We also notethat it is proportional to the square of
the improvement factor, H, as normally defined.

By afortunate coincidence equation 11.7 gives asimple scaling for the triple product nTtg
NTte =c4(H1)? .

Itisnow easy to seethat, assuming the same value of H, the required improvement factor of 15
over the JET case cited above needs about a 4 times larger current, that is 20MA. The design
current adopted for the International Thermonuclear Experimental Reactor, ITER, is21IMA.

The above calculation was only able to give arough idea of reactor requirements. Faced
with the crucial question of the conditions for a reactor to ignite and be self-sustaining it is
necessary to use the best confinement data available and the best techniques for its analysis.
Thisturns out to be a very complicated matter for reasons we shall now examine.
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The first complication to recognise is that the conditions for a self-sustaining reactor are
dependent on density and temperature through the reaction rate, and on the magnetic field and
current through stability requirements. Thesearea so, of course, the basic parameters determining
confinement. We see, therefore, that a rather subtle optimisation is involved and we cannot
simply specify arequired confinement time of so many seconds.

Given that we do not understand the physical processes underlying the transport of energy
in tokamaks the next best approach isto determine empirically the dependence of confinement
on the plasma properties. Since it is rather difficult to make precise internal measurements, the
energy confinement timeis used asameasure of the overall confinement. The procedure adopted
isto measure thistime for awide variety of parameters and to attempt to extract the form of the
dependence on these parameters. A simple procedure which iswidely adopted isto expressthe
confinement time as a product of powers of the parameters.

Since the most important parameter to be investigated is the size of the plasma (and the
associated magnitude of the plasma current) it is clearly necessary to use results from arange of
tokamaks. An example of this type of result obtained is the scaling relation for H-mode
confinement. The rather ungainly formulais

Tl]::l =0.029 10.90 B0.20 P—0.66 rl0.40 MO.ZO R1.84 a0.19 K0.92 seconds 11.8

where| isthe currentin MA, B isthe toroidal magnetic field in teslas, P isthe heating power in
MW, n isthe density in units of 1019 mP3 M the atomic mass, R and a are the major and minor
radii in metres, and K is the elongation ratio of the plasma (height/width). In Fig. 11.14
experimental confinement times from several tokamaks are plotted against the values given by
the formulall.8. This figure shows the role of the JET results in providing an anchor at the
upper end of the confinement range.

O CompassbD
ASDEX Reactor

AUG
o JET

=

Te

(s
109

1094 5

T

© 160047113

Ll Lol Lol Lo
1092 1092

=

(S

Fig.11.14 Values of confinement time obtained from several of tokamaks plotted against
values calculated from Egn. 11.8.
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Equation 11.8 represents the data quite well but is completely barren of physics. Itiswidely felt
that this is unsatisfactory and attempts have been made to rectify this apparent weakness. One
way to do thisisto turn to dimensional analysis. In fluid dynamics the flows in different sized
but similar shaped systems can be described by a single formulation involving the ReynoldOs
number. The corresponding approach here allows us to write the confinement time as a product
of acharacteristic time and afunction of anumber of dimensionless variables. For example two
of the dimensionless variables introduced earlier are (3, which measures the ratio of plasma
energy to magnetic energy, and the safety factor g.

Since the aim of the scaling formulasisto predict the behaviour in atokamak reactor, itis
possible to simplify the process by choosing experimental values of the dimensionless variables
which will be the same in a reactor. For example if the effective value of g would be 3 in the
reactor then the confinement in present experiments with g=3 can be examined. Using the
proposed design of ITER, this allows simplified scalings. For example we have the H-mode
scaling

1 - 01 -

T 0— Op;29 v 01707 119
Wee

where the factor involving the inverse of the electron cyclotron frequency, 1/tcg, is chosen to

givethe dimension of time, p,. istheratio of the Larmor radiusto the plasmaradiusand v, isthe

ratio of the collision frequency to the bounce frequency of trapped particles.

The values of v, and 3 required for a reactor have already been obtained in tokamak
plasmas. The quantity p, on the other hand requiresasignificant extrapolation, basically because
of the large increase in plasma size in moving to a reactor, without a corresponding increasein
the Larmor radius.

The dependence of the confinement on p, is believed to be related to the nature of the
turbulence underlying the transport. If the scale-length of the turbulenceisrelated to the plasma
size the corresponding scaling is said to be Bohm-like, the name coming from an analysis of
turbulent transport by Bohm. This turbulence could consist, for example, of radially extended
convectivecells. The scaling for smaller scal e turbulence, such asthat on the scale of the Larmor
radius, is called Ogyro-BohmO.

Detailed analysisgivesB 1 [p :2 for Bohm-likescaling, andB 1 [p :3 for gyro-Bohm
scaling, B being the toroidal magnetic field. Noticing that wee is proportiona to B, we see from
equation 11.9 that the experimentally determined dependence for H-modes is Bt [p :2'9,
being close to the gyro-Bohm dependence.

It is difficult to determine the scaling from measurements on a single tokamak and the
scaling of equation 11.8 was determined from measurements on several tokamaks. Nevertheless
experiments were carried out on JET to check the scaling. Thus Tg was measured for two pairs
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of different values of p, with plasma conditionsarranged so that v,. and 3 were constant for each
pair. In addition Tg was similarly determined for atriplet of p, values with constant v, and 3.
The results are shown in Fig. 11.15 in which the measured values are plotted against the scaling
predicted by relation 11.8. It is seen that there is quite good agreement.

1z
0.1 1

Fig.11.15 Compar ison of confinement times obtained in scaling experiments with those
calculated using relation 11.8. For each symbol, v, and 1 are the same and p, isvaried

Ripple Transport

A further transport issue investigated on JET is the effect of the periodic toroidal asymmetry
introduced by the finite number of toroidal field coils. This asymmetry produces a short
wavel ength ripplein the magnetic field strength around the torus, leading to thelocal trapping of
particles in the OwellsO produced by the ripple. The ripple introduces additional neoclassical
transport depending on thewell depth and the collisionality. The amplitude of therippleisclearly
less for alarger number of toroidal field coils and JET iswell endowed, its 32 coils producing
only asmall ripple. Thisfeature provided the opportunity of reducing the number of coilsin use
to investigate experimentally the effect of different levels of ripple in otherwise identical
discharges.

The number of coilswasreduced to 16, raising thefield ripple form about 1% to 10%, and
the changes in behaviour were studied. The effect of the ripple on thermal energy confinement
and plasma rotation exceeded that predicted by theory. It was also found that the enhanced
ripple had a severely deleterious effect on the H-mode of confinement. With 16 toroidal field
coils in operation H-modes without ELMs could not be obtained with heating powers up to
12MW whereas with 32 coils ELM-free H-modes were readily obtained. These experiments
demonstrated clearly the importance of having alow level of field ripple.
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Anomalies

Under steady operating conditions we would expect the confinement time to depend on the
gross operating parameters. Thetransport within the plasmawould be determined by theinternal
conditions such as density and temperature profiles, and these would themsel ves be determined
by the operating conditions. It is this belief which gives credence to the attempts to determine
the confinement time scaling. There are however experimental results which give cause for
uncertainty and which are certainly puzzling.

Figure 11.16 shows the change of plasma energy with time in a discharge with neutral
beam heating. On asimple model the energy would be expected to rise to a OsaturationO value at
which the energy |oss rate from the plasma bal ances the power input. It is seen that thereislittle
or no sign of approaching saturation. In fact, contrary to expectation, the confinement improves
as the plasma energy increases. This behaviour is brought to an abrupt halt by instabilities. In
this discharge the instabilities are a sawtooth collapse and an edge localised mode, both of
which are discussed in Chapter 10. However these instabilities are short-lived transients and
cannot explain the subsequent rapid fall in plasma energy. The lack of understanding of the
sudden changein behaviour hasled toitsbeing called the X -event. The global plasmaparameters
immediately before and immediately after the X-event are the same and yet the confinement
timeisreduced by afactor 3.
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Fig.11.16 Time dependence of the plasma energy in a heated plasma showing abrupt changes
in confinement.

Perhaps even more surprising is the behaviour at the later time when the heating is switched off.
Without the heating to offset the heat losses the fall in plasma energy should be much more
rapid. It is seen, however, that the rate of fall hardly changes. To explain this result in terms of
the energy confinement time would require an abrupt improvement in the confinement time by
afactor 3 at the time of switch-off without any changein the global plasma properties.

These results are bound to raise questions regarding the scaling of the confinement time.
However the above anomalies occur in non-steady state conditionswhereas confinement scaling
isgenerally carried out using steady state results, and so should therefore be reliable.

118



Overview of Confinement

When JET was being designed in the early 1970s tokamak dischargestypically lasted less than
asecond and good confinement timeswere measured in tens of milliseconds. With the operation
of JET it became possible to follow the behaviour of the plasmain real time with discharges
lasting up to aminute. The best confinement timesin JET are greater than asecond, approaching
to within a factor of two the value required in a reactor.

In designing JET the question of confinement was clearly akey issue. Then, as now, there
was no accepted theory of transport although it was, erroneously, thought that the confinement
of the energy of theions might be classical. There was so little experience of the confinement of
plasmas with additional heating that the available empirical scaling was virtually useless as a
predictive tool. One of the principal purposes of JET, of course, was to resolve these issues.

The best predictive procedure is still to use empirical scaling, and in this JET has played
an important role, mainly because of its large size and high current. Even empirical scaling has
become highly complex with different types of discharge and different modes of confinement.
Thereare till unresolved issuesbut it is now possible to make scientific projectionsto areactor
and the research is now dedicated to reducing the band of uncertainty.
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12. HANDLING THE POWER

The ultimate purpose of tokamaksisto produce power. Over several decades most of theresearch
effort has been concentrated on achieving the plasma conditions necessary to yield this power. It
isonly in later years that the handling of the power has received its proper attention.

It has been recognised since the earliest daysthat, although the magnetic field preventsthe
hot plasma streaming directly to the surrounding material surfaces, the heat produced in the
plasma will ultimately fall onto such surfaces. In JET this means tens of megawatts of power,
and in areactor hundreds of megawatts. The surfaces must retain their integrity and must absorb
the heat load without undue damage or erosion, and without the release of impurities to
contaminate the plasma.

In the case of a reactor the problem is ameliorated by the fact that four fifths of the
thermonuclear power is produced in the form of energetic neutrons which pass through the
vacuum vessel to be absorbed by the tokamak blanket. The remaining one fifth of the power
comes from the a-particles produced in the nuclear reactions. These particles, being charged,
are retained in the plasma by the magnetic field. They serve the purpose of heating the plasma
and sustaining the burn conditions, but the heat they produce will leave the plasma and be
loaded onto material surfaces.

It might be thought that the heat from the plasma could be distributed over the large
surrounding material surface areaby thermal conduction. Unfortunately thisismuch moredifficult
than might appear. The problem arises from a fundamental piece of plasma physics - the very
large ratio of the thermal conductivities, parallel and perpendicular to the magnetic field. For a
plasma edge temperature of 1k eV this ratio is around 1020, The result is that as the heat is
conducted out across the magnetic field, its first contact with a solid surface at some location
alows a rapid conduction paralé to the magnetic field to that part of the surface, with the
associated localised heating. The precision required to match the magnetic field surfacesto the
material surfaces, and to maintain this relation, seemsimpossible.

The JET vacuum vessel has a surface area of 200m2 and a reactor would have an area
around ten times larger. If the heat produced in the plasma were uniformly distributed over the
surface the heat load would, in both cases, be less than a megawatt per square metre and would
pose no problem. The heat could be distributed in a more or less uniform way if it could be
released from the plasma in the form of electromagnetic radiation, and furthermore we can
actually envisage such ascheme. If it were arranged that there were sufficient impurity atomsin
the cool edge of the plasma, the plasma electrons could release their energy in exciting these
atoms. This energy would then be emitted as radiation in the spectral lines of the atoms as they
fell back into lower energy states. The problem isthat theimpurities are unwelcome. Firstly they
contaminate the plasma and secondly, as described in Chapter 7, they are liable to cause the
plasmato disrupt.
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The outline given above only hints at the complexity of the problem. To seethefull reality
we shall follow the developments in JET. We shall start with the early system using so-called
limiters which took the heat load in alocalised, but controlled, way. This will bring out more
clearly the role of the high parallel thermal conductivity. Then we shall consider the effect of
introducing a separatrix into the magnetic geometry. This ultimately leads to a system in which
the heat is diverted away from the main plasma region, being carried across the separatrix, and
thence to a separate divertor region, to be deposited on material surfacesin a carefully designed
geometry.

In the early tokamak experiments carried out in the Soviet Union it was discovered that a
better plasma could be obtained if the plasma was limited locally by a solid surface whose
cleanliness could be more easily controlled than that of the whole vacuum vessel. A simpleform
isillustrated in Figure 12.1. In this case the limiter is a poloidal ring which defines the plasma
boundary.

Limiter

Fig. 12.1. Plasma bounded by a simple limiter.

Figure 12.2 shows in more detail the form of the limited plasma. Initialy the plasma diffuses
slowly out to the last closed magnetic flux surface. In JET thetimefor the plasmaenergy to flow
across the plasma radius is around one second. Once across the bounding surface the particles
and the energy are still restrained by the magnetic field, but flow rapidly parallel to the field
lines. The energy isthusimmediately lost to the limiter, typically in 100us. In this short timethe
radial diffusion isaround 1cm leading to a so-called Oscrape-off layerO with this thickness.

- Limiter

Last closed
flux surface

Flowing

plasma Narrow

\ — | scrape-off
layer
Diffusing
plasma

Fig. 12.2. Plasma flows to limiter in a narrow scrape-off layer.
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Thefirst limitersin JET did not have this simple form. There were four graphite limiters, each
40cm wide and 80cm high. They were fitted at the outer mid-plane and their surfaces had a
slight curvature in the toroidal direction as shown in Figure 12.3. This curvature allowed a
greater spread of the heat load than the simple geometry of Figurel2.2. Dur ing discharges the
surface temperatures of the limiters typically reached 800°C.

Distributed
Limiter heat |oad
W} Scrape-off
layer
Plasma JG900.47/13, ¥
Magnetic
surfaces

Fig. 12.3. Graphite limiter with curved surface to spread the heat load.

At thispoint it is necessary to recognise the dependence of the heat removal problem on that of
impurity control. The heat deposited on the limiter surface is carried by energetic particles, and
in particular by plasmaions. When these ions hit the surface they are capable of dislodging the
atoms of the surface material through a process called sputtering. As these sputtered particles
leave the limiter surface they OseeO the confined plasma. Thisis unfortunate since they enter the
plasma, become ionised, and constitute a serious impurity source.

Itis, therefore, necessary to have away of driving the impurities away from the plasma.
Indeed this is reinforced in a reactor by the need to remove the a-particles resulting from the
fusion reactions. Once these a-particles have delivered their energy to the plasma they become
simply a helium impurity which must be removed along with the other impurities.

Theneed to avoid adirect plasma-surface interaction with the main plasma, and to control
the impurities, requires that the plasma be diverted to a region more remote from the plasma.
This requirement led to the installation of a divertor in JET, and we shall consider the factors
involved in the design of the divertor and the physical processes which determine the heat load
and impurity removal. First, however, we shall look at apreliminary investigation which allowed
examination of asimpler geometry without limiters.

Towards a Divertor

The original mativation to change the magnetic geometry in JET arose through interest in the
higher confinement of the H-mode. The early evidence from other tokamaks was that this mode
depended on having aplasmabounded by amagnetic separatrix. Although JET wasnot originally
designed to operate with this geometry it was found that, by suitable choice of currentsin the
external coils, it was possible to produce such a configuration. The resulting magnetic geometry
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was shown in Figure 11.3. As described in Chapter 11 the change successfully yielded H-mode
confinement. However, there is a heat |oad problem associated with this geometry. In JET a
typical plasmawould be heated with, say, 20MW of applied heating. This power is lost across
the separatrix to flow along a scrape-off layer of typically 1cm width. The heat flowsto the foot
of the separatrix whereit intersectsthe vacuum vessdl as shownin Figure 12.4. Thecircumference
of JET is about 20m and so, allowing for the presence of two OfeetO, the basic scrape-off layer
has an area of about 0.4m?2. The heat flux density istherefore 5S0MW per m2. Thiswould be quite
unacceptable as a steady heat load. However, the load can be reduced by arranging an expansion
of the flux tube at its foot, and the transient heat load in JET can then be reduced to atolerable
level. In areactor the higher power level and the requirement of steady state operation make the
problem more severe.

Energy loss
from plasma

Energy flows
down narrow
scrape-off layer

Material
surface heet load

Concentrated

Fig. 12.4. Geometry of the energy flow in the scrape-off layer, showing the concentrated heat
load at the foot of the layer.

Fig. 12.5. Photograph of the tiles together with a later photograph showing the “ carbon
bloom” which occurs when the surface of the tiles is evaporated by an intense heat load.
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The problem was made dramatically apparent in highly heated plasmas in which the
termination of good performance was associated with asudden evaporation of the carbon surface
receiving the heat |oad. Thisproduced alocalised bright flash of visible radiation asthe evaporated
material was excited by the plasma, the flash being poetically called the Ocarbon bloomO. A
photograph of the bloom is shown in Figurel2.5.

Part of the reason for the sudden evaporation was the design of the tiles which receive the
heat flux. The magnetic field ismainly toroidal and thefield lines enter thetilesat asmall angle.
If the tiles formed a continuous surface there would be no problem. However, because of
manufacturing limitations, there are necessarily gaps between thetiles and, as seen from Figure
12.6, thisleads to a concentrated heating on the tile edges. Over asmall areathe magnetic field
isamost perpendicular to the vertical surface, enhancing the heat flux per unit area by an order

of magnitude.

Magnetic
Heat field
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Fig. 12.6. lllustrating the concentrated heating on tile edges with the angled magnetic field.

It was decided to design and build a divertor at the bottom of the vacuum vessel which would
not only overcome the tile edge problem, but would also be used to investigate possible ways of
reducing the heat flux to the material surface.

There-design of thetile arrangement was straightforward. It isonly necessary to anglethe
surface of the tiles slightly and to use an accurately levelled base plate for the tiles. The edge
problem isthen resolved asillustrated in Figure 12.7. This procedure was adopted and found to
be completely successful.

Fig. 12.7. Showing the protection of the tile edges obtained with sloped surfaces.

The design of the divertor isillustrated in Figure 12.8, which shows the layout in the poloidal
cross-section. Now, although the problem of tile edges was removed, the more fundamental
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matter of heat loading remained to be solved. To understand this problem, and the possible
means of its resolution, we must examine the physical processes involved more closely.

|

Divertor tiles

Fig. 12.8. Outline of the divertor design

Basic Divertor Physics

The particles and heat which leave the plasma flow along the narrow scrape-off layer to the
divertor tiles. The basic, simple case isillustrated schematically in Figurel2.9.

Divertor/J; Magnetic
tiles | —— Fluxes Scrape-off layer ‘, X field
lectrostatic Particle and heat
sheath fluxes from main plasma

Fig. 12.9. Schematic diagram of fluxes from the plasma, through the scrape-off layer, to the
divertor tiles.

The greater mobility of the electrons compared to the more massive ions gives rise to a thin
electrostatic sheath adjacent to the solid surface of the divertor. This sheath determines the
boundary condition for the fluxes al ong the scrape-off layer. Essentially, the plasmaflows out at
the sound speed, and this also determinesthe heat flux. Thus, if theion flux isncs, wherenisthe
particle density and csisthe sound speed, the heat flux isancsT where T is the temperature and
o isanumber typically around 8.

Thisloss of energy at the surface coolsthe electrons, and the result is a conduction of heat
from the up-stream, higher temperature part of the scrape-off layer in contact with the main
plasma. The heat carried by this thermal conduction, together with some convection, isjust the
heat coming from the plasma, and defines the heat 1oad problem to be solved. How then can the
heat be prevented from reaching the divertor surface?

It was necessary to look for means of transporting heat which ignore the constricting
effect of the magnetic field. There were two possihilities - neutral particles and electromagnetic
radiation. Both of these suggest the use of agasto absorb the heat flow. Neutral hydrogenic gas
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interposed between the high temperature plasmaand the divertor surfacewould be ableto radiate
energy onto a large surface area. Furthermore, collisions of ions with the gas would allow an
exchange of charge, neutralising the energetic ions. The resulting neutral particles, being
unaffected by the magnetic field, could further spread the heat load.

Gas Cooling

The possihility of a plasma-gas transition in the divertor had been proposed by Tenney and
Lewinin 1974, and experimentsto investigate the physics were carried out by Hsu at Princeton.
A simplified diagram of their apparatus is shown in Figurel2.10. The plasma flows aong the
magnetic field produced by coils, being cooled and neutralised until it formspart of the background
gas. With these experimentsin mind it seemed possiblethat the divertor target could be protected
by a neutral gas which removed the direct heat flux through a combination of radiation losses
from electrons and charge exchange losses fromions. The conjectured arrangement isillustrated
inFigurel2.11.
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Fig.12.10. Schematic diagram illustrating the experiments of Hsu.
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Fig.12.11. lllustr ating the principle of gas separation of the plasma from the divertor tiles,
the energy being removed by atomic processes.

For the atomic processes leading to radiation cooling to be effective the electron temperature
must fall to afew electron volts. If the plasmaisto betransformed to aneutral gasthe temperature
must fall to alevel where recombination of electronsand ionsto form neutral atoms occurs more
readily than re-ionisation of the resulting neutral atoms by electrons. Thisrequires atemperature
of one electron volt or less.

Preliminary attempts to detach the scrape-off layer plasma from the target plates were
carried out before the installation of the divertor. The procedure was to increase the gas feed in
order to increase the neutral gas pressure in front of the target. The only direct measure of the
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resulting behaviour came from the solid-state video cameras which detect the radiated light.
Theseindicated that, initially, increasing the gas feed led to the formation of radiation zonesjust
above the target. However, with further increase in the gas feed these zones first moved upward
to the X-point of the separatrix and then progressed further upward along the edge of the main
plasmaforming aradiating layer. Thistype of radiating layer, usualy calledaM ARFE, isdescribed
in Chapter 8. Regarding the question of plasmadetachment from thetarget plates, the experiments
were promising but inconclusive and afuller understanding awaited construction of the divertor.

TheMark | Divertor

The design of the first divertor was surrounded by many uncertainties as to how a divertor
should work and how best to remove the heat arriving at the target plates. However, one clear
necessity was to design the target tiles to avoid exposed edges, and this was done using the
technique described earlier. In order to have sufficient control over the local magnetic field, and
in particular the height of the X-point abovethetiles, it wasfound necessary to place thedivertor
coils inside the vacuum vessel. The target plates and the divertor coils formed an integrated
system as shown in Figurel2.12. The opportunity was also taken to arrange for a sweeping of
the feet of the scrape-off layer across the target tiles to reduce the heat load on each point. This
was done by adding an alternating component to the coil currents, with a frequency of 4Hz.

Divertor

Cryopump

Fig. 12.12. Themark | divertor

Animportant element in the design was the concept of entrapment of impurities produced at the
target tiles. The ideawas that thiswould be achieved by thefrictional drag on theimpurities due
to the plasma flow down the scrape-off layer. This drag force has to overcome the so-called
thermal force which operates to drive the impurities toward the main plasma.

The thermal force derives from the higher collisionality of colder particles. Because of
this the plasma particles striking impurity ions from the colder side impose a greater force than
those from the hotter side. This produces aresultant force on theimpurity ionsin the direction of
increasing temperature, that is toward the main plasma.

Theimpurities can be removed by having apump at the bottom of the vacuum vessel. This
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produces an additional pressure gradient which draws the flow toward the target tiles. Such a
pump was installed behind the tiles of the divertor. The pump was a cryopump, which operates
by condensing those particles striking its liquid helium cooled surface.

The successful use of sweeping isillustrated in Figure 12.13 which showsthe evol ution of
thetarget temperature during aperiod of plasma hesating. Following the application of the heating
the target temperature rises from 500°C to 900°C. The sweeping is then switched on and the
temperature falls back to a steady 700°C. Even without sweeping the improved design of the
tiles produced a fundamental improvement. Whereas loss of good performance had been
previously associated with gross evaporation and the Ocarbon bloomO, full power could now be
applied without this limitation. This success also clarified a basic issue regarding confinement.
In the earlier experiments the sudden loss of performance at the X-event could be attributed to
theinflux of impurities associated with the carbon bloom. Now the bloom was removed but the
loss of performance persisted. It was clear, therefore, that another explanation was required.

No sweeping } Sweeping
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Fig. 12.13. Showing the fall in temperature resulting from sweeping the scrape-off layer over
the divertor tiles with 12MW of heating.

Detachment

A crucia experiment with the mark | divertor wasthetest of the concept of gas cooling. Theaim
wasto increase the gas pressurein the divertor to alevel at which the plasmawas detached from
the target plates by an insulating layer of neutral gas.

Along with the design and construction of the divertor, new diagnostic systems were
introduced to monitor its behaviour. The principal diagnostic consisted of Langmuir probes at
thetarget plates. When alarge negative potentia isapplied to aLangmuir probe, all the electrons
are repelled and the probe collects a saturation ion current which is proportional to the ion
density and to the sgquare root of the temperature. Clearly detachment implies afall in the ion
density at the target plate and we would expect the saturation ion current would then be much
diminished.

Figure 12.14 showstheresult of an experiment in which the plasmawas heated with AMW
of neutral beam heating. The gasinput wasincreased as shown. Initially theion saturation current
to the probe increased as the neutral gas atoms were ionised and contributed to the ion density.
Then, with further increasein the gasinput, the saturation current fell to avery low valueindicating
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asuccessful detachment of the plasma from the probe.
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Fig.12.14. Theintroduction of gas |leads to detachment of the plasma from the divertor tiles
as seen from the virtual removal of the ion saturation current to the Langmuir probe.

The condition for the plasma to be neutralised to a gas is that the rate of recombination of
electrons and ions into gas atoms be much larger than the rate of re-ionisation of the gas atoms
so formed. Theory predicts that this occurs for an electron temperature of 1€V or less. Another
test of detachment would therefore be a fall in the electron temperature to this low value. In
principle the Langmuir probes are also able to determine the temperature by measuring the
dependence of the probe current on the applied voltage. It turns out that a simple interpretation
of the probe resultsindicates atemperature of afew eV, much to high for neutralisation to occur.
However, this discrepancy hasled to a careful re-examination of the theory of Langmuir probes,
presenting an intriguing challenge to our understanding of plasmaphysicsand leading to several
possible explanations of the unexpected results.
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Fig. 12.15. The fall in the Johnson-Hinnov ratio as the plasma density is increased provides
evidence of an insulating neutral gas.

Support for the belief that the electron temperature was reduced to a low vaue by the
influx of neutral gas comesfrom measurementsof the Johnson-Hinnov ratio. Therate of ionisation
and the rate of emission of D line radiation have different temperature dependences. lonisation
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requires higher energy and is therefore less likely at temperatures below 10eV. Figurel2.15

showsthefal in theratio of ion flux to Dy flux in the divertor as gasis introduced and the line
average density rises. The fal of the ratio by two orders of magnitude indicates a reduction in
electron temperature to avery low value.

A direct view of detachment can be obtained using a reconstruction of the radiation pro-
filesfrom bolometer measurements. Figure 12.16 shows three such profiles during detachment.
The peak of the radiation movesto progressively higher positions as the density isincreased. In
the final figure this peak has reached the X-point of the separatrix and the radiation near the
target is diminished, consistent with alowering of the electron temperature.

Increasing density

3.0
R (m)

Fig. 12.16. Reconstruction of the radiation sources showing the movement of the radiation
upwards as the plasma density is increased.

H-modesand ELMs

The successful achievement of detachment of the plasmafrom the divertor tiles described above
was obtai ned with ohmically heated plasmas and plasmas with L-mode confinement. When this
control of the heat flux istried with the better confinement of the H-mode the behaviour is more
complex. There aretwo basic reasonsfor this. Firstly, asthe gas pressureisincreased to achieve
detachment the H-mode confinement deteriorates. The detachment obtained while maintaining
good confinement isincompl ete. The second reason isthe effect of the Edge L ocalised M odes of
instability described in Chapter 10. These ELMs rel ease pul ses of energy from the main plasma
into the scrape-off layer. Consequently they impose a transient high heat |oad on the divertor
tiles. Thismeansthat, although some detachment of the plasmafrom thetilesis obtained between
ELMs, the gas shielding is punctured during the ELM. Thisis shown in Figure 12.7 where the
large, pulsed increases in the ion saturation current to the Langmuir probe, caused by ELMs,
indicate loss of detachment.

Asthe gasfuelling rateisincreased the ELMs become smaller and more frequent. In the,
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now shorter, periods between the ELMs there is a higher ion saturation current to the probe,
indicating that a poorer level of detachment is achieved. If the gas fuelling is increased still
further the confinement deteriorates to that of the L-mode.

500
| 100ms

400~

lon 300
saturation

current

(A cm—2) 2001~

100—

SN U NS VO Y P

Time

JG00.47129¢

Fig. 12.17. Loss of detachment due to ELMs as indicated by the pulses in ion saturation
current to a Langmuir probe.

Itisclear that in these H-mode experiments the Onatural O energy | osses resulting from gasfuelling
areinadequate to produce detachment during the pulse of heat flux associated with alarge ELM.
Furthermore there is a trade-off between achieving detachment and losing confinement. This
leads us to ask whether the gas induced heat loss can be made more efficient. One obvious
possibility is that of increasing the radiation from the plasma in the divertor by introducing a
well-chosen impurity.
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Fig. 12.18. a) lon saturation current to Langmuir probe with and without nitrogen. b) Resulting
reduction in power deposited on the divertor.
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Experiments were carried out introducing nitrogen as the radiating impurity. Nitrogen is
ionised at the low temperatures of interest but still retains most of its electrons. It is therefore
able to radiate at temperatures of severa electron-volts, whereas hydrogen is fully ionised and
unable to radiate.

The addition of nitrogen changes the pattern of the ELMs. Asthe fuelling isincreased the
ELMs become smaller and more frequent. The increased radiation between ELMs leads to
substantial detachment of the plasma from the target. Figure 12.18a shows a comparison of the
ion saturation current to the Langmuir probe, with and without nitrogen. It is seen that the addition
of nitrogen to the fuel leads to an order of magnitude fall in the ion flux. Figurel2.18b shows
the corresponding reduction in power deposited on the divertor.

Carbon and Beryllium

The choice of material for surfaces surrounding the plasmaand for divertor surfacesinvolves a
number of complex issues. One factor is the effect of atoms of the chosen material when they
enter the plasma as impurities. Atoms with a high nuclear charge, Z, have the disadvantage of
producing ahigh level of radiation lossand of rel easing alarge number of el ectrons. The problem
withtheseimpurity electronsisthat they carry energy which could have been taken by apotentialy
reacting deuterium or tritium ion. Research in JET has therefore concentrated on the use of two
low Z materials, carbon and beryllium.

Carbon, intheform of carbon fibre composite, ismechanically strong and hasthe advantage
that it does not melt. Aswith all materials carbon rel eases atoms fromits surface when bombarded
with ions, and the released atoms can then enter the plasma. For most materials this process,
which is called sputtering, can be prevented if the energy of the bombarding particles is kept
sufficiently low. Carbon has a higher critical energy for this physical sputtering than beryllium
but, unlike beryllium, carbonis subject to chemical sputtering. Chemical sputtering occursthrough
chemical reactions at the material surface, an example being the formation of methane, CHyg,
when hydrogen impinges on acarbon surface. Thethreshold isvery low, and chemical sputtering
can be significant even at low plasmatemperatures. Again, molecules so formed are free to enter
the plasma, introducing carbon impurity.

Beryllium hasthe disadvantage of melting at afairly low temperature (1270°C), and melting
can destroy the carefully designed tile geometry, leading to high spots which are vulnerable to
plasma bombardment. An advantage of beryllium isthat it does not exhibit chemical sputtering.
A further advantage isthat a clean surface will collect and retain impurities such as oxygen and
carbon in a process known as gettering. However, on alonger timescal e this process reducesin
effectiveness as the surface saturates.

Experiments in which the plasma was limited by beryllium surfaces produced plasmas
with a lower impurity level than those limited by carbon. Figure 12.19 illustrates this result
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using an effective value, Zgs, of the ionic charge in the plasma as a measure of impurity level.
However beryllium underwent melting and was particularly at risk with high performance
discharges. An example of such melting is shown in the photograph of Figure 12.20. As aresult
carbonwas generally preferred, and carbon surfaces were used during most periods of operation.
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Fig. 12.19. Showing the reduced impurity level with beryllium as compared with carbon as
measured by Zgff, an average value of the ionic charge in the plasma.

Fig. 12.20. Mélting of the berylliumtiles.

TheMark Il Divertor

Aswe have seen, themark | divertor allowed aconvincing demonstration of plasmadetachment
from the target tiles. However, it was thought that the design could be improved by a more
closed divertor geometry. The first advantage would be that the higher neutral gas pressurein
the divertor would facilitate detachment. The second advantage would result from the reduced
neutral gas pressurein the main chamber. When neutral atoms collide with plasmaionsthey can
undergo a charge exchange. The slow neutral atom becomes an ion, and the fast plasmaion is
neutralised. The resulting fast neutral particles impinge on the walls of the vessel and release
impurities. By reducing the neutral gas pressurein the main chamber the production of impurities
isreduced.

With these considerationsin mind a new divertor was designed with the aim of producing
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ahigher differential between the gas pressure in the divertor and that in the main chamber. This
markll design with its mor e closed geometry isillustrated in Figure 12.21. A photograph of the
layout is shown in Figure 12.22.

Divertor

Fig. 12.22. Photograph of the mark |1 divertor tiles.

The gaspressurein the main chamber providesfuelling for the plasmaand so the plasmadensity
isanindicator of the main chamber gas pressure. The success of the mark 11 designinincreasing
the gas density in the divertor region can therefore be judged by comparing the divertor gas
pressure with that in the mark | divertor at given plasma densities. This comparison is madein
Figure 12.23 whereit is seen that the mark |1 divertor produced alargeimprovement, the divertor
gas pressure being substantialy higher.

However, it still seemed that the gas pressure in the main chamber wastoo high and it was
realised that there were leakage paths from the divertor to the main chamber which allowed an
undesirable gas flow. These leaks were plugged and this produced a significant decrease in the
gas pressure in the main chamber for a given fuelling rate as seen from Figure 12.24.
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pressure for a given plasma density.

Sinceit was expected that theimproved closurein changing from the mark | to themark 11
divertor would reduce the sputtering from the main chamber carbon tiles, a reduction in the
impurity level had been anticipated. However, this was not found. A possible reason for this
behaviour isthat the sputtering might be chemical rather than physical. Unlike physical sputtering
the chemical interaction with particles arriving at the surface persists even at low energy of the

impacting particles.
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Fig. 12.24. Showing thereduction in the mid-plane neutral gas pressureresulting fromreduction

of the leakage.

A Complex Problem

Since the evolution of our understanding of divertors has been rather complicated it is perhaps

Fuelling rate (1022 molecules s—1)

worthwhile making a summary of the main points.

The carbon bloom which occurred in high performance plasmas forced a realisation that
heat loading on the target tiles presented a serious problem. As a result the study of divertors
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became the principa theme of the research in JET.

The problem was seen to have two aspects. Firstly the target tile geometry needed to be
carefully designed to avoid high heat loading on tile edges. As we have seen, the improved
designs provided asolution to this problem. The second aspect invol ved reducing the heat flowing
to the divertor target by using neutral gasto cool the plasma before it reaches thetiles. Again it
was found possible to achieve this type of cooling, but only satisfactorily at low powers. At
higher powersthe high gas pressure required led to areduction in confinement. The cooling was
successfully increased by adding radiating impurities. However the confinement was again
deteriorated and the radiation moved further out of the divertor.

Another problem at high power and good confinement isthat the energy escapes from the
plasmain high energy busts through the ELM instability. The neutral gasinsulation is unableto
withstand these pulses and a solution has to be found without a significant loss of confinement.

We see therefore that much progress has been made, but that the understanding gained has
exposed more clearly the complexity of the problem of handling the power leaving the plasma.
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13. BASIC PHYSICS

Tokamak plasmas are complex and, as we have seen in the preceding chapters, much of the
behaviour is only understood in an empirical way. There are areas of the research however
where the investigations on JET involve more physics and we shall look at some of these here.

Thefirst is the phenomenon of runaway el ectrons, which involves a small fraction of the
electrons in the plasma being accelerated to high energies in the toroidal electric field. This
turned out to be of particular interest, not only because alarge runaway current of over amegamp
appeared, but al so because anew mechanism for producing the runaway el ectronswas recognised,
and because the implications for reactors are serious.

The second deals with the collisional interaction between the a-particles produced by
fusion reactions and the plasma ions. It was found that in a small fraction of such collisions
where thereisahard impact, very energetic plasmaions result and, following charge exchange,
these have been detected.

The next investigation follows from the question - can we detect the radiation which the
ions emit as aresult of the acceleration involved in their Larmor orbits? A further subject isthat
of Alfvén waves, the natural waves of aplasmain amagnetic field. In atokamak these wavesare
not so simpleand can even be unstable. Consequently much careful theoretical and experimental
attention has been given to their analysis.

Finally we shall look at the phenomenon cryptically called the “snake”. In redity thisisa
remarkable bifurcation of the plasma structure induced by the injection of a hydrogen pellet -
raising several fundamental questions.

Runaway Electrons

When thetoroidal electric field isapplied to the plasmato drive the plasmacurrent, the el ectrons
take up a drift velocity at which the electric field force on them is balanced by the collisional
drag with theions, and thisdrift vel ocity determines the current density. However, although this
describes the average behaviour of the electronsit is not correct for the fast electronsin the tail
of the velocity distribution. The reason is that the drag on fast electrons falls rapidly as their
velocity is increased. For electrons above a certain critical velocity the faster they move - the
less the drag, and they “runaway” to high velocities, often close to the velocity of light.

Under normal circumstances the runaway electrons are small in number and present no
problem, but following some disruptions in JET a circulating beam of relativistic runaway
electrons carries a current of more than a megamp. Such a case isillustrated in Figure 13.1. In
these disruptionsthe plasmahas been cooled by therapidinflux of impurities, often to temperatures
aslow as afew eV. At first sight this would seem to prevent the runaway process because the
collisional drag ismuch higher at low temperatures. However, thisis more than compensated by
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theincreased electric field which, from Ohm’s law, arises naturally to maintain the current in the
now more resistive plasma. It is therefore quite understandable that runaway electrons are
produced.
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Figure 13.1. Following some disruptions the plasma current decays to leave a large current
of runaway electrons which sometimes persists for several seconds.

This subject would probably only have been of minor interest but for the recognition, first
of an aternative mechanism for creating runaway electrons, and second of the potential threat
they present to a fusion reactor.

In the original runaway process electrons diffuse in velocity through multiple distant
collisionswith other electrons, and those which diffuse above the critical velocity then runaway.
It was pointed out by Sokolov in 1979 that existing runaway electrons can knock slow electrons
abovethecritical velocity inasingle hard collision. In such acollision thefast electron typically
comes within 10-1m of the target electron, and the collision lasts about 10"2%s, Once knocked
above the critical velocity such electrons runaway and are then able to create further runaways
by the same process. For afixed e ectric field this cascade would produce an exponential growth
in the number of runaway €electrons.

In tokamaks the runaway €electrons soon become relativistic with avelocity very close to
the velocity of light. The exponential growth in the number of runawayswould therefore lead to
an exponential growth in the current they carry. The runaway current which would be reached
following a disruption depends on the electric field induced by the change of magnetic flux
associated with the plasma current decay. For large tokamaks the available magnetic flux is
large and for atokamak reactor it was cal cul ated that the cascade processwould lead to atransfer
of almost all of the plasma current to the runaway current. This would mean around 20MA of
runaway electrons accelerated to energies of hundreds of MeV, apotential danger to surrounding
surfaces when the runaway electrons are finally lost.
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Figure 13.2. In some cases the runaway current grows exponentially, as expected if the el ectrons
are produced by the cascade process. (The scales are in arbitrary units).

In an attempt to determine which runaway process was operative in JET both the growth
and the decay of the runaway current were analysed. In some cases the growth of the current
appeared to be exponential indicating the cascade process, and such acaseisshownin Figurel3.2.
However other casesdid not show thisform. The current decay had the time dependence expected
from an electron momentum distribution produced by the cascade process, but the measured
decay of the energy of the electrons was inconsistent with this model. It is not, therefore, clear
which mechanism dominates for the observed production of runaway electrons.

The account given above only sketches the physicsinvolved in the runaway phenomenon
and further subtleties remain to be explored in order to resolve the discrepancies. Since the
issues are both important and interesting, it provides a good subject for future study.

a-Particle Knock-on Collisions

The principle of utilising the plasmaions which are neutralised by charge exchange and escape
from the plasma as a diagnostic was described in Chapter 8. With deuterium-tritium plasmasthe
o-particles resulting from fusion reactions can a so be studied in asimilar way. Some of the a-
particles undergo double charge exchange with impurity ions carrying electrons. This neutralises
the a-particles which are then able to leave the plasma as neutral helium atoms which can then
be examined by the neutral particle analyser to determine their energy. Since the a-particles
slow down through collisionswith the plasma particles, the measured energy spectrum isexpected
to give information about this slowing down.

When the energy spectrum was measured the results were surprising. Figure 13.3 gives
the ratio of the expected flux based on collisional slowing of the a-particles to the measured
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flux. It isseenthat below about 1.2 MeV energy the measurement givesaflux of neutral particles
an order of magnitude higher than expected.

The explanation isthat the detected particlesbelow 1.2 MeV are predominantly high energy
deuteriumatoms. These are not distinguished from the a-particles by the neutral particleanalyser
because deuterons and a-particles have the same charge-to-mass ratio. How could the plasma
deuterons have acquired energies of MeV?
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Figure 13.3. Ratio of the expected atomic flux arising from the fusion a-particles to the
experimentally observed flux.

A head-on collision between a 3.5MeV a-particle produced by D-T fusion and a plasma
deuteron kicksthe deuteron to an energy of upto 3.1 MeV, and it isthis knock-on process which
has produced the fast deuterons. The deuterons have a spread in their energies due partly to the
variable hardness of the collision and partly to the distribution of a-particle energies as they
slow down.

Thisknock-on behaviour issimilar to that of the electronsin the runaway cascade described
earlier. Againthecollisionsarevery brief, and during the collision the a-particles and the deuterons
approach each other to a separation comparable with the nuclear size of the particlesthemselves.

lon Cyclotron Emission

When charged particles are accelerated they emit radiation. In a magnetic field the particles
undergo the continuous accel eration implied by their circular orbitsand theresulting radiationis
called cyclotron emission. Electron cyclotron emission is familiar through its use in measuring
the electron temperature. Could the analogous ion cyclotron emission - |.C.E. - be detected?
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Theionswill emit radiation at harmonicsof their gyrofrequency, typically tensof megahertz.
Electromagnetic radiation of this frequency does not propagate in tokamak plasmas, but the
radiated energy can propagate across the magnetic field as fast magnetosonic waves. Thismakes
it possible to detect the ICE using the ion cyclotron heating antennas, which are designed to
couple to fast waves to heat the plasma.

The initial idea was that of detecting the blackbody radiation from the thermal plasma
ions. However, when the ICE spectra were measured they were not consistent with this
expectation, having instead narrow equally-spaced emission lines, the spacing being proportional
to the magnetic field, and intensities much larger than the blackbody level. The spectrum froma
deuterium-tritium plasma is shown in Figure 13.4. The observed frequencies depend on the
magnitude of the magnetic field at the location of the emission and, surprisingly, it was found
that in JET this meant that the emission comes from the edge of the plasma in the outer mid-
plane.
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Figure 13.4. Spectrum of ion cyclotron emission power showing its equally spaced emission lines.

A further surprise was that the strength of the emission was strongly dependent on the
fusion reaction rate. In otherwise similar plasmas, those with added tritium had many times the
emission of those without, showing that the drive for the ICE mechanism comes, not from the
deuterons, but from the energetic particles generated by fusion reactions. This is brought out
more precisely in Figure 13.5 which showstheion cyclotron emission to be almost proportional
to the fusion reactivity over six decades.

It seemslikely that the explanation of this behaviour isthat some of the reaction products,
a-particlesand protons, born in the core of the plasma, have trapped orbits which take theminto
the plasma edge. The resulting velocity distribution of these particles can then be subject to an
instability which excites waves at the ion cyclotron harmonics, and it is these waves which are
observed.
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Figure 13.5. Theion cyclotron emission power isalmost proprotional to the neutron rate over
six decades. (The ICE power isin arbitrary units).

TAEs

Highly conducting plasma in a magnetic field behaves as though the plasma is attached to the
field lines. If the plasma is locally displaced it carries the magnetic field lines with it. The
resulting bending of the magnetic field linesleadsto an elastic restoring force. The combination
of the elasticity of the magnetic field with the inertia of the plasma allows the propagation of
waves, which are called Alfvén waves after their discoverer.
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Figure 13.6. T.A.E. resonance excited by external coils and measured by the magnetic pick-up coails.
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Alvén waveswerefirst produced and examined in laboratory plasmasforty yearsago. The
so-called TAEsare aforbiddingly named variant - the Toroidal Alfvén Eigenmodes. Thesewaves
have been produced in JET and have been studied in depth - but first we need to know what they are.

The simple expectation would be that tokamak plasma would be able to carry Alfvén
waves. However, in the approximation where the tokamak is regarded as a cylinder we do not
find the discrete eigenmodes that we woul d expect from an el astic structure. I nstead the spectrum
isacontinuum. When thetoroidal nature of tokamaksistaken into account the continuum persists
but with gaps, and inside each of these gaps there is a discrete mode. These are the toroidal
Alfvén eigenmodes. Unlike the continuum they are not strongly damped and this means that
they can be driven unstable by certain destabilising free energy sources - one of which is the
distribution of a-particles resulting from fusion reactions.
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Figure 13.7. The Alfvén frequency was scanned by varying the toroidal magnetic field. The
observed wave frequency is seen to vary in proportion to the magnetic field as expected from
theory.
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Figure 13.8. The multi-peak structure of the kinetic toroidal Alfvén resonance as observed in
the density fluctuations.

The first experiment on JET utilised the set of “saddle coils” which had been mounted
inside the vacuum vessel for the feedback control of instabilities. These coils could be used to
generate the Alfvén waves. Figure 13.6 gives a plot of the amplitude of the wave against the
applied frequency, and shows the resonance when the applied frequency is equal to the Alfvén
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frequency for those waves. When the toroidal magnetic field was varied to scan the Alfvén
frequencies the observed resonance frequency changed in proportion, as shown in Figure 13.7,
verifying the identification of the waves.
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Figure 13.9. Splitting observed in the frequency of the toroidal Alfvén modes, followed in time.

Thereisavariant Alfvén wave called the Kinetic Toroidal Alfvén Eigenmodewhich actually
derives from the continuous spectrum as a result of the “kinetic” thermal motions of the ions.
The first observation of these modes was made on JET and Figure 13.8 shows the multi-peak
structure of resonant frequencies observed on the density fluctuations.
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Figure 13.10. Comparison of the predicted and observed spectrum of the split toroidal Alfvén modes.

Another advance was the interpretation of the “splitting” of Alfvén eigenmodes observed
in JET. These TAE modes occurred in plasmas with combined ion cyclotron and neutral beam
heating, and the observed splitting is shown in Figure 13.9. The behaviour was explained in
terms of the combined effect on the particle distribution of the TAE drive from the fast particles
and a relaxation process, probably arising from particle diffusion in the ICRH wave field. The
theory predicts a spectral structure, and a satisfactory comparison of the predictions with the
experimental observationsis made in Figure 13.10.
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Snakes

Theinjection of pelletsinto the JET plasmaled to a surprising discovery. As explained in Chapter 8
material evaporated from the pellet will generally spread over each magnetic surface as the
pellet passes through it, but on surfaces with rational q the spreading is localised to aline. So
around arational surface with g = m/n, and particularly for low m, the pellet was expected to
create atemporary high density along the field line through which it happened to pass.
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Figure 13.11. The snake-like pattern of the soft X-ray emission seen by the detector array.

Following pellet injection a localised increase in soft X-ray emission was indeed seen
from the q = 1 surface. The structure of the emission had a poloidal mode number m =1 and a
toroidal mode number n = 1. This region of increased emission rotated round the torus and the
detected signal moved backward and forward across the detector array producing a sinusoidal
pattern as shown in Figure 13.11 - hence the name snake. For thism = 1, n = 1 structure the
geometry of the emitting region is actually that of atilted and displaced circle as shown in
Figure 13.12. Atomo graphic reconstruction of asection through the plasmashowing the enhanced
density in the snakeis shownin Figure 13.13.

Now although the appearance of the snake was not anticipated it was not really surprising
- what was surprising was that it persisted and was effectively permanent. This implied that
there could be a bifurcated state of the plasma, leading to fundamental questions about the
properties the plasma must have for thisto occur.

It was concluded that the localised cooling at therational surfaceq =1 must haveledtothe
formation of amagneticisland, and cal cul ation showed that pellet material would then be trapped
inside theisland. However, the cooling of the snake region was observed to be brief and so the
problem of persistence, both of the magnetic island and the density increase within it, remained.
With the genera level of diffusivity observed in the plasma the density increase in the snake
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would last for around a hundredth of a second. Even with only the basic collisional diffusion it
should have decayed in about half a second. In the experiment the snake was observed for
2 seconds with practically no decay.

Toroidal magnetic
surface

[

Geometry of snake

Figure 13.12. The source of the soft x-ray emission has the geometry of a tilted and displaced
circle, and the snake-like pattern arises from the rotation of this structure around the torus.

It was determined from the soft X-ray emission that impurities are entrained within the
snake, and the increased resistivity thisimplies explains the persistence of the magnetic island.
Theory also offers an explanation of the enhanced impurity concentration in terms of a
self-consistent electric field.
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Figure 13.13. A tomographic reconstruction of the soft X-ray emission over the plasma cross-
section shows the enhanced emission associated with the snake.

With regard to the persistence of the increased density there is no definitive explanation,
but it might be a consequence of the so-called inward pinch. The radial flow of the plasmais
basically an outward diffusion, but this is found to be modified by an additional mechanism
which contributes a flow toward the axis - the inward pinch. The convergence of this inward
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pinch provides adensity sourcewhich in normal steady state would be balanced by the diffusive
loss. If, in the modified magnetic structure of the snakes the diffusion is reduced, the source
provided by inward pinch would lead to an enhanced density - asobserved inthe snake. Calculation
shows that if this explanation is correct it implies a very high level of confinement within the
snake's magnetic island. Whatever the final explanation of the persistence of the snake, its
appearance shows that some unanticipated and fundamental physical processes are at work.

The basic physics described in this chapter has provided exciting insights into the nature
of magnetic plasma, and illustrate the richness of the plasma behaviour found in tokamaks. It
seems likely that other surprises await further research, with the potential for improving our
understanding of the underlying physics.
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14. FUSION POWER

Over the first forty years of “fusion” research there was little contact with fusion power itself.
Thereason, of course, wasthat those years of devel opment were needed to find themost promising
confinement system - tokamaks - and to build a sufficiently large device with the heating power
necessary to reach the temperature required for fusion. This meant that some scientists spent
their whole careers in fusion research without needing to consider nuclear reactions at all.

The aim with JET was to reach conditions where the introduction of tritium, with its high
cross-section for fusion reactions with deuterium, would produce a significant fusion power. It
would take nine yearsto reach the preliminary experiments with tritium, and afurther six years
to obtain fusion power comparable with the input power.

During most of JET's operation the gas used was simply deuterium. This provided an
intermediate stage where fusion reactions occur through deuterium-deuterium collisions but,
because of the lower cross-section, the number of neutrons and the power produced were quite
low. However, deuterium provided an extra diagnostic in that the neutrons could be counted,
and this provided ameasurement of theiontemperature. Using arrays of neutron detectorsviewing
collimated lines of sight the space dependence of the reaction rate could also be determined.

The use of tritium to produce megawatt powersinvolvestwo complications. Firstly, tritium
is radioactive, undergoing [-decay, with alifetime of 12 years. It has, therefore, to be treated
with care and be under complete control. The second problem arises from the neutron flux
resulting from the fusion reactions. These neutrons produce nuclear reactions in the vacuum
vessel, leaving it radioactive. The level of radioactivity soon reaches alevel which makes entry
into the vessel impossible, and calls for remote handling to carry out modifications and repairs.
The most troublesome radioactivity arises from the transmutation of nickel to cobalt 60 which
emits y-rays and has a half-life of 5 years.

Tritium

About 10 years was spent in developing a sophisticated system for handling the tritium. The
mass of tritium involved was quite small, a total inventory of 20 grams, but this had to be
supplied to the experiment and recovered with precise control.

Tritium was introduced into the plasma using some of the neutral beam injectors. The
tritium leaving the plasmahad to be extracted from the vacuum vessel, and an even larger amount
had to be collected from the neutral beam injection system.

The tritium handling equipment system is located in a separate building and is connected
to JET through a100 metreline. Thetritium, along with the other plasmacomponents, isinitially
collected by acryogenic pump with surfaces at four degrees above absolute zero. At alater stage
the gases are transferred to a uranium bed where the hydrogen isotopes, including tritium are
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held as uranium hydrides.

When the tritium is to be separated, the uranium bed is heated and the hydrogen isotopes
evaporate. The separation of the tritium is then brought about using gas chromatography. The
combined hydrogenic gases are passed over palladium covered spheres which absorb the lighter
isotopes preferentially, allowing the tritium to be separated with a high degree of purity.

ThePreliminary Tritium Experiment

Asthetimefor using tritium approached it became necessary to identify the type of plasmato be
used. Naturally, the aim was to use a plasma capable of ahigh fusion power. The chosen plasma
was a hot ion H-mode of the type described in Chapter 11. Optimisation led to a plasmawith a
current of 3BMA inatoroidal magnetic field of 2.8T. Thisplasmawould be heated with 14MW of
neutral beam heating. Trial experiments using deuterium beams showed that on the application
of additional heating the plasma quickly entered the H-mode and the neutron yield rose steeply
to 4 x 106 neutrons per second. The apparently unavoidable problem with this discharge was
that when the total plasma energy reached about 9MJ the neutron yield underwent a rather
abrupt fall. As explained earlier this had initially been attributed to an influx of carbon into the
plasma - the carbon bloom, but it was later realised that the fundamental problem was an
unexplained abrupt loss of confinement. Whatever the explanation, it was unfortunate that such
promising plasma was spoilt while the neutron yield was still rising rapidly. Anyway, these
plasmas gave the best performance and would be used in the tritium experiments.
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Figure 14.1.Time traces of a plasma with a 10% tritium concentration. The application 14
MW of heating for a period of 2 seconds produces H-mode confinement with an ion tempera-
ture of 19 keV.
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The experiment carried out in November 1991 was called the Preliminary Tritium
Experiment. Preliminary, because at this stage is was necessary to limit the neutron production
so that the vessel activation would be low enough to allow the planned modifications to the
divertor totakeplace. Instead of the50% tritium /50% deuterium mixturewhich would maximise
the fusion yield the tritium content would be 10%.

Optimisation was carried out using a few shots with a tritium concentration of 1%, and
then two pulses with the 10% concentration were produced. The two pulses were similar and
both produced a fusion power of over 1.5MW.

The time traces of the basic parameters of one of the pulses are displayed in Figure 14.1.
During the pulse theinjected neutral beam power was raised to 14MW and with full power there
was a transition to H-mode, and an ion temperature of 19keV was soon reached. The beam
injection also raised the plasma density giving a steady increase in the plasma energy and the
neutronyield. Thetracesin Figure 14.1 also show the sudden loss of performance, most obviously
with the abrupt fall in the neutron production rate.
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Figure 14.2. In addition to the neutrons from reactions between thermal particles, there are
contributions from the injected beam particles. The total neutron rate is compared with that
calculated using the measured plasma parameters.

The neutron production was not simply that of the heated plasmaions. When the neutral
beam particles are ionised in the plasma they have their injection energy. The ions from the
beam then slow down over about a tenth of a second to join the thermal distribution of the
plasmaions. This means that in addition to the neutron production from the thermal ions there
are neutrons produced by fusion reactions between beam ions and plasmaions. Thereisaso a
small number of reactionsfrom collisions between beam ions. To disentangl e these contributions
anumerical simulation of the plasmawas carried out using the measured experimental data. The
resulting neutron rates are shown in Figure 14.2.
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This experiment, using tritium for the first time, was a landmark in fusion research. It
could of course be said that all that had been done was to replace ten percent of the deuterons by
tritons. But the purpose of all the previous devel opmentsin fusion research had been to produce
plasmas in which the introduction of tritium would produce significant fusion power. Whereas
in deuterium plasmas the fusion power had typically been lessthan 1% of the input power, even
this preliminary tritium experiment had raised this figure to more than 10%.

Record Fusion Power

The decision asto when to use tritium in JET plasmasinevitably involved an assessment of the
priceto be paid in terms of reduced access to the inside of the machine once the radioactivity of
the vessal had been raised by the high neutron bombardment involved.

The optimum time for afull fusion power experiment arrived in the autumn of 1997. The
programme called for replacement of the divertor after this experiment, but by this time the
remote handling system was ready to carry out the task, entirely without human entry into the
vessel.

Inthesix yearssince JET's preliminary tritium experiment the TFTR tokamak at Princeton
had been used for tritium experiments, and had produced 9MW of fusion power. It was natural
to hope that the new JET experiments would exceed this power, and there was gratification
when arecord fusion power of 16MW was achieved.
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Figure 14.3. Traces for the plasma in which record fusion power of 16 MW was reached

Theplasmaused inthisrecord casewassimilar to that of the preliminary tritium experiment,
a hot ion H-mode plasma. The main difference, of course, was the use of 50% tritium, but the
plasma current and toroidal magnetic field were also raised, to 4.2MA and 3.8T, increases of
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40% and 36% respectively. The time traces of the main parameters are shown in Figurel4.3. A
neutral beam heating power of 22MW was applied with an additional 3MW of ion cyclotron
heating. The ion temperature rose to 30keV and the electron density to 5 x10 19m -3,

As with the preliminary tritium experiment the increase in fusion power halted with an
abrupt loss of confinement. The onset of pulses of Dy radiation seen at thistimeis an indicator
that the ELM instability was occurring, contributing to, and possibly triggering, the deterioration
in confinement.

Scientistsin fusion research had always |ooked forward to the day when the fusion power
in experiments would be measured in respectable units - megawatts. An obvious milestone was
that the fusion power produced would be equal to the heating power supplied. A natural “quality
factor” Qisjust theratio of these two powers - power produced divided by power supplied.

Theearliest toroidal fusion experimentswerein the pinch devices of the 1950s. Deuterium
was used in these experiments and the heating was the ohmic heating of the plasma current. The
resulting Q value was around 1012 . What was the Q-value in JET? In the record discharge Q
was 0.6 - a creditable advance, with Q now “of order one”. In fact there is a subtlety, which
should be allowed for, which gives a somewhat higher value of Q. The point of the correction is
that, at thetime of maximum Q, the temperature and density wererising. This meansthat part of
the power supplied was used in increasing the energy of the plasma. We could imagine the
“thought experiment” in which the plasmawas maintained with its energy in steady state with a
somewhat reduced power. If we allow ourselves this correction Q turns out to be 0.9 - close
enough to 1.0 when compared to 10121

Steady State Fusion Power

In the record fusion power experiment the plasmawas produced in a*“hot ion H-mode”. Thisis
achieved by starting with alow density, the low frequency of collisions decoupling the ion and
electron temperatures, and by having a more triangular plasma, which stabilises the surface
against ELMs. The unfortunate feature of such plasmas is the abrupt loss of confinement.

It had been found that the way to produce a steady-state plasma was to reduce the
triangularity andincrease the starting density. At thisdensity collisions between ionsand electrons
hold the temperatures almost equal . In thistype of plasmaregular but smaller ELMs occur and,
athough still in H-mode, the confinement is somewhat reduced.

Figure 14.4 showsthetracesfor the best of these plasmas. A fusion power of around 4AMW
was maintained for 4 seconds, and afusion energy of more than 20M J was produced - another
record.

157



200 Fusion energy 10

MJ 10 e e, -5 (MW)
e Fusion power — ™-..,
0 . RPTOUPN 0
Input power
(MW)207 20
PlasmaEnergy — ..
P 0
lon temperature

101 e

(kev) o " Electron temperature

D

11 12 13 14 15 16 17 18
Time (s)

Figure 14.4. Fusion power of around 4 MW was maintained for 4 seconds. The plasma energy
is constant during this time and the temperature almost so. The plasma was in H-mode with
repetitive ELMs as seen from the Dy radiation signal.

a-Particle Heating

The achievement of significant amounts of fusion power clearly moves fusion research into a
new era. For decades those involved have been principally concerned with the physics of non-
reacting plasmas. Now attention will move to take account of the effects of the fusion reactions.
The principal effect within the plasmais dueto the a-particles released in the nuclear reactions.

a-particlesare simply the nuclei of helium atoms, and are therefore positively charged. So
when they are produced they are trapped by the magnetic field. In JET their orbits are much
smaller than the minor radius of the plasma, and this gives them time to transfer their energy to
the plasma before they are lost. As the a-particles collide with the plasma particles they slow
down and the energy they lose heats the plasma, a process providing acrucia form of heating in
afusion reactor. In close collisions the energy is transferred preferentially to ions, but distant
collisions dominate and this results in most of the a-particle energy being transferred to the
electrons. Can we detect this electron heating in the experiment?

Theratio of tritium to deuterium was varied in a set of otherwise similar discharges. The
total fusion power can be calculated from the measured neutron yield, and since the a-particle
power is20% of thetotal the a-particle heating power isknown for each discharge. Figurel4.5(a)
gives aplot of the measured electron temperature against this a-particle heating. The effect of
o-particle heating is clear. The optimal case, with 60% tritium, has an electron temperature
2keV higher than the baseline case with no tritium.

Therise in electron temperatures with a-particle heating can also be compared to therise
obtained in discharges with no tritium but with ion cyclotron heating in the same range. In
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Figure 14.5(b) two such cases are added to the graph, showing atemperature rise consistent with
the a-particle heated discharges.

Transport with Tritium

The introduction of tritium into the JET plasmas allowed two further investigations into the
transport behaviour. In the first the dependence of the energy confinement on the ion mass was
explored. Having discharges with various amounts of hydrogen, deuterium and tritium, with
masses in the ratio 1:2:3, the mass dependence of confinement could be explored more fully.
The other investigation used the measured neutron emission from deuterium-tritium reactionsto
follow the tritium profiles of atrace of tritium puffed into a deuterium plasma. Once ionised the
tritium diffuses in the plasma, and analysis of the profiles allows a calculation of the diffusion
coefficient across the plasmaradius.
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Figure 14.5(a). The fusion a-particles heat the plasma and the resulting increase in electron
temperatureisclear fromthegraph, thetritiumfractionsbeing shown in brackets. (b) Showing
that the a-particle heating is similar to that achieved by comparableion cyclotron heating of
deuterium plasmas.

The mass dependence of the energy confinement isimportant partly becauseit is necessary
to extrapol ate present data with hydrogen and deuterium to the deuterium-tritium mixturewhich
would be used in areactor. It is aso important for the constraint which it imposes on possible
theories of anomaloustransport. If we knew the exact experimental mass dependence, any theory
giving adifferent dependence could be dismissed. Unfortunately it's not like that. Experiments
on other tokamaks have given results varying between no mass dependence and an almost
proportional dependence.

The measurements using all the hydrogen isotopes on JET gave a very weak mass
dependence, and in H-mode discharges with repetitive ELMstherewas virtually no dependence.
However, although it would be good to have a simple and clear result, more detailed analysis
indicated that perhaps the zero mass dependence was a coincidence.
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The confinement in H-mode discharges is partly dependent on the transport propertiesin
the bulk core of the plasma and partly on the enhanced confinement of atransport barrier at the
plasma edge. Separating the mass dependence of confinement into these two partsit was found
that core confinement deteriorated with higher masswhereas the edge contribution to confinement
showed an improvement with increasing mass. The combinations of these effects gives the weak
overall mass dependence observed.
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Figure 14.6. Radial dependence of the tritium diffusion coefficient determined from the trace
tritiumexperiments carried out with three different level s of magnetic field, the plasma current
being held in constant ratio to the field.

Results on the diffusion of tritium from the trace tritium experiments are shown in
Figurel4.6. The tritium diffusion coefficient is plotted over the plasma radius for three cases
having similar magnetic field structures but with three different magnitudes of thefield. Thisis
achieved by increasing the plasma current in proportion to the toroidal magnetic field. Thuswe
have IMA/1T, 2MA/2T and 3MA/3T. The plasmas also have similar values of other parameters,
leaving the ion temperature and the magnetic field as the basic variables. In the core of the
plasma the diffusion coefficient is consistent with the scaling called gyro-Bohm which is
proportional to both the Bohm diffusion coefficient which varies astheratio of temperature and
magnetic field, T/B, and to the ratio of the Larmor radius to the plasma size, p/a. However, as
seen from the figure, the magnetic field dependence disappears at the edge of the plasma, again
revealing a more complex situation.

We have now examined the important aspects of the plasma behaviour in the JET fusion
experiments but, before concluding, mention must be made of the outstanding work on the
remote handling system which became a necessary requirement once the vacuum vessel was
radioactive.

Remote Handling

It has already been commented that for decades fusion research involved no significant level of
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nuclear reactions. With the D-T experiments this was changed and the neutrons from the fusion
reactions soon made theinterior of the vacuum vessel radioactive - so radioactive that it was no
longer possible for workers to enter the vessel.
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Figure 14.7. The remote handling boom being used to place an ICRH antenna in a
Omock-upO layout.

Thiswas, of course, foreseen from the outset of JET, and over theyearsfrom the construction
of JET a sophisticated system of remote handling had been designed and built. This systemis
remarkable.

Figure 14.8. The mascot at the end of the boom placing a tile support for the divertor.
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The“handling” had to be precise and delicate. For exampleit had to be ableto remove and
replace any tile, and ultimately it was used to replace acompl ete divertor. Because of the size of
JET the handling tools had to be carried on aflexible boom with avery large reach - itslength is
10m and it can carry up to half a tonne. Figure 14.7 shows the boom being used to place an
ICRH antennausing apartial replication of the actual configuration. Figure 14.8 isaphotograph
of the “mascot” on the end of the boom placing atile support for the divertor inside the torus.

In principle it would have been possible to design a system which following “the press of
a button” would carry out its task. For the JET design it was decided to include “aman in the
loop”, the operation of the tools being under the constant control of an operator. In the resulting
system the forces on the tool are re-created at the hand of the operator who can also seewhat is
happening on several screens providing different viewing angles. He even hearswhat ishappening
through a microphone on the boom. Figure 14.9 is a photograph of an operator in a remote
control room using the visual display to manipulate the tools inside the vessal.

i

Figure 14.9. The operator in a room remote from the torus using the Ohands-onO system of
remote control.

Separate tools were designed for specific tasks, and the operators practised the planned
tasks outside the vessel. A large number of unplanned tasks were also performed, involving the
replacement, repair and cleaning of various components.

The wide range of experience gained with the JET remote handling system provides a
basis for the more comprehensive requirements of a fusion reactor.
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15. SUCCESS

It is now time to assess the JET experiment. We shall first review the achievements in terms of
the stated aims of JET listed in Chapter 4 and then take a broader view. We shall see that the
enormous advance in understanding that has been made over the years, both by JET and the
world's other tokamaks, means that practically every area of the subject now involves issues
which were not even contemplated when the JET aims were specified.

First we look at the original aims of JET in turn, starting with the scaling of the plasma
behaviour with parameters approaching the reactor range.

Scaling of Plasma Behaviour

The central issue here was, and is, the energy-confinement time. The best tokamak in operation
when JET was proposed had a confinement time of tens of milliseconds. The step up to JET was
so largethat JET’ s confinement time was an open question, avery wide range of outcomes being
possible. It was then conceivable that the confinement time could be close to the neoclassical
value with the energy loss being determined simply by collisions - giving the best possible
confinement. In the other direction there was almost no limit to how bad the confinement might
turn out to be.

In the absence of knowledge, the simplest assumption wasthat confinement is determined
by adiffusive process and that the diffusion coefficients would be unchanged. The confinement
time would then scale as the cross-sectional area of the plasma. This assumption gave a
confinement time for JET of around one second. Given the enormous range of uncertainty this
estimate was remarkably good, the best confinement timein JET turning out to be 1.8 seconds.

However, one of the principa aimsof JET wasto replace such “ back of envelope” estimates
by as much precision as could be extracted from the experiments. It is obvious that to obtain the
most reliable scaling law, results from as many tokamaks as possible should be included in the
analysis. Thiswas carried out as an international collaborative effort, with the results from JET,
being the tokamak nearest to areactor, playing acrucial rolein the procedure. The results of this
massive endeavour weredescribed in Chapter 11. Over theyearsthe situation has been transformed
to one in which quite detailed features of the scaling laws are now debated.

Another role of JET has been to determine the scaling of the threshold power required for
transition to H-mode confinement. Sinceit is envisaged that areactor will operate in H-mode it
isclearly important to know how much power would be needed to reach thismode. The existence
of H-mode confinement was unknown when the aims of JET were specified, thisareaof research
has been one of many which were unforeseen when JET was designed.

Itisthereward of imaginative projects such as JET that they alow the exploration of such
unanticipated discoveries. Attention has now turned to the nature of theimproved core confinement
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which seems to be created by modifying the magnetic shear in the plasma, as described in
Chapter 11. This investigation clearly needs an accurate measurement of the magnetic field to
determine the magnetic shear and this has led to another development, the installation of a
system to measure the field using the motional Stark effect.

Plasma-Wall Interaction

Thefact that this part of JET'saimsis given the name plasma-wall interaction indicates the way
the problem was seen during the design phase. The plasma would be bounded by limiters, and
there would be recycling of neutral particles between the plasma and the wall. The problem
would be to limit the influx of impurities arising from these interactions.

The actual outcome was that JET would dispense with limiters and concentrate on the
development of divertors. It should be mentioned, however, that even in the JET design report of
1975 it was intended that the effect of a divertor would be examined at some stage.

During the early phase of JET, studies with limiter discharges led to an understanding of
the scaling of the edge density and temperature with the plasma density in ohmically-heated
discharges. Studieswere al so made of the erosion and redisposition of thelimiter surface material
and of the adsorbed deuterium.

The persistence of impurities in plasmas with limiters led to the conclusion that the flow
of particles and energy out of the plasmamust be led to a surface more remote from the plasma,
wheretheimpuritieswould be better controlled. Therefollowed several yearsof divertor research
and development, during which amuch deeper understanding of the requirements, and options,
for areactor became clear.

The increasing level of understanding gave rise to three successive divertors in JET as
described in Chapter 12. The design finally settled on a divertor structure which confined the
neutral gasand impurities, and used the neutral gasto radiate the power flowing from the plasma,
preventing localised deposition of the heat. This meant that the heat load requirements on the
material surfaces was much reduced, making this a possible design for a reactor.

A crucial question raised in the original JET design report was the choice of materialsfor
the plasma facing surfaces. The metal beryllium offered the lowest possible nuclear charge Z.
Beryllium atomshave only four electrons, with the potential advantage of minimising thedilution
of the plasma. However, researchers had shied away from beryllium, largely because of its
toxicity. Nevertheless, such difficulties were overcome and beryllium was introduced into JET
both as tile material and by evaporation onto the other non-beryllium surfaces. The hoped for
improvement inthe average Z value of the plasmawasfound, but surface melting of the beryllium
was also observed.

The other low-Z competitor was carbon. Carbon sublines rather than melts, and so the
problem of melting does not arise. It was possible to consider using carbon in a reactor if the
problem of releasing atoms from its surface under bombardment from the plasma could be
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overcome. Two difficulties arose.

The divertor design which radiates the energy, and produces a low temperature at the
divertor’s surfaces, successfully reduces the physical sputtering of carbon. However, it was
realised that there is another form of sputtering which isnot similarly reduced. Thisis chemical
sputtering in which hydrogen atoms arriving at the carbon surface undergo a chemical reaction
to form modul es, such as CH4, which then escape from the surface to become potential impurities
for the main plasma.

The second problem comes from the observation that, even when the divertor is operating
correctly, thereisalarger than expected release of impurities from the plasmafacing wall of the
vessel itself.

Most of the advancesin our understanding of “ plasma-wall interactions” summarised above
were unanticipated when JET was designed, and are the outcome of careful analysis of experiments
over many years.

Plasma Heating

When the JET design team started their endeavours in 1973 tokamaks were ohmically heated,
and the information about additional heating was scant indeed. Both neutral beam heating and
ion cyclotron heating were just being tried at alow level in several experiments. By the end of
1974 tokamaks had been heated by both schemes with powers of hundreds of kilowatts.
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Figure 15.1. The available ion cyclotron and neutral beam heating increased rapidly, both
reaching powers of over 20MW. The lower hybrid resonance heating was added |ater.

The uncertainties about confinement left the question of the required heating power a
matter for speculation and, furthermore, multi-megawatt heating systems had yet to be devel oped.

Four methods of heating were envisaged - adiabatic compression, neutral beam injection,
and wave hesting at the lower hybrid resonance and at harmonics of theion cyclotron frequency.
In the design report the aim was stated to be a study of “their efficiency in heating the plasma
into the reactor domain”.
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The experiments on compression heating were unfruitful, and significant lower-hybrid
heating was only introduced after ten years of JET operation. The devel opment of the other two
schemes - neutral beam injection and ion cyclotron heating - was very successful, the power
availableincreasing rapidly. Thefirst heating was 5 megawattsby |CRH in 1985 and 10 megawatts
of neutral beam heating in 1986. By 1988 both systems could supply about 20 megawatts. A
graph showing how the available power developed is given in Figure 15.1.

In addition to providing powerful heating, theion cyclotron system led to the discovery of
fast particle stabilisation of the sawtooth instability. Its capability to drive plasmacurrent, and to
do this in a controlled way, also allowed sawtooth stabilisation by local modification of the
current profile. The ability to control the location of the deposition with ion cyclotron heating is
one of its assets. However, the requirement of achieving efficient coupling to the plasma makes
it less flexible than neutral beam injection.

The neutral beam heating system turned out to be extremely reliable, and it became the
basic work-horse of plasma heating. The system achieved an unanticipated success when it was
used to inject the tritium in the two sets of deuterium - tritium experiments.

The heating systems transformed plasmas with ion temperatures of afew keV to plasmas
producing megawatts of thermonuclear power at temperatures up to 30keV. Because their
development went so well this achievement tends to be taken for granted. We must remember
that successwas not guaranteed, and depended on the solution of many complex design problems.

a-particle Production, Confinement and Plasma Heating

The studies of the behaviour of a-particles produced by fusion reactionsin JET mark the early
steps in the understanding of this crucial aspect of fusion reactors.

Therate of a-particle production in the deuterium - tritium experimentsiseasily measured
by counting the 14 MeV neutronswhich are produced at the samerate. Cal culation of the expected
rateis, however, more complex. The injected fast ions undergo fusion reactions before they are
thermalised and so, in addition to the neutrons from the thermal plasma, there are neutrons from
reactions between the fast ions and the plasma, and from reactions between the fast ions
themselves.

Calculationstaking account of theion temperature, the beam injection and the beam slowing
are found to give a neutron, and therefore a-particle, production rate which is consistent with
that measured. A timetrace of the cal cul ated and observed neutron rate for adischarge with peak
fusion power of 16MW is shown in Figure 15.2.

In the high fusion power plasmas, heating of the plasma by the a-particles was observed
as described in Chapter 14. The level of heating is not accurately known but comparison with
similar discharges using deuterium alone, with ion cyclotron heating substituted for a-particle
heating, indicated that the energy of the a-particlesis transferred mainly to the plasma. Thisis
encouraging because it implies that the a-particles are confined for atime at least long enough
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for the energy transfer to take place, and there is no evidence that the a-particles generate any
instability causing them to be lost.
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Figure 15.2. Time development of the neutron yield in the highest fusion power experiment.
Themeasured yield iscompared with expected yield cal culated using the plasma parameters.

The studies of the behaviour of a-particles produced by fusion reactionsin JET mark the
early stepsin the understanding of this crucia aspect of fusion reactors.

So, What are the Achievements?

We do not know when a useful fusion reactor will be produced, but it is certain that the JET
experiment will be seen as an enormous stride toward that goal. The progressin fusion research
has clearly been the result of aworldwide effort and of international collaboration, but JET has
been widely recogni sed astheleading experiment. Its contribution can be placed in five categories.

Firstly, thereisthe extension of tokamak operation into new realms. The plasma current of
7TMA achievedin 1988 was an order of magnitude advance over the currentsin tokamaks existing
when JET was designed, and was several times|arger than the current in the tokamaks operating
when JET was built. JET’s size gave it a special place in scaling studies, and the wide range of
continuously available diagnostics allowed a comprehensive analysis of the plasma behaviour,
particularly of the powerfully heated plasmas. The development of a tritium handling system,
and the system for the remote installation and maintenance of components inside the vacuum
vessel, are both achievements in their own right, and put in place technologies essentia for
development of fusion reactors.

The second areahas been the practical devel opments unforeseen at the outset. In particular
the achievement of H-mode confinement by introducing a separatrix into the magnetic geometry,
and the subsequent construction and study of three divertor systems. The divertor programme
led to experimentsin which the material surfaces were protected from the intense heat load by a
shield of radiating plasma. Another devel opment wasthe use of beryllium surfacesfor comparison
with carbon, with the resulting reduction of the effective impurity level. More recently the
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appearance of regions of high confinement within the plasma under conditions of low magnitude
shear hasled to amassive and continuing effort, both to understand and to utilise this unexpected
good fortune.

Thethird areais perhapsbest described as“Iearning by doing”. The most dramatic example
was the discovery of the effect of the loss of control of the so-called vertical instability. The
plasmaisnormally held rigidly in place by afeedback system, but when this system was fooled
by theinstability aforce of hundreds of tonswas unleashed, and acomplex of hew problems had
to be resolved. A careful study was also made of the pattern and mechanism of the disruptive
instability, demonstrating the role of radiation in producing an unstable configuration. The most
severe collapse of the plasmacurrent in disruptionswas shown to be due, not to plasmaturbulence
as had been previously assumed but rather to the, more mundane, sudden influx of impurities.
Another, somewhat surprising, cause of disruptions was the presence of very small “errors’ in
the magnetic field arising from slight asymmetries in the field coils. All of these discoveries
have implications for reactors, and it was important that they be uncovered at this stage.

The fourth category of achievements consists of the many experimental results which
were unexpected and which have aclear scientific content. Among these results, those connected
with the confinement and transport of plasmaenergy are quite mysterious and unexplained. One
example is the H-mode onset, which was thought to occur through the sudden appearance of a
transport barrier at the plasmaedge. Thediscovery that, at the onset, the transport can be affected
simultaneously over alarge part of the plasma was unexpected and still not explained. Another
unexplained phenomenon is the sudden change in the thermal conductivity by a factor three
over thewhole plasmaat thetime of the“ X-event”. The careful analysis of sawtooth oscillations
on JET hastransformed our understanding of the subject. The measured soft X-ray emission has
shown that the geometry of the instability and its growth rate are quite different from those
expected. The observation that the suddenness of the onset of the sawtooth collapse, as with the
ELM instability, was completely contrary to existing theory has led to the recognition of this
“trigger problem” as a fundamental challenge to plasma theory. The discovery of the motional
Stark effect in the spectrum emitted from JET led to its use in measuring the magnetic field, and
the analysis of neutral particles leaving the plasma led to the identification of highly energetic
deuterons produced in collisions with fusion a-particles. These examples are just some of the
highlights of scientific study of the JET plasmas which has been pursued in parallel with the
performance oriented programme.

Finally the major success has been thefulfilment of the stated aim of obtaining and studying
plasmain conditions and dimensions approaching those needed in a thermonuclear reactor - as
summarised above under the headings ‘ scaling of plasmabehaviour’, ‘ plasma-wall interaction’,
‘plasma heating’, and ‘a-particle production, confinement, and plasma heating’. This work,
with the achievement of plasma conditionswhich produce fusion power comparableto the heating
power, has enabled us to envisage what at reactor would be like and how it would behave.
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To end, let us return to the figure of merit nTtg which measures the proximity to reactor
conditions. In Chapter 9 the improvement on nTtg was plotted up to 1975. Figure 15.3 brings
the graph up-to-date and shows how the JET contribution has brought uswithin sight of areactor.

Future progress calls for the level of commitment, skill and originality which has been
shown by those who designed, built, operated and studied JET with great success and worldwide

acclaim.
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APPENDIX |

THE CHRONOLOGY OF JET
Design team starts work with Paul-Henri Rebut as Head.
JET-R5 Report outlines the objectives and the design.
Culham site chosen.
Hans-Otto Wister - first director.
Site work began.

(25 June) Operation began.

Plasmacurrent 3MA. Electron temperature, with ohmic heating, 2 keV.

(19 April) Official opening ceremony performed by Queen Elizabeth in the presence of
Francois Mitterand, President of France.

Pulse 1947 - vertical instability leadsto force of over 200 tonnes on the vacuum vessel,
calling for new vessel supports.

Paul-Henri Rebut becomes director on the death of Hans-Otto Wiister.
Plasma current of SMA.

lon cyclotron heating introduced - 6MW of power. Confinement degradation observed.
Electron temperature 5keV.

X-point operation demonstrated.
Radiation induced collapse in density limit disruptions observed.

Rapid sawtooth collapse inconsistent with Kadomtsev model.

Neutral beam heating introduced - 10MW of power, ion temperature 12keV.
X-point operation gives H-mode confinement.

Sawtooth instability stabilised with additional heating producing so-called monster
sawteeth.

Single pellet injection - peak density 2.5x10°m >,



1987

1988

1989

1990

1991

1992

Plasma current of BMA, exceeding the design specification.
Electron temperature 10keV.

g = 2 disruption limit verified.

Experiments with multi-pellet injection system.

LIDAR system installed.

Plasma current of 7MA.
Neutral beam injection reaches full power 21IMW - ion temperature 20keV.

With combined neutral beam and ion cyclotron heating atotal heating power of 35MW
achieved.

Pellet enhanced performance (PEP) - first internal transport barrier observed.

Confinement time of 1 second in ochmically heated plasma.

Introduction of beryllium tiles and beryllium evaporation.
Plasma temperature and neutron yield observed to collapse at “ carbon bloom”.

lon temperature exceeds 20keV.

lon cyclotron heating up-graded to 21IMW.

Prototype lower-hybrid current drive introduced - current drive up to IMA.

(9 November) Preliminary tritium experiment - 1.7MW pesk fusion power, 2MJfusion
energy.

Problem of sudden loss of performance - the X-event - recogni sed. Possibleimplication
of “carbon bloom”.

lon cyclotron current drive demonstrated, leading to sawtooth stabilisation by current
profile modification.

AC operation demonstrated.
Plasma maintained for 1 minute.
Confinement time of 1.8 secondsin ohmically heated plasma.

Steady state H-modes for 18 seconds.

Martin Keilhacker becomes director when Paul-Henri Rebut |eaves to become director
of ITER.

Toroidal field ripple experiments.

Shut-down for installation of divertor.
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1993

1994

1995

1996

1997

1998

1999

174

Installation of mark | divertor.

Plasma detachment in divertor.

New target tile arrangement eliminates carbon bloom, but sudden loss of performance
in high performance plasmas remains.

7MW of lower-hybrid power.
Saddle coils used for TAE experiments.

Steady-state EL My H-modes (20secs) with density and impurity control achieved with
mark | divertor.

Installation of mark 11 divertor.
Closed geometry raises divertor neutral pressure and so particle exhaust.
H-modes at 6MA.

Recognition that abrupt change of global of confinement state underlies the X-event.
Optimised shear plasmas devel oped with internal transport barriers.
Study of dimensionless scaling of confinement.

lon temperature exceeds 30keV.

The deuterium-tritium experiments - 16MW of fusion power, 13.8MJ fusion energy,
o-particle heating demonstrated, steady fusion power of 4AMW maintained for
4seconds, ion temperature 40keV.

Divertor replaced by gas-box divertor using fully remote handling.

Jean Jacquinot becomes director on the retirement of Martin Keilhacker.
Study of physics of internal transport barriers.

Inside-launch pellet injector installed and enhanced fuelling demonstrated.
Joint Undertaking ends - JET to continue.



APPENDIX 11

The success of JET was the result of the dedicated efforts of alarge number of scientists and
engineers. Many of their names appear in the bibliographies of the various chapters, but often
the author lists were too long and required truncation. To put this right three complete lists of
the JET team are appended bel ow. They are taken from particularly significant papers published
by theteam at different stages of the project. Thefirstisthelist fromtheLondon IAEA Conference
of 1984, thefirst such conference after JET cameinto operation. The second isfrom the Nuclear
Fusion article (Vol. 32, p187, 1992) reporting the first tritium experiment. Thethird istheteam
list from the Nuclear Fusion article (Vol. 39, p209, 1999) describing the record high fusion
power experiments.

1984 - THE FIRST EXPERIMENTSIN JET

P-H.REBUT, D.V.BARTLETT, G.BAUMEL, K.BEHRINGER, R.BEHRISCH?, E.BERTOLINI, C.BEST,
R.J.BICKERTON, FBOMBI, J.L.BONNERUE, A.BOSCHI, G.BRACCO? M.L.BROWNE, M.BRUSATI,
A.BULLIARD, D.JCAMPBELL, PG.CAROLAN?, J.CHRISTIANSEN, PCHUILON, J.G.CORDEY, S.CORTI,
A.E.COSTLEY, G.DECKER?, K.JDIETZ, D.FDUCHS, G.DUESING, R.K.FEMERY, W.W.ENGELHARDT,
T.ERIKSSON, J.FESSEY, M.JFORRESTS, C.FROGER, K.FULLARD, M.GADEBERG®, A.GIBSON, R.GILL,
A.GONDHALEKAR, C.GOWERS, B.J.GREEN, G.GROSSO®, N.C.HAWKES?, JHEMMERICH, M.HUART,
A.HUBBARD’, C.A.HUGENHOLTZ®, M.HUGUET, 0.N.JARVIS, B.E.JENSEN, E.M.JONES, G.E.KALLNE,
J.C.KALLNE, L.de KOCK, H.KRAUSE!, PKUPSCHUS, J.R.LAST, E.LAZZARO, PLOMAS,
G.M.McCRACKEN®, GMAGYAR, FK.MAST!, M.MEAD , PL.MONDINO, PMORGAN, A.W.MORRIS®,
L.NICKESSON, H.NIEDERMEY ERY, PNIELSEN, PNOLL, J.PAILLERE, N.JPEACOCKS®, M PICK, J.PPOFFE,
R.PRENTICE, C.RAYMOND, D.C.ROBINSON?, R.ROSS, G.SADLER, J.SAFFERT, V.SCHMIDT,
F.C.SCHULLER, K.SONNENBERG, M.F.STAMP. C.A.STEED, A.STELLA, PE.STOTT, D.SUMMERS.
A.TANGA, PR.THOMAS, G.TONETTI®, E.USSELMANN. PVANBELLE, H.VANDERBEKEN ,
JEVANMONTFOORT, M.L WATKINS. JAWESSON, TWINKEL, V.ZANZAZ, JZWART.

Euratom-IPP Association, Institut fir Plasmaphysik, Garching, Federal Republic of Germany.
Euratom-ENEA Association, Centro di Frascati. Italy.

Euratom-UKAEA Association, Culham Laboratory, Abingdon, Oxfordshire, UnitedKingdom.
University of Dusseldorf, Disseldorf, Federal Republic of Germany.

Euratom-Riso Association, Riso National Laboratory, Roskilde, Denmark.

Euratom-CNR Associaion, Istituto di Fisicadel Plasma, Milan, Italy.

Imperial College of Science and Technology, University of London, London,

Euratom-FOM Association. FOM Instituut voor Plasmafysica, Nieuwegein, Netherlands.

© ®©® N o 0 M w NP

Euratom-Suisse Association, Centre de Recherches en Physique des Plasmas, Lausanne, Switzerland.
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1992 - FUSION ENERGY PRODUCTION FROM A DEUTERIUM-TRITIUM
PLASMA INTHE JET TOKAMAK

P-H.REBUT,A.GIBSON, M.HUGUET, JM.ADAMS!, B.ALPER. H ALTMANN, A ANDERSEN?, PANDREWS,
M.ANGELONE* SALI-ARSHAD, PBAIGGER, W.BAILEY,B .BALET, PBARABASCHI, PBARKER,
R.BARNSLEY®, M.BARONIAN, D.V.BARTLETT, L.BAYLOR®, A.C.BELL, G.BENALI, PBERTOLDI,
E.BERTOLINI, V.BHATNAGAR, A.JBICKLEY, D.BINDER, H.BINDSLEVZ, T.BONICELLI, S.JBOOTH,
G.BOSIA, M.BOTMAN, D.BOUCHER, PBOUCQUEY, PBREGER, H.BRELEN, H.BRINKSCHULTE,
D.BROOKS, A.BROWN, T.BROWN, M.BRUSATI, SBR YAN, JBRZOZOWSKI?, RBUCHSE?, T.BUDD,
M.BURES, T.BUSINARO, PB UTCHER, H.BUTTGEREIT, C.CALDWELL-NICHOLS, D.J.CAMPBELL,
PCARD, G.CELENTANO, C.D.CHALLIS,A.V.CHANKIN8 A.CHERUBINI, D.CHIRON, JP.CHRISTIANSEN,
P.CHUILON, R.CLAESEN, S.CLEMENT, E.CLIPSHAM, J.P.COAD, |.H.COFFEY®, A.COLTON,
M.COMISKEY 10, S CONROY, M.COOKE, D.COOPER, S.COOPER, J.G.CORDEY, W.CORE, G.CORRIGAN,
S.CORTI, A.E.COSTLEY, G.COTTRELL, M.COX!!, PCRIPWELL'?, 0.Da COSTA, JDAVIES, N.D AVIES,
H.de BLANK, H.deESCH, L.deK OCK, E.DEKSNIS, F.DELVART, G.B.DENNE-HINNOV, G.DESCHAMPS,
W.JDICKSON'3, K.JDIETZ, S.L.DMITRENKO, M.DMITRIEVA'*, J.DOBBING, A.DOGL IO, N.DOLGETTA,
S.E.DORLING. PG.DOYLE, D.FDOCHS, H.DUQUENOQY, A.EDWARDS, JEHRENBERG, A.EKEDAHL,
T.ELEVANT’, SK.ERENTS!!, L.-G.ERIKSSON, H.FAJEMIROKUN'2, H.FALTER, J.FREILING,
FFREVILLE, C.FROGER, PFROISSARD, K.FULLARD, M.GADEBERG, A.GALETSAS, T.GALLAGHER,
D.GAMBIER, M.GARRIBBA, PGAZE, R.GIANNELLA, R.D.GILL, A.GIRARD, A.GONDHALEKAR,
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