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FOREWORD

Impressive progress towards the demonstration of the scientific feasibility
of controlled fusion and the design and construction of a controlled thermo-
nuclear power reactor was reported at the Seventh IAEA Conference on Plasma
Physics and Controlled Nuclear Fusion Research. The three volumes of these
Proceedings contain the contributed papers, summaries and discussions on the
magnetic confinement approaches to fusion, inertial confinement fusion and
fusion reactor engineering. These Conferences are now being held every two
years to keep pace with the rapid progress being made, the previous one being
held in Berchtesgaden, Federal Republic of Germany, in 1976.

The Seventh Conference was held by the IAEA in Innsbruck, Austria, from
23 to 30 August 1978. More than 500 participants and 38 observers from
32 countries and three international organizations attended. A total of 150
papers were presented at the technical sessions. The first session, on tokamak
experiments, was called the Artsimovich Memorial Session to commemorate the
contributions of Lev Andreevich Artsimovich to fusion research and to inter-
national co-operation in scientific endeavours.

The Proceedings are published in English as a supplement to the IAEA
journal "Nuclear Fusion".

The Agency promotes close international collaboration among plasma and
fusion physicists of all countries by regularly organizing conferences on con-
trolled nuclear fusion and by holding seminars, workshops' and specialists'
meetings on selected topics. The activities will, it is hoped, contribute to the
rapid use of this new source of energy to meet the world's future energy
requirements.



EDITORIAL NOTE

The papers and discussions have been edited by the editorial staff of the International
Atomic Energy Agency to the extent considered necessary for the reader's assistance. The views
expressed and the general style adopted remain, however, the responsibility of the named authors
or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.

Where papers have been incorporated into these Proceedings without resetting by the Agency,
this has been done with the knowledge of the authors and their government authorities, and their
cooperation is gratefully acknowledged. The Proceedings have been printed by composition
typing and photo-offset lithography. Within the limitations imposed by this method, every effort
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable,
consistency of units and symbols and conformity to the standards recommended by competent
international bodies.

The use in these Proceedings of particular designations of countries or territories does not
imply any judgement by the publisher, the IAEA, as to the legal status of such countries or
territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.

Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources.
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ARTSIMOVICH MEMORIAL LECTURE

E.E. KINTNER
Director, Office of Fusion Energy,
US Department of Energy,
Washington, D.C.,
United States of America

The first technical session of the Conference was called the Artsimovich
Memorial Session to commemorate Lev Andreevich Artsimovich. In this way the
International Atomic Energy Agency sought to celebrate one of the most
effective, talented and far-sighted contributors to the search for the realization
of nuclear fusion. An IAEA Conference was appropriate for this memorial not
only because of Artsimovich's contributions to the conference series — especially
to the First and Third — which were of significant importance, but also because
his contributions to international co-operation in the field of fusion (and other
fields as well) were outstanding.

Dr. Edwin Kintner, Director of the United States of America's magnetic
confinement fusion programme, delivered the Artsimovich Memorial Lecture
and was introduced by Dr. R.S. Pease, Chairman of the International Fusion
Research Council.

Lev Andreevich Artsimovich said in 1970: "There can be no doubt that our
descendants will learn to exploit the energy of fusion for peaceful purposes even
before its use becomes necessary for the preservation of human civilization."

It is a high honour to have been asked to deliver this first Artsimovich
memorial lecture. I approach the task with deep humility. It is a difficult assign-
ment for me because I did not know Academician Artsimovich personally. However,
I will do my best to convey to you the character of the man and his contribution
to the great enterprise to which we are all so deeply committed.

My personal knowledge of Artsimovich began during a visit of the Joint Fusion
Power Coordinating Committee to the Soviet Union in the summer of 1976. On
our first quiet day in Moscow, Mel Gottlieb insisted that we find Artsimovich's
grave. It seemed strange to me to visit the grave of a man who had been buried
for several years with all of Moscow to visit, but the rest of the group agreed that
was an appropriate thing to do, so we found our way to the Novodevichi Monastery
where so many of Russia's great and near great are buried.
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As a result of and following that visit I learned much more of the life and
works of Lev Andreevich Artsimovich. He was born in Moscow, the son of a
university professor, a graduate of the State University in Minsk, head of a major
department at the Kurchatov Institute, and recipient of the Lenin prize in 1958.
From 1950 until near the time of his death five years ago, Artsimovich was in
charge of the Soviet programme in controlled thermonuclear research.

But those simple biographical facts are familiar to most of you. They do not
explain the special respect in which Artsimovich is held throughout the world of
science. That level of respect could be earned only by an outstanding personage —
a man of unusual qualities in a number of different directions. He was, of course,
a brilliant scientist with a remarkable grasp on both the philosophical and material
aspects of science as a whole. That grasp was supported by an instinct for the
central point in any scientific problem, by a critical sense of technical Tightness, and
by skepticism tempered with hope and enthusiasm.

Brilliance as a scientist does not alone explain Artsimovich's special influence
on the history of fusion. There had to be other important characteristics to
explain his contribution to controlled thermonuclear fusion.

First, he was unusually human in the way he related to his fellow men, even
when the relations involved sharp technical criticism; and human in the humour
and wit he exhibited in his interpretation of his work. I believe the ability to be
truly witty, the ability to recognize humour in the most serious of endeavours, is
the mark not only of a great mind, but of a great personality. I would like to quote
several of Artsimovich's humorous comments. The first is one experimentalist
view of theoreticians:

"Our relationships as experimentalists with theoretical physicists
should be like those with a beatiful woman — we should accept with
gratitude any favours she offers, but we should not expect too much
nor believe all that is said."

The second quotation describes the conservatism of some scientific bodies:

"If one proposed to the Royal Society a two-wheeled vehicle for
personal transportation, they would immediately conclude that it was
impossible because it is clearly and absolutely unstable."

The third comment summarizes the great difficulties of fusion:

"Confining a fusion plasma is like riding a one-wheeled bicycle."

But Artsimovich felt there could be rewards from fusion more than the generation
of useful energy:

"Every housewife should have her own 'pinch'."

Finally, he stated his own view of why scientific endeavours deserved governmental
support:
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"Science is a way to pursue one's sense of inquiry at the expense
of the State."

Those of you who knew him will remember many more wise and witty remarks.
So what did this man, a brilliant mind with unusual intellectual honesty,

sharp wit, and forceful personality, achieve?
Although Artsimovich did not conceive the tokamak idea, he quickly

perceived its possibilities, nurtured the concept from its infancy, recognized and
clearly enunciated the fundamental principles which made its potential for plasma
confinement so great, demonstrated that potential in his own laboratory, and then
convinced the rest of the world. Now, worldwide, the tokamak is clearly the
leading experimental device for confining plasmas.

We in the United States owe him a special debt of gratitude for convincing
our fusion community that the tokamak was superior to the concepts on which
we were then working. Even after the exciting results reported at the Novosibirsk
meeting in 1968, the United States did not appreciate the significance of Soviet
tokamak work. It was Artsimovich's lectures at MIT in the spring of 1969
following the British Thomson scattering experiments at the Kurchatov Institute
that changed all that dramatically. The MIT lectures are classic in the purity of
the basic insights into the physical principles involved and the clarity of the
presentation. Of course, there was great reluctance in Great Britain and the
United States to accept as valid tokamak advances after so many disappointments
with other ways of confining plasmas, but the lectures at MIT led quickly to the
ST at Princeton and the ORMAK at Oak Ridge and thence to a diversion of the
mainline of the US programme away from stellarators towards tokamaks.

From that decision have come the remarkable developments which have taken
place in the United States programme, both in its growth and in its scientific
achievements in confinement of plasmas.

Those of us in the programme now very often forget how rapidly progress
has been made. At the time of the reporting of the fundamental promise of the
tokamak principle in Novosibirsk in 1968, the best parameters which had been
achieved were an m of 3.5 X 10u and an ion temperature of 300 eV. In the
decade since that time, wr has been improved by a factor of almost 100, and
temperature by a factor of more than 10.

The rapid progress of the past decade is continuing. In recent experiments,
Princeton has achieved significantly higher temperatures than heretofore, earlier
than expected and in stronger form than expected. These results provide increased
confidence that the scientific feasibility of fusion will be completely demonstrated
in the Tokamak Fusion Test Reactor. They have provided essential scientific
information which confirms that our thinking of magnetic fusion is correct. We
believe them to be of great significance not only to the US fusion effort, but to the
world fusion community. I am sure Academician Artsimovich would have been
highly gratified by this further confirmation of the validity of his work.
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So the Artsimovich contribution was not simply to select a confinement
scheme and demonstrate its possibilities, but to point the direction — based on
sound understanding and judgement of the natural phenomena involved - which
fusion research has so successfully followed, not only in the Soviet Union but
worldwide.

Another result of the significant influence of Professor Artsimovich is in the
uniquely international relationships which fusion represents. Artsimovich's
personal leadership was fundamental in advancing the cause of international
scientific collaboration. He believed about science as a whole, and especially for
fusion, that close collaboration on a world scale was vital to success. He stated
this viewpoint so strongly and so well in a paper he presented twenty years ago at
the Second Geneva Conference that I would like to quote it:

"A most important factor in ensuring success in these investigations is
the continuation and further development of the international co-operation
initiated by our conference. The solution of the problem of thermonuclear
fusion will require a maximum concentration of intellectual effort and the
mobilization of very appreciable material facilities and complex apparatus.

This problem seems to have been created especially for the purpose of
developing close cooperation between the scientists and engineers of various
countries, working according to a common plan, and continuously exchanging
the results of their calculations, experiments and engineering developments.

The combining of efforts on an international scale in the field of
controlled fusion reaction investigation will undoubtedly shorten the time
needed for us to arrive at our ultimate goal."

Artsimovich's thoughts about the need for international cooperation in fusion
were reciprocated by scientists in other nations who recognized the great future
importance of fusion and its freedom from military or proprietary implications.
The United States and Great Britain had been working together under the Libby-
Cockcroft agreements for several years and the USA opened all its work and results
in the Second Geneva Conference in 1958.

Where has this mutual recognition of the need to work together in developing
fusion for the benefit of all mankind led? This Conference is, itself, an important
example of the distance fusion has travelled under the leadership of the IAEA
towards full, open scientific co-operation on a world scale. There are other
examples. The close collaboration under the Bi-lateral agreement between the
United States and the Soviet Union provides upwards of one hundred man-weeks
of scientific exchange each way each year, with many workshops and conferences.
This collaboration between the US and the USSR has contributed much to the
progress being made in the United States, and I hope and believe the same can be
said for its benefits to the Soviet programme.
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There is a strong and growing collaboration through the International
Energy Agency agreements for work on plasma-surface interactions on
TEXTOR at Jiilich, the Large Coil Project at Oak Ridge National Laboratory, and
on projects for fusion materials research facilities at Los Alamos Scientific Labora-
tory in New Mexico, and Hanford Engineering Development Laboratory in
Hanford, Washington.

The United States and Japan are presently discussing ways so strengthen
the relationships for fusion development between our two nations.

Furthermore, there are proposals through both IAEA and IEA channels for
closer working relationships in planning programmes and projects so as to eliminate
duplication, share facilities, and assign responsibility for solving specific fusion
problems. One such proposal — that by Academician Velikhov, Artsimovich's
successor as leader of the Soviet programme, in Vienna in June of this year —
that the next large fusion device should be built on an international basis, is
being vigorously discussed. I expect that concrete actions resulting from that
proposal will commence shortly. In this instance the IAEA is considering a series
of workshops, made up of three persons each from the USSR, Japan, Euratom
and the US, to be convened intermittently for a period of one year to concep-
tualize and define the objectives and scope of the next large fusion device.

These unprecendented initiatives stem, I believe, from a growing consensus,
beginning with attitudes and principles for international collaboration expressed
by Artsimovich, that fusion offers a unique opportunity for co-operation between
nations on a problem whose solution is vital to the survival of the entire race on
this planet. There are no military and no immediate proprietary or commercial
threats in fusion. Therefore, if we are able to work together towards solving
this problem in a mutually beneficial, synergistic way, we may establish precedents
for solving important future problems which are inevitable for the world's popu-
lation riding a limited sphere through space, a sphere which contains increasingly
limited resources, and on which war with thermonuclear weaponry is unacceptable
as a basis for deciding the distribution of those resources.

The nations of the world are now spending a total of approximately one
billion dollars per year equivalent on research in controlled thermonuclear fusion.
Even that is not enough considering the massive implications and similarly massive
problems of developing fusion to practicality as the ultimate energy resource. So
we must carry forward with our efforts to gain maximum possible progress by
making our co-operation and collaboration increasingly effective.

In this connection it may be interesting to note that the US Department
of Energy has been reviewing the prospects and status of the US fusion programme
for almost a year. The review included as a major element an analysis of the
balance and pace of the programme by a group of eight respected scientists.
I am glad to report my expectation that, on the basis of that extensive review, the
momentum and breadth of the US programme will be maintained.
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Finally, I would like to speak on a thought first proposed by Artsimovich
which seems especially pertinent to our circumstances and for the individuals and
programmes whose leadership is represented so well in this auditorium. Artsimovich
wrote in 1970 that there were three main reasons for mastering controlled nuclear
fusion — first, it would provide access to practically inexhaustible energy sources;
second, it did not require formation of great quantities of radioactive byproducts,
and finally — a philosophical reason — success in developing fusion for the
practical benefit of all mankind would re-establish the self-confidence of scientists
in themselves and in science.

He was then speaking of the fact that "in this area of research the self-
confidence of physicists has sustained a very powerful blow", referring to the early
over-optimism and resultant defeat and pessimism in plasma research. I would
like to extend the thought to include the self-confidence of scientists and the
respect in which science is held in all scientific endeavour today.

In the United States, and I sense to some degree in the rest of the world,
science has lost its own internal confidence and the confidence of the lay public
in it. The assumed certainty that it is "good" to penetrate the dark corners of
nature with the illumination of the human mind is being questioned. Science is
held responsible for the doubts that it has raised about the existence and nature
of God, as explained by medieval man, with all the moral questions those doubts
raise. Science is blamed for the development of weapons which can end civilization
in seconds. Science is charged with providing the modern industrial processes
which contaminate the environment and allow the population to increase to the
point that life is not as full as many wish. Science is feared when it begins to
experiment with the more fundamental aspects of genetics. And so, in many
places, there is a turning of the back on science and scientists, at least in those
areas which might be oriented towards further development of modern applied
technology. Some scientists have accepted this value judgement. Many of the
most brilliant have turned from working on or supporting any subject, including
fusion, which might have direct, practical results.

Perhaps it is precisely in this context that we should examine and try to
learn from the life and contribution of Lev Andreevich Artsimovich. If we in the
fusion community can build on the great beginning which has been made and
carry forward with the development of fusion — hopefully, optimistically,
enthusiastically working together toward providing unlimited energy, the funda-
mental energy of the universe, in a controlled, environmentally benign manner -
we can once more believe in ourselves and in science as the noblest, most con-
structive activity to which the mind of man can be turned. We may help
re-establish that no one need fear shining the bright searchlight of the human
mind on the many remaining dark corners of our understanding of the universe
around us.
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We have made great progress in that direction. We are on the threshold of
accelerating our page. We are not yet at "the beginning of the end", but we
may be "at the end of the beginning" of the most difficult technological develop-
ment man has ever attempted. We can and should proceed from this point with
confidence — the confidence Artsimovich expressed in the quotation with which
I began, "Nevertheless, there can be no doubt that our descendants will learn to
exploit the energy of fusion for peaceful purposes".
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PLASMAS IN THE PLT TOKAMAK*
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G. TAITt, M. ULRICKSON, S. VON GOELER
Plasma Physics Laboratory,
Princeton University,
Princeton, New Jersey,
United States of America

Abstract

RADIATION, IMPURITY EFFECTS, INSTABILITY CHARACTERISTICS AND TRANSPORT
IN OHMICALLY HEATED PLASMAS IN THE PLT TOKAMAK.

Titanium-gettered deuterium plasmas, with graphite or steel limiters to define the plasma
minor radius, have Zeff as 1 for 3 X 101 3<n e< 1 X 1014cm"3. In ungettered discharges the
density limit set by disruptions is about half the value in gettered discharges. The bolometrically
measured energy flux from the whole plasma volume is 80-100% of the Ohmic input power for
ungettered discharges and 50-70% for gettered ones. The structure of MHD modes continues to
be intensively studied by means of soft X-ray detector arrays; however, the connection with the
disruptive instability remains unclear. Microinstabilities, studied by means of a 2-mm homodyne
scattering system, appear to be of sufficient magnitude to influence energy and particle trans-
port. Ion energy confinement times in the central region of the plasma have been estimated to
be 50— 100 ms. Gross electron energy confinement time increases linearly with density at
constant temperature. The longest electron energy confinement times observed are ~ 40 ms in
dense gettered discharges, giving total energy confinement times ~ 80 ms.

* Work supported by the US Department of Energy Contract No.EY-76-C-02-3073.
* Permanent address: Department of Physics and Astronomy, University of Maryland,

College Park, Maryland, USA.
* On leave from Centre d'etudes nucleaires de Fontenay-aux-Roses, France.
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INTRODUCTION

This paper describes, in Section 1, the control of impurities in the
PLT tokamak, and, in Section 2, the consequences with respect to radiated
power and the electron energy balance. The present status of particle con-
finement is summarized in Section 3, and the continuing studies of the
macro- and microstability of the plasma are reported in Section 4,

The machine and plasma parameters for which the present results were
obtained are the following: B T = 32 kGauss; 350 < Ip < 550 kA; 10

13 <
ne < 10

14 cm"3. Deuterium plasmas were generally used. The stainless-steel
vacuum vessel has major and minor radii R = 130 cm and b £ 50 cm. The
standard plasma minor radius is 40 cm. An aircore winding is used to induce
the plasma current; radial equilibrium of the discharge is maintained with a
feedback controlled vertical field. The rate of gas injection during the
discharge—usually at one, sometimes at two locations—can be either pre-
programmed or controlled with a feedback loop on the basis of plasma density
and/or the internal inductance of the plasma current.

1. IMPURITY CONTROL

To improve the PLT plasma parameters and to provide the clean target
plasma needed for effective neutral beam heating, we have made a particular
effort to reduce the level of plasma contamination by both light and heavy
impurities: i.e. oxygen, carbon, tungsten and stainless-steel components.
The problem of oxygen and carbon was attacked first using low-power dis-
charges in hydrogen [Taylor Discharge Cleaning (TDC)] [1] and subsequently—
with more interesting results—using titanium gettering [2,3]. Tungsten,
when used for the aperture limiter, was a serious contaminant in all but
high-density gettered discharges, and neutral beam injection raised its
concentration to even less acceptable levels. This problem was. finally
solved only when all tungsten limiters were removed from the machine and
replaced by graphite and stainless-steel limiters. The materials from these
are much less injurious to the plasma parameters, and the limiter structures
have displayed no serious thermal or mechanical problems.

The TDC procedure, whether performed with AC or DC pulses, has been
shown to be much more effective for removing oxygen (as H2O) than discharge
cleaning with normal tokamak pulses [1,4,5] and is at least as effective for
removing carbon (as CH4). Before any titanium had been evaporated inside
the PLT vacuum vessel, a typical quasi-equilibrium pressure for H2O or CH4
during TDC was 3 x 10"7 torr, and typically -25 hours of cleaning were
required after a major vacuum opening to reach this level again. With fresh
titanium on the vessel wall, the TDC-induced increase in the partial pressure
of H20 is negligible (~10~

9 torr), while the methane level depends on the
previous operating history. After a series of high power pulses with the
graphite limiter it may reach 2-3 x 10~7 torr. Exposure to atmosphere either
saturates or poisons the titanium, and the TDC rates of removal of H2O and CH4
become comparable with the pre-titanium rates, until fresh titanium is once
more evaporated. This behavior is shown in Fig. 1.

Titanium getters (Varian 'Ti-Ball'), mounted on extensible drives for
automatic insertion into the vacuum vessel between regular pulses, have been
used to evaporate titanium in up to three locations, at nominal rates of
0.2-0.5 g/hour per unit, and with an 'on' time between pulses of 3-5 minutes.
With gettering, it has not been difficult to obtain initial oxygen concentra-
tions of 5 x 10^° cm"3, a factor of two or three below the best TDC values
obtained in PLT. The oxygen level also tends to be lower during the
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FIG.2. Oxygen levels with TDCand Ti gettering. (A) After TDC, oxygen level tends to rise
with successive high power pulses. (B,Cj With recurrent gettering between discharges, oxygen
levels remain constant, at high (7X 10i3cm'3) and low (2.5X 10n cm'3) average densities,
respectively.

quasi-steady phase of the discharge (assuming the lfvel to be proportional to
the strength of the OVI resonance lines at 1032-37 A, normalized to the mean
plasma density). Most importantly, the recurrent evaporation of titanium can
keep the oxygen level from increasing gradually during a series of discharges,
as it would normally tend to do following the termination of discharge
cleaning (Fig. 2) . Line average densities of -1 * 101-4 cm"3 have been
obtained in gettered deuterium discharges. The assumption that this approxi-
mate doubling of the previously attainable maximum density in deuterium is
the result of lower oxygen concentration is supported by the observation
that disruptions at the higher density still occur when the power radiated
by oxygen, as estimated spectroscopically, is a third or more of the power
input (Cf. Fig. 5-b), similar to what is seen in ungettered discharges.
Equally important is the sharp reduction of the hydrogen recycling rate:
when the gas flow is shut off during the discharge, density decay times as
short as 100 msec have been observed- This effect has improved the dynamic
range of the feedback system that links the gas inflow rate to the plasma
density, and also has allowed us to inject neutral beams into target plasmas
with densities as low as ne - 1 x 10

13 cm"3 (Fig. 3), with striking conse-
quences for the ion temperature rise [6].
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FIG. 3. Feedback control of density and internal inductance with gas injection. Bars indicate
reference wave forms; unbarred quantities indicate measured values: density ne from 2-mm
microwave interferometer; 0 + S.i/2 (Shafranov notation) from poloidal field measurements.
Upper diagrams: high density case. Lower diagrams: low density case.

The original PLT limiters were of tungsten and consisted of a movable
top-bottom pair of r a i l l imiters , and of a fixed pair of in-out l imiters at
43-44 cm.. Auger analysis of thin films deposited on t e s t surfaces, which
showed tungsten concentrations of -15% [7] , indicated that tungsten was
also present on the vacuum vessel wall. Nevertheless, one or two discharges
after retraction of the top-bottom tungsten limiters to 45 cm and insertion
of a graphite one to 40 cm, tungsten in the discharge had fal len to spectro-
scopically [8] undetectable l eve l s , without s ignif icant change in the oxygen
and carbon levels but with a r ise in Te (Fig. 4 ) . Therefore the l imiters ,
much more than the wall , were the source of the tungsten in the discharge,
and sputtering of wall material by energetic neutrals i s evidently not an
important source mechanism in ohmically heated discharges.

Because of i t s high radiation efficiency 19], tungsten i s a particu-
larly troublesome plasma contaminant. Even in oxygen-rich discharges with
well-peaked electron temperature prof i les , tungsten typical ly radiated away
half the ohmic power (-1 W/cm3) delivered to the plasma core [10]. With
ohmic heating only, i t was possible to minimize the tungsten influx with
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FJG.4. Changes in concentrations of tungsten and carbon when graphite limiter is substituted
for tungsten limiter. Indicated tungsten level after change is spectroscopic background level.

careful programming of the gas inflow, and in the case of gettered deuterium
discharges with ne > 7 x io

13 cm"3, even to reduce the concentration after a
few hundred milliseconds to negligible levels. But at lower densities
deleterious influxes of tungsten persisted when neutral beams were injected,
until all tungsten limiters had been permanently removed. Whether the tung-
sten on the wall would have been a source of contamination if titanium
gettering had not been used is an unanswered question. The top-bottom
movable rails have been replaced by two movable pairs: one pair of water-
cooled ATJ graphite, the other of 305 stainless steel. The in-out limiter
pair was replaced with curved stainless-steel segments (radius = 45 cm)
having an unexposed molybdenum core. The choice of steel rather than
graphite for the in-out limiters, which are not usually in close contact with
the plasma, was the outcome of balancing the risk of having more iron (and
the associated chromium and nickel) in the discharge, against the likelihood
of large amounts of carbon being deposited on the vacuum vessel wall as a
result of damage by disruptions or runaway electrons.



IAEA-CN-37/A-1 17

Techniques that minimized tungsten influxes serve for the present
limiters as well:

A) Optimization of start-up conditions. Rapid penetration of the cur-
rent and shrinkage of the current channel appear to minimize the
influx of limiter material. These conditions can be attained by
adjusting the filling pressure and gas inflow rate during initiation
of the discharge to levels 5-10% below those at which the available
loop voltage is insufficient for full ionization. The internal
inductance of the plasma is a convenient monitor of the current
distribution and serves with the plasma density as'a control input
for the gas inflow servo loop (Cf. Fig. 3).

B) Creation of a cold peripheral buffer zone. The qualitative recip-
rocal relation between light and heavy impurities has long been
noted [11, 12, 13] and also applies to PLT (Fig. 5). The important
parameter is apparently the temperature at the plasma edge (Fig. 6),
which, through its relation to the limiter sheath voltage, has an
obvious bearing on either sputtering by highly charged impurity
ions [7] or homopolar arcing [14]—the commonly suggested mecha-
nisms for the emission of limiter material. Light impurities,
especially oxygen, when present in sufficient quantities (i5%) to
radiate to the wall a large fraction of the power flowing out to
the plasma periphery, are effective agents for depressing the edge
temperature and lowering the metallic impurity influx. In dense
helium plasmas, helium radiation is similarly effective. In
hydrogen plasmas, poloidal and toroidal asymmetries make the role

of Lyman radiation difficult to evaluate, but it may be signi-
ficant for the power balance at the higher densities where recycling
tends to increase. Enhancement of the recycling rates of light
impurities in the plasma periphery would also result in lower edge
temperatures, and has been induced under some circumstances with
RF power [15]. (For a fixed influx rate of a given impurity,
enhanced transport would result in a lower equilibrium concen-
tration.) High rates of gas injection appear to induce a similar
effect.

Over the run of discharges, changing from steel to graphite limiters
while maintaining roughly the same plasma density increases carbon light
emission by factors of 2-3, with a similar reduction in iron light. With
peak electron densities of about 4 x lo 1 3 cm"3, the iron concentration drops
from typically 1-2 x 10 1 1 cm"3 to 3-5 x 10 1 1 c m , and the carbon concen-
tration rises from -3 x 10 1 1 to -1 x 10 1 2 cm"3. These numbers are not uni-
versal since the plasma composition, including iron and carbon, is also
strongly affected by the hydrogen influx rate and gettering. Oxygen,
usually the most prevalent impurity, is affected particularly strongly by
gettering, and may vary in concentration from <5 x lcA*-1 cm"3 to
~5 x lO1* cm"3. In the upper end of this range, oxygen radiation may contri-
bute significantly to peripheral cooling and the plasma resistivity; in the
lower end of the range, the effects of oxygen are negligible.

After intensive gettering, titanium is typically present in the plasma,
but in amounts smaller than iron. Radiation by metallic impurities (Fe, Cr,
Ni, Ti) constitutes a negligible fraction (<0.1) of the ohmic power input at
high plasma densities, but may rise to -0.3 at very low densities, where
metal impurities appear to be the main source of radiation loss.
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Closed circles: Ohmic heating only without gettering; open circle and crosses: with gettering
and supplementary neutral beam heating (~ 0. 7 MW).

2. ENERGY FLOW

The gross features of the energy flow in PLT ohmic discharges are given
below [10]. In ungettered discharges:

A) <15% of the input power goes to the limiters.

B) >85% is detected bolometrically.

C) Energy losses from the plasma core are predominantly by conduction
and convection, except in those pathological cases with tungsten
limiters where radiation losses were in nearly detailed balance
with input power.
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FIG.8. Electron temperature and density profiles (Thomson scattering).
Discharge with carbon limiter: Zeff= 1.1; TEe=48 ms; Ip=475kA; VL= 1.50 V; ne= 7X10Bcm'3.
Discharge with stainless steel limiter: Zet(=].l; rEe= 38 ms; Ip = 384 kA; Vh= 1.50 V;
ne=9.3X1013crn':3. Profiles taken at 600 ms.

In gettered discharges:

A) -25% of the total olunic input power, averaged over the duration of
the discharge, is collected by the limiters; during the quasi-steady
phase the rate may be 30-50%.

B) The bolometrically measured fraction, in some cases, drops to half
the input power during the quasi-steady phase. The rates are higher
at the beginning and end of the discharge.

C) Energy losses from the plasma core are mostly by conduction and
convection.
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Until recently all bolometric measurements were made with two instru-
ments: a wide-angle unit located 4 cm beyond the vacuum vessel wall, and a
narrow-angle scanning bolometer set 35 cm back of the wall. The agreement
between these two (±10%) should rule out any substantial charged particle
contribution to the bolometric signals, leaving radiation and hot neutrals
as the primary constituents of the energy flux to the bolometers. Spectro-
scopic radiation measurements vary more with discharge conditions than the
bolometric measurements, and account for less than a third of the bolometric
signal for gettered discharges with low iron content. Future measurements
of the neutral flux at energies down to ~30 eV may help to resolve the pre-
sent uncertainties about the actual composition of the energy flux to the
bolometer; in the following discussion 'radiation1 refers simply to the
bolometer signal and 'transport' to conduction and convection.

Figure 7 displays the balance between transport and radiation within the
plasma for several discharge conditions with a graphite limiter. Whereas
with tungsten limiters a large fraction of the power input was normally lost
directly from the central plasma core as tungsten radiation, with graphite
limiters and no gettering the radiation loss is confined to the peripheral
zone, which constitutes a virtual limiter as shown by Fig. 7-a. With
gettering the total radiation drops (Fig. 7-b,c), independently of the
limiter material or the density. Iron and other metal impurities yield some
radiation loss from the center, but it is always a minor fraction of the
power input, as noted above. Supplementary heating with neutral beams
(Fig. 7-d) results in a sharp rise in total radiation, but again less than
the rise in input power. (However, in very low density discharges the
anisotropy of the hot neutrals complicates the Abel inversion of the
bolometer signals.) About 25% of the total ohmic energy can be detected
on the limiters and roughly 15% of the beam energy, essentially inde-
pendent of density. The limiter fraction of the ohmic energy is signifi-
cantly higher than in the ungettered discharges, but the deposition rate
during the quasi-steady phase of the discharge has not been explicitly
measured. Since the measured thickness of the scrape-off layer is only
1-2 cm and the plasma-wall separation is 10 cm, that power which is not
measured bolometrically is presumably deposited on the limiters.

The gross electron energy confinement time, T E e (total electron energy/
total power input), is a useful characterization of the energy balance.
Values of Tge and of other plasma parameters are derived primarily from pro-
files of electron temperature and density obtained with a multi—channel Thom-
son scattering system [16]. Shown in Fig. 8 are two sets of representative
profiles from which the total electron energy at a given time is calculated.
Figure 9 presents a selection of data thus obtained for about a hundred
ohmically heated deuterium and hydrogen discharges; gettered and ungettered,
and with carbon and steel limiters. Shown as a function of density are Zeff,
Te(0) and TEe. In respect to these quantities, the following conclusions
can be drawn:

A) There is no systematic difference between discharges with carbon
and steel limiters, except—possibly—in regard to the high density
limit. Probably there is no inherent difference even in this limit.
For gettered hydrogen or deuterium discharges the highest density
achieved is n e = 1 * lO

1^ cm"3; for ungettered discharges, however,
a line average density of 5 x 10 1 3 cm is near the practical
density limit.

B) There is an obvious difference in Zeff for gettered and ungettered
discharges (Fig. 9-a,b). The rise in Zeff-1 with diminishing den-
sity for the gettered discharges is at least as rapid as n , so
that the low-density discharges actually have a higher absolute
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impurity content than the denser ones. (The main contaminants
appear to be stainless-steel components.) One notes that this
density dependence fits, more or less, a constant radiated power
model.

C) Central electron temperatures cover the same range in gettered and
ungettered cases (Fig. 9-c,d).

D) Electron energy confinement increases with density in both gettered
and ungettered cases, but at quite different rates (Fig. 9-e,f).

The main factor behind the disparity in confinement displayed by Fig. 9-e,f
is the plasma temperature, which is always low for dense gettered plasmas.
Fig. 10-a shows that the confinement time normalized to the density is well
correlated with the average electron temperature, while displaying little or
no correlation with Zeff (Fig. 10-b) . Correspondingly, gettered and unget-
tered plasmas of like density and temperature display the same global con-
finement. That they should do so is consistent with more detailed analysis
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of the power balance, which generally shows that the outer plasma zone—
where gettering most strongly affects the radiation level—does not contri-
bute much to the thermal isolation of the plasma core, where most of the
plasma kinetic energy is stored. A clear relation between the empirical
thermal conductivity and the electron temperature has not yet emerged.

The ion energy balance in ohmically heated plasmas has been studied pri-
marily in ungettered discharges, at medium densities (2 x 1013 < ne <
4 x 10^3 cm" )[17]. Ion temperature profiles were obtained from charge-
exchange spectra and Doppler broadening of oxygen and carbon impurity lines.
The ion energy containment time in the central region of the plasma, for
these discharges, was estimated to be 50-100 msec. Within the uncertainties
in Z e f f and q(r), the T^ profiles can be matched assuming Coulomb collisions
between ions and electrons and the Hinton-Rosenbluth value for the ion
thermal conductivity [18], and taking into account the losses related to the
neutral background. However, anomalous losses comparable to the neoclassical
ones cannot be excluded.

3. PARTICLE CONFINEMENT

The variation of the particle influx rate with toroidal position has
made difficult an accurate measurement of particle confinement times;
however, estimates based on measurements at two or three locations around
the torus indicate values within the range from 10 to 100 ms, the shorter
times applying during prolonged density buildup when higher rates of forced
gas influx are employed. Such confinement times tend to be longer than the
plasma energy confinement time at low densities, and much shorter at high
densities, but in any case much shorter than the neoclassical values. In
high-density helium discharges, particle replacement times shorter than the
energy confinement times were also observed, implying the presence of a
strong recycling mechanism at the plasma edge. For these discharges, a
Monte-Carlo calculation of the neutral density was performed to estimate
the local electron source function, particularly in the interior of the
discharge. The calculation used measured density and temperature profiles,
particle recycling times, and edge neutral energies. The calculated local
source function was found to be up to an order of magnitude less than that
required simply to account for the measured rise in plasma central density.
A net inward flow of particles (-5-10 cm/sec) over roughly the inner third
of the discharge would account for the observed density profile.

The behavior of plasma impurities is qualitatively similar to that of
the main plasma ions. Measurements of OVI and CIV resonance line radiation
have been compared with the prediction of a one-dimensional transport code
which takes into account the different collisionality regimes. The power
radiated is typically 3-10 times greater than that predicted on the basis of
neoclassical impurity transport, and implies a significant anomalous trans-
port and recycling in the plasma periphery; it is not consistent with
impurity accumulation in the center.

High-Z impurities (W, Fe and Ar), like both low-Z impurities and the
main plasma, also exhibit a finite particle confinement time—again on the
order of the energy confinement time and short compared with the pulse
length. In high-density experiments in which the density increases through-
out the pulse, the radiation by tungsten and iron impurities decreases
dramatically throughout the pulse. Neon injected into discharges with a
tungsten limiter also resulted in a very rapid (T - 35 msec) decrease in
tungsten radiation from the center [19]. In both experiments it appears that
the metal impurity influx is decreased, probably as a result of lower edge
temperatures. In an experiment with argon impurities added to the discharge,
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soft x-ray measurements of the recombination continuum of the hydrogen-like
Ar XVIII ion showed a concentration of these ions at a radius r ; 22 cm that
was much greater than that expected from coronal equilibrium, a result that
indicates a rapid outward motion of these ions. Likewise, radial profiles
of various iron, chromium and titanium ions show substantial deviations from
coronal equilibrium. Quantitative evaluations of these measurements in terms
of radial transport are in progress.

Poloidal asymmetries (up-down) of the line emission from hydrogen, as
well as from the lower ionization states of oxygen and carbon, have been
measured with a fast scanning mirror. The asymmetries are usually greater
for the lower ionization states. Typically, the impurity line asymmetry is
opposite in direction to that of the hydrogen. Both the magnitude and
direction of the asymmetry vary with discharge conditions and sometimes
within a given discharge. Thus the asymmetries do not appear to be simply
related to the grad B particle drift [20,21].

Some measurements have been made of impurity fluxes parallel to the mag-
netic field in the plasma scrape-off region (45 < r < 51 cm), with a surface
analysis probe located in the outer midplane of the torus [22]. The absolute
values of the fluxes depend on limiter material, type of beam heating, and
on other discharge conditions. At r = 48 cm, with 40-cm plasma radius, typi-
cal fluxes have been 2 x 10^ cm~^ s~^ for oxygen and carbon, and
2 x iol4 cm"2 s"1 for iron. In the case of oxygen the concentration on the
probe substrate (clean indium) saturates at about 1015 cm"2.

4. STABILITY

4.1. Macrostability

MHD activity continues to affect the overall character of the discharge
and to limit the range of operational regimes of current and density.

4.1.1. Internal disruptions

The presence of internal disruption or the concurrent reduction of m=2
activity seems to result in enhanced ingestion of gas and improved confine-
ment. From an empirical point of view, however, the alternative interpre-
tation that improved confinement leads to sawtooth activity and a reduced
m=2 level cannot be excluded.

Neutral beam heating of the central plasma region greatly influences
the parameters of sawteeth. The repetition time increases from -5 msec
without injection to 20-50 msec with injection; accompanying the decreased
frequency is a large increase in amplitude, from ATe/Te - 10% to
ATe/Te - 30%. The radius of the q=l singular surface (rs/a - 0.25) does
not change appreciably with injection, suggesting that the variations in the
repetition time and growth rate may be due mostly to changes in the shear
at the resonant surface [23] , possibly due to the broader heat deposition
profile.

4.1.2. External disruptions

In contrast to the internally disruptive sawtooth activity, external
disruptive instabilities entail a rapid loss of particle energy and expulsion
of poloidal flux, leading to enhanced resistivity and radiation losses and
induction of currents in the vacuum vessel and external windings. These
induced coil currents and voltages can be destructive; therefore, the range
of regimes studied has been intentionally limited and the disruption fre-
quency greatly reduced. Because disruptions are irreproducible and
infrequent, they are analysed by multi-channel systems that monitor para-
meters at a set of locations throughout the disruption. A soft x-ray system.
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FIG.il. Line-integrated X-ray intensities in a discharge with minor m=2, q = l disruptions,
(a) Central chord signal throughout entire discharge, (b) Central chord signal through a
disruption showing m = 2 component; superpositions of traces vertically displaced about the
origin at (c) ±4 cm and (dj ±8 cm showing the m=2 component and faster m = l oscillation.
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LINE INTEGRATED X-RAY INTENSITY

FIG.13. (a) Central horizontal chorda! X-ray emissivity, illustrating bursts of MHD activity

accompanying two disruptions, one at 350 ms and the other at 364 ms.

(b) Superposition of central traces from views rotated by 90°; the growth of the m = 2 com-

ponent is seen.

with 20 horizontal views and two nine-detector arrays viewing vertically at
different toroidal locations, gives the most detailed information, but the
interpretation is clouded by the dependence of the emissivity on density,
temperature and impurity content; a four-channel synchrotron radiation
detection system gives data on the temperature evolution.

External disruptions in PLT have been classified as major or minor,
depending on their severity 124]. Data for a minor disruption are shown in
Fig. 11. The subfigures are superpositions from vertically displaced chords
at 0, ±4, +8 cm. Precursor oscillations of even and odd symmetry of dif-
ferent frequency are seen before the disruption. Based on phase comparisons,
the slower precursor has been identified as an m=2, n=l and the faster as
an m=l, n=l mode. Figure 12 shows a similar graph for a major disruption,
wherein the x-ray emissivity dropped asymmetrically; measurements are
underway to determine the mode numbers of the odd modes. The apparent
involvement of modes of different helicities, which is commonly considered
to be an essential feature of disruptions (due to the ergodicity associated
with mixed-helicity structures [25]), is not found to be a universal pheno-
menon. This is apparent in Fig. 13, in which the bursts of m=2 activity
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associated with the minor disruption are shown along with the superposition
of traces of the line-integrated emissivity viewed from 6 = 0 ° and 9 = 90°.
The rapid rise of an elliptical (m=2) component is apparent; other modes
were of considerably smaller magnitude. This observation is more in agree-
ment with a single-helicity model [26].

Despite the recent detailed measurements, the general mechanism of the
disruptive instability is not apparent. Neither necessary nor sufficient
precursor oscillations have been established. In cases with peaked electron
temperature profiles, m=2 oscillations are common, although some disruptions
occur with no precursor oscillations, presumably because there is no rotation.
The location of the disruption need not correspond to that of the dominant
precursor island. Mixtures of seemingly independent modes of different
helicities are common, but not universal, ingredients of disruptions.

Calculation of the stability to tearing modes of experimentally mea-
sured profiles indicates that the discharge is generally only marginally
unstable to the observed modes. The theoretical stability of similar pro-
files would generally improve with increasing density(due to pressure and
toroidal effects), in contrast with the experimental observations; this
suggests that destabilization at higher density must involve modifications
of the current profile if tearing modes are to provide a viable model for
the disruption. The analysis of the theoretical stability of a sequence
of experimentally observed profiles approaching the high-density stability
limit suggests that the limiting disruption may be due to a steepening of
the current profile near the position of q = 2, which arises from the simul-
taneous shrinkage of the current channel at outer radii and the broadening
of the current profile by sawtooth activity of the center. Although
tearing modes are considered to be likely causes for the disruption,
alternative mechanisms, such as rippling modes due to gradients of the
resistivity, neoclassical effects, or resistive ballooning modes, cannot
be excluded at this time.

4.2. Microstability

Density turbulence with wavelengths in the range 2 to 0.2 cm and with
a spectrum in the range of frequencies of drift waves has been observed in
PLT discharges by means of a conventional homodyne 2-mm microwave scattering
technique [27], The principal results are: (a) The level of turbulence
6n/n in the central region of plasma with peaked electron temperature pro-
files is in the range of 0.5 to 1%. This value is in good agreement with
the predictions of quasilinear theory and gives an estimated electron
energy confinement time of about 100 msec, to be compared with the experi-
mentally obtained gross electron energy confinement time of about 40 msec,
(b) For all scattering angles, the observed frequency power spectrum is a
monotonically decreasing function of frequency; the highest frequencies that
were observed were 2 to 3 times higher than those predicted by the linear
theory. This seems to imply that the observed fluctuations are of the
strong-turbulence type. Broadening of the spectrum by poloidal plasma rota-
tion has also been suggested [28] . (c) The observed wavenumber spectrum is
a monotonically decreasing function of k, while theoretically one would
have expected the spectrum to show a peak around k±p^ - 1. (d) The turbu-
lence is greater on the large R side of the torus, indicating a ballooning
effect. (e) The level of turbulence in hollow-temperature-profile discharges
is several times greater than in peaked discharges, suggesting the turbulence
to be of the collisionless drift rather than the trapped-particle type,
(f) In gettered high-density discharges, <5n was larger than in low-density
discharges; however, the fractional fluctuation 6n/n was approximately the
same in both cases.
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Fluctuations which occur in short bursts during the initial 100 msec
of PLT discharges have been tentatively identified as electrostatic ion
cyclotron waves on the ground that the frequency spectrum has two peaks,
around 1.35uci and 2wci as expected theoretically, and appears only when
the average electron drift velocity exceeds the ion thermal velocity by a
factor of about 5, suggesting excitation by electron current [29]. Detailed
measurements of the dispersion relation with the 2-mm homodyne system are
still needed to identify the mode conclusively and to investigate its
effects on plasma transport.

Electron temperature measured through heterodyne detection of black-
body second-harmonic cyclotron emission exhibits a turbulent fluctuation
spectrum [30]. The principal characteristics of this spectrum for a spot
size of -3 cm and a double-sideband width of AR2 = 0.4 cm are: (a) The
frequency power spectrum decreases with frequency and extends to frequencies
3 to 4 times higher than for the simultaneously existing density turbulence
spectrum. (b) Integrating over the frequency spectrum (assuming all con-
tributing k values are accepted by the system) gives [<6Te> /Tg

2] 1/ 2 in the
range of 5% to 10%, the larger values being observed near the boundary of
the plasma. Measurements of the k spectrum must now be made to complete
the fluctuation description. As yet, the cause of the temperature turbu-
lence is unresolved as is its effect on thermal transport.

5. SUMMARY

At plasma densities above 3 x 1 0 " cm"^, impurity concentrations in
heavily gettered PLT discharges do not raise the effective ion charge appre-
ciably above unity. The bolometrically measured flow of power from plasma
to wall is reduced by gettering from nearly all to about half the input
power, with little or no dependence on the mean density of the plasma.
Whether graphite or stainless limiters are used does not seem to affect the
gross properties of the plasma.

Deeper insight into the structure and occurrence of MHD modes has been
gained, but an unambiguous connection with the disruptive instability con-
tinues to be elusive. The magnitude of fluctuations of density and tempe-
rature on a finer scale appears to be such that they could have significant
effect on transport rates.

Ion energy confinement times in the central region of the plasma are
estimated to be 50-100 msec. Although these values conform within the experi-
mental uncertainties with calculations based on the neoclassical ion thermal
conductivity, nevertheless the rate of particle transport—in particular of
impurities—appears to be anomalously high and of the same order as energy
transport; the uncertainties in the ion energy balance are large enough
to accommodate the implied additional connective energy losses. The global
electron energy confinement time correlates positively with Te as well as
with ne, and appears to be independent of machine conditions except insofar
as these affect Te and ne. A functional dependence of electron thermal
conduction on Te has not been established. Peak energy confinement times
are >40 msec for the electrons, with the total energy confinement time
reaching -80 msec.
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DISCUSSION

M.S. RABINOVICH: Does the impurity distribution with small and large Z
have singularities in the centre or near the surface of the plasma?

K. BOL: The X-ray enhancement measurement is not very accurate, but
it shows no evidence of a concentration in the centre. One would not expect that,
either, in view of the high diffusion rate observed for the impurities.

J.P. GIRARD: At the Grenoble conference earlier this year you showed a
rg = f(ne) curve where a clear saturation of rg at high density (> 4 X 1013 cm"3)
appeared. Today the saturation seems less pronounced, and I was wondering
whether you would care to comment on that fact.

K. BOL: At Grenoble we showed a graph which exhibited results for rE

obtained with a carbon limiter at low densities and with gettered discharges at
high density. We see now that the apparent saturation came from the higher
temperature of the ungettered plasmas with carbon limiter, which raised the rE

values for the low-density data. At the same temperature rE is proportional to n,
and no saturation with density is seen over the range accessible in PLT.
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Abstract

STUDIES ON OHMIC HEATING IN T-10.
Plasma confinement was studied in T-l0 with Ohmic heating for a safety factor q(a) < 3 .

The electron and ion temperature radial profiles were obtained. Up to 70% of the power
introduced was lost by radiation. The discharge parameters did not change radically for
different limiter materials. The average effective plasma charge <Z>eff was 1.2-1.5. The
discharge chamber wall, and not the limiter, was the main source of incoming impurities.
A flattening of the electron temperature profile was detected after an m = 1 internal dis-
ruption had occurred. A hollow Te(r) profile was observed before the disruption, with a
simultaneous break-off of the sawtooth oscillations. The existence of anomalous electron
heat losses and classical ion losses became evident from a comparison of experimental data
with computer simulations.

1. INTRODUCTION

Plasma confinement studies under Ohmic heating were continued in T-10.
The design of the device and the experimental layout did not differ significantly
from those described in Ref. [1 ]. The main directions of research are:

(a) Studies of discharge regimes with q(a) SS 3, where q(a) is the safety
factor as calculated from the limiter radius.

(b) Investigations into the effects of limiter material and wall surface on
the plasma parameters.
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2. DIAGNOSTICS

Ordinary measurements of current-voltage characteristics, the displacement,
the diamagnetic effect, the electron density — by radiointerferometry — and
the spectral line intensity were performed. The ion temperature was measured
by a 10-channel neutral-particle analyser which recorded charge-exchange atoms
leaving the plasma at an angle of 82.5° relative to the magnetic axis. Radiation
losses were measured by pyroelectric detectors. One of detectors recorded the
entire plasma cross-section radiation at an angle of 90° from the limiter. The
electron temperature was measured by Thomson scattering simultaneously at
three spatial points along the vertical. Together with soft-X-ray sawtooth
oscillations observed by a semiconductor surface-barrier detector, these measure-
ments improved the determination of Zeff from plasma conductivity.

The X-ray spectrum was studied along six collimated vertical chords in
an energy range from 3 to 100 keV and along the horizontal midplane of the
torus in the same cross-section, in an energy range from 0.25 to 10 keV.

3. TYPES OF STUDIED REGIMES

3.1. Limiters

Three types of limiters were used in the experiments:

(1) A WMo limiter of W and Mo alloy with a radius of a = 36.7 cm.
(2) C]: a carbon segment inserted into the chamber from the outside

along the major radius placed 3 cm beyond the edge of the WMo limiter.
(3) C2: a limiter made completely of carbon, with a radius of a = 35 cm.

3.2. Main parameters of the regimes

The experiments were mainly performed in a regime with a toroidal magnetic
field of B = 30 kG and a current I = 400-430 kA. The average electron density
was n~e *» (4—5) X 1013 cm"3 for the regimes with a WMo limiter. In the dis-
charges with circular carbon limiter (C2), the electron density decreased during
the discharge, and it was possible to achieve regimes with rig *« 5 X 1013 cm"3

only by using deuterium puffing. Typical values of active loop voltage were
1.7-1.9 V, regardless of the type of limiter.
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4. EXPERIMENTAL RESULTS

4.1. Ion temperature

The ion temperature as measured by the neutral-particle analyser was in
good agreement with neutron measurement data (on the assumption that
Zeff = 1). Typical time variations of discharge current, neutron emission and
central ion temperature as determined from the neutrons, Tĵ CO), are given in
Fig. 1. The ion temperature was practically independent of the limiter material
(WMo or C), and also of q(a) within a range of density variations of
ne = (3-6) X 1013 cm"3 (Fig.2).

Scanning the plasma column with the analyser showed that the asymmetry
of the fast-neutral flux due to the drift of locally trapped ions [2] was retained
in the new observation geometry. This is explained by the fact that, in the case
of a plasma highly impermeable to outgoing atoms, the main contribution to
the neutral-energy distribution function dna/dE is due to charge exchange in the
mid-part of the plasma column cross-section where the toroidal magnetic field
ripple is still rather high.

4.2. Ion temperature profile calculations

To obtain the real T;(r) profile, a numerical simulation of the direct
problem with allowance for the outgoing-neutral spectrum was performed. The
dash-dotted line in Fig.3 is the true Tj(r) profile. The dashed line is the T;(r)
profile calculated by taking only the plasma impermeability into account. If
we include the locally-trapped-ion drift, the outflux of the neutrals and the
T;(r) profile become asymmetric (solid line). The best agreement between
experimental data and calculations is obtained when the real profile is given by

Ti(r) = T i ( 0 ) ( l - r 2 / a 2 ) 2 (1)

with T,(0) equal to 0.8-0.9 keV.
The numerical simulation also showed that in the typical discharge density

region of T-10 the joint effect of impermeability, ripple and radiational recom-
bination leads to a decrease by 10-30% in the measured central ion temperature
compared to the true value.

4.3. Electron temperature measurements

Measured electron temperature profiles are given in Fig.4. The profile
shape is properly described by the expression

T.(r) = T e(0)(l - r 2 / a 2 ) m (2)
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with m increasing from 2 to 3 up to 300 ms of the discharge and then decreasing
again to 2 at t = 400 ms. The absolute value of the temperature and the shape
of its profile in the central plasma region did not depend on the type of the
limiter. Hollow Te(r) profiles were observed in some regimes (see Sub-section 4.7).
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4.4. Total plasma energy and energy confinement time measurements

The value of/3p was measured by the diamagnetic effect. It appeared to be
located in the range from 0.2 to 0.3. Comparison of j3p obtained from the
diamagnetic measurements and calculated from ne(r), Te(r) and T;(r) profiles
showed that the first value was 20-30% larger than the second for 150-200 ms
from the beginning of the discharge. This deviation decreases by the end of the
discharge and may be explained both by experimental errors and by the fact
that the energy of the peripheral regions cannot be described accurately by
formulas (1) and (2).

The energy confinement time rE calculated from (3p and the electrotechnical
parameters of the discharge is given in Fig.5 for two regimes with WMo limiter
(curves 1 and 2) and with C, limiter (curve 5). Curves 3 and 4 are T E values
calculated from ne, Te and Tj profiles for the first and the second regime,
respectively. A short increase of rE at 100-150 ms is not repeated in all dis-
charges and correlates with the MHD activity decreasing at t = 100 ms.

As is seen from Fig.5, rE was practically independent of the limiter type.
The absolute value of r E was about 40 ms for the mid-part of the discharge.
On the basis of T E °C a2 (3p extrapolations, we may expect rE «« 100 ms.
However, the value of rE is limited by the radiation losses.

4.5. Radiation losses

The power of the radiation losses increases by the end of the discharge
(Fig.6). The time variation of the radiation-loss-to-input-Ohmic-power ratio
is given in the same figure. This ratio increases slowly with time from t = 150 ms
up to t = 500 ms and amounts to 60-80% in a typical discharge. This value
is lower in discharges with a carbon limiter (dashed curve). Thus, radiation losses
are dominant in the energy balance of the studied macroscopically stable regimes.
Radiation losses measured in the immediate vicinity of the limiter are several
times larger than those measured in the cross-section remote from the limiter.

4.6. Measurements of effective plasma charge Zeff

The effective charge of plasma was measured:

(1) by using the average plasma conductivity and Te(r) (<Z>eff);
(2) by using the radius rsl of m = 1 mode development; i.e. we obtained

the average Z over the central region of the discharge (Zrs);
(3) from the absolute intensity of the X-ray continuum radiation in an

energy range from 2 to 5 keV, for the plasma column centre (Zeffx).
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Since the existence of sawtooth oscillations was typical for the studied
discharges, a method of Zeff evaluation as used in Ref. [ 1 ] was also employed
in this work. The value of rsi varied from 8 to 10 cm in the regimes studied.
The results of the Zrs calculations are given in Fig.7. Taking the average over
the cross-section in the Zeff calculation gives lower values, <Z>eff = 1.2—1.5 Zrs

and <Z>eff are practically independent of the limiter material.

The X-ray continuum measurements in two mutually perpendicular
directions give adequate values of Zeffx, varying in the range from 1.1 to 2.7
in different discharge regimes. Zeffx varied from 1.1 to 1.5 in stable discharge
regimes, both with WMo and Ĉ  and C2 limiters, i.e. Zeffx was systematically
smaller than Zrs. The time variation of Zeffx is shown in Fig.8, also with Mo
and Cr line radiances. The Mo line radiance decreased by an order of magnitude
when a carbon limiter was used whereas the Cr radiance remained practically
constant.

Comparison of the above-mentioned results permits us to conclude that
Zeff is not determined by sputtering from the limiter material. The coincidence
of the time variations of radiation losses, Cr radiance and Zeff is obviously due
to the fact that the impurities mainly leave the chamber wall but not the limiter.

4.7. Hollow Te(r) profile observation

A number of T-10 displays a current disruption of the type shown in
Fig.9 (curve 2). Discharges with parameters similar to stable ones up to
10-15 ms before disruption will be discussed below. The behaviour of Te(r)
is shown in Fig. 10 for such discharges. One may observe a peaked Te(r)
profile 125-150 ms before the disruption. However, 25-50 ms before the
disruption the central temperature became lower than this parameter at
r = 9 cm. In all cases, the sawtooth oscillations stopped before the hollow
profile was formed. The MHD activity appeared only 10-15 ms before the
disruption of current, in this case.

In some discharges, the sawtooth oscillations remained just up to the dis-
ruption of the current (Fig. 11); then, laser measurements showed a peaked
temperature profile. But deviations of the electrotechnical parameters (either
a large horizontal displacement or a development of the MHD activity) were
detected 50-100 ms before the disruption.

4.8. Evolution of electron temperature in the process of
sawtooth oscillations

Attempts to study the evolution of the electron temperature profile in the
process of sawtooth oscillations were undertaken earlier [3-5] . We chose those
discharges where the moment of laser firing lagged behind the fast phase of the
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sawtooth by not more than 0.2 of the oscillation period, and drew a normalized
profile, Te(r)/Te(rs l), as shown in Fig. 12 by a solid curve and black dots. Open
dots and the dashed line represent the electron temperature profile flattening
after an internal disruption, as was predicted theoretically.
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FIG.12. Normalized electron temperature profiles. Black dots and solid curve correspond
to t < 0.2 T, open dots and dotted curve correspond to t «s 0.7 r.

5. DISCUSSION

5.1. Discussion of experiments

It was possible to obtain macroscopically stable regimes with q(a) < 3
(the minimum q(a) was «* 2.5). However, the reproducibility of these regimes
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was poor, and Tg decreased slightly during the discharge. Simultaneously, a
slow increase in the radiation losses, in the intensity of the wall material line
radiances and in Zeff was observed. We cannot draw general conclusions from
this experiment on impurity accumulation in the tokamak plasma, i.e. this
accumulation was not observed in previous experiments [1]. Besides uncon-
trolled conditions of wall pollution, the discharges in the experiments described
showed a current increasing with time and, hence, a decreasing q-value. A high
radiation loss level, which reached 70—80% of the input Joule power, resulted
in a dependence of the energy confinement time on the behaviour of the radia-
tion losses. The electron energy confinement time as calculated without taking
into account radiation losses reaches a value of Tge = 90 ms.

Going over to carbon as a limiter material, we also decreased the plasma
column aperture, thus increasing twice the limiter shadow. In this case:

(a) the carbon influx into the plasma increased;
(b) the radiation losses decreased slightly;
(c) Zeff did not change.

A slight decrease of radiation loss power may be due to two factors: a
decrease in the W and Mo atom influx and variation of the experiment geometry.
As we saw before, the time variation of the bolometric signal did not correlate
with the Mo intensity. This may be thought of as an important argument on
the significance of the geometry. The level of wall cleaning is an important
factor in discharge behaviour. Both the MHD activity and the possibility of
reaching low q(a) values with the discharges remaining reproducible depend
notably on the amount of residual impurities. The role of this factor may, to
a great extent, be due to the narrow T-10 limiter shadow.

The hollow temperature profile observed before the disruptive instability
may be due to the accumulation of heavy impurities in the plasma (probably
limiter material since this phenomenon was not observed with the carbon
limiter). Generally speaking, the appearance of such a configuration may
decrease the plasma stability and increase the probability of a disruptive insta-
bility, which may, however, appear in certain conditions for a peaked
temperature profile.

The discharge current cut-off was very typical for discharges discussed,
when a rather large disruptive instability developed. This phenomenon may be
understood if the special T-10 power system supplying programmed loop
voltage and a vertical controlled magnetic field is taken into account. When an
instability develops, the plasma conductivity decreases as does the current,
resulting in a discharge break-off at the chamber wall since the equilibrium
is no longer maintained. The programmed discharge current (but not the
loop voltage) eliminated this effect.
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5.2. Computer simulation

The code obtained was supplemented by some terms describing the impurity
behaviour [6]. The following formula was used for electron heat conductivity:

Xe = a2), ( a= 10-15) (3)

The impurity amount was limited in the calculations by a low value of
experimental Zeff < 2. A neoclassical model taking into account the magnetic-
field ripple was used for the ions. The calculations showed that, in the
stationary discharge stage, light impurities contribute to the energy balance
only in the peripheral region with Te < 40 eV. The results of the calculation
are in good agreement with the experiments for nF e = 2X 1010 cm"3. Curves
of power fluxes through a surface with radius r for Ohmic heating P O H > oxygen
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radiation PQ and iron radiation Ppe, charge exchange P^x and power fluxes
due to electron and ion thermal conductivities, P£h and P1^, are shown in Fig. 13.
About 85% of the Joule heating power is carried to the wall by radiation.
Tungsten radiation Pyy is not important for the energy balance in such con-
ditions. Thermal conductivity remains the main reason for power loss in the
central region of the plasma column; however, a large portion of the energy
hits the wall as radiation, as is shown in Fig. 13. Radiation is mainly emitted
from the outer region.

Radiation begins to be a dominant loss in the central region when the
tungsten density increases up to n^ = 1010 cm"3. However, in this case, r E

decreases down to T E « 20 ms, which is in contrast with the experiment.
Coulomb heating and neoclassical thermal conductivity are the dominant
processes determining the ion energy balance. Charge exchange is only dominant
in cooling the ions in the peripheral plasma regions. The magnetic-field ripple
gives a negligible contribution to the ion thermal conductivity. The simulation
of the ion energy balance is in good agreement with the experiment (Fig.2).

The calculations show that the ions remain in the plateau regime all over
the cross-section of the plasma although, at r/a = 0.5, the regime is rather close
to the banana regime of the collision frequency. The ion energy confinement
time rE;(a) ^ 1 5 0 ms.

6. CONCLUSIONS

1. The main impurity influx comes from the discharge chamber wall in
the T-10 geometry.

2. About 70% of the input power is lost by radiation in the regimes under
investigation.

3. A change in limiter material does not cause a notable change in the
discharge parameters.

4. The energy confinement time is twice as small as the value predicted
by the extrapolation formula r E oc a2Bp and is dominantly determined by
radiation losses.

5. We observe two mechanisms leading to discharge current disruption;
one operates at peaked temperature profiles, the other one starts with the
formation of a hollow Te profile.

6. The electron temperature profile becomes really flat in the central
plasma region after an internal disruptive instability has developed.
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DISCUSSION

A. GIBSON: Your finding that impurities come from the wall rather than
from the limiter seems to be opposite to the result reported by Bol for PLT.
I wonder whether this difference is due to a difference in limiter-wall separation,
which in the case of PLT was 10 cm. What is the limiter-to-wall separation in your
experiment?

K.A. RAZUMOVA: I think this may, in fact, be the reason for the differences
in our experimental results, because in our case the separation was only 2—4 cm.
However, in future machines it may be useful to spread the plasma power losses
over the whole of the surface - not just the limiter, which can take only run-away
electron energy.

B. COPPI: Could you comment on the difference between confinement
times observed in PLT and T-10?

K.A. RAZUMOVA: The confinement time is a function of electron density,
ne, which was higher in the case of PLT.

R.W. CONN: Was the carbon limiter actively cooled in the T-10 experiments,
or was it allowed to heat up during discharges?

K.A. RAZUMOVA: The carbon limiter was not cooled in these experiments.
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Abstract

RESULTS FROM THE DIVERTOR INJECTION TOKAMAK EXPERIMENT (DITE).
The paper contains a review of results obtained on the DITE experiment over the last

two years and previously unpublished data on plasma stability, energy and particle transport,
and hydrogen re-cycling. The new 1.2-MW neutral-injection system is described, with preliminary
results of injection experiments into a 150-kA discharge.

INTRODUCTION

The main effort on DITE since the last IAEA conference has been the

evaluation of the bundle divertor at plasma currents of about 50 kA [1,2,3].

The results have been very encouraging: the unload, screening and magnetic

limiter properties of the divertor were measured and no deleterious effects

on plasma confinement observed. For the next phase of operation the divertor

coils have been strengthened to operate with B - 1,5 T, which will allow

stable operation up to 80 kA plasma current. A new divertor has been designed

to work at Bm = 2.8 T and I = 150 kA.
" P

DITE has also been used to study plasma-wall interactions. The recyc-

ling of hydrogen from the walls was investigated in hydrogen/deuterium

exchange experiments and a simple zero-dimensional model developed to explain

the results [4]. This model has been extended to cover a wide range of con-

ditions, including experiments with the divertor, with gas puffing and with

gettered walls [5].

When the low-Z impurity level is reduced to ~ 1% by discharge cleaning

in hydrogen, the dominant impurities are Mo, from the limiters and Fe, Cr and

Ni, from the walls. The total radiation peaks on axis and hollow T profiles

51
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TABLE I MAIN PARAMETERS OF DITE EXPERIMENT

Parameter Value before June 1978 af te r June 1978

Toroidal f i e l d , B

Major r ad ius , R

Fixed l imi te r r ad iu s , a

Plasma cu r r en t , I

Max B with diver tor

Max in jec t ion power

2.8 T

1.17m

0.27 m

280 kA

0.9 T

0.2 MH

2.8 T

1.17m

0.26 m

280 kA

1 .5 T

1 .4 MW

VU.V spectrometer
(N.I.) now moved

Photon scattering
(Te)

IM.PA. fradi

X-Ray
spectrometer

NEUTRAL INJECTOR
Phase I

Photon scattering (B9)

BUNDLE DIVERTOR
Target

Getter No. 1

V.U.V spectrometer
(G.I.)

Microwaves (8 channels)
Ha Emission (7 channels
Vertical field systems

Getter No.2

Surface diagnostics

NEUTRAL
INJECTOR
Phase I

Total radiation scan

X-ray pinhole system

Total radiation

NEUTRAL INJECTOR
Phase I

U.V./vis spectrometer

Electron cyclotron emission

N.PA. (tangential)
now moved

NEUTRAL INJECTOR
Phase II

FIG.l. Schematic diagram of DITE showing position ofdivertor, injectors and some diagnostics.
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are observed [6]. We believe the main cause of the metal influx to be

unipolar arcs between the plasma and walls, driven by high sheath potentials

[7]. Cooling the edge of the plasma by Ne or 0 contamination reduces the

metal influx, but also increases Z and causes disruption at relatively

low density. High density plasmas with Z , ~ 1 are produced by gettering

the vacuum wall with titanium and feeding in hydrogen gas during the dis-

charge [8]. In this way the range of operating conditions is considerably

extended and best confinement times ~ 25 ms are obtained. Electron heating

was observed in a gettered discharge by injecting 200 kW of neutral beam

power [9] with no increase in impurity level.

More recently, two additional injection lines have been added, capable

of delivering a total of 1.2 MW into the torus. Heating experiments with

these injectors have just begun. We plan to study the following:

a) Scaling of confinement with T , keeping the other discharge parameters

constant.

b) Ion conduction losses in the banana regime and in situations where

r > i.

c) Effects of powerful injection on equilibrium and stability: momentum

transfer, Okhawa current, shaping of profiles etc.

The main parameters of DITE are given in Table I and Fig. 1.

TOKAMAK OPERATION

The region in plasma current, electron density parameter space where

stable operation of the discharge is obtained has been evaluated at various

values of the toroidal field. This data is obtained by varying the density

by feeding in neutral hydrogen while the current is kept constant or slowly

increases. All the data is well represented by Fig. 2 in which the current, and

density axes are normalised as 1/q and^n^R/B respectively. Gettering the

torus walls increases the region of stable operation substantially. This

is correlated with an order of magnitude reduction in impurity level with a

consequent reduction in impurity radiation.

This expansion of the stable region with decreasing impurity content

seems to be a feature of many other tokamak experiments. Figure 3 shows

the data on 120 individual discharges recently compiled by Pfeiffer and

Waltz [10] plotted on the same diagram. The contours show how the region

in which these experiments operate expands as Z is reduced.
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0-4

6)

V. 02

o

0-1

DUE operating regimes

Normalized density <ne> R/BT (1019 m-2!"-1)

FIG.2. Region of stable operation in 1/q, <ne>/?/ST parameter space with and without gettering
the torus with titanium. Arrow shows shift in operating point into normally unstable region
produced by 500 kW of neutral infection heating into ungettered discharge. (ne) is the volume-
averaged density.

To explain these r e s u l t s we postulate that a high l e v e l of impurity

radiat ion exerc i ses a dominating influence on e lectron temperature, and

hence on current densi ty p r o f i l e s and m.h.d. s t a b i l i t y . Unfortunately, i t

i s d i f f i c u l t to make convincing measurements very c l o s e to the boundary of

the s tab le region because of i rreproduc ib i l i ty of the discharge in th i s

case . Such data as we have suggest that the discharge i s marginally s tab le

to tearing-mode i n s t a b i l i t i e s at several rat ional surfaces simultaneously

(Fig. 4 ) .

ENERGY AND PARTICLE BALANCE

By making measurements of the radial p r o f i l e s of to ta l radiat ion using

a scanning thermopile we have been able to ca l cu la te the radial transport
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Normalized density <nc> R/BT (1019m'2T1)

FIG.3. Approximate regions occupied by data points of Pfeiffer and Waltz in 1/q, <ne> R/BT

parameter space for various values of Zeff.
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FIG.4. Comparison of measured temperature profile for a discharge near the stability limit
(l/q = 0.1, (ne)R/BT = 0.65 m'2' T'1) and a calculated profile (assuming Te ~j2'3) which is
marginally stable to tearing modes at q = 2,3.
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Unfiltered response

Composite of 1st, 3rd
and 5th harmonics

per division

FIG.5. Current from a double Langmuir probe at the Hmiter radius driven with a 80-Vp/p,
10-kHz sine-wave voltage. Upper trace: unfiltered response. Lower trace: composite of 1st,
3rd and 5th harmonics.

0-2
Minor radius (m)

FIG. 6. Comparison of experimental ratio of electron conduction to convection loss (top curves)
with expectation of theoretical model (lower curves) as a function of radius for two DITE
discharges.
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3/2
of energy by electrons, assuming j ~ T and classical electron-ion equi-

partition. Comparison of the energy flux with that expected from drift waves

shows tolerable agreement [11] except near the periphery of the discharge,

where K > D (Bohm) is required to transport the energy flux through the low

density region near the limiter. A high level of fluctuations with An/n~ 1

at typical frequencies of 100-200 kHz is observed in this region with Langmuir

probes (Fig. 5).

For some discharges, estimates of particle diffusion velocity are also

available from measurements of the profiles of H radiation. We find that

the ratio Q /(3/2 i^eT v ), where Q is the electron heat flux and v the

diffusion velocity, is typically in the range 10-30. This accords with the

usual observation that T > T . However, the drift-wave transport model used

by Dttchs et al [12] would imply a much lower value of about 1 + r /r_, where
n T

r , r are the electron density and temperature gradient scale lengths. Fig-

ure 6 shows a comparison between experiment and the expectation of this

drift-wave transport model. The agreement is rather poor. In fact, the

ratio of conduction to convection loss approaches the value (mj/me) which

naively might be expected for transport along rather than across field lines.

HYDROGEN RECYCLING

We have already described a simple zero-dimensional recycling model

to explain the results of hydrogen-deuterium exchange experiments [4]. This

considered only two species: plasma particles and particles trapped in the

wall. The model has now been extended to deal with plasma ions and slow and

fast neutrals separately. It is described by a set of four first order

differential equations which have been solved to predict recycling in gettered

and diverted discharges and gas puffing experiments with two isotopic species

[5]. Good agreement has been obtained with experiment as shown in Fig. 7

where we compare the measured time behaviour of the plasma density and a

recycling parameter, the H^/D^ line intensity ratio, with the predictions of

the model for a diverted discharge.

An important feature of these recycling models is the role played by

the gas trapped in the wall. This gas can be released by incident energetic

ions or neutrals thus contributing a major part of the recycling flux. The

depth distribution of the hydrogen and deuterium in the wall of the DITE

torus has been analysed around the minor circumference in two major azimuthal

positions using nuclear reaction techniques. The hydrogen concentration

is ~ 10 at. % over the first 0.1 pm depth with only small variations around
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Density (experiment)
Density (model)
Da (model)

I Da (experiment)
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FIG. 7. Time history of plasma density (after breakdown phase) and Dj(Da + Ha) line intensity
ratio fora 50-kA diverted discharge in DITE. Experimental values are compared with the
predictions of the 4-component re-cycling model.

the minor circumference. This concentration is much higher than that expec-

ted for an implanted stainless steel surface and it is attributed to the

presence of deposited thin films consisting of Fe, Cr, Ni, Mo 0 and C which

have been observed and analysed. Much higher hydrogen and deuterium concen-

trations in the range 10 to 50 at. % to a depth of a few ym have been detected

on parts of the torus where titanium has been evaporated for gettering. These

high concentrations of gas trapped in the wall have important implications

for the tritium inventory in DT operating devices [13].

NEUTRAL INJECTION EXPERIMENTS

The new, more powerful injection lines are shown in Fig. I. They are

described in more detail in ref. [14]. In the present series of experiments

the total neutral beam power entering the torus is up to 600 kW with a pulse

length of 30 ms. The injector pulse is fired 50- 100 ms after discharge initia-

tion during the plasma current plateau.

The heating effect to be expected from injection is calculated using

a combination of several computer codes so that the effect of varying the
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TABLE II PREDICTED EFFECTS OF NEUTRAL INJECTION HEATING

Transpor t

Injection

Tokamak

Predictions

without

with

K =
e

K . =
l

D(r)

E =o

B =

5 x

1.0

- 0

30

2 .6

Hydrogen

at t

101 9 /n

.1 + 0.9

keV

T,

plasma,

= 50 ms

injection

Te (eV)

520

1280

(m s

(m s

(r/a

P =

I -

Zeff

- ' ,

" ' )

)2 (mV)
1 .25 MW

200 kA,

. 1, n e ( t=0)

T£ (eV) i

340

1680

- 4 x

a (10

2

4

101 9 m"3

1 9 n,"3)

.9

.6

models used can be inspected at each stage. These consist of a deposition

code, a Fokker-Planck code to study the energy transfer to the plasma [15]

and an ion energy balance code [16]. These do not, at present, form a self-

consistent set because some data, such as electron temperature profiles, are

input from the experiment and are assumed to be unaffected by injection.

We have also used the time-dependent Livermore code [17] for some cases.

Results are given in Table II.

We have applied neutral injection to discharges contaminated with

low-Z impurities, principally oxygen and carbon, which were obtained in the

early phase of operation and, more recently, to discharges with gettered

walls. Typical parameters obtained with and without injection are given

in Table III.

The most noticeable effect of injection into the low-Z contaminated

discharges is a large increase in plasma density and in total radiation
1 8

(~ n " ). The density increase is about 2 x what is expected from the

neutral beam alone and is more concentrated on axis than the initial density

profile. The variation of total radiation with density suggests increased

impurity content.



60 AXON et al.

GO O CO
. m .

— — CM

co m

d d
o
o
o

o
o

•a
ai
l-i

ai
00 O \O

. in
— — CM

CO
t

o
o

o
CM

o
o

O
00
CM

ff

CO
00 O O

. in
— — en

m
o

o
I

CM

d

m
o

o
o

o
o
O

I
m

in
u
c
o>

60

m
o

CO

tn

o

o
o

g

1

3
CO
0 1

<§

o
z

ai
00
<0

01
I C

01 •

IB
o a
u c
o oi

H PH I J S

SB » C
O >l T

• o

g g

.3 c
O M

•s

r
CO

• H
•o

CO
PC

oa u
01

CO 00
•"S §
O 3
i-l -H
O T3

PH

o u
o t-

>̂  -



IAEA-CN-37/A-3 61

08
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Q .

0-8

0-4

No injection

With injection

Disruption

20 40 60 80 100
t (ms)

FIG.8. Effect of neutral injection on total radiation.
Infection pulse: 0.5 MW, 50-80 ms.

: Ohmic power. P r: total radiation.

Neutral injection pulse

20/JS per division

The effect of 350kW of neutral injection
on mean density and sawtooth behaviour.

FIGS. 2-mm microwave interferometer traces for discharge with neutral injection heating
showing development of large sawtooth oscillations. Chord through plasma centre,
1 fringe =2 X 10is m~3.
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In some cases the density change moves the operating point into a

region which would be inaccessible without injection (as shown by the arrow

in Fig. 2). The total radiation can exceed the ohmic input near the end

of the injection pulse. A disruption occurs when the injection is switched

off. Fig. 8 shows the time evolution of this case.

There is no change in the central electron temperature, T within

experimental error (+_ 15%) but characteristic changes in the behaviour of

MHD instabilities suggest that some redistribution of the current density

profile is occurring. The sawtooth oscillation detected on the 2 mm micro-

wave interferometer shows an increase in amplitude and period (Fig. 9).

Ion temperatures have been increased from 300 eV to ~ 600 eV with 0.5 MW

injection power. This is smaller than expected from the codes but the

total ion energy increases by up to 3.5 x because of the density increase.

The effect of injection on plasma equilibrium has been estimated by

measuring the vertical field required to centre the plasma in the vacuum

vessel. This is analysed to give

2 i
A i— (E + 2E M) + - r - 1

VoK I2

In this expression E , E|| are the total particle kinetic energies perpen-

dicular and parallel to the field respectively. The first term is equal

to $ for a plasma with a maxwellian velocity distribution. The thermal

contributions to E and E(, (in the ratio 2:1) can be estimated from a

diamagnetic loop or by integrating profile measurements. The change in

A (0.5) is larger than that in 0P (0.2) and rises with a time constant, T. of

ahout 5 ms, compared with about 15 ms for A3 . We interpret this difference
P

as due to a confined fast ion distribution with E|| » E . The slowing down

time of fast ions at r ~ 0.1 m is estimated to be 6 ms so that T ~ T,.
s A

In discharges with gettered walls Z ,, is reduced and higher density

discharges are obtained (Table III) . T. increases more or less linearly

with injected power at the rate of ~ 1 keV/MW and reached 0.80 keV with

about 0.6 MW of injected power. Although the loop voltage decreases slightly

during injection no significant increase in electron temperature is observed.

In some cases, especially in lower density discharges, the injected

power appears to cause a disruption about 20 ms after the heating is applied.

The reasons for this behaviour are not understood. Discharges with q ~ 2.3

to 2.7 are obtained by stepping the current from 100 kA to 185 — 230 kA in
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10 ms. They disrupt after 10-20 ms. Attempts to prolong the stable phase

by applying 0.5 MW of injection have, so far, been unsuccessful.

CONCLUSIONS

Operation of DITE over the last two years has

1. Demonstrated successful operation of the bundle divertor.

2. Improved our understanding of plasma-wall interactions, especially the

role of unipolar arcs in producing metallic impurities and how to con-

trol this effect.

3. Demonstrated the role of impurity contamination in restricting the

range of operational parameters.

4. Developed a simple, convincing model of hydrogen recycling.

5. Increased our understanding of anomalous heat transport and its

relationship to particle transport.

6. Demonstrated the effectiveness of neutral particle injection for plasma

heating.
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DISCUSSION

K. BOL: What do you think the long-term consequences of gettering are
likely to be for the operation of a tokamak?

J. HUGILL: We have used gettering for only about four months altogether,
and we have had no problems with it so far. However, we do not see it as a long-
term solution — only a simple method of obtaining a clean wall.

M.N. RABINOVICH: Last year you reported near-neoclassical thermal
conductivity in the centre of the discharge when the discharge was "hollow". Have
you since obtained any further confirmation for this result?

J. HUGILL: No further data have been obtained. The measured thermal
conductivity was small and could have been neoclassical within experimental error.

R.J. GOLDSTON: On PLT, we also observe that the tangential fast neutral
flux is not linear in the injected beam power. We interpret this as being due to the
increased plasma density with high power injection. This both decreases the fast
ion density, owing to the reduced slowing-down time, and causes a reduction in
the neutral target for charge exchange in the core of the plasma. Is a similar
explanation relevant to DITE, or are your measurements of the tangential fast
neutral flux versus beam power compared at fixed electron density?

J. HUGILL: No, the density in the DITE discharge was not high enough to
affect measurements of ion temperature by NPAs. The reductions in fast ion flux
and ion temperatures were correlated.
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Abstract

NON-LINEAR EFFECTS AND PLASMA HEATING BY LOWER-HYBRID WAVES IN THE
PETULA TOKAMAK.

Lower hybrid waves were excited by a two-waveguide 'grill' (nB as 1 — 10,
Egrill=» 3kV-cm"1 ,Pgr i l l«5 kW-cm"2)at 1.25 GHz, 3 ms, 600 kW. Plasma heating was
observed separately as due to non-linear effects alone as well as to a combination of linear and
non-linear mechanisms.

INTRODUCTION

There has been much recent interest in plasma heating by R.F.

fields in the lower hybrid frequency range. This is an attractive means

for additional heating of tokamak plasmas due to the simplicity of excita-

tion by waveguide arrays and to the availability of efficient, high power

sources in the required frequency range. The experiments to date (at R.F.

power levels of < 200 kW) have shown good ion heating and have attributed

this heating to two processes : (1) linear mode conversion /I/ and (2)

parametric decay modes /2/. In this paper we report the first results of

experiments which permitted the study of the relative importance of these

two heating processes. As well, substantially higher R.F. power levels

were used (~ 600 kW), producing a power density in the 'grill'-type wave

launcher of 5 kW/cm (E ~ 3 kV/cm). Operating under these conditions all owed

the study of the effects of nonlinear processes on coupling, wave propaga-

tion, and energy deposition in the plasma.
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FIG.l. Lay-out ofPetula tokamak.

R.F. pulses (2 ms , 400-600 kW, 1.25 GHz) were excited by a two-

waveguide phased array, or grill, in the Petula Tokamak / 3 / (see Fig. 1).

Results obtained using R.F. pulses of 1 MW, 100 us. have been reported

previously / 4 / . Two dif ferent parameter regimes were used, allowing some

separation of l inear and nonlinear effects. These regimes were :

(1) BT = 16 kG, ne(J = 2.5 xlO13cnf3, = 500 eV, T i Q = 200 eV

(2) BT = 27 kG, n e o = 6 x 10
13cm"3, T e Q = 800 eV, T i Q = 350 eV
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FIG.2. Computed JVB spectra.

In the f i r s t regime, the frequency ordering was to.,,< (m u -)^^

< to . < a)Q. Since to > (u> w . J ^ . t he possib i l i ty of ion heating through

linear mode conversion did not exist and any heating would be attr ibutable

to nonlinear processes. In the second regime, to.,,< u < to .< cu <o .. In

this case, l inear mode conversion was possible and could take place in the

plasma i f the density was suf f ic ient ly high. Thus ion heating could be

due to both l inear and nonlinear mechanisms.
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FIG.3. Measured total reflection coefficient versus time.
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The n,, spectra in the presence of plasma were computed for the

two regimes using the theory of Brambilla /5/ and are shown in Fig. 2. The

accessible portions of the n,, spectra are determined using the definitions

of Berger et al. /6/, which include the effect of coupling between the

fast and slow electromagnetic waves. For 16 kG, where linear mode conver-

sion is not possible, n,, > 2.14 can propagate to the central density

without coupling to the fast wave. For 27 kG, the wave can propagate to

the linear mode conversion "turning point" without coupling to the fast

wave for n,. > 1.42.

The next section will present the experimental results concer-

ning plasma heating. An analysis of the parametric decay spectrum will

then be presented, followed by a discussion of these results.

EXPERIMENTAL RESULTS

The experimentally measured reflection coefficients are shown

in Fig. 3 for the two parameter regimes. They are relatively constant for

the central 1.5 ms. of the R.F. pulse, where the R.F. power is > 90 %

of its maximum. The power transmitted is - 80 % at 16 kG and ~ 75 % at

27 kG.

The plasma parameters measured for the two regimes were as follows :

(1) 16 kG regime. The ratio of the pump frequency to the lower hybrid

resonance frequency was 1.68. The distribution function f (vxi) was

measured by perpendicular charge exchange analysis in the following

manner. For a fixed analyser voltage, particles were counted in 200 ys
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FIG.4. Ion energy distribution (16 kG, r = 0).
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FIG. 5. Ion temperature versus time.

intervals during the plasma l i fet ime for a seriesof shots. This operation

was repeated at di f ferent analyser voltages to obtain curves such as

those shown in Fig. 4. The data with R.F. is normalized to the data

without R.F. Though this normalization is d i f f i c u l t for high energy ions,

i t results in an f (v ,^ ) which exhibits two populations : a Maxwellian

bulk population and a high energy t a i l . The bulk temperature increased

from 200 eV to 270 eV. The decay time after the R.F. pulse was about 1 ms

(Fig. 5) .

The time evolution of the other plasma parameters is given in

Fig. 6. Al l the values are normalized to their values jus t before the 3 ms.

R.F. pulse. The loop voltage decreased by 9 % during the f i r s t two ms. and

then increased. The electron temperature for r = 0 and r = 4 cm were com-

puted from the soft X-ray emission. T (r = 4 cm) increased by 13 % and

began to decrease before the end of the R.F. pulse, while Tg ( r = 0) was

always growing. The electron density measured by microwaves increased by
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FIG. 7. Electron temperature profile (16 kGj.

10 %. The horizontal and vert ical displacements were small but their evo-

lu t ion , as well as that of the loop voltage, persisted after the R.F. pulse.

The electron temperature prof i le was measured by Thomson scatter-

ing for 0 <r< 8 cm before and after R.F. with a two-pulse laser.

Fig. 7 shows electron heating of 10 %.

(2) 27 kG regime. The shot-to-shot variation of the central electron

density produced plasmas with and without the possib i l i ty of l inear

mode conversion. f(v' .) was measured for r = 0 (Fig. 8) and for

r = 10 cm (Fig. 9) . T . ( r = 0) increased from 350 eV to 500 eV and

T . ( r = 10 cm), from 200 eV to 260 eV.
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PRF = 660 kW
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1 dN
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F/G.& /on energy distribution (27 kG, r - 0).
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Bo = 27 kG
PRF =660kW

n<6X1013cm"3

6X101 3<n<7X101 3

7X1013<n

- 4

- 3
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E (keV)

FIG.9. Ion energy distribution (27 kG,r= 10 cm).



IAEA-CN-37/A-4-1 75

1.1 _ D

0.9

<ne>

Disp. Horiz. (DH)

Disp. Vertic. (DV)

Te (r = 0)

Te (r = 4)

T e 0 (r = 0) = 885 eV

Te 0 (r = 4) = 648 eV

Bo = 27 kG

IpO = 82.76 kA

Vpo = 1.57 V

<ne>0 = 4.44X1013

DH0 = -0 .72 cm

DVQ = - 0.69 cm

PRF

500-

0 1 2 3 t ( m s )

FIG.10. Time evolution of plasma parameters (27 kG, with linear-mode conversion).
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1.1"

Bo = 27 kG

IPO = 83.7 kA

V p 0 = 1.69 V

<ne0>=3.5X1013crrT3

DH0 = -1 .59 cm

DV0 = - 0.86 cm

T e 0 (r = 0) = 773eV

T e 0 (r = 4) = 495 eV

X <ne>

O Displ. Horiz. (DH)

O Displ. Vert. (DV)

® Te (r = 0)

® Te (r = 4)

1 2 3 t(ms)

FIG.11. Time evolution of plasma parameters (27 kG, without linear-mode conversion).
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The experimental data is indicated on these figures for three

ranges of electron density for which l inear mode conversion was

(1) possible (ne > 7 x 101 3cnf3 ) ,

(2) not possible (ne < 6 x 1013cm"3),

(3) uncertain (ng = 6-7 x 101 3cnf3) .

However there is insu f f i c ien t data to evaluate the re la t ive importance of

l inear mode conversion and of low-frequency modes on the ion temperature

increase. The time evolution of the heating is shown in Fig.5.

The time evolution of the other plasma parameter is presented in

Fig. 10 for the shots with l inear mode conversion, and in Fig. 11 for the

shots without l inear mode conversion. The curves are s imi lar for these

two classes except for the loop voltage. This voltage increased continuously

for the"high density" shots, while i t decreased and then increased for the

"low density" shots. In the two cases Z -- computed from the sof t X-rays

did not show any change though the impurity l ine in tens i t ies increased

by 10 % to 30 % near the plasma edge.

PARAMETRIC DECAY SPECTRA

The spectrum of the parametric i n s t a b i l i t i e s driven by the lower

hybrid pump wave has been measured. An u l t ra- rap id (10 KHz-2GHz) two-channel

waveform acquisit ion and analysis system was set up to acquire, d i g i t i z e ,

store and analyze the waveforms by Fast Fourier Transform analysis. A block

diagram of the system is shown in Fig. 12. Low pass f i l t e r s were used to

avoid the problem of a l ias ing . Electrostat ic and unshielded loop antennas

were toro ida l ly placed outside the alumina l iner to monitor the plasma

f luctuat ions.

Figs 13, 14, and 15 show the power spectrum of the f luctuat ions

in H2, 27 kG, P i n = 660 kW in the spectral ranges5-200 MHz, 10-700 MHz and

20 MHz - 2 GHz respectively. The frequency resolution (Af) and the 3 db

cutoff frequency of the low pass (LP) f i l t e r is indicated in each f igure .

One observes from Fig. 13 that at least f i ve harmonics of the ion cyclotron

frequency are present in the plasma. The power spectrum of the next f igure

indicates a dominant broad peak around 300 MHz. The spectrum tends to r o l l

o f f between 300 MHz and 580 MHz. I t starts climbing and has a broad feature

between 580-650 MHz. Fig. 15 shows the waveforms of the signal picked up by
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FIG.13. Power spectrum 5-200 MHz (27 kG).
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FIG.14. Power spectrum 10-700MHz (27 kG).

0.75

two antennas located 1.5 cm from one another and their corresponding auto

power spectra. The antennas were located 24 cm toroidally away from the

grill. As expected, one observes a peak in the spectra at 1.25 GHz. However,

one of the spectra has an additional dominant peak around 980 MHz. It is

apparently the lower sideband of the pump corresponding to the low frequency

wave at 300 MHz. Another noteworthy feature of the peaks in the spectra

has been their large spectral width.
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FIG.15. Waveforms and auto-power spectra 20 MHz-2 GHz (27 kG).
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FIG. 16. Power spectrum 5- 700 MHz (16 kG).
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FIG.17. Cross power and phase spectra 50 MHz-2.5 GHz (16 kG).

The fluctuation spectra corresponding to H-, 16 kG, P. = 460 kW

are presented in Fig 16 and 17. One notices again the presence of the

first and second harmonics of the ion cyclotron frequency as well as the

peaks around 300 MHz and 600 MHz. Fig. 17 shows a plot of the cross power

spectrum and the toroidal phase spectrum in the spectral range 50 MHz -

2.5 GHz. The main features of the spectrum are the wave at 300 MHz and the

pump at 1.25 GHz. The toroidal wavelength of the pump is measured to be

8 cms, corresponding to a, - 3. Table I summarizes the parametric decay

spectra observed in PETULA.



82 BRIAND et al.

TABLE I. DOMINANT FEATURES OF DECAY SPECTRA

Dominant peaks i n

the spectra l range

1 - 200 MHz

200 - 700 MHz

700 MHz - 2 GHz

P U M P 1.25 GHz

16 kG, H 2 , P = 460 kW

<Vi« 2 wci

300 MHz, 600 MHz
(14 coc.)

1.25 GHz (Pump)

27 kG, H 2 , P = 660 kW

u c i . 2(oci ,3o)ci ,4u)ci ,5(oci

300 MHz, 600 MHz
( io« c i )

950 MHz (Lower Sideband)
1.25 GHz (Pump)

The presence of a peak in a stationary f luctuat ion spectrum de-

pends upon the degree of coherence, threshold l eve l , growth rate and damp-

ing rate of the wave at a part icular frequency. A peak with a large spec-

t ra l width represents a strongly damped wave and/or quasi-resonant interac-

tions where mismatches of frequency or wavenumber have the ef fect of

smearing out a peak. We have observed at least eight weakly damped modes

to exist in the plasma while those heavily damped have less l ike l ihood

of appearing as dominant peaks in the spectra.

DISCUSSION.

These measurements are preliminary and a detailed study is

necessary.

In the case B •= 16 kG, electron heating was measured by soft X-

rays and Thomson scattering and was correlated with a loop voltage de-

crease. The Z - f deduced from soft X-rays remained constant. For 27 kG,

the electron heating was not evident.

For 16 kG and 27 kG, F (v . , t ) , which was measured by a

perpendicular charge exchange analyzer, was constituted by a heated Max-

well ian bulk population and a high energy ion t a i l . At 16 kG, T. ( r = o)
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increased from 200 to 270 eV. At 27 kG, T.(r = 0) increased from 350 to

500 eV and T.(r = 10 cm) from 200 to 260. However the r ise time and the

c"ecay time of T .were short (~ 1 ms) in both cases. This could be due to

the two effects :

(1) The velocity gain is perpendicular, and,

(2) The characteristic time for this gain is probably shorter than any

col l is ion time.

As a consequence F (V,,-, V,,.,-) would be strongly modified by the R.F.,

especially since the R.F. duration and the isotropization time are compa-

rable. Moreover,the charge exchange analyzer is sensitive to a very small

and precise domain of velocity space.

Using the T . measurements, an estimation of the total power

coupled to ions can be made by using the time derivative of T ^ , and

triangular density and ion temperature increase prof i les (which are consis-

tent with the data for r = 0 and r = 10 cm). The ions should receive 10 kW

from a transmitted R.F. power of 345 kW in the 16 kG case, and 100 kW from

a transmitted power of 540 kW in the 27 kG case. Another estimation can

be made by considering that a steady state is reached during the R.F.

pulse. This gives a similar resul t . From the point of view of energy

absorbed per ion, one finds 0.2 eV/kW at 16 kG and 0.3 eV/kW at 27 kG.

The question remains which wave heats the ions and/or

electrons and whether the damping mechanism is l inear, nonlinear or sto-

chastic. Theory suggests that waves appearing near the ion cyclotron har-

monics can heat the plasma ions and electrons l inear ly or nonlinearly

depending upon whether they are normal or quasi-plasma modes. Comparing

the 16 kG and the 27 kG cases, one observes that for a given pump power

at 27 kG:(i) the accessible portion of the pump power is greater j ( i i ) the

radial e lectr ic f ields of the pump are expected to be stronger due to

higher density;and ( i i i ) the Manley-Rowe relations suggest that the power

in each of the ion cyclotron harmonic waves should be 68 % higher. Thus

one should be cautious in attributing the larger energy gain of the

ions at 27 kG to the presence of the l inear mode conversion layer in the

plasma.
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Abstract

PLASMA HEATING NEAR LOWER-HYBRID FREQUENCY IN JFT-2 TOKAMAK.
An experimental investigation of lower hybrid heating at frequencies of 650 and 750 MHz

is reported. An RF coupling efficiency of about 90% is obtained up to the a power level of
140 kW by using an array of four waveguides. Effective ion heating (ATJX/T; = 50—60% by
charge exchange and 25-30% by spectroscopy) has been obtained on the application of
135 kW when the turning point is near the plasma centre. The temperature increase is also
seen to be proportional to the input RF power. Apparently hot ions are not always localized
in the plasma periphery. Even in the case of high density and high power (CJO/WLH = 0.8, net
P R F = 80—100 kW), fairly effective ion heating is observed, which may suggest that some non-
linear mechanisms in the plasma heating are of crucial importance.

1. INTRODUCTION

Lower hybrid wave heating is expected to provide additional heating in future
tokamaks. However, experimental data to confirm the pertinent physical picture
are scarce. We can perform the heating experiment with the condition of a fairly
small amount of gaseous impurity due to RF. In this paper, experimental results
following the first report [1] are presented.

2. EXPERIMENTAL ARRANGEMENT

2.1. RF system

An array of four rectangular waveguides (size of each guide 1.4 cm X 29.0 cm)
was employed as a coupling system [2, 3]. Figure 1 shows the schematic diagram

85
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FIG.l. Schematic view of JFT-2 tokamak and RF system.
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FIG.2. (a) Calculated power spectrum versus parallel refractive index (N\\) for phase difference
A<f> and frequencies 650 and 750 MHz; (b) radial position of turning point r/a versus central
electron density ne0. B7 = 1.3 T, Zeff = 3.7; frequency*650MHz.

of the tokamak and RF system. A vacuum seal was made in the waveguide 190 cm
behind the plasma boundary by thin ceramic windows. The frequencies of the
generator are 650 and 750 MHz with a maximum power of 200 kW.

The expected power spectrum can be calculated [4] by using the theory of
Ref.[3] as is shown in Fig. 2a. The radial positions of the turning points for each
parallel refractive index N value are also shown (Fig.2b).
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180°

FIG. 3. Coupling characteristics: reflection coefficient R versus phase difference of adjacent
waveguides, A(j>, for different RFpowers. The theoretical curve has been calculated in Ref.[3],

2.2. Characteristic of JFT-2 plasma

In the present experiment, the following discharges are used as a standard
operation: toroidal field (Bt) 1.3-1.8 T; plasma current (Ip) 100 kA; average
electron density (ne) (1—1.5) X 1013 cm"3; central electron and ion temperatures
(Te) 600-1000 eV; and (TO 250-320 eV; effective ionic charge (Zeff) 3 -5 .

The plasma parameters in the shadow of the limiter are n^ = (0.5 — 1) X 1012 cm"3

and Te = 10-20 eV. The working gas is hydrogen.
The experiments were started after several days of ageing. During this period,

a considerable amount of CO (M/e 28) out-gas was observed by mass spectrometry
(about an order of magnitude larger than without RF). When ageing is insufficient,
the density increases by more than 30%, and a loop voltage increase from 2 to
2.6 V is observed.

3. EXPERIMENTAL RESULTS

3.1. RF coupling

The dependence of the total power reflection coefficient R on the phase
difference A<f> between adjacent waveguides was measured at various power levels
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FIG.4. Time development of plasma and RF heating pulse: Plasma current Ip, one-turn voltage
VL, RF-power PR^, central chord-averaged electron density nt. The broken lines for KL, T\
and ne correspond to base plasma without RF. Bj = 1.3 T, PRF = 135 kW, frequency = 650 MHz,
A0 = 90°.

(Fig.3). At a power level of 3 kW, the experimental points agree well with those
from the Brambilla theory [3] with a plausible density gradient (3 X 1013 cm"4)
from scrape-off plasma density measurements. Optimum coupling is obtained
at A0 = 90° both in experiment and theory. However, the reflection coefficient
is greatly reduced by increasing the input power and becomes rather insensitive
to A0. This change in coupling characteristics is probably due to non-linear effects
such as ponderomotive force and/or parametric decay instability which was observed
during the RF pulse. It is noted that a good coupling efficiency of about 90%
was obtained up to a power level of 140 kW.
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FIG.5. Example of energy spectrum of perpendicular charge-exchanged neutral-particle
measurement for cases with and without RF. Upper right-hand trace shows time development
of bulk temperature, Tv BT = 1.8 T, ne = 1.4 X 1013 cm'3, fRF = 125 kW, frequency =750 MHz

°

3.2. Ion heating

One of the typical results is shown in Fig.4. An RF power of 135 kW has
been applied for 20 ms. Usually, the loop voltage shows a negligible increase
(2—3%), and an increase in ne by 10% was observed. In this case, an increase in
the perpendicular ion temperature Tj from 270 to 420 eV is obtained. No appreciable
change of Te is observed within the accuracy of measurement (10%). An example
of the energy spectrum of the perpendicular charge-exchanged neutrals is shown
in Fig.5.

Figure 6 shows the radial profile of the temperature increase determined from
Doppler broadening of impurity line radiation. At the bottom of the figure,
corresponding radiation peaks (Abel-inverted) are also shown. The ion temperature
increases relatively smoothly over the radius.
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FIG.6. Radial profile of ion temperatures during (open circles) and just before (full circles j
RF pulse. Profiles ofne and Te are also shown. C X, O VII, C V, N V and CIV correspond
charge-exchange measurement, Doppler broadening of O VII (1623 A), C V (2270 K),
N V (1239 A), CIV (1548 A) lines, respectively. Lower figure shows emission maxima of
each line (full and dotted lines correspond to situations before and during RF pulse, respectively).
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FIG. 7. Power dependence of ion temperature increase for 650 and 750 MHz. A bscissa is RF
power per density. • (o) and ±(X) are perpendicular ion temperature (AT-a) and Doppler
temperature of O VII line (ATDop).
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FIG.8. Comparison between charge-exchanged energy spectra measured along different
horizontal chords for the RF-on (broken lines) and RF-off (solid lines).

The ion temperature increase obtained up to now is plotted in Fig.7 as a
function of the RF power. The difference between ATji and ATpop might be
due to two reasons: (1) Trjop gives the value at r = 6-8 cm from the plasma
centre as is shown in Fig.6; (2) the ion confinement time < 10 ms is not enough
for the hot ions to be Maxwellized because rM = 10-30 ms.

3.3. Behaviour of energetic ions

A high-energy ion tail in the charge-exchanged spectra was observed during
RF in many experiments [5] and was interpreted to originate from parametric
processes in the peripheral region. In the present experiment, energetic ions
were also found with an energy starting from 2 keV and had a decay time of more
than 300 jus and a temperature of typically 1 keV.

The energy relaxation times between protons and impurity ions (e.g. O VII,
C V and N V), estimated to be less than 1 ms, were shorter than the ion energy
confinement time. This suggests that energetic ions play an important role in
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FIG.9. Vertical distribution (a) and radial profiles (b) of charge-exchanged particles with
different energies for RF-on operation (broken lines (a), thin lines (b)) and RF-off operation
(solid lines fa), heavy lines (b)).

determining Ti and the lower hybrid (LH) heating mechanism. Figure 8 shows
charge-exchanged energy spectra measured with a vertically scanned analyser for
the RF-on and RF-off cases. Figure 9a shows the vertical distribution of charge-
exchanged particles as a parameter of their individual energy; they were converted
into radial profiles as shown in Fig.9b. With the present parameters, the attenuation
of neutral particles above 1.5 keV may be neglected. The radial profile in Fig.9b
includes uncertainty due to asymmetry coming from trapping phenomena. For
particles above 2 keV, a remarkable increase by RF is found with a peak near the
turning point, and their density is estimated to be several per cent of the base
plasma. This energy (2-3 keV) is just ten times the base plasma energy and it
corresponds to the particle energy which is strongly coupled to the LH waves of
the resonance zone. In a numerical simulation, we were not able to explain the
charge-exchange spectra with a simple model which assumes the energetic tail to
be localized in the peripheral region.

If the energetic ions mentioned above exist in the inner part of the plasma
column, the energy flow to the body plasma and the wall through these energetic
ions is several kW and several tens of kW, respectively. However, the decay time
is shorter than the expected confinement time and is comparable to the bounce
time. It may be necessary to consider effects such as of the loss disc for the
trapped particles.
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FIG. 10. Effective heating efficiency T](0) (see text) versus normalized frequency
for different RF powers. The broken line is an estimate from linear theory of Ref. [4]

3.4. Heating efficiency

The ion heating efficiency is related to the relative increase of T;:

= A(AT i l/T i)(Pei/PRF)

A= 1 -

where Pei is the energy transfer from electrons to ions, rgj the ion energy confine-
ment time without RF power; A = 1 is assumed. To show the overall effect for
ne, Bt RF powers and the frequency condition, Fig. 10 represents TJ(O) versus
the normalized frequency co0/k>LH> where OJJJR is the LH resonance frequency
including the impurity effects. The increase of Ti in the case of CJO/COLH a* 0.8
was also confirmed by the Doppler temperature.

It is found that the ion heating characteristic for rather low power agrees
with the linear theory. For higher power, however, T? increases with decreasing
ajo/d;LH. We note that the turning point of the dominant wave calculated by
the theory is located at the outer side of the plasma (r/a «» 0.8). In this case,
one possible energy transfer mechanism may be the decay process in which
short LH waves decay into whistler and ion acoustic waves [8].
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4. SUMMARY

The experimental results are summarized as follows:
(1) A coupling efficiency of about 90% was obtained up to a power level of

140 kW by a quadruple waveguide array;
(2) Effective ion heating (AT^Tj = 50-60% and ATDop/Ti = 25-30%) has

been achieved on the application of 135 kW for the turning point lying well
within the plasma. The temperature increase is seen to be proportional to

PRF-

(3) Hot ions are not always localized in the plasma periphery. Ions of some
medium energy range (typically, 3 keV) seem to exist around the turning
point («« 8 cm from the axis).

(4) Even for high density (CJ 0 /OJ L H = 0.8), fairly effective ion heating is
observed for high power (above 80-100 kW). These results may suggest
that some non-linear mechanisms are of crucial importance in plasma
heating.
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Abstract

LOWER-HYBRID HEATING IN THE WEGA TOKAMAK.
In the Wega experiment, 125 kW of HF power at 500 MHz are applied for 10 ms. The

ion energy increases by a factor of 2.5; the electron energy doubles. The ion temperature
increase is demonstrated to be thermalized by the agreement between the perpendicular and
parallel charge-exchange measurements and Doppler broadening of the OVII line. About 15 kW
of HF power are absorbed by the ions and, once inductive effects have been taken into account,
about 30 kW of HF power are tentatively deduced to be absorbed by the electrons. This is to
be compared with 60 kW of HF power estimated to be able to penetrate into the central region
of the plasma using the non-optimized coupling structures of the present experiment.

1. INTRODUCTION

The Wega device is at present a tokamak (R = 72 cm; &]jm
 = 15 cm; B=1.44T;

I = 50 kA), whose layout has been shown elsewhere [1,2]. To the plasma produced
by Ohmic heating (ne ~ 1013 cm"3; Te(0) ~ 500 eV; Ti(0) ~ 120 eV) HF power
is applied at f = 500 MHz and power levels up to 180 kW for 10 ms. In the experi-
ment for which detailed diagnostics of all plasma parameters are available, the
applied power was 125 kW for 10 ms. Because of port size limitations in the present
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100

FIG. 1. HF power radiated from antenna and power deposition as functions of parallel
wavenumber N\\ from slab-model calculations.

experiments, the HF power is coupled by means of two coaxial lines terminated by
one-loop coils [ 1 ]. While the exact power spectrum in parallel wavenumber of
these loops is very difficult to calculate (finite poloidal wavenumbers, excitation
of fast mode, etc.), an indication of the width of the spectrum in parallel wave-
number may be deduced from a slab-model calculation (ky = 0), which result is
given in Fig.l. It is seen that only a fraction of the power (less than 50%) will be
found for parallel wavenumbers between 1.6 (required for accessibility) and 5,
above which the wave cannot reach the central region.
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FIG.2. Time evolution of electron density profile from Thomson scattering measurements
on application of HF.

2. DENSITY INCREASE

A major effect of the HF in our experiments has been an increase in the elec-
tron density. The initial rate of increase has been found to scale linearly with the
HF power [2], In the present experiments, the central electron density doubles
during the 10 ms of the HF pulse and the electron density profile becomes more
peaked (Fig.2).

In experiments in which the equilibrium electron densities had been adjusted
to be either the initial or the final electron density obtained in the HF experiments,
an increase of 30 eV in the ion temperature due to the increased electron-ion
heat transfer was obtained, in agreement with neoclassical (plateau regime) losses.
This result has been confirmed by experiments in which the density evolution during
the HF was simulated by programmed gas puffing [1, 3].
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FIG. 3. Time evolution of Tj during and after HF pulse from charge-exchange measurements
and from Doppler broadening of the O VII line.

The cause of the density increase is not yet understood. It is expected that
the use of different coupling structures with lower electric fields at the antenna
as well as different methods of HF discharge cleaning of the coupling structure will
allow further insight into this problem.

3. ION HEATING

Strong ion heating is observed on application of the HF. On the energy
spectrum of charge-exchanged neutrals observed perpendicular to the magnetic
field, a fast ion tail of mean energy 1 keV is observed whose lifetime is very short
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FIG.4. Ion temperature profile before and at the end of HF from charge exchange (CXj
and from Doppler broadening measurements.

(~ 100 us) and which is produced at the edge [4, 5]. The energy spectrum of the
bulk plasma ions, deduced after subtracting the fast ion tail, shows an increase in
the ion temperature from 130 eV to 250 eV with a long decay time (6 ms) after
the HF is switched off [3]. When the charge-exchanged neutrals are observed
parallel to the magnetic field, no fast ion tail is observed, indicating that its magni-
tude relative to the bulk plasma ions is at least one order of magnitude less than
in the perpendicular direction. The bulk ion temperature parallel to the
magnetic field is found to increase from 130 eV to 230 eV, in agreement
with the perpendicular measurement, and also in agreement with the ion tempera-
ture deduced from Doppler broadening of the OVII line (Fig.3). This, together
with a decay time comparable to the ion energy lifetime (= 6 ms), demonstrates
a good thermalization of the coupled HF power. The ion temperature profile
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FIG.5. Time evolution of ion energy density and of the different terms of ion power balance
in the centre during and after HF.

deduced from parallel charge exchange and from the Doppler broadening of the
OVII, CV and CIV lines at the beginnning and at the end of the HF is shown in
Fig.4, indicating that the ion temperature increases throughout the volume of
the plasma. The ion power balance near the plasma axis may be written in the
form:

W HF, i = w k ) S S - (1)

where the first term on the right represents the theoretical power loss per unit
volume assuming neoclassical losses (Wloss <* n{Tla q) and the second term in
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FIG.6. Time evolution of power coupled to the ions from the electrons and from HF.
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FIG. 7. Time evolution of electron temperature profile measured by Thomson scattering
on application ofHF.
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brackets represents the difference between the electron-ion heat transfer and the
time rate of change of the ion energy density. The difference between the two
terms is then the HF power absorbed by the ions minus anomalous losses induced
by the HF, if any. The time evolution of the two terms on the right-hand side
is indicated in Fig.5. Wioss is normalized such that the two terms balance before
the HF. After the HF they balance again, indicating that no additional losses
remain when the HF is switched off. During the HF, however (Fig.5),the second
term drops near zero, and the difference between the two terms indicates a local
HF power coupled to the ions of the order of 300 mW-cm"3 at the centre.

When this local power balance is performed at the different radii at which the
ion temperature is measured and the result is integrated, the total HF power coupled
to the ions is obtained (Fig.6,in which, for comparison, the electron-ion power is
also plotted). It is seen that, at the end of the HF, between 10 and 25 kW of HF
power are coupled to the ions.

4. OHMIG HEATING POWER AND IMPURITIES

When the HF is applied, the electron temperature profile becomes more
peaked (Fig.7). In this series, electron temperature profiles from Thomson
scattering were taken only during the first 6 ms of the HF. During this time,
the central electron temperature increases from 0.5 to 0.8 keV, while the edge
is cooled. The loop voltage increases (Fig.8). Owing to the rapid change in the
electron temperature profile, it can no longer be assumed that the electric field
is constant as a function of radius. Under the assumption of Spitzer resistivity
and constant Zeff(r), the electric field and current density profiles have been
calculated self-consistently as a function of radius and time from the time evolution
of the electron temperature profile and the measured values of loop voltage and
plasma current. The profiles of q and Ohmic heating power deposition, as well
as the value of Zeff, are then deduced. It is found (Fig.l 1) that the increase in
Ohmic heating power is only half as large as the increase in Vm X Ip . While the
error bars of this calculation are naturally large, it is supported by the fact that
the calculated q at the centre reaches 1 at the same time as the appearance of the
sawteeth on the soft X-ray signal (Fig.8). Furthermore, the deduced Zeff is shown
as a function of time in Fig.8. The agreement with the Zeff deduced from soft
X-ray emission is good, and it is therefore not necessary to invoke anomalous
resistivity to explain the voltage increase. Rather, it is explained by the increase
in internal inductance coupled with a moderate increase in Zeff (Zeff goes from
2.2 to 3.2). This increase in Zeff should, however, increase the ion temperature
by only 5%.

A numerical calculation [6] shows that the increase in Ze]ff can mainly be
explained by an increase in the ionization state of the impurities alone due to the
higher electron temperature, without an increase in impurity concentration.
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FIG.8. Time variation of measured loop voltage (Vm), voltage induced due to change of
the internal inductance (V^^), and q{0) calculated by taking into account the inductive effect.
Zeff calculated from the Te profile including these inductive effects compared with the result
of soft X-ray measurement (open circles).

5. ELECTRON POWER BALANCE

The electron power balance may be written:

(2)

where the first term on the right represents the theoretical loss per unit volume
assumed to be equal to the electron energy time drift parameter, plus the mean
power lost by sawteeth relaxations when they occur, and the second term in
brackets is the difference between the net Ohmic power available to electrons
(WOH - Wei) and the time rate of change of electron energy. The latter, as well
as the sawtooth power, is deduced from the amplitude of the soft X-ray signal [7]
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(b) Mean electron density (ne)from microwave interferometry and central electron temperature

(X-ray signal and Thomson scattering);
(c) Electron energy density in the centre (X-ray and Thomson scattering).
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once it is established (by comparison with the Thomson scattering in many series)
that this signal is, in the present experiments, proportional to electron energy
squared and independent of Zeff (Fig.9(c)). The evolution in time of the two
terms and the right-hand side at the centre of the plasma is shown in Fig. 10.

As in the case of the ion power balance, it is found that the term in brackets
in Eq.(2) drops near zero during the HF, indicating that HF power is coupled to
the electrons. This power is found, at the centre of the plasma, to be of the order
of 1 W- cm"3, 6 ms after the beginning of the HF, provided that the losses are
not reduced below their theoretical value. At the onset of the sawteeth, the losses
increase but the electron energy no longer increases. Consequently, the difference
of the two terms remains about the same. When integrated values are substituted
in the electron power balance equation, the time evolution of the two right-hand
terms is shown in Fig.l 1. It is seen that, on the assumption that the total losses
scale with electron density (roughly equivalent, for our case, to the assumption
of scaling of the electron heat conduction coefficient with drift parameter), the
HF power to electrons during the first 5 ms would be 30 kW.
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FIG. 11. Time evolution of the different terms of the total electron power balance and of
Vm X 7p (loop voltage times plasma current).

6. CRITIQUE AND DISCUSSION

In the present experiments, 125 kW of HF power are incident to the plasma.
Of this a fraction, estimated (by a simplified slab-model calculation) to be about
60 kW, should be able to reach the centre. About 15 kW of HF power are shown
to be absorbed by the ions, leading to a doubling of the ion temperature. The
calculation of this power is supported by the fact that input and loss terms also
balance at the end of the HF. As shown in Fig. 12, the best heating has been found
at the lowest starting densities yet investigated, for which the resonant surface and
the linear turning point remain in the central region of the discharge during the
entire pulse. Moreover, as indicated in Fig. 13, the temperature increase does not
show any saturation when the HF power is normalized to the initial mean electron
density. As discussed above and in Ref.[2], impurities do not play a major role
and do not seem to be the cause of the ion heating during the first 10 ms.

In contrast with the conclusions of Ref.[2],where the inductive effects were
not taken into account, about 30 kW of HF power are tentatively calculated to
be absorbed by the electrons, provided that the local electron heat conductivity
scales with the drift parameter and the scale lengths do not change. While this
calculation is more uncertain than that of the ions (detailed data are from one
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FIG. 12. Initial and final electron densities and ion temperatures for HF heating experiments
at different densities.

series only, and that series did not include the end of the HF), it seems clear that
some HF power must also be absorbed by the electrons. The increase in plasma
resistivity can be explained without invoking anomalous resistivity.

SUMMARY

On the application of the HF, the ion energy is increased by a factor of 2.5
and the electron energy is doubled. The results show that of the order of 45 kW
of HF power are absorbed by the plasma, of which 15 kW are absorbed by the
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FIG. 13. Ion temperature increase on application of HF as a function of the total HF power
normalized to the mean initial electron density.

ions, and 30 kW by the electrons. Of the incident HF power (125 kW) about
60 kW are estimated to satisfy at once the accessibility condition and the condi-
tion that their linear turning point lie in the central region of the plasma
(r/a < 0.5). While, from the above, the heating efficiency appears good, experi-
ments with optimized coupling structures and more detailed diagnostics are
necessary to ascertain high efficiency. Neither the detailed mechanism of power
absorption by the ions and, more particularly, by the electrons (N|| < 5, so that
the electron Landau-damping condition is not satisfied) nor the mechanism
responsible for the density increase is yet understood.
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Abstract

INVESTIGATION OF LOWER-HYBRID PLASMA HEATING IN FT-1 TOKAMAK.
Physical phenomena related to lower hybrid plasma heating are studied at Tokamak FT-1.

The lower hybrid waves were excited by a passive slowing-down structure. In a "cold"-plasma
regime (Te s* 10 eV) the propagation of the waves in a toroidal geometry was investigated by
movable probes. It was found that the HF fields were localized inside a resonance cone
calculated for experimental conditions. Spectra of oscillation and probe signals on HF power
were measured in the central and peripheral regions of the discharge. The power dependence of
the signals was found to be non-linear. In a "hot"-plasma regime (Te ** 300 eV) the changes in
the plasma parameters were studied under a 400-MHz HF pulse with powers up to 60 kW and
durations up to 1 ms. The power absorption by ions with an efficiency of 15% was observed by
a neutral-particle analyser. The increase in electron temperature was recorded by laser diagnostics
in the vicinity of the LHR regions. The electron temperature profile was observed to broaden,
and the total energy containment in the plasma increased during the HF pulse.

The experiments on HF plasma heating in the lower hybrid frequency range
have been carried out at Tokamak FT-1. A passive slowing structure with ribbed
walls was used for wave excitation [1 ]. Some 22 flat rings with openings of
16 cm radius were mounted on the inner wall of the toroidal chamber with a
major radius of R = 62.5 cm, a minor radius of r = 20 cm and a limiter radius
of a = 15 cm, creating a system of transverse ribs in a quarter of the torus.
HF power was fed by a rectangular co-axial line formed by the port of the
chamber (its cross-section 40 X 4 cm2) and the central flat conductor (30 X 1 cm2).
The open end of such a co-axial line operates like two narrow waveguides excited
in opposite phases. The K-spectrum of the radiated waves depends on the
dimensions of the exciter, the properties of the slowing structure and the
density profile of the peripheral plasma. In the broad range of experimental
conditions, the slowing factor was expected to be close to Nz = 1.6—3.0, but
the open end of the co-axial line was to emphasize the short-wave part of the
spectrum with Nz > 10, owing to its small dimensions.
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FIG.2. Peripheral probe signal versus HF power. 1 - obtained for "hot" regime,
2, 3,4 — for "cold"regime by probes located 0.4, 1.2 and 2.4 m, from the exciter, respectively.
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The measurements of the HF field distribution were performed by probes
designed to study the excitation and propagation of waves in a toroidal geometry
as well as the non-linear phenomena at a high level of HF power. The fixed
probes were located at several points of the chamber in the limiter shadow.
Their loops recorded the azimuthal component of the HF field (Hy). The movable
probe was placed in the cross-section opposite to the HF antenna, at a distance of
2.4 m from the exciter, and could move perpendicularly to the discharge axis in
the equatorial plane of the torus. The pick-up element of the probe was either
a 20 X 5 mm2 loop — for Hy measurements —, or a 7-mm rod — for Ex measure-
ments. The fixed probes were used in the entire discharge regime. The movable
probe could be pushed into the plasma in the "cold" regime only, with a discharge
current of 2—3 kA. In this regime, no complete ionization was achieved, the
electron temperature was "frozen" near to 10 eV, the collision frequency was
rather high (v/co «« 10"2 - 10~3), and the plasma density was 1012 - 1013 cm"3,
depending on the current. In the normal (or "hot") regime, the current was
27-30 kA, the electron temperature at the axis was 200-350 eV, the maximal
density (0.5-1.5 X 1013 cm"3 and the collision frequency I>/CJ «* 10"5.

The measurements revealed the deep-noise-like modulation of the probe
signals in all regimes of operation. So the signals were averaged by intergration.
Figure 1 shows the radial distribution of the Ex component as measured by the
movable probe at neo = 7.5 X 1012 cm"3, Bo = 6 kG (dashed line) or Bo = 10 kG
(solid line). The distributions were measured at f = 400 MHz and P = 2 W, but they
remained similar up to P = 60 kW. It is seen that the HF field exists everywhere
up to the axis, but in the region r > 8 cm the fields are much higher. The
boundaries of this region coincide quite satisfactorily with the cones of wave
propagation (marked by arrows) calculated for short waves (Nz > 4) in the
potential approximation [2]. The presence of HF fields in the peripheral region
indicates the considerable portion of weakly slowed-down waves in the real spectrum.
The HF fields near the axis can be accounted for by short LH waves reaching the
central part after several turns round the torus as well as by waves with the other
polarization (i.e. whistlers) originating from transformation of LH waves.

Figure 2 presents the dependence of the peripheral probe signals on HF
power in the range 2-60 kW at neo = 7.5 X 1012 cm"3 and Bo = 6 kG. Curve 1
was obtained in the "hot" regime. For all probes the dependence was found to
be linear. Curves 2,3, 4 were obtained in the "cold" regime. They relate to
probes located at distances of 0.4, 1.2, and 2.4 m from the exciter, respectively.
It is seen that non-linear dependencies appear the earlier the farther away the
probe is situated. The probe placed into the plasma up to the boundary of the
propagation cone (r = 10 cm) shows a similar dependence. The observed non-
linear absorption of waves can be related to parametric phenomena as well as to
an increase in collisional damping due to additional ionization by LH waves at the
plasma periphery.
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FIG.3. Frequency spectra observed by probe: 1 - for incident power; 2 - by peripheral
probe in "cold" regime; 3 — by peripheral probe in "hot" regime; 4 — in dense plasma.

Frequency spectra of probe signals at the 60 kW input power are presented
in Fig. 3. Curve 1 shows the spectrum of the generator. The spectra recorded
by the peripheral probes are broadened symmetrically. The broadening of the
spectrum in the "hot" regime (Curve 3) is greater than in the "cold" one (Curve 2).
Qualitatively, such spectra can be explained by wave scattering on the drift
oscillation. An evidence for decay processes was not found, but the spectrum
obtained by the movable probe inside the plasma at r = 10 cm (Curve 4) was non-
symmetric, with the level of the red satellite 15 dB lower than that of the pump
frequency power. About 30% of the pump power was contained in the red
satellite.

So it was shown that the antenna system radiated waves capable of penetrating
into the dense plasma. In cold plasma, the wave propagation proceeds along the
cone trajectories and is accompanied by non-linear phenomena and collisional
damping. In hot plasma, direct probe measurements are impossible, and the only
way to judge about wave penetration is to observe the changes in the plasma
parameters by HF power.

The effect of HF power on the energy spectrum of ions was reported earlier [3].
Charge-exchange diagnostics has shown that the fast-neutral flux increased sharply
when the lower hybrid conditions were satisfied in the central part of the plasma.
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Neutrals with energies of up to 3 keV were registered in the spectrum under the
HF pulse. The fraction of HF power spent for fast-ion production was estimated
to be 15% of the total input power.

The results on electron heating by HF power confirm our conclusions on
wave penetration into the dense plasma. The electron temperature and plasma
density profiles were investigated by Thomson scattering [4]. The measurements
were made in the "hot" regime with an Ohmic heating power of POH = 60 kW.
A 400-MHz, 1-ms HF pulse was applied near the maximum of the discharge current,
15 ms after its beginning. Figure 4 shows the distributions Te(r) and ne(r) at the end of the
HF pulse (Curve 1) and without HF (Curve 2) at Bo = 6 kG, ne = 7 X 1012 cm"3,
neo ^ 1-4 X 1013 cm"3. The input HF power was 50 kW. The LHR condition
was not met, and the slowed down waves (with both polarizations) could reach the
central region if Nz > 4. Nonetheless, an increase in Te is seen, the Te(r) profile
becomes broader, but the ne(r) profile does not change. The energy stored in the
electrons We = / nTe dV rises from 40 to 50 J.
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Figure 5 shows the same profiles at Bo = 10 kG, ne = 5 X 1012 cm 3,
neo = 1 X 1013 cm"3, and PHF = 35 kW. In this case, the LHR region was
situated at r = 4 - 6 cm and was accessible if Nz > 1.4. The increase in Te is seen
at r *» 3 cm, near the LHR region. The total electron energy rises from 16 to 20 J.

The efficiency of electron heating evaluated as (AWe/PHF)/(We/PoH) is
about 30% in both cases. It should be noted, however, that the accuracy of these
measurements is not high enough and the results on electron heating are preliminary.

Thus, probe measurements in the "cold" regime and electron and ion heating
investigation in the "hot" regime show us that the waves, excited by the slowing-
down structure, penetrate into the dense plasma and can be absorbed in the
vicinity of the discharge axis. In a cold discharge in a toroidal magnetic field,
wave propagation, according to theoretical predictions, proceeds along the
propagation cone and is accompanied by collisional damping and non-linear
phenomena.

It seems that in the "hot" regime the influence of collisional damping and
non-linearity is reduced and propagation conditions are more favourable. In any
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case, probe measurements in the limiter shadow do not show any non-linear
dependence on the incident HF power. Besides fast-ion production, HF heating
leads to an increase of the total electron energy and to a broadening of the electron
temperature profile.

Electron heating may be produced by different processes: collisional absorp-
tion, Landau damping of strongly slowed-down waves by electrons, and parametric
instabilities in the lower-hybrid-resonance zone. Additional experiments are
necessary to clarify the mechanism of electron heating as well as the nature of
the ion acceleration process.
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DISCUSSION

ON PAPERS A-4-1 TO A-4-4

P.K. KAW: You said that coupling efficiency is of the order of 90%, but that
heating efficiency is only 15 to 30%. What happens to the rest of the energy?

M. YOSHIKAWA: The rest of the energy must reach the wall in the form
of particle and wave energy. The overall efficiency is 15-45% when the energies
going to ions and electrons are summed up.
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Abstract

ACCUMULATION OF IMPURITIES AND STABILITY BEHAVIOUR IN THE
HIGH-DENSITY REGIME OF PULSATOR.

At the end of high-density plateaus, a strong accumulation of impurities by a factor
of 5 within less than 10 ms is observed. This leads to a displacement of the current into an
outer region with a subsequent steepening of the gradient at the q = 2 surface. The resulting
disruption prevents the production of longer density plateaus. From observations of the
internal disruption and of the m = 2, n = 1 mode activity we have further evidence that steep
current gradients at q = 2 trigger the current disruption. The existence of a sharp density
limit, however, cannot be explained satisfactorily in these terms. — High densities up to
1014 cm"3 can be obtained in high-current discharges with q = 2.1. The energy confinement
time scales proportionally to ne with little or no dependence on the total current. The trans-
port by internal disruptions is enhanced in these low-q discharges.

I. INTRODUCTION

The experiments in the high density regime of Pulsator have
shown that there is a sharp limit for the obtainable electron
density /1/. It corresponds to 27 fringes of the microwave inter-
ferometer or to 1.8 x 1o14cm~3 central density for a parabolic
profile. This value has been reached in many discharge series,
however, the current disruption always occurs before the 28th
fringe. The limit can be obtained at the maximum field of 2.7 T
and at currents between 5o and 6o kA. The reason for the onset of
the disruption is not yet clear. It seems, however, that steepen-
ing of the gradient of the current density at the q=2 surface is
a necessary trigger, provided that the electron density is al-
ready close to the limit.
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I i
75 ms 90 ms

80 90 100 t [ms]

FIG.l. Time evolution of plasma current Ip, loop voltage Uh, position signal X, line-averaged
density ne, hydrogen input pressure t/B and a set of eight signals coming from silicon surface
barrier diodes. The up-down minor-radius positions of the diodes are as follows:
1: -4.9 cm, 2: -3.2 cm, 3: -1.5 cm, 4: + 0.2 cm, 5: +1.9 cm, 6: + 3.6 cm,
7: +5.4 cm, 8: + 7.0 cm.

The aim of the experiments described in this paper was to pro-
duce plateaus slightly below the maximum density, in order to in-
vestigate in detail the plasma conditions before the disruption.
For this purpose we installed a programmable gas valve and varied
the influx in an appropriate way at the end of the discharge. In
this way we were able to produce density plateaus of 2o-4o msec
duration, after which, nevertheless, a disruption occurred. In
these cases we obtained experimental evidence of an accumulation
of impurities in the center of the plasma, which apparently led
to an unfavourable shaping of the current profile thereby termi-
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FIG. 2. Radial profiles at 75 and 90 ms:
a) directly measured diode signal UD; b) Abel-inverted diode signal UL; c) electron tem-
perature; dj electron density obtained by Thomson scattering.

nating the discharge by a disruption. An inward diffusion of
heavy impurities as predicted by neoclassical theory has not been
observed in low density discharges, probably because of the high
anomalous diffusion coefficient. In the high density regime, neo-
classical transport coefficients increase by nearly one order of
magnitude and therefore can account for the corresponding accu-
mulation. As this effect is observed for the first time, it seems
justified to describe the pertaining experiments in greater de-
tail, putting correspondingly less weight on the question of the
stability in this paper.

In Section II the experimental findings supporting the accu-
mulation hypothesis are given. Section III deals with the conse-
quences for the stability behaviour. Section IV is not directly
connected with the main subject of this paper and presents some
results concerning low q-discharges at high densities.
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II. ACCUMULATION OF IMPURITIES

1. Experimental results

Figure 1 displays the time evolution of several parameters of a
typical discharge. The first set of traces shows the electrical
signals such as loop voltage, plasma current and position signal.
The second set shows the gas puff pressure U B and the resulting
density evolution. U B i s n o t t n e hydrogen flux, but the pressure
behind the fast gas valve. The last set of curves displays traces
of the Si-surface barrier diode signals at different radii. The
obvious feature of these curves is that at 8o ms the outer chan-
nels show a decrease whereas the inner channels register a sharp
increase. Simultaneously the saw-tooth activity is reduced. In
some discharges it disappears completely. The up-down profiles
of the x-ray diodes were obtained simultaneously at two positions,
9o° apart in toroidal direction, and are,for the two positions,
identical.
Figure 2a) shows intensity profiles Up of the X-ray emission ta-
ken at 75 ms and 9o ms. The emissivity U L of the same profiles
Figure 2b) obtained after Abel inversion shows an even stronger
concentration around the axis. This behaviour could be easily
explained, if the temperature profile would also become more
peaked. This, however, is not the case as the results of the Thom-
son scattering demonstrate (Figures 2c,d). The T e profiles taken
at the same points in time become clearly flat on the axis and
at around 6 cm T e stays constant, although the diode signal for
the same position decreases substantially.

2. Interpretation of the Si-diode signals

The spectrum seen and integrated by the Si-diodes is a mixture
of bremsstrahlung, recombination and line radiation. The local
emissivity obtained from the Abel inverted signals may be ex-
pressed as:

U L <* nenTII fbr(k,Te) + frec(k,Te) R(k)dk

+ ffine (koJe ) R(k0) \= ne nT F (Te )

n is the target density of a certain impurity, R (k) is the re-
sponse function of the diodes dependent on the photon energy k,
ko is the photon energy of a given line. Hydrogen bremsstrahlung
has been neglected since it is weak even at very low target
densities. As the sum of the functions in the bracket (F (Te)) is
not known, we have determined it experimentally by assuming cons-
tant target density at 75 ms and using the radial dependence of
UL, T e and ne. For different Be-filters in front of the diodes
we get different response functions R (k) and also different func-
tions F (Te).Figure 3 shows the result for two filters. The
Fo m eas curve corresponds to a thin filter cutting off at about
1.1 keV (25 urn Be-foil).Its slope is much flatter than that of
the Fi meas curve which cuts off at about 1.4 keV (5oyum Be-foil).
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G. 3. Comparison of the measured and computed function F(TJ. The filtering coefficients
are different for both cases: Case a) corresponds to a Be-foil of 25 iim, and case b) to 50 \im
thickness. The inline curve « computed on the assumption that the radiation comes from a
single line of 1.1 keVenergy. The Fx c o n t curve is based on continuum radiation only.

Since there are strong iron lines around 1.1 keV, we conclude
from this result that the Fo curve is dominated by lines and the
F-) curve by the continuum. In this case we can calculate the F
curves:

F0(Te)a R(k0)T-'/
2exp(-k0/Te)

where kQ = 1.1 keV is chosenj

Te)«J R(k)V/
2exp(-k/Te)dk

0

It has been assumed in this formula that the total spectrum
is simply proportional to a bremsstrahlung spectrum and recombi-
nation edges are obscured because of overlapping of many levels
and ionization stages. This assumption is supported by the di-
rect measurement of the X-ray spectrum of tokamak discharges.

The theoretical Fo and F-| curves are included in Figure 3.
The agreement with the experimentally determined curves is re-
markable. We conclude from this that the formula connecting tar-
get density and diode signal is correct and that there is no un-
known mechanism which influences the diode signals. Comparing the



128 ENGELHARDT

10 r [cm]

FIG. 4. Ratio of target density nT (r) at 90 ms to an assumed constant target density «T at
75 ms. The two curves refer to different filters ("filter 0": 25 \im Be, "filter 1": 50 urn Be)
and are computed with the measured functions F(Te) of Fig.3.

profiles at 75 and 9o ms we are now able to express the target
density np2 at 9o ms by the target density ri^ at 75 ms:

"T2
nTi

UL2ne,F(Tel)

UL1ne2F(Te2)

The result of this calculation is shown in Figure 4. The cur-
ves are somewhat different for both functions Fo and F-j which may
be explained by the crude assumption of one single ionization
stage as target that is not supposed to change between 75 and 9o ms.
Because of the weaker dependence of FQ on T e the "filter 0" curve
is probably more reliable as it is less sensitive to errors in
Te. Besides of these uncertainties the accumulation effect with-
in the radius of 4 cm is very strong and it seems difficult to
find any other interpretation for these results. As the target
density decreases outside 4 cm it must be concluded that there
is no additional influx of impurities from the edge of the plas-
ma at the end of the discharge, rather a rearrangement of exist-
ing impurities in the interior of the plasma takes place. This
finding is supported by experiments with additional krypton in-
flux at the end of the discharge, which will be described below.

The main effect of the accumulation is its influence on the
current profiles. The conductivity of the central plasma is de-
creased and causes a flattening of the current density, this being
proportional to o-. The change in ff'is, of course, much less than
the change in n T since the heavy impurities contribute little to
Zeff. The mean Zeff determined in the usual way from the T e pro-
files is about 2 in these discharges. If the iron concentration
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FIG.5. Time evolution of hydrogen gas input, line-averaged electron density and central
soft-X-ray signals for two gas inputs differing only after 90 ms.

in the center would rise from 0.01 % to 0.05 %, Z f f (0) would be
increased by 1o % over the mean value. The central current density
would decrease by the same amount and q (0) would be raised. In
fact, the radius of the q = 1 surface as determined from the in-
version point of the saw-teeth shrinks from 2.8 cm to 2.2 cm bet-
ween 60 ms and 80 ms. In this case the saw-tooth activity is re-
duced as can be seen in Fig.1 or even stopped (Fig.5). The heating
power density is then reduced and the radiation losses are in-
creased resulting in the reduction of the central temperature. The
flattening of the current profile is consistent with the change
of the position signal X (Fig.1) between 75 ms and 9o ms. From
this signal the sum Bp+lj/2 can be determined, where 1^ is the in-
ternal inductance. Since Bp tends to stay constant or even to in-
crease at the late times, the observed change in X must be as-
cribed to a decrease of 1± due to flatter profiles.

3. Neoclassical accumulation of impurities

The neoclassical flux of impurities is /2/

3Pi dpT\ 3T
— - n ; — j+C12ZninT-
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where nT is the impurity density with charge Z, n^ the proton
density and C-j -| , C^, are coefficients depending on the collisio-
nality regime. In the absence of temperature gradients the well
known relation

nT a nl

follows for the stationary case ( F\ = 0 ) . If an anomalous flux

9nT
rT anom = ~ D ~

is included, from f~r= 0 we obtain:

oL is the ratio of the anomalous to the neoclassical diffusion co-
efficient. It is of the order of 1oo in low density discharges
and no accumulation occurs. In the high density regime oi may drop
to the order of 1 and accumulation is possible. A more quantitative
analysis cannot be given, because we have no information on D in
this regime. Furthermore, we do not know the exact proton density
and temperature profiles to evaluate the degree of accumulation.
It can be estimated, however, that the diffusion velocity is suf-
ficiently high to produce the accumulation on the observed time
scale of less than 1o ms.

Beyond these plausibility considerations one important fact
should be kept in mind. When the accumulation occurs, neither the
density nor temperature change very much and it is difficult to
understand, why the impurities suddenly concentrate around the
axis. It appears as though the plasma shifts into a new equili-
brium through a rearrangement of its different species. The non-
linearity of the transport equations could permit such an effect.
This conjecture is supported by additional experimental findings
which are described in the next chapter.

4. Experimental control of the accumulation effect

The accumulation of impurities at the end of the discharge can
be prevented by a change in the gas flux programme. This is illus-
trated in Figure 5. In case a) a strong accumulation with complete
stopping of the saw-tooth activity is observed at 1oo msec. If the
gas flux is continued at this time (case b) , the density slightly
increases, the discharge lasts longer and the X-ray signal stays
constant with continuing saw-teeth. The additional gas flux in
this case is very small because at late times 85 % of the total
gas input comes from recycling at the wall and only 15 % from the
gas puff.
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An obvious explanation for this finding could be that addi-
tional hydrogen flux cools the edge and reduces the impurity in-
flux from the wall. We have therefore added a small influx of
krypton at the same time, in order to provide an artificial impu-
rity source. The krypton influx produced the same marginal in-
crease of the electron density as the additional hydrogen flux.
Surprisingly, however, in this case the diode signals were also
prevented from rising in the center. This is consistent with our
previous statement that the impurity increase in the center does
not come from the edge but from an internal rearrangement, which
probably depends on some minor changes of the electron density
profile. A detailed theoretical investigation of this phenomenon
seems to be desirable.

III. STABILITY OF HIGH DENSITY DISCHARGES

In Section II it was shown that the impurity accumulation
leads to a flattening of the current density profile in the cen-
ter. As the total current stays constant during this phase, the
gradient of the current density in an outer region must steepen.
From theoretical considerations /3/ it is known that a steep cur-
rent gradient at the q=2 surface causes the m=2, n=1 tearing mode
to grow which may finally lead to a disruption. This would explain
why discharges showing the accumulation effect become unstable
after a short time. On the other hand, the saw-tooth activity in
"normal" discharges also leads to a flattening ofthe current pro-
file but in this case periodically. We would therefore expect
that in a normal discharge the disruption preferentially occurs
soon after an internal disruption. Indeed, we find that in 75 %
of all discharges the disruption sets in during the first quarter
of a rising saw-tooth.

This picture is supported by observations of the m=2, n=1 mode
activity. In many cases the m=2 mode amplitude decreases during
the rising saw-tooth and even sometimes disappears completely at
the internal disruption. About O.5 ms later it comes back and
grows exceptionally high during the last incompleted saw-tooth in
which the disruption occurs. The same growing is observed in cases
showing the accumulation effect.

It should be noted, however, that flattening of the current
profile with consequent steepening at the q=2 surface is not
necessarily a trigger for the main disruption, because there are
many saw-teeth during a stable discharge. Probably an additional
condition is that the current profile must already be marginally
unstable. This might be produced by edge cooling outside the q=2 sur-
face through impurities. Cooling is enhanced in the high density
regime and could explain the sharp density limit. On the other
hand, even if the impurity concentration has a sharp minimum level,
we are able to vary the ohmic heating power within 2o % and still
get the same density limit. It is therefore conceivable that some
other gradient like that of the pressure, for example, must also
be sufficiently high at the q=2 surface, in order to create a
critical situation where the main disruption is likely to occur.
The density, of course, influences the pressure more directly than
the current density profile.
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FIG. 6. Electron temperature and density profiles for a discharge with q = 2.5.

We would like to add at this point, that the highest possible
density is reached at g=3.5 - 4.5. For higher q-values the den-
sity limit decreases slightly, whereas it drops considerably in
going to lower q-values. This has not been measured with all the
effort necessary to obtain the absolute limit, but the tendency
is obvious. Since the current was mainly varied in these experi-
ments in order to change g, this result says again that the total
heating power is not the decisive criterium which determines the
density maximum. This is to be expected as long as the losses are
determined by transport losses and V-% is proportional to ne.

IV. LOW-Q DISCHARGES AT HIGH DENSITIES

In order to investigate the density limit as a function of q,
we raised the current to 1o4 kA at B = 2.8 T with a resulting
q=2 .1. It was possible to obtain a density of ne=7 • 1o

1 3cm-3 , but
these discharges are very irreproducible and the current is partly
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carried by runaway electrons. At a slightly reduced current of
88 kA with q=2.5 the plasma was thermal and reproducible, and we
were able to measure profiles of electron temperature and density
which are shown in Figure 6. From these profiles, with the assump-
tion Ti °C n e where T± (0) = 37o eV (measured by charge-exchange
neutrals), the following plasma parameters are deduced:

t~E = 8 ms, fi = 0.66, Z e f f = 2.3

These discharges are interesting in so far as they demonstrate
that a relatively high density can be reached even at a low q
value. The energy confinement time f^r is less than in the q=4
discharges, but if we make a comparison at the same density, we
find that tjj is the same or slightly longer in the low q dis-
charges .

The reason the confinement time cannot be substantially im-
proved with increased current is the enhanced transport within
the q=1 surface . The saw-tooth activity of the soft X-rays is
very strong corresponding to a 2o % modulation of T and to a 2.5 ?
modulation of n e . Saw-teeth are also observed on the loop voltage
(15 % modulation), on the position signal, and on the neutral par-
ticle flux. The q=1 surface extends to a radius of 3.8 cm which
corresponds to the flat top of the Te and n e profiles. This en-
hanced transport due to internal disruptions causes steep gradi-
ents in the outer region with an accompanying relatively short
confinement time. The disruption of these discharges is initiated
by an increasinq m=2, n=1 mode as is also usual for higher q dis-
charqes.
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DISCUSSION

N. SAUTHOFF: The power radiated by free-bound and bound-bound
processes is strongly dependent on the distribution of ionization states. Is it
possible that non-equilibrium effects can explain the rise of the central X-ray signal?

W. ENGELHARDT: This effect could, in principle, explain an increase of
the central X-ray signal with decreasing temperature. It seems difficult, however,
to explain a factor of five in these terms when the temperature changes only by
25%. Furthermore, there would be no explanation for the decrease of the X-ray
signals by a factor of two or more in the outer channels, where the temperature
stays constant or even slightly increases.
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B. LEHNERT: You mentioned that the disruption at increasing ion density
may be caused by another mechanism than that coupled with impurities. One
possibility is that it may be due to the decreasing penetration length of neutral
particles into the plasma, which in turn leads to an increasing pressure gradient
and a driving force for instabilities in the outer layers of the plasma body (see also
B. LEHNERT, Nucl. Fusion 13 (1973) 781). Have you considered this possibility?

W. ENGELHARDT: The problem is not to explain the increase of the
pressure gradient at q = 2, because it must steepen when the density is raised and
the minor radius is kept fixed. The problem is to find an instability excited by
the pressure gradient that leads to the disruption.

R.S. PEASE (Chairman): Are these results - in particular the density
limit — affected by exciting the helical windings available on Pulsator?

W. ENGELHARDT: No, unfortunately not.
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Abstract

LOW-Zefr PLASMA CONFINEMENT IN TFR 600 TOKAMAK.
TFR 600 is a tokamak which has mainly been devoted so far to one goal: the study of

stable discharges at high plasma densities <n> > 7 X 1013 cm"3 for Ip = 200 kA, BT = 40 kG.
In this case, Zeff is close to one, the ions contribute to the energy balance and seem to behave
non-neoclassically. By polluting the vacuum chamber, it has been possible to reproduce
TRF-400-type discharges, dominated by the electrons and impurity ions (Zeff ~ 5). The
MHD activity investigated is characterized by a high-level m = 3 tearing mode and by the
evidence of a minor disruption during the overlap of m = 3, m = 2 modes.

INTRODUCTION

In the TFR 400 tokamak, moderate-Zeff (~ 3) plasmas were obtained after
wall baking up to 400°C and high-current discharge cleaning (I = 60 kA, Bj ~ 3 kG,
p0 = 2 X 10"4 torr H2). However, in these conditions, oxygen line radiations
contributed significantly to the power balance [1] (Pradiated — 30% Pohmic)-
Furthermore, the maximum average electron density was limited to <n> = 6 X 1013cnT
at full power of the machine {Ip = 360 kA, Bj = 60 kG}. We have, therefore,
stopped and rebuilt TFR 400, the two main goals of this transformation being first
to increase the Ohmic heating {lp ~ 600 kA}, the fast-neutral-injection power
{expected 1.2 MW in the plasma, thanks to larger injection ports] and the ion
cyclotron resonance heating (at the power level of 500 kW), second to be able
to study cleaner and denser plasma.

1. EXPERIMENTAL CONDITIONS

TFR 600 [2] is a tokamak without stabilizing shell. The vacuum vessel
radius has, therefore, been increased to 26 cm. Both the vacuum vessel and
limiter are made of high-nickel-content alloys:1 Inconel (no piece made of

135



136 EQUIPE TFR

0 1 2 3 4 S 6 7 8 9 10 11 12 13
PLASMA CURRENT 20 MS/DIV

5.»*00CM/DIV

0 1 2 3 L 5 6 7 8 9 10 11 12 13
HORIZONTAL DISPLACEMENT 20 MS/DIV

H 1-

0 1 2 3 4 5 6 7 8 9 10 11 12 13
VERTICAL DISPLACEMENT 20 MS/DIV

5 1 0 + u CM-2/DIV

9

0 1 2 3 4 5 6 7 8 9 10 11 12
NL (CENTRAL LINE) 20 MS/DIV

FIG.l. Time evolution oflp, horizontal and vertical displacements and central line density.
nfimax = 4 X 10is cm'2, Bx = 40 kG, a = 20 cm.
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molybdenum or tungsten has yet been introduced into the vacuum vessel). The
limiter is made of four parts, thus allowing changes in plasma radius from 16 cm
to 23 cm, but most of the experiments have been performed with a = 20 cm,
resulting in a relatively large scrape-off layer (6 cm). Owing to the absence of a
stabilizing shell, we had to modify the poloidal circuit. The equilibrium vertical
magnetic field is now provided by a fast double-chopper thyristor circuit [3] whose
time response is about 1 ms. Longer discharge durations were obtained by
combining the classical vertical field programming and the fast feedback loop.

To remove oxygen from the walls, always the dominant impurity in TFR 400,
low-temperature discharge cleaning has been used [4]. The discharge current was
reduced to 8 kA, the hydrogen filling pressure increased to 1.3X 10"3 torr, the
pulse duration being 10 ms. These discharge characteristics have been optimized
to obtain a maximum H2O production rate in the baked (250°C) vacuum vessel.
After a test injection of one oxygen monolayer, 3 hours of discharge cleaning are
necessary to decrease the oxygen coverage at the 0.005 monolayer. The high
efficiency of the discharge cleaning allows us to obtain high-density, clean plasma
or to study-the energy balance of plasmas polluted with a controlled amount of
oxygen.

2. LOW-Zeff DISCHARGES

Figure 1 shows the evolution of plasma current, vertical and horizontal
displacements and central line density in a well-controlled hydrogen discharge.
The plasma duration is 200 ms. The central line density reaches 4 X 1015 cm"2 for
a plasma current of 200 kA and a toroidal magnetic field of 40 kG. This line
density is close to the Murakami density limit [5] and much higher than the density
obtained in TFR 400 for the same experimental conditions, {nfi = 1.7 X 1015 cm"2}.
Furthermore, changing the limiter radius from 20 to 16 cm, at constant q(a) and
Bt field, does not change the mean density very much. This high density has been
obtained with programmed gas injection during the current rise. During this period
the density profile keeps constant without any sign of inversion as the density
increases. This seems to prove that the diffusion is not neoclassical. Moreover, if
we increase the gas filling pressure above some given value, either during the
plasma current rise or at the plateau, the density no longer increases, and no plasma
disruptions are observed. During the current rise as well as during the plateau,
MHD modes develop which are described in Section 4 of this paper.

Figure 2 shows, at the current plateau, the ne(r), Te(r), T[(r) and bolometric
profiles for a 120-ms hydrogen discharge. The density profile is quite flat, the
peak electron temperature ( s 900 eV) is much lower than in TFR 400{Te(0) >2 keV},
which is typical of a low-Zeff discharge. The central ion temperature Ti(0) ~ 650 eV
corresponds roughly to the well-known Artsimovich formula corrected for the not
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FIG.2. (a) Experimental density, k: electron temperature and o.- ion temperature. The lines
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(b) Time evolution of ne(0), Te(0), T,(0), Zetf(O). Experimental conditions: Ip=200kA,
n 3

Bt = 40 KG, K|Oop '2 V. ne max = 7X 10n cm 3; oxygen coverage: 0.005 monolayer.

very large Te/Tj ratio (1.25). The bolometric profile measured by means of a
pyroelectric diode presents a maximum at about 16 cm and a small value at the
plasma centre1. A rough estimation of the total radiated power gives ~ 100 kW.
This must be compared to a total Ohmic power of 440 kW. Spectroscopic measure-
ments show that nickel is the dominant heavy impurity with a central density of
(3-10) X 109 cm"3, whereas the oxygen density is lower than 5 X 1011 cm"3.
The enhancement bremsstrahlung coefficient % is about 5. The £-value, as well as
spectroscopic measurements and plasma resistivity calculation assuming
Zeff(r) = const, (this has been verified up to 7.5 cm by soft-X-ray measurements)
gives 1 <Zeff < 1.5.

The bolometric profile is consistent with a nickel density of about 1010 cm"3

and a peak oxygen density of about 5 X 1011 cm"3, in agreement with the
spectroscopic measurements. Therefore, high-electron-density plasmas with low
Zeff have been obtained in TFR 600, with a peaked electron temperature profile
and a hollow radiation profile.

Measurements carried out together with J. Lyon, ORNL.USA.
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10 20

FIG.3. Ion energy balance (simulation). Pn is the Ohmic power, Pei
 tne power transfer from

electrons to ions, Px\ the heat conduction loss {Xi, neoclassical X 5], Recycling is the loss term
proportional to neutral density, v* the normalized ion-ion collision frequency, and X\ the
heat conduction coefficient profile.

The total energy confinement time increases with density and reaches a
maximum of about 20 ms. Energy balance simulations show that half of the Ohmic
power can be transferred to ions by electron-ion collisions, the other half being
divided in roughtly equal parts among particle convection, radiation and electron
heat conduction (with a conduction coefficient of Xe = 103 cm2 -s"1). The ion
losses, therefore, largely contribute to the energy balance unlike previous TFR 400
results [ 1 ]. Figure 3 gives some elements of the ion energy balance simulation.
For vx about 1, Xi — 7 X 103 cm2 s"1, five times larger than the neoclassical value
[6] but close to the calculated plateau value (xip ~ 5 X 10+3 cm2 s"1) [7].

3. HIGH-Zeff DISCHARGES

To check whether these new plasma characteristics were due to the clean-
liness of the vacuum chamber, we gradually polluted the chamber by injection of
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10" -

20

FIG.4. Same as Fig. 2 for a dirty plasma. Experimental conditions: Ip ~200 kA, Bt = 40 kG,
V]oop = 2.6 V, mean density 2 X iO13 cm"3, oxygen coverage: I monolayer.

a controlled amount of oxygen (from 0.005 monolayer up to 1.6 monolayer)
before the discharge. The general trends are as follows: the peak electron and ion
temperature increases, for example, Te(0) reaches 2.1 keV for 1.6 oxygen mono-
layer. The maximum density and energy confinement time decrease. Figure 4
shows typical results for one monolayer of oxygen. At the plateau the electron
temperature is 1.7 keV, the maximum electron density 5.5 X 1013 cm"3,
Zeff = 5.5. The bolometric profile is now peaked near the centre, and the total
radiated power is roughly 200 kW for 500 kW of Ohmic power. This radiated
power can be explained by the presence of a peaked nickel distribution of
maximum density of 4 X 1011 cm"3 and of an oxygen density of about 1012 cm"3.
So the situation described is very similar to the TFR 400 results obtained with a
plasma radius of 15 cm [8] where too heavy impurities dominated over light
impurities. This can be linked with a higher temperature at the plasma boundary
as is the case in the clean-plasma situation [9]. The energy balance is now dominated
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FIG.5. Time evolution of the m = 3 and m = 2 modes.

t [ms]

q(a)

by electrons, the ion loss contributing to only 10%. Xe (r = 10 cm) is about
5 X 103 cm2 • s"1 and Xi = 5 X 103 cm2 is" ' , which represents the same ion
anomaly as in the low-Zeff plasma. The global energy confinement time is 10 ms.

4. MHD ACTIVITY

During the fast rise of the plasma current (0 < t < 30 ms), the MHD activity
is characterized by a mode with m = 3, n = 1. In addition, a surface mode may
appear with m = 5 or m = 4 when q(a) = 5 or 4, but this situation probably depends
on the current profile during the start-up phase.

The amplitude of the m = 3 mode is strongly reduced whenever the safety
factor at the limiter approaches an integer value. A sharp negative loop voltage
spike and a short burst of hard X-rays occur at q(a) = integer.

As a function of time, the evolution of the m = 3, n = 1 mode is represented
in Fig. 5. The mode begins to be unstable when q(a) = 10 and stabilizes for
q(a) near 4.5. The amplitude reaches a maximum of SBfl/Bfl = 5 X 10"3 forq(a) = 6.

During the slow rise of the plasma current (t > 35 ms), a m = 2 — n = 1 mode
appears.

This mode appears when q(a) = 4.8, increases to a level SBg/Bfl = 10~2, and
then goes to zero for q(a) = 4, as can be seen in Fig. 5.

A comparison between the experimental mode spectrum and the theoretical
stability of the tearing modes at any time in the discharge requires accurate informa-
tion which is unavailable on the current profile as a function of time.
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FIG. 6. Stability diagram of the m = 3 and m=2 tearing modes.

Figure 6 shows the stability diagram for the m = 3, n = 1 and m = 2, n = 1
modes, respectively, as a function of p, a parameter characterizing a current
density profile of the type j(r) = Jo (1 - r2/a2)p . Here the stability domain has
been calculated for the case where the stabilizing shell is located far from the
plasma - its influence is noticeable only on the mode m = 2 at low values of p.
Modes with m > 3 are stable for p ^ 1, as was indeed observed.

A comparison of the experimental m = 3 instability domain 5 <J q(a) ^ 10
with the theoretical diagram leads to the choice of a peaking parameter p in the
range 2 ^ p <J 2.5. This value fits with the value one can derive from the
temperature profile given in Fig. 2, assuming j(r) aT e ( r ) 3 / 2 .

A similar comparison for the m = 2 mode shows an agreement at the instability
onset for the same choice of p, but stability should be recovered around q(a) ~ 2,
whereas it is observed for q(a) ~ 4. Considering the liner to be a remote stabilizing
shell would change the theoretical value from q(a) ~ 2 to 2.7 only. We are thus
forced to assume that the current profile peaked as the m = 2 mode moved away
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FIG. 7. Minor disruption during the overlap of m- 3 and m = 2 modes.

from the axis. This conclusion is supported by the fact that saw-tooth oscillations
on soft-X-ray signals appear just as the m = 2 stabilizes so that at this time
p = q(a)/q(0)~1 is likely 4. A self-consistent evolution of the profile of the m = 2
mode is given in Ref. [10]; modifications to the stability diagram under kinetic
effects are to be found in Ref. [11].

As is shown in Fig. 5, the m = 2 and m = 3 modes can be present simultaneously
in full agreement with the indications of Fig. 6. A detailed study of this phase is
shown in Fig. 7. A minor disruption is observed to occur at 100 /is, producing a
fairly large depression of the central temperature and a flattening out of the
temperature profile near the axis - with a parameter a. in Fig. 7 - for 3 ms.

As these phenomena occur, an uncorrelated magnetic turbulence up to
300 kHz (cut-off frequency of the liner) with a level of SBg/Bg ~ 10~5 is detected.
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CONCLUSIONS

In TFR 600, we have been able, for Ip = 200 kA, BT = 40 kG, to prospect
a large electron density range, 1.5 X 1013 cm"3 < n e < 7 X 1013 cm"3 and a large
Zeff range, 1 < Zeff < 8. For the highest density reached so far, the hydrogen ions
contribute significantly to the energy balance; they seem to lose their energy with
a maximum possible anomaly of 5, above the neoclassical value.
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DISCUSSION

D. OVERSKEI: During the current rise phase of the discharge, do you observe
sequential bursts of MHD activity, i.e. m = 5,m = 4, m = 3,m = 2 and so on, and
do such bursts occur for rational q values of the limiter?

C. RENAUD: Generally speaking, we observe m = 3, n = 1, modes during
the current rise phase, but from time to time we have seen surface modes with
m = 5 and m = 4 when q(a) was 5 or 4.

D. OVERSKEI: Can you stabilize MHD activity later in the discharge, during
the current plateau, by changing the plasma position?

C. RENAUD: We have not tested stabilization by displacement, but we find
that m = 3 and then m = 2 stabilize in accordance with the stability criterion A' < 0.

D.E. POST: Have you included the effects of toroidal ripple in the neo-
classical ion conductivity to explain the observation that the TFR measured ion
conductivity is higher than "neoclassical"?



IAEA-CN-37/A-6 145

C. RENAUD: Yes, toroidal ripple conduction is included in our computation;
it is a neoclassical effect. This conduction is not important, however, owing to the
large collision frequency in the region where 6B/B is important and owing to the
fact that the ripple is not inhomogeneous.

B. COPPI: What is the range of plasma current values you have investigated?
And what kind of electron temperature dependence on the plasma current did
you find?

C. RENAUD: In TFR 600 the plasma current was always in the range of
200 kA. Variation of the electron temperature as a function of plasma current
was studied previously in TFR 400.
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Abstract

PRELIMINARY RESULTS ON THE FT TOKAMAK.
The Frascati Tokamak (FT) has been operated at a toroidal field up to 80 kG and 600 kA

of plasma current. The electron energy replacement time increases linearly with density. A total
energy containment time of 25 ms has been reached at a peak density of 3 X 1014 cm"3.

1. INTRODUCTION
The Frascati Tokamak (FT) is the result of a com p r o m i s e be-

tween high toroidal field (i.e. strong ohmic h e a t i n g ) and large
size (i.e. small c o n d u c t i o n l o s s e s ) . The design p a r a m e t e r s [ 1 1 ,
[ 2 1 , a r e :

major radius R 83 cm
liner minor radius 23 cm
maximum toroidal field By 100 kG
Bj fl a t - t o p d u r a t i o n 1 s
max i m u m t r a n s f o r m e r flux 3.5 V-s
m a x i m u m flux swing 4.5 V-s

Toroidal e q u i l i b r i u m is provided by a thick copper shell
(inner radius 23.8 cm, t h i c k n e s s 3.5 cm) and by external c o i l s .

On leave from Plasma Physics Laboratory, Princeton University, Princeton, New Jersey, USA.
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All the windings (toroidal field, transformer, vertical field and
bias coils) and the copper shell can be cooled by liquid nitrogen
through separate conduits. The vacuum system has a double coaxial
chamber in order to reduce the effects of primary wall damage
since high energy density is expected in FT. No insulating break
is present. The entire device is enclosed in a polyurethane cryo-
stat.

2. OPERATION OF FT

After preliminary work at room temperature with discharges
in toroidal fields up to 20 kG, liquid nitrogen operation began
in April 1978 and the coils have been kept at cryogenic tempera-
ture continuously since this date. Up to now we have worked with
hydrogen. A molybdenum limiter of 18.5 cm radius, which can be
extracted from the machine without breaking the vacuum, is used.
The required amount of gas is fed into the vacuum chamber with
a programmable fast valve. Since the vacuum liner and the win-
dow sections are normally at cryogenic temperature and thus have
high attachment efficiency, the wall-cleaning procedure used con-
sists of heating the inner surfaces to room temperature and run-
ning cleaning discharges in this condition for several hours ev-
ery day. These discharges are in hydrogen at 2 — 4 x 10-4 Torr
with 1 Hz repetition rate, 3 kA current, 10 msec duration and
By = 800 G- The parameters are adjusted in order to maximize the
partial pressure of water vapour.

The diagnostics at present operating are: electrical measure-
ments; 2-mm microwave interferometry on three vertical chords;
ruby laser Thomson scattering (which measures electron density
and temperature at five points along a vertical chord simultan-
eously);fast neutral energy analysis; soft X-ray spectroscopy;
visible and vacuum ultraviolet spectroscopy; HCN laser interfer-
ometry and electron cyclotron emission.

3. RESULTS
At liquid nitrogen temperature, FT has been operated at 40,60

and 80 kG. Discharges at the lower field (with currents up to 300
kA) have been described previously [ 3 ] . Currents up to 500 kA
have been produced at 60 kG and up to 600 kA at 80 kG. Different
time evolutions of plasma density can be obtained by controlling
the gas feed. Without fast valve, discharges with decreasing plas-
ma density are produced. The maximum peak density obtained with
the valve is 3 x 10l 4 cm" 3.

Figures 1-9 refer to a 290-kA discharge at 60 kG. Figures 1-4
show the time evolution of plasma current, voltage, line-average
electron density {measured in fringes; 10 fringes corresponding
to about 2.7 x 10' 3 c m " 3 ) , H-ct emission at the fast valve port.
The time behaviour of plasma current is determined by the partic-
ular form of the applied voltage. Voltage is applied by discharg-
ing the transformer magnetic energy into a resistor. Other resis-
tors can be inserted at several programmed times; consequently
only a decreasing voltage is obtained. A system to reconnect the
transformer to the power supply with inverted polarity is being
implemented so that a constant voltage can be applied at peak
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FIG.I. Plasma current versus time.

FIG.2. Loop voltage.

FIG.3. Line-average electron density.

FIG.4. H-a emission.
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FIG.5. Radial profile of electron density (t = 320 ms).
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FIG.6. Radial profile of electron temperature (t = 320 ms).
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c u r r e n t . The total ionization rate calculated from the H-a e m i s -
sion between 100 and 200 ms is about 8 x 1020 sec-1. which is of
the same order of m a g n i t u d e as the rate of i n c r e a s e of the total
number of e l e c t r o n s (~ 5 x 1 0 2 0 s e e " ! ) . The power lost to ionize
and heat the incoming gas flux is small compared to the ohmic
h e a t i n g p o w e r .

Typical radial profiles of e l e c t r o n density n and t e m p e r a t u r e
T e from T h o m s o n s c a t t e r i n g are shown in Figs 5 and 6. The e x p e r i -
mental points are fitted to analyt i c a l c u r v e s . Figure 7 gives the
time d e p e n d e n c e of T e on a central chord m e a s u r e d from the soft
X-ray spectrum at e n e r g i e s between 2.5 and 5 keV. T h o m s o n scat-
tering m e a s u r e m e n t s are indicated by c i r c l e s . S a w - t o o t h o s c i l l a -
tions have been o b s e r v e d during most of the d i s c h a r g e with a
f r e q u e n c y between 250 and 500 H z .

A typical ion energy s p e c t r u m o b t a i n e d from the fast neutral
d e t e c t o r is shown in Fig. 8. At high density the peak ion tempera-
ture must be close to T e : indeed, even a s s u m i n g that all the ohmic
power input flows to the i o n s , one finds T^ Q / T e o > 0.9 for n >
> 3 x 1 0 1 4 c m - 3 , T e ~ 1 keV. C a l c u l a t i o n s of fast n e u t r a l s ab-
sorption by the plasma i n d i c a t e that ion t e m p e r a t u r e s o b t a i n e d
from m e a s u r e m e n t s in the energy range 1.5 keV < E < 5.0 keV cor-
respond to plasma ion t e m p e r a t u r e at about 6 cm from the c e n t r e
when n = 1.4 x 1 0 1 4 c m " 3 . This value is in a g r e e m e n t with the
results of a n e o c l a s s i c a l t r a n s p o r t code [ 4 ] , which computes the
ion e n e r g y b a l a n c e from the m e a s u r e d n and T e profiles, taking
into a c c o u n t c h a r g e - e x c h a n g e l o s s e s . The m e a s u r e m e n t s of total
fast neutral flux are in fairly good a g r e e m e n t with code c a l c u -
l a t i o n s . Furthermore, ions are computed to be at the t r a n s i t i o n
between plateau and banana regimes for most of the plasma r a d i u s .

Values of Z e f f very close to unity are c a l c u l a t e d from the
n and Te p r o f i l e s , a s s u m i n g a constant Z e f f and i n c l u d i n g the
e f f e c t of trapped p a r t i c l e s . The e n h a n c e m e n t factor of the soft
X-ray e m i s s i o n from the c e n t r e is between 1 and 2 for most of
the d u r a t i o n of the d i s c h a r g e .

At low density the i n t e n s i t y of the 1 0 3 2 - A 0VI line is r o u g h l y
c o n s t a n t with a b r i g h t n e s s of about 1 x 1016 p h o t o n s / c m 2 sec ster,
c o r r e s p o n d i n g to an oxygen influx of 3 x 1014 i o n s / c m 2 s e c : the
oxygen radiation losses are e s t i m a t e d to be about 70 kW. As the
d e n s i t y reaches levels between 5 x 1013 and 1 x 1 0 1 4 cm-3 the
oxygen e m i s s i o n i n c r e a s e s sharply up to values w h e r e radiation
losses are c o m p a r a b l e with ohmic p o w e r . C o n c e r n i n g heavy i m p u r -
i t i e s , m a i n l y m o l y b d e n u m has been i n v e s t i g a t e d . Its e m i s s i o n is
i r r e p r o d u c i b l e d e p e n d i n g p r o b a b l y on the b r e a k d o w n and build-up
ph a s e . The l a r g e s t v a r i a t i o n is in the ionization peak of M o X I I I
and MoXIV lines that c o r r e s p o n d s to an initial Mo c o n c e n t r a t i o n
from about 4 x 109 cm-3 to about 3 x 1010 C m - 3 .

The e l e c t r o n e n e r g y r e p l a c e m e n t time T ^ e , equal to the ratio
of total e l e c t r o n thermal energy to total ohmic input p o w e r , has
been c a l c u l a t e d from the e x p e r i m e n t a l p r o f i l e s . F i g u r e 9 shows
the time b e h a v i o u r of peak e l e c t r o n density and of tp for the
d i s c h a r g e we are d e s c r i b i n g . At high d e n s i t i e s (n > TO 14 c m - 3 ) ,
w h e r e the ion t e m p e r a t u r e is close to T e , t h e total energy c o n f i n e -
ment time is T E ~ 2 T E e . Results from many d i s c h a r g e s at 4 0 , 60
and 80 kG for d e n s i t i e s ranging between 0.3 and 3 x 1 0 1 4 cm"3
and c u r r e n t s between 150 and 580 kA are given in Fig. 10, w h i c h
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FIG.10. Electron energy replacement time versus nq2.
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FIG. 12. Electron energy replacement time versus n <Te>/I.

shows a plot of T £ e versus the parameter n qh (n is the line
average electron density; q = B j a / B p R ) . The straight line corresponds
to the empirical Alcator scaling law [5] (including the dependence
on t h e l i m i t e r radius a ) , namely T g e =

 T^/2 = 9.4 x l O " 1 ' n qh a 2

msec (n in cm ~ 3 , a in c m ) , with a = 18.5 cm. Since the agreement
is reasonably good it can be concluded that the scaling of T ^ with
a2 is confirmed. The maximum value of T E is about 25 msec.

Figure 11 shows the current and voltage waveforms of a dis-
charge at 580 kA and 80 kG. From laser scattering at 400 msec
we find central T e = 1 keV, Z e * f = 1, T E e = 6 mse c , B D e

 = ° - 0 7

central n= 1 . 9 x l O 1 4 cm'3. At peak current q(a) = 2.8.
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The same measurements used for Fig. 10 have been used for Fig.
12,giving t£e as a function of n <T e>/I (where < T e > i s the average
electron temperature). It can be seen that the spread of the points
is reduced. The linear dependence implies that the resistive volt-
age is constant, that T e scales as I

4/3 and that T E e scales as Te"^.

4. CONCLUSIONS

The FT Tokamak has operated at 40,60 and 80 kG, with plasma
current up to 600 kA. Zpff is close to 1. The maximum peak density
obtained is 3 x 1 0 1 4 cm~3. We have confirmed the Alcator scaling of
the total energy confinement time T E with n and demonstrated the
linear dependence of T E on a

2. The maximum value of IE in present
discharges is 25 msec. Maximum electron temperature measured at
the centre is 1.3 keV; the ion temperature measured at r = 6 cm
is 800 eV. The resistive voltage is constant over a wide range
of parameters and T e scales as I

2'3.
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DISCUSSION

H.P. FURTH: On the basis of your preliminary experimental results, would
you be willing to estimate the maximum temperature that the FT tokamak will
be able to reach at full yield and current?

S.E. SEGRE: Without additional heating, it should be possible to reach a
temperature of 2 keV.

L.Th.M. ORNSTEIN: Can you explain the decrease of rE e at the highest
values of nq1/2 (the decrease, that is, with respect to Alcator scaling)? Another
thing: is the decrease not even worse because of the q1^2 factor?

S.E. SEGRE: We do not know whether the indication of a saturation of
T£e is real or whether it is due to an insufficient number of points. If one plots
rE e as a function of n, the apparent saturation decreases.
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Abstract

DOUBLET RESEARCH AT GENERAL ATOMIC COMPANY.
Vertically elongated tokamaks are widely recognized to have significant advantages

for tokamak fusion reactors. Control of the current density profile is essential for optimizing
the detailed plasma cross-sectional shapes for MHD stability in order to attain the full potential
of elongated configurations. Optimization studies of the doublet configuration utilize a simple
model to understand the influence of current density profiles on plasma shape control. A two-
dimensional transport code has also been used to demonstrate the use of neutral beam heating
to control the plasma shape in Doublet III. Experimental studies on Doublet IIA to investigate
the use of lower hybrid waves for auxiliary heating and current profile control are described.
A Doublet III status report concludes the paper.

1. INTRODUCTION

Tokamaks with v e r t i c a l l y elongated cross sect ions have the po ten t i a l to
achieve s tab le confinement with plasma pressure such that beta exceeds 5-10%.
Vert ical elongation i s also predicted to reduce the outward heat flux asso-
ciated with neoclass ical t ransport mechanisms. For these and other reasons,
an effor t has been devoted to theore t ica l and experimental inves t igat ions of

* This work was supported by the Department of Energy, Contract No.EY-76-C-03-0167,
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plasma confinement in noncircular tokamaks. In Doublet IIA it was shown
that plasmas of significant elongation could be shaped and controlled with
external magnetic coils provided the radial profile of plasma current
remained relatively broad, in agreement with ideal MHD theory [1]. Further-
more, this theory indicated that some control of the current density profile
is necessary to realize the full potential for improved plasma confinement.

For tokamaks in which the plasma current is driven by an Induced elec-
tric field, the steady-state current density profile is determined mainly by
the electron temperature profile, T (r), and the radial distribution of
effective atomic charge, Zgff. With effective impurity control, Zgff can be
near unity throughout the bulk of the plasma. By contrast, Te(r) can vary
strongly with radius, depending on the heat sources and the thermal conduc-
tivity. In contemporary tokamaks, the steady-state temperature and current
density profiles for joule-heated discharges are somewhat more peaked toward
the center than is optimal for shape control or maximum stable beta (for
ballooning modes, for example). Auxiliary heating can alter these tempera-
ture and current density profiles. Control of the current density profile,
and consequently the shape, can be achieved by proper spatial deposition of
energy with neutral beam injection.

For numerous technical reasons, other modes of auxiliary heating are
under active investigation. Radio frequency (rf) heating is particularly
attractive in principle because of the availability of power at frequencies
up to several gigahertz, the possibility of coupling this power to the
plasma in technically attractive ways, and the expectation of more efficient
use of electrical power than with the very energetic beams required to pene-
trate large, dense tokamak plasmas.

In this paper we first discuss briefly the influence of current density
profiles on plasma shape control using the static, ideal MHD equilibrium
theory with no regard for the practical issues involved in achieving a given
profile. Subsequently, we use two-dimensional transport models to illustrate
in practical cases the need for plasma shape control. One example discussed
demonstrates the improvement in shape control resulting from neutral injec-
tion into Doublet III. We then discuss the Doublet IIA experiments aimed at
developing an rf auxiliary heating method with potential for current profile
control. We conclude with a brief status report on the recently commissioned
Doublet III device.

2. THE RELATION OF CURRENT PROFILES AND PLASMA SHAPE CONTROL IN DOUBLETS

Doublet—shaped equilibria can be characterized by the relative amount
of poloidal magnetic flux CvP> contained within the separatrix, Ps. MHD
stability theory indicates a broad optimum around Ps ^ 0.4. Because these
optimal shapes cannot be obtained for arbitrary current profiles, j(40 , an
important theoretical problem is to identify those details of j (I|J) which are
most effective in permitting the optimal equilibria to be achieved in devices
such as Doublet III. Experimental approaches can then be developed to con-
trol those features of j (IJJ) to which shape control is most sensitive.

Previously it was necessary to carry out empirical searches with the MHD
equilibrium code to map out the solutions obtained with various proposed
current profiles. Recently it has become possible to systematize these
searches using a simple cylindrical model of the doublet plasma. The model
replaces the continuous distribution of plasma current, j (t|>) , with three
rigid conductors. For static equilibrium,^the separatrix region current
(normalized to the total plasma current), Is, must satisfy a force balance
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condition. For the equilibria computed for a wide range of current profiles
and external conditions in the Doublet III configuration, we find a simple
relation between the height of the elliptic magnetic axis and Ps. We also
use an empirical relation developed from the discrete conductor model to
estimate the current which must flow in the separatrix region to maintain
elementary force balance in a doublet characterized by Ps. The actual
current supplied by a continuous plasma current distribution, normalized to
the total plasma current, can be estimated roughly as Js = j (iJJs)As/Ip, where
j(^s) is the current density at the separatrix, Ag is the area near the
hyperbolic axis, and Ip is the plasma current. Finally, we require one
last empirical relation; namely, that connecting the separatrix area, Ag ,
to Ps. The two currents, Is and Js can be displayed as functions of Ps.
Points of intersection correspond to achievable equilibria. Detailed changes
in j (IJJ) can be traced, through Js, to major changes in the number of equi-
libria and their characteristics such as Ps. We find for centrally peaked
current profiles that broad current profiles allow a much wider range of
shapes, and the current density near the edge of the plasma is critical in
preventing a transition from doublet- to droplet-shaped equilibria.

These conclusions from the discrete conductor model have been substan-
tiated by detailed numerical computations, and will be described sepa-
rately [2].

The GA two—dimensional transport code permits a more comprehensive
study of plasma shape control using realistic time dependent current pro-
files and programmed poloidal field-shaping coils in doublet plasmas. The
effects of field-shaping coils are modeled by specifying the poloidal flux
at each point on a rectangular boundary surrounding the plasma. The shape
control possible in Doublet III is demonstrated by presenting three theo-
retical cases:

Case A Ohmic heating with fixed poloidal flux on boundary.

Case B Ohmic heating with time dependent poloidal flux on boundary.

Case C Neutral beam heating with fixed poloidal flux on boundary.

The same initial conditions and transport model were used in all three
cases. A pure hydrogen plasma with fixed density profile was assumed. The
central density was 4 x 10™ cm" . The electron and ion temperatures each
evolved in time starting from a central value of 100 eV. The total current
was fixed at 2.5 MA and the current density was assumed to be peaked on axis
at t = 0. A geometrical correction factor was applied to the anomalous
(Alcator) electron and ion thermal conductivities, nic|A' = n<|A^ = 5 x 10'7

cm~1' sec~1. This geometric factor enhances the energy confinement time over
that of a circle with the same minor radius by about 50%. A local diffusion
mechanism is assumed, and this enhancement describes the fact that a random
walk out of a doublet takes longer than a random walk out of a circle. The
usual Spitzer resistivity was used to calculate the current density.

The evolution of Ps in time is shown in Fig. 1. In case A, the elec-
tron temperature and the current density peak strongly on axis; Ps steadily
increases, and the plasma evolves toward a droplet shape. In case B, the
boundary conditions are altered to simulate a gradual change in poloidal
flux in the field-shaping coils located at the waist of the doublet. This
procedure has prevented the steady increase in Ps. In case C, 7 MW of
neutral beam power with a primary energy component of 80 keV is turned on at
200 msec. The beam creates a broader T e profile and hence a broader current



160

100

90

FREEMAN et al.

70

60

50

A: OHMIC HEATING - CONSTANT BOUNDARY CONDITION

B: OHMIC HEATING - BOUNDARY COND. CHANGED (425 msl

C: NEUTRAL BEAM (200 ms) - CONSTANT BOUNDARY CONDITION

1 1

100 200 300 400

TIME(ms)

500 600 700

FIG.l. The use of neutral-beam heating for plasma shape control of doublet discharges
is illustrated using a two-dimensional transport code simulation. Case A shows the temporal
behaviour of Ps with no control, case B demonstrates the improvement with boundary control,
and case C shows the behaviour with current profile control.

profile. Thus, Ps is maintained without resorting to active programming of
the field-shaping coils.

3. DOUBLET IIA LOWER HYBRID WAVE EXPERIMENTS

Lower hybrid waves are under investigation in the Doublet IIA device [1]
both as an auxiliary heating source and as a method of current density pro-
file control. In contrast to the approach used in other lower hybrid heating
experiments [3,4], the Doublet IIA experiments rely on absorption of the wave
energy by electron Landau damping, and the source frequency is chosen to be
approximately twice the lower hybrid resonance frequency at the center of the
discharge.

The parallel phase velocity of the waves must be chosen to optimize the
spatial distribution of the absorption. This necessitates a slow wave
launch, and the modest electron temperatures in Doublet IIA (see operating
parameters for circular discharges in Table I) require a relatively high
value of the parallel index of refraction n|| = cky/io. These, and the require-
ments dictated by the limited access in Doublet IIA, were satisfied by slow
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TABLE I. DOUBLET IIA OPERATING PARAMETERS

Operating gas

Toroidal magnetic field (kG)

Plasma current (kA)

Ohmic power (kW)

RF power (kW) (maximum)

Central electron temperature
13 —3

Average electron density (x 10 cm )

Zeff

Hydrogen,
deuterium

7.6

25-35

60-120

500

200-400

0.5-1.8

1-5

wave antennas such as the one shown in Ref. !5l The antennas are inserted in
the top and bottom of the rectangular cross-section vacuum chamber. All
exposed materials are normal metallic wall constituents. A detailed descrip-
tion and analysis, similar to that of Brambilla [6] for wave guide arrays, of
the coupling of these slow wave structures is given by Moeller and Chan in
Ref. [5)

A total radio frequency power at the sources in excess of 500 kW is
available from a 350 kW, 800 MHz supply (on loan from Princeton Plasma
Physics Laboratory) and an additional 200 kW, 915 MHz supply. The experi-
ments have been conducted primarily with circular cross-section discharges
in hydrogen. Significant macroscopic changes have been observed in the
plasma current, one-turn voltage, impurity line radiation, soft X-ray radia-
tion, electron cyclotron harmonic radiation, and the line-averaged plasma
density, with the application of radio frequency power, but no significant
increase in the electron temperature determined by Thomson scattering has
been observed. Successful electron heating by Landau absorption of the wave
energy requires launching a wave with the correct ny and penetration of the
wave to the desired region of absorption. Observations relevant to these
conditions have been made in an attempt to understand the lack of significant
electron heating, and these results will be briefly summarized below.

The coupling of the slow wave structures is excellent without matching
devices. The slow wave does not propagate in vacuum and the reflected power
is large in the absence of plasma. With plasma and proper antenna placement
the reflected power is reduced to a few percent in agreement with the theo-
retical expectations [5]. Voltage probe signals along the antenna show good
quantitative agreement with the calculated values with and without plasma.
Power loadings of up to 150 kW per structure have been achieved after dis-
charge conditioning of the antennas.

Wave penetration to the interior of the plasma is inferred from macro-
scopic changes in the discharges with the application of rf power. These
effects are illustrated in Figs. 2 and 3. Figure 2 shows an increase in the
plasma current and a decrease in the one-turn voltage with the application of
about 85 kW of rf power for 15 is. The oxygen line radiation shows an
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FIG.2. An example of an RF-induced increase in plasma current and accompanying decrease

in voltage. Spectroscopic increases were also observed in the higher visible charge states of

oxygen.

increase in 0 IV but no change in 0 II indicating power absorption in the
interior of the plasma. Discharges which exhibit increases in the plasma
current are often, but not always, accompanied by a termination of m = 2
magnetic oscillations. These effects are typical of heating with lower n||
antennas (11 and 14) and low density operation. However, no significant
change in the Thomson scattering electron temperature in the central region
has been observed. Figure 3 illustrates increases in the emission at the
second harmonic of the electron cyclotron frequency for several different
nil values. This emission is blackbody over most of the discharge diameter
for Doublet IIA, and,consequently, the radiated power is proportional to the
electron temperature if the electron distribution is close to a Maxwellian.
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FIG.3. Application of RF-power to discharges with constant one-turn voltage showing
the change in radiometer signal.

The interpretation is, however, complicated by cutoff of the second harmonic
radiation from the central region for higher density operation. Increases
in second harmonic electron cyclotron emission of more than a factor of 2
have been observed at nearly all radii for some discharges, and the signal
decay time after termination of the rf power is normally on the order of
1 msec. Emission of third harmonic radiation has been monitored simultane-
ously, and Fig. 3 shows larger relative increases of third harmonic radia-
tion for the lower n|| values. The plasma density measured by a microwave
interferometer sometimes shows increases in discharges with higher Zeff*
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Again, no significant electron temperature change could be detected by
Thomson scattering in the central region.

The absence of detectable changes in the Thomson scattering signals
raises questions about both the wave penetration and the absorption mech-
anism. Parametric decay spectra [7] similar to those observed on ATC [3]
have been observed on the floating potential on the side rod limiters and
on Langmuir probes, so the possibility that the macroscopic effects are pro-
duced by the penetration of only a fraction of the applied power cannot be
eliminated. The rf absorption rate is expected to be reduced by quasi-
linear effects because the power levels utilized are sufficient to form a
plateau in the electron distribution function around the wave phase velocity.
The possibility of linear Landau damping still exists if the effective col-
lision rate that tends to prevent plateau formation is enhanced by insta-
bilities. Antennas suitable to both linear (ny = 11, 14, and 16) and quasi-
linear absorption (nn = 22, 28) have been investigated with power levels of
at least 100 kW each.

Other possibilities exist for power absorption including collisional
damping which tends to deposit energy in the edge region. Also, if consid-
erable power ends up in the decay spectra, the power absorption may then
take place in the ion component due to the frequency shift. Charge exchange
measurements have shown a 400 eV tail component (about 10% of the ions) for
a bulk temperature of about 150 eV, but this accounts for only about 10% of
the applied power.

Recent measurements with magnetic probes show some evidence of a sub-
stantial electromagnetic wave signal which could be launched directly from
the antenna or result from parametric decay processes. Since the losses are
small for these waves, cavity modes can develop large amplitude fields and
due to their high parallel phase velocity they couple only to runaway or
slideaway electrons. Due to the substantial evanescent fields inside the
plasma, heating of the ions may occur if a lower hybrid resonance layer is
present even though the slow wave launched is transformed into a faster wave.
This possibility is being actively investigated since it could reconcile the
results of a wide variety of lower hybrid heating experiments here and else-
where .

In summary, lower hybrid wave experiments in progress in Doublet IIA
have not shown substantial bulk electron heating, and efforts are continuing
to elucidate the processes responsible. The present understanding suggests
that the problem is related to a lack of wave penetration due to nonlinear
effects. If these problems can be overcome, the selection of appropriate
nil will allow local power absorption by the electrons, and hence, current
profile control.

4. DOUBLET III

Doublet III is a new, large tokamak capable of producing and maintain-
ing plasma with doublet, D-shaped, or circular cross sections. This device
has a 1.4 meter major radius and a 45 cm plasma "minor radius" for typical
configurations. The toroidal field coils are designed to produce 40 kG at
the major radius, although at present the capability of the power supply is
limited to 26 kG. Similarly, the poloidal coil system, capable of maintain-
ing plasma currents of 5 MA, is presently limited to 2 MA operation.

The experiments planned for Doublet III are divided into two main
phases. The first phase (1978-1979) is the ohmically-heated phase in which
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high densities and high nT values at modest temperatures (1 keV) are the
objective. The second phase (1980) will utilize neutral beam heating to
attain reactor-like temperatures (4-5 keV). At the time of the conference,
i t is anticipated that experimental studies will have begun. Expected
plasma parameters for the ini t ia l ohmically-heated phase of experiments are
Ip > 1 MA, n ^ lO14 cm"3, nT ^ 1013 cm"3 s, and T <v 0.5-1 keV.

Startup tests of Doublet III were completed ahead of schedule last
February. Low current (100 kA) plasma discharges were generated as part of
machine design verification and systems tests. These discharges were
initiated over a broad range of electric field strengths, toroidal field
strengths, and filling pressures. No engineering problems were encountered.
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DISCUSSION

K. PAPADOPOULOS: For the case of RF heating at high phase velocities,
did you measure any effects similar to those that would be expected from
runaway electron discharges, such as X-rays, or cyclotron and plasma frequency
radiation?

R.L. FREEMAN: Yes. Evidence of non-thermal radiation has been observed
for this case on soft X-ray pin diodes, second- and third-harmonic electron
synchrotron radiation, and usually on the hard-X-ray signal. Proportionally large
increases are seen on the third-harmonic radiation compared to the second
harmonic radiation for high wave phase velocities, whereas, with the shower phase
velocities used when bulk electron heating is observed, little or no increase is
observed in third-harmonic radiation, but the second-harmonic radiation increases.
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Abstract

PLT NEUTRAL BEAM HEATING RESULTS.
Experimental results from high-power neutral beam injection experiments on the PLT

(Princeton Large Torus) tokamak are reported. At the highest beam powers (2.1 MW) and
lowest plasma densities [ne(0) = 4.5 X 1013cm~3], ion temperatures of 5.5 keV are achieved.
The ion collisionality i>j* drops below 0.1 over much of the radial profile. Electron heating of
ATe/Te«50% has also been observed, consistent with the gross energy confinement time of the
Ohmically heated plasma, but indicative of enhanced electron energy confinement in the core of
the plasma.

1. INTRODUCTION

The purpose of the PLT (Princeton Large Torus) neut ra l beam in jec t ion
experiment i s to produce co l l i s ion le s s high-temperature tokamak plasmas in
which to study ion and e lect ron thermal t r anspor t . Previous neutra l beam
injec t ion experiments on the CLEO [1] , ATC [2] , ORMAK [3] , TFR [4] , DITEr
[5] and T- l l [6] tokamaks have demonstrated subs tan t ia l ion heat ing.

* Work supported by the US Department of Energy, Contract EY-76-C-02-3073.
t Permanent address: Department of Physics and Astronomy, University of Maryland,

College Park, Maryland, USA.
On leave from Centre d'e'tudes nucle'aires de Fontenay-aux-Roses, BP N°6, Fontenay-
aux-Roses, France.
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bringing the ion thermal component from the plateau regime of neoclassical
theory to the edge of the banana regime. Experiments on the TFR, ORMAK
and DITE tokamaks have also shown significant increases in electron tem-
perature, but the interpretation of these results is to some degree com-
plicated by possible changes in equilibrium or in the efficacy of ohmic
heating due to changes in the concentration of low-Z impurities.

In this paper we present the results of neutral beam heating experi-
ments on the PLT tokamak, which extend these previous results to the better
confinement conditions associated with large tokamaks, and to injection
power levels of up to 2.1 MW. The ion temperature increase, AT^ , in the
PLT experiments scales with beam power and electron density approximately
as Pb/(ne). At the lowest densities [ne(0) - 4.5x10

13cm~^] and maximum
power, we obtain central ion temperatures, T^(0), of approximately 5.5 keV.
At Zef£

 = 3.5, this represents an ion thermal component as deep into the
banana regime as is required for many tokamak reactor designs. The ion
energy confinement time of -25 msec is consistent with preliminary computer
code calculations that take into account ion-electron coupling, neoclassi-
cal transport, ion thermal convection and charge-exchange loss. However,
the uncertainties in these calculations are large due to our lack of knowl-
edge of q(r), Zeff(r) and especially no(r) .

Substantial electron heating has also been observed on PLT. Through
the use of water-cooled graphite limiters and extensive titanium gettering,
we have been able to control both the influx of high-Z impurities and the
electron density increase during neutral injection. Under these circum-
stances, the electron temperature rises by approximately 50% to a maximum
of -3.5 keV. The volume integrated net electron energy confinement time
is unchanged during injection, but the electron thermal transport in the
central region of the plasma is reduced. The local net electron energy
confinement time in the hot core of the discharge appears to rise well
above its preinjection value.

We have also investigated certain other aspects of the neutral beam
heating process. The slowing-down beam ion distribution has been mea-
sured as a function of time, energy and angle, and it exhibits good agree-
ment with classical theory, as in previous injection experiments [1,2,3,
4,5]. In addition, toroidal plasma rotation speeds of -I" 107 cm/sec have
been observed with unbalanced tangential injection, both through X-ray
measurements of the Doppler shift of m=l/n=l modes and by tangential
charge-exchange measurements. The toroidal momentum input appears to be
confined for a time comparable to the ion energy containment time. Fi-
nally, using 2-mm microwave scattering techniques, we have observed the
onset of enhanced density fluctuations in the plasma under conditions of
maximum beam power, and minimum plasma density.

The PLT neutral injection experiments have made use of a number of
relatively new diagnostic techniques. Radiation measurements at u)ce [7]
and at 2uce [8], using microwave and far-infrared techniquesi respectively,
have proved invaluable for measuring the time-dependent electron-temperature
profile Te(r) , once the instruments have been calibrated against the multi-
point Thomson scattering system [9]. X-ray crystal spectroscopy [10] of the
Doppler broadened Ka radiation from Fe XXV and ultraviolet spectroscopy [11]
of Doppler broadened Fe XX and Fe XXIV radiation have provided important new
ion temperature measurements, as has a mass and energy analysing charge-
exchange system. A scanning bolometer has provided information on the radial
profile of radiated power [12], which is necessary for understanding electron
thermal transport. Without these newly developed techniques, it would have
been extremely difficult, if not impossible, to provide adequate diagnosis of
the neutral beam heated PLT plasma.
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FIG.l. PLT schematic indicating direction of plasma current and position of neutral beam
injectors.

2. NEUTRAL BEAM OPERATION

The PLT neutral beam injection system consists of four beam lines and
ion sources designed and manufactured by the Fusion Energy Division of the
Oak Ridge National Laboratory (ORNL) [13] . Three of the ion sources have
22-cm diameter extraction grids and one has a 20-cm diameter grid. Each
operates near the nominal voltage of 40 kv. Two sources inject parallel
to the plasma current (co-injectors) and two inject anti-parallel (counter-
injectors) (Fig. 1). The entrance aperture into PLT is 20 by 25 cm at
375 cm from the source grids, and permits an optimum input neutral beam
power of 400-500 kW of H° per injector, under present conditions. With
deuterium as the source gas, the neutralization efficiency is improved,
and the optimum beam power rises to ~600 kW per injector.

Each injector system has magnetic deflection to remove the unneutral-
ized fraction of the beam and deposit it onto water-cooled beam dumps. The
injector systems are cryogenically pumped by condensation onto LHe-cooled
surfaces at 4.2° K; the effective pumping area per injector is about 3 m .
With the transparency of the nitrogen-cooled chevron shields, this
results in a pumping speed of 10 liters/sep • cm2, or a total of 3x10^
liters/sec per injector. For the total gas input of approximately 30 Torr
• liter/sec, the pressure in the main pumping box remains at -10"1* Torr.

The conductance of the drift-tube which connects the main pump region
to the PLT torus is limited by the restrictions imposed by the toroidal and
poloidal coils and their supports. As a result, considerable beam power
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impinges on the drift tube walls and gives rise to a pressure increase in
this region, in addition to that which occurs simply from streaming cold
gas. The beam-related part of the pressure increase has been identified,
from its time behavior, as probably being due to thermal degassing of the
drift tube walls caused by the impinging neutral beam. The incremental
pressure rise due to the beam is approximately linear in time, up to pulse
lengths of 300 msec. It is essentially unaltered by the presence of the
PLT fringe fields. For the usual 100 msec pulses used on PLT, the incre-
mental pressure increase is about 30%, and the resulting product of gas
pressure times path length causes <10% of the total throughput neutral beam
power to be lost by collisional reionization and deflection in the PLT
magnetic fields. We have observed that titanium gettering of the drift
tube walls reduces the thermal degassing by some 30-40% for a 100-msec
beam pulse, and we have recently incorporated titanium gettering into the
PLT drift tubes.

3. ION HEATING

The techniques for measuring ion temperature on PLT fall into three
categories: charge-exchange measurements, measurements of the Doppler
broadening of impurity line radiation, and neutron emission measurements.
This multiplicity of methods for determining the ion temperature is de-
sirable because each technique has intrinsic uncertainties, and the agree-
ment between the different measurements increases our confidence in them.

In order to improve the charge-exchange determination of ion tempera-
ture during neutral injection, a five-channel mass and energy analysing
neutral particle detector has been installed on PLT. With this device, it
is possible to follow the evolution of the bulk ion distribution function
without contamination from slowing-down beam ions, so long as the hydrogen
isotope used in the neutral beams is different from that of the bulk
plasma. We are thus able to investigate the neutral particle flux from
the bulk ion species in the energy range of 1.5 to 7 times T^(0), and
thereby to provide a reliable measurement of the central ion temperature.

The principal uncertainty in this measurement arises from the possi-
bility that the thermal ion distribution may be distorted by the presence
of high-power neutral beam heating. A previous linearized calculation of
this effect for the Cleo tokamak [14] indicates substantial distortion
when it is extrapolated to PLT injection parameters. Our own numerical
calculations, however, based on the nonlinear Fokker-Planck equation [15],
indicate no significant departure from a Maxwellian distribution. The
principal difference between the two analyses lies in the implied energy
flows. The linearized calculation assumes that the energy which flows
from the beam ions into the tail particles is then coupled only into the
bulk ion distribution. It also assumes that the tail particles all have
lower velocities than the beam ions. In practice, however, the tail par-
ticles thermalize among themselves (a nonlinear effect) and also partici-
pate in the thermal loss processes of ion-electron coupling, charge-
exchange, and neoclassical transport. In addition, the beam coupling to
bulk ions actually falls off with increasing ion energy, since, particu-
larly for D° injection into an H+ plasma, H+ tail ions with E > 10 keV
are traveling at higher velocities than the average beam ion. The tail
distortion in the linearized calculation arises more from the energy de-
pendence of the assumed loss process (coupling to colder bulk ions « 1/v3)
than from the neutral beam heating process. When the nonlinear calcula-
tion balances neutral beam heating against the more energy-independent
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FIG.2. Charge-exchange ion temperature as a function of time during the discharge. Time
resolution is 10 ms. A peak ion temperature of 4 keV is attained during injection of 1.6 MW of
H° into a D* plasma.
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FIG.3. Charge-exchange neutral energy distribution. The linear fitting is over an energy range
from 1.5 kT, to 6 kTr

loss processes of charge-exchange and ion-electron coupling, the bulk ion
distribution is able to thermalize with itself and very little distortion
develops. Thus we believe that the charge-exchange measurements reflect
the true central bulk ion temperature. Figure 2 shows the time evolution
of the ion temperature deduced from charge-exchange for 150-msec injec-
tion of 1.6 MW of H° into a D+ plasma at n~e = 2.2 x 10l

3

shows a plot of fast neutral flux versus energy.
Figure 3
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FIG.4. Ion temperature deduced from the neutron emission for the case of 1.4-MW hydrogen
beam injection into a deuterium plasma. Neutron emission rose from 5 X108 to 4 X10" n/s
during beam heating.

The second technique for determining the central ion temperature is
to measure the neutron flux from the thermal distribution in the case of
H° injection into a D+ plasma. This measurement suffers from the same
problem of a potentially distorted bulk ion distribution function as does
the charge-exchange measurement. Again nonlinear numerical calculations
[16], in this case also including large-angle or 'knock-on' collisions,
indicate a negligible effect on the inferred ion temperature. A more
serious problem, however, arises from the unknown plasma composition in
the case of high-power H° injection into a low-density D+ plasma, where,
even with gettering( the density rises by a factor of ~2 during injection.
In these cases, although the total density increase is -50 percent greater
than the fast particle influx, the density increase on axis can be more
than accounted for by the injected ions. In order to study the plasma
composition in the neutron-emitting core of the discharge under conditions
of high-power injection, we have performed the opposite injection scenario:
D° injection into an H+ plasma. By measuring the neutron emission from
the thermal plasma after the beam pulse is turned off and the fast ions
have thermalized, and also knowing the ion temperature during this period
from other diagnostics, we are able to estimate the increase in deuterium
density on axis. By this means we have determined that the density in-
crease in the center of the plasma does indeed correspond approximately
to the density increase due to the injected beam species. The uncertainty
in this measurement of the plasma composition, however, results in rather
large error bars for TA (-800 eV) in the case of H° injection into low-
density D+ plasmas. Figure 4 shows the neutron-deduced ion temperature
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versus time for a case of 1.6 MW injection of H° into a D + plasma at
rfe = 2.2 x 1 0

1 3 on" 3, as in Fig. 2. In this case, however, the beam
pulse length was 100 msec.

The third technique for determining the ion temperature is by Doppler
broadening measurements. Two new approaches have been developed for mea-
suring line widths from highly-ionized states of iron. In the first ap-
proach, a forbidden line of Fe XX has been identified at 2665.1 &, and its
Doppler width is used as a diagnostic for the near-central ion temperature,
since experimentally the peak of the Fe XX radiation is found at r - 10 cm
even in discharges with Te(0) = 3 keV. Figure 5(a) shows a representa-
tive line width from a 2.1 MW D ° - m + injection case. At the highest ion
temperatures we are also able to use ultraviolet radiation from Fe XXIV
for Doppler broadening measurements more nearly at the center of the
plasma. Figure 5(b) shows a representative line width from a similar case
to that of Fig. 5 (a). Figure 6 shows T^(t) from Fe XX for a case simi-
lar to that of Fig. 4. In another approach, a high-resolution (E/6E =
15000) X-ray crystal spectrometer is used for line broadening measurements
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FIG. 6. Time evolution of near central ion temperature from Doppler broadening of Fe XX 2665 A
line during P'«1.6 MW neutral beam injection (H°-+D*).
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FIG. 7. Fe XXV ls2(1S)-Is2p(1F°) line profiles before and during neutral infection. To determ-
ine the ion temperature, Voigt functions are fitted to the data. Shown are curve fits for times:
(a) 0.425 and (bj 0.525 sec of Fig.8. The arrows indicate the fitting region. The conversion
gain is 0.18 e V/channel. The line is centered at 6700 e V.
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FIG.8. The ion temperature derived from Doppler broadening of the Fe XXV 1.85 Kline

during neutral injection. Each point is taken over an integration time of 50 msec.

of the Is - 2p Ka transition of the heliumlike state of iron, Fe XXV , at
1.85 A. The spectrometer consists of a curved quartz crystal and a multi-
wire proportional counter in the Johann configuration. Radiation from the
Is - 2p transition should be emitted from a narrow region in the hot core
of the plasma for central electron temperatures in the range from 1.2 keV
to 6 keV. Figures 7(a) and 7(b) show the line widths, and Fig. 8, T^t)
for a case similar to that of Fig. 2. The arrows in Fig. 7 indicate the
limits of the range used for a least-squares fit of the experimental data
to a Voigtian (the convolution of the Gaussian due to Doppler broadening
with the narrow Lorentzian profile due to the natural line width). The
limits are chosen to exclude small satellite lines on the long-wavelength
side.

The Doppler broadening measurements do not suffer from the same uncer-
tainties with respect to the distortion of the bulk ion distribution func-
tion as do the neutron and charge-exchange measurements; however, the im-
purity ion temperature may not be precisely equal to the temperature of the
bulk ion species. The power coupled from the beam ions to each ion species
in the plasma is proportional to n^^/mi . Thus, while the total power
delivered to impurity ions may be small, the power per ion scales as Z?/mi.
At low densities and high ion temperatures, the impurity-hydrogen coupling
time becomes long enough so that a temperature difference should develop
between the impurity ions and the hydrogenic species. For our low-density
cases where Zeff = 3, due primarily to carbon, all of the impurity ions
are well coupled to each other, and one may write a simple equation govern-
ing the impurity temperature, Tx:

dT

dt

T - T
2 *
T „
X-H

dT

dt

T - T
e x

beam Ex

where T X_ H and Tx_e are the energy equilibration times [17] between
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CIII2237 Alines.

the impurities and the hydrogenic species, and between the impurities and
the electrons, respectively. xEx is the energy containment time of the
impurities. If we take the dominant impurity to be carbon, and solve
this equation for a case of 2.1 MW D° injection into a low-density in i -
t ia l ly H+ plasma, where TH = 5.0 keV, Te = 3.2 keV, ne = 4.5*1013 cm"3,
the mean atomic mass AH = 1.5, nH = 2.3 x 1013 cm"3, dTj/dtlbeam = 8.6 x

H , H j / l b e a m
10-> eV/sec, from the Monte-Carlo code described below, and (estimating)
TEx msec, we arrive at T X_H = 1.7 msec, tx_e = 25 msec and
= 800 eV. This evaluation of T x - TH , unfortunately, is uncertain to
within a factor of 2; the possible temperature differential drops dramat-
ically, however, as the density increases, and especially as the ion tem-
perature decreases. For the 4-keV, slightly higher density cases of 1.6 MW
H° injection into D+ plasmas, this effect is within the experimental ac-
curacy of the measurements.
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FIG. 10. Ion temperature measurements versus line average electron density for four beam
operation, carbon limiters and titanium gettering.

The Doppler-broadening measurements are extended to light impuri-
ties in addition to iron, in order to produce a radial profile of the ion
temperature. Figure 9 shows the ion temperature profile before and during
injection for the same case as in Figs 2 and 7. The radial positions of
C III and C V were measured using a fast scanning mirror, and the position
of OVII was determined from the measured Te(r) and ne(r) profiles
coupled to an oxygen diffusion calculation [17]. The location of Fe XX
was deduced from radial scans of vacuum ultraviolet (VUV) emission from
Fe XXI and Fe XXII , which should be located close to Fe XX .

Figure 10 shows the results from our first runs with four neutral
beams, carbon limiters and titanium gettering. The charge-exchange data
points are plotted without the small positive correction needed to deduce
T^tO), and the Fe XX Doppler broadening measurements reflect T.̂  at
r « 7.5 cm, not on axis. In view of the steep gradient of T^tr) , the
Fe XX temperature might have been expected to lie below the charge-exchange
Tj_(O)j this spatial differential in T i , however, is roughly compensated
by the difference between the hydrogen and impurity temperatures, which
has been described above. In general, the good correlation between the
different measurements indicates that the deduced ion temperatures are
reliable. Figure 11 shows a log plot of the same data as that in Fig. 10,
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but here in terms of the heating effectiveness, AT^/Pb in eV/kW versus
the line average electron density at the end of the injection pulse. The
heating effectiveness scales approximately as (ne) , consistent with the
results of other neutral injection experiments on ORMAK [3] and TFR [4] .
At the lowest densities and highest ion temperatures, v? is less than
10"1 over most of the radial profiles, so the ion thermal component is
deep in the banana regime, with no evident deterioration in energy con-
finement. Preliminary ion energy balance calculations are discussed
under "Ion and Electron Energy Balance."

PLT has also been operated with D° injection into a D+ plasma
in order to simulate the power multiplication anticipated in beam-
driven subignition reactors. We obtain the largest neutron yields with
high-power injection into hot, low-density plasmas. With 1.7 MW of
35-keV D° beans injected into a n e = 2* 10*3cnT3 plasma, we reach a maxi-
mum neutron emission of 4x 1013 neutrons/sec. With a 200 msec beam pulse,
we obtain 7xl0 1 2 neutrons/shot (Fig. 12). Computer code calculations
[18] of the neutron production to be expected for these cases indicate a
flux of 6.5xlO13 neutrons/sec. Since there are possible variations of
order 50% in the computed production rate, due to uncertainties in the
input plasma parameters, such as np/ne , and since there are factor-of-
two uncertainties in the neutron measurement, the agreement between theory
and experiment can be considered satisfactory.

At the highest beam power achieved to date (2.1 MW D° injection into
an H+ plasma), the average ion energy in the center of the plasma is high.
From the Monte-Carlo code described below we calculate n^tO) = 1.2x 1013 em"3,
Eb(0) = 19 keV, and we have n^O) » 2.5x 1013 cm"3, E^ (0) .= 8.25 keV, so the
average ion energy on axis is approximately 12 keV, and T(0) = nfc,%)
:• [(3/2)niTi+ (3/2)neTe] = 0.7.

4. ELECTRON HEATING

The electron heating obtained in PLT with neutral injection is very
sensitive to the choice of limiter material and to the conditions of the
vacuum vessel wall. In our initial experiments, using two neutral beams
and a maximum beam power of 1.1 MW (August-December 1977), we employed a
tungsten limiter and Taylor Discharge Cleaning (TDC) [19] to condition
the walls. Under these circumstances,light impurity concentrations were
relatively low (Zeff = 2-4), but,with even modest amounts of counter-
injected beam power, tungsten radiation from the core of the plasma would
quench any significant temperature rise. Indeed in the low-density high-
power cases, Te(0) fell substantially during injection. This electron be-
havior limited the ion temperature increase during injection to Si.3 keV,
even in the lowest density, highest power cases. During this period we
also experimented with a simple carbon limiter in the form of a solid
15-cm diameter graphite rod with a curved end touching the plasma surface.
Using this limiter, the preinjection plasma was generally freer of tungsten
radiation, and hotter than otherwise, but still large amounts of tungsten
entered the discharge during counter-injection. The source of this tung-
sten may have been sputtering due to beam ions on loss orbits striking the
retracted limiters and the tungsten-coated vacuum vessel wall, or it may
have been due to effects associated with the increased edge ion and elec-
tron temperatures observed during counter-injection. We also experimented
with limited titanium gettering on the vacuum vessel surface, and found
that we were able to run stable, low-Zeff discharges at both higher and
lower densities than without gettering, and that the density increase with
neutral injection was substantially reduced.
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FIG. 13. Bolometric measurement of the radiated power as a function of radius and time.
(a) The deuterium target plasma is characterized by~ne = 2.7X.10l3crn~3[ne(0)=5X10l3cm~3];
Te(0) = 1.4 keV; Ip= 380 kA, Vp = 1.5 volts, with steel limiters, and Tigetteringat the wall. One
hydrogen neutral beam is injected in the counter direction between 400 and 500 msec with
0.4 MW.
(b) The deuterium target plasma is characterized bylne = 2.8X1013cm'3 [ne(0)-5X10ucm'3];
Te(0)=2 keV; Ip=450 kA. Vp=1.3 volts-, with water-cooled carbon limiters, and Ti gettering at
the wall. Four hydrogen neutral beams are co- and counter- infected between 400 and 500 msec
with a total power of 1.4 MW.

In our more recent experimental runs with four neutral beams (June-
August 1978), we have fitted PLT with interchangeable large-area ATJ
graphite and stainless steel limiters. The graphite limiters, which are
located top and bottom, face the plasma surface with an area of -750 cm2

each, and are provided with water cooling. Furthermore, PLT has been
equipped with three getter balls capable of evaporating titanium on nearly
the entire vacuum vessel wall.
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FIG. 14. Single-shot electron temperature and electron density profiles from Thomson
scattering. Error bars on the points are determined from least-squares fit to the scattered
spectrum at each radial position. Solid line through the points is a spline fit to the data. Arrows
indicate integral q surface positions.

Figures 13(a) and 13 (b) show a comparison of radiated power profiles,
between low-power counter-injection into a steel-limiter plasma, and high-
power co- and counter-injection into a plasma with graphite limiters. In
case (a) Tg(0) dropped by 700 eV, while in case (b) Tg(0) increased. The
radiation of -0.4 W/cm3 from the plasma periphery is relatively unimportant
to the electron power balance as compared to 1 W/cm from the plasma
core. Clearly the carbon limiters represent a substantial improvement.
With the use of extensive titanium gettering, we have also been able to
limit the density increase to Ane = lx 10

13cm"3 with four beam injection

into a plasma which starts at n At higher densities
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FIG. 15. Electron temperature as a function of time for three radial positions. This information
is provided by a grating polychromator which analyses second harmonic electron cyclotron
radiation. Substantial electron heating is produced by the injection of three neutral hydrogen
beams of total power 1.2 MW into the deuterium plasma (ne=4.3Xl0t3 cm'3 at the end of the
beam pulse). For the same shot and radial positions, the temperatures obtained at a single point
in time with the TV Thomson scattering system are indicated.
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FIG. 16. The electron temperature profile before, during and after injection of 2.1-MW deuterium
neutral beams at time t = 450-600 msec into a low-density (ne= 1.8 X10i3cm'3) hydrogen
plasma. The observed peaking of the electron temperature profile 30 msec after the termination
of injection can be explained by heating of the electrons by the still energetic slowing-down
ions and the removal of the power loss due to the thermalization of cold electrons incoming with
the beam ions. These profiles were ascertained from the fundamental electron cyclotron emission
measured by a fast-scanning heterodyne receiver.
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FIG.17. Compilation of the results of high-power injection into gettered carbon limiter plasmas.
The overall picture suggests that under the best conditions ATe/P^0.6 eV/kW, independent
of plasma density.

(ne 2 2.5 x 10
13 cm"3) we are able to hold the density nearly constant during

injection, through feedback control of the pulse valve gas feed. In addi-
tion, gettering results in a decreased Z e f f and a wider operating range
in density [19] .

Figure 14 shows laser scans of a high-density plasma before and during
injection of 1.2 MW H°-»-D+. With the feedback density control, ne(r)
is almost unchanged, and Te rises by nearly 50% over the entire profile.
zeff constant at approximately 1.5. The time dependence of the elec-eff
tron temperature in these discharges, measured from the far-infrared emis-
sion at 2<i)c is shown in Fig. 15. The instrument used to make these
measurements was a grating polychromator coupled to a Putley detector.
The large-amplitude (ATe - 300 eV), long-period sawteeth, which are quite
visible in the central trace, are a common but not universal feature of
high-power injection. The time dependence of this heating, especially the
return to the initial baseline, is a characteristic signature of discharges
where the impurity concentrations remain unchanged. In cases with metallic
limiters, where strong central core radiation comes up during injection,
the electron temperature returns to a value below that of preinjection.
At low densities, with D° injection into H + plasmas, we have also been able
to achieve substantial electron heating. In these cases Z e f f is higher
(3-4)-, and the initial electron temperature is larger. Figure 16 shows
radial profiles of Te(r) for a case of 2.1 MW D° injection into a low-
density H+ plasma. At the end of the injection pulse, n"e is 2.3*1013cm~3

1 3 3 In this case Te(r) was deduced from aand ne(0) is 4 . 5 e

swept measurement of the microwave emission at
h

An interesting and
important feature of all these measurements is that the Te(r) profile
shape changes very little during injection.
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FIG. 18. Logical structure of ion and electron power balance calculations.

Figure 17 shows a compilation of the results of high-power injection
into gettered carbon limiter plasmas. The cases of H° injection into low-
density D+ plasmas which show little heating are generally characterized
by relatively large density increases, probably due to the less extensive
gettering in these cases. The overall picture, however, suggests that
under the best conditions ATg/Pj-, * 0.6 eV/kW, independent of plasma den-
sity. Qualitatively, this result is consistent with the empirical scaling
law xEe « ne .

5. ION AND ELECTRON POWER BALANCE

In order to develop a preliminary understanding of the significance
of these results, we have performed numerical calculations of the ion and
electron radial power flows both with and without neutral injection. For
simplicity, these calculations are time-independent, and so are only valid
for the period of quasi-equilibrium temperature and density near the end of
the neutral beam pulse, or for a period of quasi-equilibrium in the ohmic
heating phase of a discharge. Figure 18 shows the logical structure of
our calculations. Radial profiles of ne(r) from the Thomson scattering
system and of Te(r) from Thomson scattering, u c e or 2wce measurements
are used as the basic input parameters. These are passed to a Monte-Carlo
beam-orbit calculation[20)(Fig. 19) which follows the orbits and slowing-down of
500 fast ions and calculates the power given to the bulk ions, Pj-,i# and to
the electrons, P]-^. It also calculates the energy lost by charge-exchange
of beam ions on background neutrals and by fast ions scattered onto loss
orbits. An important effect which is included in this code, and not in
most other such calculations, is the possibility that fast ions which
charge-exchange and start to leave the plasma often reionize before they escape
f21] . From the measurements of T^, we estimate a Ti(r) on the basis
of neoclassical thermal conduction, ion-electron coupling, empirical ther-
mal convection and charge-exchange loss, as in Ref. [22]. In general, we
find that the uncertainties in Zeff(r), q(r) and no(r) result in a
rather large range of possible prediction from this series of calculations.
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FIG.19. Beam power deposition profiles from Monte-Carlo beam-orbit code.
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FIG.20. Calculated ion temperature profile with central value calibrated to experimental data,
2.1-MW D° infection into low-density H* plasma.
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FIG.21. Calculated ion collisionality (solid curve) for ion temperature profile shown in Fig.20.
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FIG 22. Calculated ion temperature profile with central value calibrated to experimental data.
2.0-MW D° injection into moderate-density H* plasma.

The neutral density profile, notr), which is important for the low-density
cases, has been calculated using a highly simplified model [23]. On the
other hand, even the most sophisticated models for nQ(r) do not properly
treat the case where n^/ng - 0.25, and so the beam ions themselves par-
ticipate strongly in the charge-exchange transport of neutrals across the
plasma column. With these caveats in mind, we vary the unknown parameters
over a reasonable range, and find the resulting range of the classical
prediction of the ion temperature. In order to proceed now with the elec-
tron power flow calculation and also to determine Tgj_, we finally fix on
a choice of parameters which gives good agreement with the experimental
data.
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Figure 20 shows the ion temperature profile which results from this
procedure for a case of 2.1-MW D° injection into a low-density [ne(0)
= 4.5 x 10^cm~^] H+ plasma; the experimentally measured profile is also
plotted. The iron Doppler broadening measurement points have the esti-
mated 800 eV differential between Tx and TH subtracted off in this
case. The errors on the calculated T^ (r) curve indicate that the
range of prediction for this case varied from 4 keV to approximately 7.5
keV. The errors on the individual measurements are ±10%. Figure 21 shows
the calculated ion collisionality, v£ , versus radius, including the
effect of collisions with impurities. The volume-integrated net ion
energy confinement time, defined as

is 25 msec for the best fit to the experimental data. In the ohmically
heated phase of this same discharge, well after the end of injection, the
net ion energy confinement time, defined as

/ (3/2)nikTid
3r

P .
ei

is -50 msec. In the calculation, this difference is mostly due to the en-
hanced role of charge-exchange loss at high ion temperatures and steep tem-
perature gradients. Indeed the 'best case' calculation, where T^ rises
to 7.5 keV on axis, only shows a net ion energy confinement time of 30 msec.
Thus the reduction in Tg^ is consistent with our classical model. On the
other hand, because neoclassical transport is only a small fraction of the
total energy flow in this case, we cannot rule out as much as a 5-fold en-
hancement of the ion thermal conduction over the neoclassical value. Our
knowledge of the true neoclassical value is itself uncertain by nearly as
large a factor, due to the uncertainty in the experimental values of
Zeff(r) and q(r).

In cases of neutral injection into higher density plasmas, charge-
exchange plays a much smaller role, and electron-ion coupling (which we
can accurately calculate) becomes the dominant term in the ion energy flow.
Neoclassical thermal conduction is again a small part of the transport,
in part because Z e f f is low. Figure 22 shows the calculated ion tem-
perature profile for a case of 2.0-MW D° injection into an H+ plasma with
H = 3.5 xiO 1 3 cm"3 and ne(0) = 7.5 x io

13 cm"3. Again the error bar re-
presents the range of classical prediction. The errors in the experimen-
tal ion temperature measurement have increased to ±15% in this case, due
to the reduced iron radiation and charge-exchange flux at higher densities.
The calculated net ion energy confinement time is 95 msec, which compares
well with the net ion energy confinement time of -120 msec in the post-
injection ohmic phase of the same discharge. In this beam-heated case, as
in the low-density case, the ions are in the banana^regime over almost the
entire radial profile, although here the minimum v^ is -8xlO"2. As
noted above, neoclassical transport is masked by ion-electron coupling,
and with the scatter of our data, the maximum credible enhancement over
neoclassical ion thermal conduction could be a factor of 3-4.

On the basis of these ion power flow calculations, which have been
calibrated against the experimental data, we can now proceed to examine
the electron power flows. From the Monte-Carlo beam-orbit code we have
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FIG.23. Radial electron power flows for 2.1-MW D° infection into low-density H* plasma.

the radial profile of Pbe , the power flowing from the beam ions to the
electrons, and from the ion neoclassical calculation we have the profile
of Pie , the power flowing from the bulk ions to the electrons. An
additional term which is important at low densities is Pne , the power
required to thermalize the cold electrons which enter the plasma with the
beam ions; this is calculated by the beam-orbit code. The ohmic heating
input power is calculated from the experimental Te(r) profile, assuming
Zeff(r) = const., and a °= TJ' 2 . It is difficult to measure the resistive
component of the loop voltage during injection because as the electron
temperature increases, Vj^™ drops, but Ip also increases by 20-40 kA,
causing a significant inductive contribution to VLOOP . As best we can
determine, ±25%, the plasma conductivity scales as Tj/2 when the tem-
perature increases due to neutral injection. Therefore we use the assump-
tion of constant Zeff to calculate the resistive component of the loop
voltage during injection from Vj^ during the quasi-equilibrium period
before injection. Because the electron temperature profile shape changes
little during injection, we ignore the effects of any variation in the
internal inductance.

In the low-density case considered above, the ion power balance cal-
culations indicated that 300 kW of power was being emitted from the plasma
by charge-exchange of the thermal ions, while the bolometer measurement
indicated a total output power of 1 MW, slightly greater than the total
calculated input power to the electrons. In an attempt to subtract off
the effect of charge-exchange neutrals on the bolometer, we have simply
scaled Prad by 0.7 from the bolometrically measured emission. The
resulting radiated power is consistent with the spectroscopically esti-
mated radiation of -200 mW/cm3 in this case. Note that the contribution
to the bolometer signal from charge-exchange beam ions may be small, since
they are emitted from the plasma mostly tangentially, and the bolometer has
a collimated perpendicular view.

.Figure 23 shows the resulting electron power flows. The only term
not previously described is Pc the power carried by conduction and
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FIG.24. Radially integrated net rEe for 2.1-MW D° injection into low-density it plasma.

convection, which must be equal to the sum of the other terms, under the
assumption of steady-state conditions. It is interesting to note that in
the core region of the plasma, the net beam input power, pbe + pei ~ pne
is still less than P O H > although P Q H has dropped from 750 kW in the
ohmic-heating case to 500 kW in the beam-heated case.

Figure 24 shows the radially integrated net T E e for the low-density
beam-heated case, where tEe(r) d e fi n e < J a s

(3/2)n d3r

On this figure, we also plot the net TEe(r) for the same discharge in the
ohmically heated plasma well after injection. The central electron density
in this case has dropped by 40% after injection, but n~e is approximately
constant. The definition of xEe (r) for the ohmically heated case is

f (3/2)n kT d3r
h e e

1 OH ei rad'

Within the accuracy of these calculations (±30-40%) the volume-integrated
net xEe is unchanged during injection, but the energy confinement in the
core of the plasma appears substantially enhanced. The beam heating and
ion-electron coupling in the center of the plasma is weak due to the high
electron temperature, and yet the central temperature rises proportion-
ally to the temperature half-way out, where much more beam power and ion-
electron coupling power is deposited. Had the electron thermal conduction
coefficient remained unchanged during injection, one would have expected a
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broadening of the Te profile, and a reduction in the net T_ . The ex-
perimental results, by contrast, indicate a substantial reduction in xe

in the hot central region of the discharge, as shown in Fig. 25. Here
X (r) is defined as
e P

con
Xe = ~2

4IT R rn dT /dr
o e e

If we calculate a gross xEe(a) for these cases, where we do not subtract
off Prad '

 w e fi-n<3 that both cases have TEe (a) = 14 msec, a typical gross
electron energy confinement time for low-density gettered PLT discharges.

An interesting feature of these low-density discharges is the substan-
tial energy required to heat the cold electrons that enter the core of the
plasma with the beam ions. Experimentally, at low densities we generally
see a dip in Te(0) at the start of injection, and a significant increase
(JlO%) during a 30-msec period after the beam is shut off. This behavior
is consistent with the fact that Pne turns on and off sharply with the
beam pulse, while Pbe and Pei require 30-50 msec to build up and to
decay. Figure 16 shows radial scans of Te from u),^ radiation which
demonstrate the late rise quite clearly. Note that most of the post-
injection temperature rise occurs near the center of the discharge, where
Pne is relatively most important.

When we perform these same calculations for the higher density plasma
(n"e =3.5 xlO

13 cm"3) we obtain a similar result. Figure 26 shows the power
flows for this case. The radiated power is now a smaller fraction of the
total power balance (and should not be significantly affected by charge
exchange), and Pie is substantially increased at the higher density,
while Pne becomes negligible. The net TEe(r) for the beam-heated
plasma, and for the ohmically heated plasma later in the same discharge,
is shown in Fig. 27. The density profiles in the two cases are very
similar. Again, to within the accuracy of this calculation, the volume-
integrated T£g is effectively unchanged, but the electron thermal trans-
port in the core of the plasma is significantly reduced. In this case,
the gross TEe (a) for the ohmically heated plasma was 19 msec, and for
the beam-heated plasma, 17 msec.

We are not in a position at this point to speculate on a possible
cause for the enhanced confinement properties of the electrons in the
core of the discharge during neutral injection, but despite the limited
accuracy of this analysis, it does appear to be a clear effect. It
seems unlikely, however, that the improved confinement is a simple
scaling of Xe with Te, in light of the fact that the electron thermal
transport was not reduced in the outer regions of the plasma, which were
also heated.

6. OTHER ASPECTS OF NEUTRAL INJECTION

In addition to studying ion and electron heating on PLT, we have
also investigated certain other aspects of neutral beam injection. Using
a horizontally scanning fast neutral detector, we have measured the
angular dependence of the fast-ion energy distribution during injection.
Figure 28 shows an angle and energy spectrum for a case of 360-kW H° co-
injection into a D+ plasma. The theoretical curve was calculated on the
basis of a numerical solution of the bounce-averaged Fokker-Planck equa-
tion [24]. It shows reasonable agreement with experiment over a range
of angles from parallel to nearly perpendicular to the magnetic field.
The Z e f f used in the numerical calculation was 2, which agrees well
with the conductivity Zeff of 2.5 ±1.
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We have also made preliminary fast-ion measurements in the recent
high-power injection runs. One of the features of the fast-ion distri-
bution function which is most sensitive to any nonclassical behavior is
the high-energy beam ion tail above the injection energy [1]. Figure 29
shows this tail above Ejnj in the counter-facing direction for a case of
2.1-MW D° injection into a low-density H+ plasma. The measured tail tem-
perature of 2.7 keV agrees well with the theoretically calculated value of
2.5 keV, where the calculated temperature arises from taking into account
collisions between beam ions and plasma ions and electrons, combined with
the decelerating effect of the toroidal electric field.

One of the mysterious aspects of neutral injection in previous tokamak
experiments has been the small rate of toroidal rotation observed in cases
of unbalanced tangential injection [25]. We have begun to study this
problem in PLT with two separate diagnostic techniques. In the first ap-
proach, we have used the X-ray wave detector arrays 126] to investigate the
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effects of unbalanced injection on the propagation of the m =1/n = 1 pre-
cursor oscillations associated with internal disruptions. Without injec-
tion/ the toroidal phase velocity of these oscillations is generally about
-3 x106 cm/sec, and the poloidal propagation is in the electron diamag-
netic direction. As shown in Fig. 30, with co-injection of -400-kW D°
into a low-density H+ plasma, the toroidal phase velocity is +1x10 cm/sec,
and the propagation is in the ion diamagnetic direction. With almost pure
counter-injection, the toroidal phase velocity is about -1.5x107 cm/sec,
and the propagation is in the usual electron diamagnetic direction. If we
interpret the change in phase velocity as a Doppler-shift due to toroidal
fluid motion (since theoretically any poloidal rotation is rapidly damped),
we find a rotation velocity about ±1 * 107 cm/sec.

The toroidal rotation of the plasma can also be investigated using
the horizontally scanning fast neutral detector, aligned in the tangen-
tial direction. Since co- and counter-injection heat the plasma ions with
approximately equal effectiveness, we expect a difference in the tangen-
tial thermal charge-exchange spectrum for the two cases due solely to ro-
tational effects. Experimentally, with the analyser facing counter-going
ions, we observe a significantly larger thermal charge-exchange flux with
counter-injection than with co-injection. For a shifted Maxwellian ion
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distribution, the toroidal rotation speed can be derived from this experi-
mental ratio, R(E) , using the formula

v, (cm/sec) l n [ R ( E ) ]

T OceV) " 1/2
i ( ' [E (keV) ftp]

where E is the energy of the charge-exchange neutral, and A^ is its
atomic mass. This expression is evaluated as a function of time from
the charge-exchange flux in the energy range of 3-6 keV in Fig. 31 for a
case of 500-kW D° injection into a low-density H+ plasma. Although tem-
perature measurements were not made in this case, Tj_ • 1.7-2.0 keV is
expected, giving a rotation speed of SlO7 cm/sec. Note that V<t/Ti de-
cays after injection in about 60 msec, and since T^ decays during this
same period, v^ must fall somewhat more rapidly.

We have also begun investigations of the stability of the PLT plasma
in the ion-cyclotron range of frequencies with neutral injection. Using
electromagnetic pickup loops in the shadow of the limiter, we observe
toroidal eigenmodes at the fundamental and first harmonic of the ion cy-
clotron frequency of the beam species, evaluated at r = 0, for both H°
and D° injection into D+ plasmas and for D° injection into H+ plasmas.
With high-power injection, the waves persist only for the first 10 to 30
msec of the beam pulse and then damp out rapidly. These modes are ob-
served to have low toroidal and poloidal mode, numbers and narrow band-
widths of 1 MHz. Work is in progress to elucidate the physics of the
excitation mechanism and to evaluate the energy contained in the wave.

Density fluctuations with wavelengths in the range of 0.2 to 2 cm and
with a spectrum in the range of frequencies of drift waves have also been
observed, using 2-mm microwave scattering techniques [27] . Under most cir-
cumstances, the scattered power level increases by $2 during injections,
and the frequency spectrum is largely unchanged. At the highest power
levels, however, we observe a substantial increase in the scattered radia-
tion at some wavenumbers [Fig. 32 (a)], and the frequency power spectrum
shows discrete mode structure [Fig. 32(b)]. We do not yet know whether
these waves are associated with the high-power injection or with the con-
comitant high ion temperatures, nor are we able as yet to assess their
importance to thermal transport, since neither their k-spectrum nor their
radial profiles have been measured.

7. CONCLUSIONS

The results of the first experiments on PLT with four neutral beams,
water-cooled graphite limiters, and extensive titanium gettering have been
quite encouraging. At moderate densities [ne(0) = 7.5 xlO*

3 cm"3] we have
achieved substantial electron and ion heating, pushing the ions well into
the banana regime — with no deleterious effects on thermal transport. In-
deed the central electron energy confinement appears to improve with neu-
tral beam heating. At lower densities [ne (0) = 4.5 *10

1 3 cm"3], the ion
and electron heating which results from neutral beam injection at 2.1 MW
is quite dramatic and produces a high-temperature collisionless plasma.
The very fact that such a plasma can be created in PLT indicates that
thermal transport under these conditions does not have the strongly unfa-
vorable temperature dependence of trapped particle modes. Much more work
is required, however, to understand the confinement properties of high-
temperature tokamak plasmas and to evaluate the implications of these re-
sults for future research.
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DISCUSSION

B.B. KADOMTSEV: I congratulate you and the Princeton team on the very
impressive achievement of reaching high ion temperatures and penetrating far
into the collisionless region - a very important achievement for future reactor
applications. My question is whether you have more detailed information on the
temperature dependence of the ion energy confinement time.
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R.J. GOLDSTON: As we said in the paper, our accuracy in deducing the
ion thermal conductivity in the high-temperature case is rather poor. I think we
can certainly rule out, however, the possibility that plateau scaling continues to
hold at these high temperatures.

B. GREEN: Have you correlated the toroidal plasma flow generated by the
injection of neutral beams with a corresponding radial shift of the plasma column?

R.J. GOLDSTON: Our measured toroidal rotation speed of ~107 cm-s"1

corresponds to an additional energy of only 100 eV per ion compared to a bulk
ion temperature of ~2 keV. Accordingly, the effects of toroidal rotation as such
on MHD equilibrium are quite small and would be difficult to distinguish from
uncertainties in Tj(r), Te(r) and re(r).

B. COPPI: Do you have an estimate of the minimum value of the collisionality
parameter for electrons?

R.J. GOLDSTON: The minimum v* we have achieved is about 0.1.
J.P. GIRARD: What is the maximum value of F you have obtained? Have

you observed, with unidirectional injection, the creation of a longitudinal current?
R.J. GOLDSTON: The maximum P achieved in the recent experiments with

2.1-MW D° injection, carbon limiters and titanium gettering was quite modest:
P(0) « 0.7. This is simply because the plasma heated so well under these con-
ditions. With tungsten limiters and 1-MWD0 injection, however, we had
P(0) =» 1.4, because radiation from the plasma core clamped the ion and electron
temperatures to about 2 keV.

We have some tantalizing evidence of beam-driven currents from cases where
co- and counter-injection heated the plasma similarly (or counter-injection was
even more effective at electron heating than co-injection). In these cases, the
loop voltage fell more, and the plasma current rose more, with co-injection.
Additional data are needed, however, especially on Zeff(r,t), to confirm this very
preliminary result.

C. RENAUD: What were the numerical values obtained for the conduction
coefficient X; before and during the high power injection?

R.J. GOLDSTON: In the high-temperature, low-density case, the ion
thermal conductivity we calculate from the data is about 103 cm2 - s"1, both with
and without injection. However, the uncertainty in the beam-heated case is quite
large; the conductivity could be as much as five times this value.

C. RENAUD: How can one explain such a high value of xe (20 000 cm2 • s"1)?
Are the ions independent of electron behaviour?

R.J. GOLDSTON: We do not, of course, have an explanation for the
anomalous electron thermal transport observed on PLT and on other devices.
We have examined the question, however, as to whether the ion thermal
conductivity could be equal to the experimentally ascertained anomalous electron
thermal conductivity. In the low-density case this is within the experimental
uncertainty, but, in the higher density case, taking X; = Xe results in T;(0) < Te(0),
which is certainly far from the experimental result.
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Abstract

STUDY OF THE ENERGY BALANCE IN ALCATOR.
Stable discharges with average density rre= 7.5 X 1014 cm"3 have been obtained in

deuterium at Bx = 8.7 T in the Alcator tokamak. Complete thermal equilibration between
electrons and ions obtains, with peak temperatures of 900 eV. The maximum value of
nT£ is 3 X 1013 cm"3- s. Nearly classical behaviour, from the viewpoint of energy confinement,
is observed. A study of the energy balance of the central core of the plasma has been carried
out in the regime 1014 cm"3 < n e < 6 X 1014cm"3, 130kA<I p < 160 kA and BT = 6 T.
At the highest densities, the dominant role in energy confinement can be attributed to ion
thermal conduction. Stable operation of high-current, low-qL discharges has been achieved.
The strong MHD activity can be controlled by proper programming of plasma current and
density. Some improvement in overall energy confinement is observed for the low-qL
discharges. A study has been made of low-frequency electron density fluctuations using
an infra-red laser. Small-angle scattering and crossed-beam correlation techniques were used.
The most striking feature of the results is the observation that for n~e > 1014 cm "3 the amplitude
of density fluctuations, ne, peaks at the minor radius corresponding to that of the limiter. At
the peak 0.2 < ne /ne < 1.

1. SURVEY

The unique capability of Alcator to operate over _a wide range of
parameters, 3T^B T

£9T, 80kAs I s 300kA and 5x10I2cm~3 * ne* 7.5x10' "cm "'has
enabled study of the dependence of energy confinement on these parameters.
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FIG.2. Peak electron and ion temperatures
as a function of density, showing nearly
complete equilibration at high density.

The advantages of high density operation have been demonstrated
previously[1]. In Section 3 further elucidation of this behaviour is
given. We show that the higher density discharges can be understood as
determined by neoclassical ion thermal conduction in the central core,
whereas at lower densities anomalous electron thermal conduction dominates.

Stable high current, low qL discharges, with qL= 2 at densities
2x10ll(cm"3sne

s 5x10'J*cm"3, have been achieved. No deleterious effects on
confinement have been observed. The effect of toroidal field, BT , on
energy confinement has been investigated, keeping Ip and rfe constant.
Whereas the peak temperature increases with Bj, the energy confinement time
is observed to be insensitive to the toroidal field. These are discussed
more fully in Section 4.

Fig.1 illustrates one of the highest density discharges yet ̂ achieved
in which peak density ne= 1.5x10'

scm~3 at a peak temperature of Te=900eV.
The line averaged density, n"e, is measured with an interferometer operating
at a wavelength of 0.119mm[2]. Ion temperature measurements for such
discharges in deuterium are made using the thermonuclear neutron yield.
These indicate peak ion temperatures typically only about 100eV less than
the corresponding electron temperature at high densityt1,3], as shown in
Fig.2. In Fig.3 the rate of neutron production is shown with the signal
from the soft x-ray imaging diode looking through the central chord. The
neutron rate shows sawtooth fluctuations in synchronism with the x-ray
sawtooth signal. This behaviour indicates that the ions are perturbed by
the mechanism that causes the sawtooth relaxations since the time-scale for
the decrease of the ion temperature is less than the equilibration time[t].

Spectroscopic studies of ultra-violet line radiation confirm low
impurity concentrations in all regimes of Alcator operation. Including
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FIG.3. Diagram showing sawtooth relaxations on soft X-ray and neutron output signals.

light impurity and molybdenumdimiter material) concentrations, we find
that Zeff ̂ 1.2 [5]. This agrees with the observed plasma resistivity,
which is equal to the Spitzer-Harm value. In the high density discharges,
power loss through radiation from the edge region of the plasma accounts
for approximately 10$ of the total ohmic input[5].

An array of three collimated bolometers has been used to make
temporally and spatially resolved measurements of the radiative and
charge-exchange losses from the plasma. For discharges where
n"e «3x10

I'*cm~3 and I ;»150kA, it has been found that 6-8% of the total
ohmic input is lost from the central core of the plasma, with r<3cm, 15$ is
lost from the region 3cm<r<7cm, and an additional 15$ is lost from the edge
of the plasma, 7cm<r<11cra. For the central plasma region this loss
constitutes approximately 20$ of the local ohmic input while the loss from
the edge is equal to the local ohmic input to the edge. Calorimetric
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FIG.4. X-ray energy spectrum
indicating non-Maxwellian electron
energy distribution at low and
intermediate density
« e < 2 X 101A cm'3.
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FIG.5. Comparison of radial
electron temperature profiles
measured by Thomson scattering,
X-rays and electron cyclotron
radiation.

measurements of the limiter can account for 10-20? of the ohmic input
energy, but strongly localized energy deposition which is observed on the
limiter surface can increase this value substantially.

Soft x-ray emission also shows Zefjwi. The x-ray energy spectrum at
low and intermediate densities, n~e ̂ 2x10

ll|cm~3, indicates a non-Maxwellian
electron distribution. Fig. H illustrates one of the more strongly
non-thermal distributions, compared with the expected bremsstrahlung
spectrum for the electron temperature measured by Thomson scattering. At
higher densities, when the drift parameter (vde/vthe)<0.03, the observed
bremsstrahlung is well fitted by a single temperature distribution and
agrees reasonably with Thomson scattering measurements. Electron cyclotron
emission also provides information about electron temperature as well as
nonthermal components of the plasma at low density[6]. The thermal
radiation at the second harmonic is used as a continuous measure of
electron temperature. Fig.5 illustrates a comparison between radial
electron temperature profiles measured by Thomson scattering, x-rays and
electron cyclotron emission, the latter for a single discharge. Also shown
are probe measurements in the shadow of the limiter(r>aL=10cm). The
Langmuir probe indicates the density at the limiter to be typically 10$ of
the peak density during the density rise, but falling off rapidly once
pulsed gas injection stops[7].

Absolute measurements of Da emission show that the particle
confinement time Tp increases with density, as does the energy confinement
time, with Tp « 2 T E up to lTe saiO^cm"

3. Thereafter, Tp decreases,
approaching Tp =2ms at 7\a = ilxio'^cm"

3, where Tps»C.iTE [8],
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FIG. 6. Electron density fluctuation spectra. The solid circles correspond to k in the
poloidal direction and the open circles to nearly radial k. The 60 kHz and 300 kHz spectra
are in relative units.

A five-channel neutral particle analyser has been employed to measure
the flux of neutral particles emitted and its dependence on plasma density.
In Aleator at Fe >10

ll(cm~3 it appears impossible to account for the
observed flux in the energy range E>2keV by charge-exchange processes. It
has been shown[9] that recombination may play an important role in
determining neutral density and the intensity of neutral particle flux in
the high-energy range.

2. ELECTRON DENSITY FLUCTUATIONS

A detailed study of low-frequency density fluctuations in Alcator has
been made with an infrared CO2 laser using both small-angle scattering and
crossed-beam correlation techniques[10]. The most striking feature of the
results is the observation that at high densities the level of fluctuations
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FIG.8. Energy confinement TE0 at
plasma center as a function of peak
electron density ne.

at the plasma edge becomes very large. For values of ne >10
1'*cm 3 and

BT =6T (we will refer to this as case A), the amplitude of density
fluctuations, ne, peaks at the minor radius corresponding to that of the
limiter(r=10cm) , where 0.2s ne/ne

 £1.0. For this case the value of
at radii r<8cm is 0 ** ru/n^ 0.05. At low density,r?

ande e

ne = 3x1013cm~3

n e / n e =0.07 ±0.03.

ET = l|T (case B), ne/ne peaks at r=7cm where
For both cases the wavevector spectrs are approximately

isotropic in the plane perpendicular to BT with k^>>k , and A =2ir/k|| >5cm.
From our measurements, the wavevector spectra can be described by the
empirical relation < n£ (k)> = exp[-2(k/lT )2] where < iVg(k)> is the Fourier
transform of the density-density correlation function. For case A,
'k"=Ucm"1and for case B, ksfcnT1. This corresponds to kp_ =0.13 for case A
and Tcpg =0.3 for case E where pg scd^iij)

1'2 /eBT.

Shown in Fig.6 for case A are the chord-averaged wavevector spectra of
the density fluctuations at 60kHz and 300kHz and the frequency-integrated
wavevector spectrum fr(k). The dotted curve indicates the k-resolution of
the measurement and the dot-dashed curve corresponds to iV(k) deconvolved
from the solid curve which includes the instrumental resolution. These
spectral distributions are similar to those measured for case B and for
plasmas in the ATC tokamak[11]. In all cases we observe at fixed
wavevector that the frequency spectra are monotonically decreasing
functions of frequency, but that at high frequencies the wavevector spectra
at fixed frequency have a peak at finite wavevector.

The high level of fluctuations at the plasma edge in the high density
plasmas can be expected to have several important consequences. In
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particular, particle transport may well be dominated by turbulent
diffusion, and this may help to explain the observed rapid penetration of
cold plasma into the center of high density discharges[1,12].

For both cases A and B the appropriate model for transport of either
particles or energy by the fluctuations is not clear. In case A the large
level of fluctuations at the plasma edge masks fluctuations which may exist
in the interior of the plasma. It is therefore not possible to make an
empirical correlation between energy confinement and either the fluctuation
level or spectrum.

3. ENERGY CONFINEMENT AND POWER BALANCE

A study of the variation of global energy confinement time with
density, at constant toroidal field, ET = 6T, and plasma current
130kA^ IpS i60kA in deuterium has been made in order to ascertain how
closely energy confinement approaches neoclassical values. Fig.7 shows the
experimentally determined confinement times, T J E X P ) , and the corresponding
neoclassical values, xE(NC), for plasma conditions identical to those in
the experiments. Tg(NC) has been deduced by averaging over a region out to
r/aL =0.7, using the neoclassical coefficients given by Hazeltine and
Hinton[13]. Energy confinement times within a factor of 1.5 of
neoclassical are observed at the highest density. Power balance of the
central core of the plasma is next examined. Energy confinement at the
plasma center is defined as T =-fn (T + T )/E#1

This quantity does not continually increase linearly with increasing
density at constant BT and Ip , as shown in Fig.8. Here the peak density,
ne, peak electron and ion temperatures, T e and Ti, are directly determined.
The peak current density, j o , is deduced by assuming Spitzer-Harm
resistivity and that the induced toroidal electric field E is uniform
across the plasma cross-section. This value of j ois consistent with
deductions made from the sawtooth signals that q on axis is between 0.85
and 1.0 [4].

Radial heat fluxes for r^0.5aLmay be deduced from the experimental
values of ne, T e and T^, neglecting losses due to radiation and
charge-exchange. Both ne(r) and Te(r) are measured by Thomson scattering.
Peak ion temperature is determined by measuring the rate of thermonuclear
neutron production. Since the electrons and ions are closely coupled, the
ion temperature profile may be assumed to be of the same shape as the
corresponding profile for electron temperature. The equilibration power
transferred from the electrons to the ions, Pei(r), is set equal to the
power transported by the ions P^r). Then the power transported by the
electrons Pe(r) r P0H(r)-Pei(j*). Electron and ion thermal conductivities
are then determined at r = 3.5cm, this point in the plasma being well out
of the unstable q<1 region, but still well inside the plasma to avoid the
radiation and turbulence dominated edge region.

Up to ng= Sxio'^cm"
3,the ion thermal conductivity so deduced is in

agreement with the neoclassical value, XJL(EXP)S» XA(NC), but the electron
thermal conductivity exhibits a large anomaly relative to the neoclassical.
For example, at n = ixiO^cm"3 , x e

( E X P ) «200Xe(NC) . However,
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FIG.?. Comparison between electron density and temperature profiles at B-^= 3.5 Tand
By = 7.7 T with constant ne and Ip.

X (EXP)« 1/n in t h i s regime. At ne>3x1011(cm"3 the experimental
determination of Pei is uncertain owing to the small difference between
electron and ion temperatures. By attributing the total heat flux to the
neoclassical ion conduction loss, i.e. P^(r)(NC) = ̂ O H ^ ^or r S5cm, the
peak ion temperature and profile are computed and found to be in agreement
with experimental observations. We infer that the dominant role in energy
confinement can be attributed to neoclassical ion thermal conduction for
ii iSxiO^cm"3; then, assuming ion conductivity to be not less than
neoclassical, we find Xe(EXP)

 s10Xe(NC). We conclude from this study that
as density is increased in Alcator, a gradual transition from the electron
thermal conduction regime to the neoclassical ion thermal conduction regime
takes place in the central core of the plasma.

II. HIGH-CURRENT, LOW-qL OPERATION

In addition to the dependence of the energy confinement on density, we
have investigated the dependence of Tj. on toroidal field and plasma
current. The toroidal field experiments were conducted at 3.5T and 7.7T in
deuterium at a density n = 2x10*''cm"3 and plasma current of 115kA. No
obvious differences were observed in the macroscopic properties of the
plasma, such as position, loop voltage VL, and %eff- Both discharges had
similar temporal characteristics, with small sawtooth fluctuations on x-ray
emission. Profiles of electron density and temperature shown in Fig.9 were
measured by Thomson scattering at 70ms, after the density and current had
reached stationary levels. The two density profiles are not very
different. However, the peak electron temperature T increased and the
profile narrowed as B T was increased. The observed dependences are
consistent with fe <*(BT/VL)

2/3and aT<r Ip/BT where Te(r)= Teexp(-r
2/aT).
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This can be understood from the formulation of q on axis,
q0oc(Zeff BT/VL?e ), using Spitzer-Harm resistivity with Zeff» 1 and
q « constant ^1 on axis. The total plasma energy content was nearly the
same for the two discharges, and since the power input is the same, the
energy confinement time, «8ms, remained unchanged when B̂ . was increased.

Investigation of the dependence of TJJ on plasma current is still in
progress. Experiments conducted to date have been at high current with
q, ̂ 2.6. The lowest value of q^ thus far attained is 1.9 at
ng= 4.7x10

I'tcm~3, Ip = 295kA and B T = 6T. The discharge lasted for 260ms,
and exhibited good MHD stability with q <2 for approximately 20ms. During
this time the programmed plasma current rate of rise was dl_/dt;a 0.75kA/ms.
This stable discharge with qL <2 was terminated only by the external ohmic
heating supply going into current inversion. Both m=2/n=1 and m=3/n=2
oscillations with %g/BgS«0.3J and soft x-ray sawtooth amplitudes of
AA/A«20$ were observed at the current peak of 295kA. Confinement studies
were made in the regime BT = 6T, 215kA

sIp
 fi 235kA, 2.tsqL*2.6 for plasma

density 2x10ll(cm~3 £T^ £ SxiO^cm"3. Fig.10 is an oscillograph of a typical
high current, low qL discharge at BT = 6T and maximum n~e = 3.2x10'''cm"

3.
The bottom trace is the second harmonic electron cyclotron emission from
the plasma center, indicating the variation of the central electron
temperature. As the rate of density increase slows to zero and the current
continues to rise, the central electron temperature increases and the loop
voltage decreases. During this period the ohmic input power is
approximately constant. Radial profiles of density and temperature were
measured by Thomson scattering during steady-state conditions. Fig. 11
shows a comparison between the profiles at high and low current. At the
higher plasma current the temperature profile is significantly broader and
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the central temperature is greater by 15$. As illustrated in Fig.7, for
high current, low q-̂  discharges, the energy confinement times are
comparable to or greater than those for lower current discharges. We
conclude that it is possible to obtain high current, low qL discharges
without degrading energy confinement.

MHD stability is crucial for the attainment of such discharges. Most
serious stability problems occur in the current rise phase, when q^^i*, and
later when q »2.7. In both situations the most important factor in
avoiding a disruption is precise control of the rate of rise of plasma
current, dl /dt. If dl_/dt is too large during the current rise phase,
large MHD activity is observed, followed by negative, then positive, voltage
spikes when qL equals integral multiples of 1.7. Decreasing dlp/dt
eliminates these disruptions. However, there is only a small range of
values of dlp/dt for which one can successfully pass through qL«2.7. For
dl /dt>2kA/ms, large m=2/n=1 and a combination of m=3/n=1, m=3/n=2
oscillations are observed, followed by voltage spikes. For
dlp/dt s 0.7kA/ms the MHD activity increases to large amplitude, decreasing
abruptly after qL<2.6. The m=2/n=1 mode reappears and grows as the current
continues to rise, attaining a relatively constant level of Hg/BQasO.1%
during the current plateau when qL= 2.1). For qL<3 we have also observed
the onset and growth of the m=3/n=2 mode which attains an amplitude
BQ/BQw0.05$ with temporal behaviour similar to that of the m=2/n=1 mode.
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DISCUSSION

R.S. PEASE: Have you observed any circumstances in which the high-
density fluctuations at the limiter edge are reduced or suppressed? What.is the
possible cause of these fluctuations?

R.R. PARKER: The density fluctuations near the limiter are persistent,
occurring for all densities which we have studied. However, at low density
(5 X 1013 cm"3) the fluctuations move in towards the centre of the discharge.
These fluctuations may be similar to the "edge" oscillations (Kelvin-Helmholtz, etc.)
usually observed in lower-temperature devices.
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Abstract

PLASMA HEATING AND STABILITY IN T-l 1 TOKAMAK WITH NEUTRAL-BEAM
INJECTION.

Plasma stability and confinement in low-q-value discharges (qCajJ — 2.1 - 2.8) with
Ohmic heating alone and during neutral-beam injection were investigated in the T-l 1 tokamak
in a wide density range, ne = (0.8 - 7) X 1013 cm"3 at Zeff = 1. The gross energy confinement
time rg in Ohmically heated discharges at qCajJ = 2.5 was found to be a nearly linear function
of ne. At n e s ( 4 - 6 ) X 1013cm~3and a plasma current of 100- 120 kA, a value of
Tg = 6 - 8 ms was obtained, which is only twice as small as that calculated by using neo-
classical thermal conductivity. In experiments with beam injection into a low-density plasma
(ne = 1.4 X 1013crrT3), the ion temperature was increased by a factor of 2.5 (from 150 to
400 eV), and a "collisionless regime" was obtained both for ions and electrons with a minimum
value of the collisionality factor, v* ~ 0.2. When the beam was injected into a high density
plasma (ne = 4.5 X 1013cm~3), the following values were obtained: 0p = 0.85; <j3-j->= 1%
and j3-p(0) = 4%. In both cases, significant electron heating was observed. The electron energy
confinement was found to improve with increased density as well as with Ohmic heating alone.

1. INTRODUCTION

For an outline of the tokamak reactor prospects it is important to find out
the lowest value of the safety factor q attainable at the plasma edge without
impairing plasma confinement, the highest value of j3p = 87r<p)/B^ compatible
with a plasma stability, and transport characteristics in the collisionless regime.

In our earlier experiments [1 ], the possibility of obtaining grossly stable
discharges for q (aL) down to 2.2 was demonstrated, and the ion thermal conduc-
tivity in such discharges was shown to be close to that predicted by neoclassical
theory. Comparison with other experiments showed that electron energy losses

Present address: General Atomic Company, San Diego, CA, USA.
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possibly increased with the decrease of q(aL) ; however, this conclusion could
not be considered definitive, because the experiments were performed at high
impurity densities (Zeff ~ 10).

In that paper, as in other experiments [2], fast-neutral-beam injection was
shown to increase the plasma temperature and j3p significantly, which enabled us
to expect that neutral-beam injection can be used to reach the collisionless regime
and to achieve critical j3p-values. However, to study these problems in the T-l 1
tokamak it was necessary to decrease Zeff significantly and to increase the injection
power.

In further T-l 1 experiments, the impurity content was reduced, and plasma
with Zeff ~ 1 was obtained. The present work is concerned with experimental
studies of stability and confinement of such a plasma at q(aL) = 2.1 — 2.5 in the
density range of ne = (0.8 - 7) X 1013 cm"3. Experiments with neutral-beam
injection into low-(iTe = 1.4 X 1013 cm"3) and high-(ne = 4.5 X 1013 cm"3)
density plasmas are also presented. The injection power was increased almost
twice in comparison with previous experiments, reaching ~320 kW.

2. EXPERIMENTAL CONDITIONS

The T-l 1 discharge chamber consists of three shells: the first wall made of
molybdenum is fixed on the inner side of the copper shell located inside the
stainless-steel chamber. The major radius is Ro = 70 cm, the first wall radius
aw = 23.5 cm, and the copper shell radius b = 25 cm. The adjustable molybdenum
rail limiter makes it possible to vary the plasma radius within a range of
14 cm < aL < 23.5 cm. A detailed description of the device is given in Ref. [1 ].

After pumping out the atmosphere air, the chamber was outgassed during
2 - 3 days at 250 - 300°C. The oxygen and carbon loosely bound at the chamber
wall were removed by an AC(50 Hz) discharge in hydrogen (PH2 = 3 X 10~4 torr,
I ~ 2 kA, Bo = 200 G) during 40 - 50 h at a molybdenum wall temperature of
~ 400°C. The hydrogen discharge training was terminated when the water vapour
pressure was reduced down to ~ 3 X 10"6 torr and was followed by an AC
discharge in helium (2 - 4 h) performed in order to remove the hydrogen. Then
the chamber surface was treated by a glow discharge in krypton (PKr = 3 X 10~4

torr, I = 2A, V = 750 V) during 1 — 3 h. The glow discharge in helium was
switched on for 2 — 4 h just before the working regime (daily cleaning-up
procedure). The initial hydrogen pressure in the working regime was low,
~ 8 X 10~s torr. In this case, the plasma density remained at a level of
~6 X 1012 cm"3 in 100-kA discharges. Programmed hydrogen puffing during the
discharge with maximum hydrogen influx in the middle of the discharge pulse
was used to increase the density. The gas puff was switched on several milliseconds
later than the start of the discharge while the plasma MHD activity was becoming
moderate.
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3. MEASUREMENT TECHNIQUES

The electron temperature and its radial profile were determined by a Thomson
scattering system. The measurements were performed simultaneously at two space
points located 3 cm from each other in vertical direction. The ion temperature
was determined from the energy spectrum of the charge-exchanged neutrals. The
spectrum of neutrals leaving the plasma in transverse direction was measured by a
five-channel analyser whose axis was located at an angle of 10° relative to the
direction of the major radius in the horizontal plane in order to reduce effects due
to the drift of locally trapped ions. The spectrum of neutrals leaving the plasma
in tangential direction was measured by a one-channel analyser. The line average
electron density was measured by a 2.3-mm microwave interferometer. The ne(r)
profile was determined from successive measurements along nine vertical chords
and from the Thomson scattering measurements. Soft-X-ray radiation in the range
of 0.7 — 10 keV was measured by a collimated silicon surface barrier detector
placed inside the vacuum chamber. It was possible to observe radiation successively
along various chords in the plasma cross-section.

The loop voltage was measured by two loops in series, located on the chamber
surface 38 cm from one another, symmetrically to the chamber mid-line. The value
of Le(dl/dt) was subtracted from the loop voltage, where Le = 4 7rR £n(d/aL), d is
the radius of the surface on which the loops are located. This voltage measurement
system was weakly sensitive to plasma column displacements and discharge
current oscillations.

The parameter /3p = (87r(pi)/Bp was measured by a diamagnetic loop. The
sum of parameters (Ci/2) + 0A was determined from the expression

Bw(b)

The mean vertical magnetic field B | in this expression was determined from
the vertical magnetic flux, 4 it2 RbB1; measured by a loop located at the inner
copper shell surface and covering the whole torus perimeter. The value of Bv is
half of the difference of the poloidal magnetic fields on the outer and inner sides
of the plasma column as measured by a pair of magnetic probes. The local vertical
magnetic field Bj_g in the region where the magnetic probes were placed was small
in our experiments. If the plasma pressure is isotropic then
j3A = 47r(<p^> + <P||)/Bj = 00 and expression (1) permits the internal inductance
£j to be obtained.

The poloidal magnetic field perturbations near the copper shell were measured
by local magnetic probes and resonant magnetic probes giving m = 1 - 4 harmonics
in one cross-section of the torus. The first cylindric harmonic was detected by its
cosine component Ct cos co. "Toroidal" m = 2 - 4 harmonics were detected by
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FIG.l. Time evolution of plasma parameters for typical discharge at q(ajj = 2.5 with (solid
curves) and without (dashed curves) gas puffing; plasma current (I), mean vertical magnetic
field (BiJ, diamagnetic loop signal (£&), half difference of poloidal magnetic fields on outer
and inner sides of plasma column (Bv), soft-X-ray signal (Xs).

their sine components Cm sin mco*, taking into account the approximate esti-
mation of the toroidal asymmetry of the helical perturbations (co* = co - X sin
X a 0.5) [3].

4. PLASMA STABILITY AND CONFINEMENT IN OHMICALLY HEATED
DISCHARGES AT q (aL) = 2.5

4.1. General characteristics of low-q-value discharges

The minimum value of the safety factor q(aL) at the limiter radius in stable
discharges was equal to 2.1 at a plasma current of 100 kA and equal to 2.3 at
140 kA. However, these discharges remained stable at low plasma density
ne ~ (1 - 2) 1013 cm"3 only. To obtain stable regimes in a wide range of densities
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it was necessary to increase q(aL) up to 2.5. A series of experiments to be
described below was performed at this practically constant value of q(aL) = 2.4—2.6.
The major part of the experiments was performed at aL = 20 cm. In one series of
measurements, aL was decreased down to 14 cm. When the limiter was completely
removed, i.e. aL

 = 23.5, we could not obtain stable discharges at q(ajj) < 3.
Inserting the limiter up to a^= 20 cm improved the discharge stability and was
followed by a decrease in the loop voltage. The general behaviour of discharges
for q(aL) = 2.4 - 2.6 remains practically the same as for high q(aL) . Strong
perturbations of the magnetic fields are observed only during the current rise time.
The perturbation amplitude decreases by more than an order of magnitude when
the current reaches the plateau. Gas puffing causes an increase in plasma density
and jSp at a practically constant loop voltage. Typical oscillograms are given in
Fig. 1 obtained at a discharge current of 100 kA. The solid lines correspond to
the case of gas puffing, the dotted ones were obtained without gas puffing. In this
example, the longitudinal magnetic flux variation A<I> due to gas puffing corre-
sponds to Aj3p = 0.3. The increase in j3p is followed by a displacement of the
outer plasma column by the end of the discharge, the magnetic surface with r = b
is displaced approximately 2 cm, practically coinciding with the copper shell
surface). Sawtooth oscillations are, as a rule, observed in the soft-X-ray signal.
Analogous discharge characteristics were observed at high q(aL) in many
experiments [4].

Low-q (aL)-discharges have, however, a number of peculiarities not observed
at high q(aL) . The most typical feature is the existence of remarkable loop voltage
perturbations as well as perturbations of the magnetic field outside the plasma
followed by sawtooth oscillations of the soft-X-ray signal. It was proposed in
Ref. [ 1 ] that this instability might cause significant plasma energy loss. Thus, it
was necessary to perform a more thorough study of this instability and estimate
its effect on the plasma energy balance.

4.2. Plasma instability

Sawtooth oscillations of the soft-X-ray signals were observed in the majority of the
discharges except those with the lowest, n~e = 5 X 1012 cm"3, and the highest,
ne = 6.5 X 1013 cm"3 plasma density. The radius of phase inversion of these
oscillations lies in the range 6 - 7 cm and depends weakly on the plasma density.
Sawtooth oscillations appear when the current reaches its plateau in the stage of
low magnetic field perturbations. Usually, sawtooth oscillations are preceded by
a burst of large-amplitude harmonic oscillations of the X-ray signal (Fig. 1). The
harmonic oscillations reverse their phase to the opposite one at the point r = 0.
At this point, the oscillation frequency doubles. This implies that the structure
of perturbations of the inner plasma region is odd.

Simultaneously, with the burst of regular X-ray signal oscillations, an m = 3
perturbation burst appears (Fig. 2) on the low background of the magnetic field
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1 ms

FIG. 2. Time-expanded resonan t magnetic probe for m = 3 and soft-X-ray signals in the
discharge stage preceding onset of sawtooth oscillation. 1= 100 kA; Bo = 8.6 kG.
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FIG.3. Evolution of soft-X-ray signal (Xs), loop voltage (Vj, plasma current (I) and resonant
magnetic-probe signals during weak instability (left) and for strongly raised intensity (right/.
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oscillations. The amplitude of this burst is not larger than 2 G (C3/Bw (b) ~ 2 X10~3)
on the shell surface. The phase of these oscillations is strictly connected with the
phase of the X-ray signal oscillations. It was possible to obtain a regime with quasi-
stationary magnetic field perturbations, m = 3, n = 1, with an amplitude of ~ 5 G
at a slight increase in aL or a decrease in the plasma current. In this case, quasi-
stationary oscillations were also detected in the X-ray signal, with the above-
mentioned structure peculiarities and connected in phase with the magnetic field
perturbations.

This behaviour of the perturbations could be explained easily if the pertur-
bations observed in the central plasma region were caused by instabilities at the
plasma periphery. This explanation seemed to contradict the low amplitude of
the magnetic field perturbations; however, one should not expect a strict
connection between the perturbation amplitudes of the plasma and the magnetic
field outside the plasma in the case of helical perturbations.

In a typical regime, the harmonic oscillations of the X-ray signal decay
rapidly, followed by practically "pure" sawtooth oscillations. A short burst
(0.2 - 0.4 ms) of magnetic field perturbations with a selected m = 3 harmonic
is observed at the stage of "pure" sawtooth oscillations, just before the next
drop of the X-ray signal. The amplitude of the m = 3 harmonic amounts to
1 - 2 G on the shell surface.

Harmonic oscillations in the X-ray signal before the drop of the latter become
observable at a slight deterioration of the working regime, when the loop voltage
increases from the usual value of ~ 1.6 V up to 1.8 - 2 V. In these conditions,
the amplitude of the magnetic field perturbations with m = 3 grows up to 2 —3 G;
the duration of the perturbation burst increases, too. Such a case is shown on the
lefthand side of Fig.3. The X-ray signal drop is followed by a slight (0.5 V)
decrease in the loop voltage. Usually, the voltage decrease appears 0.1 - 0.2 ms
after the X-ray signal drop although, sometimes, both signals decrease practically
simultaneously. A slight increase in the plasma current is observed when the loop
voltage decreases, followed by an inward displacement of the plasma column and
a decrease in the plasma energy. The amplitudes of the loop voltage and current
perturbations are satisfactorily explained by the decrease in the plasma column
inductance due to a reduction of the major radius which, in turn and within the
accuracy of measurement, can be explained by a decrease in j3p.

The measurements of the |3p drop during the instability and its repetition
time permit an estimate of the time-averaged power loss due to this instability to
be obtained. These estimates show that the average power loss may reach 30%
of the Ohmic heating power when the loop voltage is 1.8 - 2 V, and is not higher
than 10 - 15% in typical regimes with a voltage of ~ 1.6 V. The power loss due
to the instability appears to have a maximum at ne = 2 X 1013 cm"3, decreasing
with growing density, because the amplitude of the ]3p drops increases with
density more slowly than the repetition time of the instability.
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Urns)

FIG.4. Line-averaged electron density ne (Aip is the phase shift of microwaves at central chord),
parameter (3« and internal inductance ($.j) for discharge regimes with (solid curves) and without
gas puffing (dashed curves). 1= 100 kA, B0 = 8.6 kG.

A strong increase in plasma instability is observed in experiments with a
higher amount of impurities in the plasma. In this case, the instability is close
to a typical minor disruption as described in Ref. [3] (j3p decreases by 0.05 — 0.1,
a sharp negative voltage spike with an amplitude of ~ 1.5 - 2 V appears, the
current increases by ~0.3%, and the m = 2 harmonic is heavily weighted in the
magnetic field perturbations); nevertheless the instability differs from a typical
disruption by its slower development and higher m = 3 mode activity in the initial
disruption stage. An example illustrating such an instability is shown on the right-
hand side of Fig. 3.
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FIG.5. Central electron and ion temperatures versus line-averaged plasma density. 1= 100 kA,
B0 = 8.6kG.

4.3. Plasma confinement

The maximum ne value obtained in these experiments at I = 100 kA, was
6.7 X 1013 cm"3. The time variation of iTe and fy in such a discharge is given in
Fig.4. Analogous parameters obtained in the regime without gas puffing are also
shown in this figure by the dotted lines. The attempt to raise ne further by using
increased gas puffing led to large-scale disruptions. The development of the
instability may be due to the narrowing of the current channel for large hydrogen
influx. The fact that £; is higher in a high-density regime than in a low-density
one is in accordance with this statement. Introducing the effective radius of the
plasma column, aeff, assuming £i(aeff) = 1, we obtain, for the low-density discharge
in Fig.4, aeff = 20 cm, while, for high densities, aeff drops to ~ 15 cm. It should
be noted that an Cj value of ~ 1 in low-density discharges was obtained rather
rarely; values of fij = 1.3 — 1.4 were more typical. The increase of £; was followed
by a certain decrease of |3p at a constant plasma density.

Diamagnetic measurements showed that the average plasma temperature,
(Te+ Tj)/2, remained practically constant for ne varying in the range of
(0.6 - 6) X 1013 cm"3 in the typical 100-kA regime. These data were in satis-
factory agreement with the results of direct measurements of electron and ion
temperatures. As is shown in Fig. 5, the central electron temperature decreases
slightly as ne increases, the ion temperature rises, and for ne = (3.5 —4) X 1013 cm"3,
the difference in the values of Te(0) and Tj(O) does not exceed 30%.
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FIG. 6. Electron temperature and density profiles at 1= 100 kA, ne = 3.8 X 1013 cm'3,
Bo= 8.6 kG.

The radial profiles of electron temperature and density at ne = 3.8 X 1013 cm 3

are shown in Fig.6. The ne(r) profile obtained from microwave measurements is
represented by a solid line, and crosses correspond to ne(r) values determined from
Thomson scattering measurements. The Tj(r) profile is given in Fig. 7 for the same
discharge. In the same figure, the results of chord measurements of the charge-
exchange neutral fluxes for two energies are given as obtained at vertical scanning
of the plasma column. The curves drawn through the experimental points corres-
pond to the T;(r) profile given in the figure both in the magnitude of the ratios
of atomic fluxes at different energies and in the neutral flux profiles with the
experimentally obtained ne(r) profile and calculated neutral density profile.

Assuming a current density j ~ T^ 2 , we obtain, for this regime, an enhance-
ment in resistivity of A R = 1.3. Allowance for the toroidal correction reduces AR

and gives, on averaging over the plasma cross-section, an effective ion charge of
zeff - l• T n e profiles of Te, T; and ne given in Figs 6 and 7 correspond to j3p = 0.38,
fij = 1.2, q(0) = 0.55, and q = 1 at r = 9 cm. The Ohmic heating power was ~ 180 kW
in this case, T E ^ 6 . 5 ms.

On the assumption that plasma energy losses are mainly due to the ion and
electron thermal conductivities and the energy exchange between ions and electrons
due to Coulomb collisions, it is possible to estimate the local values of the thermal
conductivity from the measured profiles of Te and Tj. Such estimations could
provide reasonable accuracy only in the region r < 12 cm in our case. We obtain
the following values of electron and ion thermal conductivities:
Xj = xe — 2-104 cm2 • s"1 at r = 10 cm. Comparison of these values with the



IAEA-CN-37/C-S 221

'Ho

(a.u.)

300-

200-

(eV)
100-

20 10 0 10 20

Radius (cm)

FIG.7. Top: charge-exchange neutral fluxes at energies of 0.9 and 1.4 keV, measured along
different chords at vertical plasma column scanning. Bottom: ion temperature radial profile.

neoclassical theory for the plateau region (v* ~ vfs= 1.6 at r = 10 cm; v* = 1 at
X/qR= (R/r)3/2) shows that the ion thermal conductivity lies near the theoretical
value within the accuracy of measurements (not better than 50%), while the
electron thermal conductivity is 10 — 20 times higher than the calculated one.

The contribution of the ion energy loss to the total energy loss for the
region of r < 10 cm was 30 - 40% in the case discussed. The relative importance
of the ion energy losses must decrease with decreasing plasma density. The
observed, practically linear dependence of r E on iTe (Fig.8) at nearly constant Te

(Fig. 5) implies that xe ~ l/nein the low-density region. The same functional
dependence of r E on ne is also typical for high-q discharges [5].

The T E values measured at ne > 4 X 1013 cm"3 appear to be only twice as
small as those expected in the case where the overall energy losses are due to
neoclassical thermal conductivity. Thus, in the region of the high density, we
could expect scaling laws typical for neoclassical confinement to hold:
j3p ~ a1/2 n | / 4 r l , r E ~ a5/4 B^/2 n | / 8 at q(a) = const. An increase of j3p and r E
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FIG.8. (3« and gross energy confinement time Tg versus line-averaged electron density (nej at
different plasma currents (I), limiter radii (a^) and fixed q (a^)-value of 2.5 -2.7.

with plasma density and a decrease of/3p for increasing current were observed in
the entire range of parameters studied, including the cases known to be non-
neoclassical (low-ne region). The values of (3p and Tg were unexpectedly low in
the regime with I = 120 kA (see Fig.8). This seems to be due to the increase of
impurity effects for high currents. This explanation is supported by the existence
of a "critical" current, which, when exceeded at q(aL) = const., leads to a large-
scale disruption. The critical current decreased when the purity of the chamber
was deteriorated. Although I = 120 kA was not the critical current, appreciable
variations of j3p and r E were observed in such discharges, depending on the wall
conditions. The discharge parameters obtained in two series of experiments at
constant plasma density are shown in Fig.9. The value of rE may vary from 6 to
8.5 ms in such a regime at an almost constant loop voltage. The plasma column
inductance appears to be higher at lower values of rE , and, hence, we could expect
an effect of the impurity on the plasma energy balance, not only because of
radiation losses, but also since the temperature gradient increases when the
effective radius of the hot plasma region is reduced.
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FIG. 9. Discharge parameters at 1= 120 kA in two experimental series under constant initial
conditions and average plasma density (ne = 5 X 1013 cm'3).

In conclusion, we observe that a decrease of q(aL), at least down to =2.5,
does not change the fundamental character of plasma confinement in the tokamak.
Therefore, a relatively long energy confinement time (up to 8.5 ms) at a rather low
toroidal magnetic field (~ 10 kG) was obtained in these experiments.

5. NEUTRAL-BEAM HEATING EXPERIMENTS

The possibility of varying the plasma density within a wide range, the low
value of Zeff (=1) and improved injector parameters (the properly focused neutral
beam had a power of =320 kW) let us expect that, in the injection experiments,
the ions would enter the collisionless regime and that high |3 values would be
attained. The calculations [6] showed that the deepest penetration into the
collisionless region could be expected at a relatively low plasma density
(ne ««(1 —1.5) X 1013 cm"3), while high (3 values were expected for discharges
with high plasma density.
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FIG. 10. Effect of neutral-beam injection on plasma parameters at low plasma density.
Solid curves: with injection, dashed curves: without injection, q(a^) = 2.5. Injection power
~320 kW.

5.1. Beam injection into low-density plasma

Typical discharge parameters at I = 100 kA and q(aL) = 2.5 without
injection (dashed curves) and with injection of deuterium beam (solid curves)
are given in Fig. 10. The beam with an energy of the main component of 21 keV
was switched on at t = 12.5 ms; the duration of the injection pulse was about
21 ms. The tokamak was operated at a steady deuterium filling pressure of
~ 8 X 10"5 torr. The ion temperature was determined from the hydrogen neutral
spectrum (hydrogen was puffed into the plasma during the discharge).
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FIG.11. Electron temperature and density profiles in discharges with (solid curves) and
without neutral-beam injection (dashed curve) at low plasma density. aL = 20 cm.

The beam injection is seen to increase the ion temperature at the plasma centre
from 140-160 eV up to 400 eV, i.e. approximately by a factor of 2.5. The
central electron temperature also increased from ~400 eV to ~53O eV. The
electron density increases with time instead of decreasing. By the end of the
injection pulse, the density reaches a value of ~ 1.4 X 1013 cm"3 which is 1.7 times
higher than that in the absence of injection. The j3p value determined from
diamagnetic measurements increases up to more than four times the initial level
and three times the j3p value prevailing in the Ohmically heated plasma of the
same density. The average loop voltage was practically unchanged and corre-
sponded to an Ohmic heating power of 160—170 kW.

The beam power, PN , trapped and confined in the plasma was determined
from the rate of variation of 0^ (assuming £j = const.) and the variation of j3p at
the initial stage of the injection pulse. The value of PN = 140 kW as determined
from these measurements appeared to be slightly lower (by ~30%) than that
expected at an injected power of ~320 kW. The trapped part of the beam
(equivalent to a current of ~10 A) corresponds to ne = 3.6 X 1012 cm"3 which
may explain approximately half of the density increase.

The radial electron temperature and the density profiles at the end of the
injection pulse are shown in Fig. 11 by the solid curves. The Te(r) profile in the
absence of injection is shown by a dashed line. During the injection, the T^r)
profile appeared to be broader than the Te(r) profile: Tj(O) = 400 eV;
Tj(l0 cm) = 250 eV, and at r > 10 cm the ion temperature was higher than the
electron temperature.



226 VLASENKOV et al.

The Zeff value as determined from the plasma conductivity and the Te(r)
profiles including toroidal corrections appeared to be close to one in both cases.
The calculations yielded a value of Zeff = 0.8 in the absence of injection. Although
the deviation of this value from one lay within the error bar, this could indicate a
definite deformation of the electron distribution function at low plasma density.
The enhanced level of soft-X-ray radiation in the low-density regimes also attested
to this fact. However, pronounced runaway effects could not be expected in the
discharges considered so far as the ratio E/Ec of the electric field to its critical
value at the most unfavourable point (at the centre of the plasma column) was
= 0.1 and rapidly decreased with the radius.

The collisionality factor for the ions in the injection regime was considerably
less than one in the major part of the plasma cross-section and <0.2 in the interval
5 cm < r < 15 cm. Also, the electron collisionality factor was <0.2, but in
a narrower region of the plasma column.

The level of ion temperature achieved seems to be determined by charge-
exchange losses. According to estimates, the neutral density at the plasma centre
was ~(0.5 - 1) X 109 cm"3 at low plasma density. In these conditions, charge-
exchange losses could represent the major ion energy losses in the outer shell of
the discharge and reach ~50% in the central plasma region.

The ion energy confinement time estimated from the ion energy content
(~350 J) and the power transferred from the beam to the ions (35 - 55 kW)
neglecting the electron-ion energy transfer was .7 — 10 ms. The large uncertainty
in the neutral density does not allow us to estimate the ion thermal conductivity
with an accuracy sufficient for a test of the neoclassical theory. Let us, however,
note that the overall ion energy confinement time appeared to be 2—3 times as
high as that given by the "plateau" formulas.

The increase in electron temperature (~30%) observed in the injection
experiments is approximately proportional to the increase in electron power
input. This implies that the beam injection did not change the electron energy
confinement time, which was ~ 1.3 ms.

5.2. Beam injection into high-density plasma

The injection experiments with high-density plasma were performed in the
80-kA regime at a high level of hydrogen puffing switched on simultaneously with
the injection pulse. Despite the comparatively high value of q(aL) (= 2.8), such
a discharge without injection was unstable because of the large hydrogen influx.
Stable discharges were only obtained with beam injection.

The central electron temperature of ~580 eV measured in the middle of
the injection pulse appeared to be even higher than that in the case of injection
into low-density plasma. The average plasma conductivity was ~ 1.4 times higher
in the high-density regime. As is seen in Fig. 12, the loop voltage decreased down
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FIG.12. Time evolution of plasma parameters for neutral-beam injection into high-density
plasma. Bo= 7.8 kG.

to ~ 1 V by the end of the injection pulse. This implies that the electron energy
confinement improves with increased density.

The Ohmic heating input of ~80 kW was less than 30% of the total power
input, i.e. the plasma was mainly sustained by the beam.

Large loop voltage oscillations (with an amplitude of ~ 0.8 V) and stepwise
decreases of plasma energy are observed during the injection pulse. These
phenomena seem to be associated with the same kind of instability as is usually
observed in Ohmically heated plasma (see Sub-section 4.2). As in the Ohmic
discharges, the time-average power loss due to this instability (^80 kW) was not
higher than one quarter of the total power input.

Relatively high 0 values were achieved in this regime: (3p = 0.85 and
J3T = 8 n (Te + Ti)/B§ s 1%. Assuming Tj(O) = 0.75 Te(0) and ne(0) = 1.6 ne as
in the low-density regime, we calculate j8T(0) = 4 — 5%. These § values are not
far from the theoretical 0 threshold for the ballooning-mode instability.

The gross energy confinement time T E s 6 ms in this regime appears to be
close to or even higher than that in Ohmic discharges with similar I and iTe. This
implies that the increase of the /3 values at least up to the level obtained in these
experiments, does not markedly change the power loss mechanisms in the tokamak.
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6. SUMMARY

The results of this work may be summarized as follows:

1. The possibility of obtaining grossly stable tokamak discharges at
q(aL) = 2.5 is demonstrated in a wide range of plasma densities
(ne = (0.6 - 6.7) X 1013 cm"3).

2. A reduction of q(aL), at least down to 2.5, does not change the funda-
mental character of plasma confinement in tokamak discharges. The relaxation
instability observed in low-q-value discharges has no significant effect on the
plasma energy losses.

3. The energy confinement time at q(aL) = 2.5 increases linearly with
rising density. In the high-density region, ne > 4 X 1013 cm"3, the electron energy
losses become comparable to the ion energy losses, the latter being close to those
predicted by the neoclassical theory.

4. The collisionless regime, both for ions and electrons, was obtained with
minimum collisionality factor, v* ~ 0.2, for the neutral-beam injection into low-
density plasma (iTe = 1.4 X 1013 cm"3). In this regime, the overall ion energy
loss was 2 - 3 times less than that given by "plateau" scaling.

5. Plasma mainly sustained by the neutral beam (the Ohmic heating input
was less than 30% of the total power input) was obtained for beam injection into
high-density discharges. In this regime, relatively high |3 values were achieved:
(3p = 0.85; 0T ^ 1% and J3T(0) = 4%, without marked changes in the plasma
confinement characteristics.

6. An improvement of electron energy confinement with increasing density
was observed in regimes with the neutral-beam injection as well as in Ohmically
heated discharges. Pronounced electron heating by beam injection was observed,
especially at the high plasma density.
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Abstract

FEEDBACK STABILIZATION OF KINK INSTABILITY IN THE TO-1 TOKAMAK.
Experimental results on feedback stabilization of the kink instability in the TO-1 tokamak

are presented. Depending on the phase shift of the feedback system, the amplitude of the
magnetic-probe signal was observed either to decrease or to increase. The amplitude reduction
was accompanied by a 20% decrease in the discharage voltage, as well as an increase in the
electron temperature from 200 to 300 eV and of the plasma density from 0.6 to 0.9 X I013cm"3.
— The feedback dashes had a stabilizing effect on the disruptive instability. — A simple
theoretical model explains the experimental results.

1. INTRODUCTION

It is well known that the kink instability [ 1 - 3 ] has a two-fold effect on the
plasma in a tokamak. To begin with, this instability plays a negative role in
limiting the range of possible discharge regimes as well as in increasing transport
in the plasma and, as a result, leading to a deterioration of its parameters and
thermal insulation. In addition, the kink instability can play a positive role inas-
much as it creates and maintains a stable radial distribution of the discharge current,
destroys the skin configuration at the initial stage of the discharge [4], and impedes
excessive current peaks subsequently [5, 6]. Accordingly, there exists a general
interest in the search for methods of controlling the kink instability which would
permit keeping harmful effects on the discharge to a minimum while taking
advantage of its useful properties. Furthermore, the close connection between
kink instability and disruptive instability observed in the experiment permits us to
presuppose the existence of a causal relationship between them and to search for
some general means of affecting these two instabilities.
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FIG.l. Schematic of location of helical winding, magnetic probes and diagnostic probes and
structural schematic of feedback system in TO-1: 1 — helical winding; 2 — optical diagnostic
unit; 3 - discharge chamber; 4 - SHF interferometer; 5 - magnetic probes; 6 - compensation
device of standing-wave signal; 7 - pre-amplifier; 8 - device for obtaining conjugate values;
9 - two-dimensional filter; 10 - synchronous detector; 11, 12 - integrators; 13 - controlled
amplifier; 14 - two-dimensional phase shifter; 15-final amplifier.

This work is devoted to experiments on controlling the kink instability of a
plasma in the TO-1 tokamak by using feedback [7-9]. The object of the experi-
ments was to verify whether it is, in principle, possible for feedback to affect the
kink instability, and to investigate the variation of the main plasma parameters
during stabilization, build-up of the kink instability and the attempt to stabilize
the disruptive instability. The results of our first experiments are given in
Refs[10, 11].

2. THE EXPERIMENT

The TO-1 tokamak has the following main parameters: Discharge chambers
are made from sheet stainless-steel 1 mm thick. The major radius is 60 cm and
the minor one is 18 cm. The aperture radius of the circular molybdenum limiter
is 12.5 cm. The Helical winding having an m = 2, n = 1 spatial structure (Fig.l)
is placed inside the discharge chamber in the limiter shadow. The winding consists
of four flat stainless-steel busbars, with a width of 5 cm, fixed on insulators
3.5 cm from the chamber wall. The winding does not encompass the entire
tokamak discharge chamber along the major circumference but occupies only one
fourth of it between two of the four cross-sections with diagnostic nozzles.
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Power to the helical winding is provided by a vacuum-tube amplifier which
permits the generation of a current up to 600 A in a frequency band of 5 to
150 kHz. The amplifier is turned on at a given moment of time relative to the
start of the discharge in the tokamak and operates in a pulsed regime with a pulse
duration of 12 ms.

Magnetic probes, to diagnose the disturbances of the poloidal magnetic field
in the limiter shadow and to use them as pick-ups for the feedback system, are
inserted into the chamber through the nozzle, which is separated from the helical
winding by an angle of 90° to the main axis of the torus.

Experiments were conducted in hydrogen at toroidal-magnetic-field intensities
from 4 to 8 kOe. In studying the plasma parameters, in addition to measurements
of the main electrotechnical characteristics of the discharge, the main attention
was devoted to the density as determined by the phase advance of a 2-mm super-
high-frequency interferometer, to the electron temperature as measured by the
Thomson scattering of light from a ruby laser and to the radiation of the spectral
lines of hydrogen and impurities in the optic range emitted by the plasma.

3. THEORETICAL ANALYSIS

In the analysis of the effect of the stabilizing winding on the oscillations we
will proceed from the following simple assumptions: 1) q(0) > 1; 2) the observed
instability — m = 2, n = 1 disturbances, running in the direction of the diamagnetic
drift of electrons - is the tearing mode with a growth rate of 7 < co < J2A , where
£2A is the Alfven frequency. Essential will also be the fact that the disturbance of
the magnetic field due to the winding current is, in the absence of plasma, a
standing wave.

To obtain an equation of the oscillations, we need 1) to find the forced
oscillations of the column under the influence of a given current J (0,<p) cos cot
in the winding; 2) to calculate signal e induced by these oscillations in the probe
winding; 3) specify the coupling J = ke.

Forced oscillations. Disregarding toroidal effects, we shall represent the
current distribution in the stabilizing winding, J^= J cos (20-<p)7j(i£), as a Fourier
series

) ) j
L 1 L 1

m = ±2 n=-°°

where
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and 25yp is the angular dimension of the winding. The forced shift £r of the
boundary r = a of the well-conducting (a > 47rcoa2/c2) part of the column is
represented by the sum

V"1

= )
m,n,±a;

jm,n

where the form of the denominators L(m,n,w) is determined by the current
distribution over the cross-section of the column; letting L(m,n,oj) equal to zero
gives the dispersion relations for the natural oscillations of the individual harmo-
nics. For the following considerations, the distinction in the character of the
oscillations of harmonics n = m/|m| and all the other ones is essential. Thus, when
q(0) > 1, the harmonics n ¥= m/|m| do not have resonance surfaces q(r) = m/n inside
the plasma so that they must be described by ideal magnetohydrodynamics.
Since, first, the frequencies we are interested in are much lower than the frequen-
cies of the natural MHD, modes (~ J2A). and, therefore, with an accuracy of

, do not depend on co, and, second, L(-m, -n) = L(m,n), the sum over
in Eq.( 1) yields a standing wave. The position of the zeroes of this

wave, with an accuracy of (u)/£l\)2, does not depend on <x>.
In contrast to the rest of the harmonics, the n = m/|m| disturbances have a

resonance surface q(r) = m/n inside the plasma. We have here forced tearing
oscillations. In the following, it will be important for the observed unstable
oscillations to be running along 6. Effects of finite Larmor radius [ 12] and of
electrical rotation may cause such behaviour of the tearing mode. For the sake
of simplicity, we shall limit ourselves here to a very simple model [13], which
takes account solely of the electrical rotation with angular velocity COE- The
contribution of the n = m/|m| harmonics to the forced shift is given by

5/4 imfi-ii^-iwt
7 e

5/4 5/4

5/4 -im0+ ii^-icot
7 e

5/4 5/4 (2)

where C is a constant depending on the plasma radius a, the winding radius b and
the metal chamber radius d, 7 is the growth rate of the tearing mode,
7~£2A

vsrs~
3/s, and rs=47ra2a/c2 is the skin time. The existence of two terms in

expression (2) corresponds to the fact that for WE ^ 0 the current in the winding
excites waves with different amplitudes running in opposite directions in the
plasma.
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The concepts presented are confirmed by experiments on TO-1 [10, 11].
For large values of q, when apparently not a single harmonic, including n = m/ |m|,
has a resonance surface in the plasma, the observed forced oscillations are a
standing wave. With lower values of q (when, probably, in the plasma there is the
resonance surface q(r) = 2/1), an admixture of a running wave appears in the
oscillations.

Measurement of shift. The disturbance of the magnetic field recorded by the
magnetic probe can be separated into two parts: the field of the winding with
fixed plasma boundary and the field of currents in the plasma which is proportional
to the shift (1),

—~— -—- (m-ng(a))( - ) exp(im0-inip-ia>t) (3)

(we assume, for simplicity, (a/d)2lml<^ 1).
If the probe is moved from the winding through a sufficiently large angle A>p

along the major circumference so that RAip>d-a, then the contribution of the
first field is exponentially small. (In the experiment on TO-1 it was not recorded
even in an empty chamber.) Thus, a direct inductive coupling of the probe with
the winding proves to be excluded and the probe measures the shift of the column.
Placing the probe at a node of the standing wave for the n =£m/im| sum (or
compensating the signal from this wave), we single out from expression (3) the
running tearing mode that we need.

Equation of oscillations. Specifying the coupling of the current in the
winding to the signal in the probe proportional to Bg, we obtain, for the harmonic
m = 2, n = 1, the dispersion equation

5/4 ""<> «M> 5 / 4

• y e "ye.
-1-* ^ ^ = 1 (4)5/4. 5/4 , . ,,. .5/4 5/4

~~7 (-ICO-2ICOE) ~7

where d0, <A> are the angular shifts of the probe relative to the winding. We
have included the constants appearing in expressions (2) and (3) in the transfer
coefficient k. Without feedback, the wave running to the side of the electrical
rotation, co^ mcog, is unstable. For this wave, the second term on the lefthand
side of Eq.(4) is small compared with the first one as (7/cj)5 . Neglecting this
term and introducing the angular shifts into arg k, we finally obtain

4/5

e 1 (5)1

For jk|> 1 and |arg k| < (5/8)7r stabilization should take place.
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We note, however, that in a realistic situation, apparently, non-linear effects
play a role in the behaviour of the tearing mode. Therefore, no detailed
correspondence between the theory presented and experimental data should be
expected.

4. FEEDBACK SYSTEM

In Fig. 1, the dotted line encases a schematic of the feedback system, a self-
regulating control system, whose basic element is a two-dimensional filter with
anti-symmetric cross couplings [14] having a complex transfer coefficient:

where to is the angular frequency, /3 the natural frequency, a the damping
coefficient, and i is the imaginary unit. The double arrows in Fig. 1 indicate the
directions of the two-dimensional (complex) signals.

Signals from the two orthogonal magnetic probes with amplitude and fre-
quency of the fundamental harmonic equal, respectively, to Ao and w0 pass
through the pre-amplifier 7 to the input of the two-dimensional filter 9. The
signal from the output of filter 9 and the conjugate filter input signal are fed to
the synchronous detector 10 at whose input of two signals are formed, proportional
to the imaginary and real components of the complex transfer coefficient W(iw)
at frequency w0. The signal from the input of the synchronous detector 10,
which is proportional to ImW(ioJ0), passes through the integrator 11 immediately
to the circuit of filter 9 and changes its resonance frequency |3 until Im W(ito0)
becomes equal to zero which will occur when (3= co0. In this case, the transfer
coefficient of the filter becomes purely real and equal to one. The filter quality can be
established independently by varying the coefficient a. The signal from the input
of filter 9 passes further through the controlled amplifier 13 and is fed to the
two-dimensional phase converter 14 with a transfer coefficient exp (i<p). From one
of the inputs of the phase converter 14 the signal passes to a powerful final
amplifier 15 and then to helical winding 1.

By choosing an appropriate value of the phase converter phase shift it is
possible to influence the suppression or build-up of oscillations in a closed system.
In order for the self-regulatory filter in the oscillation suppression system not to
lose the input frequency, the feedback system has an additional self-adjusting
circuit for the feedback amplification coefficient [15, 16]. With a decrease in the
amplitude of the input oscillation of the feedback system, the signal proportional
to the real part of the filter transfer coefficient drops, causing a mismatch between
the voltage of this signal and the voltage of setting Uo determining the amplitude
of the oscillations in the closed system prescribed by the experimenter. The
misalignment signal, acting on the controlled amplifier 13 via the integrator 12,
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decreases the amplification coefficient in the feedback circuit which increases the
amplitude of the oscillations, and in the control system a balance is established in
which the regime of auto-oscillation is maintained with a given amplitude deter-
mined by the voltage of setting Uo.

In several instances, in particular in the experiment described in Section 5,
the feedback system was included in a simplified variant. There, in place of two,
only one magnetic probe was used and no circuit for the self-adjustment of the
amplification coefficient was used. The probe was placed at a node of the standing
MHD wave.

In the experiment on the stabilization of the disruptive instability, the
instabilities of frequency and oscillation amplitudes characteristic for this discharge
regime required the use of the described feedback system to its full extent to
obtain the desired results. In doing so, a second magnetic probe was placed at a
point where the m = 2 oscillations have a temporal phase shift of 90° relative to
the oscillations at the first probe. The second probe had a compensation for the
signal due to the field of the standing wave.

Thanks to the use of the self-regulation circuit for the amplification coeffi-
cient, the role of feedback during stabilization of the disruptive instability consisted
of not so much a suppression of helical disturbances as (indeed in large part) a
damping of their amplitude pulsations. These pulsations, according to the corres-
ponding ideas set forth in Ref.[17], play a decisive role in the development of
the disruptive instability.

5. EFFECT OF FEEDBACK ON KINK INSTABILITY

To test the possibility of affecting, with the help of a feedback system, the
spiral instability a tokamak discharge regime was chosen with Ho= 5.1 kOe,
1= 19 kA and neutral-gas injection into the chamber during the discharge pulse.
This TO-1 regime is characterized by developed m = 2 oscillations, whose amplitude
varies only slightly in time. The experiment showed that, in a given regime, the
use of feedback causes, as a function of phase, either decrease or increase in the
oscillation amplitude. This result is illustrated in Fig.2.

It was possible to observe the variation of the oscillation amplitude not only
from the signal of the magnetic probe but also from the magnitude of the oscilla-
tions of the phase advance of the SHF interferometer (see Fig.3).

6. VARIATION OF DISCHARGE PARAMETERS DURING STABILIZATION
OF KINK INSTABILITY

In Fig.2, we see that a decrease in the amplitude of oscillations is accompanied
by a decrease in discharge voltage, a rise in plasma density and changes in the
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FIG. 5. Oscillograms of signals from magnetic probe (absolute ion calibration given for a fre-
quency of 20 kHz), transmission frequency of two-dimensional filter, amplification coefficient of
controlled amplifier (negative values correspond to suppression of oscillations), current in
helical winding and tokamak discharge voltage with anode supply of final feedback amplifier off
(left) and on (right).

radiation intensities of a series of spectral lines in the optical range. At the same
time, the electron temperature increases from 140 to 200 eV. In a more intense
discharge regime (Ho = 8 kOe, I = 27 kA) the electron temperature increases from
200 to 300 eV. The observed behaviour of the plasma characteristics indicates an
improvement of its containment and thermal insulation as well as a weakening of
the interaction with the discharge chamber wall.

At a phase change of 180°, feedback has the opposite effect on the plasma
parameters.



IAEA-CN-37/N-1 243

20

_ 1 0

S o

-10

-20

6

31 32 33 31 32

t (ms)

33
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FIG. 7. Excitation of disruptive instability under the influence of feedback.
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7. EFFECT OF FEEDBACK ON DISRUPTIVE INSTABILITY

It is well known that the disruptive instability develops, for example, when
the discharge current exceeds some critical value depending on the size of the
equipment and the discharge conditions. In our experiment, to obtain a regime in
which the level of critical current is reached after a time which does not exceed
the duration of operation of the feedback amplifier, a pulse with a secondary
current increase was used. With this in mind, at a given moment in time, an
additional condensor bank is switched into the primary tokamak circuit. The
bank voltage was selected such that the discharge current reached a critical value
at maximum (Ho = 8 kOe, 1 = 3.1 kA, g = 3.5 at the limiter radius). With this, in
the absence of feedback, we observed negative voltage peaks, a discontinuity, and
a decrease in discharge current. Let us note that, in this case, we are talking about
"small disruptions" in which the amplitude of the negative voltage peaks does not
exceed a few volts.

The use of feedback in this regime eliminated the features of disruptive
instability that have been mentioned. The typical oscillographs of the main
discharge parameters and characteristics of the feedback system presented in
Figs 4 -6 illustrate this result. According to Fig.6, the feedback lowers the
magnitude of the amplitude pulsations of the oscillating disturbances of the poloidal
magnetic field, whose sharp surges are accompanied by voltage peaks. We should
note that oscillations are affected even at a relatively low level not exceeding the
boundary of the dynamic range of the feedback system. The level of oscillations
at the moment of disruption exceeds this range significantly.

When the phase in the feedback circuit is changed by several dozen degrees in
the direction of decrease or increase, a remarkable decrease in the effectiveness of
stabilization takes place. Moreover, anti-phase feedback in the discharge regime
when the current does not reach the critical value, gives rise to a disruption when
the amplitication coefficient is sufficiently large (Fig. 7).

8. CONCLUSION

Summing up, we can say that the feedback system employed has a stabilizing
effect on kink and disruptive instabilities in a tokamak. Stabilization of the kink
instability improves the main plasma parameters.
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DISCUSSION

K. BOL: What is it that limits the gain of the system? Is it the residual
coupling between the pick-up coils and the stabilizing coils?

V.S. MUKHOVATOV: Yes, the upper limit on the gain of the system is
in fact set by this coupling, and it depends on the conditions of the individual
experiment. Coupling between the pick-up and the stabilizing coils is slight
only in the absence of plasma. When the plasma is present we must, owing to
the excitation of standing-wave-type perturbations, either compensate for the
signal produced by these perturbations or locate the pick-up at the site of the
standing wave.

N. SAUTHOFF: Have hou been able to obtain higher densities or lower
q(a) by means of feedback?

V.S. MUKHOVATOV: The feedback system enabled us to avoid disruption
instabilities when the current was raised above the threshold where such instabili-
ties normally begin to grow - in other words, it did help to lower q(a). So far
we have not carried out any experiments aimed at suppressing the instability
that arises when the critical density is exceeded.

N. SAUTHOFF: Have you had any trouble with stationary modes, which
your system would not easily detect?

V.S. MUKHOVATOV: It may be that there was a stationary mode in the
perturbation spectrum; however, the main component of the perturbations
we were trying to stabilize was a travelling component in the direction of the
electron diamagnetic drift.
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Abstract

SUPPRESSION OF MAJOR DISRUPTION BY NEUTRAL GAS INJECTION AND PLASMA
CURRENT CONTROL IN JIPP T-II TORUS.

Experimental results obtained by tokamak operation of JIPP T-II, a hybrid of tokamak
and stellarator, are presented. In this device, plasma equilibrium in a resistive shell is obtained
by means of feedback-controlled vertical magnetic field. With improvements of the control
system, plasma shift can be suppressed within about ±1 cm for a plasma radius of 15 cm.
Operation of the device has been extended to higher plasma current and higher plasma density
by applying a pulsed gas injection and a second rapid rise of plasma current. Major disruption
caused by strong gas injection has been suppressed by the second rapid rise of plasma current.
By this method, the electron density is raised to n"e ~ 8 X 1013cm"3 and the safety factor qa

can be lowered to 2.5 without MHD oscillations. Reduction in the concentration of high-
Z-impurities has also been observed.

1. INTRODUCTION

The JIPP T-II torus is a hybrid device of tokamak and stellarator. Experi-
mental studies have, however, so far been made by tokamak operation. The
device adopts a feedback (and feedforward) control of plasma equilibrium in
a resistive shell by a thyristor power supply regulated by a digital computer.
We reported previously the details of the feedback control [ 1 ] and showed
that the fine control reduces interaction between plasma and limiter, and con-
sequently suppresses disruptive instabilities [2]. Since then, some improvements
in both software and hardware have been carried out for the control system and
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a precise control of the plasma position for the whole duration of discharge has
been attained.

Although the gas injection technique has been used widely to increase
plasma density in tokamaks, major disruptions take place easily owing to cooling
of the peripheral region of the plasma column. To prevent this cooling, we have
introduced a second rapid rise of plasma current [3]. The second rise heats
up the peripheral region Ohmically and flattens the electron temperature distribu-
tion, and thus suppression of major disruptions is expected. The high-Z impurities
are usually reduced by strong gas injection. The problem is whether or not these
impurities increase with the second current rise; the behaviour of the impurities
is studied in relation to this problem.

2. EXPERIMENTAL ARRANGEMENTS

The JIPP T-II device and diagnostic instruments are briefly described.
The main parameters are: toroidal magnetic field Bt < 30 kG; major radius
Ro =91 cm; distance of movable rail limiters < 34 cm. Usually the initial
filling pressure of the hydrogen gas is 1.2 - 3.0 X 10'4 torr and additional gas
is injected, in a pulsed way, into the discharge by the use of piezo-electric valves.
The electron density begins to increase within about 6 ms after voltage is applied
to piezo-electric crystals.

The diagnostic instruments are as follows: Thomson scattering for electron
temperature and density; fast neutral-energy analyser for ion temperature;
2-mm microwave interferometer for electron density; visible light spectroscopy
for Ha and impurity line intensities; Si(Li) detector for electron temperature
and impurity concentration; extreme ultraviolet (XUV) spectroscopy for
impurities; magnetic probes for plasma position and MHD oscillations. The
tangential view of the plasma at the limiter is monitored by a TV camera through
a H a filter.

3. EXPERIMENTAL RESULTS

First we describe the experimental results of the feedback control. The
vertical magnetic field, Bv, required for plasma equilibrium at t = tn + j is
calculated from the relevant quantities at t = tn by the following equation [4]:

where Ip is the plasma current, Ah is the horizontal displacement of plasma
position, Aref is the reference position, rs is the skin time of the shell, T is
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FIG.3. Strong gas injection without second current rise. The gas injection, started at t = 85 ms,
causes disruption and shrinkage of plasma column, as is seen in the TV camera image at the time
indicated by an arrow. The video signal (of TV camera image) on the equatorial plane is shown
in the bottom diagram.

the sampling time, K and C are the constants which depend on the device
parameters and G(< 1) is the gain parameter of the system. G = 1 corresponds
to Mukhovatov and Shafranov's equation. On the right-hand side, the first term
designates the feedback control and the second term is the feedforward control
or compensation. Figure 1 demonstrates the functions of controls with feedback
only, feedforward only, and with total system. It is clear from this figure that
a precise control of the plasma position is achieved with this system, resulting
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without the second current rise. The corresponding signal Bg marked N indicates instabilities.

in only a small shift of about ± 8 mm from a desired position. Figure 2 shows
the time evolution of plasma parameters under precise control. The plasma
density reaches iTe = 3.0 X 1013 cm'3and the plasma is found to be stable down
to qa = 3.3 without any disruption. When the control is inadequate, instabilities
tend to take place; qa cannot be lower than 4 and the plasma density also remains
low.
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When we try to obtain higher plasma density with lower qa by strong gas
injection, major disruptions occur due to cooling of the periphery of the plasma
column, as is shown in Fig.3. The neutral gas is injected at t = 85 ms after the
start of discharge and the instabilities develop at about 105 ms. The plasma
cross-section observed by the TV camera shows that the plasma shrinks considerably.
To prevent occurrence of disruptions, qa must be kept larger than 4.5, and the
condition n"e/(B t/Ro)^ 1.6 is also necessary (n~e in units of 1013 cm"3, B in
10 kG, and Ro in metres).

Figure 4 shows the results of combined operation of strong gas injection
and the second rapid rise of the plasma current. In this case, almost no shrinkage
of the plasma column is observed in the TV camera image. Waveforms of the loop
voltage and poloidal magnetic field indicate that the instabilities are suppressed.
This suppression is due to the rapid rise of the current which flattens the current
profile, and is not due to the total amount of the current; in Fig.4, experimental
results show the occurrence of instability under the same condition of gas injection
and the same amount of total current without the second rise. Evolution of plasma
parameters under the combined operation is shown in Fig.5.

Figure 6 shows the relation between the minimum value of qa attained by the
second rise and the delay time T^ of the occurrence of disruptions after the start
of the second current rise. When the increment of the current rise is larger than a
critical value, the disruption is suppressed; the instabilities at about 65 ms after
the current rise are due to slow shrinkage of the plasma column in relation to the
decrease in the plasma current. When the current increment becomes too large,
MHD instabilities occur because the value of qa is too small.

Figure 7 shows the relation between qa and iTe/(Bt/R0). For comparison,
some experimental results obtained in other devices [5-7 ] are also shown in
Fig.7. It can be seen from the figure that we have qa =» 3.7 and fig /(Bt/Ro) «*1
without strong gas injection and without second current rise (type A);
qa < 4.5 and iTe /(B t/R0) «s 1.5 with strong gas injection and without second
current rise (type B). For application of both the strong gas injection and the
second current rise, we realized fTe/(Bt/R0) of 2.5 with qa = 2.8, and 2.1 with
qa = 2.5 (type C).

The ion densities of oxygen and iron measured with XUV spectroscopy
and that of molybdenum obtained from the L-line in soft X-ray are found to
decrease in the central region of the plasma with the strong gas injections.
When these injections are combined with a second rise of plasma current, these
decreases are less significant, but the amount of impurities is always less than in
the case without gas injection. The density of molybdenum is deduced taking
account of the variations of electron temperature and density. The density
thus obtained is shown in Fig.8 for type-C operation.

The influx of molybdenum atoms from the limiter is studied spectroscopi-
cally by observing Mol (3798 A) radiation emitted near the limiter surface.
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FIG.8. Temporal variation of Mo density for type-C operation (with both strong gas injection
and second current rise). tn designates the onset of gas injection, and tc the start of the second
curren t rise.
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FIG.9. Time evolution of Mol (3798 A) line intensities near the Mo limiter.

Typical traces are shown in Fig.9 for types A and C operations. The signal
decreases when the gas is injected, suggesting that the influx also decreases
because the intensity of Mol radiation is directly related to the rate of influx.
The influx shows a little increase when the second current rise is applied, but
is always below the values in type-A operation.

4. CONCLUSIONS

Control of the plasma position by means of the vertical magnetic field
has been improved to realize a small positional shift less than 1 cm, and this
control makes it possible to reduce MHD instabilities. The application of
both strong gas injection and the second rapid rise of the plasma current is
very successful for producing high-density plasma with low qa, suppressing major
disruptions. This application provides a high-density plasma of low impurity
concentrations.
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DISCUSSION

J.P. GIRARD: I suppose you are doing two experiments, one with a current
I m a x rising monotonically, and the other with a peak on the current curve but
with the same In . Do you obtain a higher density in the second case for a given
maximum current?

K. MATSUURA: Yes, we did such experiments, with the same gas injection
conditions, and obtained higher density by combined operation with a second
current rise. Gas injection we found was essential to increase the plasma density.
With the monotonic rise of the plasma current, the density increase is limited by
the onset of the disruption (see Fig.4 of our paper).
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Abstract

INVESTIGATION OF PLASMA X-RAY EMISSION IN THE T-10 TOKAMAK.
The emission of T-10 plasma at energies between 200 eV and 35 keV is recorded by

using various X-ray detectors. Investigations are made of the shape of the electron energy
distribution function, its variation over the plasma radius and the behaviour of the plasma
impurity composition and its effective charge during the discharge.

1. INTRODUCTION

An investigation was made of the X-ray emission from the T-10 plasma in
the energy range E = 0.2—35 keV. The observations were made in two mutually
perpendicular directions. The X-ray quanta were recorded along the verticals
through six collimators, by using two detectors simultaneously. One of these
- a xenon proportional counter — was used in the energy range E = 3-8 keV
and had a resolution of (AE)0.s = 1 keV at E = 6 keV. The other one —
a semiconductor Ge(Li) detector — recorded radiation in the energy range between
5 and 35 keV with a constant resolution of ~ 1 keV. During the observations no
wall radiation was detected.

Observations in the horizontal direction were made along the central chord.
The radiation detectors used were as follows: (a) A new type of X-ray spectro-
meter [ 1 ] constructed at the Central Research Institute for Physics of the
Hungarian Academy of Sciences comprising a xenon-filled ionization-scintillation
chamber. The energy resolution was (AE/E)0S = 13%at E = 5.9 keV-and varied
as -\/a/E + b. The use of thin windows (typically made of Formvar, 0.24 mg'cm"2)
separating the xenon-filled chamber from the vacuum connection with the tokamak

257
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TABLE I. PARAMETERS OF THE TOKAMAK REGIMES

Regime

I

II

Discharge
current, Ip

kA

400

250

Toroidal
field, He

kOe

30

23

Average
density, <ne>

cm"3

(3-4.5) X 1013

(2-2.6) X 1013

Limiter

W-Mo
graphite

graphite

d<N>
EdE

[crrpV]

109

E [keV]

FIG.l. a) X-ray spectra in regime II with graphite limiter; Si(Li) semiconductor detector;
horizontal observation; time 290-420 ms; (1J normal regime; (2) regime with MHD activity;
b) Time dependence of the Cr, Fe and Ni emission in regime I (with graphite limiter). Time
intervals: (I) 30-160 ms; (II) 160-290 ms; (III) 290-420 ms; (IV) 420-550 ms.
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5 10 15 20 25 30 35
FIG.2. Spectrum recorded along vertical diameter and along two chords displaced by +8 and
-8 cm. Regime II. Time intervals: (I) 0-180 ms; (II) 180-360 ms.

dN
dE

10

10"

10"**

10"3 E,keV

5 10 15 20 25 30 35
FIG.3. Spectrum recorded along the vertical diameter. Regime I with W-Mo limiter;
Te(0) = lkeV. Time intervals: (I) 0-150 ms; (II) 150-300 ms; (IV) 450-600 ms. The
thin dashed line is the calculated curve for 7 = 0.02.
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torus made it possible to analyse radiation at very low energies from 0.2 keV
(up to ~ 5 keV). An additional merit of this detector is the short dead-time which
made it possible to obtain spectra with sufficient statistics from a single tokamak
pulse; (b) A semiconductor Si(Li) detector with a resolution of AE0 5 = 160-180 eV
which was nearly constant in the measurement range of E = 1 — 10 keV.

In all cases the radiation was analysed in four consecutive time intervals of a
duration of AT = 130-200 ms.

The measurements were taken in two types of tokamak regimes with the
parameters given in Table I.

2. ELECTRON ENERGY DISTRIBUTION FUNCTION fe(E)

The X-ray spectra obtained from observations along the central (horizontal
and vertical) chords are shown in Figs 1 - 3 . At energies between 1.5 and 5-6keV,
these spectra exhibit the same exponential character with the temperature Te

agreeing, within the limits of experimental error, with that determined by Thomson
scattering in the central part of the plasma. However, at energies E = 5—6 keV,
the slope of the spectrum alters, differing significantly from the thermal profile.
Exceptions to this are discharge regimes with well-developed plasma MHD-activity
(curve 2 in Fig. 1). Thus, in a typical T-10 regime, the electron energy distribution
function appears to differ from Maxwellian, this difference increasing from the
centre towards the plasma boundary.

Figure 4 gives In fe(E) as a function of the radius r for energies E = 3 -4 keV
(Te) and 10-15 keV (Te). In the inner section of the torus, the distribution Te(r)
corresponds, to a first approximation, to the laser temperature distribution
whereas in the outer section, the decrease in Te(r) with the radius is substantially
slower than that of the laser temperature. The value of T | rises symmetrically
from the centre to the boundary.

Is it possible to assume that the centre of the radial electron temperature
distribution is simply shifted towards the outer wall of the torus? The radiation
intensity distribution given in Fig. 5 suggests that this is not the case. The
intensity at an X-ray quantum energy of E = 3 keV is substantially less asymmetric
than Te(r) at these energies. Thus, the temperature of the bulk of the plasma
decreases with increasing distance from the centre but the form of fe(E) differs
from Maxwellian. This distortion of fe(E) is particularly noticeable at high
energies (Fig. 5). In general terms, such distortion of fe(E) is not surprising in a
tokamak plasma where a longitudinal electric field is always present. The "tail
stretching" should, in this case, depend exponentially on 7 = e/2eo, where e is
the electric field strength and erj is the Dreicer electronic field which is proportional
to ne/Te . A theoretical estimate made for 7 = 0.02 yields the X-ray emission
intensity as a function of E given by the thin dashed curve in Fig. 3. This curve
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17.5 -8 0 +8 +16 +24
FIG.4. Distribution of the slope of In fe(Ej along the vertical chords for wo energy ranges:
Te for E = 3-4 keV and T% for E= 10-15 ke V. Regime II. Time intervals: (•) 0-180 ms
(o) 180-360 ms; fa) 360-540 ms.
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FIGS. Distribution of the radiation intensity along the vertical chords for energies E = 3 keV
and E = 20keV. Time interval 180-360 ms. Regime II.
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1011 -

1000 2000 3000 4000

FIG. 6. X-ray spectrum in regime I, W-Mo limiter; GPS detector, horizontal observation; time
interval 190-320 ms.
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• d E
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1O1 2
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1O1 0

E[ev]

1000 2000 3000 4000

FIG. 7. X-ray spectrum in regime I, W-Mo limiter; Si(Li) semiconductor detector, horizontal
observation; time interval 60-190 ms.
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normalized to the experimental curve at E = 3 keV is, by about an order of
magnitude, lower than the experimental value for E = 30 keV although the real
value of 7 may not exceed 0.015. It is also surprising that fe(E) is weakly dependent
on the plasma regime (Figs 2 and 3). Thus, in a tokamak plasma, y is either tuned
to a certain relatively constant value or y has practically no effect on the distortion
of fe(E) on the torus axis. The value of y should fall with increasing distance from
the centre whereas the deviations of fe(E) from Maxwellian only increase. From
measurements of the distribution of the intensity and form of the sawtooth
oscillations along the torus major radius, we find that the q = 1 surface is more or
less symmetric with respect to the chamber axis. This, together with the asymmetry
of fe(E) in the presence of a rotational transform in the plasma, suggests that the
fast electrons situated at the plasma boundary are not involved in transport of the
current and apparently describe banana trajectories.

A certain distortion of fe(E) in the 3-7 keV range was observed at the plasma
boundary in the T-10 previously [2]. It was proposed in Ref. [3] that this effect
could be explained by the drift of locally trapped electrons from the hot zone
along the verticals followed by their transfer to banana trajectories as a result of
collisions. Our results agree qualitatively with this explanation. However, even if
this explanation is valid, the reason why fe(E) differs from the theory at the centre
has yet to be found.

3. CHARACTERISTICS OF THE IMPURITY COMPOSITION

Figure 6 gives the X-ray spectrum at low energies obtained with the GPS
detector (horizontal chord) from a single pulse of T-10. In the range E = 0.2-1.5 keV,
the radiation substantially exceeds the continuum, because of the presence of a large
number of unresolved characteristic lines of different impurities.

The characteristic L-emission of Mo is best resolved by using a Si(Li) semi-
conductor detector (Fig. 7, W-Mo limiter). The emission intensity of Mo is highest
at the initial stage of the discharge and decreases by a factor ~ 4 -5 by the end of
the steady-state phase, as shown in Fig. 9b. In experiments with a graphite limiter
the characteristic emission of Mo is not distinguishable from the background
(Fig. 1), which corresponds to a decrease in the Mo concentration by more than
an order of magnitude. It should be noted that the characteristic M-series
emission of W was not recorded in these experiments either.

The characteristic K-series emission of Cr, Fe and Ni is shown in Fig. 1 (Si(Li)
semiconductor detector). It can be seen that the material of the tokamak chamber
walls is a very important constituent of the plasma impurity composition. The time
dependence of the impurity radiation from the wall material (Fig. 1 b) is, as will be
demonstrated subsequently, similar in character to the dependence Zeff(t) and
differs substantially from that for the Mo ions. It should be added that in certain
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FIGS, (aj Enhancement factor of radiation over bremsstrahlung continuum for a deuterium
plasma; (b) Zeff," (cj and (dj Fe and Mo impurity concentrations from Ze(f. (1) normal
regime I; (2) regime I with especially increased Cr and Fe K-emission.

discharges a substantial increase was observed in the Cr and Fe emission intensity,
with the enhancement factor % of the continuum radiation of the bremsstrahlung
for a pure deuterium plasma and Zeff increasing accordingly (Section 4).

4. ESTIMATION OF EFFECTIVE PLASMA CHARGE AND IMPURITY
CONCENTRATION

These results were applied to an estimate of the effective plasma charge Zeff
in the central part of the plasma and the Fe and Mo impurity content. The
calculations of Zeff were made by using the results of calculations of the recombina-
tion radiation presented in Ref. [4] and the distributions Te(r) and ne(r) obtained
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400

0.2 0.4 0.6 t (s)

FIGS. Time dependence of (a) plasma current; (bj Zeff as deduced from the enhancement
factor - Mo concentration; (cj specific intensity of Mo and Cr, Fe characteristic radiation.
Regime I, W-Mo limiter.

in Ref. [5]. The results are plotted in Figs 8 and 9. The enhancement factor of the
plasma radiation over the bremsstrahlung for pure deuterium under typical tokamak
conditions is £ = 3-10 which corresponds to Zeff = 1.3-2.0. The effective charge
increases at the initial stage of the discharge and then varies slowly. When the
intensity of the characteristic Cr and Fe emission especially increases, Zeff rises
to 3 (Fig. 8b).

The values of Zeff as seen in Fig. 8 are determined on the assumption that the
plasma column contains only Mo or Fe (i.e. assuming only one kind of contaminant
to be present). The impurity concentrations are then

(Figs 8c and

for
for

d).

Fe
Mo

(nj

(ni
/ne)Fe
/ne)Mo

= (1-3) X 10'3
S 5 X 10"4
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Experiments using a proportional counter carried out under similar conditions
with W-Mo and graphite limiters showed that Zeff hardly differed, i.e. was almost
independent of the limiter material in the case of T-10 geometry (a^CC) = 35 cm,
alim(\V-Mo) = 37 c n i j a i iner = 39 c m ) . i n addition, such experimental results as:
(a) The agreement between the time dependence of the Cr and Fe emission with
that for Zeff;
(b) the good correlation between Zeff and the extraordinary increase in the Cr
and Fe emission intensity; and
(c) the fundamental difference between the time dependence of the Mo emission
and Zeff(t)
suggest that Zeff has no substantial contribution from the heavy impurities of the
limiter material. The main factor is most probably the Cr and Fe impurities from
the wall material although the contribution of the light impurities (O, N, C)
requires further investigation.

In conclusion, the authors are grateful to Yu. N. Dnestrovskij and A.V. Gurevich
for discussions of the experimental results, to A.P. Smirnov for the calculation of
the theoretical curve, to K.N. Tarasyan and I.N. Formina for mathematical analysis
of the experimental data, to L. Pocs and E.M. Petrov for organizing the joint
Soviet-Hungarian experiments and to S. Koncz for technical assistance.

REFERENCES

[1] POLICARPO, A.J.P.L., et al., Nucl. Instrum. Methods 118 (1974) 221.
[2] BERLIZOV, A.B., et al., in Plasma Physics and Controlled Nuclear Fusion Research

(Proc. 6th Int. IAEA Conference Berchtesgaden, 1976) Vol. 1, IAEA, Vienna (1977) 3.
[3] GUREVICH, A.V., et al., Pis'ma Zh. Eksp. Teor. Fiz. 26 (1977) 733.
[4] VON GOELER, S., et al., Nucl. Fusion 15 (1975) 301.
[5] BERLIZOV, A.B., et al., At. Ehnerg. 43 (1977) 90.

DISCUSSION

R.R. PARKER: Similar distortions in the electron distribution have been
observed in Alcator; we in fact reported on them in paper CA. A new theory
by Molvig and Tekula has been proposed to explain the effect. Have you recorded
the dependence of the tail formation on density and current, or reduced quantities
such as the drift parameter or collisionality?

K.A. RAZUMOVA: In our experiments the quantity y = e/2eD did not vary
much. However, the distortion of the distribution function is proportional to an
exponential function with the index y = e/2eD, and we observed no appreciable
changes in this pattern in all the regimes studied.
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J.D. CALLEN: The ripple-trapping explanation proposed for the enhance-
ment of the high-energy tail of the electron distribution function might produce
an up-down asymmetry in the measured distribution. Have you looked for such
an effect experimentally?

K.A. RAZUMOVA: No, we have not yet measured the variations in the
electron distribution function in^the vertical direction; we are preparing to do
so soon.

R.J. GOLDSTON: I agree with you that one might not expect to see very
much asymmetry in the up-down direction, because the X-ray detector sees the
entire distribution function, not just the perpendicular particles, like a neutral-
particle analyser. On the other hand, if there were a significant drifting electron
current, it should be detectable either from damage to the vacuum vessel, or
directly on Faraday cups. Has such a current been observed in this non-runaway
regime?

K.A. RAZUMOVA: Our work on the T-10 is done at comparatively high
densities, so that locally trapped particles drift over only very short distances in
the plasma and do not reach the walls of the discharge chamber — as happens,
for example, at very low densities, where the so-called "fan" instability, associated
with an anomalous Doppler effect, is observed.

C. RENAUD: Have you studied the distortion of the high-energy tail as a
function of density?

K.A. RAZUMOVA: We have varied the density only by a factor of two
and in this range have not seen any difference.
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Abstract

PLASMA CONFINEMENT AND IMPURITY FLOW REVERSAL EXPERIMENTS IN THE
ISX-A TOKAMAK.

A description is given of experimental studies in ISX-A, a tokamak with circular cross-
section, moderate size, and relatively low toroidal field, Bj < 15 kG. The confinement studies
investigated plasma behaviour (especially effects of impurities on plasma confinement) under
a wide range of discharge conditions, wall cleanliness (discharge cleaning versus titanium gettering),
limiter materials (stainless steel, carbon and molybdenum), plasma 'fuelling' methods (gas puffing
and pellet injection), and working gases (hydrogen and deuterium). Optimum confinement
parameters (TE = 30 ms, Zeff = 1.5) resulted with a stainless steel limiter and titanium gettering.
The initially linear increase of gross energy confinement time (TE ) saturated at high density,
apparently due to approximately neoclassical ion heat conduction loss (relatively large because
of low BT) and increased electron-ion coupling, factors which overcame a continuing improvement
of electron energy confinement with rising density. The optimal values of TE and |3T(0) (central
toroidal beta, 2.2%) achieved are significantly higher than those obtained in other tokamaks of
similar scales. The good confinement was mainly due to reduction of radiation losses, especially

* Research sponsored by the Office of Fusion Energy (ETM), US Department of Energy,
under contract W-7405-eng-26 with the Union Carbide Corporation, and contract EY-76-C-03-0167
project agreement 38 with General Atomic Company.
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those from high-Z impurities. This conclusion was supported by deliberate injection of tungsten
into the discharge. Studies of impurity behaviour were highlighted by the impurity flow-
reversal experiment. A poloidally asymmetric source of protons substantially altered the
transport of an injected neon test impurity, and the changes observed are consistent with expec-
tations based on simple neoclassical transport models.

1. INTRODUCTION

Impurities have an important influence on the behavior of present-day
tokamak discharges and are a key element in determining the feasibility of
tokamak reactors. A relatively small fraction of heavy metal (high-Z) im-
purities suffices Co dominate the power balance of the entire plasma, as
dramatically revealed by hollow electron temperature profiles observed in
ORMAK, PLT and DITE plasmas, as well as in electron heating studies with
neutral beam injection in ORMAK [1]. Although effects of low-Z impurities are
less devastating, even now they limit the available range of discharge para-
meters. Therefore, it is of great interest to study the behavior of impurities
and their effects on plasma confinement with a view towards controlling them.

The ISX-A (Impurity Study Experiment) device [2] was designed for these
purposes. Heavy metals (such as tungsten or molybdenum) were excluded in the
initial machine configuration through the use of stainless-steel limiters.

CLEANING METHOD

LIMITER MATERIAL

CALENDAR DATE

MAIN EXPERIMENT

6
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0

DISCHARGE CLEANING GETT.
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55
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FIG.l. History of ISX-A operation and the variation of Zeff (from conductivity).
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TABLE I. PLASMA PARAMETERS OF TYPICAL DISCHARGES AND
MAXIMUM (OR MINIMUM) PARAMETERS ATTAINED DURING THE
ENTIRE PERIOD OF ISX-A OPERATION

Case

BT, kG

I , kA

q(at)

n , 10 1 3 cm 3

n e(0), 10
1 3 cm"3

<n >, 10 1 3 cm"3

V, V

T (0), keV

<T >, keV

T (0), keV

<eT>, t
6T(0), %

T , msec

Zeff
Gas

1

8.1

92

3.2

2.4

3.7

1.7

1.9

0.49

0.33

0.22fl

0.56

0.50

1.5

12

3.5

H2

2

12.3

132

3.3

3.8

6.1

2.8

1.7

0.99

0.49

0.48*

0.57

0.52
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From charge-exchange analysis, corrected.

Estimated from the Artsimovich scaling.

Low-Z impurities were minimized initially with discharge cleaning and later
with titanium gettering. Figure 1 illustrates changes of effective charge
(Z , from the conductivity measurement) during the most productive period of
operation, along with the cleaning methods employed, limiter material used,
and principal experiments performed.

The confinement studies and the impurity flow reversal experiment [3] are
the main subjects of this paper. ISX-A was also used as a test bed for sur-
face physics studies [4], limiter material studies [5], and hydrogen pellet
injection [6]. Each of these has contributed to our understanding of the
plasma.

2. ISX-A DEVICE AND TYPICAL DISCHARGE CHARACTERISTICS

ISX-A [2] had a major radius (RQ) of 92 cm, a minor radius (a^) of
26 cm, 18 toroidal field coils, and a 0.85-V-sec iron core. There was no
conducting shell. Both horizontal and vertical positions were feedback-
controlled. The vacuum vessel was constructed of 304L stainless steel with no
insulating break. It consisted of nine rectangular box-shaped sections con-
nected by circular bellows. Each section contained at the bottom a titanium
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120 140 160

FIG.3. Line-averaged electron densities and ablation rates for infection of normal (-
large (— • —) pellets, compared with no-injection ( /

-) and

evaporator, a feedback-controlled gas injector [7], and a movable stainless
steel toroidal limiter. The titanium evaporators were shielded to deposit a
layer of titanium getter mainly over the top half of the vacuum vessel, as
required by the impurity flow reversal experiment. Except for the last two
weeks of operation, the limiters defining the plasma radius were four 2.5-cm-diam.
stainless-steel bars located in one diagnostic section.

Operation was performed with a toroidal magnetic field (B ) of 6-15 kG,
plasma current (I) from 40-175 kA, duration of flat-top current pulse up to
250 msec, and limiter safety factor (q^) as low as 2.5. Table I lists con-
sistent sets of plasma parameters for four different discharges as well as the
optimum parameters achieved (the latter not all at the same time).

Figure 2(a) shows time histories of the current (I), loop voltage (V),
line-averaged electron density (rf ), and gas throughput of gas puffing (Qpp)

in a typical ISX-A discharge with hydrogen. In Fig. 2(b) are plotted time
histories of the following parameters: the central [n (0)] and volume-averaged
(<n >) electron densities, the central [T (0)] and density-averaged (<T >)

electron temperatures, all of which were determined from Thomson scattering;
and the central [T.(0)] ion temperature based on the central chord charge-
exchange spectra between 0.5 and 3.5 keV.

The current density [j(r)] and Z (assumed constant over the radius)

were inferred from the measured T (r) and n (r) profiles and total resistance
with the usual trapped-electron neoclassical correction. Assuming that oxygen
was the dominant impurity species, these results were combined with a coronal
model to obtain impurity density, from which ion density [n.(r)] was calculated.
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Because of the lack of radial scanning capability, the ion temperature profile
[T.(r)] was assumed to be like either n (r) or T (r) to calculate the gross
energy confinement time (T_ = electron and ion energy content/ohmic input

power). Figure 2(c) shows temporal behavior of T , <&„>, <& > and Z ^
obtained through such analyses [8].

The temporal variation of the electron density is worth noting. Even
before gettering, the recycling rate off the clean walls was so small that
operating without gas puffing resulted in a density decay with a time constant
of 10-15 msec. Thus gas puffing was essential. The density behavior subse-
quent to gas puffing depended on recycling rate (limiters and gettering) and
particle confinement (closely related to MHD mode activity). Under favorable
MHD conditions with stainless steel limiters and gettered walls, n saturated
with an e-folding time constant of 20-30 msec even with a constant throughput
from the gas valves. The confinement data presented here were obtained under
these conditions after density saturation and therefore are results with near
constant rf (t). Other plasma parameters (such as T ) were also almost constant
during this period.

There was a clear correlation between particle confinement and MHD fluc-
tuations. Higher densities resulted from puffing into discharges with low-
level Mirnov oscillations and clear internal disruptions, as opposed to dis-
charges with high-level oscillations and no (or very weak) internal disruptions.
Furthermore, a moderate gas puffing early in the discharge (10-20 msec) fre-
quently converted the MHD signature to that favorable for strong gas puffing.
Such a technique was used to obtain higher densities, as for the discharge
illustrated in Fig. 2. The maximum line-averaged density allowed without
disruptions was 7 X 1013 cm"^ at 13 kG, which is about 4.5 times higher than
that resulting from the BT/R scaling [9].

Although gas puffing was the main 'fueling' method in ISX-A, injection of
solid hydrogen pellets with radius =0.3 mm was used successfully, as shown in
Fig. 3 [6]. These pellets normally deposited the density increment at r — 15 cm,
as indicated by the ablation rate calculated from the Ha radiation and the
measured injection velocity (̂ 330 m/sec). The density (n ) rose by 30% within
0.3 msec (̂ pellet lifetime), and remained elevated above the base density
level by this amount for the rest of the discharge. The Thomson scattering
measurement showed that the density profile quickly relaxed to one similar to
the base profile, indicating fast radial transport. The value of dn /dt
(=3 x 10 1 7 cm""3 sec"1) was much higher than could be obtained with gas puffing,
for which the limit was set by disruption. The ohmic heating consumption and
wall power loss per particle injected by the pellets were smaller by a factor
of about two than those with gas puffing to achieve the same density increment.
These observations indicate the advantage of fuel deposition deep in the
plasma. Figure 3 also shows a case where injection of a larger pellet initiated
large (m = 2) Mirnov oscillations which caused a gradual n decay subsequent
to the initial rise. e

3. SCALINGS OF CONFINEMENT PARAMETERS

Parametric dependences of plasma parameters were studied by systematically
changing discharge conditions. Here the confinement parameters obtained
(T_, (?„,, etc.) are reviewed and compared with empirical scaling laws.

In view of the strong dependence of Tg on rl observed in various tokamaks

[8, 10], scalings of plasma parameters with density ('ii scan') were emphasized.

Figure 4(a,b,c) shows the results of a ' n scan' with deuterium plasmas. The
central ion temperature data are supplemented by data taken during a quick
survey, while other data and discussions thereof are based on 'profile'
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sequences consisting of 10-20 reproducible discharges. An important feature
of this scan is the fact that the Z ,, value was constant and low (1.7 ± 0.2)

—over the entire density range studied (n = 1-5.5 x 1013 cm"3), as seen in

Fig. 4(a). This constancy sharply contrasts with the normally observed reduc-
tion of Z with rT . Both T (0) and <T > fell with rising density [Te(0) <\,

n"1'2; <T > ^ n" 1' 4]. Since Z was constant, this behavior resulted in
e e e eff
increasing V. The T.(0) (both from charge-exchange analysis and absolute

1013 cm 3, beyond which itneutron flux measurement) increased with n < 3.5
tended to decline. Therefore the total energy content [or equivalently total
poloidal beta <£„> as shown in Fig. 4(c)] tended toward saturation. The
behavior of loop voltage and energy content produce the trend of Tg with ri
seen in Fig. 4(c). This saturation (or decrease) of T E with n cannot be
compensated by inclusion of dW/dt (which is small) in the definition of x .

The period (At) of sawtooth oscillations (internal disruptions) of the
soft x-ray intensity along a central chord increased from 2 msec (at iT =1.3
1013 cm"3) to 5-6 msec at n = 3 x 1013 cm"3, beyond which it was nearly
constant. If we assume the singular radius (rj) for q(ri) = 1 to be approxi-
mately constant (r^ = 8 cm), the central heat conductivity estimated from the
period [x(0) = 3r^/8At] [11] is consistent with those from TE.
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FIG. 6. Gross energy confinement times as a function of ne for three different sets of current
and toroidal field in hydrogen discharges.

MHD modes do not account for the behavior of T at large n . Power loss
associated with the internal disruptions was generally small and diminished
with rising ri . Further, in these scans the Mirnov oscillations were of very
small amplitude, B /B < 0.1% at the edge.

0 0

Radiative power losses do not seem to influence the energy balance in the
plasma core. Although wall power (radiation and charge-exchange losses)
measured by a pyroelectric radiometer increased with rising ri and constituted

of the total ohmic power, most of the loss is considered to originate at
the radii >2a/3.

Finally, the ion energy balance is significant, because ion energy
content is comparable with electron energy content in these pure plasmas,
especially at high n The dependence of T.(0) on n is consistent with the

neoclassical prediction. In Fig. 4(b) we show a comparison between the
experimental Ti(0) and the values calculated from a 1-D transport code. The
theoretical calculation assumed ion heat conduction coefficients of both one
and two times the neoclassical values (Xfjc) [12] and used the measured T (r) ,
ne(r) and central neutral density, the latter from charge-exchange analysis.
The agreement shown and the similar dependences of experiment and theory on
plasma parameters (n , I and B ) indicate that ion confinement was consistent

with neoclassical theory to within uncertainties of a factor of about two.
The power loss through ions has a significant influence on electron power

balance at high density. Because of its sensitivity to ion temperature
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profiles, we calculated the electron-ion heat transfer (P .) based on theo-
retically calculated T.. (r) with 1-2 xNC- Furthermore, we considered an
integral power balance within a radius of 2a/3 for electrons because: (1) 80%
of total energy was contained within this volume, and (2) atomic processes
were dominant outside this radius. Figure 5 shows the n dependence of the
electron energy confinement time,

rEe(r) = We(r)/[P0H(r) - Pei(r) - dWe(r)/dt] (1)

at r = 2a/3. Within the uncertainties of 1-2 xNr> t continues to increase

almost linearly with rf . The values of T . , based on the theoretical model,

do decrease with n . Since gross energy confinement time is given by

TE = TEe ( 1 " Pei/P0H> + TEiPei/P0H (2)

the saturation (or decrease) of Tg is understood as increased electron-ion

coupling and relatively poor ion confinement (due to low B~) at high if ,

factors which overcome a continuing improvement of electron energy confinement
with ii .

e _

So far we have discussed the results of only the n scan with deuterium.

The n~ scans with hydrogen exhibited similar behavior of Tg with ~n , although

experimental conditions (such as Zeff> puffing conditions, etc.) were less

consistent. Figure 6 shows data for three different sets of I and B . Addi-

tional data sets indicated that Tg improved with I (mainly due to n t> I)

down to q, - 4. At lower values, a slight deterioration of T £ was observed.
Values of T E obtained in ISX-A were higher than those predicted by the

usual empirical scaling laws. For example, they exceed the scaling of Jassby
et al. [13] by factors of 1-3 (1.6 average), and that of Hugill-Sheffield
[scaling 1-1 of Ref. 14] by 1.5-4.5 (3.1 average). The best fit at densities
above 1 x lÔ -3 cnf~

3 is obtained by the Mirnov scaling [15] (TJJ = 3 X 10~"
a^I \f!T; sec, cm, A, 1013 cm"3). There ISX-A data are higher by a factor of
1-2 (l.f average). The highest 6 (0) value (2.2% at 12 kG) obtained in ISX-A
is comparable with the highest published value (Doublet II, 2.1% at 8 kG [16])
for ohmically heated tokamaks. Values of 6T increased with both current and
density, indicating that B-, rose with ohmic heating power.

4. IMPURITIES AND THEIR EFFECTS

As shown in Fig. 1, values of Z g f f inferred from conductivity steadily
decreased from 3.5 to 1.6 during the six-week period of discharge cleaning and
approached unity with titanium gettering. The trend correlated well with the
residual gas analysis [5] and the surface physics analysis of samples exposed
to tokamak discharges [4]. Ultraviolet spectroscopic measurements showed that
oxygen, carbon and nitrogen accounted almost totally for the z e f f values.
The soft x-ray enhancement factor approached unity for the cleanest discharges.

The radiative power losses, measured by spectroscopy and the pyroelectric
radiometer, were low in ISX-A. With Z f f near unity, hydrogen light dominated,

and both measurements indicated that only «=20% of the ohmic heating power was
radiated. As Z ... increased, the absolute value of the hydrogen line intensity

declined and impurity lines radiated up to 50% of the ohmic heating input.
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The only metals in ISX-A — iron, chromium, nickel and titanium (from gettering) -
accounted for less than 8%. The fraction of input power radiated was typically
less than half that observed in ORMAK, where emission from tungsten (off the
limiter) dominated the radiative losses [17].

Effects of heavy metal impurities in plasmas were simulated [18] by
injecting a short (<0.2 msec) burst (<0.1% of the total number of electrons) of
tungsten into established discharges using Q-switched laser irradiation on a
thin film [19]. Relative to discharges without tungsten injection, the in-
jection produced an increase (̂ 20%) in loop voltage and a small density rise
(<7%); it reduced T E by 20-30%, and it always led to disruptive instability
after an interval which was inversely correlated with the amount of tungsten
injected. T (0) decreased by ^40%, resulting in a hollow T profile. The
energy flux to an uncollimated radiometer at the wall increased by a factor of
two. Signals of a collimated six-detector radiometer array indicated inward
propagation of the zone of maximum radiation; the central detector signal
continuously increased up to a factor of six higher than that before injection,
while the outer (%2a/3) detector signals increased by a factor of three in
about 5 msec and then started decaying. Most of the features of the time-
dependent radiative loss and T (r) (including the hollow profile) were repro-
duced by numerical simulation with a multispecies impurity transport code [20].
The simulation used the pseudoclassical electron heat conduction and impurity
transport coefficients corresponding to twice the neoclassical values.

Aside from mild, transient ones upon strong gas puffing, the hollow
profiles produced by tungsten injection were the only ones observed in ISX-A.
Had a heavy metal limiter been used instead of stainless steel, they would
likely have been more common (as suggested by the experiences of ORMAK, PLT
and DITE) and the effects on T E more severe than those with tungsten injection
in ISX-A. The effects accompanying tungsten injection were absent in the cases
of the aluminum and neon injections used in conjunction with the impurity flow
reversal experiment.

With two weeks of experiments remaining, retractable carbon (ATJ-S graphite)
limiters were inserted in the top, bottom and outside ports of one diagnostic
section. Unfortunately, comparative studies of carbon and stainless steel
limiters [5] were somewhat obscured by slow recovery of the vessel from carbon
contamination (see Fig. 1). Overall plasma parameters on the last day of
operation showed little difference between steel and carbon shots, although
Z -. with the carbon limiters was higher (2.8 vs 1.8) and T (r) profiles were

somewhat broader than those with steel limiters.
The above observations suggest that the good confinement observed in

ISX-A resulted largely from low levels of radiation losses, particularly those
from high-Z impurities. In this context the most important feature of the
experiment was the use of stainless steel limiters rather than tungsten or
molybdenum. Good feedback control of plasma position and possibly the large
gap (6 cm average) between plasma and wall also contributed.

5. IMPURITY FLOW REVERSAL EXPERIMENT

Neoclassical transport theory [21, 22] predicts that a poloidally asymmetric
source of protons can reduce or reverse the inward transport of impurity ions,
thereby providing a method of impurity control in tokamaks. This prediction
has been tested by observing alteration of the transport of an injected neon
impurity in the presence of poloidally localized injection of hydrogen gas.
The results are qualitatively consistent with theoretical expectations [3].
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Theoretical calculations have shown that in the presence of asymmetric
sources the radial flux of an impurity V of charge Z is given by [22]

1 3p,

I
3T\

" I eBTRo - A2
Tl (3)

where the subscript i(I) denotes protons (impurities), e is the magnitude of
the electron charge, and the quantities Aj and A2 aie numerical factors of
order unity. Equation (3) indicates that radial transport is driven by
gradients in the density n and temperature T(p = nT), but that the sin S
Fourier components of the proton source a and the heat source a can also
affect the flux.

The poloidally asymmetric proton source and heat sink was generated in
ISX-A by gas puffing through nine (thus almost toroidally symmetric) injection
tubes near the bottom of the vacuum vessel. The poloidal asymmetry of the
sources was somewhat enhanced by depositing a layer of titanium getter over
the top half of the chamber every few shots, thus reducing hydrogen recycling
there. The transport of impurities in the presence of the source was studied
by observing radiation from the Ne VIII line subsequent to the injection of a
short burst of neon into the plasma.

Since the effects of the source depend on BT [as seen in Eq. (3)], the
change in the polarity of BT can be used to separate the effect from that of
other plasma parameters, provided similar plasmas can be made with both polar-
ities. In order to minimize effects of toroidal error fields, the direction
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of plasma current was also reversed whenever B T was reversed. Comparisons of
various plasma parameters around the time of gas injection verified the simi-
larity of discharges of both polarities, as exemplified by the line-averaged
electron density and H radiation in Fig. 7(a) and (b).

Theory predicts that with gas injection from the bottom of ISX-A, the
spectral intensity (S) of Ne VIII should be smaller for a counterclockwise
(CCW) field than that for a clockwise (CW) field, so the normalized difference
A = (S c w -

 s
c c w ) / (

s
c w +

 s
c c w )

 s h o u l d fce positive. All data in Fig. 8 indicate

A > 0. Futhermore, the point with zero injection rate (corresponding comparison
of the signals before H2 gas injection) indicates A = 0.01 ± 0.10, which is
consistent with theoretical prediction (A = 0 ) .

For the range of gas injection rates used in ISX-A, calculations have
shown that, if the background plasma does not change, A should vary linearly
with the gas injection rate. A linear relationship is manifested in the
higher density (n = 2.1 x 10 1' cm"^) points in Fig. 8. Hence, a simple model
based on the assumption of an unchanging background plasma can be used to
understand this portion of the data.

The dependence of the flow reversal effect on density at a given gas
injection rate was studied by varying the trigger time of the neon pulse. As
is shown in Fig. 8, A decreased as density rose. This is consistent with
Eq. (3), since the sources appear there normalized by the local density and
since decreasing neutral penetration causes the sources themselves to decrease
as density rises.

Transport code calculations have been performed in an attempt to match
the observed neon transport times and the magnitude of A to the theoretical
predictions. In most cases, transport times are consistent with pure neoclas-
sical predictions and the observed values of A can be obtained from sources
a and a that are consistent with the measured gas injection rates.
Unfortunately, the uncertainties in the profiles of n (r), T (r) and T.(r)

near the plasma edge and the factor-of-two uncertainty in the atomic rate
coefficients for neon do not allow us to rule out the possibility that factor-
of-two-variations in transport coefficients would still be consistent with the
data.

The following observations are also of some interest:

(1) No consistent variation of aluminum spectroscopic signals with gas
injection was found when aluminum was injected as the test impurity
via the laser injection method [19]. This may be because the
intense injection (1016 atoms with 1-6 eV energy impacting a 10-cm2

spot on the plasma in 200 usec) allows the aluminum, through self-
shielding, to penetrate past the 1-2-cm-thick boundary layer where
the flow reversal effect exists. (The 1-2-msec-wide neon pulse
of about 10 1 6 room-temperature neutrals is spread over 2600 cm2.)

(2) No consistent effect of gas injection on the naturally occuring
impurities (oxygen, nitrogen, titanium, argon) was found. This is
probably due to the difference in the initial impurity populations
caused by dissimilarities in the breakdown phases of CW and CCW
discharges (see Fig. 7).

In conclusion, the effect of gas injection on the neon test impurity is
consistent with the impurity flow reversal effect predicted by neoclassical
transport theory. Since the theory predicts the effect will increase with
toroidal field and major radius [see Eq. (3)], this effect should be more
significant in the larger, higher field machines of the future.
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6. SUMMARY AND PROJECTION

The long energy confinement time at low Bj has led to Brj, values which are
among the highest achieved in ohmically heated tokamak plasmas. However, !„
tends to saturate at high density, apparently due to increased electron-ion
coupling and approximately neoclassical ion heat conduction which is relatively
large because of low B̂ .. If large supplementary heating power heats ions
independently of the ohmic heating process, then this limit of tE may be
overcome without a need to raise the toroidal field. Reducing and controlling
impurities, which was a key element of the success of ISX-A, is a major concern
with high-power supplementary heating. Results of the impurity flow reversal
experiment are promising in this aspect, but at the same time it reminds us of
the need for increased understanding of the plasma boundaries.

The ISX-B device, a modification of ISX-A equipped with high-power neutral
beam injectors, is now beginning its operation and will explore high £}„
limits in a tokamak with noncircular cross-section. At the same time, it will
carry on the confinement and impurity studies (including the impurity flow
reversal experiment) with more reactor-relevant plasma parameters.
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DISCUSSION

H. WOBIG: What determines the high-density limit, the disruptive instability
or the shortage of Ohmic power?

M. MURAKAMI: The disruptive instability.
H. WOBIG: Does the scaling of the confinement time in the high-density

regime depend on the impurity content?
M. MURAKAMI: Impurities affect MHD stabilities as well as radiation losses.

These effects become increasingly severe at high density. In ISX-A, we tried to
minimize impurity concentrations and MHD instabilities. Furthermore, in
considering Tg saturation, we chose the radius of 2a/3 to avoid having a plasma
edge where radiation losses (from low-Z impurities) would become significant.

D.E. POST: What experimental evidence for tungsten impurity accumulation
do you have (spectra, time-resolved or bolometer data)? The PLT group finds that
the tungsten density is either flat or at most proportional to ne. Simulations are
questionable since they depend on the radial variation of the electron conductivity
at the centre to drive the thermal instability which drives the central temperature
down and produces the hollow Te profile.

M. MURAKAMI: Signals from a six-detector pyroelectric radiometer array
showed continuing (> 20 ms) inward propagation of the zone of maximum
radiation, while the central electron temperature decreased. Since radiative power
for equal electron and tungsten densities is expected (from the Jensen and Post
calculation) to decrease with decreasing temperature, the experimental indication
was interpreted as accumulation of the impurity at the centre. The computer
simulations with basically (within a factor of two) neoclassical impurity transport
coefficients supported this interpretation.
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J.P. GIRARD: You said the energy confinement is greater in deuterium
than in hydrogen. Do you think this is due to different behaviour of deuterium
and hydrogen ions, or is it due to different re-cycling?

M. MURAKAMI: Since the difference already appears at low densities
where electron-ion heat conduction is negligible, it must be related to differences
in electron confinement. Phenomenologically, the deuterium plasmas-have tended
to have lower loop voltage as well as better MHD stability (lower Mirnov oscilla-
tions and high (fre)max without disruption), in spite of a somewhat higher radiation
fraction than is found with hydrogen in ISX-A. We do not understand the mecha-
nisms responsible for these phenomena.

R.J. GOLDSTON: When we try to decide whether ion energy transport
is neoclassical, we also have error bars on the experimental measurement, as you
do, but we find that there must be error bars on the theoretical calculation as well,
owing to uncertainties in Zeff(r), q(r), n^r) and no(r). Have you estimated these
error bars on the theory for ISX conditions?

M. MURAKAMI: Since Zeff is low (=* 1.7 ± 0.2) for these discharges,
uncertainties in Zeff (r) and n^r) are small. Similarly, uncertainties in q(r)
for ohmically-heated discharges are expected to be small. We studied the effects
of neutral density, no(r), in some detail and found that the ion temperatures were
affected by neutral density (through charge exchange and convection) only at low
densities (ffe < 2 X 1013 cm"3). It follows that these uncertainties would not have
been so severe at the high densities where the saturation of rE occurred. However,
one has to confess that considerable uncertainties remain in the neoclassical theory
itself, which is constantly evolving. We used the neoclassical ion heat conductivi-
ties given by HINTON, F.L., HAZELTINE, R.D., Rev. Mod. Phys. 48 (1976) 239.
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Abstract

DEUTERIUM DIFFUSION STUDIES IN A TOKAMAK PLASMA BY PULSED INJECTION.
The space and time evolution of the injected deuterium density in a helium tokamak

plasma is investigated. The experiments were carried out in the Tokamak-4 device in the
following regime: H2 = 30 kOe, I = 90 kA and (ne> = 2 X 1013 cm"3. The deuterium density
was determined by analysis of fast neutral deuterium atoms undergoing charge exchange in a
hydrogen beam. The deuteron confinement time in the central column zone of 20—25 ms,
measured in this manner, is close to the previously measured life-time of argon of 30-35 ms.
Conclusions are made in the paper on the absence of a strong dependence of particle life-time
on charge. It is shown that the confinement time increases as the discharge current increases
and does not depend on electron density.

The problem of diffusion of the ion component is one of the main topics of
to-day's tokamak physics. It became particularly important since papers
indicating possible high-Z impurity concentrations in the central plasma
column regions had come out. However, later it was found out that no plasma
impurity accumulation exists in most of the tokamaks.

Meanwhile Pulsator experiments had shown [1] that a lowering of their absolute
impurity level occurred when the electron density was raised by pulsed hydrogen
injection, a fact that hinted at the existence of some plasma cleaning mechanism
in such discharges.

Simultaneously, a mechanism of anomalously fast hydrogen transport to the
plasma centre was observed in the Alcator experiments [2]. These experiments
evoked great interest in hydrogen diffusion in the plasma.

This mechanism of hydrogen diffusion is studied in the present work by
applying the method of pulsed deuterium injection into helium and hydrogen
plasmas. Studies on the spatial and temporal evolution of the injected-deuterium
density were performed.

The lay-out of the experiment is shown in Fig. 1. A pulsed valve injects
deuterium in the stationary stage of the discharge. The injector, placed at the
opposite cross-section of the tokamak, is located at the bottom; in the horizontal
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H Beam

Injector

FIG.l. Experimental lay-out.

plane, there is a five-channel neutral-particle analyser providing both electric and
magnetic analyses. At a selected instant of time, the injector generates a beam of
monoenergetic hydrogen neutrals. The deuterium ions undergo charge exchange
in the beam and yield a flux of neutral deuterium atoms which are then recorded
by the analyser.

The beam parameters are E = 10 keV, j = 10 mAcm" 2 , T = 200 jus, and the
cross-section in the plasma centre is 7 cm X 3.5 cm.

A certain level of neutral hydrogen atoms, which was always present
in the plasma and originated from the chambers walls, produced a passive
signal coming from the line of sight of the analyser. From that signal
the active one could be distinguished by its higher intensity and short
duration. It was possible to observe the whole plasma column by rotating
the analyser in a vertical plane about a fixed axis. The experiment was conducted
with Hz = 30 kOe, Ip = 90 kA, ne = 2 X 1013 cm"3. All discharge parameters are
shown in Fig. 2.

The experiment was performed in helium plasma in order to decrease the
charge-exchange processes. As estimates showed, the hydrogen background could
be neglected. However, the valve introduced a large number of deuterium neutrals
leading to an acceleration of deuterium penetration because of charge exchange.
Figure 3 shows the dependence of the analyser signal on the Dp signal for the region
near the valve. The experiment was performed 12 ms after the injection had
started, with the analyser placed at the centre. Deuterium penetration is a linear
function of the amount of the injected gas so that we have grounds for assuming
that the charge-exchange flux does not contribute much to the process of deuterium
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FIG.2. Typical oscillograms for Hz = 30 kOe discharge in helium.
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FIG.3. Dependence of signal amplitudes of neutral-particle-analyser energy channels on Dp in
region close to valve.
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FIG.4. Time dependence of deuterium density for three distances from column centre:
r = 0, r = 5 cm downwards and r = 10 cm downwards. "Injection" — Dp signal in valve region.
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FIGS. Deuterium density distributions for three moments of time: 4, 22 and 44 ms from
beginning of injection.
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penetration into the plasma centre since, otherwise, this function would be para-
bolic. The purpose of our experiment was to study the plasma characteristics so
that we had to choose a level of injection not likely to cause appreciable changes
in the discharge.

The linear increase of the signals with the level of injection also attests to
the fact that the perturbation of the discharge was negligible, even at a high level
of injection. Nevertheless, the typical experimental level was chosen to be two
to three times as low.

In Fig. 4, the variations of the deuterium density in time are given for three
spatial points, r = 0, 5 and 10 cm below the midplane. The time dependence
of the Dj3 line is also shown in this figure for the region near the valve.

We notice that the maximum peripheral density does not exceed the
maximum central one, which proves the existence of a deuterium influx
corresponding to inward accumulation of deuterium.

The evolution of the deuterium density profile is shown in Fig. 5 for three
instants of time. At the initial moment of injection, the profile is seen to change
from a skinned shape at r = 4 ms into a stationary one at T = 22 ms, a shape which
does not change very much in the following. The good reproducibility of the
points in the lower part of the discharge should be noticed, whereas substantial
scatter is observed in the upper part. We also see, on the average, some asymmetry.
To discover the reason for this asymmetry, we performed a special experiment,
involving variation in the direction of the main magnetic field axis. This experiment
was done 22 ms after the start of the deuterium injection; the analyser was placed
10 cm below the midplane. The change in the direction of the magnetic field did
not cause any increase in deuterium density in this case, which proved that there
was no real asymmetry.

A strong passive deuterium signal was, however, recorded in studying the
radial deuterium profile in the upper half of the discharge; it was 10 times as
intense as the signal from the lower half. The direction of this asymmetry was
reversed with a reversal of the main magnetic field. This confirms the existence
of strong plasma-wall interaction and, accordingly, an intense influx of neutrals
from that part of the chamber which is bombarded by locally trapped ions.

The change in the direction of the magnetic field did not cause any change in
density or in the passive signal when the analyser was aimed at the centre. Hence,
the direction of the magnetic field does not affect the process of deuterium
penetration into the centre of the plasma column.

The deuterium density begins to decrease monotonically after reaching its
maximum, with a characteristic time of 25 ms as is shown in Fig. 4. An evaluation
of the deuterium reflection from the walls, on the basis of the passive signal and
with allowance for the role of the limiter [3], yields a deuterium life-time of
20-25 ms. Taking into account the fact that the life-time of argon is 30-35 ms,
we conclude that there is no strong dependence of the confinement time on the
particle charge in the centre of the plasma column.
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Calculated deuterium diffusion curves are also shown in Fig.4. The diffusion
equation was taken in the following form:

3nd 1 9 f dnd(r, t) na(r, t) 9nHe(r)
" • = - —D(r) nHe(r)8t r 3r I " c v ' dr ZH e

where nd(r, t) is the deuterium density, and nne(r) the helium density.
The diffusion coefficient was taken 2.5 times as large as the neoclassical value [5]
in order to obtain the best fitting of the calculated central curve. Although the
first stage of the process is described well under these assumptions, in the decay
stage the calculated profile is much broader than the experimental one. On the
other hand, we do not think that there are any reasons for increasing the ion-ion
interaction by taking neoclassical ion heat conductivity into account. This
difficulty can be overcome by inserting, as is done in Ref. [6], a new term in the
expression for the impurity flux due to electron anomalous diffusion. The
necessity for such a term becomes more evident in the case of argon diffusion.
It is this term which prevents argon from long-time accumulation in the centre,
as is shown by neoclassical calculations. Although the functional dependence of
this term is no yet clear, some calculations are under way.

The temporal variation of the analyser amplitude signal for an energy of
550 eV is shown in Fig. 6 with the analyser directed into the plasma centre. In
these experiments, the discharge current was twice as small as the current in the
experiments mentioned above. The ion temperature was 200-250 eV and did not
vary much in time; the signal had to be proportional to the central deuterium
density. The latter reached its maximum earlier and dropped much faster than
had been observed with a current of 90 kA in previous experiments. So, there is
a strong dependence of the central deuterium life-time on the discharge current.

We also varied the electron density 2.5 times; no notable change in
diffusion time was, however, noticed. At the same time, the life-time of hydrogen
in a hydrogen plasma is supposed to be a linear function of the electron density.
This phenomenon is, first, due to a linear increase of the electron density in time
for constant gas influx velocity, as was observed in the Alcator and also in our T-4
experiments. Secondly, this fact results from an experiment with pulsed density
rise as is shown in Fig. 7. A pulsed valve was opened for 15 ms in the stationary
stage of the discharge, resulting in a more than twofold increase in density.

Meanwhile, the rfy radiance did not vary much on the opposite side of the
limiter and showed a decrease of 20% at a distance of 2.5 cm away from it. If the
H(j intensity is assumed to be proportional to the influx, the average life-time had
a twofold increase, too.

We also tried to study deuterium diffusion in hydrogen by means of active
diagnostics. It was, however, found that in this experiment the increase in
electron density was seven times as large as the value observed during injection of
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FIGS. Experiment on deuterium infection into hydrogen plasma. Discharge characteristics:
Hz = 30kOe,I=90kA.

deuterium into helium, owing to hydrogen influx, obviously originating from the
walls. So we were forced to lower the level of injection, and the useful signal
turned out to be weaker than the background one.

This experiment was performed with passive-signal recording only. Its results
are shown in Fig. 8. Hydrogen and deuterium charge-exchange fluxes were recorded
in turns at the same energies in this experiment. Then, the average deuterium
density along the line of sight was determined from the ratio of the analyser signals,
taking into account the relative sensitivity of the analyser with respect to hydrogen
and deuterium. As the energies were rather high, the signals characterized the
central region of the plasma column. Thus, this experiment was analogous to the
active one performed in helium. It is a striking fact that 2.2% of the deuterium
appeared in the central region while the electron density showed an increase of 25%.
The deuterium diffusion is 1.5 times slower in hydrogen than in helium discharges;
so, we may assume that charge exchange does not contribute much in these
conditions since charge exchange accelerates the penetration process. As electron
density increases 1.5 times at a high level of injection, the process is substantially
slower, which may be due to an increase in life-time with density.
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Summarizing, we should like to draw the following conclusions:
1. The method of studying diffusion by pulsed injection of deuterium allows

us to study the mechanism of deuterium diffusion in helium and, obviously, also
in hydrogen plasma. In contrast to other methods, this procedure yields the life-
time for the central regions of the plasma column and also enables us to determine
the radial dependence of deuterium penetration into the plasma. Injection of
deuterium, together with that of argon (or, may be, of crypton for higher
temperatures) constitutes a uniform standard method of studying diffusion in all
tokamaks. Its advantages are obvious:

a) Stationary ions are, in all cases, concerned; they are the most representative
species.

b) It is possible to apply the method without disturbing the main plasma and,
thus, to obtain its properties and their interpretation more easily.

c) Because of the large difference in charge, impurity diffusion can be studied
as a function of charge.

d) All these experiments are relative because they do not depend on absolute
measurements, cross-sections of atomic processes or assumptions on a uniform
distribution of fluxes over the plasma column.

2. The life-time of deuterium is 20-25 ms in helium plasmas, which does not
differ much from that of argon, which is equal to 30-35 ms [4]. This allows us to
assume that the dependence of particle life-time on particle charge is either weak
or non-existent, at all; the diffusion time of deuterium in hydrogen is longer than
that in helium).

3. Neoclassical diffusion appeared to be slower than the experimental one.
The radial profiles of deuterium in the decay stage are much more peaked than is
predicted neoclassically. This discrepancy can be attributed to the effect of
anomalous electron diffusion. This assumption is also strongly supported by
experiments with argon injection.

4. There is a strong dependence of the deuterium diffusion time on the
discharge current in the tokamak. However, the life-time is not a function of
electron density in helium, whereas it may depend on the current in hydrogen
plasmas.

We should like to stress the fact that all experiments with deuterium and
argon were performed with a carbon limiter, and all conclusions are valid for
discharges dominated by light impurities and showing a peaked electron profile.

Finally, the authors would like to thank K.A. Razumova for her constant
interest in this work, for permanent discussions as well as for the fact that she
enabled them to perform the experiments as such; furthermore, they express their
gratitude to V.S. Mukhovatov for fruitful discussions, and to the whole T-4 team
for an efficient operation of the device.
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Abstract

DISTRIBUTION OF PLASMA AND IMPURITY FLUXES ON THE WALLS OF THE DITE
TOKAMAK.

Measurements are described of the spatial distribution of impurities deposited on the walls
of the DITE tokamak. Layers have built up of ~ 0.1-1.0/im thickness which contain Fe, Cr,
Ni, Mo, O, C and H. Detailed depth profiles of hydrogen implanted in the solid have been
obtained and concentrations of ~ 10 at.% over 0.1 fim are typical. The oxygen and carbon
concentrations are ~ 1-5 at.% and 5-10 at.% respectively. Much higher concentrations of
O and H have been detected on areas of the torus on which titanium has been evaporated.
The effect of these deposits on the tritium inventory of machines operating in DT is discussed.

I t i s now well establ ished that there are d i s t i n c t sources and sinks for
impuri t ies in tokamaks [ 1 , 2 ] . Erosion occurs at a rapid ra te at the l imi ter
and other probes near the plasma boundary while impuri t ies are deposited
fur ther out on the wall of the vacuum vesse l . The deposit ion r a t e at the
wall has been reported to be ^ 1013atoms cm"2 discharge" 1 in a number of
tokamaks [2 ,3 ,4] although large periodic va r ia t ions around the major
circumference have a l so been reported [4], In the present paper we present
measurements of the impurity deposition around the minor circumference at three
major azimuthal pos i t i ons . We have also measured the hydrogen concentration
as a function of depth. There i s evidence of a cor re la t ion between the amount
of hydrogen and the thickness of the deposit on the wall . In a l l cases the
wall material has been exposed to ^ 8 500 tokamak discharges and ^ 1.8 x 105

cleaning d ischarges . Thus the deposits are the integrated effect over many
di f fe ren t types of operat ion. Such an inves t iga t ion i s of i n t e r e s t in order
to see the long-term effect on the wall s t ruc tu re and to find out the
integrated ef fec t of hydrogen implantation in order to extrapolate to t r i t ium
inventor ies when operating fusion devices in D-T mixtures.

UKAERE, Harwell, Didcot, Oxfordshire.
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FIG. 1. Azimuthal variation of metal deposited around the minor circumference-
la) Iron deposition on ceramic ring,
(b) Molybdenum deposition on ceramic ring,
(cj Molybdenum deposition on bellows shield I.
(d) Molybdenum deposition on bellows shield II.
O: Optical spectroscopy analysis.
• A : Rutherford Back-scattering analysis.

SPATIAL DISTRIBUTION OF METAL DEPOSITION

Three samples were available after the first operational phase of DITF.
One was a ceramic ring made from electrical porcelain 600 mm ID x 38 mm long,
which was used as the insulating gap, and which was exposed to the plasma.
The other two were stainless-steel bellows shields 600 mm ID x 230 mm long x
1.6 mm thick. All the samples were under toroidal field coils: the ceramic
and bellows shield I were under coil 8 (out of 16 coils) and bellows shield II
was under coil 14. The ceramic was found to have a visible metal layer
deposited on it completely around the inner surface which had been exposed
to the plasma. Samples were cut from it around the circumference, the metal
removed chemically and the solution analysed using optical emission spectro-
scopy. Some results are shown in Figure l(a) and (b). Two samples were
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also examined using Rutherford Backscattering and found to agree within experi-
mental error. The results show that the deposition is uniform, apart from a
rather striking maximum at an angle of 60° below the outer median plane.
Chromium and nickel have similar distributions, the chromium being ^ 15% of
the total metal layer, and nickel being 8%. The ratio of chromium/iron is
somewhat higher and the nickel/iron a little lower than the results previously
observed at other azimuthal positions [2]. The molybdenum comes from the
limiters and the other metals from the rest of the structure. It was
initially suspected that some asymmetry in the torus might be responsible for
the maximum in the distribution, but no obvious source has been found, h'e
have also examined the behaviour of the plasma at the end of the discharge
and found that it normally stays stably in the centre until the current has
decayed and then moves inwards. The field curvature at the outside of the
plasma is such that one might expect a larger cross-field diffusion due to
fluctuations there [5] but no detailed explanation can be put forward to
support this hypothesis. The total amount of metal in the thin film is ^
10*° atoms cm"2, which is consistent with ^ 1013 atoms cm-2 per tokamak
discharge previously observed [2] if we assume that the discharge cleaning
shots deposited as much metal as tokamak shots.

Since the metal deposited on the ring is mainly Fe, it is obviously
difficult to detect it on the stainless-steel bellows shields. These bellows
shields have been analysed as a function of minor azimuth using Rutherford
Backscattering of 2.5 MeV H + ions and 2.0 MeV He+ ions. On bellows shield II
there is a significant amount of titanium due to the evaporation of titanium
as a getter to remove oxygen and carbon [6]. No titanium is observed on
bellows shield I consistent with the fact that it was in a position which
could not directly view the titanium evaporator. Molybdenum is also observed
on both shields but in rather small quantities compared to that on the ceramic
ring. In the case of bellows shield II this could be because the evaporated
titanium has covered up the molybdenum. The spatial variation of the molyb-
denum deposit around the minor azimuth is fairly uniform with no peak comparable
to that observed on the ceramic ring (Figure 1(c) and (d)). Associated
with the deposited metal is a significant quantity of carbon and oxygen. Two
specimens from each of the three pieces of material have been analysed for
carbon and oxygen using the 12C(d,p)13C and 16O(d,p)17O reactions. The carbon
concentration in the surface was typically 1 to 2 at.% in to a depth of 1 to

2 \im. The oxygen concentration was generally 5 to 15 at. % to a depth of 0.5 to
1 pm. More oxygen and carbon were observed on the bellows shield with titanium
than the one without titanium, and the carbon was deeper at the point of
maximum metal deposition on the ceramic sample than on the rest of the ring.

DISTRIBUTION OF TRAPPED HYDROGEN

The hydrogen trapped in the wall has been investigated using the same
samples as for the analysis of the metals. Some preliminary results have
already been published [7], Hydrogen profiling was carried out using the
resonances in the cross, section for either the 1H(7Li,y)8Be or 1H(_} 5N,ay) 12C
reactions [8]. The energy of the incident ions, 7Li or 15N, obtained from
the Harwell Tandem Van de Graaff, was varied so as to control the depth at
which the resonance was reached in the solid. The yra>' yield is proportional
to the amount of hydrogen in the depth range covered by the resonance. The
two reactions are complementary, having a depth resolution at the surface of
170 run for 7Li and 5.0 nm for 15N,and total depths of analysis of about 10 and

3 pm respectively. Sample profiles from the different specimens examined are
shown in Figure 2. It is clear that the bellows shield II has significantly
higher concentrations to greater depth than the first bellows shield. This
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FIG.2. Depth distribution of hydrogen implanted in the wall.

(a) Bellows shield II 0° minor azimuth (nLi analysis).

(b) Bellows shield II2 70° minor azimuth (''Li analysis).
(c) Bellows shield I 90° minor azimuth (1SNanalysis).
(d) Unexposed stainless steel (15N analysis).

is the shield which we noted earlier had a significant layer of titanium
evaporated on it over a period of about one month's operation in the tokamak.
The deuterium concentration was also analysed using the 3He(d,p)'*He reaction,
and the same general picture emerged. The deuterium concentration in the
titanium-covered specimens was 15 to 20 at.% up to a depth of a f ew pm, "*-2 to 4 at.
% in the ceramic with the thick layer of iron, while in the samples without
titanium it was •£ 0.2 at-% averaged over the first vim. The high hydrogen and
deuterium concentrations are to be expected in titanium as it has a high
trapping coefficient for incident protons and deuterons [9] and a high
solubility for H 2 and D_.

DISCUSSION OF TRITIUM INVENTORIES

From the estimates of the hydrogen concentration in the walls it should
be possible to make some predictions about the tritium inventory in the first
generation of tokamaks using D-T fuel, if we assume that the plasma wall
interactions are the same as in present tokamaks. It is clear from earlier
measurements of recycling using the changeover from hydrogen to deuterium
[10] that the gas used to fill a tokamak largely goes to the wall during the
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discharge, releasing other gas from the wall to form the plasma. Thus a
significant inventory of tritium in the walls has to be reached before the
relative concentrations of Q-T reach equilibrium at the desired level in the
plasma. The changeover from one isotope to another takes a large number of
discharges and the number has been shown to be much increased when titanium
has been used as a getter [11].

The concentration of hydrogen remaining in the DITE wall samples after
exposures to plasma is much higher than that expected on the basis of the
known diffusion coefficient of hydrogen in stainless steel. It is also much
higher than the levels observed in hydrogen implantation experiments in
stainless steel [12]. The high concentration appears to be in the films
deposited on the walls and is probably due to the presence of the oxygen and
carbon as well as metal in the films, as has been recently suggested by
Cohen et al. [13]. The oxygen and carbon impurities could be implanted in
the films during a discharge or they could be adsorbed on freshly deposited
metal layers between discharges. The presence of evaporated titanium films
results both in larger concentrations and in the hydrogen being distributed
through a depth comparable with the thickness of the titanium film.

The integrated hydrogen in the first 1 vim of surface is 2 to 5 x 1018

atoms cm-2 in the bellows shield surface with titanium and 0.5-1.0 x 1017 in
the bellows shield without titanium. Taking the lower figure,this corresponds
to an inventory over the wall surface of £ 1O22 atoms implanted in the DITE
torus during,this period of operation. The figures are much higher than
those obtained for ungettered surfaces in PLT by Cohen et al. [13], The
difference is probably due to the surfaces in PLT being exposed much further
from the plasma at a radius greater than the first wall. Using the DITE
figures for ungettered discharges and extrapolating to the wall area of JET
and TFTR machines, would give at least an order of magnitude greater total
inventory. What is at present uncertain is the rate at which the inventory
builds up, ip. whether it reaches saturation in a short period of time or
continues to build up monotonically with time.

CONCLUSIONS

Metallic films have been observed on the walls of the DITE torus as
a result of operation. The composition of the films is mainly iron together
with some chromium, nickel and molybdenum. The layer also contains a
significant hydrogen and deuterium concentration, ^ 10-50 at. % within the first
0.1 vim layer. The concentration of metal and of hydrogen has been investigated
as a function of position in the torus and a rather surprising asymmetry has
been observed in one position. As would be expected,the amount of hydrogen
is significantly larger on those regions of the wall which have been covered
with evaporated titanium. Even in surfaces not covered by titanium the
hydrogen concentration is much higher than expected. This indicates that the
hydrogen diffusion coefficient is much lower than for stainless steel and this
has been attributed to the presence of carbon and oxygen in the deposited
metal layer.

Similar behaviour occurring in machines operating with DT mixtures will
result in a significant inventory of tritium being held in the wall. We also
note that the use of titanium in these machines will be particularly dis-
advantageous, both because it will take a large number of discharges to change
gases and because there will be a large resultant inventory of tritium.
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Abstract

SPECTROSCOPIC MEASUREMENTS OF HIGHLY IONIZED IMPURITY ION CONCENTRA-
TIONS AND THEIR DIFFUSION IN THE DITE TOKAMAK.

The highly ionized impurity ion species within the DITE plasma are described. Grating
dispersion spectroscopy is used to measure their spatial concentration under a variety of
operating conditions. When no attempt is made to reduce the impurity level by gettering,
divertor action or by pulsing in gas during the current flow, the core of the plasma is radiation-
dominated due to metallic impurities. These ions can be substantially reduced in concentration
by the bundle divertor. Spatial variation of the dominant oxygen ions is reasonably accounted
for using a time-dependent neoclassical ion diffusion model. From a simple spatial measurement
of the ratios of line intensities in He-like ions the electron temperature and non-equilibrium ion
abundances are deduced, and from these the diffusion velocity of ions (e.g. O6+) can be inde-
pendently derived. Finally, line profile scans of the oxygen ion emission provide evidence for
an ion energy component ~ 5 keV, during hydrogen beam injection.

INTRODUCTION

The performance of the DITE tokamak in relation to the origin, effect and
control of impurities has been discussed previously [l] [2] [3]. The
spectroscopic data pertaining to these earlier papers is presented in more
detail here and the analysis of the impurity ion concentrations, in terms of
diffusion rates within the core of the plasma, is developed further.

EXPERIMENTAL METHOD

During the accumulation of the present spectroscopic data, the DITE
tokamak was operated over a range of ohmic heating currents from 50 to 180 kA
with the current limiter at a radial position a, of 26cm from the minor axis
of the torus. The stabilising fields B were varied between 1,3 and 2.0 T.
Spectra in the range 10 to 300 8 were photographed on SC5 plates with a

* University of Cambridge, UK.
** Imperial College, London, UK.
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1 ?

10" -

r (cm)

FIG.l. Impurity ion concentrations in the DITE tokamak.
I0 = 100 kA; B0 = 1.3 T; a = 26 cm; Te(r) has central peak.

te{0) = 420 eV; ne(0) = 2.2 X 1013 cm"3.

2-metre grating spectrograph, the light being incident at a grazing angle
of 2° to the grating. The central 125 ms of each 250 ms current
pulse was selected by a mechanical shutter. Spatial scans of the plasma emission
were performed with an incremental step of 3 cm in the radius, on a shot-by-shot
basis. The spectrograph had been calibrated for absolute sensitivity with
wavelength using the technique outlined by Hobby and Peacock [4]. After
Abel inversion, the experimental data consists of specific emissivities of the
impurity lines as a function of plasma radius. In order to interpret these
emissivities in terms of ion concentrations via collisional rate coefficients
it is vital to know the spatial variations of the electron parameters. The
electron density n was monitored using multichannel microwave interferometry
and the electron temperature T by Thomson scattering of ruby laser light.
As it happened, these parameters, particularly Tg(r). varied between
a central peaked profile and a hollow profile during the acquisition of the
spectroscopic data and could only be prescribed with relatively poor accuracy.
This is reflected in the errors in the spectroscopic analysis of the diffusion
velocities, for example.
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FIG.2. Density and hollow temperature profiles in DITE tokamak. Temperatures T'i (60 ms)
and T2 (120 ms) are measured by Thomson scattering during one discharge. Te(r) is the averaged
mean profile used in the analysis of oxygen ion concentrations shown in Fig.3. Tes(r) is the
profile derived from relative intensities of I O ' P i - l 'SoJ/I^ 'Pj- 'So) in O6+.

ION CONCENTRATIONS (I. 100 kA; B = 1.3 I, a = 26 cm)

Figure 1 shows the spatial variation of the impurity ion concentrations
in the early operating phase of the DITE tokamak when T (r) showed typically
a central peak of T (o) = 420 eV. The figure is semi-schematic since errors of
the order of a factor of two are expected due to uncertainties in the instrument
calibration and relatively poor spatial resolution. Oxygen is the most abundant
impurity, the 0 7 + ion concentration in the core being typically \% n . Whilst 0 8 +

was not observed spectroscopically, the diffusion calculations, figure 4,
indicate C$+ may have several times the 0^+ population suggesting total oxygen

z=8

concentrations \ N(0Z) < 0.06 n in the core. The metal impurities Fe, Cr
4^^ e *

Ni, etc..from the walls have a maximum concentration of the order of U.005 n (for
17 e

example J N(FeZ) = 0.004 n ) and they are present typically as neon-like ions.

1
Molybdenum from the limiter exists in ion stages Mo XIII (Zn-like) - Mo XXV
(Ar-like). The emission from these Mo ions [5] exhibits overlapping band-like
groups of lines making the evaluation of the ionic concentrations difficult.
Inserting calculated averaged f values into rate coefficient formulae [6]
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FIG.3. Measured oxygen ion concentrations appropriate to Te(r) and ne(r) of Fig.2. Concen-
trations shown by broken lines at outside of plasma are uncertain due to Abel inversion errors
and uncertainty in Te(r).

indicates Mo ion concentrations, N(Mo ) - 0.001 ne. It is at once obvious that
for these early Te (r) profiles with a central peak, oxygen largely determines
the impurity contribution to charge neutrality and is the main contributor to

£N(Z) 2 2

the effective charge state, Z „ = . In t h e c o r e of t h e plasmas we have

Z f f = 0 .63 (D) + 2 .9 (0) + 1.0 (Fe) + 0 .45 (Cr) + 0 .48 (Mo) = 5 .43

Within the limits of the errors in the spectroscopic analyses,this value
agrees with the effective charge state derived for the same operating conditions
from the electrical resistivity, Z (resistive) = 5.0.

While the metallic impurities play a minor role in 2 ,,, relative to lighter
elements, the contrary is true in their effect on the radiation losses.
The total line emission from each ion except Mo has been estimated from Summers'
computations [7]. For the element Mo, the total radiation is integrated directly
from the emission bands on the photographic plates. The total line radiation loss
evaluated in this way amounts to I R = 8.2 x 10"' W.cm"-' from the core. More
than 95% of this loss can be attributed to metal impurities, Mo being the dominant
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FIG.4. Quasi-stationary oxygen ion concentration computed using time-dependent neoclassical
model with Te(r

Input flux o/O + 1 from walls T 1 = 5 X 1013 ions-cm"2.

source of radiation. Under the same operating conditions the ohmic heat input
is IQ = 9.2 x 10"' W .cm~3 . Thus, under operating conditions showing a
central peak in T e(r), essentially all of the heat input is radiated away by
metal impurities.

After several months of continuous operation in DITE, hollow T (r) profiles
such as shown in figure 2 were observed to be more usual and eventually per-
sistent and reproducible. Hollow T (r) profiles have been ascribed [1] to lower
N(0z) concentrations and thus lowereZej=f, resulting in relatively inefficient
ohmic heating in the core. However, comparison of figures 1, 3 indicates a
roughly constant concentration of N(07+) and N(0 6 +), independent of the detailed
temperature profile. The anomaly might be due to the unknown N(0°+) concentrations.
An attempt has been made to simulate the oxygen ion concentrations using a time-
dependent numerical model for the ion diffusion. The impurity diffusion is
assumed purely neoclassical [8], with impurities everywhere in the Pfirsch-
Schlilter regime. Collisions between the separate oxygen ion species and with the
background hydrogen ions are taken into account. The ion concentrations are
solved from

3N
3t

3(rrS)
3r 1

S"1 N3"1 , s
- (a (0
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where a and (3 are simplified forms of the ionisation and recombination rate
coefficients. The input flux of 0 + 1 from the walls, T+l ̂  5 x 10 ' 3 cm~2.s~' ,
is taken as a parameter. After times ̂  10"' s, the ion concentrations in the
core are calculated to reach a nearly stationary spatial distribution as shown
in figure 4. The absolute levels of the ion populations (see the scale factors
in figures 3, 4) and their radial positions of maximum concentrations are in
fair agreement, considering that the model Tg(r) profile, figure 4, is not
exactly the same as the experimental profile in figure 2. The results of the
model are particularly sensitive to T (r) but appear relatively insensitive to
low concentrations of the background metal impurities. The inclusion of Mo,
for example, alters the Z scale factors by "\< 50% but their radial positions
are not changed significantly.

SPECTROSCOPIC DETERMINATION OF THE ION DIFFUSION VELOCITY

We have seen, figure 3, that N(0 ) concentrations of the order 1 - 5 xlO
cm are typical of our discharge conditions. The assumption of an oxygen ion
flux Ts ̂  5 x 10'3 cm~2.s-l therefore implies diffusion velocities, given by
rs = N(Oz+)v of the order of v ^ 10^ cm-s~' . An independent check on v
is possible from a purely spectroscopic analysis of the emission line intensities
without recourse to ion injection and loss mechanisms. The basis of the method [ 9 ]
is the recognition that the ratio of the intercombination to allowed line
intensities of He-like ions (0^+) can be expressed in terms of the N(0°+)/N(0 )
ground-state populations via theoretical diagnostic plots such as shown in figure 5.
The diagnostic plot applies to non-stationary plasma conditions and allows v
to be calculated directly from a solution of equation (I) applied to N(0 )and
N(0' +). The variation of the intercombination to allowed line intensity ratio
for 0 , figure 6, assumes nearly the stationary value ^ 0.7 in the core of the
plasma but exceeds this value at the edge,indicating more rapid diffusion in this
region. Peacock and Summers [9] have evaluated v. assuming the temperature
profile Tes(r),figure 2. A fairly slow inward diffusion of 0 is found with
v = - 10^ cm- s~l. The results are very sensitive to the detailed Te(r) profile.
Tne technique.however,does not depend on absolute calibration of the emission and
is applicable to any diffusing He-like ion. Similar diagnostic plots for 2^
which are applicable to temperatures above 1 keV will be published.

TABLE I. CHANGES IN ION CONCENTRATIONS

Ion

o7+

ob+

ob+

cb+

c*+

MoU +

F e l 6 +

F e U +

Fe 9 +

Transition

Lycx

2p-3d

Lya

3d-4f

X(X)

18.969

21.602

172.935

33.736

40.267

35.362

17.05

219. 13

174.58

Radial position, r
(cm)

0

0

16.3

3

14

14

0

14.5

15.5

Ratio of volume
emission intensities
divertor ON/OFF

0.45

0 . 7

0.21

0.56

0.16

S 0.02

S 0.33

< 0.10

0. 10
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FIG.5. Te versus p = N(O6+)/N(O7+), for ne = 1 X 1013 cm"3. Line intensity ratios along
ordinate gives Tes as in Fig.2. Line intensity ratios along abscissa give non-stationary
N(O6+)/N(O7+) populations.

THE EFFECT ON IMPURITIES OF THE DIVERTOR AND GETTERING (I, = 50kA; B = 1.3T, a=26cm)

The screening effect of the bundle divertor on the influx of impurities
is seen graphically in figure 7. The heavy metal impurities are reduced
drastically while emission from the lighter ions remains largely unaffected.
An example of the reduction in the impurity emission from MoXV, when the
outer field lines are diverted, is shown in figure 8. Table I quantifies
the change in the ion concentrations for a range of impurity ion species in
normal and diverted operating conditions.

From the table it appears that the core impurities are somewhat less affected
by the divertor than concentrations near the outside_

The effective charge state changes only marginally from ^e£j = 2 to "•• 1.5
when the divertor fields are applied. This occurs, as in the 100-kA discharges,
because 2e£j is determined mainly by oxygen impurities. Oxygen contamination,
unlike the heavier metals, is little affected by the divertor and arises
apparently as a result of desorption by hydrogen which recycles near the edge
of the plasma. Hydrogen gas injection, which is necessary to maintain n during
diverted discharges, keeps the oxygen concentration nearly constant.
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DITE GRAZING INCIDENCE GRATING SPECTRA

Demonstroling The VoriaMon of OUT. Is2 - Is2p 'p, ,'p.
Ratio, R.Wilti Radial Position, r. 100 kA Discharge

-Is2p

r (cm)
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FIG. 6. Spatial variation ofintercombination and allowed line intensities from O
(a) Hne-of-sight intensities; (b) ratio of line emissivities, after Abel inversion.
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D U E GRAZING INCIDENCE GRATING SPECTRA

(1200 I /mm , Pt-Overcoated Grating at 2°)

Divertor
on

(50kA)

Divertor
off

(50 k A)

^ • ^ ^ ^

Horn
| | 1s-np

sn FeXSH CrXS CrXl
2p-3d 2p-3s 2p-3d 2p-3s

Jo

MoXXV - XXI

15
Wavelength (A)

30 3

FIG. 7. XUV emission spectra from DITE with divertor fields (above) compared with undiverted
discharge (below).
NOTE: diverted discharges show only O, N, C emission.
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FIGS. Effect of divertor on MoXV emission. Intensity of emission from diverted discharges
are shown multiplied by 10 for clarity.
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FIG.9. Line profile ofO6+ emission showing asymmetry on blue wing due to neutral beam
injection.
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The effect of partial gettering of Che torus walls [3] is Co reduce the
impurity ion concentrations also. Quantitative figures for Che reduction are
difficult to specify due to somewhat lower Te(o) and the higher (x4) plasma
density which can be achieved with gettering. It appears,however, that all
the ion species are reduced by perhaps a factor of five but with an additional
element Ti prominent among the metal ion species. The total radiation loss in
the XUV spectral region from gettered discharges is not so dramatically different
from the normal emission as is Che case for diverted discharges.

LINE PROFILES DURING NEUTRAL INJECTION

Profile scans of the emission lines of 0 and 0 have been made in a
direction tangential to the major circumference of the torus. The profiles,
figure 9, are dominated by the instrument width of the low-resolution spectro-
meter. Nevertheless, asymmetries on the short-wavelength side of the line are
observed during neutral hydrogen beam injection, and these correspond to
additional 0° + energies of the order of 5 keV. We attribute the source of this
line broadening to momentum interchange between oxygen ions and fast protons
(̂  27 keV) originating from the beam injection.

CONCLUSIONS

Under operating conditions in the DITE tokamak when no attempt is made to
reduce the impurity level, the core concentrations expressed as a fraction of
Che electron densiCy are typically 0(> 1%), Fe(^0.4%), Cr(0.2%) and MoOO.1%),
and the £ecj

 s 5. The energy loss is then dominated by impurity radiation.
Seemingly independent of the temperature profile, the metal ions show a
monotonic decrease in charge state with increasing radial position.

When the divertor fields are applied a reduction in the metallic impurity
concentrations is quite dramatic; typical reductions near the periphery of the
plasma are a factor of between 20 and 50 for MoXV and a factor of 10 for FeX.
In the core, Fe XVII shows a reduction of a factor of 3. Even though there is
simultaneously no appreciable change in the light gas impurities, radiation losses
in the diverted plasma are considerably less than the ohmic input power. Other
methods of lowering the metallic ion content such as gettering or pulsed light
gas injection are less effective.

Oxygen ions have the highest concentrations in all operating conditions and
these have been studied in some detail. A neoclassical diffusion model of the
impurity diffusion predicts the observed position of each oxygen ion species
and its concentration with reasonable accuracy, but the computed results are
highly sensitive to the detailed temperature profile. A method for measuring
the He-like ion diffusion velocity from the ratio of the intercombination to the
allowed resonance lines has been demonstrated for 0° + and is suggested for higher
ion stages, e.g. F e " + . The effectiveness of the method again depends sensitively
on the accuracy with which the temperature profile can be prescribed.

Finally, an increase in the oxygen ion energy due to interchange of
momentum with fast protons is observed during neutral hydrogen beam injeccion.
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Abstract

COMPARISON OF DIFFERENT RE-FUELLING METHODS FOR DIVERTOR TOKAMAKS,
NUMERICAL MODELLING OF PELLET-PLASMA INTERACTION, AND INJECTION SPEED
OF A RE-FUELLING PELLET.

The paper consists of three parts. In part A, the expected performances of cold-gas inlet,
pellet injection and cluster injection for re-fuelling a divertor tokamak are compared, using a
stationary plasma model. The calculations indicate that ASDEX-size tokamaks can be re-fuelled
by a combination of cluster injection and gas puffing or by pellet injection, pellet velocities of
a few 100 m • s"1 being sufficient for penetration of the scrape-off layer. - In part B, the pellet-
plasma interaction is investigated in detail by combining a pellet ablation model with a time-
dependent multi-regime tokamak transport code. The results indicate that if the ablating pellet
is regarded as a cold-neutral-particle source traversing the plasma, rather high injection frequencies
(600 to 900 Hz) or high pellet velocities (few 1000 m • s*"1) are required to compensate the
substantial particle losses inherent in divertor tokamaks. — In part C, the speed required to
inject a pellet of a given radius to a pre-determined depth in a reactor and in some experimental
devices is estimated.

Part A. COMPARISON OF DIFFERENT REFUELING METHODS
FOR DIVERTOR TOKAMAKS

by G. Haas, M. Keilhacker and K. Lackner
Introduction

Stationary operation of a divertor tokamak calls for refueling to
replace the plasma loss into the divertor. The way in which the plasma is

315



316 DUCHS et al.

n(o)

8-

6-

U-

2-

Im"3

Ax 10 22

FIG. 1. Re-fuelling by gas inlet for two different diffusion models (D = D i,

exchanged is of great importance to the whole discharge. One of the most
important features of the different refueling methods is the penetration
depth of the refueled hydrogen. It affects - via the plasma temperature
profile - the energy of the cx-neutrals and hence their sputtering co-
efficient, and - via the radial dependence of the particle confinement
time - the particle flux necessary to maintain a given density. While the
first aspect has been treated in a preceding paper [1], this paper compares
gas inlet (GI), pellet injection (PI) and cluster injection (CI) mainly
with repect to their potential to sustain certain plasma densities.

Model

In our model we compute stationary plasma density profiles as solu-
tions of the diffusion equation

1 d
r 3r

1 d n(r)

consistent with the hydrogen ion production rate S resulting from the dif-
ferent refueling methods. D is the particle diffusion coefficient, and cw
describes the Ware pinch effect [2]. The plasma flow into the divertor is
modelled by a mean lifetime t. for the ions in the scrape-off layer.

As experimental information about the particle diffusion coefficient
is scarce, we have chosen two different models for D. In the first we
assume a constant value of D = D^ = 0.4 m2/s in the bulk plasma region and
Bohm diffusion in the scrape-off layer (r>a S ) as being the separatrix
radius). In the second model we chose D = D2 = 10I9/n m 2/s, in analogy with
the observed scaling of electron energy confinement giving D^ = D2 for n =
2.5 x 1019 m"3. In the low-density regions D2 is limited to the local Bohm
diffusion coefficient.
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At the present stage of the model, electron and ion temperature pro-
files are assumed to be given. For the cases reported here, we use the geo-
metrical parameters of ASDEX (Ro = 1.65 ra, as = 0.4 m) and assume T e = T-j =
1950(l-(r/as)

2)2 + 50 eV in the bulk plasma and Te = Ti = 50 eV and T, =
2 x 10"" s (ion sound model) in the scrape-off layer. '''

In the processes determining S hydrogen is always considered as
working gas. For the absorption of the H2 molecules we take into account:
ionization by electron impact, charge exchange and dissociation by electron
and ion impact. Cx-neutrals are limited to one generation in the case of PI
and CI and to two generations in the case of GI. Thereafter ionization
through electron impact is considered as the only absorption mechanism. The
unabsorbed cx-neutrals (and in the+case of CI the unabsorbed H atoms resul-
ting from dissociation of H2 and H2) sputter the wall with a Maxwellian
averaged coefficient [3].

Results

Figure 1 shows results for gas inlet, giving the attainable value of
peak plasma densityn(o) as a function of cold gas flux (3̂  (assuming super-
sonic flow with v0 = 2800 m/s), for the two diffusion coefficients Dj and
D2. As to be expected, there is a marked difference in the predicted density
vs gas flux behaviour, with D ̂  1/n yielding smaller densities at low
fluxes, but a much stronger increase of n with 0^ later.

As has already been found in [1], gas puffing alone results in rather
low plasma densities in the case of a divertor tokamak. Consideration of the
expected pumping capacity of divertor pumps yields an upper limit 0-|n-m %
5.3 x 10 2 1 H/s. This would correspond to peak densities of a few times 10 1 8

and 1.5 x 1 0 w m"3 for the two diffusion models, respectively. Larger values
of the cold gas flux would overload the divertor pumps, enhance the back-
streaming ratio and ultimately reduce the divertor to a magnetic limiter.

Pellets are assumed in our model to be a source of cold H2 molecules.
Their injection velocity u and initial radius rpo determine the penetration
depth, whereas their size and the injection frequency f_ yield the particle
refuel ing rate 0^. p

In our standard runs we describe pellet ablation by the model of
Milora and Foster [4], which yields

2/3 drD -12 1/3 7/6 1+1<3 x 1 0" 3 Te " 3 8° Te"2 + 50 ^rJ'6 -35P = -1.6 x 10 ni/JT //b J. e e_

i.e. a strong dependence on temperature but only a weak one on density.
Figure 2 shows how - for fixed pellet radius and injection velocity (and
therefore approximately constant deposition profile) - the attainable peak
plasma density depends on the injection frequency fp again for the two
different diffusion models. For the first, n(o) increases linearly with f_
whereas D 'v 1/n predicts a strongly nonlinear dependence.

For a given pellet size the density can either be increased by
using higher injection velocities or by going to higher injection frequen-
cies. The latter is limited again by the pumping capacity. Figure 3 shows
the attainable densities as a function of the injection velocity for three
different pellet sizes (containing about 7 %, 16 % and 35 % of the total
plasma particles, respectively, for n(o) = 5 x 1019 m""3), where the in-
jection frequency fp is adjusted to yield in each case a refueling flux
(% i"p0 • fp) equal to the ASDEX pumping limit 0-j-}m. The figure also gives a
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FIG.2. Re-fuelling by pellets for two different diffusion models (D=DU D2j.
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FIG.3. Re-fuelling by pellets with three different initial radii using different ablation models.
The particle flux /&• r^of ) is kept constant.
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FIG.4. Re-fuelling by clusters with different mean molecular energies Tc.

1000 TcleV/H2) 2000

FIG.5. Re-fuelling by a combination of gas inlet and cluster injection with the total particle
flux <pH = ip]im and the cluster beam powerPc = 100 kW kept constant.
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TABLE I. PARTICLE FLUX (pH NECESSARY TO SUSTAIN A PEAK
PLASMA DENSITY OF 5 X 1019 m"3 WITH DIFFERENT RE-FUELLING
SCHEMES, TOGETHER WITH SOME CHARACTERISTIC DATA OF THE
RESULTING PLASMA: PARTICLE CONFINEMENT TIME r p , LINE
DENSITY OF SCRAPE-OFF LAYER /ndr AND FLUX OF SPUTTERED
IMPURITY ATOMS 0j DIVIDED BY THE PARTICLE CONTENT
OF THE PLASMA N

Cold
vo =

Gas I n l e t

2800 m/s

Pellet Injection

rpn

po

= 0.385 mm, u

= 0.50 mm, u

= 0.65 mm, u

Cluster Injection
T =

T r =

Tc =

250 eV/H2

500 eV/H2

1000 eV/H2

= 200

= 120

= 75

m/s

m/s

m/s

102 1 /s

42.0

5.3

5.3

5.3

2.2

2.0

1.8

TP

1 0 - 3 s

5

37

36

36

65

69

74

aw

J ndr
as

13.5

2.7

2.7

2.7

0.9

1.1

1.2

H 1 N

10'2/s

2.2

2.0

1.9

1.9

0.6

1.5

3.8

comparison between the ablation models of Milora and Foster [4] (A) and of
Lengyel[5](B).If model A appl ies, inject ion velocit ies u % 200 m/sec would
be suff ic ient to reach n(o) % 5 x 1019 m~3 even with the smallest pel let
considered (r^ < 0.4 mm), whereas velocit ies of about 1500 m/sec would be
required in trns case according to B. This requirement would relax to u =
1000 m/s for pellets of 0.5 mm radius.

As for both models ablation rates strongly depend on temperature,
requirements on pellet size and injection velocity w i l l be much relaxed by
going to lower temperatures but w i l l become considerably more severe for
hotter plasma. Time-dependent calculations as presented in part B simula-
t ing repeated injection of pel lets, w i l l show the l imi ts of our quasi-
stationary description of the plasma state for this refueling method.
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For cluster injection, we assume disintegration of the cluster into
molecules in a stripping eel 1 before their contact with the plasma.
Generally, CI is characterized by deep penetration resulting in long
particle confinement times and - at low densities - in the danger of in-
complete absorption of the cluster beam.

In most cases CI is not limited by the pumping capacity, but the
injector sets a limit for the beam power Pc. In Figure 4 we show the peak
plasma density n(o) as a function of Pc for different values of the mean
energy per H2 molecule Tc. P , Tc and the particle flux 0M are related by

c

Pc (kW) = 8 x 20~ 2 3 • Tc (eV/H2) • 0H (H/s)

Only for Tc values ^ 250 eV/H2 can one exploit the f u l l ASDEX pumping
capacity 0-j^m with our envisaged beam power of 100 kW. Small values of Tc
also result in higher plasma densities and thicker scrape-off layers.

Figure 5 gives, as examples of mixed refuel ing, combinations of CI
with GI for di f ferent values of Tc , u t i l i z i ng in each case the f u l l beam
power P- = 100 kW and the pumping capacity 0-|jm- Shown is the fraction of
the part ic le f lux coming from CI {$\\J®~\\™)> *"ne Peak Plasma density n(o),
the part ic le confinement time Xp = /nrdr / /srdr and the f lux of sputtered
impurity atoms 0j divided by the part ic le content of the plasma N.

In contrast to the pel let ablat ion, the absorption of H2 molecules
has no strongly marked- temperature dependence so that the good penetration
of clusters also holds for higher temperatures.

Table I summarizes some characteristic data of the di f ferent
refueling methods'.

We acknowledge the assistance of P. Martin in carrying out the
computations.
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Part B. PELLET-PLASMA INTERACTION

by D.F. Duchs and L.L. Lengyel

To investigate the response of the plasma to the presence of a cold,
ablating pellet in it, numerical calculations were performed in which an
ablation model was combined with a tokamak transport code. The ablation
model is described in detail in [1]; it takes into account the presence of
a relatively cold and partially ionized gas cloud around the pellet and
calculates the parameters of this cloud (temperature Tj, density n^, radius
r-y, etc.) and the ablation rate G as functions of the pellet size and of
trie ambient plasma parameters. The effect of magnetic shielding is also
accounted for in this model. A set of typical ablation parameters is shown
in Table II as function of the incident energy flux <J>0 = 1/4 n g V ^ (2 kTe)
for a given pellet size r = 0.6 mm (the actual energy flux reaching the
pellet is n<J>0, where n is the magnetic shielding factor).

TABLE II. MAGNETIC SHIELDING MODEL[1]:
SHIELDING CLOUD PARAMETERS AND ABLATION
RATES AS FUNCTIONS OF THE INCIDENT ENERGY FLUX

40(W/m
2)

Tj (eV)

nx (nf3)
rl/rp

G (sec'1)

1

7

109

1.64

.ixlO21

75

.2xlO23

4

2

10 1 1

1.52

.8xlO21

39

.6xlO24

9

5

10 1 3

1.51

.8xlO21

21

.2xlO24

As input data for the transport code, the ionization radius of the
ablated particles rj, the number of ions released per sec (ablation rate)
and the temperature of the ablated particles were used. The dependence of
the ablation rate on the instantaneous pellet radius was also accounted
for (G °= rp"/ 3). For comparison with results obtained by using the
ablation model of Milora and Foster [21, in a series of calculations the
ablation cloud was reduced to a point source. Since this change did not
seem to have any essential effect on the computed ablation times and
penetration depths, all results reported here were obtained by this pro-
cedure. To check the effect of the ionization process on the evolution of
the tokamak plasma parameters, in a series of calculations the cold ion
source was replaced by a cold neutral source in the transport code.

The transport code used is a multi-regime code described in [3].
The input data used for describing the recipient plasma are as follows:

Filling gas: H, impurity: 0 (up to 9 groups), R = 165 cm, a = 40 cm, B t =
30 kG, It = 460 kA, Te(a) = 50 eV, T-j(a) = 50 eV. The initial profiles
were chosen parabolic with n{0,0) = 10 l 4 cm"3, Te(0,0) = 1 keV, and Ti(0,0)
= 1 keV (ASDEX parameters). Since refueling is to compensate the divertor
action, only neutral particles were recycled by means of backscattering.
The plasma density at the boundary was chosen as the minimum of n(a) =
5 x 1012 cm"3 and the value resulting from 3n/3r r=a = 0, thus ensuring
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TOKAMAK DIFFUSION
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FIG. 1. Plasma parameter distributions before pellet injection.
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FIG.2. Plasma parameter distribu tions after pellet injection.
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FIG.3. Time variation of integral discharge characteristics (total number of particles, particle
and energy confinement times) with a single pellet infected.

that an/3r r=g £ 0 all the time. Oxygen was taken along as impurity with an
initial average concentration of about 4 % leading to 2 5 Zeff - 6 over the
radius.

During the first 10 ms the assumed plasma parameter and current
density distributions become adjust to each other. The total particle
number decreases in accordance with the prescribed boundary conditions.
When the peak density reduces to 5 x 10 1 3 cm"3, a pellet is injected into
the plasma with a given speed. Typical unperturbed plasma parameter distri-
butions prevailing at this time are shown in Fig. 1. Plasma parameter
distributions found at the end of the pellet ablation are shown in Fig. 2.
(ion source approximation). In these calculations, Np/Npj = 0.2 and Up =
1000 m/s were used. As can be seen, the plasma density and temperature
distributions are substantially disturbed by the massive local supply of
cold pellet particles. However, the distributions of the plasma pressure,
beta, current density, and iota remain practically unaffected by the pellet
ablation, at least in the case of single pellet injection. The result may
be quite different if, for the purpose of quasi-stationary refueling,
series of pellets are injected with a certain repetition frequency. This
case is still to be investigated in detail. The plasma parameter gradients
seem to be less severe if the ablation produces predominantly neutrals
(neutral particle source approximation); the risk of triggering instabili-
ties is thus somewhat reduced. However, the particle losses to the divertor
are higher in this case.

The overall response of the plasma to the injected pellet may be
seen from Fig. 3 where the time variation of the integral quantities
Ntotal (total number of particles), i£ (energy confinement time), ip
(particle confinement time) are shown. The pellet interrupts the discharge
evolution: as a result of pellet injection the integral quantities change
abruptly but return to their original level after a time At and continue to
develop in a manner almost identical to the case without pellet. The time
increment At that is associated with the return of N^tai (or of the volume-
-averaged plasma density) to its original level defines the pellet injec-
tion frequency fp ̂  I/At required for a quasi-stationary tokamak operation



IAEA-CN-37/N-6 325

60 :

40-

20-

(cml

_Np/Npi =0.1

1000 2000 3000 4000 Up (m/s)

fp(s')

-140

-120

-100

-80

-60

-40

-20

0

FIG.4. Penetration depth and required re-fuelling frequency versus injection velocity for
three pellet sizes.

TABLE III. PENETRATION DEPTH A£ AND PELLET FREQUENCY fp
AS FUNCTIONS OF PELLET VELOCITY AND PELLET-TO-PLASMA
MASS RATIO. THE NUMBERS IN PARENTHESES CORRESPOND TO
NEUTRAL ABLATION PRODUCTS; THOSE WITHOUT PARENTHESES
TO IONIZED ABLATED PARTICLES.
Te0 = 1 keV, ne0 = 5 X 1013 cm"3, a = 40 cm

N

n

n

n

P/N

I

9

Pi

AS.

fP

A2.

fP

Ail

fP

(cm)

(cm)

(s"1)

(cm)

(s"1)

250

1.6

133

2.3

90

3.5

52

m/s

(1.5)

(833)

(2.1)

(714)

(3.5)

(417)

500

3.0

122

4.3

79

6.6

46

m/s

(2.8)

(103)

(4.1)

(666)

(6.4)

(294)

1000 m/s

5.7

122

8.2

79

12.

42

(5.4)

(103)

(7.9)

(588)

5(12.1)

(192)

2000

10.9

116

15.5

68

23.7

34

m/s

(10.4)

(909)

(15.3)

(278)

(23.6)

(83)

5000

25

10(

37

49

59

25

2

)

0

0

m/s

(24.9)

(385)

(36.6)

(179)

(58.6)

(59)
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at a pre-selected average density level . The frequency fp = At"1 as well as
the pel let penetration depth are functions of the plasma parameter d i s t r i -
butions, pel let size, and pel let injection velocity (for a given ablation
model). The penetration depth of the pellets and the pel let frequency fp are
given in Table III and Fig.4 as functions of the injection velocity for three pel let sizes.
The penetration depths and ablation times computed with the neutral part ic le
source approximation are essentially the same as those obtained with the
ion source model. However, the value of the pel let frequency required for
sustaining a certain average density is almost an order of magnitude larger
i f neutral particles are deposited than that corresponding to cold ions,
part icular ly at low pellet velocit ies (in which case most of the particles
are ablated in the outmost plasma layers). This difference shows the
importance of ionization processes, which are usually neglected in the
ablation models. The penetration depths computed with the help of the abla-
t ion model of Milora and Foster are a factor of 1.2 (at high pel let veloci-
t ies) to 3.0 (at low pellet velocit ies) larger than those presented here.
The pel let frequencies computed with Milora's model are in good agreement
with our results in the case of the ion-source model, but, in the case of
the neutral part ic le model, they may d i f fe r by a factor of 2 from the values
reported here.

The assistance of L. Ling with the numerical computations is acknow-
ledged.

REFERENCES

[ 1 ] LENGYEL, L.L., On pellet ablation in hot plasmas and the problem of magnetic shielding,
Phys. Fluids (to appear in the Nov. 1978 issue).

[2] MILORA, S., FOSTER, C.A., Report ORNL/TM-5776 (1977).
[3] DUCHS, D.F..POST, D.E., RUTHERFORD, P.A., Nucl. Fusion 17 (1977) 565.

Part C. ON THE INJECTION SPEED OF A REFUELING PELLET

by C.T. Chang

In this section of the paper, we shall show that when the pellet is
injected at a subsonic speed with respect to the reactor plasma, and if
the envelope formed by the ablated cloud is thin, the pellet, indeed, moves
at a nearly constant speed. As a result, the required injection speed can
be estimated from the ablation rate of the pellet alone. The influence of
the plasma density and temperature profiles and the required penetration
depth on the injection speed of the pellet are then examined in detail.

The governing equations

Due to the low sublimation energy of solid deuterium, a protective
envelope surrounding the pellet will develop immediately when it enters the
reactor.
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As the solid deuterium density ns % 1022, i f the average density of
the cloud ni % 1017, the total mass in the cloud is only about f ive per cent
of that contained in the pellet for a cloud radius r j = 10 rp. Replacing to,
the total mass of the pel let and the cloud by Mp, the mass of the pel let and
approximating the drag coefficients CQ [1] by

C D * 3 W i 0 / U (1)

where W-j0 = (8 T0/imiD) is the local average ion thermal speed. The equa-
tion of motion can be written as

du.- 9 ,H, 2 ,%, Mio U (2)

dt " " 8 (r p
} (ns> rp

 [l)

i .e. the drag is given by Stoke's law.

Owing to the presence of a protective envelope around the pe l le t , the
energy f lux Fes received at i ts surface can be related to the local electron
thermal energy f lux Feo(x) through an absorption coef f ic ient , or a shielding
factor C, e.g. Fes = £ Feo. Assuming the effective area for the energy
transfer to be 4 Tirp

2, for a uniformly ablating pe l le t , the equation of the
conservation of energy can be writ ten as

For definiteness, we have taken hs, the sublimation energy, as the heat of
ablation and have lumped the uncertainty into the shielding factor £.
Replacing the independent variable t in eqs. (2) and (3) by x, where

x = 1 - y/a (4)

with respect to the dimensionless equivalents of the variable rp and u =
dy/dt,

? = rp/a , v = u/Wic (5)

the governing equations can be written as

Momentum equation: <; T^ = Ci (—•) f(x) (6)
ax A rp

dcEnergy equation: v dx = C2

where Cl = 8 n; ' C2 = 2 (Si) $ ( i f ) (8)

The f u n c t i o n s f ( x ) and g ( x ) a re g i v e n by

f ( x ) = n - ( x ) T f 1 / 2 ( x ) , g ( x ) = n * ( x ) T * V l ( x ) ( 9 )

i.e. we have assumed the density and temperature of the plasma in the
device to vary radially according to

% = n i o = V * ( * > ' Tio = Tic Ti;V(x), T e 0 = T e c Te*(x) (10)
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Thin-envelope approximation. From eqs. (6) and (7) the r e l a t i v e
ra te of change of the speed and the radius of the p e l l e t i s given by the
ratio

tfx < 9 ,me/2 B2 A . fix) ( n )

ere we have replaced the variable r-,/rD in eq. (6) by its bound B. For
-< 10, at T a r * 10 keV, since h ^ 10"

2 eV, and 0(f(x)/g(x)) ̂  1, we
where

obtain
dv dC *•• ~6

' 3x 3*x

This implies that unless there is a simultaneous combination of a very
effective shielding factor £, a very low central electron temperature T e c
and a very large ratio of r\/r , the pellet ablates at a much faster rate
than it decelerates. For all practical purposes, we may, therefore, consider
the pellet to be moving at the initial injection speed, uQ.

The required injection speed

Anticipating a surface volume ratio effect, we may write the shielding
factor £ as

? = C:'75P (p+1) (13)

Assuming that the pellet vanishes completely after having penetrated a
fraction f = y/a, and substituting eq. (13) in eq. (7), a direct integration
for v = v0 gives

where r is the initial pellet radius, Fec is the electron thermal energy

flux, at the center of the device and

h f = !
l £*g(x) dx (15)

To il lustrate the shielding effect, we may take the recent analytical
result of Parks et al. [2]. In terms of the shielding factor 5, their
result can be written as

5 = 2.815 x 106 h sTo(x)0-22/ [ fea)no(x)]2/3 (16)

when the following units of measurements are used: T e c, T. (eV); ne (cnf
3);

r, a (cm); u (cm/s) [2],

The corresponding injection speed, after some algebraic manipulation,
is found to be

T.

ec r

T. / 2

= 0.523 x 10"6 (ylS) - § 7 3 n / 3 T ^ 1 " 7 2 F (x , f ) cm/s (17)
ec r

Q

where F (x , f ) = J 1 n*Vl ( x )T* L 7 2 ( x ) dx
1-f
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Assuming the radial prof i les of the plasma temperature and density
are of the modified parabolic form

(X) = (1 - X2 T*(x) = (1 - x2
aT

(18)

the speed required for a pellet of radius rm to penetrate to a depth of
2a/3 of some typical devices are calculated (where rm is the radius of the
pellet which contains 5 % of the total number of particles in the device).
The result is shown in Table J3Z for two combinations of ay and otjvj correspon-
ding to a fixed index c<p = 1.3 of the pressure profile. For comparison,
in the same table, we have also listed the computed speed based on the
Golovin profiles under two possible shielding mechanisms; (i) variable
5 (x) according to the model of Parks et al. [2], (ii) a constant 5 =
1.38 x 10""1, which corresponds essentially to the value used by Gralnick
[3].

It is interesting to note that the speed required to inject a pellet
having a radius of around 5 mm into the 5 GW reactor is very close to the
suggested empirical value of about 101* m/s.

The computed speed for Ormak, however, is about a factor of 20 less
than that reported in reference [4]. For the tabulated values it can also
be noticed that, for the same plasma radial profiles, the speed required to
inject a pellet of radius rm is less for the JET than for the 5 GW reactor
if a constant shielding factor prevails, but that it is higher if the
shielding model of Parks et al. prevails. The reason for this discrepancy
is clearly the smaller pellet size, rm, allowed for JET and the dependence
of the injection speed u 0 on the - 5/3 power of the pellet radius according
to the shielding model [5).

TABLE IV. THE REQUIRED INJECTION SPEED FOR SOME
EXPERIMENTAL DEVICES AND HANCOX'S 5 GW REACTOR [5]

max.pel le t radius,

Injection speed, u

a) modified parabol

i ) ?(x) , aT =0.4

i i ) C(s), aT =0.9

b) Golovin prof i les

i ) ?(x)
i i ) C = 1.38 x 10'4

rm, mm

x 104 m/s

ic profi les

aN = 0.9

aN = 0.4

5 GW
Reactor

4.8

2.18

1.59

1.64

1.03

JET

0.84

3.32

2.43

2.50

0.174

ASDEX

0.35

0.584

0.427

0.441

0.022

DITE

0.31

0.031

0.023

0.023

0.003A

Ormak

0.25

0.064

0.047

0.048

0.006A

DANTE

0.14

0.012

0.009

0.009

0.001A

A) The extremely low values of u indicate that the using o f ? - 10 which
is mainly based on the assumption that the heat of ablation h ̂  36 eV
corresponding to the production of an ion-pair is doubtful for these
devices.



330 DUCHS et al.

Conclusions

Results of the analyses showed that, from the point of view of
pel let refuel ing, a steep temperature prof i le and a broader density prof i le
is far preferable to the opposite case. The required injection speed depends
very much on the existing shielding mechanism. Unless additional shielding
mechanisms, such as electrostat ic, magnetic f i e l d , or other possible effects
exist and injection speed of around 101* m/s is required to refuel a power
reactor with a pel let of about 5 mm in radius. I f this speed is obtained by
electrostat ical ly accelerating a posit ively charged pe l le t , a voltage
around 20 GV is required.
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DISCUSSION

M. MURAKAMI: I would like to report that pellet injection has now been
successfully tested in ISX-A (MILORA, S.L., et al., submitted to Phys. Rev. Lett.).
Hydrogen pellets 0.6 mm in diameter with velocities of about 330 m • s'1 were
produced by an injector of the gas-gun type. The pellets penetrated about 10 cm
under normal ISX-A conditions, but in certain abnormal conditions they pene-
trated to the centre. A density increase of 30 to 50% was observed without any
adverse effects. The observed ablation rate and the behaviour exhibited by various
plasma parameters showed reasonable agreement with the predictions of a one-
dimensional transport simulation using the Milora and Foster ablation model.

N.A. UCKAN: I would like to supplement Mr. Murakami's comments by
stating that pellet fuelling calculations similar to yours were carried out at ORNL
about a year ago. The Milora and Foster pellet ablation model has been incorporated
into the Oak Hidge 1-D transport code and the results (including predictions for
the present and future experiments) were published in ORNL/TM-6226 by
MENSE, A.T., et al. This code was able to predict the pellet injection results
(change in density, temperature, voltage spike etc.) of ISX-A before the pellet
injection experiment was carried out. I am surprised to see that this work has
not been referenced in your paper.

M. KEILHACKER: The purpose of our paper was to make predictions for
re-fuelling of the ASDEX experiment. The work you mention is of relevance to
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that in so far as the comparison with the ISX-A experiments seems to support
a particular pellet ablation model. However, we have not, so far, had adequate
documentation on this point. A more comprehensive bibliography was precluded
by space limitations; for example we did not mention our own pellet ablation
experiment on Pulsator, either (Bull Am. Phys. Soc. 22 (1977)).





Session T

TOKAMAK EXPERIMENTS IV



Chairman

H.P. FURTH
USA

Papers T-l-1 and T-l-2 were presented
by D.C. Robinson as Rapporteur

Papers T-3-1 and T-3-2 were presented
by H. Maeda as Rapporteur



IAEA-CN-37/T-1-1

EFFECTS OF SHAPING AND COMPRESSION
ON CONFINEMENT AND STABILITY
IN A TOKAMAK

K. McGUIRE*, D.C. ROBINSON, A.J. WOOTTON
United Kingdom Atomic Energy Authority,
Culham Laboratory,
(Euratom/UKAEA Fusion Association),
Abingdon, Oxon.,
United Kingdom

Abstract

EFFECTS OF SHAPING AND COMPRESSION ON CONFINEMENT AND STABILITY
IN A TOKAMAK.

Results of shaping the plasma cross-section into an elliptic, a triangular and a D-shaped
form are described. Stable operation has been obtained with compressed and non-circular
plasmas at currents up to 20 kA, densities of 1 — 3 X 1013 cm"3 and electron temperatures
up to 300 eV. A central value of /3 > 3% and energy confinement times in excess of 1 ms
have been obtained. Axisymmetric instabilities, passively controlled, limit the maximum
distortion allowed. Confinement times are found to increase with increasing semi-axis ratio
(vertical ellipse) or when the plasma edge is defined by a separatrix (triangular plasmas).
Sawtooth and m = 1 oscillations of the X-ray flux in triangularly distorted plasmas are
described. Compression experiments show the importance of detaching the plasma from the
limiter. The energy confinement time increases from 0.2 ms to 1.0 ms, and the plasma energy
increases more than expected for an adiabatic compression.

MACHINE

TOSCA is a small tokamak, built to study the effects of non-circular

cross-sections, compression and wall detachments The major radius is 30 cm,

and the minor radius of the vacuum vessel 10 cm. Inside the vessel, at the

outer equator, is a small molybdenum limiter, restricting the plasma radius.

The vacuum vessel is conducting but thin,so that the magnetic field penetration

times are short (7 us for poloidal fields, 60 us for toroidal fields) compared

to the plasma lifetime (4 ms). Outside the vessel are 16 toroidal windings,

some of which are used to induce plasma current, and some to determine

the plasma shape. Additional windings have been added to assist in making

particular plasma shapes.

* Oxford University, UK.
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TABLE I. PLASMA PARAMETERS

R p

"p

Ip

B0

q(a)

1

2a e

Te(0)

Pi
Ta

TE

V

30 cm

<8.5 cm

15 kAfor<4ms

0.3 T - 0.6 T

< 3

1 - 3 X 1013 cm"3

(1.5 mm, 2 mm and 4 mm fi waves)

150- 300 eV (scattering, X-rays)
(profile from X-rays)

0.4-1.0

30 - 70 eV

0.2^ 1.2 ms

1.5 -> 4 volts

There are 24 toroidal field windings and 4 vertical field windings^

Because there is no conducting shell, the current in these 4 windings must

be carefully chosen to keep the plasma in the required position.

Some typical plasma parameters are given in Table 1. The plasma current

distribution is approximately known from small induction coils inserted into

the plasma. The current starts as a small filament near the vacuum vessel

centre, slowly fattens, and remains approximately flat for about 1 ms before

starting to peak on axis. Soft x-rays are used to determine the electron

temperature profile, the position and structure of instabilities.

ELLIPTIC PLASMAS

An initially circular plasma is produced by the vertical field and primary

windings. A quadrupole field is then applied to obtain an ellipse ' '

The plasma shape, computed from a free boundary calculation, is verified by
[4]comparing measured and computed plasma current multipole moments : it is

also verified from the onset of tearing modes with different poloidal mode

number m . The equilibrium fields are characterized by the decay index

n = - (R/B )-(3B /3R). A spatial average, ~n, is deduced from

measured winding currents, including induced currents: this is related to

the semi-axis ratio b/a using the free boundary calculation.
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FIG.l. The overall energy confinement time T E shown as a function of the semi-axis ratio b/a.

For n ^ 0, n ^ 1,5,axisymmetric modes which terminate the plasma current

are identified . An analytic model is used to predict the critical

values of n to be 0 and 1O5, as found experimentally. The vertical motion is

well represented by a rigid shift. A passive feedback control system allows

- A ̂  n ^ 2 before the axisymtnetric modes are observed. The critical values

of n, related to b/a, are predicted by a rigid shift calculation which includes

the effect of induced currents.

For stability with no control O..85 ̂  b/a ^ 1.05. With control,

0.75 % b/a £ 1.5 before the modes are observed on the experimental timescale.

For a vertical ellipse, both the central temperature and poloidal beta increase

with increasing semi-axis ratio. The overall energy confinement time x is

deduced from the value of (5 , determined from toroidal flux loops, and the

plasma resistance. The results are shown in Figure 1, where T_, which varies

from 200 to 300 ps, is shown as an increasing function of the semi-axis ratio

b/a. These results, obtained at constant Ohmic input power, imply that the

power loss was reduced by vertically elongating the plasma. Bolometer

measurements show no change in the sum of radiation and charge-exchange

losses. Separate measurements of convection and conduction losses are not

available Other devices suggest that conduction is dominant. The

measured change in confinement time could be because of the thermal con-
_2

duction coefficient varying as (b/a)
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TABLE II. SUMMARY OF RESULTS

Plasma
type

Circular

Ellipse

Triangle

D

Compressed

Minimum q*
obtained

2.5

3

2.0

3

3

Axisymmetric mode
limits to shape
in TOSCA

—

0.7<b/a<1.5

- 0.20 < 7 < 0.10

b/a~1.56; 7~0.09

Gains in TE

(at the same q*)

—

>1.3atb/a = 1.5

1.3-• 2.0

-

2->5(atC = 1.5)
depending on
TC and rE

Definitions (see text):

P
R

z
a
b

current in shaping coils
plasma current
major radius
major radius of plasma
vertical height co-ordinate
minor radius in horizontal plane
minor radius in vertical plane

TRIANGULAR PLASMAS

Triangular plasmas are produced by applying a hexapole magnetic

field to a circular plasma. As with elliptic plasmas, the shape is

determined by comparing measured fields with those computed using a

free boundary equilibrium calculation. Triangularity characterised by

the ratio I /I can be related through equilibrium calculations to the
s p

coefficient y in the equation for the magnetic surfaces (see Table II

for definitions) :

2y(R -

E > (

- y 32
constant

Local and gross internal stability are related to yR /a.

the ideal internal m = 1 mode should be possible if y

Suppression of
(> 1 [6]
i ^ 2
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-0-1
0-3 CK R(m)

FIG. 2. Computed flux contours produced by adding a hexapole magnetic field to a circular
plasma to make an outward-pointing triangle with y = + 0.050 (Is/Ip = + 0.3).

-01
02 03 0A R(m)

FIG.3. Computed flux contours for an inward-pointing triangle with y = —0.104 (IJIp=-0.45).
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Instabilities

/////// Vertical
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FIG.4. (a) Growth time of an axisymmetric instability plotted as a function of the ratio Is/Ip.

(bj A stability diagram showing the region of stable operation as a function of major

radial position and IJIp, for triangular-shaped plasmas.

Figure 2 shows an example of the computed surfaces, using experimental

parameters. The plasma is a triangle pointing out with y = + 0.050.

Figure 3 shows an example where the hexapole field has been reversed,

to make a triangular plasma pointing inwards, with y = - 0.104. In both

cases 6 0.6 as measured experimentally. A flux-independent current and

pressure distribution were assumed.
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As in the case of elliptic plasmas, axisymmetric instabilities were

observed to limit the values of I /I . The plasma moved predominantly

either up or down (+_ Z) depending on whether the initial equilibrium

position was displaced either up or down.

The growth time is plotted as a function of the ratio I /I in

Figure 4(a) when the hexapole field was applied early in the current pulse

(0.4 ms). In this case if - 0.62 < I /I < 0.5 no motion was detected on
- s p -

the experimental time scale. Outside these limits growth times ^ 50 ys

were measured. With the sustained application of a shaping pulse starting

later in time when the current distribution is more peaked - 0.8 < I /I < 0.6

for stability, depending on the plasma radial position. This is portrayed

in Figure 4(b) as a stability diagram. The equilibrium calculations suggest

that it is necessary for stability to have - 0.20 <_ y <_ 0.1. Passive

control was not effective because the windings were outside the separatrix:

this was verified by using different combinations of parallel connections.

Motion in the major radial direction has also been observed (Figure 4(b)),

Outward-pointing plasmas exhibit an n = 1,1 = 0 rapid horizontal motion in

50 ys (I is the toroidal mode number);there is also an expansion of the

current channel. These phenomena are equivalent to the aftermath of a

disruption.

12 ~3
In Figure 5, the plasma edge density, in units of 10 cm , is shown

as a function of the distance from the vacuum vessel surface. The plasma

centre is 10 cm to the right and the limiter position is marked. The

limiter only extends 5 cm in the poloidal, and 1 cm in the toroidal

direction; the measurements here were taken 90° away from the limiter in

the toroidal direction* The Langmuir probe was inserted horizontally. For

circular plasmas, (curve (a)) particles were detected behind the limiter.

As a hexapole field was added to make an inward-pointing triangle, the density

behind the limiter was reduced, until I /I = - 0.4. The plasma edge is

then coincident with the limiter position. Increasing the hexapole field

still further brings the plasma edge away from the limiter. The pressure

gradient is now much steeper than in the case of the circle. (3g/3r)^ 0.7 m"1

where Og/3r)max ^ 0.5 n for ballooning modes

Figure 6 shows the measured poloidal beta, as a function of the

triangularity. Two sets of results are shown, marked gettered and non-

gettered. This refers to the condition of the vacuum vessel walls; the
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0.5

Vacuum vessel wall

1.0 2.0 2.5
Distance (cm)

Limitcr

FIG.5. Spatial dependence of the edge density of the plasma, measured by a Langmuir probe
for different values ofls/lp.

Stability
limit

FIG. 6. Variation o/(3j with Is/Ip for gettered and non-gettered vacuum vessel walls.
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gettering results in a lower density plasma with less impurity (2eff « 1).

6- is constant until I /I <_ - 0.4, when it increases. It was at this

value of I /I that both the Langmuir probe and computed flux surfaces

showed detachment from the limiter.

It is clear that the detachment of the plasma from the limiter, and

the consequent separatrix containing the plasma, coincides with the measured

increase in poloidal beta and confinement time. The increase in $ and x

would not be expected to follow from a reduction in area. The increase is

the same for gettered and non-gettered vacuum vessel walls, although absolute

values are different. It is concluded that light impurities do not cause the

increase in 8 on detachment (vacuum u.v. spectroscopy shows that no heavy
I

impurities are present and that the principal impurities are C and 0).

This is verified by the bolometer results, especially as P(rad)/P(ohmic) <_ Ool

for circular plasmas in a gettered vacuum vessel,, Apparently the thermal

conduction to the walls is less efficient for a separatrix than for a limiter

at the plasma edge. Presumably the outward-pointing plasmas do not exhibit

the sharp change in parameters because of the motion in major radius which

positions the plasma against the vacuum vessel. A separatrix would then not

define the plasma boundary.

Sawtooth oscillations are observed with soft x-ray detectors - Figure 7

shows an example. The radius of the q = 1 surface is deduced from the

inversion of the sawtooth to be ̂  1 - 1.5 cm, therefore q £ 1 on axis. The

experimental results show that an im = 1, I = 1 instability is still present

even when the conditions for ideal MHD stability are satisfied by a

factor of ten. However, resistive calculations show that an m = 1,

I = 1 instability may be present which is not influenced strongly by the

shaping except at high conductivity temperatures (> 1 keV). Comparison

of our experimental results for the growth time of the m = 1 mode with
r Q ni

those from larger devices ' indicates a resistive mode which is not

significantly affected by the shaping.

Operation with values of q* down to 2.0 has been possible with

triangular plasmas ; m = 2 activity is not observed but an m = 1 sawtooth

oscillation of somewhat larger amplitude than is present for a circular

plasma is observed. This gives rise to a discharge with ~B % 1% and a

central value of 0 of ^ 3% (no assumed contribution from the ions, n (0) =
1 3 - 3 e

3x10 cm , T (0) = 300 eV, B = 0.35 T). Decompression of these triangular
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1.2 1.4 1.6 1.8 2.0 2.21.0

FIG. 7. Sawtooth oscillations observed for a triangular-shaped plasma.

*Z(m)

-0.1-

0.2 0.4 R(m)

FIG. 8. Computed flux surfaces using measured winding currents for a D-shaped plasma.
The broken line represents the plasma surface.

plasmas in 200 ys still results in operation without a disruption with

"e ̂  2% (B, = O,23T)U The maximum value of ~$ for the onset of ballooning
* [7]

modes in these triangular plasmas has been calculated to be 1.3%

assuming q(a)/q(o) = 2.3. As the actual pressure distribution is significantly

different from that calculated, the ballooning mode criterion must have been

violated by at least a factor of two, yet no deleterious effects were observed.



IAEA-CN-37/T-1-1 345

2.0

1.5

1.0

X Diamagnetic
O X-ray
+ Scattering
• Conductivity

1.0
C= B 0 final initial

1.5

FIG. 9. Results of a number of experiments showing temperature gain as a function of
compression ratio C. The expected adiabatic dependence of C2I3 is shown as a solid line.

D-SHAPES

In Figure 8 the computed flux surfaces are shown using measured winding

currents where a D-shaped plasma is produced. The winding positions and

the vacuum vessel are shown. The value of Bj is ̂  0.5 and a flat current is

used giving b/a ̂  1.56 and y "\» 0.094. An axisymmetric mode caused the plasma

to move inward (AR negative) and either up or down depending on the initial

position. The motion was at « ± 45° to the horizontal, and could not be

stabilised with the available windings because of their position outside

the separatrix. Confinement properties have not yet been investigated.

COMPRESSION

Compression is achieved by increasing the toroidal field B,. In TOSCA.
9

the compression time T£ (that is the time for the toroidal field to increase)

and the confinement time of the uncompressed plasma, T , are usually
E1
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E 60

* 0

20

0.51-

0.0
1.2 1.4 1.6

Time(ms)

(ii)

FIG. 10. (a) Toroidal field variation for a plasma: (ij without compression; (iij with com-
pression; and (Hi) with a decompression,
(b) Corresponding X-ray signal for the toroidal field variations in (a).

approximately equal, ̂  200 us, but experiments have also been performed

with T_. % 1 is. The plasma temperature has been determined from laser
E 1

light scattering, soft x-ray spectra, resistance measurements and toroidal

flux loop measurements„ Figure 9 shows the temperature gain obtained from

the above measurements as a function of the compression ratio. Also shown
2/3

is the expected adiabatic dependence, C . All the measurements show

gains greater than from an adiabatic change. The poloidal beta,

determined from the loops, shows that the plasma energy has also increased

more than expected and that the results are not just due to a redistribution

of energy within the plasma. At the same time, the plasma density behaves as

if particles are conserved, and poloidal and toroidal flux are conserved up

to the time of peak compression, x increases from 0.2 ms to 1 ms. Similar
[11]results have been obtained on TUMAN ,

An example of gains achieved during compression is seen in Figure 10(b)

where the soft x-ray signal (y 1 keV) variations are shown as a function of

time for three different toroidal fields (Figure 10(a)): uncompressed,

compressed and decompressed.
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The plasma energy should have increased adiabatically from 9 to 12J

whereas an increase to 16J was measured. The additional plasma energy, 4J

above that expected from the adiabatic change, must have come from the

Ohmic power input. Because the confinement time has changed, the Ohmic

power which was originally balancing the losses can now heat the plasma.

The compression has effectively 'switched off the loss mechanisms,. Bolometer

measurements show that the sum of radiation and charge exchange, ̂  30% of

the Ohmic power input, is not changed by the compression. Convection and

conduction losses have not been directly measured; however, a reduction in

thermal conduction would account for the measured parameter changes. This

could be because of reduced wall and limiter contact, in agreement with the

separatrix results for triangular plasmas. A reduction in fluctuation levels

is also observed which could improve confinement. Alternatively it is

necessary to invoke a scaling of T = T , n > 2.

Experiments in which the initial energy confinement times are much

longer ( ̂ 1 ms) show that only adiabatic gains are achieved. This is

consistent with the above view, because the Ohmic power density before

compression is much lower (lower energy losses). A smaller amount

of additional energy is available to heat the plasma. The results show

that a slow compression T "V T removing the plasma from the vessel walls

is sufficient to improve confinement so that at least an adiabatic

increase can occur. A fast compression is unnecessary.

CONCLUSIONS

Circular, elliptical, triangular, D-shaped and compressed plasmas have

been produced. The results are summarised in Table II, where the optimum

conditions achieved are listed. Restrictions to the shape result from

axisymmetric instabilities. The separatrix for the triangle allows low q*

operation, and consequently high 6 (> 3% on axis). The largest gains in

!„ are achieved by a small compression which reduces wall contact. The

shaping and compression experiments show the importance of wall and limiter

detachment, produced by a separatrix or compression, on the plasma energy

balance. The experimental results with triangular plasmas show that the

m = 1, SL = 1 instability must be resistive in character: comparison of our

experimental results with larger devices confirms this. The overall stability

of circular and non-circular plasmas is limited by the m = 1 and 2, SL = 1

tearing modes at values of B up to 2%,
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Abstract

EXPERIMENTS ON OHMIC HEATING AND COMPRESSION OF A PLASMA IN THE
TUMAN-2A TOKAMAK.

Experiments performed in the small tokamak Tuman-2A and intended for a study of
magnetic compression are described and the first experimental results are presented.
A discharge which was marginally stable against disruptions with central parameters of
Te (0) = 450 eV and ne(0) = 3 X 1013 cm'3 was studied. Twofold compression during
o.5 ms followed by a crow-bar period was used in these experiments. For the post-compression
stage the transport coefficients have been found to be approximately twice as small, whereas
radiation losses from the hot core have increased.

1. INTRODUCTION

It was shown by plasma compression experiments in the Tuman-2 tokamak
involving an increase of the toroidal field in time [ 1 - 3 ] that adiabatic heating
could be achieved provided the magnetic field increased fast enough. The most
important result of the experiments was, however, a substantial (four to five
times) increase in the energy life-time T E in a compressed column, in contrast
with results obtained for the ATC tokamak [4]. The reason for this difference
was possibly a contact of the plasma with the limiter all the time during the
discharge in ATC.

The experiments in the Tuman-2 device were carried out with relatively low
plasma parameters (Ip = 5 kA, T E =S 150 jus, Te(0) = 1 0 0 - 150 eV) and short
toroidal-field rise-time (BT increased three to five times in 125 jus). The reasons
for the improvement of thermo-insulation were not explained. Two possible
mechanisms were discussed: suppression of instabilities and formation of a rare-
fied heat-insulating layer near the wall.

349
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In the Tuman-2A device, we intend to study the compression of a plasma
with better parameters than those of Tuman-2. An investigation of mechanisms
for the improvement of confinement is planned,making use of more diagnostics.
The effect of a relatively slow compression rate on plasma confinement is also
of interest since conventional tokamaks are equipped with metal chambers which
make fast compression difficult.

2. DEVICE AND DIAGNOSTICS

The dimensions of Tuman-2 A are the same as those of Tuman-2: R = 40 cm,
ag = 8 cm; the vacuum chamber is made of stainless-steel bellows, and the time
constant for toroidal-field penetration is 60 - 70 jus. The maximum value of the
toroidal field in the Ohmic-heating phase is BT < 9 kG, and during compression
the field increases within 0.5 ms up to a maximum value of BT < 22 kG. After
the maximum of the toroidal field has been achieved the field decreases with a
time constant of 4.5 ms. The discharge duration is 10 ms, the compression is
switched on between the third and the fifth millisecond, when the Ohmically
heated plasma has reached its maximum parameters. In macroscopically stable
discharges, the plasma current is Ip < 13 kA and the density 2 X 1012 cm'3 < ne

< 2 X 1 0 1 3 c m ' 3 .
In our experiments, the Te profile in the outer plasma regions was obtained

from the radial profiles of the impurity ion spectral-line intensities C III, C V,
O V (see, e.g. Ref. [2]).

A scanning monochromator looking parallel to the equatorial plane of the
torus and a monitoring monochromator for control of reproducibility were used
in the observations. Qualitative data on the behaviour of Te in the plasma centre
were obtained from the O VII line intensity.

Soft-X-ray diagnostic technique was also used to obtain Te in the central
plasma region. Proportional counters were used as detectors. A scanning
detector with a spatial resolution of 0.6-0.8 cm looking perpendicularly to the
equatorial plane and a monitoring detector (less collimated) had 150 jum thick Be
windows. There was an additional set of foils for Te measurement. The foil
technique was used for Te determination at the "brightest" point of the plasma.
Data on Te at other points were obtained from the spatial profile of the soft-X-ray
intensity, on the assumption of a uniform impurity distribution, and with
allowance for the plasma density distribution.

The plasma density n"e was measured by a microwave interferometer
(X = 2 mm) looking through the central chord, perpendicularly to the equatorial
plane. The spatial distribution of the protons was obtained by measuring the
attenuation, of the neutral hydrogen beam, caused mainly by resonant charge
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FIG.l. Main discharge parameters.

exchange. There were 11 space channels; the beams were also pointed perpen-
dicularly to the equatorial plane. The spatial resolution of the method was 0.8 cm.
The beam detector allowed an energy analysis of the neutrals leaving the plasma
spontaneously to be performed. So it was possible to measure the spatial
profile of Tj.

Radiation and charge-exchange energy losses were measured by two
bolometers. One of them had a spatial resolution = 4 cm near the centre, the
other one was not collimated and was sensitive to the whole cross-section. An
approximate spatial distribution of the radiation loss could be obtained from
the data of the two bolometers.

To observe MHD activity and the equilibrium of the column, ten magnetic
probes were used.
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4. OHMIC HEATING (OH)

Most of the data were obtained in a regime: with Bj — 8 kG, Ip = 12 kA,
qj = 5.5, ne = 2 X 1013 cm"3. The regime was marginally stable, It was obtained
at an initial hydrogen pressure of PHz = (6 - 7) X 10"4 torr, without puffing and
after long discharge cleaning. The regime was the most favourable to the applica-
tion of active corpuscular and soft-X-ray diagnostics, because of relatively high -
for the Tuman-2A — values of Te and np.

Figure 1 shows oscillograms of the main discharge parameters. In the first
part of the discharge, a relatively high (for a current of 12 kA) plasma density
is accumulated, ffe = 2 X 1013 cm"3.

The electron temperature reaches maximum in the same period (t = 2 — 4 ms),
as is seen from the oscillogram of ion O VII line (the dotted line is the stray light
intensity). Later, ne decreases, reaching a steady-state level of ne = 7 X iO12 cm'3

in the final part of the discharge. The same level, n"e = 7 X 1012 cm"3,observed during
the whole discharge can be obtained at an initial pressure of PJJ2 = 2.4 X 10"4 torr.
The steady-state level makes it possible to evaluate the neutral-particle flux from
the wall, thus enabling an approximate particle life-time determination from the
rate of decay of h~e. It is found that rp = 3 ms; the corresponding diffusion
coefficient is DD =* a2/67p = 4 X 103 cm2 • s"1.
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For the high-density discharge described here the level of radiation loss
is relatively high. For a time interval of t = 2 - 4 ms, the bolometers record
about 80% of the input power PQH a s l°st through radiation and charge-
exchange particles.

The other feature of the discharge is a high level of MHD activity. There
are three discharge stages. In the initial stage, high-m helical perturbations are
seen. Then, the discharge becomes relatively stable, and in the last stage the
perturbation amplitude increases 5 — 7 times. In the two last stages, probes
register an m = 2 instability. Experiments with different toroidal fields have
shown that the instability development in the last stage is mainly due to a de-
crease of B at the end of the discharge. The instability is possibly one of the
reasons for the decrease in n and Te. On the assumption that, at the moment
where the oscillation amplitude increases, the q = 2 surface is located at the
boundary of the current-carrying channel, it is possible to calculate the effective
channel radius: aj = 4.5 — 5 cm.

The relatively high plasma density and electron temperature obtained
despite developed MHD activity and a narrow current-carrying channel make the
discharge similar to the A-type discharge of ORMAK [5].

During Ohmic heating, the collimated Xs-detector is operated in the photon-
counting regime. For determination of Te, the photons were counted in the time
interval between t = 2 and 4 ms. In a later stage of the discharge, non-thermal
radiation was recorded. This is probably due to runaway electron production
during density decay.

Figure 2 shows the distribution of the line-integrated proton densities np£
measured by active neutral-particle diagnostics for the t = 3 ms. For the central
channel, n"pC = (2/3)n~e£. It is possible to calculate, the plasma effective ion charge

taking into account that

n P + ) niZi

Assuming that impurity ions with Zi = 6 are present in the plasma, we obtain
Zeff = 2.7 and n ^ = 6 X 10"2. Neglecting neutral-gas influx from the wall,
we obtain, from the time dependence of the proton density the lower boundary
for the particle diffusion coefficient, Dp > ( 4 - 5) X 103 cm2 • s'1, which is
consistent with the evaluation based on h~e£ measurements.
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TABLE I. MAIN DISCHARGE PARAMETERS

Ip = 12kA r p = 3 ms

q5 = 5.5 TeE = 0.4 ms

ne m a x(0) = 3 X 1013 cm'3 r, = a^/6Dr = 0.5 ms;

^ max(0) = 2X 1013 cm"3 D, = c2/4«o; a = (Upa*/2Ip R)"

8w <nT>
Te(0) = 450eV 0, = — ; = 0.8

B

= 1 ms

Zeff =2.7 r2 =3.6X10"8a^Bp(a,j) = 0.7 ms

Figure 2 also shows the Te profile. The profile was used to calculate the
current density under standard assumptions. The effective current distribution
radius was found to be aj = 4.5 — 5 cm. The value is the same as that obtained
from MHD oscillation measurements. The Zeff calculation based on classical
resistivity and current-voltage measurements also gives Zejf = 2.8.

The ion temperature Tj profile is also shown in Fig.2. For the centre of the
plasma column, Tj = 90 eV. The Artsimovich formula [6]

1r.-1 3

gives the same value. The main discharge parameters are listed in Table I. For
comparison, energy life-times derived from two scaling laws [7, 8] are also given.

The scaling laws yield rE-values approximately twice as large as the experi-
mental r e E . The reason is possibly that the hot-plasma radius is remarkably
smaller than the limiter radius which goes into the scaling laws. /3j is, on the other
hand, noticeably larger than the typical tokamak values, TJ and Dj are a charac-
teristic time and a coefficient for classical poloidal-magnetic-field diffusion.

5. COMPRESSION

In the experiments described here twofold compression (a = 2) was realized
within 0.5 ms. The data of Table I show that the compression rate is rela-
tively slow.the compression time being longer than r e E and Tj and only a few times
as small as Tp. The compression was switched on at t = 3 ms, when Te and n had
reached their maximum OH values. Ip = const, during compression.
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Figure 3 shows how the main discharge parameters change. The current
channel contraction leads to an increase in the inductance Lp, which, in turn,
result in a growth of the loop voltage by AUp = Ip(dLp/dt) + Lp(dlp/dt). It is
possible to obtain the poloidal-magnetic-field diffusion coefficient from the time
behaviour of the voltage spike [3]. Figure 4 shows a comparison of the experi-
mental Up value (solid line) with Up = IpRp + AUp,i.e. a calculated value (dotted
line), the dashed line designating IpRp; poloidal-field diffusion was taken into account.
It was assumed that the current channel diffusion expansion rate is given by
(daj/dt)diff - Dj/aj. As is easy to see the effective current channel diffusion
coefficient is Dj = 3 X 103 cm2 • s"1.

The value of Up for the post-compression stage is less than for Ohmic
heating. This is evidently a consequence of the rise of Te. The change in resistivity
is in good agreement with the Te profile change during compression.

Plasma substance compression is also accompanied by noticeable diffusion.
The value of n~e£ measured along the central chord increases only by a factor
of 1.25 (Fig.3), instead of 1.41 for a "frozen-in" plasma, but the density decay
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in the post-compression stage is slower than in Ohmic heating, despite the
B decrease with a time constant of 4.5 ms. The Te decay is also slow, as the Xs

signal shows.
The magnetic probe signals show that the compression suppresses developed

m = 2 oscillations, while a small-amplitude local instability remains in the
compressed column (the slight decrease in its amplitude is accounted for by an
increase in distance between probes and current-channel surface). Total sup-
pression of regular oscillations is sometimes observed, only some noise remains.
The mode number observed after compression is the same, m = 2, although
during the decay of BT (T = 4.5 ms), the resonant q = 3 surface goes through
the current-channel boundary. A "burst" of instability at t = 5 — 6 ms takes
place when the q = 2 surface is at the boundary of the current channel, as in
Ohmic heating.

An active control of the plasma column equilibrium in two directions is
necessary during compression. Otherwise, an increase in j3j and a decrease in
aj result in an increase of the major radius. A shift of the column from the
equatorial plane of the torus is also observed, probably due to an additional stray
field of the toroidal field coils. A deviation of the plasma column from the
optimum position by more than 2 cm makes it impossible to obtain the best
compression parameters: Te goes down rapidly, and the oscillations are not
suppressed.
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Figure 5 shows the evolution of the npfi profile in time.
Figure 6 shows the results of Te measurements at the hottest point of the

discharge. Be absorbers of different thicknesses were used for the measurements.
The dashed lines represent an approximate limit to the region of uncertainty.
Figure 7 shows Te profiles; the points are marked as in Fig.2. Time t = 0 corres-
ponds to the start of compression in Figs 4 to 7. The maximum values of density
and temperature are attained at t = 0.4 — 0.6 ms. In the plasma centre,
ne == 5.3 X 1013 cm"3, np = 3.5 X 1013 cm"3, Te = 700 eV. The ion temperature
in the central region goes up to 110 eV.
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The time evolution of the proton density profiles allows an evaluation of
the particle diffusion coefficient. For the post-compression stage,
Dp = 2 X 103 cm2 • s"1, i.e. about twice as small as that for OH.

A calculation of the energy life-time for electrons according to

dWe

dt

- /
where We = / (3/2)neTe dV and PM is the work done by plasma during

(V)
expansion due to decrease of Bj, gives a value of r e E = 0.55 ms for the time
interval t = 1 — 1.5 ms after the start of compression. This value is 25 — 30%
higher than that of TeE for OH.

Bolometric measurements show that radiation losses from the plasma centre
increase, at least, twice, while the losses averaged over the cross-section are
= 80% of POH> a s before. In the compressed column, the P 0 H power released
in the central region is 30% less, because Up is less than in the OH regime. This
implies that heat transport through the electron component is noticeably reduced
in the hot central core.

6. DISCUSSION AND CONCLUSIONS

The experimental data permit a quantitative evaluation of diffusion heat
losses through electrons. Let us consider the energy lost from the hot plasma
core of radius aT = 4 — 5 cm by heat and particle diffusion (Pt) and by radiation
(Prad). From the periphery, the heat is very fast removed by radiation. So,
TeE describes the energy life-time in the central plasma region. Bolometric meas-
urements have shown that, in the centre, Pracj < 0 .2PQH during the OH regime.
In this case, T£ E = We/Pt = 0.5 ms. The average hot-core thermal conductivity
is given by

X = — r ~ =6X10 3 cm 2 - s - 1

6TIE

The thermal conductivity can also be calculated locally. On the assumption
that j ( r ) ~ T| / 2(r), which is, possibly, also justified for the post-compression
stage, because of the relatively large D t value, the Ohmic heating power released
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TABLE II. AVERAGE AND LOCAL TRANSPORT COEFFICIENTS

Ohmic heating

D p = ( 4 - 6 ) X 1 0 3

X = a? r /6rs6XlC

X (r = 2 cm) s 8 X

X(r = 4cm) S 2 X

cm2 s"1

)3cm2-s-;

103cm2-

10" cm2-

i

s"1

s"1

Post-compression stage

Dp = 2X103cm2s-1

Dn e o=500crn2-s '1

p

X"s(2-3)X103cm2-s"1

X(r=2cm)^3.5X103cm2-s"1

X(r=4Cm).4X103
Cm

2-s->

inside a cylinder of radius r can be calculated,
energy transfer to the ions, we have

P 0 H ( r ) -P r a d ( r )

47r2Rr

= UpIp(r). Neglecting

= ne(r)X(r) (VTe)r + - Te(r) Dp(r)( Vne)r

At r = 2 - 3 cm, for OH regime we obtain x = 8 X 103 cm2 • s"1.
Average and local transport coefficients, calculated for OH and the post-

compression stage, are given in Table II.
Local and averaged thermal conductivity coefficients are in good agreement,

except for x at r = 4 cm (OH regime). It exceeds x (r = 2 cm) and x by a
factor of 3. In the post-compression stage, x (r = 4 cm) becomes 5 times as
small. The reason is probably an instability developed at the boundary of the
current channel (r = 4— 5 cm). It is suppressed in the post-compression regime.

Heat diffusion coefficients for OH and compressed plasma have nearly the
same values as particle diffusion coefficients. Apparently, one mechanism is
responsible for both processes. The compression results in an approximately
twofold decrease in the transport coefficient. It seems that the decrease is due
to an improvement of the plasma column stability, because the other plasma
parameters, n and T, are roughly the same in the post-compression stage as in the
OH regime. The increase of the safety factor in the hot core is the consequence of
a strong current diffusion (for an ideally frozen-in plasma, the q-factor at the
column boundary does not change during compression). The current diffusion
coefficient also has nearly the same value as the particle diffusion coefficient
(Dp = Dj = 3 X 103 cm2 • s'1), while from formula Dj = c2/4wa we obtain
Dj= 6 X 103 cm2 • s"1. The difference can be explained by assuming that the
current density profile corresponds approximately to the conductivity profile
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during compression. On the other hand, the experiment is not accurate enough
to take the difference for certain.

Ion temperature measurements show Tj to change from TPH = 90 eV to
j.compr = ] jo eV. Neglecting particle diffusion and taking into account ion heat
conductivity, we obtain a higher temperature, T?omPT= 125 - 130 eV. It is shown
in Ref.[9] that particle diffusion during magnetic compression can reduce the
ion temperature. This is apparently the reason for the observed effect, but the
ion temperature measurements need further verification.

Thus experiments on relatively slow magnetic compression of plasma were
carried out. The plasma column was characterized by a narrow current channel
and a developed m = 2 peripheral instability. The compression time was longer
than the electron energy life-time, and the current diffusion time was only about
four times as small as the particle diffusion time. The compression was accom-
panied by noticeable plasma diffusion. The plasma was not substantially
detached from the chamber wall. No rarefied boundary layer was formed.
Nevertheless, the transport coefficients in the compressed plasma were by a
factor of two smaller than in the OH regime. The most probable reason for this
was a stability improvement due to an increase in the toroidal field. The stability
was found to be better than in other tokamaks under similar conditions. In
particular, no m = 3 instability was observed, possibly owing to the steepness
of the current profile in the compressed column.
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DISCUSSION

ON PAPERS T-l-1 AND T-l-2

H.L. BERK: What is the correlation between improved confinement time
and the. separatrix in the triangular-shaped plasma?

D.C. ROBINSON: The detachment of the plasma from the limiter and walls
by the production of a separatrix gives the improved confinement. Thermal
conduction and particle diffusion to the walls are observed to be less efficient
when a separatrix is present. Gettering to remove light impurities shows that
radiation is not the reason for the improvement.

B. COPPI: When the plasma is detached from the limiter there is a change
in the processes by which thermal energy is lost. Could you elaborate on what
these processes are?

D.C. ROBINSON: When the plasma is detached from the limiter and walls
by a fast minor-radius compression, both heat conduction and particle diffusion
losses are essentially removed. Only radiation remains as an energy loss process.
The experiments show that there is little evidence for plasma interaction with
the walls and limiter immediately after compression.

A. GIBSON: Why do you think that violating the high-n ballooning-mode
)3-limit by a factor of almost 2, in your experiment, does not lead to evident
plasma effects? Is it because non-MHD effects stabilize the mode or is it because
the limit obtained from the theory is in some sense too stringent - i.e. violation
perhaps leads to some modest fluctuation rather than to a limit on (3?

D.C. ROBINSON: We believe that finite-Larmor-radius effects in this
experiment would limit the maximum n to about 5, thereby increasing the
critical /3 somewhat. We have not yet made calculations for low n at |3 * 2%.
Experiments with magnetic probes in the outer regions show high-frequency
fluctuations with m ~ 10 under similar plasma conditions.

J.P. GIRARD: Did you perform bolometric and spectroscopic measure-
ments in the different plasma conditions, and do you observe some relationship
between impurity level and energy confinement time?

D.C. ROBINSON: Both spectroscopic and bolometric measurements have
been made. The principal impurities are carbon and oxygen and about 30% of
the Ohmic input power is radiated. Gettering experiments which remove these
impurities and reduce the radiated power to less than 10% of the Ohmic input
power produce little change in energy confinement.
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Abstract

SHAPING AND INTERNAL STRUCTURE IN NON-CIRCULAR TOKAMAKS.
Experiments on two non-circular tokamaks, TNT-A at Tokyo University and HYBTOK:1

at Nagoya University are presented. In TNT-A, active and passive control of the plasma shape
has been carried out successfully. Plasma properties were studied in relation to the shaping field
curvature. Diagnostics were made by Thomson-scattering experiments and by monitoring the
poloidal field configuration inside and outside the plasma. An appropriate curvature of the
shaping field was found to maintain a D-shaped stable plasma of moderate temperature
(Te ~ 150 eV) and relatively low safety factor (qa ~ 2), with the elongation ratio of ~ 1.5.
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Disruptive instabilities were studied in relation to the m = 2 kink mode and q = 1 internal
singular surface. Improvements in the MHD properties in tokamaks due to non-circularity have
been confirmed. In HYBTOK-1 basic problems relating to lower hybrid heating were studied.
Reflection of the input power was minimized by an on-line matching network, and a new type
of antenna with a favourable feature for launching the lower hybrid wave was developed. The
computed group velocity trajectory was drawn for the magnetic configuration of HYBTOK-1.
The RF field of the pump wave was measured with an RF probe. A maximum field amplitude
appeared for a certain toroidal magnetic field, consistent with the prediction based on the
trajectory. Finally it was confirmed, by analysing the high-frequency signal picked up with an
electrostatic double probe, that the RF power causes a microinstability of decay type.

1. TNT-A EXPERIMENTS AT UNIVERSITY OF TOKYO

1.1. Introduction

Tokamaks with elongated plasma cross-sections are expected to have many
advantages over conventional ones: namely, higher current density, higher
beta value ( ratio of plasma pressure to external magnetic field pressure ),
and better confinement properties. From the experimental point of view, there
are two important aspects: one is to establish the technique of producing a
plasma of desired shape, and the other is to investigate the nature of the
plasma in connection with its shape.

These studies have been carried out successfully using TNT-A ( Tokyo Non-
circular Tokamak ) [1][2][3]. In this device, a 0-shaped, elongated, stable
plasma is obtained by means of active + passive field shapings, with typical
plasma parameters of Ip = 25 kA, qa ~ 2, Te ~ 150 eV, and elongation ratio ~
1.5. The plasma properties have been studied over a wide range of the shaping
field configuration, to which the plasma is quite sensitive. MHD activities
such as helical and disruptive instabilities are rather similar to those ob-
served in circular tokamaks.

Physical properties inside the plasma have been studied by Thomson scat-
tering experiments. Plasma elongation has been confirmed by movable limiters,
magnetic probes, one-turn loops, and also by the direct measurement of the
current profile.

1.2. The device

TNT-A is a non-circular tokamak with major radius R(j = 40 cm and toroidal
field Bt £ 4.4 kG. Its schematic view is illustrated in Fig. 1. The vacuum
chamber has a rectangular cross-section, 60 cm high and 24 cm wide. The
plasma volume is limited by a molybdenum limiter with a D-shaped aperture of
2a = 18 cm ( width ) and 2b = 36 cm ( height ). The plasma current, up to 25
kA, is driven by an iron core transformer with a flux of 0.15 V-sec. The
plasma shape is controlled by the external shaping field generated by 8
shaping coils ( 10 turns each ) surrounding the chamber. Strength and curva-
ture of the shaping field can be changed over a wide range by use of coil taps.
In addition a copper open shell, on the inside only,10 mm thick,restricts the
magnetic surface. Hydrogen gas is pulsed through two fast-acting valves, with
a filling pressure of ( 6.7 - 7 ) x lO-Horr. Preionization is done by a 10-kW
rf ( 800 kHz ) oscillator and an electron gun.

The diagnostics are carried out using the Thomson scattering apparatus,
6-mm microwave interferometer, 14 magnetic probes located in the shadow of the
limiter, 6 one-turn loops inside the chamber, 3 movable limiters, and so on.
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FIG.l. Schematic view of TNT-A.

1.3. Experimental

1.3.1. Plasma shaping

Experiments with a wide range of active + passive control have been carried
out by choosing the proper turns of shaping coils to obtain the relation between
the plasma shape and the decay index N ( = -(r/Bz)(3 Bz/3 r) ). Experimental
conditions are as follows: Bt = 3.7 kG, I_ ~ 15 - 25 kA, filling pressure
Pf ~ "Kr"Torr, loop voltage V( ~ 3 - 10 V/discharge duration Tj ~ 10 - 20 msec,
electron density ne ~ 10

1* cm"3, and mean electron temperature Te $ TOO eV-
Figure 2 shows the dependence of K = b/a ( elongation ratio of the plasma

cross-section ), qa = (2ira
2Bt/yoRoIpM

1+K2)/2 ( f l a I current, elliptic cross-
section )," and Ipmax ( maximum plasma current ) on N index under active
control. Here, N is the mean value of the decay index calculated within the
limiter, neglecting the effect of the iron core and the shell. The elongation
ratio K and discharge duration T<j increase as N index decreases below zero when
qa is nearly constant ( = 2.2 ) , and K is maximum ( = 1.5 ) around N = - O-̂ -_
The maximum plasma current_also increases owing to the effect of the elongation.
In the case of a positive N index, both a and < are reduced. _So far, the stable
discharges with qa > 2 have been obtained when the condition N > - 0.6 is
satisfied.
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FIG.2. Dependence of K (elongation ratio), qa, and 7™ax (maximum plasma current] on N
index under active control. When N index decreases below zero, K and /™ax increase when q3

is nearly constant fo2). AroundN=- 0.2, K. is maximum (^ 1.5) and / ^ a x = 24 kA; qa a 2.3.
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FIG.3. Contour map of the electron temperature in the case of N 0.2; 7p = 20 kA; and
Vi = 4 V. Contours are estimated from vertical and radial temperature profiles by Thomson
scattering measurements. Measuring points are shown by closed circles. The dashed line gives
the magnetic surface obtained from magnetic probe measurements.
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When active + passive ( the top and bottom coils connected in series )
control is employed, the discharge duration becomes longer by 1 - 2 msec and
the activity of the loop voltage at the decreasing current stage is quieter
than in the case of the active control only. The positional instability is
suppressed by the effect of the vacuum chamber as a conducting wall, the shell,
and shaping coils.

The electron temperature and the density were measured by the Thomson scat-
tering apparatus. The ruby laser output is typically 10 J in 25 nsec. The
spectrum was obtained by a five-channel spectrum analyser with each wavelength
having a width of 5.6 nm. A 60-cm holographic grating spectrometer and five
photomultipliers with GaAs(Cs) photocathode having a quantum efficiency of
over 10 % in the near infra-red are used. Since the plasma background emission
is much less at longer wavelengths, all measurements of the spectrum profiles
were made at wavelengths longer than the ruby laser wavelength of 694.3 nm.

In the case of N = - 0.2, the central electron temperature is 180 eV
and the density is ~ 10 1 3 cm"3 at the current peak of 20 kA when the loop
voltage is 4 V. This result gives the energy confinement time of 0.2 msec,
Zeff = 3, and 6(0) - 0.8 %. The contour map of the electron temperature is
shown in Fig. 3. It shows that the plasma is vertically elongated with the
elongation ratio of about 1.5. This result is consistent with the outer mag-
netic surface obtained from magnetic probe measurements.

In summary, these measurements show that the plasma is elongated by the
effect of the active field shaping.

1.3.2. Measurements of current profile

The knowledge of the current profile in non-circular tokamaks is very
important to understand MHD properties of the plasma. For this purpose, the
poloidal field distribution inside the plasma was measured directly by insert-
ing magnetic probes ( 2 mm long and 1.4 mm in diameter ) , under a low current
( Ip = 8 kA ) operation. The magnetic field was measured along two semi-axes
of the apparatus; the radial component Br was measured at 15 points along
r = RQ ( Rg-. major radius ) with probes introduced vertically from top and
bottom of the plasma, and the vertical component Bz was measured at 8 points
along the meridian plane with a probe introduced horizontally. The gross
plasma behavior was only slightly affected by the probe insertion.

In order to analyse the data, the magnetic flux function IJJ was expressed
in the sum of five terms, each representing (i) circular structure, (ii)
toroidal effect, (iii) up-to-down asymmetry, (iv) elliptic deformation ( 2nd
harmonics in 6 ), and (v) triangular deformation ( 3rd harmonics in 6 ), re-
spectively. The coefficients of these terms were determined so that the
poloidal field derived from \p gives the best fit to the observed data.

A typical result is shown in Fig. 4. Note that this result was obtained
with another limiter of the rectangular aperture ( 2a = 20 cm and 2b = 56 cm ).
A small up-to-down asymmetry in the current profile observed at the early
stage, mainly due to stray field, has almost vanished near the time of the
current peak ( t = 1.5 msec ), and the elongation ratio of = 2 is achieved.
There is a tendency for the elongation ratio to decrease slowly with time due
to the current shrinking.

Thus, an elongated plasma current distribution has been demonstrated ex-
perimentally.

1.3.3. Disruptive instabilities

Spiky phenomena on the loop voltage are observed at three stages: when
the skin effect of the vacuum chamber disappears ( t = 2 msec ) , when the m = 3
kink mode becomes unstable, and when the m = 2 mode becomes unstable or is just



370 TOYAMA et al.

-20 -10
BOTTOM

10 20
(cm) TOP

FIG.4. Time evolution of the current profile along r = Ro (Iv = 8 kA). A small up-to-down
asymmetry observed at the early stage has almost vanished near the time of the current peak
(t = 1.5 ms), and the elongation ratio decreases slowly with time due to current peaking.
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Disruption

FIG.5. Magnetic surfaces during disruption. The magnetic surface before the disruption (solid
line) expands in 10 (Js of the disruption (dashed line). The outgoing flux is estimated to be
about 10% of the total poloidal flux in the plasma. After the stage with the high and noisy loop
voltage, the plasma becomes quiet again, and the magnetic surface is crushed against the shell by
the relatively strong vertical field (dot-and-dashed line).
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about to grow. The last case is distinguished from others both in the region
of occurrence and in the scale of the negative voltage spikes, and is con-
sidered to be the so-called disruptive instability. When the m = 2 kink mode
is enhanced, the correlation between the phase of the kink mode and the time
of the disruption is observed. However, the disruption sometimes occurs with-
out this correlation, or even without the precursor of the kink mode. Thus,
the m = 2 kink mode is unlikely to be the major cause of triggering the dis-
ruption, although it may have a stronger effect for the non-circular tokamaks
than for the conventional ones because of the geometrical coupling.

The discrepancy between the elongation ratio estimated from the poloidal
field distribution and that from the region of kink instabilities was reported
[2]. Assuming that the kink mode becomes unstable at qa = m, independently of
current profile, the discrepancy is explained by the effects of the peaking of
the current density profile. The equilibrium solutions in the cylindrical
tokamak with the elliptic cross-section are calculated analytically with two
parameters of KQ: elongation ratio at the center, and j(O)/j(a): current
peaking parameter. Fitting the experimental data to this solution, the singu-
lar surface q = 1 is located in the plasma, and it seems that the singular sur-
face and m = 1 internal mode are the sources of the disruptions in TNT-A dis-
charges.

The simultaneous observation of negative spikes on 6 one-turn loops around
the plasma shows that signals of disruption are completely in phase up to 500
kHz and proves that disruption has almost completely expansive mode. Figure 5
shows the deformation pattern of the magnetic surface during and after the
disruption.

2. HYBTOK-1 EXPERIMENTS AT NAGOYA UNIVERSITY

2.1. Introduction

A toroidal machine HYBTOK-1 ( Hybrid Tokamak ) with a shaping field pro-
duced by octopole conductors was constructed in order to testify the attainment
of a stable confinement without a conducting shell in tokamak configuration.
The possibility of such a stable hybrid system has been verified and the prop-
erties relating to the magnetohydrodynanvic equilibrium, stability and the im-
purity transport have been examined [4]. Basic study on lower hybrid wave
heating has been undertaken in HYBTOK-1.

2.2. Apparatus and plasma parameters

The schematic diagram of HYBTOK-1 is drawn in Fig. 6. The i n i t i a l plasma
is provided with two coaxial guns, the ohmic heating current is energized by
an air-core transformer, and the positional s tab i l i t y is obtained with a pro-
grammed vert ical f i e l d . The duration of the discharge is about 1 msec. The
D-shaped magnetic surface thus obtained is shown by the dashed l inesin Fig. 7.

Machine parameters: Major radius - 30 cm; Minor radius - 10 cm; Minor
plasma radius - 7.5 cm; Toroidal magnetic f i e l d - up to 7 kG.

Plasma parameters: Plasma current: - 10 - 20 kA; Loop voltage- 15 - 25 V;
Gas: He, Peak electron density ( deduced with a 4 mm interferometer
assuming parabolic prof i le ) - 2 - 3 x 1013 cnr3; Mean electron
temperature ( obtained from Spitzer conductivity assuming Ze f f to be
2 ) - 20 eV.
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FIG. 6. Experimental set-up of HYBTOK,
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FIG. 7. Group velocity trajectories as a parameter ofNz. Open circles show the conversion
points to fast wave. Bt = 4 kG; Ip = 10 kA; neo = 2 X 10n cm'3. Magnetic surfaces are shown
by dashed lines. Octopole currents of the outside, inside, and top and bottom are 4 kA, 8 kA and
5 kA, respectively.
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2.3. RF source and coupling antennas

The power of the oscillator is modest, 6 kW; the maximum pulse duration
is 300 usec, and the frequency is 289 MHz. The output of the oscillator is
stabilized with an isolator and connected to the matching network which is
composed of a tuning stub, a line-stretcher and a directional coupler. Signals
from the directional coupler are registered in a digital memory, calculations
are made in a minicomputer and the data for setting the stub and the stretcher
are printed with a typewriter. .

The present machine is not so large that the phased array of the wave-
guide is not adequate for a slow wave coupling structure. So we employed tv/o
types of wire antennas: a T-shaped antenna which is buried in alumina and an
M-shaped one which has a wavy antenna surface. The wave excited on the antenna
conductor is retarded along the static magnetic field by either the high re-
fractive index of alumina or the corrugated structure. The latter antenna was
employed mainly in the present experiment. The spectrum of the radiated power
as a function of longitudinal refractive index (Nz) was examined and found to
have a peak around 6 - 1 2 and a broad tail in the region of high refractive
index. The natural power reflection coefficient was about 0.5 and was reduced
to less than 0.1 by the matching mentioned above.

2.4. Wave propagation

The slow wave whose Nz is larger than a critical value can penetrate deep
into the plasma and arrive at the resonance region ( accessibility condition ).
On the other hand, slow waves whose Nz is not enough are reflected on the way
and return to the surface as fast waves, then are reflected again at the cutoff
layer, and so on. The group velocity trajectories are shown in Fig. 7 as a
parameter of Nz. The conversion points from slow to fast wave are indicated
by open circles. It is noted that the wave of small Nz is reflected at a point
of lower density and cannot propagate along the poloidal as well as the toroidal
direction. Under the present condition there is no resonance zone inside the
plasma.

The above-mentioned characteristics of propagation were examined with a
field-sensitive rf probe which is installed 245° away from the exciting anten-
na along the toroidal direction and makes an angle of 59° with the equatorial
plane. This calibrated rf probe was movable along the minor radius. The
analysis of the ray tracing shows that the rotational transform of the ray is
the same as that of the magnetic field line. From the rotational angle of
59° for the toroidal angle of 245° it is found that the effective safety
factor is equal to 4.2, which gives the relation between the toroidal magnetic
field Bt and the plasma current Ip, Bt(kG) = 0.45 Ip(kA). Figure 8(a) shows
the detected electric field in the toroidal direction Ez as a function of Bt.
In this case the plasma current is 10 kA and the above equation gives 4.5 kG.
Consistent with the prediction, a maximum amplitude of Ez is observed at about
4.5 kG. The diminution of Ez at the lower field is caused by the mismatching
of the rotational transform as well as by the mode conversion to fast wave.
Figure 8(b) shows the radial profile of Ez. The ray passes about 2 cm inside
from the^plasma surface at the probe position as shown in Fig. 6. The intensi-
ties of Ez decrease in the region r < 55 mm, meaning that the boundary layer
is 2 cm inside from the limiter radius. In the region r > 60 mm the intensi-
ties do not decrease drastically because of the accumulation of the waves of
Nz as surface waves.
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FIG.9. (a) Spectrum around the driving wave frequency, (bj Time evolution of the incident
RF power, (c) Horizontal position of the plasma column, (d) Intensity of the lower sideband.

2.5. Microinstabilities

With an electrostatic double probe,the high-frequency signals were picked
up at the same position as the rf probe and were connected to a spectrum ana-
lyser. The typical spectrum around the pump frequency is shown in Fig. 9(a).
The lower frequency side of the driving wave is broadened by up to ~ 5 fci,
where fc-j is the cyclotron frequency of He

+. The time evolution of the upper
and the lower sidebands also shows the dominance of the lower sideband. The
threshold for the appearance of this sideband is found to be around 1 kW.
Although the low frequency, say 10 MHz, did not always correlate to the rf
pulse since the noise intrinsic to the plasma is rather strong, the observed
microinstabilities are thought to be decay type. In Ffgs 9(b), (c) and (d),
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the time evolutions of the rf incident pulse, the horizontal position, and the
lower sideband are shown,respectively. As seen from the figures, when the
plasma column moves to the outer part from the center, the microinstabilities
are scraped off. This means that the microinstabilities localize at the outer
part of the plasma surface where the surface pump waves are bouncing.

3. S U M M A R Y

Two non-circular tokamaks have been investigated in various aspects.
First, in TNT-A experiments, the effect of a decay index N on plasma

shaping has_been investigated over a wide range; the elongation ratio becomes
maximum at N ~ - 0.2. The plasma parameters in the case of N ~ - 0.2 are as
follows: maximum plasma current - 1 20 kA; loop voltage - 4 V; central electron
temperature - 180 eV*, electron density - 1 0 1 3 cm'3; elongation ratio - 1.5;
energy confinement time - 0.2 msec, Zeff - 3; and 8(0) - 0.8 %. Direct mea-
surements of current profiles under low current operation show that
the elongation ratio decreases with time due to the current shrinking. The
signals of 6 one-turn loops around the plasma show that the disruption arises
in a purely expansive mode. They give the deformation of the magnetic surface
during and after the disruption. In conclusion, improvements in the MUD prop-
erties in tokamaks due to non-circularity and importance of the current pro-
files in non-circular tokamaks have been confirmed.

Second, in HYBTOK-1 experiments, various important subjects
concerned with lower hybrid heating were examined; The
M-shaped antenna was found to have a good coupling. The performance of the
matching system employing a minicomputer was satisfactory. The numerical
calculation of the ray trajectory showed that slow waves whose longitudinal
retardation is not enough are converted to fast waves and return rapidly to
the plasma surface in toroidal configuration as in plane geometry, and that
a plasma shaping has no drastic change in the lower hybrid heating scheme from
the point of view of accessibility. Experimentally the pump wave was
detected with a field-sensitive rf probe. The estimated trajectory was consistent
with that predicted by the theory. Applying rf power to the antenna gave rise to
a lower sideband near the driving frequency. It was suggested that the ob-
served microinstabilities have decay character and localize at the outer part
of the plasma surface.
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DISCUSSION

H. ZWICKER: You mention, in connection with your TNT-A experiment,
direct probe measurements within the plasma on the millisecond time scale.
Have you made independent measurements, or can you adduce any other
arguments, to show that the long times indicated by these probe measurements
can be trusted?

H. TOYAMA: We measured the electron temperature by Thomson
scattering. When we know the dependence of Zeff on the radius, the current
density is estimated from the Te profile. The current density profile measured
directly by the magnetic probe was consistent with that estimated from the
Thomson scattering measurement, assuming uniform Zeff profile. However,
I should say that these direct measurements were limited to low-current operation
(Ip < 8 kA) to avoid an unduly heavy heat load on the probe.
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Abstract

EXPERIMENTAL STUDY OF MAGNETIC DIVERTOR IN DIVA.
The metal-impurity origin on the surface of the actual first wall is the self-sputtering

of gold ions in the DIVA device. The efficiency of shielding action by the scrape-off plasma
against the aluminium blow-off is about 95% and 80-85%, with and without the
divertor, respectively. Roughly 0.3% of the aluminium atoms injected into the scrape-off
plasma in the burial chamber penetrate into the main plasma owing to the impurity backflow
from the burial chamber. The divertor suppresses the increase of the radiation loss when the
plasma current is increased, increases energy confinement time by a factor of 2.5, and provides
the stable low-q discharge, typically q = 2. Stable low-q discharges, typically q = 1.7,
iT= 1.1 X 1014 cm"3, (3= 0.8% and Tg = 5.7 ms, are also obtained even in undiverted discharges
by reducing the impurity effect by employing the clean titanium shell surface.

1. INTRODUCTION

DIVA is a tokamak with a divertor hoop coil with a current capability of
60 kAT. The hoop current is proportional to the plasma current and provides
the axisymmetric magnetic limiter with a single null magnetic separatrix. The
equilibrium of a plasma column with the magnetic limiter inside the shell has
been well established in the range of 0.7 < I D A P < 1 -8. Plasmas are produced
inside the magnetic separatrix surface, and outgoing plasmas due to the diffusion
process are partially guided into the burial chamber. Typical plasma parameters
were given in Ref. [1 ]. The divertor was found to produce the broader profiles
of electron temperature. Consequently the divertor improves energy confinement
time by a factor of 2.5 and provides the stable low-q discharge, typically q = 2.

377
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FIG.l. Dependence of the intensity of the Aulline radiation on Vs-VAu, where Vdenotes the
space potential and V^u the applied voltage to the shell.

Confinement properties were reported in Refs [1,2] and these results are due to
the divertor functions such as reduction of plasma-wall interactions near the main
plasma and impurity shielding action. The parameter scaling for the electron and
ion temperatures in the scrape-off layer are described in Refs [1,3], and rather
high temperature plasma is obtained in DIVA, i.e. Te = 20-100 eV; Tj = 20-60 eV;
andn e = 1.5-5 X 1012 cm"3.

Recent experiments on the DIVA tokamak have investigated these divertor
functions [4, 5] including (a) the metal-impurity origin, (b) control of the impurity
origin and impurity transport and (c) confinement properties.

These results are summarized here and the confinement properties are
discussed.

2. METAL-IMPURITY ORIGIN

2.1. Simulation of first wall with sample target

Several mechanisms of metal-impurity release from the first walls have been
proposed. Recently in the DIVA tokamak, ion sputtering, evaporation and arcing
have been investigated by using a sample limiter placed in the scrape-off layer and
shown to occur under the different conditions of the limiter surface and the
potential drop with respect to the plasma [4]. It was concluded that sputtering
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due to highly ionized ions accelerated by the potential drop between the sample and
the plasma is the dominant process in the mechanism of metal-impurity release in
the stationary-phase discharge without disruptions.

2.2. Metal-impurity origin on the surface of the actual first wall

In Fig. 1 the intensity of the Aul line radiation, which is correlated to the
quantity of the metal-impurity efflux, is plotted as a function of the applied
voltage to one of the four sector pieces of the shell coated with gold. The curve
seems to consist of two sputtering curves of hydrogen and high-Z ions onto a gold
surface. When the accelerated potential is below 400 V, the main part of the
sputtering may be due to the impurity ions which have a relatively low threshold
energy, and above 400 V the sputtering due to hydrogen ions becomes dominant.
The results show that the high-Z impurity ion sputtering may be dominant on
the shell surface when the sheath potential is as low as in the actual scrape-off
plasma, i.e. 0 = 150-200 V.

After 70 000 shots exposure of the shell surface to discharges, several pieces
were cut off the shell, and the scanning electron micrograph (SEM) pictures of
various areas of the shell were examined. Figure 2 shows the typical spatial
intensity distribution of the Aul line radiation and SEM pictures of the surfaces
examined. The shell surface was originally covered with gold by the ion-
plating method at 260°C. Figure 2(e) shows the SEM picture of the
original shell surface before exposure to tokamak discharges. The cone-
like formations due to ion sputtering are more clearly observed in the area
of the throat, i.e. the left side of the figure. This corresponds to the area of
the maximum intensity of Aul line radiation. In Fig. 3, the cone-like formation
is more clearly observed on the gold limiter surface used for protecting the shell
surface over about 10 000 shots.

From the results shown in Figs 1, 2 and 3 it is concluded that the ion
sputtering by high-Z ions is the metal-impurity origin in DIVA. From the fact
that the pseudo-continuum emission did not change when the oxygen concentra-
tion, which has the largest population in DIVA discharges, was reduced by a
factor of 2 with titanium gettering, it is seen that the oxygen ions are not
responsible for this ion sputtering. Therefore the gold ions are responsible for
the observed ion sputtering.

It was shown in Ref. [5] that the gold impurity efflux from the wall can be
reduced by lowering the electron temperature in front of the shell surface by
adding methane gas pulse to the discharge, while in this experiment the ion
temperature of the boundary plasma did not change. Therefore high-Z ions (gold)
should be accelerated by the sheath potential in front of the shell surface; get the
energy as high as Z0 eV [6] and self-sputtering occurs.
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FIG. 2. (a)-(d) Scanning electron micrograph (SEM) pictures of various areas of the shell
surface after 70 000 shots exposure, (e) SEM picture of the original surface of the shell.
Typical radial distribution of the intensity of the Aul line radiation is also shown.
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FIG.3. SEM picture of the protection plate after 10 000 shots exposure. Cone-like
formations due to ion sputtering are observed.

3. CONTROL OF IMPURITY ORIGIN AND IMPURITY TRANSPORT

3.1. Control of impurity origin

In Refs [1,2], particle and energy balance with and without operation of
the divertor was investigated with the same minor radius, density, plasma current
and toroidal field. The divertor reduces the particle flux to the first wall by a
factor of 2 and the heat flux to the first wall carried by conduction and convection
by a factor of 8. The relation between plasma loss flux to the first wall and impurity
production at the first wall has not been quantitatively understood. However,
according to these results, it is important to reduce electron temperature in front
of the first wall to avoid metal-impurity contamination. By using a divertor,
75% of the heat flux carried by conduction and convection is guided to the remote
neutralizer plate before reaching the shell surface, and this leads to a decrease in
the electron temperature in front of the shell surface by a factor of 1.5. In
particular, in an undiverted discharge the electron temperature at the limiter
(15 mm inside from the shell surface) is about 100 eV and the limiter may
seriously suffer from ion sputtering. In a diverted discharge, the material
surface which contracts a high electron temperature scrape-off plasma
(Te = 60-100 eV) is replaced by a neutralizer plate. Thus the neutralizer plate
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may become the metal-impurity source. The released impurities, however, do
not flow into the main chamber, as is shown in Section 3.2. If the impurity
backflow from the neutralizer plate into the main plasma becomes serious,
control of plasma-wall interactions in the burial chamber is necessary. As one
method of controlling the plasma-wall interactions at the neutralizer plate,
honeycomb structure was tested to reduce the effective ion sputtering yield on
the neutralizer plate, and a reasonable reduction of ion sputtering was
demonstrated [4].

3.2. Control of impurity transport

3.2.1. Shielding impurity influx

The shielding action of the divertor was studied in DIVA by injecting
methane gas at room temperature and aluminium at about 5 eV at the farthest
point from the burial chamber along the magnetic field line [5]. The injected
carbon atoms are ionized, and ionized carbons flow into the divertor chamber.
Consequently, the divertor reduced the radial impurity influx towards the plasma
centre by a factor of 2 - 3 during the successive ionization processes from CIII
to CV [5]. In addition, the observed transit time (300 ± 100 /is) of the ionized
carbons to the burial chamber is roughly equal to the transit time (190 £ts) of the
scrape-off plasma flowing into the burial chamber. The efficiency of shielding
action by the scrape-off plasma against the aluminium blow-off is about 95%
and 80—85% with and without the divertor, respectively. The accumulation of
the injected aluminium is 3—4 times less in a diverted discharge. This
demonstrates the shielding action and sweeping-out action of the flowing divertor
plasma.

3.2.2. Impurity backflow

To investigate the effect of the impurity backflow from the neutralizer
plate, the accumulated aluminium ions in the main plasma were compared when
the same number of aluminium atoms were directly injected into the main
plasma and into the scrape-off plasma in the burial chamber [5]. Injection of
aluminium directly into the main plasma has significant effects and results in
large disruption. Injection into the scrape-off plasma in the burial chamber,
however, has little effect on the main plasma. Impurity backflow from the burial
chamber is negligibly small. Roughly 0.3% of the aluminium atoms injected into
the scrape-off plasma in the burial chamber can penetrate into the main plasma
in this experiment. These results show that the location of the impurity origin
is an important factor in the impurity contamination of the main plasma.
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FIG.5. The profiles of electron temperature (Te) and signals from PIN diodes (A) at the top
C) and the bottom (o) of the sawteeth, and vertical and horizontal profiles of sawteeth
amplitudes (T) in a discharge ofq = 1.7; ne = 1.1 X 7014 cm'3; r^, = 5.7 ms; and0 = 0.8%.
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FIG.6. Energy confinement time TE versus 1.7 \fqznXn with divertor (o) and without divertor
(*) in DIVA. qa: safety factor; n~\n = n~J(lOl°' cm~3). The numerical factors of the scaling law
for both discharges with a clean titanium shell surface coincide and still show the dependence of
\fqah~i4 even in low-q discharges.

4. CONFINEMENT PROPERTIES

Figure 4 shows the radiation loss versus plasma currents with and without
the divertor. The radiation loss tends to saturate in a diverted discharge, while
it linearly increases in an undiverted discharge, when the plasma current is
increased. This phenomenon is considered to be due to the divertor actions [ 1 ]
and the divertor thereby easily provides the low-q discharge. Therefore, even
without a divertor, a low-q discharge will be obtained by reducing impurity effect
by employing the clean titanium shell surface.

Plasma parameters of a q = 1.7 undiverted discharge are: Bj = 1 -25 T;
Ip = 64kA; Te = 210eV; T; = 190 eV; n = 1.1 X 1014 cm"3; |3 = 0.8%; and
TE = 5.7 ms. Stable sawteeth were observed in the discharge. The profile of
electron temperature at the top and bottom of the sawteeth, and vertical and
horizontal profiles of sawteeth amplitudes (A) are shown in Fig. 5. The broader
profile gives the improved energy confinement time which follows after the
previous scaling law for diverted discharges (Fig. 6).

These results show that a stable low-q discharge can be obtained with and
without a divertor in a low-power small tokamak such as DIVA. In a higher
powered discharge such as in a large tokamak the situation should become
different, since the ion sputtering becomes significant and the divertor should
provide a promising method of reducing impurities due to the divertor actions,as
described in this paper.
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Abstract

INVESTIGATION OF TOKAMAK T-12 PLASMA WITH TWO AXISYMMETRIC DIVERTORS.
T-l 2 is a tokamak with an elongated plasma cross-section and an axisymmetric divertor.

The characteristics of the divertor, its effect on the plasma parameters, the screening-out of
impurities by the divertor, and plasma and divertor layer oscillations have been studied. The
plasma parameters are: electron temperature Te = 300 — 400 eV, ion temperature T; = 130 eV,
density ng(o) = 4 X 1013 cm"3 The results obtained are as follows:

1. Both duration and amplitude of the discharge current increase, the plasma density
distribution becomes flatter, and the radiative energy loss to the wall becomes uniform with the
use of a divertor.

2. The relative radiation loss is reduced by one half.
3. Particle and energy outflow to the copper shell due to charged-particle leakage is

negligible.
4. The plasma density distribution in the divertor layer does not vary with time.
5. The divertor layer diffusion rate is less than one tenth of the Bohm diffusion

coefficient.
6. The divertor screens the impurities out; screening-out of iron is more effective than

that of carbon.
7. Oscillations were observed both in the plasma and divertor layer, followed by an

outflow of accelerated electrons.

INTRODUCTION

The development of methods of protecting the tokamak plasma from
impurity atoms is an urgent matter because the impurities appreciably affect the
operating conditions of modern experimental devices, and, on the other hand,
as calculations have shown, lead to a change in the ignition conditions of tokamak
reactors. One way of protecting the tokamak plasma from impurities is to use a
divertor. Since the plasma is surrounded by a layer of magnetic lines of force
(the divertor layer), which enter the divertor volume, such "unloading" functions
as, e.g. removal of helium from the working volume, formed by burning of
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hydrogen isotopes and maintaining the necessary particle balance during injection
of neutrals or pellets, can be fulfilled by the divertor in addition to screening out
the impurities. Rather promising results have recently been obtained for divertor
plasma screening of impurities [1 ]. In T-12, the plasma column cross-section is
elongated and bounded by the separatrix surface formed by the magnetic configu-
ration of two poloidal divertors [2]. It has been shown experimentally [3] that
such a plasma can be stable with respect to vertical displacement.

The creation of a magnetic configuration with poloidal divertors in T-l 2 has
a favourable effect on the physical parameters of the plasma [4]; it decreases the
impurity content in the plasma, which results in reduced radiative energy loss.

This paper presents experimental data obtained from studies of physical
phenomena and the determination of the parameters of plasma column, divertor
layer and divertor channel plasmas.

EXPERIMENTAL CONDITIONS

Design and physical parameters of T-12 have been given in detail in Ref.[2].
The vacuum chamber is divided into three parts: the central section and two
divertor sections separated by movable shell components (Fig. 1). The following
situations can be realized: a) a closed finger-ring tokamak, and b) a finger-ring
tokamak with a divertor — if an appropriate magnetic configuration is created.
The configuration of the poloidal magnetic field of an axisymmetric divertor is
determined by a superposition of the plasma current magnetic field, an external
quadrupole field creating an appropriate divertor configuration, an external
dipole field providing stability in the direction of the major radius, and the field
generated by the current flowing in the shell. Under these conditions the plasma
column is bounded by the separatrix magnetic surface (Fig. 1). The position of
a separatrix point controlled by a movable magnetic probe was determined from
directions and magnitudes of the poloidal field components. The entrance of the
separatrix point into the shell is accompanied by plasma and energy outflow into
the divertor (Fig.2).

The plasma can also be bounded in the horizontal direction by movable
molybdenum limiters and in the vertical direction by movable shell components,
which, in this case, represent distributed material limiters. Plasma shaping was
controlled by three bolometers positioned symmetrically with respect to the
equatorial plane near the limiters. It follows from Fig.3a that, when the plasma
column is confined by movable molybdenum limiters, the central bolometer
receives maximum radiation flux while if the movable shell parts bound the plasma
this flux is minimum. When the plasma column is bounded by a separatrix the
radiation flux to the wall is uniform.
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FIG.l. Copper-shell cross-section with diagnostic tools of divertor layer (dotted line represents
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FIG.2. Time variation of various parameters: 1) discharge current, Ip; 2) separatrix point,
Zs; 3) plasma MHD instabilities; 4) divertor channel bolometer power, Pdiv; 5) total number
of ions per divertor unit length, njd; 6) total number of electrons per divertor unit length,
ned; 7) njd of total number of ions in divertor-layer equatorial plane.
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FIG. 3. Spatial distributions of various parameters: a) radiation energy loss to wall,
b) plasma density, ne; c) relative radiation intensities of C V line, ri(f+ <ffv> in discharges with
(solid line), and without divertor (dashed line).

The experiments have been carried out without pumping out the divertor
volumes, hydrogen being injected into the device all the time. The following
plasma parameters have been obtained: Jp = 50 kA, ne(0) = 4 X 1013 cm"3,
Te = 300 - 400'eV, T{ = 130 eV for a toroidal magnetic field of BT = 0.8.

EFFECT OF A MAGNETIC CONFIGURATION WITH TWO POLOIDAL
DIVERTORS ON PLASMA PARAMETERS

It has been observed in experiments on T-12 that when the plasma is bounded
by a magnetic separatrix surface the time variations, spatial distributions, and
plasma parameters improve appreciably:

1) the current increases up to 45 - 50 kA as compared to 35 kA obtained
in the case where the plasma is confined by material limiters. Since the plasma
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FIG.4. Various oscillograms: a) discharge current, Ip; bj plasma density, ne (0); c) radiation
intensity of C V line; d) radiation intensity of O V line; e) power loss by radiation to the
bolometer (solid line: with divertor, dashed line: without divertorj.

cross-section does not change substantially, and the current limitation is probably
connected with a disruptive instability if q ( 0 ) < 1, a flatter current density
distribution seems to form in the divertor configuration discharges;

2) flatter distributions of the interferometer phase curves are observed with
the use of a divertor (Fig.3b), and the plasma density does not increase so rapidly
with time (Fig.4b);

3) the C+4 ion density distribution over the plasma cross-section (Fig.3c) indicates
that the hot plasma region expands in the divertor configuration discharges. In
such discharges, the area with C4+ burning out in the centre increases with time
while in discharges without divertors the distribution is constant with time;

4) the carbon and oxygen radiation intensities (C HI and 0 V), and the
relative energy loss by radiation and neutrals from the plasma are reduced
(Fig.4c, d, e).
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FIG. 5. Various oscillograms: a) discharge current, /„ ; b) behaviour ofne = l 0n along R;
c) saturation ion current of Langmuir probe placed in diverfor channel, l^p.

PLASMA PARAMETERS IN THE DIVERTOR LAYER AND DIVERTOR
CHANNEL

Divertor layer

The behaviour of the plasma surface layer has been investigated under two
operating conditions, at discharge currents of Jp = 20 kA [A] and Jp = 40 kA [B].
A. At a discharge current of 20 kA, the behaviour of the divertor layer plasma
in the equatorial plane was investigated by a microwave interferometer (X = 3 cm)
[5] for "reflection", while in the divertor channel, a Langmuir probe and a micro-
wave interferometer (X = 0.8 cm), were used (Fig. 1). The phase shift of the
reflected waves depends of the space between a plasma with ne = 1012 cm"3 and
the antenna. The figure shows the position of the antenna. Before a separatrix
enters into the shell volume, the boundary of the plasma with ne = 1012 cm"3

does not vary with time (Fig. 5b). After the separatrix has entered the shell a
1 0 - 1 2 mm inward displacement of the plasma surface layer is observed; after-
wards, it remains immobile. In this case, the plasma appears in the divertor channel
and the saturation ion current of the divertor probe does not vary with time
either (Fig.5c). The inward displacement of the plasma boundary is due to
reconnection of the boundary lines of force, and, therefore, the plasma corre-
sponding to these lines begins to penetrate into the divertor. On an evaluation
of the quantity of particles going out into the divertor (AN) and the time of
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FIG. 6. Spatial distributions of a) plasma density, «,-," b) temperature, Te, in the divertor
layer.

penetration (At) from the boundary displacement (Fig.5b)jit is possible to
estimate the minimum velocity of the plasma flow into the divertor. For the
measured value of nd in the divertor channel, Vdiv > 2.5 X 104 cm • s"1. With a
calculated value of 0.03 for the slope of the magnetic lines of force, we obtain
Vflow 5s 8 X 105 cm • s"1 for the velocity of the plasma moving along the lines of
force, which is close to the values measured in other devices [6].
B. At a discharge current of Jp = 40 kA, the ion density distribution and the
electron temperature near the shell wall (Fig.6) were measured by using a movable
Langmuir probe positioned in the equatorial plane (Fig.l). The time variations
of the probe saturation ion currents are similar at every single point of the divertor
layer within a range of 14 mm from the wall. When the probe is displaced from
the wall for a distance exceeding 14 mm the probe ion current grows abruptly
while the magnitude and duration of the discharge current decrease substantially.
This fact seems to be associated with the transition of the probe from the outer
to the inner magnetic surfaces (with respect to the separatrix, i.e. passage through
the separatrix). The total number of particles in the divertor layer cross-section
n;d grows with time (Fig.2). After the formation of the magnetic configuration
with poloidal divertors, the density slope towards the wall along R remains
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FIG. 7. a) Position and area of operation, h, of Langmuir probe in divertor channel (dot-
dashed line represents theoretical position of separatrix). Spatial distributions in the divertor
channel of bj plasma density, nf cj electron temperature, Te.

approximately the same, which is probably due to the constancy of the plasma
transport coefficients. The estimation of the diffusion coefficient from the ion
density distribution in the divertor yields D < 103 cm2 ' s"1; this value is a tenth
of the Bohm diffusion coefficient. The electron temperature is approximately
constant in the range of 10 mm from the wall; it varies with time from 20 to
10 eV. At a distance of 10 to 14 mm from the shell wall, the temperature is
observed to rise up to 30 - 40 eV.

Divertor channel

The plasma parameters in the divertor channel were measured both by a
movable Langmuir probe and a microwave interferometer, X = 8 mm, placed in
the divertor channel. The theoretical position of the separatrix is shown by a
dotted line in Fig. 7a. The ion density distribution both in the divertor channel
and the divertor layer remains constant in time (Fig.7b). The electron temperature
varies slightly along the divertor channel width, amounting to 15 - 25 eV (Fig.7c).
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TABLE I. LEAKAGE AND ENERGY FLUX DATA

Particle flux Energy flux
(s"1) (kW)

Wall

Divertor Wall P Q H Radiation Charged Charge
particles exchange

2X10 2 0 3X10 1 8 200 50-80 ~0 10-20

The magnitudes and the time variation of ned as measured by interferometer
(Fig.2, 6), and of njd as measured by the Langmuir probe (Fig.2, 5) agree with
good accuracy. At 5 ms the nd-values obtained in the divertor channel and in the
divertor layer are the same, then the plasma density in the divertor channel starts
growing more rapidly than that of the divertor layer in the equatorial plane.

As the MHD instabilities grow the outflow of charged particles into the
divertor layer increases. Taking into account the delayed particles coming into
the divertor channel from the divertor layer near the equatorial plane, compared
with those escaping near the divertor channel, it is possible to estimate the rate
of plasma diffusion into the divertor. The estimate yields Vdiv > 5 X 104 cm2 • s"1.
Table I lists the data on the leakage of particles and energy fluxes to the shell wall
and divertor, assuming that the plasma is moving to the divertor with ion-acoustic
speed. It should be pointed out that the outflow of particles and energy with
charged particles to the chamber wall is negligible.

A comparison between the plasma characteristics of the divertor layer near
the equatorial plane and those of the divertor channel shows that there are
common features; however, the plasma density growth rates are different, which
may be attributed to the ionization of the particles entering the divertor channel.

The presence of impurity ions in the divertor was established in preliminary
studies using Auger spectrometer films sputtered on the bolometers placed both
in the divertor channel and the equatorial plane near the wall. Figure 8 shows
the distribution of iron and carbon over the thickness of the sputtered film. The
solid line represents the divertor bolometer, the dotted line the wall bolometer
(I is the domain of discharge-cleaned wall without divertor, II is the domain of
divertor operation).

During the cleaning the amount of the sputtered carbon increases both on
the wall and the divertor bolometers. As the poloidal divertor operates, the
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FIG. 8. Relative distributions of iron and carbon over thickness of film sputtered on bolometers.
I) Domain of discharge-cleaned wall without divertor; II) domain of divertor operation.

amount of sputtered iron and carbon decreases in the wall region, while it
increases in the divertor channel. This effect is more pronounced with iron.
Thus, it is seen that the divertor layer ionizes heavy impurities, which pass into
the divertor, i.e. it may screen out the heavy-atom flux.

PLASMA COLUMN OSCILLATIONS

Reference [4] describes MHD oscillations in a divertor configuration discharge,
which give rise to a disruptive instability. The authors concluded that the
disruptive-instability mechanism is typical of tokamaks.

This paper presents experimental results obtained from discharges with
Jp = 36 kA where MHD instabilities manifest themselves slightly, but internal
negative-voltage spikes are present. Oscillograms characteristic of such a discharge
are presented in Fig.9. It is seen that the well correlated oscillations of C V line
intensity, loop voltage, discharge current derivative and saturation ion currents
of wall and divertor probes appear at regular intervals of 4 - 5 ms from the
discharge onset, as well as the emission of hard X-rays with E > 150 keV. Soft-
X-ray emission passing through a 40-/um beryllium foil also detected the emission
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FIG. 9. Oscillograms of various quantities: a) Discharge current, I„; b) soft-X-ray emission
intensity; c) C V line emission intensity; dj Langmuir probe saturation ion current; e) hard-
X-ray emission intensity; fj current time derivative, dlp/dt; gj loop voltage.

whose amplitude did not vary with the foil thickness although the emission level
decreased. The oscillation frequency f ~ 5 kHz. The oscillations of the C V line
are phased along all the observation chords (from Z = 0 to Z = ±11 cm). This
indicates that the oscillations consist of expansions and compressions of the
entire C V line light emission region (the high-temperature zone of the plasma
column). No correlation of the C III line light emission with the outer region of
the plasma column was observed. Simultaneously with the rapidly increasing
signals of the discharge current derivative and the electric probe saturation ion
currents, hard-X-ray emission was observed, which seems to be associated with
the outflow of accelerated electrons. The microwave interferometer indicates
that, at an instant of instability, during t = 20 jus, the plasma layer, ne = 1012 cm"3,
rapidly approaches the wall and the plasma density increases abruptly in the
divertor channel.
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To sum up, the oscillations of the internal and peripheral plasma column
regions, accompanied with the leakage of accelerated electrons, take place in the
divertor discharge plasma at a sufficiently large value of the discharge current.

CONCLUSIONS

The studies made on the operation of the poloidal divertor in T-l 2 allow
us to draw the following conclusions:
(1) The magnetic configuration of the poloidal divertor has a favourable effect
on the physical plasma parameters, energy confinement, and plasma purity.
(2) The divertor layer reduces the interactions between plasma and shell wall
and directs particle and energy fluxes into the divertor.
(3) The divertor layer screens out impurities, especially those with large Z.
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DISCUSSION

ON PAPERS T-3-1 AND T-3-2

G.A. EMMERT: In the impurity injection measurements in DIVA, did you
make any measurements of the line integral of the electron density in the
scrape-off zone?

H. MAEDA: The density in the scrape-off layer is 5 X 1012 cm"3 and the
width of the scrape-off layer is 1 to 2 cm.

B. COPPI: You indicated that at low values of q the energy replacement
time increases as q decreases. This is consistent with observations on other
experimental devices, including Alcator. However, in these regimes, one cannot
use the scaling law T E OC ffy^q which you quoted and which was obtained in
Alcator for relatively high values of q. To extend this scaling to low q, we may
write r E <* rfy'q a^f, where aeff <* a/q, a is the radius of the plasma limiter and
aeff represents the effective width of the pressure profile.

H. MAEDA: There is no indication in our data that the energy confinement
time r E increases as q decreases with a given wall. r E still shows the n-^/q"
dependence even at low values of q(q = 1.3, 1.7, 1.9), at least so far.

With a titanium-gettered clean shell surface in place of the gold surface,
T E without the divertor is improved by a factor of 2.5 compared with Alcator
scaling, and without violating the n^/q dependence. We also found that low-q
and high-density discharges are accessible without the divertor; with the clean
titanium shell surface, we obtained a scaling law T E = 4.0 ff 14 y'q both with and
without the divertor.

S. YOSHIKAWA: It strikes me as remarkable that the elongation factor
b/a could be as high as 2 and still last a long time, but perhaps the presence of
conducting shells nearby explains it.

R.L. FREEMAN: I might point out that MHD-stable elliptic plasmas with
elongations greater than 2/1 have been observed in Doublet IIA discharges with
broad current density profiles. Perhaps it is in fact the close-fitting shell in T-12
and the close shaping coils in Doublet IIA that provide stability at large
elongation.
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Abstract

INVESTIGATION OF MODULATED RUNAWAY LOSSES AND EFFECTS OF A HELICAL
DIPOLE FIELD IN PULSATOR.

The hard X-ray emission from the limiter of Pulsator tokamak shows three distinct types
of intensity modulations: an oscillation correlated with the m = 2 mode, strong sawtooth
modulations coincident with the internal disruptions, and radiation bursts indicating an external
disruption or a similar type of instability. For the purpose of interpretation, the trajectories
of runaways in the presence of helical magnetic perturbations are calculated. From these
calculations the m = 2 oscillations in the hard X-rays can be explained. Moreover, it is found
that, in case of strong magnetic ergodization, the runaways may travel large radial distances,
but are still confined within the plasma. Finally, experiments with a partial m = l,n = 1
winding on Pulsator are briefly reported. By means of this helical field the m = 2 mode can
be suppressed. External disruptions can also be thus triggered. Suppression of internal
disruptions by the dipole part of the field is observed only at low densities.

1. OBSERVATION OF HARD X-RAY INTENSITY MODULATION

In Pulsator the high-energy radiation produced at the limiter
is investigated by means of several diagnostic systems. For the
determination of the photon energy a 3" x 3" Na I crystal in a
telescope mounting is used. Measurements with high time resolu-
tion are performed with plastic scintillators positioned on top of
Pulsator (Fig.1) and behind a pinhole camera which is inserted in
a large lead wall. Figures 2 - 4 show some characteristic traces
of these scintillator signals together with the soft X-ray inten-
sity (signal of a surface barrier diode looking through the plas-
ma centre), loop voltage, plasma current, electron density (aver-
aged over a diameter), and the plasma shift signal (the normal-
ized difference of two facing pick-up coils). The amplitudes of
the hard X-ray signals are roughly proportional to the radiation
power in the range of a few hundred keV to several MeV.
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FIG.l. Detector arrangement of hard X-ray measurements at the limiter.

In Fig.2 we observe at t=42 ms an instability which shows some
of the characteristic features of an external disruption as des-
cribed in Ref ./"!/• An instability of this type is observed in
most discharges in Pulsator. The instability occurs soon after
the density starts to rise due to the gas input at t=4O ms. It is
recognisable by a negative spike in the loop voltage, a hard X-
ray burst at the limiter, and a sudden, small inward shift of the
plasma. The hard X-ray burst is seen by the two detectors,
looking at the inner and outer portion of the limiter (Fig.2).
The radiation power registered by the detector looking at the
outer portion of the limiter exceeds that obtained by the detec-
tor looking at the inner portion by about a factor of 20. In
order to prove that the detected radiation is not plasma brems-
strahlung but is caused by electron runaway bombardment of the
limiter, one of the detectors is positioned 180° away from the
limiter on top of the torus. The intensity is only 0.1% (probably
stray light) compared to that obtained when looking at the outer
portion of the limiter. For about 10 ms after the hard X-ray
burst there is still a strong fluctuation of the intensity at
the outer side of the limiter (possibly indicating weak consecu-
tive instabilities) which is only marginally detectable at the
inner side of the limiter. From the shift signal it is concluded
that neither the hard X-ray burst nor the fluctuations are
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FIG.2. Effects of a disruption-like instability during the increase of density.

caused by shifts of the plasma column; rather it can be assumed
that the plasma inward shift and the hard X-ray modulations are
two independent phenomena indicating a deterioration of magnetic
confinement.

Figure 3 shows a recording of a high density shot. In these
shots the runaway density is very low (< 10^cm~3, Ref./2/) so
that the runaways can be regarded as test-particles. Figure 3
demonstrates strong internal disruptions which appear as saw-
tooth modulations in the soft X-rays and towards the end of the
discharge, also in the hard X-rays. There are additional hard
X-ray bursts correlated with a sequence of external disruptions
(Fig.3). The sawteeth in the hard X-rays are observed by both
detectors. These sawteeth modulations are inverted with respect
to those appearing in the soft X-rays, and the maximum in the
hard X-ray intensity occurs typically about 200 /us after the
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FIG.3. Sawtooth modulations in soft and hard X-rays in a high-density discharge.

minimum in the soft X-ray intensity. From the analysis of the
hard X-ray spectrum it is concluded that the energy of the run-
aways involved in the modulations is in the range of several MeV.
No noticeable variation of the spectral distribution between the
beginning and the end of a sawtooth could be found. Although
there is a rough proportionality between the sawtooth amplitude
in the hard and soft radiation, it is most important to notice
that in most cases the relative sawtooth amplitude in the soft
X-rays must exceed a certain threshold to induce a modulation in
the hard X-rays (Fig.3). There are also series of shots without
sawteeth in the hard X-rays but with relatively strong ones in
the soft X-rays. It is further observed that the probability for
the occurrence of the hard X-ray sawteeth increases with density;
they generally do not occur for densities below 6 x 1O13cm-3
(Ref./3/). In some cases, however, these modulations have also
been observed in discharges where the density was kept at
4 x 1013cm-3.
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FIG.4. m = 2 oscillations in the hard X-rays prior to the disruption.

A third type of hard X-ray modulation is observed several ms
prior to the external disruption. At this time the m=2 mode be-
gins to increase rapidly and the hard X-ray intensity is seen to
oscillate in phase with it. This observation has been reported
already at the Berchtesgaden Conference /1/. By means of the
plastic scintillation detectors the effect is observed more dis-
tinctly than reported earlier, as shown in Fig.4 (saturation of
the hard X-ray signal is instrumental).

2. INTERPRETATION OF THE EXPERIMENTAL FINDINGS

2.1 General aspects
It will be shown that there is a relatively simple explanation

for the m=2 oscillations in the hard X-rays but a more compli-
cated mechanism must be invoked in case of the two other modula-
tions. In these considerations it is a fundamental uncertainty
that we do not know whether the runaways that are causing the
modulations come from the plasma centre or the outer regions. As-
suming that the particles were already close to the boundary, a
modulated runaway bombardment of the limiter could be induced by
shifts of the runaway drift surfaces due to changes in the cur-
rent profile. In case of the internal disruptions (to which we
refer in particular in the following) we have calculated these
changes in the runaway orbits on the basis of reasonable assump-
tions for the changes in the profiles. The corresponding drift
surface motions have been computed making use of the fact that
the cross-sectional area of closed drift surfaces turn out to be
adiabatically invariant with respect to particle energy and cur-
rent profile variations. The calculated shifts of the runaway
orbits are relatively small and are typically in the range of a
few mm only (1 mm for 5 MeV runaways starting close to the limi-
ter; details of these calculations will be reported elsewhere).
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FIG.5. Intersection points of magnetic field lines (a) and runaway trajectories (b) with a
poloidal plane for /hel = 12 kA (starting points marked by arrows).

In any case, this model needs an additional transport mechanism
for filling up the outer plasma region. It also seems to be in
contradiction with our observations because there is a threshold
for the onset of the hard X-ray sawtooth modulations.

The alternative, namely that the impinging runaways come from
the inner part of the plasma, is favoured by the fact that the
hard X-ray plasma radiation has been found in previous measure-
ments to peak strongly at the plasma centre, and calculations of
the runaway production rate, based on laser scattering data,
yield strongly peaked profiles /2/. To explain the modulations
in this case, a long-range effect of the internal disruption on
the runaway motion must be found. Whether such a long-range ef-
fect may be explained by an ergodization of the magnetic field
lines will be briefly discussed in the following section.
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FIG.6. The same as Fig.5(a) and (b) for 7hel = 40 kA (one starting point only).

2.2 Runaway orbits in ergodized magnetic regions
By means of a three-dimensional time-independent code we cal-

culate magnetic field lines and the trajectories of runaway elec-
trons according to the guiding centre drift equation. All toroidal
effects are included in these calculations but at present we make
the simplifying assumption that the plasma current is a thin fila-
ment on the axis. For this reason the calculations can give quali-
tative information only because of a magnetic shear too large
compared with the experiment.

The basic parameters in the calculations are: Ipr = 60 kA,
Btor = 3.0 T, BVert

 = 29 mT. We assume a typical runaway energy
of E k i n = 5 MeV and a velocity ratio of Vj. /V = 0.1.

For this data an intersection of the magnetic surfaces with a
poloidal plane yields almost concentric circles and the runaway
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orbits are slightly deformed circles shifted towards the outside
of the torus by about 1.5 cm. Magnetic islands and magnetic ergo-
dization are produced by adding helical perturbation currents
flowing outside of the plasma. A number of calculations have been
performed for the partial m=1, n=1 winding of Pulsator (Fig.7)
with regard to the experiments described in Sec.3. This type of
perturbation induces a strong m=1 island and it also has higher
Fourier-components which are in resonance with other rational
q-surfaces. Thus, this kind of perturbation, though originally
introduced for a different purpose, may simulate in a way a real
situation where the perturbation currents flow within the plasma.
In Fig.5a the intersection points of the magnetic field lines
with the poloidal plane f= 0 are shown for 11 starting points
of a field line and where each line is followed for 100 toroidal
revolutions. As can be seen from this figure, only the m=1 and
m=2 islands remain for a helical current of Ihel = 1 2 kA- With-
in the regions 1 < q <• 2 and q > 2 the magnetic surfaces are de-
stroyed and considerable magnetic braiding takes place. Calculat-
ing under this condition the intersection points of the trajec-
tories of the runaways with the same plane, as shown in Fig.5b
for 4 starting points and 300 toroidal revolutions each, some
intersecting results are obtained: (a) Runaways starting from out-
side of a magnetic island move on an outward-shifted island con-
tour (we refer to this as a path island). With regard to the
poloidal angle, this path island can be in phase (m=1) or out of
phase (m=2) with the associated magnetic island. The existence
of path islands has been found already by the Ormac group /4/
by considering isolated magnetic islands in a cylindrical ap-
proximation. With a single magnetic island, however, no poloidal
phase shifts are obtained. Therefore it can be assumed that
these shifts are due to mixing effects of different islands. The
width of the path islands is maximum at the outer side of the
torus and the particles reach the greatest off-centre distance
at that point, (b) All runaways are well confined and in compari-
son to the magnetic braiding the path braiding is negligibly
small since there are closed runaway orbits outside of the path
islands.

With increasing perturbation current the magnetic braiding is
observed to increase, and finally a large region outside of a
well-behaved m=1 island appears to be completely ergodized. At
this stage an ergodic motion of the runaways is also found.
Figures 6a and 6b demonstrate this magnetic line and runaway
path ergodization for a current of I^el = 40 kA (1 starting point
500 and 300 toroidal revolutions respectively). It is essential
to notice that in this case the runaways are still confined with-
in the plasma.

From these calculations the following conclusions with regard
to the experiments can be drawn:

(1) If there is a strong, rotating m=2 magnetic island in the
outer plasma region (in the experiments r2~ 8 cm, rj, = 11 cm,
qr~3.5) a modulated runaway bombardment of the outer side of the
limiter is to be expected. The modulation frequency observed in
the hard X-ray intensity is the same as measured by a magnetic
probe but the phase between the two signals may change due to a
possible angle between path island and magnetic island. (2) Some
evidence has been found that, by means of ergodization, runaways
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HELICAL
WINDING

FIG. 7. Schematic view of the incomplete m = 1, n = 1 winding ofPulsator.

can move from the inner part of the plasma to the outer regions
but stay confined within the plasma. Moreover, it could be seen
that runaways within an m=1 island do not take, part in the ergo-
dic motion.

3. EXPERIMENTS WITH AN EXTERNALLY APPLIED HELICAL DIPOLE FIELD

The influence of resonant helical windings of the type m=2,
n=1 and m=4, n=2 on the q=2 surface, which was successfully
demonstrated in Pulsator /1,5,6/, has raised the question whether
also the q=1 surface can be affected by appropriate resonant
fields and how the plasma would react to such helical fields.

To answer this question, an approximately helical m=1, n=1
winding is externally applied to Pulsator (Fig.7). As the inner
side is not accessible because of the transformer core, the
helical winding can cover only about 3/4 of the minor circum-
ference. With this partial winding, magnetic islands of con-
siderable size can be produced on the q=1 and q=2 surfaces as
has been shown in the last section. In order to obtain an im-
proved estimate of the island sizes,some additional calculations
with a more realistic current distribution have been performed.
On the other hand, it must be noted that compared to the calcula-
tions, the experimental relations are much more complicated on
account of the interaction of the externally applied field with
the rotating modes of the plasma.

To allow sufficient time for penetration through the copper
shell, the helical field is applied 50 ms before the discharge
and kept practically constant for its whole duration.

As expected from the computations, the effect of the island
size at the q=2 surface is similar to that observed with the m=2,
n=1 fields /5/. For small helical currents dhel~3 kA, IpL=7O kAl
there is a drastic reduction of the amplitude of the m=2 mode,
whereas large helical currents (i 10 kA) produce a disruption.
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This tendency towards disruption may be explained by contact of
the ergodized region around q=2 with the limiter, or by flatten-
ing of the current profile in the central region due to the
stationary m=1 island /7,8/.

A more direct effect of the helical field on the central re-
gion is obtained only at low plasma densities (3x 10^3cm-3j. The
internal disruptions observed in the soft X-rays are suppressed.
At the time that the suppression sets in, a larger loss of run-
aways is observed, indicating a reduction of the runaway confine-
ment. Presumably in this case the increasedtransport due to the
stationary isjLand prevents the occurrence of regular internal
disruptions. These effects need further clarification.

The resonance character of these phenomena is demonstrated by
the absence of any effect of the helical field when the toroidal
magnetic field is reversed.

Conclusions

The non-ideal confinement of runaway electrons in a tokamak
emphasizes loss mechanisms that are not described by neo-classi-
cal diffusion. In Pulsator we observe a continuous loss rate as
well as enhanced losses which are induced by internal or external
disruptions, or by instabilities showing certain features of the
external disruption. There are several indications that the run-
aways involved in the induced losses come from the central part
of the plasma. In case of an external disruption the hard X-ray
burst is its first indication (Refs/1,2/) and the runaways seem
to reach the limiter directly, whereas in the internal disrup-
tions they appear to accumulate first in an outer shell from
which they then leak out towards the limiter on an increased
time scale. Our calculations of the runaway trajectories show
that the radial transport may possibly be attributed to ergo-
dization effects of the magnetic field. More specifically, we
deduce from these calculations that the runaway trajectories may
be less ergodized than the field lines, leading to runaway con-
finement even when the field lines are strongly ergodized.
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DISCUSSION

J. TACHON: Your analysis suggests that, in the case of large disruptions
due to the growth of m = 2 magnetic islands, the radial excursion of runaways
in the shadow of the limiter could be several centimetres. A consequence of this
large radial excursion should be melting of the lateral parts of the limiter. Have
you observed such a thing?

G. FUSSMANN: Damage to the limiter has indeed been found, up to about
2 cm from the edge. It is caused, most probably, by runaway impacts. However,
we do not know during what phase of the discharge or in what type of shots
these bombardments take place.

C. RENAUD: How high is the 5B0/Be level of the m = 2 mode when the
X-ray modulation appears?

G. FUSSMANN: In the range of a few per cent.
K. ITOH: You have found an island structure in the runaway electron

trajectory. Have you also found an accumulation of runaways in a single trajectory
island? If one is to explain the oscillation of X-ray intensity, there must be
some accumulation according to your model.

G. FUSSMANN: With our time-independent calculations the problem of
accumulation cannot be treated. Our observations do not provide any experi-
mental proof of accumulation. Runaways not in the m = 2 island produce a
continuous background, while those in the islands periodically hit the limiter.

T. OHKAWA: What is the average confinement time or life-time of runaway
electrons relative to the thermal electron energy confinement time?

G. FUSSMANN: In previous investigations (see Ref.[2] of our paper) a
global confinement time of about 10 ms was found. This is comparable with the
confinement time of the thermal electrons, which is, for the same conditions,
approximately 5 ms.

J.D. CALLEN: You indicated, in your conclusion regarding the effects of
the internal disruptions on runaways, that they should be pushed outward to a
larger radius where they get stored for a while before leaking out to the limiter.
Could you tell us what the particular features of the hard X-ray signal were which
led you to this conclusion?

G. FUSSMANN: This is deduced from the shape of the saw-teeth in the
hard X-rays. There is a steep rise of the signal beginning with the drop of the
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soft X-ray intensity and a slow decay after about 200 jus, continuing until the
next internal disruption. This time behaviour would not be expected if the
runaways hit the limiter directly after an internal disruption.

H. WOBIG: How much does the electric field of the m = 2 mode modify
the orbits of the runaways?

G. FUSSMANN: In these calculations electric-field effects were not taken
into account.

E. CANOBBIO: Would it be possible to modulate the current in the
m = n = 1 coil with time in order to produce a certain amount of heating?

G. FUSSMANN: No, in Pulsator this winding cannot be used for heating
because it is outside the copper shell and the main field coils.

H.P. FURTH {Chairman): I would be interested to hear your opinion of
the paper by Kadomtsev and Pogutse (paper 0-1).

G. FUSSMANN: Kadomtsev's theory has the advantage of explaining many
features in tokamak transport. The obvious objection to parallel transport is
the observed confinement of runaways. This has not been considered by
Kadomtsev. Our calculations show that there is not necessarily a contradiction,
because runaways can be much better confined in an ergodized field as thermal
particles. To prove this by means of a detailed calculation was one of the
motivations underlying our present work.
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Abstract

MAGNETIC 'ISLANDOGRAPHY' IN TOKAMAKS.
Tearing modes are shown to be responsible for most of the experimentally observed

macroscopic behaviour of tokamak discharges. The effects of these collective magnetic
perturbations on magnetic topology and plasma transport in tokamaks are shown to provide
plausible explanations for: internal disruptions (m/n = 1); Mirnov oscillations (m/n = 2,3,...);
and major disruptions (coupling of 2/1-3/2 modes). The non-linear evolution of the tearing
modes is followed with fully three-dimensional computer codes. The effects on plasma
confinement of the magnetic islands or stochastic field lines induced by the macroscopic
tearing modes are discussed and compared with experiment. Finally, microscopic magnetic
perturbations are shown to provide a natural model for the microscopic anomalous transport
processes in tokamaks.

1. INTRODUCTION

It is becoming increasingly clear that collective, helically resonant mag-
netic perturbations that produce field line breaking and thereby magnetic islands
play a dominant role in the anomalous transport processes of internal disruptions,
Mirnov oscillations, major disruptions, and anomalouselectron heat conduction in
present tokamak experiments. Even very small (e.g. B5/B ̂  lO"^) magnetic per-
turbations can have significant effects on the magnetic topology and plasma trans-
port because plasma transport is many orders of magnitude more rapid along
magnetic field lines than across them. We first discuss generally in Section 2
the mechanisms by which magnetic perturbations arise, reconnect magnetic field
lines to form magnetic islands, nonlinearly evolve, and ultimately affect plasma
transport. Next, in Section 3 we discuss our nonlinear investigations of the
macroscopic tearing instabilities made possible by development of single and
multiple helicity resistive MHD computer codes. These macroscopic modes are

* Research sponsored by the Office of Fusion Energy (ETM), US Department of Energy,
under contract W-7405-eng-26 with the Union Carbide Corporation.

t Visitor from Junta de Energia Nuclear, Madrid, Spain.
^ Japan Atomic Energy Institute, Tokai, Japan.

** Science Applications Inc., Boulder, Colorado, USA.
' ' University of Tennessee, Knoxville, Tennessee, USA.
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considered from the lowest mode number upward, with emphasis on the nonlinear
consequences of the modes and the increasingly detailed and favorable comparisons
with tokamak experiments. In Section 4 we consider the (microscopic) high mode
number finite- 8 drift -Alfve'n modes and their possible effect on transport in
tokamaks. In Section 5 we summarize these investigations through the synthesis
of a model of tokamak discharge behavior in terms of the effects of magnetic
perturbations.

2. MAGNETIC ISLAND FORMATION AND EFFECTS IN TOKAMAKS

2.1. Magnetic Topology

Plasma equilibrium, stability, and confinement in a tokamak are provided by
the rotational transform in the magnetic field induced by the toroidal current.
In an axisymmetric tokamak the rotational transform produces toroidal magnetic
flux surfaces whose cross-sections are topologically nested circles. This
simple magnetic topology can be destroyed by helically resonant, nonaxisymmetric
magnetic perturbations. In the ideal MHD model, the Ohm's law E_ + V_ x B̂  = o
requires that the plasma move with the magnetic field; thus, it has been gener-
ally believed [1] that ideal MHD instabilities cannot change the topology of the
flux surfaces. In real plasmas such as those confined in tokamaks, finite
plasma resistivity and other irreversible kinetic effects admit collective mag-
netic perturbations that can 'break' or reconnect magnetic field lines and
thereby allow magnetic islands to form. The magnetic flux surfaces produced by
a magnetic perturbation of given poloidal (m) and toroidal (n) mode number (i.e.
a single helicity) can be simply computed in a long, straight, periodic cylinder
model of a tokamak plasma. Namely, with the helical angle variable n = nz/Rg -
me and all quantities constant in the helical (i.e. ignorable coordinate) direc-
tion h_5T]_x r= [z + (nr/mRo)9]/a, the magnetic field can be written as

B = B, h + h * VUJ^ (1)
— n— — —

where c = 1 + (nr/mR0)
2, with RQ being the major radius. The h_ x Vy, part is

the 'auxiliary' magnetic field J3* first introduced by Kadomtsev and Pogutse
[2,3]. In terms of a cylindrical coordinate system the magnetic field compo-
nents in the helical coordinate system are: B^ = B, + (nr/mRo)3Q, Br =
(m/r)3O*/3n, B*, = -3'(jt/3r = -Bg + (nr/mRo)B7. Here~f5 comprises 6oth the equil-
ibrium and perturbation (B) magnetic fields, with the dominant perturbation
being in Br since the equilibrium has no such component. Further, \j>t is a
(helical) magnetic flux function in whose contours the magnetic field lines
lie. As illustrated in Fig. 1, magnetic islands of width w ^ i^'2 ^ § ] / 2 form in
the vicinity of a rational surface (rs) at which the flux function is extremal
and hence most sensitive in the absence (n = TT/2) of a magnetic perturbation.

2.2. Nonlinear Evolution

The nonlinear evolution of magnetic perturbations is complicated by the con-
comitant changes in magnetic topology and consequent modifications of plasma
profiles. A single helicity magnetic perturbation produces a magnetic island of
finite width. A number of things can happen as the magnetic perturbation grows
due to a plasma instability. First, the (resistive) external flows induced by
the growing island can cause the island growth to be reduced from exponential
to only linear [4]. When only a single helicity mode is present the mode can
saturate due to its quasilinear modification of the current profile [5], e.g.,
as in m = 2 tearing modes leading to Mirnov oscillations [6]. If two or more
modes with incommensurate helicities are initially unstable, and when the ampli-
tudes of the magnetic perturbations involved become large enough, there is
another very important process that occurs—field lines stochastization. Roughly
speaking, as shown in Fig. 2, if the magnetic islands produced by magnetic
perturbations of different helicities overlap, then the magnetic field lines
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0.88 (a) to 1.15 (b). In the initial case (a), there are prominent m/n = 2/1 and 3/2 magnetic

islands and some very small 5/3 islands. In the final (stochastic) case (b), the motion of a

single magnetic field line is shown to encompass ergodically a region that is only slightly greater

than the region encompassed by the islands projected from the various helical harmonic

components of the flux function, indicated by the weak dashed lines.

become stochastic [7] in the region encompassed by the two or more original
magnetic islands, i.e. there are no well formed magnetic flux surfaces in
this region. In the nonlinear evolution process the onset of significant field
line stochastization has been found in the disruptive instability model [8] in
Section 3 to be characterized by an explosive transfer of energy via mode coupling
from the dominantly growing mode or modes into other modes of incommensurate
helicity.

2.5- Effects on Plasma Transport

Since plasma transport is many orders of magnitude more rapid along magnetic
field lines than perpendicular to them, we expect most plasma properties to be
constant along magnetic field lines. Thus, for a single magnetic island or a
discrete set of well separated magnetic islands, the plasma temperature and
other plasma parameters should be nearly constant along helical flux contours
such as those shown in Fig. 1. Microscopic plasma transport is not directly
enhanced by the presence of a magnetic island; rather, because flux surfaces on
opposite sides of an island nearly touch at the x points of the separatrix, the
island just provides a transport 'short circuit1 over the physical region encom-
passed by the island. When magnetic islands of different helicity overlap to
such an extent that the magnetic field lines become stochastic, plasma transport
becomes considerably more complex. To the extent that a particular plasma
property can be aware of the stochastization of the magnetic field lines (e.g.
by propagation at the finite thermal speed], that plasma property will presumably
be transported rapidly through the region of stochasticity. Since for roughly
equal electron and ion temperatures the electron thermal speed is /mi/me ^ 40
times greater than the ion thermal speed, the electron temperature profile is
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most quickly flattened when the field lines become stochastic. Runaway elec-
trons, at least for low energies such that their radial drift orbit excursions
are small, follow the magnetic field lines directly [9] whether they have a
magnetic island or stochastic character.

3. TEARING MODES AND THEIR EFFECTS IN TOKAMAKS

3.1. Resistive MHD Models

A cylindrical model of the macroscopic tearing modes [10] in which the
plasma pressure is ignored (S i z1 [11]) will be sufficient for our primarily
nonlinear investigations. We begin from the resistive fluid equations and
make the usual assumptions [2] that: 1) the coupling to congressional Alfv£n
modes, which keeps the radial component of the force balance in equilibrium
(i.e. Vp = J_ x B), can be neglected and hence the toroidal magnetic field 8 Z

is unchanged by the tearing modes; and 2) the macroscopic flow velocity along
the z direction is negligibly small. Then, the components of both the magnetic
field and fluid flow velocities in the plane perpendicular to the z direction
can be represented in terms of stream functions and the resistive fluid equa-
tions can be reduced in dimensionless form to [12,13]

with Jj; = V24*, V, = 7* x 5, and U = V2*. Here, 5 = Z/2TTRQ is a normalized longi-
tudinal cylindrical coordinate that represents the toroidal angle coordinate.
The perpendicular magnetic field is given in terms of the poloidal flux function
<l> by the relation B. = zByV1 x %, where e = a/Rg, with a being the minor radius
of the torus. Since for our model Bz is independent of ;, the helical flux
function IJĴ  defined in Eq. (1) is related to the poloidal flux function V by tyt
= -(a2Bz/R0)T - (n/2mRfl) (r2 - a2)B,. The helical flux function it* is most con-
venient for single helicity cases; <? is used for multiple helicity cases. In
Eq. (2) the 1 subscript means perpendicular to 5, the unit vector along z; Vj_ ,
ny , Jr, <t, and U are the velocity perpendicular to £, parallel plasma resistiv-
ity, toroidal current density, velocity stream function, and C component of the
fluid vorticity, respectively. Equations (2) are in dimensionless form: the
time is normalized to the resistive skin time, TR = a2vig/no where no is t n e

resistivity at r = 0. The quantity S = T R / T H P > where TH_ is the poloidal AlfvSn
time RQ C U O P O ) /Bz i n which ? 0 is the (constant) mass density. The parameter S
ranges from less than 10s* for small (a < 10 cm), relatively cold (Te < 100 eV)
tokamak plasmas up to about 107 in PLT (a a. 40 cm, T e ^ 1 keV). The fact that
this parameter is very large causes the greatest complication in the numerical
solution of Eqs (2) and necessitates the use of a very fine radial grid in the
vicinity of a rational surface as well as an implicit time step scheme to make
the problem tractable in a reasonable amount of computer time.

While analytic solutions of the linearized forms of Eqs (2) can be derived
in slab geometry [10], numerical solutions are required for studying the linear
growth phase of modes extending over the entire cylindrical radius of the plasma
and certainly for studying the nonlinear behavior. The computer codes currently
being used at ORNL [5,12,14,15] to investigate tearing modes are listed in Table
I. A recent computational accomplishment of major significance has been the
development of the Fourier transform (or series) code RSF, in which the finite
differencing in 9, C has been replaced by Fourier series representations in these
periodic coordinates. RSF requires significantly fewer representation points
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than the MASS code (finite difference) for the same degree of convergence and
thus runs about 100 times faster. Consequently RSF is capable of treating much
larger values of S than MASS in a reasonable amount of computer time. In addi-
tion to these linear and nonlinear codes for analysing tearing modes, we have
developed a code which follows magnetic field lines in the presence of the flux
functions computed from Eqs (2) and obtains results such as those illustrated
in Fig. 2.

5.2. m/n = 1 (Internal Disruptions)

The m = 1 tearing mode is the dynamic mechanism which causes the abrupt
drop phase in internal disruptions or sawtooth oscillations [16]. The mode
begins to grow whenever q drops below unity at the plasma center, thereby induc-
ing shear at the q = 1 surface rs. Single helicity numerical calculations [14]
have shown that the mode continues to grow until the magnetic topology flips
[3,17]; the magnetic island it produces becomes so large that the magnetic axis
of the island moves toward the geometric center of the plasma and thereby trans-
forms the magnetic topology of the central core from the original one centered
about the central magnetic axis to one centered about the magnetic island
center (which, however, is at that point near the geometric center of the plasma).
While the 2/2 and 3/3 modes are usually linearly unstable as well and the mode
coupling effects prevent stabilization at a narrow island width, the basic
nonlinear stabilization mechanism is a quasilinear one-because the mode becomes
stable after reconnection into the final state.

Since the m = 1 tearing mode growth rate is much faster than the ohmic heat-
ing rate, the electron temperature is equilibrated along all of the reconnecting
magnetic field lines and hence is flattened within the induced m/n = 1 magnetic
island. Ultimately, the region over which the electron temperature flattens
extends, from flux conservation considerations [3], out to TQ ^ /2r . Thus,
immediately after the internal disruption, the temperature profile is flat
within the radius rQ. Thereafter, on a much slower time scale, the combination
of ohmic heating and radial electron heat transport reheats the plasma center
back toward the centrally peaked electron temperature and current density pro-
files. An analytic model of internal disruptions [18,19], which is based on
the cyclic process [20,21] in which the plasma core resistively overheats and
drives q below unity, causing the m = 1 tearing mode to become unstable with an
accelerating growth rate and ultimately to flatten the electron temperature pro-
file as magnetic reconnection occurs, has been developed. It has been exten-
sively and quite favorably compared with ORMAK data on the space-time evolution
of internal disruptions and their m = 1 precursors [18,19],

Because internal disruptions abruptly change the electron temperature pro-
file to a nonequilibrium state, they provide a valuable tool for experimentally
examining the electron heat transport process. By following the space-time
evolution of the electron temperature profile outside r0, it has been shown
[19,22] from ORMAK data that the anomalous electron heat transport process
governing heat transport between internal disruptions is a diffusive process on
scale lengths less than about 2 cm and that [19,22] the electron heat conduction
coefficient governing this diffusive process is, to within experimental error,
the same as that governing electron heat transport in the background plasma.
Similar results and conclusions have been obtained from Alcator data [23].
Thus, internal disruptions affect plasma transport only through the changes in
magnetic topology and whatever causes the anomalous electron heat transport in
tokamaks must be microscopic (i.e. <l-2 cm in scale length) in origin.

5.3. m/n = 2 (Miraov Oscillations)

An elementary quasilinear tearing mode theory in cylindrical geometry [5]
accurately gives the amplitude of the m = 2 poloidal magnetic field fluctuations
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(Mirnov oscillations [25]] at the tokamak limiter [6]. The input required is
the electron temperature radial profile, from which the current density and
corresponding safety factor profile can be inferred. The saturation amplitude
is obtained from a semianalytic nonlinear A' analysis that uses DELSOL. The
mode is assumed to saturate when the discontinuity in the radial derivative of
the flux function, as measured in the presence of the associated magnetic
island, vanishes:

4-(w) = [(difi21/dr)r - (d* 2 1/dr) r ]/> 2 1O s) = 0 (3)

where r+ = rs ± w/2, in which w is the magnetic island width. In the linear
theory 6W energy is proportional [10] to the linear A'; thus, this assumption
appears equivalent to assuming that the mode saturates when the nonlinear 6W
vanishes. Fully nonlinear simulations with the MASS and RSF codes are used to
confirm the saturated island widths obtained from Eq. (3) with DELSOL and to
verify that the saturation mechanism is a quasilinear one; for experimentally
relevant q profiles, the results usually agree within 20%.

Typical results obtained from this procedure are shown in Fig. 3. The
maximum saturated island widths for these m = 2 tearing modes occur when the
singular surface approaches but stays somewhat inside the wall at r = a. Since
in determining the saturated island width we calculate the full radial structure
of the tearing mode, as shown in Fig. 3b one can also compute the magnetic field
that would be seen on a probe near the limiter. A direct comparison [6] of this
theory with the Mirnov oscillations observed in ORMAK [24] is shown in Fig. 4.
The electron temperature profiles used in these calculations are experimentally
measured and are different for different q(a). Similarly favorable comparisons
have also been made with data from T-4 [6]. We believe that this excellent
qualitative and quantitative correlation between the nonlinear tearing mode
theory and experimental data conclusively proves that Mirnov oscillations are
simply nonlinearly saturated tearing modes of a single helicity-m/n = 2 here,
but more generally any single mode with m/n f 1.

An understanding of Mirnov oscillations is important because [26] their
amplitude correlates with the overall plasma confinement time ig as shown in
Fig. 4. In order to determine if simple ergodic effects are responsible for
the variation in Tp, the magnetic field structure produced by the interaction
of the 2/1 tearing mode with the 1/R falloff of the equilibrium magnetic fields
has been studied numerically and analytically [7]. Although the field lines
are found to be ergodic near the separatrix, the region of ergodicity is too
small to appreciably affect the transport. In order to calculate the effect of
the presence of the induced magnetic island on Tg, we have derived [27] plasma
transport equations in the helical flux coordinates given in Eq. (1). To lowest
order, the very rapid transport along field lines causes the plasma parameters
to be only a function of t*• To next order, there are small plasma parameter
variations within a given helical flux surface (cf. Fig. 1) due to the
JL x Z.CP.T) contributions to the mass and heat. flux. The latter effect leads to
(negligible) Pfirsch-Schluter-type contributions to transport fluxes. The
dominant effect of the magnetic island is to change the metric elements in the
perpendicular heat diffusion operator in the vicinity of the island due to the
change in topology. The boundary conditions imposed are temperature continuity
and a jump condition in the heat flux from one side of the island to the other,
given by the amount of heat diffusing out from the center of the island. Roughly
speaking, the dominant effect on transport is to remove from the confinement
region that area occupied by the magnetic island and thereby to reduce propor-
tionally the energy containment time in the plasma. For the idealized model of
heat sources and electron heat conduction that are spatially constant, the plasma
energy containment time is decreased by a factor of [1 - (w/a)(4rJ/a3)]. For
spatially varying heat sources and conduction coefficients, the multiplier of
w/a can change by a factor of two or more. From Figs 3 and 4 we see that since
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FIG.4. Comparison of the theoretically predicted and experimentally measured external
magnetic perturbations due to Mirnov oscillations for a sequence of ORMAK discharges with
different q(a). Also shown is the variation of the energy containment time TE for this
sequence [24].

both r s /a and w/a increase significantly as q(a) decreases below 6, the falloff
of Tj: with decreasing q(a) could be due to the transport short-circuit effect of
the Mirnov oscillation-induced magnetic island. On the other hand, for q(a) > 6
in ORMAK the islands shrink and move toward the center of the plasma, where their
effect on TE becomes negligible. Thus, in the universal scaling curves of TJ
versus q(a) postulated by Mirnov [26], the falloff at low q(a) might be explained
by the correlated Bg (Mirnov) oscillations, but the gentle increase of TE with
decreasing q(a) at high q(a) is apparently not due to the effects of Mirnov
oscillations.
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For hollow electron temperature profiles such as can be produced during the
current initiation phase of tokamak discharges, or when there is too much
impurity radiation from the plasma center, two singular surfaces of the same
helicity (e.g. 3/1) can occur within the plasma. Then, if tearing modes are
unstable at both these surfaces, two sets of magnetic islands develop during the
nonlinear evolution phase. The final state is found [28] to be characterized by
one of two possibilities- Saturation:the two modes saturate quasilinearly
separately or while intertwining in much the same manner as Mirnov oscillations;
Reconnection [3]: the two islands interact and the field lines reconnect into a
new axisyiranetric equilibrium for which the q profile is flat with q = m/n.
We find numerically that the reconnection process occurs whenever iJv(O) =
max ii*(r > 0). The reconnection case is very similar to the evolution of m/n = 1
modes into internal disruptions and is probably the mechanism behind the
increased MHD activity occuring during current initiation [29] and with hollow
electron temperature profiles, e.g. the m = 3 disruption in PLT [30]. The
electron temperature profile should become flattened over the reconnection region,
but because of the fact that good, if a bit contorted, flux surfaces exist
throughout the reconnection process, one would expect a redistribution with no
direct loss of the energy stored in the plasma.

3.4. Interaction of 2/1 and 3/2 Modes (Major Disruptions)

For q(r) profiles observed prior to major disruptions, the 3/2 tearing
mode as well as the 2/1 mode is often strongly unstable in linear theory; then
the single helicity model used to obtain Figs 3 and 4 is not valid. Conse-
quently, we have investigated the hypothesis [8] that the major disruption in
tokamaks is due to the interaction of tearing modes of incommensurate helicity.
The essential results [8,12,31] from the two codes RS3 and RSF, as illustrated
in Fig. Sa, are that on a rapid time scale the 2/1 mode destabilizes the other
modes, particularly the 3/2 mode and those with helicities between 3/2 and 2/1.
The corresponding deformations of the current density profile in the initial (tj),
predisruption (t 2), and disruption (tj) states indicated in Fig. Sa are shown in
Fig. 5b. The magnetic field topologies corresponding to the times t? and t5 in
Fig. 5 are those shown in Figs 2a and 2b, respectively. Clearly, the ultimate
effect of the nonlinear 2/1-3/2 coupling is a severe deformation of the current
profile and the destruction of the magnetic flux surfaces over a sizeable portion
of the plasma. If the radius of the 2/1 singular surface is large enough ini-
tially, the disrupted region can extend to the plasma limiter. The computer
runs [12] are terminated shortly after destruction of the magnetic flux surfaces
because of limitations in the present model: 1) the extreme nonlinearity, which
cannot be adequately modeled by the finite number (typically 22 or 40) of modes
being considered; and 2) the lack of a simultaneous calculation of the electron
temperature profile, which would surely be flattened over the stochastic region
at time t$ and lead to a corresponding flattening of the current profile. As a
rough criterion1, field line stochastization and hence a disruptive instability
occur when two or more islands of incommensurate helicity are estimated initially
to overlap, i.e. (w21 + w32)/2 > r2i - r 3 2, where the island widths of the 2/1
and 3/2 modes are determined from Eq. (3).

To develop a model for the dynamics of a disruptive instability we examine
[31] the mechanisms responsible for the explosive growth of all but the basic
2/1 mode after time t? in Fig. 5a. First, we note that before t 2 the 2/1 and
3/2 islands are growing roughly linearly with time, in agreement with previous
theory [4] for this high S regime. After time t2, the quasilinear effect of the
2/1 mode on the q profile is found [12,31] to destabilize the 3/2 and 5/3 modes,
but not nearly as greatly or rapidly as is observed in Fig. 5a. Thus an analytic
mode coupling model [31] has been developed for the nonlinear interaction in the
low S regime where the tearing width exceeds the island width. The phenomenologi-
cal model shows that the decrease in the growth rate of the 2/1 mode after time t 2

in Fig. 5a is due to the modification of the equilibrium by the 2/1 mode itself.
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density profile (bj for a case where initially both the 2/1 and 3/2 tearing modes are unstable.

For this case modelling a PLT disruption [30], S = 106 and q(r) = qfO) [l+(r/ro)
2?1-]1* with

q(0) = 1.34, r0 = 0.56, and X = 3.24, which corresponds to the measured electron temperature

profile.

The 1/1 and 5/3 modes are essentially driven by the 2/1 and 3/2 modes. Then, in
turn, the 5/3 and 1/1 modes couple with the 2/1 mode to further destabilize the
3/2 mode. Scaling laws developed [31] for the maximum growth rate and time of
its occurrence for the various modes in Fig. 5a were found to agree with computer
runs for 3 x 10u < S s 106, i.e. into the high S regime [4] as well. Apparently,
the usual resistive flow effects that reduce the mode growth from exponential to
linear [4] are not operative in this explosive growth phase because the magnetic
flux surfaces are being destroyed. Since the explosive growth of the 3/2 mode
is what causes the onset of stochasticity in the magnetic field lines, we pro-
pose that the time scale for a major disruption r is this growth time, which is
found from the model [31] to be roughly the linear growth time of the 2/1 tearing
mode, Y^i-

Three key features of this model of major disruptions correlate well with
tokamak experimental results. First, the disruptions observed in Alcator, LT-3,
PLT and T-4 are asymmetrical in the poloidal plane, which means that modes odd
in m, such as the 3/2 and 1/1 modes, are excited during the disruption process.
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is normalized to yield exact agreement with the PLT point.

Second, since the current density profile broadens significantly during the dis-
ruption, the internal inductance decreases and, as observed experimentally, there
should be a large negative voltage spike. Thirdly and more quantitatively, as
shown in Fig. 6, the experimentally observed time scale for major disruptions
does correlate reasonably well with the theoretical estimate r ̂  yz} ̂  T R HD

Because major disruptions can have disastrous effects on the plasma, one
would like to avoid them. From the model presented above, we see that the key
element in avoiding them is to prevent the 2/1-3/2 island overlap interaction.
Since the 2/1 mode is centered at a larger and hence more accessible radius and
since it sometimes has a slower growth phase, the most direct way to control
disruptions is by feedback control of the 2/1 mode amplitude in such a way that
the 3/2 mode is not destabilized. This can be accomplished either by a direct
feedback stabilization of the mode or by localized heating to modify the current
profile (cf. Fig. 3a). The feasibility of both methods has been confirmed with
detailed computations. In the feedback calculations it is critical to have both
a very short (compared to yjj) time delay and response time of the feedback system,
in order to prevent the growth of the regular 2/1 mode or its near mirror image,
for which the sign of the 2/1 Fourier mode is reversed over most of the plasma.

4. MICROINSTABILITIES .AND THEIR EFFECTS

As shown explicitly by the analysis of electron temperature perturbations
induced by internal disruptions, the macroscopic tearing modes discussed in the
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preceding section do not seem to have any direct effect on the microscopic trans-
port processes. Most calculations of anomalous transport are based on electro-
static drift wave turbulence. In parallel with the preceding discussion of the
magnetic perturbation effects arising from macroscopic tearing modes, we discuss
the alternative (and we believe more probable) hypothesis [32] that the typically
small magnetic component of microinstabilities due to finite B is the dominant
mechanism which, through magnetic topology effects, causes anomalous transport
in tokamaks.

4.1. Finite-B Microinstabilities in Tokamaks

Both electrostatic drift waves and shear-Alfven modes can be unstable in a
collisionless plasma in the local approximation. However, in a tokamak the
sheared magnetic field invalidates the local approximation and one must solve a
radial eigenmode problem in order to determine the stability of the modes. Very-
accurate computer codes have been developed [33] at ORNL to solve the relevant
equations [34]. Using these codes it has been shown that, in contrast to previ-
ous work [35], electrostatic collisionless drift modes are stable for all
reasonable magnetic shear levels [36]. It has recently been shown [57] that
finite-B effects generally have a further stabilizing influence on these drift
modes. In addition, we have found [57] a collisionlass shear-Alfve"n mode; this
mode is also damped, but with a damping decrement that generally decreases as B
increases. Nonetheless, at least for present models [34], whose validity is
being reexamined in more detail, both modes can become unstable when trapped
electron effects are added [37]. The magnetic component of both the drift-
and shear-Alfve'n microinstabilities provides a natural vehicle for microscopic
magnetic turbulence in tokamaks.

4.2. Anomalous Transport Due to Magnetic Microturbulence

At very low amplitudes, microscopic magnetic perturbations produce nonover-
lapping magnetic islands in the same way that the macroscopic modes do [cf. Eq.
(1) and Figs 1,2a]. At this low level, if there is some extrinsic mechanism
that determines the growth and decay rate y for the microinstabilities, the
electron heat conduction coefficient induced by the birth and death of micro-
scopic magnetic islands is estimated 'quasilinearly' to be [32] x" ̂  (5/16)(Y t
v)w , where v is the collision frequency. By analogy with the nonlinear evolu-
tion of the macroscopic modes discussed above, we expect the most significant
transport to occur when two islands begin to overlap and thereby destroy the
magnetic flux surfaces locally. While the induced transport has not been calcu-
lated in detail for this case, it is presumably similar in form to the
quasilinear result [32] with the island width replaced by the initial island
separation. If the drift-wave-induced magnetic perturbations can continue to
grow in the presence of stochastic field lines, they could produce totally
ergodic field lines over the entire plasma cross section. Then the radial
electron heat transport can be computed by a statistical process [38]. With
irregular field line and/or island topologies, electrons try to diffuse radially
more rapidly than the ions; however, a radial potential builds up [52] to con-
fine electrostatically all but runaway electrons and thereby keep the particle
diffusion ambipolar. Thus, the generic consequences [32] of 'magnetic flutter1

models of anomalous transport are that: 1) the runaway electron containment
time should be comparable to the overall electron energy containment time;
2) electron temperature fluctuations should be larger than density fluctuations;
and 3) radial electron heat conduction should be the dominant nonradiative loss
process. All three of these generic consequences are observed in tokamak
experiments. Thus, while there does not yet exist a complete theory that
correctly predicts the scaling and magnitude of the anomalous electron heat
conduction coefficient, the magnetic flutter models are an encouraging avenue
to follow to resolve this major enigma of transport in tokamaks.
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5. SUMMARY'.PLASMA DISCHARGE MODEL FOR TOKAMAKS

As we have shown, most of the experimentally observable macroscopic
behavior of tokamak discharges can be correlated with the nonlinear effects of
low mode-number tearing modes on magnetic topology and plasma transport. Based
on our model we see that during the current initiation phase, skin currents are
relaxed by the nonlinear evolution of the islands induced by a double tearing
mode which, given the right conditions, flattens the current profile all the way
to the plasma center [28,29] but does not destroy confinement. Thereafter as
the plasma comes into quasi-equilibrium at the desired current level, many
things can happen. If, through the evolution of transport processes determining
the q profile, q at the center drops below unity, m/n = 1 tearing modes grow at
the q = 1 surface and cause an internal disruption [16] that flattens the elec-
tron temperature profile out to a radius TQ 'V. </2TS. As long as rQ is small
compared to the limiter radius, internal disruptions do not have any externally
observable effect on the plasma energy confinement time xg. Often the q
profile is such that an m/n = 2/1 tearing mode is unstable and it grows to a
saturated state where it is observed experimentally as a Mirnov oscillation [25].
The induced magnetic islands are typically small (cf. Figs 3,4) and although they
provide a transport short circuit over the region they inhabit (cf. Fig. 1), their
effect on T E is small (cf. Fig. 4) except at low q(a), where their width and
radial location are large. Then, they can lead to a deterioration of rg by up to
a factor of two, in agreement with the low q(a) portion of the Mirnov universal
scaling curve for Tg [26]. For discharges which obtain a hollow temperature
profile, presumably through excessive radiation from impurities at the center, a
double tearing mode can occur and cause the central q and temperature profiles
to flatten in much the same way as occurs in the internal disruption. Finally,
the disruptive instability can occur if by virtue of internal disruptions of a
single or double tearing mode type and/or transport processes, the q profile
admits tearing modes of incommensurate helicity (in particular, 2/1 and 3/2) that
are strongly unstable in linear theory. The linearly unstable modes of different
helicity are found to grow to an explosive mode coupling stage (cf. Fig. S)
where the magnetic flux surfaces are destroyed over a significant region of the
plasma (cf. Fig. 2). This stochastic magnetic field region can encompass the
plasma limiter and undoubtedly leads to a drastic reduction in plasma confinement.
When the effects of all these macroscopic phenomena have been minimized, there
still remains anomalous transport, which apparently must be microscopic in origin.
The magnetic perturbation effects of finite 6 drift- and shear-Alfve'n waves with
trapped particle effects included provide a natural vehicle for 'magnetic flutter1

models of anomalous transport. The latter models, although encouraging in their
generic correlation with experimental results, have not yet yielded an explanation
for the anomalous transport.
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Abstract

SCALING LAW FOR THE PLASMA ENERGY LIFE-TIME IN TOKAMAKS.
It is suggested that a channel related to anomalous electron energy transport due to

macroscopic MDH m= 3 and m = 2 kink modes should be separated from the total energy balance
of a tokamak plasma. "Stable" and "unstable" regimes are distinguished, and the "stable"
regimes are found to be well described by a T-3 scaling law.

It was established in the early tokamak experiments [1—4] that in stable
discharge regimes the plasma thermal insulation is improved with rising discharge
current I and plasma density ne up to certain critical values Icr and neCr after which
it deteriorates rapidly with the build-up of macroscopic plasma instabilities.

The value of Icr rises linearly with increasing stabilizing magnetic field Bz.
This correlation gave rise to the assumption that the specific reason for the onset
of instability and deterioration of the thermal insulation was a reduction in the
safety factor q = (Bz/B^,) a/R = (z/0.2I) a2/R (where a and R are, respectively, the
plasma minor and major radii and B<̂  is the field produced by the current) below
a certain critical value qcr.

Direct measurements have shown [5,6] that as Icr is approached, violent
helical instabilities develop at the plasma boundary. When q(a) = 3, helical pertur-
bations with the azimuthal number m = 3 develop near the plasma boundary and
with further increasing I [and decreasing q(a) to 2], these are continuously con-
verted into m = 2 perturbations. This stage is accompanied by an appreciable
deterioration in the thermal insulation. Further increase in I results in the develop-
ment of a disruptive instability. Thus, if the view is held that in tokamaks the main
reason for deterioration of the thermal insulation at large values of I is the develop-
ment of an m = 2 helical instability, it should be expected that the quantitative
characteristic of the thermal insulation - the plasma energy life-time rg (the
ratio of the plasma energy to the power loss) — should not decrease appreciably
until q at the plasma boundary has decreased to 2 or 3. Such behaviour was
observed on the T-3 [3] and then on TFR [7] and DITE [8].
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However, on certain other facilities (TM-3, ORMAK, ATC, ALCATOR) a drop
in TE(I) was observed at q = 6 or 7. This cast doubts on the simple explanation of
the mechanism for deterioration of the thermal insulation attributable to the
development of low-mode helical perturbations at the boundary (we note that in
these discussions the plasma radius is taken to be the limiter radius d rather than
the radius of the hot zone).

The range of tokamak operating conditions generally fluctuates within
2.5 <q(d) < 7 so that the scaling laws according to which TE increases with
increasing q (with decreasing I) have been widely applied for the facilities mentioned
[9—11 ]. This clearly contradicted the extrapolation based on the T-3 data [3],
where TE ~ I-

However, a simple analysis shows that there is essentially no contradiction.
It must only be home in mind that a cold plasma layer, 5 = d - a, several centi-
metres thick, is always found between the edge of the limiter (r = d) and the hot
plasma zone (r= a) in which the discharge current flows. In view of the relatively
low temperature and, thus, the low electrical conductivity, this layer has only a
poor stabilizing effect on helical perturbations. Thus, the plasma stability should
be determined in practice not by q(d), but by q(a) which is the safety factor at
the hot-zone boundary. In particular, if this layer 5 is thick enough, helical
instabilities with small m (3 and 2) may already be observed when q(d) = 5-7 and
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FIG.2. (a) TE as a function of q(dj for T-4 and ORMAK;
(b) relative amplitude Aofm=2 perturbations as a function ofq(d).

may develop further with increasing discharge current. At a constant discharge
current I, similar regimes have been modelled on several occasions by cooling the
periphery by neutral-gas injection or the addition of heavy impurities [12, 13].
At the limit, this process concludes with the development of an m = 2 perturbation
and a disruptive instability (instability at neCr[12]).

Thus, by direct analogy with the T-3, we can attempt to correlate the
deterioration in the thermal insulation under these conditions with the development
of lowest-mode helical instabilities. These concepts will be analysed in greater detail

Values of the normalized life-time r ^ r E ( l ) / r f a x calculated from the
experimentally determined functions rE(I)(Bz and ne are fixed) for tokamaks are
plotted in Fig. 1 a for various values of q(d). At first glance, TE does not exhibit a
functional correlation with q(d). However, if curves are drawn through the points
corresponding to each particular tokamak (Fig. 1 b), a family of similar curves
shifted with respect to q(d) is produced. What is the nature of this shift? The
two extreme curves of this family rE(q) are plotted in Fig.2a. One of these -
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forORMAK(I) - is given in Ref.[10], and the other one - forT-4(H) - was
obtained by the authors of Ref.[ 14]. Figure 2b gives the relative amplitudes of the
m = 2 perturbations found in the first case from X-ray measurements and in the
second case from measurements of the fluctuations of the current-produced
magnetic field B ,̂.

It can be seen that in both cases the behaviour of TE is similar and strictly
correlated with the development of the m = 2 perturbations. This correlation is
particularly evident in the second case.

It may be postulated that the reason for the shift of the T£(q) curves lies in the
dynamics of the development of the m = 2 instability. What is the specific mecha-
nism for the deterioration in the thermal insulation observed? It is most probably
due to the formation and destruction of magnetic islands close to the resonance
surface q(r) = 2 during the development of m = 2 instability similar to that observed
on ST [15] and Pulsator [16]. The levelling of the electron temperature within
the islands found in this case (as a result of the high longitudinal thermal conduc-
tivity) is manifest externally as an increase in the heat flux across the magnetic
field, i.e. as a deterioration in the thermal insulation.

The question then arises as to the reason for the different behaviour of the
m = 2 instability in geometrically similar tokamaks.

To a first approximation, this difference could be described by introducing
the concept of a cold current-free plasma layer of thickness 6 close to the plasma
boundary. The total discharge current then flows within the hot zone a = d- 5 and
the plasma column can be arbitrarily represented as a column with a free boundary
of radius a [17].



IAEA-CN-37/F-1-2 437

On the assumption that q(a) = 2 at the onset of m = 2 perturbations (Fig.2), it
is then possible to estimate 8 = d-y /0.4 Rl/Bz (in centimetres). For two such
specific regimes in ORMAK and T-4 (Fig.2) 5 was found to be, respectively,
10 cm (d= 23 cm) and 5 cm (d= 17 cm).

Knowing the electron temperature profile, we can compare the value of 8
obtained by this method with the real thickness of the cold plasma layer at the
boundary (e.g. by defining this as the region where Te<0.1 Te(0)). These values
agree qualitatively.

It is clear that, in the general case, the value of 6 is governed by the specific
experimental conditions such as the impurities at the plasma boundary, the energy
flux from the centre and the plasma density.

Returning to Fig. 1, we shall assume that in all the cases plotted, the maximum
of re(q) corresponds to q(a) = 2. Assuming arbitrarily that a is constant, we plot TE
as a function of q(a) (Fig.3). In this case, 5 is 4 cm for the TM-3 (d = 8 cm), 5 cm
for TFR (d = 20 cm), 8 cm for DITE (d = 27 cm), and 5 cm for the T-3 (d= 16 cm).

It can be seen from Fig. 3 that the function T£(q) *s t r i e same for different
tokamaks. It follows that extrapolation of TE as an increasing function of I
describes the right-hand section, q(a) > 2 , and extrapolation of TE as a decreasing
function of I describes the left-hand section.

This discrepancy evidently reflects the different physical nature of the
processes determining the thermal insulation.

This fact must not be ignored when establishing a scaling law for tokamaks.
Low-q and high-MHD-activity regimes are distinguished by enhanced electron
thermal conductivity. The ion transport in this case remains within the neo-
classical limits [14].

All the extrapolation formulas for small q [9-11 ] indicate a rapid, almost
proportional, increase of TE with ne. Decreases in TE are definitely correlated with
bursts of MHD activity.

These characteristics suggest that transport for small q(a) is governed (by
analogy with the proposal put forward by Kadomtsev [18]) by the longitudinal
electron thermal conductivity which levels out the electron temperature within the
magnetic islands.

The formation, destruction and dimensions of the magnetic islands are
governed by the dynamics of the development of m = 2 instability. This makes
the behaviour of TE at small q(a) difficult to predict. We note that as the plasma
density increases and the electron mean free path decreases, the importance of the
longitudinal thermal conductivity should diminish and that of the transverse
thermal conductivity should increase. Accordingly, the dependence of TE should
decrease with ne.

The position in the region of low MHD activity, q(a)>2, is essentially
determined. Rational organization of the plasma column can reduce the thickness
of the cold plasma layer 6 and extend this zone as far as q(d) = 3-4 . For condi-
tions of this kind, a comparison of the T-3 [3] and TM3 [19] results yielded the
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extrapolation T E ~ a2 B ,̂. In this case, it was assumed that the plasma density ne

was more or less fixed within (2—4) X 1013cm~3. When ne varied more widely,
the dependence of TE on the density was allowed for by the factor n | .

The parameter a in this formula denotes the radius of the hot zone (for the
T-3, we have d= 16 cm and a = 11 cm).

To facilitate comparisons between different tokamaks, we shall give this
extrapolation formula in terms of d, assuming, to a first approximation, that
5 ~a . We then have TE= 3 X 10~9 dl(ne)? s, where d is in centimetres, I is in
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amperes and ne is the average density in units of 1013cm 3. The first such
comparison [20] has shown that the behaviour of 7Ein the stable regimes of many
tokamaks is described fairly reliably by the T-3 extrapolation.

After publication of these results, Dr. G. Guest kindly supplied the author
with a more complete set of data for experiments on all the large tokamaks.
These data were also supplemented by the first results obtained on ISX.

The MHD activity is still not a standard parameter continuously monitored
in measurements on tokamaks. Thus, it was somewhat difficult to divide the
discharge regimes into "stable" and "unstable". In nuclear cases an arbitrary
boundary was taken as q(d) = 4 [for ORMAK, q(d)= 5].

In Fig.4 the experimentally determined values of TgXp for "stable" regimes
are compared with the values calculated using two different scaling laws: T-3 and
ALCATOR (TB= 1-9 X 10"6d2neq^ [11]). The open symbols correspond to the
first case and the filled symbols to the second case. The open symbols are quite
satisfactorily grouped around a straight line drawn at an angle of 45°. Their
root-mean-square deviation is 35% which is at the limit of the experimental errors
and the indeterminacies associated with the radiative losses.
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Taken as a whole, the filled symbols are approximately a factor of two above
the line, i.e. the ALCATOR scaling law gives systematically reduced values of T£.
This is not surprising since the ALCATOR regimes are critical tokamak regimes
with q(a) < 2 so that its scaling law most accurately describes discharge regimes
with poor thermal insulation. To describe "stable" regimes this law could be
improved by multiplying the appropriate expression by two, although the root-
mean-square deviation of the experimental points remains inadmissibly high. It is
twice as high as that of the T-3 scaling law and is far beyond the limits of per-
missible experimental error. This is probably because the ALCATOR law neglects
the dependence of TE on the discharge current.

Figure 5 shows the ratio of the measured value of r£Xp to the value calculated
using the T-3 scaling law as a function of q(d) mainly for "unstable" discharge
regimes in ATC, ORMAK and TFR.

The real value of 7g is, on average, half the calculated value. However,
attention is drawn to the fact that at the lowest values of q(d) a further increase
in TE is observed. This may be due to stabilization of m = 2 perturbations in the
1 <q(a) < 2 range. An example of this type is the case of the T-4 shown in Fig.2.
It is reasonable to hope that external stabilization of m = 2 perturbations will in
future improve substantially the plasma thermal insulation for q(a) < 2 .

CONCLUSIONS

Thus, it should be concluded that simple allowance for the cold plasma
layer 5 close to the boundary yields a correlation between the thermal insulation
data obtained for different tokamaks. In particular, the function T£(q) becomes
uniform. In a macroscopically stable discharge, TE is accurately described by the
extrapolation TE= 3 X 10~9 dI(n eP •

In conclusion, the author is grateful to Academician B.B. Kadomtsev,
V.S. Mukhovatov, K.A. Razumova and V.S. Strelkov for discussion of the results
of the analysis presented in this paper.
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Abstract

MODELLING OF DISCHARGE DYNAMICS IN TOKAMAKS.
Calculations are made of the plasma energy and particle balance during the ionization

and current rise stage in the T-10 tokamak and also of the plasma heating dynamics in T-l 1
during neutral-beam injection.

1. INTRODUCTION

Results are presented of modelling of the discharge development in tokamaks.
Detailed investigations are made of the initial phase (ionization and current rise),
the influence of MHD processes and impurity radiation in T-10. The energy
balance in T-l 1 with neutral-beam injection is discussed. An analysis is made of
the processes of beam particle ionization, hot-ion trapping and energy transfer
to the plasma. The possibility of obtaining conditions of low collision frequency
is discussed.

2. BASIC SYSTEM OF EOUATIONS

The following system of equations [ 1 ] was used to describe the plasma par-
ticle and energy balance, the current diffusion and the neutral balance:

— = - - r n X i —
L + W e i - W i + WBi

3t nr 9r \ 3r /

r)T 1 ri

i f = n7 37
(1)

443



444 DNESTROVSKIJ et al.

3M
9t

9n
9t

_ c

~4TI

1

r

1
r r

9

9r
(rO

1
ai

3rT

3
9r

+ P1

n(t) + N(t) = Q(t)

Here, T^g are the ion and electron temperatures, n and N are the electron and
cold-neutral densities, n = 1/q = RHg/rH, H and Hg are the toroidal and poloidal
magnetic fields, R and a are the major and minor radii, WjOule is the Joule heating
power, Wffd and W-^l are the cold-hydrogen-atom and impurity radiation power
losses [2, 3], Wei is the Coulomb energy transfer from the electrons to the ions,
a is the plasma conductivity allowing for electron-neutral collisions [4], We and Wi
are, respectively, the energy losses due to ionization by the electrons and charge
exchange and heating of the product particles, P1 is the ionization source, iT and N
are the volume-averaged electron and neutral densities, Q(t) is a function simulating
the inflow of gas from the walls, and Xi,e and D are the ion and electron thermal
conductivities and the diffusion coefficient. At the initial stage the main energy
losses and the particle influx are governed by atomic processes and the transport
coefficients are on the Bohm scale. After the completion of ionization and heating
of the plasma to temperatures of several tens of electron-volts, the radiation
decreases and the importance of transport processes begins to increase. At this
and the following stages, the coefficient Xi was taken from neoclassical theory
allowing for the toroidal field ripple. Pseudoclassical models were used for the
electron thermal conductivity and the particle diffusion.

The external-circuit equation was used as the boundary condition for n at
the initial stage.

3. IONIZATION STAGE

System (1) was integrated for the parameters of T-10: R = 150 cm, a = 35 cm
and H = 30 kG. The calculations were made for different values of loop voltage U
and neutral gas density, No , at the boundary. Typical curves of the plasma behaviour
at the initial stage are plotted in Fig.l. The ionization process takes place in an
almost constant electric field, and the current increases with the electron density.
When the degree of ionization exceeds several per cent, the plasma conductivity
begins to be governed not by collisions with neutrals but by Coulomb collisions
as described by the Spitzer formula. At this point, the electron temperature and
current become "frozen" at Te ~ 2—3 eV and I — 5—8 kA. Radiation losses
account for 60% of the Joule heating power, 30% is dissipated in charge exchange
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and ionization losses account for 10%. The energy replacement time is rE ~ 0.05 ms,
the skin diffusion time is small, rs ~ 0.1 ms, so that the current has time to pene-
trate deep into the plasma. Figure 2 shows that the calculated ionization time
increases rapidly with decreasing voltage and shows reasonable agreement with
the experiment (the crosses in Fig.2).

4. MIXING AT THE C URRENT RISE STAGE

At the end of the ionization phase, the plasma energy losses fall sharply, and
the temperature and conductivity begin to increase. In this case, the solution of
system (1) yields a strong skin distribution for the current and temperature Te

which is generally not observed experimentally. This means that a non-diffusive
mechanism exists which dissipates the skin current. In the present investigation,
we use the idea put forward by Kadomtsev of mixing in the higher MHD modes when
when two resonant surfaces exist in the plasma [5]. This process is similar to
mixing in the internal m = 1 mode [6, 7]. We introduce the flux function

r

•-•«-if/(<•—)«" «>
Q

The resonant surfaces at the points rsl and rs2 for the helical mode exp(in0 + imip)
are defined by:

M(rs l) = M(rs2) = - , ^ ' ( r s l )=^ ' ( r s 2 ) = 0 (3)
m

At the point r s j , the function \p has a minimum and at the point rs2 it has a maxi-
mum. After mixing, the function i// should be monotonic and the boundaries of
the mixing region r! < r < r2 are defined from the "frozen-in" condition:

g2 *(r si) (4)

We shall assume that mixing takes place when r2 = a, i.e.

-—Vdr=0 (5)
m)
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FIG.3. The functions \i(r), \p (r) and jfr) before and after (dashed curve) mixing with two
resonant surfaces in the plasma.

The poloidal field distribution after mixing (denoted by the subscript 1) is
determined from current conservation, continuity and conditions (4):

(6)

i(a) =

lim \ = 0, lim ty\ = 0
r - + a - 0

I.e.

lim
n n

= — , lim Hi = —
m r->a-0 m

(7)
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U(V) I (kA)
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q(a)=8
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m = 8
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q(a) = 7

m = 7

18 t (ms)

FIG.4. Time dependence of plasma current I and loop voltage U. The lines on the abscissa
indicate the mixing times.

Thus, Hi will have discontinuities at the points T[ and a, and surface currents
will flow along the boundaries of the mixing region.

The distribution of/U[ satisfying conditions (6) and (7) was defined in the
form:

when r <

A(r—r!)(a —r) when r ! < r < a
m

when r = a

(8)

where
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q ( a )

40

0 a

FIG. 5. Variation of the profiles fifr) with current rise. The dashed curve gives fi(r) at
t = 40 ms without mixing.

100 ms

0 1 r/a

FIG.6. Profiles \x(r) at various times allowing for impurity radiation. The impurity distribution
is parabolic n^ = n?
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FIG. 7. Proportion of ionized and trapped particles as a function of plasma density on T-ll.

Graphs of the functions n, \p and j before and after mixing are plotted in Fig.3 by
the solid and dashed curves.

Integration of system (1) subject to condition (5) yields manifold mixing at
reach resonance.

The variation of the loop voltage with the current rise is shown in Fig.4. The
surface anti-current should produce negative voltage spikes but the difference
system used is too coarse and does not reproduce this effect. Only positive spikes
can be observed. Profiles of/u(r) at different points in time are shown in Fig.5.
The dashed curve is the profile of n in the model without mixing. It can be seen
that the mixing process produces an almost uniform current distribution over the
plasma cross-section.

Experiments on T-10 show that oscillations of the internal m = 1 mode are
observed until the end of the current rise phase (at t ~ 150 ms). This means that
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by this time the current is strongly peaked and q(0) ~ 1 while q(a) ~ 3. Such
peaking is not produced by mixing. A possible explanation of this effect is associated
with the impurity radiation. Results of calculations for a plasma containing oxygen
with an average concentration n0 = 3 X 1011 and iron with n F e = 3 X 1010 cm"3

and having a parabolic impurity concentration distribution over the plasma cross-
section are plotted in Fig.6. It can be seen that the combined effect of MHD
mixing and impurity radiation is sufficient to produce a peaked current profile.

5. PLASMA HEATING BY INJECTION

The calculations were made for the parameters of T-l 1: R = 70 cm, a = 20 cm,
H = 10 kG, I = 100 and 65 kA, and energy of the main beam component Eo = 20 keV.
An analysis was made of the heating of a hydrogen plasma by a deuterium beam
denoted in the figures by (HpDB).

In the description of the beam trapping process, allowance was made for
ionization by ions and electrons, and charge exchange with the plasma ions and
impurities. The trapped-hot-ion trajectories were analysed by using the drift
equations of motion. Particles whose trajectories passed through the chamber
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FIG.9. Variation of input power during discharge.

walls were excluded from the energy balance. Figure 7 shows that at the central
density of n = 2 X 1013 cm"3 approximately 95% of the particles are ionized but
the proportion of trapped particles is considerably smaller, being around 60% at
I = 100 kA and dropping to 30% at I = 65 kA. This is because the displacement of
the drift trajectories with respect to the magnetic surfaces A = PLq~6—8 cm is
comparable with the plasma minor radius.

The proportion of energy transferred to the plasma ions and electrons and
removed by charge exchange was determined from the asymptotic equations for
the solution of Landau's equation [8], The results of calculations of the heating
dynamics are plotted in Figs 8 and 9. When the neutral density No at the boundary
decreases from 3 X 1010 to 5 X 109, the ion temperature doubles but the electron
temperature increases by only 10%. The poor electron heating is attributable to
the fact that the Joule heating power decreases during injection but the total
electron heating power (WBe + Wjoule) hardly alters. In addition, on attainment
of q(0) < 1, an m = 1 instability develops and slows down the rise in the tempera-
ture Te. xhe power transferred to the ions, (Wei+ Wgj), increases by the factor of
a few times unity. In Fig.9, W^ and Wei, respectively, denote the trapped beam
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FIG.10. Ion temperature as a function of cold-neutral density. The dashed curve gives the
"extended-plateau" model, the dotted curve corresponds to neglect of the ripple and the
continuous curves correspond to the complete model.

power and the power transferred from the electrons to the ions. The calculated
temperatures show reasonable agreement with the experiments [9].

The calculations show that at an injection power Wg > 500 kW, the ion
temperature may reach 1 keV. In this case, entry of the ions into the collisionless
regime would be expected if Zejj is less than 4—5. In this case, neoclassical theory
predicts that the transport coefficients should decrease. Unfortunately, this effect
is masked by other factors (field ripple, cold neutrals, indeterminacy in the absorbed
beam energy, etc.) which may impede interpretation of the experiments. Calcula-
tions were made using an "extended-plateau" model (dashed curve in Fig. 10), to
compare the theory with the experiments. It can be seen that when Wg < 400 kW,
entry into the collisionless regime can only be observed when No < 1.5 X 1010 cm"3.
As the injection power rises, the requirements on the cold-neutral density become
less stringent. When WB = 800 kW, this effect can be observed when No < 5 X 1010 cm"3.
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DISCUSSION

ON PAPERS F-l-1 TO F-l-3

P.K. KAW: Have you estimated the effect of non-axisymmetric magnetic
perturbations on neoclassical transport theory? In particular, could particle orbit
modifications ('superbananas') lead to enhanced ion heat transport?

J.D. CALLEN: Yes, at least in the long-straight-cylinder approximation
where helical symmetry can be assumed. Then, we find that there is a sort of
Pfirsch-Schliiter diffusion due to the helical bending of the field lines, but this
is negligible compared to the usual classical radial transport. When the plasma
is bent into a torus we would not expect much change since the helical magnetic
perturbations are very small (BQ/BQ < 10"1). Thus, the ion heat transport would
not be significantly enhanced by particle orbit modifications; it would be more
strongly modified by the change in magnetic topology resulting from the introduc-
tion of a magnetic island (see paper IAEA-CN-37/F-1-1).

H.P. FURTH: Were you able to obtain the negative voltage spike from your
simulations of the disruptive instability?

J.D. CALLEN: The negative voltage spike is not directly predicted in the
computer runs at present because of the boundary conditions used in the codes.
However, what we do say is that the rapidly broadened current profile we find
during the strong 2/1—3/2 coupling should lead to a significantly reduced internal
inductance S.^ Since this occurs on a short (~ 7"') time scale, it should lead to a
large negative voltage spike of roughly the magnitude seen in tokamak experiments.

C. RENAUD: Could you say a few words about harmonic generation during
the m = 3, m = 2 mode overlap?

J.D. CALLEN: The first thing to note is that the 3/2 mode is explosively
excited as the overlap begins. Then, during the overlap, modes with helicities
in the range between the two basic modes (2/1 = 2.0, 3/2 = 1.5) are the ones
most strongly excited — i.e. the 5/3, 7/4, 8/5 modes. Modes with helicities out-
side this range are also excited, but usually less strongly.

D. OVERSKEI: The numerical work you have presented indicates m = 2,
n = 1 to be the determining mode with respect to confinement and stability. Does
that mean that the m = 3, n = 1 mode plays no role, or that it is only driven by
the m = 2, n = 1 mode?

J.D. CALLEN: For most experimentally measured electron temperature
profiles, for example those measured in ORMAK, the m = 3 modes tend to be
stable, or at least saturate at very low amplitudes with very thin and hence negli-
gible islands. The 3/1 modes sometimes are excited during 2/1 — 3/2 coupling,
as in our disruptive instability model. They can also be excited by toroidal effects.
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456 DISCUSSION

D. OVERSKEI: Do you know whether the disruptions (MHD bursts) which
occur in the current rise phase, as shown by Dnestrovskij, take place at the edge
of the plasma or within the current channel?

J.D. CALLEN: The reconnections described in the paper by Dnestrovskij
and co-workers (IAEA-CN-37/F-1-3) occur over the region of the skin current
and hence extend from the limiter inwards, sometimes all the way to the centre
of the plasma.
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Abstract

COMPUTER MODELLING AND SCALING OF TRANSPORT IN TOKAMAKS.
The anomalous transport losses in tokamaks are studied using a one-dimensional computer

code to compare theoretical models with the DITE experiment, and by direct calculation of
diffusion losses from experimental results. These studies show that the anomalous thermal
conduction increases rapidly towards the plasma boundary, that particle diffusion is slower
than heat diffusion, and that the neoclassical pinch effect is required to explain the evolution
of the density distribution in discharges refuelled by gas injection. Comparison of various dis-
charges in DITE, ORMAK and TFR using normalized parameters confirms their basic similarity.

1 . INTRODUCTION

We are concerned here with improving our understanding of diffusive

processes in tokamak discharges with the ultimate aim of making better pre-

dictions of the behaviour of future experiments.

At present, one-dimensional computer models of tokamaks achieve only

limited success in reproducing details of existing experiments [1]. The

main problem is uncertainty about the processes responsible for anomalous

electron transport.

Various attempts to determine empirically the scaling of global energy

confinement time with machine dimensions, field strength and plasma para-

meters [2,3] are generally in conflict with theoretical scaling laws based

on the invariance properties of the fundamental equations of plasma physics

[A]. This is probably due to the wide range of conditions covered in the

empirical studies, which include discharges in which radiation accounts for

more than 80% of the power input [5] (a process not implicit in the funda-

mental equations) to those in which classical ion thermal conduction is the

dominant loss mechanism [6,7]. In these circumstances it is surprising

that any simple scaling law can be found. One possible explanation is that

457
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the number of truly independent variables is reduced by strong correlations

between supposedly independent parameters such as density and magnetic

field [8] and density and impurity content [9], resulting in the explora-

tion of a restricted volume of parameter space. These difficulties may

be overcome by recent improvements in techniques for reducing contamination

by impurities which should allow the study of discharges with low radiation

losses over a much wider range of parameters. Until this can be done,

empirical studies of global confinement are unlikely to provide better under-

standing of the main diffusion processes.

2. METHODS

We study the transport processes from two complementary standpoints.

In the first we compare experimental results from DITE with the predictions

of theoretical models using a one-dimensional radial transport code. Sec-

ondly, we derive transport coefficients directly from experimental data.

In the code calculations we consider a hydrogen plasma contaminated

by oxygen and molybdenum. Impurity radiation losses and the average charge

states of the impurity ions are obtained from a coronal model [10]. An

accurate treatment of neutral gas transport is included using a fast Monte

Carlo scheme [11]; this also includes data currently available to describe

backscattering of hydrogen ions and neutrals from material surfaces. We

suppose that the plasma transport is neoclassical t'2] with the impurity ions

in the Pfirsch-Schltlter regime while the electrons and hydrogen ions can

be in any of the three regimes of neoclassical theory. In addition, the

particle diffusion coefficients and the electron-thermal conduction coeffi-

cient are augmented by various regimes of drift wave transport.

Since the rate of impurity generation due to plasma-wall interactions is

not well understood theoretically, we adjust the impurity concentration to give

the experimental level of radiation losses and mean Zeff. The radial profiles

of radiation loss and ?-e£f are then calculated by the code. The mean plasma

density is adjusted to conform with experiment by a suitable influx of gas

from the boundary. Ion energy losses are primarily due to neoclassical

conduction and charge-exchange. Good agreement between the theoretical

and experimental results is taken as an indication of the accuracy of the

theoretical model.

In the second approach, we try to extract the anomalous diffusion

rate from experimental data and then compare it with various theoretical

models. Using the detailed energy balance measurements now available from
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various experiments, we calculate the energy flux carried by the electrons

across the magnetic surface of radius, r as follows:

Q(r) = - / (P̂ ,T - P . - P , - W ) r'dr' (1)
H r o OH ei rad e

where P-u is the ohmic power density assuming constant loop voltage and
OH

j ~ T J' and P . (estimated, classical) and P , (measured) are the power
e ei rad

transfer to ions and the power radiated per unit volume respectively. A

correction is made for the rate of change of plasma energy W in case this

is not constant. The normalised anomalous heat flux is found by subtract-

ing the neoclassical value Q _ given by Hinton et al [13] (decreasing x by

(1 + Zeff)/2 and T^ by %e£f) and dividing by the Bohm value:

T

TTT~ (2)

Here rn,rT are the radial scale lengths of the profiles of electron density,

n,and temperature, T . B is the toroidal flux density.

At this point, drawing inspiration from the theoretical studies of

tokamak scaling [4,14,15], we make the broad assumption that there exists

a universal function of the form

Q - QNC _ T /
p
e>
 rn BT, £,... 9,1, q, ...!*, zeff, T

B n i

-6 i
Where, using MKS units with Tg in eV, p = 2.38 x 10 Te

2/BT,

A = 1.92 x 10'6 Te
2/(ne(l + Z e f f)), BT = 4.03 x 10-25 neTe/B2; h = 7.43 xl03

Te5/ne5, 6 = shear parameter, (r/Rq)3S.nq/32.n ne,and R = major radius. Of the

dimensionless arguments of this hypothetical function the first three correspond

with Kadomtsev's [15] first group; A/h is equivalent to Kadomtsev's 'night clerk'

and will be ignored in what follows; the second group describes the geometrical

properties of the magnetic surface - more parameters may be required than are

given above ; and the last describes the relationships between the different

ionic species. The problem of describing anomalous transport is equivalent to

formulating the function T.

For example., the first four regimes of drift-wave transport given by Duchs,

Post and Rutherford [1] produce normalised heat fluxes Q/QB = D/DB> which can

be written as follows:

Bohm regime DB/DB = 1

D p r V3 , 2/3 T. V3 m ^
Kadomtsev-Pogutse " — ^(—)(-r~) ('S') (l+™r-) (—)

DB r n A 6 Te m i
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Pseudoclassical regime y- ^ (-^-) (-ĵ ) (̂ ) (l+,jr)

D T
Collisionless " jj!l * (-£) (I) (1 + -1) ...

B n e w

Evidently, Q/QD takes the form of equation (3) in each case.

3. RESULTS

Using our computer model,we have attempted to reproduce details of

three distinct DITE discharges [16]. These are (a) a discharge contam-

inated with oxygen, (b) a metal-dominated discharge with a 'hollow'

electron temperature profile and (c) a high-density discharge with Z ,_~1

obtained by gas injection.

To simulate the oxygen-contaminated case we atart from some

arbit rary initial state and allow the calculation to evolve until an

approximate steady state is reached corresponding to the quasi-stationary

phase of the discharge; no attempt is made to model the breakdown phase.

Figure 1 compares the computed profiles in this case with those measured

experimentally; Table I compares various global quantities. This satis-

factory agreement between experiment and computation was obtained assuming

that the anomalous coefficients are

\ = D" + Dp (5a)

D = V 5 (5b)

The prescription (5a) gives essentially the same result as that of

ref,[1] except near the plasma boundary where it leads to very large dif-

fusion losses, which are responsible for the sharply peaked T profile.

While it has no theoretical basis, it is justified by comparison with our

experimental estimates of the transport coefficients (Fig. 5).

At present, we are unable to reproduce the hollow profile discharges

computationally. The electron temperature is depressed but the profile does

not become hollow.

High-density discharges obtained by gas injection are well reproduced

using our model. In this case the initial conditions were chosen to approx-

imate the discharge parameters at about 80 ms and the neutral gas influx

adjusted to give roughly the correct rate of increase of the mean density.

Figure 2 demonstrates the excellent agreement between computation and

experiment 100 ms later when the initial,slightly hollow, T profiles observed

experimentally have disappeared. The neoclassical pinch effect is an
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FIG.I. Comparison of experimental profiles with code calculations for DITE discharge.
Solid lines: prescription of Eq.(5). Dotted lines: prescription of Ref.[l].

TABLE I - COMPARISON 01 GLOBAL PARAMETERS OF DITE DISCHARGES WITH 1-D

CODE CALCULATIONS

Discharge
parameter

Plasma current

Loop voltage

q on axis

n on axis

T on axis

T. on axis
i

Electron energy

Ion energy

6pe
Zeff
Fraction ohmic
power radiated

TE
T
P

IJni t*c
UIl J. LS>

kA

V

1019m"3

eV

eV

kJ

kJ

ms

ms

Air
code

200

2.63

0.97

3.50

1100

800

4.2

1.2

0.19

6.6

0.63

10.2

31

contaminated
exper imen t

199

3.25

0.80

3.30

1100

443

3.0

2.0
(n. = ne)

0.14

6.6

0.65

7.7

< 36

Getter ed
code

150

2.02

1.66

6.12

413

387

2.9

2.7

0.23

1 .27

0.42

16.9

15.5

- high density
experiment

162

2.4

1.15

6.23

420

260-340

2.5

2.1-2.3

0.17

1.18

0.35

11 .8

< 34
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FIG.2. Code simulation of DITE discharge with gas injection. Solid lines: with neoclassical
pinch. Broken lines: without pinch.

important feature in modelling gas injection experiments. The broken curves

of Fig. 2 show the evolution of the electron density and temperature if we

neglect the pinch effect.

We now discuss what can be learned by direct analysis of the experi-

mental results. The data is obtained from the same three discharges in

DITE discussed above, one from TFR [17] and one from ORMAK [18].

Table II contains the normalised data at several different minor radii

for each of these cases. Figure 3 shows the normalised heat flux as a

function of minor radius to illustrate the basic similarity of the data

from all three machines. All show the ratio (Q - QNC)/QB rising from 10

10 in the centre (for q > 1) to 1 - 10 near the limiter radius. This

general form roughly corresponds with the similar form of recent

measurements of fluctuation levels [19]. Figure 4 contains histograms of
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FIG. 3. Variation of normalized heat flux with minor radius for the data in Table II. Open
circles have q < 1.

some of the normalised scaling parameters. The widths of these distribut-

ions are at least an order of magnitude except for the parameter v_/v —

which may indicate the importance of current drift as a driving mechanism.

For one case, we also have data on the particle diffusion rate, which appears

to be smaller than the heat conduction by a factor between 2 and 10. This

is typical in DITE discharges and accords with the usual observation that

T j> T , whereas one would expect T < T for equal heat and particle

diffusion coefficients. Similar results are reported elsewhere [20].
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FIG.4. Histograms of various dimensionless scaling parameters from Table II.

Preliminary attempts have been made to find the dependence of normal-

ised heat flux on the other scaling parameters. First, the forms given in

equation (4) were tried. Best results were obtained with a combination of

D"/D and D /D . Figure 5 shows one such trial, which corresponds with the
B CD

formulation used in equation (5). A least-squares fit of the form

(Q - Q _)/Q = A , B , C ... (6)

to the normalised parameters in equation (4), using the analysis procedure of

ref. [3], gives the results shown in Table III.
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FIG.5. Comparison of experimental normalized heat flux with drift wave diffusion
coefficients. Solid line: prescription of Eq. (5b). Broken line: least-squares fit to experi-
mental points.

The exponents of the independent variables are reasonably consistent

(apart from me/m£ for which only two values are available) and similar to

those of equation (A), but with a weaker dependence on shear. Z _, has

only marginal significance as an independent parameter.

Obviously, all kinds of combinations of the scaling parameters could

be tested in this way without necessarily giving a very clear picture of

the functional form of T, which will probably be quite different from the

simple expression (6). In any case, the experimental results are not yet

of sufficient accuracy to justify this kind of treatment. However, the norm-

alisation procedure is useful for reducing experimental data to a common form

which allows easy comparison between widely different experiments (not only

tokamaks) and which can suggest further experimental tests.
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4. CONCLUSIONS

We have shown that, with certain assumptions, one-dimensional computer

codes can be used to model tokamak experiments accurately. To obtain this

agreement we require a coefficient of thermal conduction increasing rapidly

towards the plasma boundary, a particle diffusion coefficient ~ 5 times

smaller and the neoclassical pinch effect.

Preliminary attempts to express the anomalous electron heat loss in

non-dimensional form shows reasonable agreement with the transport to be

expected from drift waves, except near the plasma boundary. Tokamak dis-

charges of different kinds from various machines behave in a similar way,

suggesting that a common explanation for this behaviour will be found.
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DISCUSSION

B. COPPI: I certainly agree with your conclusion that a combination of two
diffusion coefficients of the type you mentioned is needed to explain the profiles
observed in tokamak discharges. In fact, Taroni and I came to the same conclusion
in 1975, and so more recently did Mercier and Werkhoff. It is possible that the
"outer" diffusion coefficient is correlated with the excitation of collisional drift
modes. This would be consistent with the characteristics of the fluctuations
observed near the outer edge in Alcator plasmas.

RJ . GOLDSTON: With regard to the graph showing the neutral density
profile for DITE, could you comment on the agreement between experiment
and theory in the central region?

J. HUGILL: The agreement in the central region is within a factor of two.
This is perhaps fortuitous, since the experimental accuracy of Abel-inverted Htt

measurements in the central region is rather poor.
J. BLUM: How do you explain the fact that you do not succeed in simulating

hollow temperature profiles?
J. HUGILL: We do not understand the reasons at present. More code calcula-

tions are being done to reveal the cause of the problem.
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Abstract

COMPUTATIONAL STUDIES OF IMPURITY EFFECTS, IMPURITY CONTROL, AND
NEUTRAL-BEAM INJECTION IN LARGE TOKAMAKS.

Computational models have been constructed for the Princeton Large Torus (PLT), the
Poloidal Divertor Experiment (PDX), and the Tokamak Fusion Test Reactor (TFTR). These
models have been calibrated by comparison with current experiments and used to predict
plasma parameters and delineate favourable modes of operation for future experiments. The
models for PLT emphasize plasma transport and neutral-beam injection heating. The models
for PDX emphasize the capability of divertors for impurity and re-cycling control in intense
neutral-beam-heated tokamaks, as well as optimization of the MHD properties of divertor-
equipped tokamaks. The TFTR calculations stress the fusion aspects of a large, circular-cross-
section D-T tokamak with intense neutral-beam injection.— The calculations indicate that
the highest neutron yields on PDX and PLT will be obtained by co- and counter-injection of
deuterium beams into a discharge whose density is kept low by reducing the plasma re-cycling
by gettering or a divertor. The highest ion temperatures can also be obtained by injection into
low-density plasmas. High-density plasmas have higher values of nrE, but are colder, and have
lower neutron yields. For TFTR, the fusion yield can be maximized by a warm-electron, hot-
ion mode characterized by an intermediate plasma density (5 X 1013 cm"3) and high power
injection (32-45 MW).

* This research was supported by USDOE Contract No.EY-76-C-02-3037 and
W-7405-ENG-48.

•̂  Present address: Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA.
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I. COMPUTATIONAL MODELS

The transport and neutral injection aspects of PLT, PDX, and TFTR have
been modeled using two one-dimensional, multispecies tokamak transport codes,
BALDUR, and FPT(Fokker-Planck Transport) [1 ]. The codes both use a
multi-species Monte-Carlo neutral transport model [2 ] in which charge exchange
neutrals from the neutral beam deposition and recombination neutrals are
included. The beam deposition profile for both codes is computed with a
Monte-Carlo algorithm [3]. Both codes have slow adiabatic compression
algorithms for both the beam and plasma ions. Impurity radiation is
calculated using numerical fits to coronal equilibrium "average ion"
calculations [ 4] .

In FPT the evolution of the two dimensional velocity space distribution
for several energetic species is computed using the complete non-linear
Fokker-Planck operator which accounts for Coulomb collisions among all charged
specie3 [ 5,6]. The fusion power is computed by a five-fold integral over the
reacting distribution functions. An empirical, transport model based on PLT
and TFR results of the form D = 1000x(1.+9(r/a)2 ) cm2 /sec,xe =5x1O17 / ne

cnr/sec, and x^ = 10 cm /sec (more pessimistic than neoclassical) is used.
Loss cones are included but the ions are assumed, as in BALDUR, to stick to
one flux surface.

BALDUR has a two species (e.g. 0 and W) impurity treatment. Neutral
beam heating is computed with a simple Fokker-Planck scheme for each flux
surface which includes pitch angle scattering, slowing-down, and charge
exchange loss of the beam ions. No orbital effects are included. The cold
electrons from the ionization of injected neutral atoms are added to the
background electrons. Thermalized beam ions are added to the background
plasma. Alpha particle heating is computed with a simple slowing down model
which includes Ios3 cones and orbital spreading. The transport model normally
used is empirical based on PLT and ALCATOR [7] results, with xe = 5 x 10 1 7 /
n e cm2 /sec, D = 1017 / ne cm

2 /sec ( or 5x1016 / n e + 5O0Ox(r/a)
3 + 5000

cm^/sec), and X^ neoclassical. This transport model gives a lower and
broader electron temperature profile than observed on recent PLT experiments.
For the PLT neutral injection experiments, a x e of the form
9.0x10-'-°/[n T% (eV)] cm /sec is used to make the electron temperature profile
peaked. Non-equilibrium low-Z impurity radiation is modeled by increasing the
radiation loss for each hydrogen ionization from 40 eV to 300-2000 eV
depending on the impurity level. Convection energy losses are included.
Titanium gettering is modeled by recycling as neutral atoms only a fraction
(-90?) of the plasma which flows to the limiter and walls.

II. PLT INJECTION CALCULATIONS

Recent PLT[8] neutral beam injection experiments have been calculated
with BALDUR to test the validity of the models and assumptions used in the
code, and to assist in analyzing the experimental data. The general agreement
was reasonable; however there were important qualitative and quantitative
differences between the calculations and the experimental data. Figure 1
shows a comparison of a low power injection run (B = 32 kG, 1=420 kA) [ 8]in
which the impurity level has been kept low with titanium gettering with a
calculation that assumed that x.e = 5x10

l7/ne cra
2/sec. Electron conductivities

of the form bT s/ne were tried, and matches of the calculated profiles,
temperature rises, and loop voltages with the PLT results for neutral
injection into high density, gettered discharges indicated that | s|<1.5.
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FIG.l. Electron temperature profiles for PLT just before injection and after 80 ms of injection
(Bz = 32 kG, I = 400 kA). The points are the measured temperature and the line is the
BALDUR calculation using Ke = 5X 10n/ne.

Injection into lower density discharges has produced higher ion
temperatures. Figure 2 shows the evolution of the central electron and ion
temperatures, electron and ion densities, line average density, Zeff , loop
voltage, and beta poloidal for a representative case for 1.4 MW of hydrogen
injection into deuterium(Bz = 32 kG, 1=480 kA, "h~e =1013 / cm3 , Zeff =
3.0(mostly carbon)). The ion neoclassical conductivity was enhanced by a
factor of two. The qualitative features of this calculation are similar to
the experiment. As the beam is turned on, the central electron density begins
to ri3e. The central Zeff drops due to dilution of the carbon. The density
of beam ion3 i3 comparable to the plasma density. The <B> poloidal due to
the beam exceeds the plasma <g> for much of the injection pulse. The peak
temperature is higher than the experiment (5.4 keV vs. 4.1 keV). However the
central ion temperature for these very low density runs is a sensitive
function of the electron temperature profile, plasma diffusion
model(convective losses, and charge exchange losses) and effects left out of
the code such as finite orbit excursions of the beam ions. Increasing these
losses by a reasonable amount can lower the peak temperature in the
calculations to 3.5 keV. The enhanced transport for q<1 for the electron
energy has less influence on the low density discharges than the high density

ones. The lowest is about 0.02.

The highest temperature cases obtained experimentally were with 2.0 MW of
deuterium injection into a low density Cne = 10l3/cm3, z ff =4(carbon and iron))
discharge. For many of these discharges, no m=1 oscillations were observed,
30 no q<1 enhanced transport was used. The evolution of the ion temperature
is given on Figure 3 showing the central values of the calculated ion
temperature as a function of time in which the ion neoclassical conductivity
ha3 been enhanced by factors of one, two and four. The rise time of the
temperature lags slightly the measured rise, and the calculated temperature
falls somewhat more slowly than the experiment. The calculated ion
temperature saturates after 130 ms of injection, before the beam is turned
off.
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FIG.2. BALDUR calculation of 1.4 MW H injection into D for PLT (Bz = 32 kG,
1= 480 kA, n (t = Oj = 1013cm'3, Zetf = 3) with the ion neoclassical conduction enhanced
by factor of 2.

An interesting feature of both the experiments and calculations is that
the central electron temperature drops when the beam i3 turned on. The
electron temperature later recovers and rises slowly. When the beam is turned
off, the electron temperature rises quickly(for about one beam ion slowing
down time) and then begins to fall. Figure 4 3hows this for a 1.1 MW H into D
case. In the calculation this is due to the dilution of the hot electrons by
the cold electrons formed from the ionization of the fast neutral beam atoms.
At the end of the neutral beam pulse, this dilution is ended, and the electron
heating is increased for about one slowing down time.

The general features of these low density, high temperature PLT
discharges in which the ion energy confinement is better than the electron
energy confinement are exploited by calculations for PDX and TFTR to achieve
reactor plasma conditions and to maximize the neutron yield and fusion power.
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FIG.3. BALDUR calculations of ion heating on PLT (2.0 MW of D into H,BZ = 32 kG,
1= 480 kA, n ft = 0) = 1013 cm'3, Zeff = 4). The experimentally determined temperature
reaches 5.5 keV, and saturates after 100 ms.
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FIG.4. BALDUR calculation of the central electron temperature during infection for a
1.4MWH-*D PLT experiment (Bz = 32 kG, I = 480 kA, n ft = 0) = 10n cm'3, Zeff = 3).
The fast-ion slowing-down time is about 30 ms at the end of the beam pulse.

I I I . PDX INJECTION CALCULATIONS

In the PDX and TFTR experiments, as well as in higher power PLT
experiments, the injected neutra l beam power wi l l far exceed the ohmic heating
power. By cont ro l l ing the warm-ion densi ty by ge t te r ing or by a magnetic
d iver to r , i t should be possible to operate in three di f ferent reactor-plasma
regimes parameterized by the r e l a t i v e energet ic ion density [ 9 ] : 1) The
energet ic- ion regime, where the plasma recycling coeff ic ient R << 1,
n h o t / n e >_ 0 .3 , and the dominant fusion production i s by reac t ions between the
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FIG.5. Neutron yield, average ion energy, and m for PDX with 8 MW of 60-keV deuterium
(equal co- and counter) injection into deuterium showing the effect of varying the central
electron density.

energetic ions; 2) The TCT regime, where nh o t / ne ; 0.1, and the dominant
fusion production i s by beam-target reactions; 3) The beam driven
thermonuclear regime, where "hot I ne << 0"̂ > a n o - t n e dominant fusion
production i s by thermonuclear reactions. These regimes are il lustrated in
Figure 5, which shows the dependence of ntE , the average ion energy, and the
neutron production rate on the axial plasma density for 50? co-injection and
50$ counter-injection with deuterium beams as calculated by FPT.

The effect of a smaller density variation is i l lustrated in more detail
in Figure 6, which 3how3 the effect of varying the plasma recycling
coefficient on various plasma parameters. The Qp (fusion power/injected power)
and the average ion energy are largest at the small densities, and the
dominant fusions result from collisions between the counter-streaming
energetic ions [10].

Plasmas with average ion energy exceeding 25 keV can be attained in
medium-sized tokamak devices with intense neutral-beam injection, provided
that plasma recycling is minimized by a magnetic divertor or getter assembly,
and that essentially a l l fueling is performed by the beams [10]. The
energetic-ion density is then
temperature i s 2 to 3 times TnTg.

of the order 0.5 ne, and the warm-ion
In PDX-sized plasmas with 4 to 10 megawatts

of beam injection at B̂ eam = ^ " t o °0 keV, D-D fusion-neutron intensities in
the range 10 * to 10 neutrons/sec are attainable in this energetic-ion mode
of operation. The electron energy confinement time needs to satisfy only "n"e

T
E

- 1 0 l 2 t o 2x1012 sees/cm3.
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FIG. 6. Plasma parameters for PDX with 8 MW of 60-ke V deuterium (equal co- and counter)
injection into deuterium showing the variation with the re-cycling coefficients.

IV. TFTR CALCULATIONS

The TFTR calculations have concentrated on finding ways to maximize the
fusion yield while minimizing the deleterious effects of impurities and
transport Io33es. For the initial power level of 32 megawatts of neutral beam
injection, two operating schemes were examined using BALDUR (Table I). The
first is one in which the neutral beams are injected into a small (60 cm
radius) discharge at the outer edge of the vacuum vessel for a short time,
after which the discharge is compressed adiabatically, as in the ATC
experiment. Compression energizes the fast ions and heats the plasma. As can
be seen in Table T, this discharge achieves quite high g's ( 2.3$) and high
fusion powers ( 27 MW), in spite of a large impurity content, and small
ntE 's. Almost all of the fusion power comes from the two-component reactions
(energetic deuterons from the beam reacting with thermal tritons). The
compression case has the advantage of a large power density and good neutral
beam penetration, and is only a modest (factor of one to three) extrapolation
from PLT and ATC results. It is insensitive to impurities in that one can
compress after only a few hundred milliseconds of injection if impurities
begin to accumulate. The disadvantages are that it does not take full
advantage of the plasma current capabilities or vacuum vessel size. Only 50%
of the alphas are confined and the discharge has relatively low nT£ ' s.
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TABLE I. TFTR INJECTION

POST et al.

Plasma
Current

Beam
Power

Plasma
Radius

Beam
Pulse

Impurity
Density

Average
Plasma
Density

Peak ion
Tempera-
ture

Peak
Electron
Tempera-
ture

VeE

ViE

V E

Zeff

nuclear

B

Strong
Compression

1 MA

32 MW

45 cm

0.2 sec

4.5 x 101:Lcm(Fe)

in14 -3
10 cm

14 keV

9 keV

1013cm"?s

11 -1
1.7 x. 10 era .s

11 i
1.2 x 10 cm -s

3.5

27 MW

2.3%

High
Current

2.5 MA

32 MW

85 cm

0.5 sec

3.5 x 1010(Mo)

13 _3
5 x 10 cm

17 keV

6.7 keV

7 x 10 cm • s

5 x 1013cnf.3s

11 -1
1.6 x 10 cm .s

1.7

15 MW

1.1%

Improved
High

Current

2.5 MA

45 MW

85 cm

1 sec

0

9 x 1013cm"3

25 keV

15 keV

4.2 x 1013cm"3s

1 A -1

2 x 10 cm s
11 -1

8 x 10 cm . s

1

79 MW

3.6%

Improved
High

Current

2.5 MA

45 MW

85 cm

1 sec

8 x 1010cnT3(Fe)

10Ucm-3

22 keV

14 keV

11 -1
3.9 x 10 cm . s

14 -1
1.6 x 10 cm • s

7.1 x 1013cm".3s

1.5

69 MW

3.3%

The second mode is to form a 2.5 MA discharge with a 85 cm radius
centered at R = 248 cm, and inject for one-half second. The alphas are well
confined and somewhat higher nxE ' s, especially for the ions, are obtained.
Due to the high ion temperature, there is an appreciable fusion yield due to
the thermal D-T reactions, although the dominant contributions are still from
beam ions reacting with the background plasma (TCT reactions). The ion nxE ' s
are much greater than the electron nT£ ' s. Relying on TCT reactions limits
the nuclear power to a range near the injected power level. Thermal reactions
can raise the nuclear yield, but require increases in beta,(requiring more
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injected power), and are more sensitive to reductions in the gross confinement
time.

The relatively good ion confinement can be exploited if the injection
power is raised to 45 MW and the beam pulse is extended to one second, as is
proposed for a TFTR upgrade. For this case the ion temperatures are very
high( 23 keV) and the electrons are cooler( 1t keV). The ion nxE is four or
five times greater than the electron nxg i and most of the fusion yield is
from the beam driven thermal D-T reactions, with only a modest component from
the TCT reactions. This hot-ion, warm-electron mode in which the electrons
and ions are only loosely coupled can tolerate poor electron energy
confinement compared to the ion energy confinement. Quite large fusion yields
are obtained with modest nxE' s. Should the ion confinement continue to scale
neo-classically, and electron losses continue to be large(due to impurities
and anomalous processes), the hot-ion, warm-electron plasma is an attractive
way to make large fusion powers.

V. PDX DIVERTOR CALCULATIONS

A key element in estimating the efficiency of various impurity control
techniques is the development of a realistic plasma-wall interaction model.
We have developed a simple model that self-consistently describes the plasma
interaction with a limiter or wall. In this limiter/divertor model, sink
terms, representing particle and energy loss parallel to field lines into the
limiter or divertor, are added to the one dimensional radial transport code in
the scrape-off region. For nearly all tokamak plasmas of interest, the
scrape-off plasma is collisional and an ion sound model is appropriate for
parallel mass flow. At high electron densities ( - several 10 /era), the
neutral hydrogen density is sufficiently high in the scrape-off region to
exert a charge-exchange drag that reduces the mass flow. In addition, we
assume that a classical sheath exists at a non-emitting neutralizer or limiter
plate. With these assumptions, the appropriate sink terms for a hydrogen
plasma in the density, electron energy and ion energy equations are:

SN = -vsn/L(l + Lvc/4vs)

Se = -5.8 kTeSN

S. = -2.0 kT.S.,

where vs = [k(T± + T^/m]^ , vc = noacxvi ,
no is the neutral density, ocx is the charge-exchange cross section, v^ is the
ion velocity and 2L is the length of a field line between the limiters or
divertors.

The validity of this edge model was tested by comparing calculations with
measurements of the edge region of ALCATOR for for a Z=1 discharge where Bz =
55 kG, I = 270 kA, ne = 3.5x10" /cm

3, T^O) = Te(0) = 800 eV, the edge
parameters were found to be n = 5x10 13/cm , T£(a)= 10 eV and the density
fall-off distance was 1 cm. e

The transport calculations with xe = 7x10l7/ne cm2/sec, D= 2x10l?ne
cm2/sec and L = 180 cm gave Te(a) = 30 eV, Tj:(a) = 20 eV, ne(a) = tx10

13 /cm3

which is reasonable agreement for an initial comparison. The higher edge
temperature in the calculation relative to the measurement may be due to: not
extending the probe all the way to the limiter edge, residual impurity
radiation at the edge or limitations of the model. The computed edge
temperatures can be brought into agreement with the measurements by increasing
the thermal transport coefficient in the the region near the plasma surface.
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ne (10 cm"0)

FIG. 7. Edge parameters for a PDX plasma with 6 MW of hydrogen injection into hydrogen
as a function of the line average electron density.

10
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DA (xl03cm2/sec)

FIGS. Oxygen particle re-cycling time as a function of anomalous diffusion (DA) for different
edge densities and temperatures.
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The edge parameters for a Z=1 PDX plasma (a = 36 cm, R = 130 cm, I = 460
kA and Bz = 25 kG) were calculated using this model for the case of 6 MW of
perpendicular injection of hydrogen beams into a hydrogen plasma (Figure 7).
At low electron densities, the edge electron temperature is relatively high (~
100 eV) and would produce a sheath drop for escaping ions of ~U00 eV which
would cause significant sputtering of the divertor or limiter plate. At high
densities, the edge temperature of electrons and ions is -20 eV, in which
case sputtering should be significantly reduced.

In addition to studying the background plasma interaction in the limiter
scrapeoff region, a similar model has been used to analyze low Z
impurity(oxygen or carbon) transport in the region. Once again in the limiter
scrapeoff region, there is a sink term corresponding to a flow of impurity
ions into the limiter at the ion sound speed. The transport equation for each
ionization state is solved including ionization, recombination, and the fluxes
due to neoclassical transport in addition to anomalous transport. The
neoclassical fluxes include impurity-impurity collisions between the different
ionization states of oxygen or carbon and also with the background plasma.
These calculations also take into account the mixed collisionality regime of
the background plasma and the impurities. The anomalous diffusion coefficient
is assumed for simplicity to be a constant. As shown in Figure 8 for
parameters typical of an ohmically heated PLT discharge, the particle
replacement time (total impurity density/neutral impurity influx required to
maintain a quasi-steady state) is finite though relatively small in comparison
with experimental measurements. The inclusion of anomalous transport results
in a considerable decrease in the recycling time, which is also a strong
function of the edge density and temperature profile for the same peak
parameters. Clearly by modifying the edge parameters it appears to be
possible to substantially alter the recycling time, which may be especially
important for the successful operation of a divertor.

VI. PDX MHD CALCULATIONS

Divertor configurations possess different MHD equilibrium and stability
properties compared with conventional circular tokamaks. To determine if the
transport predictions are consistent with our understanding of ideal MHD
stability, we have carried out a study using the stability code PEST [ 11 ] over
plasma parameters appropriate to PDX and possible upgrades.

The ideal MHD model used employs quite flat current profiles consistent
with our expectation that shielding impurity inflow will reduce the extent of
the low temperature resistive region around the plasma edge. The
plasma-vacuum interface is taken to lie just within the ideal MHD separatrix
surface, and q at the limiter is taken to be small ( -2.5 to 2.7) thus
avoiding the computational difficulties associated with separatrices. The
results of these studies are consistent with the more general parameter
surveys of Frieman, et al. [11], and indicate that <$> of 5% may be stable
in the PDX device. Large elongation (b/a - 2), small aspect ratio and
triangularity all increase the possible <6> -values approximately as
g _ [a/Rq^]x(b/a) [12]. Free boundary(n=1) modes generally set the lower
limit within the ideal MHD model. Since these modes clearly depend strongly
on the current profile near the edge of the plasma, one might hope that
divertor control may allow experimental study of this aspect of MHD theory.
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FIG.9. Magnetic configuration with asymmetric divertor (z, R in metres).
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Thus the magnetic field configuration to achieve maximum <S > can be
optimized with a combination of elongation and introduction of a divertor. An
example of these configurations is shown in Figure 9 where the usuage of
available area with a given toroidal coil cross-section was maximized with a
single-null divertor. In this configuration, the required divertor current is
about 60J of the plasma current.

VII. HIGH-Z IMPURITY RADIATION

Our previous calculations [4] have shown that radiation from such metals
as tungsten can be an important energy loss for tokamaks. It has been found
that in PLT experiments [13] that the presence of tungsten in the form of
limiters inhibits plasma heating by neutral beams. Our previous calculations
used an "average ion" model. We have improved upon the model by using the
same prescriptions for the atomic processes as before [H] to construct a code
to calculate the rates (recombination, ionization, and excitation) for
individual ionic species(e, g. Fe+^^, etc.). In addition, we have included
dielectronic recombination due to inner shell excitations which had been
neglected. The coronal equilibrium results for the radiative rates are very
similiar to the previous results, with the main difference being that there is
now less structure in the radiative rates near closed shells due to additional
dielectronic recombination near closed shells(Figure 10). Figure 11 shows the
equilibrium ionic fractions as a function of T£.
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DISCUSSION

G. GRIEGER: I noticed, in your description of the neutral-injection experi-
ment in PLT, that the electron density increased twice as fast as the ion density.
What about quasi-neutrality? Is the difference made up entirely by impurities?

D.E. POST: The impurities contribute only slightly. The ion density plotted
here is the central thermal plasma density, not including the energetic beam ions.
The thermalized beam ions are added to the plasma ions. The electron density
rises as the neutral beam is deposited. Hence we write

ne - n H + Z n I + nbeam, n i - " n H + n I

where ne is the electron density, nj the thermal plasma ion density, n^ the
thermal hydrogen density, nj the impurity density, Z the average impurity charge,
and nb e a m the density of energetic beam ions.

G.A. EMMERT: Could you explain why different ion thermal conductivities
were chosen for different machines? Was the choice based on physics?

D.E. POST: The PDX calculations were done with FPT, using K{ from TFR
where Kj = 104. For PLT and TFTR we used BALDUR, and selected K; neo-
classical because PLT seemed to exhibit neoclassical ion energy confinement.

J.P. GIRARD: In the past you tried to show that the experimental results
obtained on tokamaks could be explained by what you called the 'six-regime
model'; but now that PLT has entered into the trapped-ion region contained in



IAEA-CN-37/F-3 485

that model you abandon your former explanation. Have you now uncovered some
disagreement with your numerical model — especially as regards the ion balance?

D.E. POST: The 'six-regime model' does not exhibit Tg ~ na2, so we now use
an empirical model which guarantees this scaling in order to answer the question
what would be obtained assuming rE ~ na2. The spatial dependence of D and Ke

was adjusted to fit the experimental profiles and confinement times. Experimentally,
D and Ke are small at the centre and large at the edge.
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Abstract

EQUILIBRIUM CONFIGURATIONS AND HEATING IN COMPACT IGNITION EXPERIMENTS.
A compact toroidal experiment with the aim of achieving the ideal ignition temperature

in D-T plasmas, while IITE exceeds 1014 s-crrT3, is studied. The reference design parameters are
a poloidal field of 30 kG and a peak plasma current density of 5 kA-cm"2, for appropriate
values of the relevant safety factors. The expected heating cycles were examined by a one-
dimensional transport code including collisional and anomalous transport coefficients that can
reproduce the results of existing experiments and anticipate the effects of trapped electron
instabilities. It is noticed that the a-particle heating tends to produce a thermal instability
around the centre of the plasma column and that the expected presence of collective modes can
influence the reacting part of the ion distribution and increase the rate of fusion reactions. An
analysis of the equilibrium configuration on the basis of the ideal MHD approximation has led
to the identification of an optimal cross-section for the plasma column and the associated
distribution of the equilibrium field and air-core transformer coils. The basic characteristics of
the mechanical structures for the toroidal magnet and the air-core transformer systems are
described and a numerical analysis of the relevant stress distribution, including the effects of
temperature excursion, developed. A phase of adiabatic compression is included mainly to
provide (a) a form of control of the temperature and density profiles influencing the obtainable
heating cycles, and (b) the opening of a considerable access area without affecting the
confinement of the a-particle produced in the compressed stage.

1. REFERENCE CONFIGURATION

To describe the main physical processes that we anticipate in a compact
experiment with a-particle heating [1] we consider a reference configuration
consisting of a compressed and a pre-compression stage [2,3]. The compressed
stage is where tritium burning and a-particle heating occur and where a poloidal

487
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field Bp of 30 kG and a peak plasma current density Jo of 5 kA-cm~2 are considered
as the main design parameters. We therefore obtain the relationship:

BT =
Rn

64 cm
X

4q0

5 kA/cm2 3
-X 150 kG

where Bj is the toroidal field on axis, Ro the torus major radius, and q0 = 2IT/I

(r = 0), t being the rotational transform. If we consider a circular plasma cross-
section (see Section 6),

is the relevant plasma radius, qs is the safety factor, while the corresponding
current is

The maximum field obtained at the inner edge of the toroidal magnet is
Bmax =

 A C B T / ( A C - 1), where Ac = R0/ac and ac is the minor (inner) radius of the
toroidal coils. Therefore,

The provision for adiabatic compression makes possible:

(a) A source of supplementary heating.

(b) An additional form of control over the temperature and density profiles
with which the a-particle heating regimes can be reached.

(c) A relatively large access-ports area [4] and a significant magnetic ripple
in the uncompressed stage without undermining the confinement of
a-particles that occur in the compressed stage. Thus, supplementary heating
systems such as lower-hybrid frequency, energetic neutral beams, etc., can
be incorporated.

(d) Programming the position of the plasma column and creation of a layer
of thermal insulation around it [4]. The enhancement of the effect of Ohmic
heating once such a layer is produced by local compression, at constant major
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radius, has been demonstrated by experiments carried out by the Tuman
device [5].

We indicate the compression ratio (referred to the final major radius R2) by C,
and recall that the ratio of the temperatures, after and before compression,
scales as T2/Ti a C4/3. Therefore if Ohmic heating alone is present, in the pre-
compression stage, only the motivations (b), (c) and (d) above have to be
considered when adopting adiabatic compression. On the other hand, when an
auxiliary heating system is added, its effectiveness in the final stage increases
with C. Taking all factors into account, including the criterion of containing the
size of the device within relatively modest dimensions, we have chosen C = 1.3.
However, when confronted with the need to modify the device parameters in
order to comply with the engineering requirements of its major components.we
have chosen to vary the major radius since this generally involves the smallest
perturbation to the device confinement characteristics.

The largest reference configuration with circular cross-section among those
we considered corresponds to the set of parameters:

R2 = 70cm BT 2 = 150-164 kG

a2 =s25.5 cm R2/a2 s 2.75

Bp 2 < 30 kG (for qs «* 2) Ip2 < 3.8 MA (for qs = 2)

in the compressed stage, and

Ri =91 cm B-ri < 115-126 kG

a! =29 cm R,/a, =3 .1

Bpi < 20 kG (for qs =s 2) I p l < 3 MA (for qs 2= 2)

in the precompression stage. Thus, C4 / 3 = 1.42 and if a peak temperature of
3 keV can be achieved in the precompression stage, the peak temperature after
compression will be about 4.25 keV.

If there is a space of about 2 cm between the inner edge of the plasma
chamber (which is also acting as a limiter) and the inner edge of the toroidal
magnet, the distance Rc of this from the axis of symmetry is Rc = 42.5 cm and
Bj (R = R C ) = 247—270 kG. Notice that we envisage a plasma chamber of varying
thickness, with the minimum thickness on the inner equatorial cross-section. The
total current to be produced in the toroidal coils is Ic = 52.5 to = 57.4 MA-turn
and we have an average current density Jc = 17.5 kA-cm"2 when the minimal area
of the copper cross-section in the equatorial plane is Ac = 3000 to 3280 cm2.
Thus, if the thickness of the copper coils in the equatorial plane is 14 cm,
corresponding to a 'hole' with radius Rj = 28.5 cm, we can allow the equivalent



490 COPPI et al.

of a 5-cm steel 'belt', which corresponds to a cross-section of about 710 cm2 and
is about 22% of that of copper. The distribution of steel between a belt that
surrounds each copper coil and a vertical plate that separates two adjacent coils,
as discussed in Section 5, will be made by optimizing the mechanical properties
of the resulting composite structure. Thus the radius, in the equatorial plane,
which is left for the central element of the air-core transformer is Rx = 23 cm.

As indicated in Section 4, we have attempted to identify the most convenient
non-circular cross-section compatible with the chosen values of Ro and of the
minor radius measured on the equatorial plane. The gain in stability properties
of this configuration, in comparison with those estimated for a configuration with
circular cross-section and equal values of Ro and a, is significant. We therefore
have the option either to have the magnetic field on axis close to the lower limit
indicated earlier or, when considering the highest field values, to induce larger
currents.

2. HEATING CYCLES

Given the reference values of Bp = 30 kG, if the energy replacement time
is assumed to scale like rE oc a

2n, n being the linear averaged density, we may
argue that the achievable peak temperature by Ohmic heating alone should
scale as

where ap i = <nT)/(nT0). If we assume rE <* na y^T) q0, we have
To <* Bp (qs/o:p)~1/2 where ap 2 = <nT>/(n >/<T)To). On the basis of these scaling
laws we could expect to achieve T o s 5 keV by extrapolating from existing
experiments.

In the 5—6 keV range, a-particle heating compensates the energy loss due to
bremsstrahlung. The most unpredictable losses are connected with the effects of
trapped electron modes and of impurities and with the profile evolution of
temperatures, particle density and current density resulting from instabilities of
the type treated in Section 3. We therefore carried out a numerical simulation of
the heating cycles of a set of devices and, in particular, for the reference configu-
ration discussed in more detail in this paper.

The transport model we use to reproduce the results of existing experiments
and to anticipate the most deleterious effects of trapped electron modes has been
described in Ref. [2]. We choose to deal with regimes of sufficiently high density
for the effects of trapped ion modes to be unimportant. To assess the possible
role of impurities we have produced two sets of runs, one with Zeff = 1 in the
transport equations described in Ref. [2], and the other with Zeff =1.5. In both
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cases we found that temperatures in the desired range can be reached within the
expected time of duration of the discharge (1.0—1.2 s). The relevant anomalous
transport coefficients contain a set of parameters (Teff, a^ate . ati and ap) which
are either determined on the basis of existing experiments (like Teff, OLV and ap)
or deduced from the theoretically expected non-linear saturation of the micro-
instabilities that produce them (like a te and ati). In the present case we have
taken Teff = 90 eV, av = 0.02, a%= ate

 = ati = 0.15 and notice that this set of
values corresponds to considerably more pessimistic expectations than those
expressed in Ref. [2]. Some of our results are shown in Figs 1-4.

For the rate of Ohmic heating, we observe that the resistive loop voltage is

V,,=E,,L,,=-U-^- 7—f- — X 0.65 volt

where Tg3 = To/(3 keV) if we assume that the electrical resistivity is classical. Now
it is not clear how the value of V can be modified when the central part of the
plasma column is subject to relatively large fluctuations of the poloidal magnetic
field (as expected, for instance, on the basis of considerations in Section 3), and
currents of about 4 MA are induced.

The beginning of the a-particle heating phase corresponds to a significant
increase of the trapped particle population. The inward drift of this population,
which scales as r in oc (Bpa)/E|| <* a2Tg/2/q, tends to reduce the rate of outward
particle transport, to produce more peaked density profiles and to enhance further
the overall rate of fusion reactions.

3. 'NUCLEOTHERMAU INSTABILITY AND 'SHARKTOOTH'
OSCILLATIONS

When a-particle heating begins to be effective, a characteristic thermal
instability of the central part of the plasma column tends to set in.

If we omit the effects of heat conduction, the simplest form of the electron
thermal energy balance equation exhibiting the 'nucleothermal' instability is,
for Te = T i ;

f„ a

Tf = Ti(t-Tj), ox = aT0 sgn ( ^ j (2)
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where a is the longitudinal electrical conductivity. Equation (1) is to be integrated
under the condition <Jy> oc (ay) a <Tg/2> = const., <Jy) being the average longitu-
dinal current density, for a given density profile n(r) and E|| = const. In addition,
rs represents the average slowing-down time of the 3.5-MeV a-particles, which
for the regimes we study is about 15 ms; Teo = T e(r , t=t0); T° = Te (r = 0, t0);
To = Te (r = 0, t = t0); and H is the Heaviside function. The parameter «xo
represents the increase in the peak temperature profile that is allowed to occur
before the m° = 1 mode, which sets in when x (r = 0) < 1 begins to redistribute
the current density profile to that existing at t = t0 when the peak temperature
starts to increase as a result of a-particle heating. The parameter vL measures the
rate of temperature profile redistribution and the term a F n 2 F (TO is the well-
known source of thermal energy due to fusion reactions. Thus as Ohmic heating,
which gives rise to the well-known sawtooth oscillations, weakens we expect that
a sequence of more rapidly rising temperature pulses, which may be identified
as 'sharktooth' oscillations should be generated. However, these oscillations can
be produced only if the conditions under which the current density profile, as
in the case of the present-day 'resistive' experiments, can be maintained.

We observe that in high-density regimes corresponding, for instance, to peak
values n° = 2 X 1015 cm"3, and relatively high central temperatures such as
Tg * 4 - 5 keV, m° = 1 modes are predicted to be stable for significantly lower
values of qs (Section 6) than in the regimes realized so far. Therefore, the current
density should reach more peaked profiles before the m° = 1 mode can lead to a
current density redistribution. In general we may expect the rate of fusion
reactions to be higher than that evaluated by ignoring the effects of collective
modes that tend to 'inflate' the reacting part of the ion distribution.

In addition, we should consider the possibility that thermal distortions may
be produced on the ion distribution by the electric fields associated with the
current-density spatial redistributions following the excitation of an internal
m° = 1 mode. Finally, we notice that the coupling of the ions with sawtooth
oscillations of the electron temperature in high-density plasmas has been detected
recently in the neutron emission from plasma produced in the Alcator device [6].

4. CRITERIA FOR THE TRANSFORMER DESIGN AND EQUILIBRIUM
STUDIES

The transformer system has to supply a magnetic flux variation sufficient to
provide the appropriate resistive voltage for the duration of the discharge, in
addition to the inductive requirement for the desired current level. In particular,
we have computed numerically the inductance from the MHD equilibrium confi-
guration of a plasma having the reference parameters indicated in Section 1 and
different current-density profiles. The plasma shape has been forced to be circular



IAEA-CN-37/F-4

FLUX SURFflCES

497

FIG.5. Magnetic surfaces and values of q obtained from the ideal MHD computation of the
equilibrium plasma column with a perfectly conducting shell. The assumed current density
profile is parabolic. The total current is 3.8 MA with q0 = 0.81 and <7a = 2.12.

by an ideally conducting shell (Fig.5). Assuming /3p = 0 .4-0.5 , in agreement with
the results of our analysis of the heating cycle, the plasma inductance is found to
vary from Lp = 1.2 ;iiH to Lp = 1.4 i±R as the current profile varies from flat to
parabolic.

Correspondingly, the inductive flux required to obtain Ip = 3.8 MA varies
from 4.6 V-s to 5.3 V-s. We require, in addition, 1.2 V-s to account for the
resistive losses,obtaining a total of 6.5 V-s when |3p = 0.4 — 0.5. We take the flux
to be produced by the air-core transformer to be about 4.5 V-s, i.e. 2.25 V-s in
each swing. If we add to this the contribution of 2.5 V-s due to equilibrium
vertical field, we have a total supply of 7 V-s. The current distribution in a
possible transformer coil configuration giving the required flux on a toroidal
surface surrounding the plasma is shown in Fig.6. For simplicity, we do not
consider here the precompression state as it is not expected to cause additional
problems for the transformer design [7]. The distribution of currents for the air-
core transformer system has been evaluated by minimizing numerically the
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FLUX SURFHCES

FIG.8. MHD equilibrium configuration and values of q without ideal shell in the transformer
and equilibrium fields considered in Figs 6 and 7. The assumed current density profile is the
same as in Fig.5, but now qo = 0.91 and qa = 3, while qs = 2.

deviation from the required flux. The resulting stray field is less than 250 G. The
maximum value of B inside the transformer is B = 240 kG and the current density
in the main element is Jmax = 16 kA-cm"2. Figure 7 shows a possible equilibrium
field system; the currents in the coils have been numerically determined to
approximate the required maintaining field.

As a last step of our MHD analysis, we evaluated the ideal MHD plasma
equilibrium configuration that can exist in the field of the computed transformer
and equilibrium field coils [8] and in the absence of a perfectly conducting shell.
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The equilibrium configuration represented in Fig.8 indicates that although
the value (see Section 6) of qs is 2, we have q(<// = i//a) = 3, with q(\p = I/'Q) = 0.9,
and the current of 3.8 MA is maintained. Since we find an evident gain in the
macroscopic stability properties in comparison with a configuration with circular
cross-section, we decided to lower the magnetic field on axis to 150 kG and to
elongate the cross-section to the extent that this does not deteriorate appreciably
the maximum current density and is compatible with a relatively simple distribution
of equilibrium field coils.

5. MECHANICAL STRUCTURES

One of the main requirements for the steel reinforcing structure of the
toroidal magnet is that it allows a high 'filling factor' by copper on its inner
equatorial cross-section, where the current density is largest. In addition, the
stresses produced on this cross-section should be transferred away from it toward
regions where they can be redistributed over a larger area.

In Ref. [4] we have considered two solutions by which a part of the stresses
produced in the toroidal coils are transferred to an outer structure that surrounds
the entire toroidal magnet. Here we consider a solution in which the main
supporting structure consists of a set of steel elements which are interposed
between and surround each copper plate coil and, in the scheme indicated in
Fig.9, are composed of a 'belt' of varying thickness anchored to a tapered vertical
plate. One of the meridian surfaces of each copper plate is covered by an insulating
layer. The remaining surfaces are surrounded by steel (except for a vertical 'island'
centred on the equatorial plane in the region closest to the torus axis of symmetry)
and are in electrical and thermal contact with it. In the entire meridian surface of
each coil that is covered by the steel plate, stresses can be transferred by friction
directly to the steel at the point where they originated.

Referring to Fig.9, the structure outside the sector AuO2Ad should be
evaluated and constructed, if possible, as a set of 'pliers' such that it does not need
the support of the belt AuAeAd in order to carry the vertical forces that are
applied on it but only that of an external structure. The toroidal magnet tends to
implode toward the axis of symmetry and to be compressed in the toroidal direc-
tion by the resulting wedge effect. These stresses can be relieved by redistributing
them over a surface extending upward, with respect to the equatorial plane, at
about the same distance from the symmetry axis, by having 'squared' plates as
in the case of the Alcator devices at MIT. In addition, the tapering of each plate
around the equatorial plane can be increased, by proper machining, so that the
toroidal compressional force is unloaded toward the back of each plate, away
from the symmetry axis where a relatively wide area is available. A solution of
this type was adopted in the FT device at Frascati and, later, in the TFTR device
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FIG.10. Temperature distribution in the toroidal magnet (inner equatorial cross-section) at
the end of the current flat top (curve A) and at the beginning (curve B).

incorporates the local temporal evolution of the temperature and current density
inside the magnets [9]. We have thus evaluated a realistic distribution of volume
forces and the effect the temperature excursion produced by the current in the
copper plates has on the evolution of the stresses. We have taken
Es = 2.4 X 104 kg-mm"2 as a reference value of Young's modulus for steel and
Ecu = 1-25 X 104 kg-mm"2 for copper. The Poisson coefficient is 0.33 for both
materials and the thermal expansion coefficients are as = 1.5 X 10~5 and
«CU = 1.2 X 10~5. We also assume the following dependence on temperature of
the electrical conductivity a, the thermal conductivity K and the specific heat csp:

I/a = 6.77 X [T-39.8] X 10"9 J2-cm

1/K = 3.1 (T + 602) X 104K-cmW"1

l / ( ac s p )= 1.63 (T +9.9) X 10"9 ft-cm4-K-r'

where T is in kelvin.
On the basis of the duration of the heating cycles we have studied, we

consider a current pulse in the toroidal magnet with a flat top of 1.3 seconds and
a risetime of about 1 second. We take reference value 50°C for the temperature
reached at the end of the flat top in the copper coil. Before each pulse the copper
temperature is maintained at that of liquid nitrogen about -200°C.

The differential temperature increase that occurs between the points R = Rj
and R = Ri~ A, A being the thickness of the toroidal coil on the equatorial plane,
is due to the tendency of the current to concentrate in a layer near R = Ri during
its rise phase. Since the differential temperature increase tends to produce thermal
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stresses, this can be alleviated considerably by subdividing each toroidal coil into
two concentric coils separated by an insulating layer in order to force the current
to flow with a relatively uniform distribution [10] (see Fig.10).

As indicated earlier, it is convenient to support the toroidal magnet both by
an external structure and by the air-core transformer central element. We therefore
chose to reduce the thickness of the steel belt in the equatorial plane and take
R; = 40 cm with BT (R = Ri) = 262.5 kG and Ic ^ 52.5 MA-turn. Thus, if we let
the coil thickness extend to R = Rj - 15 cm the corresponding average current
density remains about 17 kA-cm"2 while the minor radius in the compressed stage
with R2 = 70 cm could be raised to about 28 cm.

For the central element of the air-core transformer system, we consider
adopting a set of concentric vertical solenoids. Each solenoid is carved out of solid
copper cylinders. By solving the problem in this way, we obtain a structure that
can combine the structural solidity of the 'pancake' system adopted in the Alcator
devices of MIT, with the advantage of having electrical contacts only at the two
ends of the solenoids as in the case of the Frascati Torus. Given the relatively low
current densities to be achieved in the central magnet (see Section 4) and the
relatively short time for which they are needed, we can envisage making it of
copper-chrome alloy whose resistivity is more than twice that of pure copper at
70 K and 20-25% higher than that of pure copper at room temperature.

A total current of 52.5 MA-turn in the toroidal magnet can be carried by
240 plates of 220 kA each. The thickness of the outer edge of each plate at the
distance Rco s R( + a! + 5 cm = 125 cm is about 3.25 cm. Therefore, the simplest
way to have an access port about 4 cm wide, for instance, is to carve it out of two
adjacent plates. To obtain larger widths it is necessary to pull a set of coils
adjacent to each vertical port outward and bend them away from the port in
opposite (toroidal) directions as indicated, for instance, in Ref. [3]. Alternatively,
to make it possible to inject neutrals at an angle smaller than 90°, with respect to
the tangent to the magnetic axis, all coils adjacent to the ports can be bent in the
same toroidal direction [11]. We can therefore envisage the possibility of injecting
either microwave power at about 4 GHz (the lower-hybrid frequency) or neutrals
with relatively high energies (e.g. 120 kV). This would provide a source of
auxiliary heating for the outer layer of the plasma column, which is a considerable
fraction of the total plasma volume.

6. DEFINITIONS

We define qs = (5/ir) BTO/(R0 <Jy >), where <J||> is the averaged current density
over the area defined by the limiter, as the engineering safety factor;
q0 = (5/7r) BTO/(RO JO)

 a s t n e inverse rotational transform at the centre of the
plasma column; qL = 2TT/I (\p = I//L) as the inverse rotational transform on the
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magnetic surface defined by the limiter, qa = 2ir/i (4/ = i//a) where \pa is the actual
surface on which the plasma current vanishes. Then we have q0 < qa < qL and in
a finite-aspect-ratio configuration of the type we consider, we expect to have
Qo < Qs < la < QL- T° avoid ambiguities, and in keeping with our prediction that
m0 = 2 modes can be prevented from ending up in a disruptive instability [ 1 ] by
properly programming the plasma current rise and, therefore, tailoring the current-
density profile, we take as a stability criterion eq < 15% while q0 > 0.75. Here
eq is the ratio of the plasma area over which q(r) < 1 to the area defined by the
limiter. We notice that well confined toroidal plasma columns have been obtained
with eq < 36% in stellarator experiments [12].
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DISCUSSION

N. SAUTHOFF: I feel obliged to comment on your statement that the
m = n = 1 mode is stable in the best PLT conditions. Most often, sawteeth either
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commence or are increased in amplitude with high-power neutral injection, the
repetition period being considerably longer than its conventional value. It is only
in a minority of cases that no sawteeth are detected, and the private communication
from Dr. Goldston to you indicating that certain low-density-H+-, high-power-D°-
injection, high-temperature discharges lacked sawteeth should be interpreted in
this light. Furthermore, the m = n = 1 mode was stable even in lower tempera-
ture stages of that same discharge, as it generally is at low densities. We cannot
conclude that the m = n = 1 mode is stable at high temperatures from the PLT
data.

B. COPPI: Your comment is welcome, but you misunderstood my statement.
The m = 1, n = 1 mode does not become stable when the rate of collisionality
decreases, as is shown by theory. On the other hand, the threshold of the current
gradient for which the mode is excited becomes higher as the rate of collisionality
decreases. Therefore it is reasonable to expect that the sawteeth induced by Ohmic
heating will become longer as the central temperature is increased.
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TOROIDAL EFFECTS ON THE SPATIAL
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AND ON ANOMALOUS TRANSPORT
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Abstract

TOROIDAL EFFECTS ON THE SPATIAL STRUCTURE OF LONG-WAVELENGTH
MODES AND ON ANOMALOUS TRANSPORT.

In Part I the two-dimensional structure of modes with long wavelengths parallel and
short wavelengths perpendicular to a sheared magnetic field is investigated. The mode amplitude
is found to be periodic in the radial direction with period equal to the distance between adjacent
mode-rational surfaces. Consequently, the gyrokinetic equation becomes an ordinary differen-
tial equation in a poloidal variable only. The dispersion equations of electrostatic drift and
MHD-ballooning modes are discussed. In Part II a general framework for the theory of
anomalous transport in toroidal magneto-plasmas is given, taking advantage of the close
analogy existing between anomalous and collisional transport. Fluctuation-induced anisotropy
('viscosity') effects are shown to be usually small. For drift waves, specifically toroidal trans-
port effects are found not to be significant.

I. SPATIAL STRUCTURE OF LONG-WAVELENGTH MODES IN
TOROIDAL GEOMETRY WITH SHEARED MAGNETIC FIELD

(F. Pegoraro and T. Schep)

In an axisymmetric toroidal configuration with a sheared magnetic

field the stability analysis of low-frequency modes, with long wavelengths

parallel and short wavelengths perpendicular to the equilibrium magnetic

field, requires that the two-dimensional spatial structure of the mode

amplitude be determined . The complexity of this problem arises from

the tendency of the particles to respond to the pitch of the field which

* On leave of absence from University of Pavia, Italy.
** Permanent address: Istituto di Meccanica, University of Trieste, Italy.

' Permanent address: Scuola Normale Superiore, Pisa, Italy,
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can coincide with that of the mode only on mode-rational surfaces. In

the case of large toroidal mode-numbers and finite shear the distance

between adjacent mode-rational surfaces is much shorter than the equili-

brium density scale-length. We will show that the mode amplitude is

periodic in the radial direction with periodicity equal to the distance be-

tween two such surfaces . This periodicity makes it possible to obtain

a set of equations in the poloidal variable only. These modes satisfy

simple parity properties in the poloidal plane.

We consider an axisymmetric toroidal configuration with magnetic

field B = Vi|/xVf + I(^)Vf . Here, we use the set of orthogonal coordinates

f'/',1',?) with Jacobian J , 0 being the poloidal flux function , 1?

an angle-like coordinate in the poloidal direction and f being the toroi-

dal angle. Referring to any perturbed quantity £, we consider modes of the

form

t = £ (t|/,i?) exp(iP) (1)

with |d !ln£/di?| < n°q . Here, P = nu[? - dv q(<J/,i?)] is constant along

magnetic field lines, n" is the toroidal mode-number and q = I J/R

Since % is periodic in i9 the amplitude % must satisfy the relation

? (i/',!? + 2ir) = £ (\p,V) exp(i2JTS) (2)

where S — n°(q-q 0), q = (27T)"
1 fdv IJ/R2 is the safety factor, and qo

labels the position of a reference mode-rational surface. In the limit

of n° > 1 , and for finite shear, i.e. § = (R2B^/B) 3q/3^~l , two length

scales may be distinguished. Phenomena occurring on the shorter scale

are described in terms of the variables P , S . On this scale the equi-

librium does not vary. The variables related to the longer scale are

f'/',!?) . Hence, in Eq.(l) we may write £ (i/oS,!?) instead of ? (̂ ,1?) .

We consider the linearized Fokker-Planck equation in the gyro-kine-

tic ordering and take (n°qr' ~ P/L <£ 1 where p is the gyroradius of a

thermal particle, and L is the characteristic length of the equilibrium.

The lowest order gradient operator does not contain derivatives with

respect to ^ and is given by Vf = exp (iP)[ i£ VP + (Vs) 3£/3s] =

exp(iP) i^le^k +ejf , where e. is the radial unit vector, e^= ys/B)xe,,

ki = -n°B/RBo and k =s[i3/3s+ (3q/3^)"' 3/3^/ dtJ'q] . By expanding1 9 $ j
the perturbed quantities in powers of the small parameters, we obtain the

gyro-Kinetic Equation for the perturbed distribution function f
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First we consider the electrostatic case. Then, the GKE is

v. k
f (£,M,<7,#,S) = -5^- F 0(#,S)+JoT m

'1' g(e,M ,o,$,

vik

(3)

where: 0 is the electrostatic potential, e = v2/2 , M = v?/(2B) ,
1 /2

V|| = a[2(E-/i/B)] , a = sgn V|| , F is the Maxwellian with density n

and temperature T , C is the collision operator, c^ = ô [ l+r}{m£/T-3/2}] ,

c^ =-k icT/ (ZeBLn), L"̂  =-e,'VHnn , u^ = kj^'I e ^ + e j , u^ being the mag-

netic drift velocity, V = d InT/ddnn and Jo is the Bessel function

of the first kind with k2 = k|(l+k|) .

Equation (3) is a partial differential equation in the variables S

and <J which is invariant under the transformation (#,S,a) -+ (-t?,-S,-a) .

Its coefficients do not depend explicitly on S , which suggests that

we may consider modes that behave like plane waves in the radial direction,

i.e. ? (S+AS,iJ) = exp(ittAS) ? (S,<J) while the poloidal periodicity con-

straint expressed by Eq.(2) restricts As to integer values. Thus,the rele-

vant translational invariance of Eq. (3) consists of discrete radial trans-

lations which map the mode-rational surfaces into themselves. We introduce

the projection operator P such that

£a(#,S) exp(isa) = PQC = I £(#,S+p) exp(-ipa)

5 5 Sa«?,s) exp(isa)

-IT

The continuous parameter a(-JT<cv^7r) plays the role of a radial wave

number and will be found to be related to the poloidal angle around which

the mode is centered. It is seen from Eq.(4) that ? is periodic in S

with period one, i.e. £ (#,S+1) = £ (i9,S) . Using this periodicity it can

be verified that Pa 9£/3s = 3Pa?/3s . We stress that ?ft(<?,S) is not

periodic in «J but satisfies the periodicity constraint (2) . We may now

decompose £ a in a Fourier series with respect to S:

£ (!?,S) = 7 f fi?+2JTm) exp(-i2JTmS) (5)
Q m a

where ?a(i?+2Jrm)= <JS ?a(^,S) exp(i25TmS) and the relation £ (#) =

follows from the constraint (2). In order to obtain the GKE
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for ga , we first apply the operator Pa to Eq. (3) and subsequently we

use the expansion (5). The resulting equation can be derived directly

from Eq. (3) by means of the formal transformation (f,g,0) -»• 'fa'9a'^,J '

j—• •+ i (a-2ir m) . The GKE is a first-order differential equation in the

single variable X = ^ + 2ir m . In particular, the radial wave vector k

s
becomes

(•X
kc = s[x-Cl+ (3q/3i>r' I dX' (q-q)l (6)
b JO

where the last term is periodic in X and proportional to the inverse

aspect ratio. The longitudinal wave operator k|| defined by iku? =

(BJ)"1 3£/9# commutes with the transformations (4) and (5) . The appro-

priate boundary conditions are ta<X) •*• 0 for X •* i °° / sufficiently

fast for the series (5) to be convergent.

The mode representation (5) was derived by first employing the perio-

dicity in S and by subsequently using the i? periodicity as a constraint.

On the other hand we could start from the periodicity in <? and write

.„ exp{i(S+£)^} (7)

where the radial periodicity of £ (#,S) gives the relation £ p(S) =

I (S+S.) . Then,with x = S + I , we obtain from Eqs (5) and (7):

I (x) = % in(X) exp(-ixx) , £ (X) = I dx { (x) exp(ixX) (8)
a J_oo ™̂ a J-oo a

We see that 5 (x) is the Fourier transform of E, ()() - Hence, if \ (x)

is strongly localized in \, as is the case for the so-called disconnected

mode , then \ (x) extends over several mode-rational surfaces, and vice

versa. By substituting Eq.(8) into Eq.(7) we obtain an expression that re-

sembles the 'quasi-mode' representation adopted in [5]. However, our trans-

formations are one to one and have a simple interpretation in terms of the

radial periodicity of the mode amplitude.

We consider normal modes with time dependence expl-iW^t) . It can

be seen that the GKE for gft allows for solutions that are even or odd

under the transformation (X,a,o) •* (-X»-<*f-°) w i t n w = w_ • Then, from

Eq. (5) it follows that the overall mode £ (S,i?) is even or odd for

(#,S,a) •+ (-i?,-S,-a) . In particular, for a = 0 , £ (S,#) is either even

or odd in & alone on mode-rational and half-rational surfaces, and either

even or odd in S alone at & = 0 , +JT . In addition, from the radial perio-

dicity condition it follows that £o(±s,t>) = 0 if £ (S,fl) is even.



IAEA-CN-37/F-S 5 1 1

Next,we discuss a few consequences of our representation on the dis-

persion equation of the electron drift mode in a geometry with circular

cross-sections. The perturbed electron density is n = (en/T )[$ +N ]

where N represents the non-adiabatic contributions. The perturbed ion

density n. is obtained by expanding the equation for g to second order in

W .Ao ^ 1 where u = |qS ) 1 (2T./m.) . From the quasi-neutrality condition

n a, = n we obtain for V. = 0 and w . = 0 ,

± - [W/2*a"|-v<x>< r»1/2 i ) = - —" - ^ J - r0
1/2

 Na o ,
dx2 L -1 w 2

t i l-(

where V(x) = (2 w^/Z) ^J [ 1- (1 + ̂ / T ^ (l-i^./u,, )"' TJ1 1 , To = lo(b)exp(-b) ,

b = b[ l+s2(x-a)'2l with b = kj T./m. SI. , I, is a modified Bessel function,

and s b w*^/2u£< 1 has been assumed . The terms on the left of Eq. (9)

tend to center the solution around x =oc where -IT < o ^TT . However,

the destabilizing trapped electron contribution on the right does not

depend on c and is localized around X = 0 . Therefore, the growth rate

I m w a is peaked around a = 0 . The solutions are propagating waves

carrying wave energy to large |x| . This corresponds to the well-known

'damping by shear'. The fact that V(X>a- |x-«| for large values of |x-°<|

suggests that this damping is reduced with respect to that obtained from
[ 9l

the parabolic approximation to the potential V . However, preliminary

numerical calculations based on a WKB approach indicate that, although

the position of the turning points changes substantially, there seems to

be only a minor reduction of the damping.

The plane slab model with finite periodicity length 2ir q Ro along

the field lines is obtained in the limit of infinite aspect ratio. Then,

for T) = 0 and w = 0 , ̂  becomes

e x p [

where Z is the plasma dispersion function. We stress that in this limit

the connection length stays finite so that the mode-rational surfaces remain

distinct. Inserting Eq.(10) into Eq. (9), we obtain a dispersion relation

that is valid for all values of the ratio of the ion gyroradius to the ra-

dial wavelength. The limit in which this ratio is small corresponds,for
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finite b , to strongly localized modes for which the m = 0 term domi-

nates in Eq.(5). Then, f0 may be expanded around X = a and we obtain the

Fourier transform of the dispersion relation treated e.g. in 19-11] .

Now, we abandon the electrostatic assumption and include the full vec-

tor potential A in Eq. (3), by ordering (v /c) A ~ <J> . After the appli-

cation of the mode representation (4) — (5), the gyrokinetic equations for

electrons and ions,together with Maxwell's equations, form a system of

ordinary differential equations in the single variable X = $ + 2JT m . This

system satisfies the same symmetry and periodicity properties already dis-

cussed for the electrostatic case.
f 8 12l

As an example we will discuss MHD-ballooning modes ' . These modes

can be obtained from the GKE by adopting the ordering E,, ~ b ~ (3 ~ £o ^ 1,

where (3 = 8TTn(T +T.)/B2 and £0 is the inverse aspect ratio. The

relevant differential equation is

where L = -(e.'VJ.np) ' . A detailed derivation of Eq.(ll) will be publish-
p V

ed elsewhere. The term proportional to O^./OJ^ cannot be obtained from ideal

MHD. It is stabilizing and becomes important for b •* 1 in which case the

derivation breaks down and E,. becomes finite, which leads to coupling with

drift waves. This sets an upper limit on the values of n° that can be con-

sidered. The second term on the right of Eq.(ll), which describes the effects

of curvature, has a different dependence on the ion temperature gradient than

the corresponding term that is obtained in ideal MHD. Apart from the applica-

tion of the transformations (4) and (5), the equation obtained is equivalent

to that given in [8] for circular cross-sections. The main difference is the

occurrence of a in k , which, in particular for elongated cross-sections, in-

dicates the possibility of unstable modes localized around !? ̂  0.

II. ANOMALOUS TRANSPORT IN TOROIDAL PLASMAS

(M. Bornatici, F. Engelmann, A. Nocentini and T. Timmers)

Taking advantage of the close analogy existing between anomalous and

collisional transport phenomena, a general framework for the theory of anom-

alous transport in toroidal magnetoplasmas can be given .The starting point
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is the Boltzmann equation whose 'collision' term in the presence of fluctua-

tions, but neglecting explicit effects of binary collisions, reads

_1
3t coll

e. . r- v -i

3- •?-• <Ef > + - x <Bf >
m.. 3v |_ - 3 c - 3 _|

(1)

where 'wiggled' quantities refer to fluctuations and < > denotes a stochas-

tic average, the rest of the notation being self-explanatory. Note that the

form (1) of the collision term does not imply a quasi-linear approximation,

nor is limited to low frequencies of the fluctuations. Furthermore, the

contribution due to the perturbed magnetic field B_ does not generally

exceed that related to 13, except when low-order nonlinear effects

such as island formation (cf. e.g. [14 ] ) appear. The first and the third

moment of Boltzmann's equation readily provide relations for the cross-field

particle and energy fluxes of the species j (cf. e.g. [13,15,16 |), as well

as constraints on the transport along the magnetic field . Considering an

axisymmetric equilibrium state possessing closed and nested magnetic sur-

faces IJJ = const., whose time dependence is sufficiently weak, the cross-field

particle flux, diregarding a contribution whose average over a magnetic sur-

face vanishes , may be written

with (m./e.) (9£./3t) = <rT. E> + — < £. x £ > (3)

$ and 8 denoting respectively the toroidal and the poloidal angle whereas II

and X refer to directions parallel and perpendicular (within a magnetic sur-
ext

face: e_ = e,. x e.) to the equilibrium magnetic field B_ and E_ is the exter-

nally applied (divergence-free) electric field. The first ('X') term in Eq.

(2) corresponds to transport appearing also in 'simple' geometry, while the

second ( II ) describes specifically toroidal effects. The constraint found
for Or./3t) , , |, reads

—j coll, II

fext (1)
|V6|B6 [I j,H e.n. = 0 (4)
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related to anisotropy , the stress tensor being of the form P.=P. ,,BB/E? +

+ P. ,[l-BB/B 2]. For the cross-field energy flux one finds analogously,

again apart from a term not contributing to the average over a magnetic sur-

face,

( 2 P : , l + 2 J » I I

e x t
e .
3

3t I c o l l ,

(6)

co l l , I I I Bv ] ,- ^ < P , , " P . n><?*>.

wi th ( n > 3 / e . ) ( 3 2 . / 3 t ) c o l l . _ <n . x B :
c -I -

(7)

OO /3t) I, being subject to the constraint
-j coll,II

e x t , ( 2 ) m.

J.-L'
coll.li

= 0 (8)

(2) _ | V 8 h Ri
w h e r e Ej,ll = ~ i — i T

i,i B l
38

(9)

and R = / d3v v v h m ,v2f . = R. ,. B B/B2 + R. .(I-BB/B 2).
= j ] ] 3t>l 3r± ~

In Eq.(6), -V$ is the self-consistent (curl-free) electric field. The ap-

pearance of a x~component of this field is a toroidal effect such as is the

ll-term in Eq. (6). Note that Q. as defined here comprises also the flux of

fluctuating kinetic particle energy connected with the propagation of the

waves.

The function of the constraints (4) and (8) is to determine, together

with the particle and energy balances, the particle and heat fluxes parallel

to B. This can be made explicit only when the dependence of the terms enter-

ing in the integrands of the constraints on the macroscopic parameters of

the problem and, in particular, on the parallel fluxes is known. Considering,

e.g., the constraint (4) in the case of a two-species plasma,
(m /e n ) (3F./3t) ,n ., will generally contain a contribution depending on] j j —] coll,I!

the parallel current j,, . Writing this "niijii with n.. an effective parallel

resistivity (independent of j if this term conserves momentum) and combining

all remaining terms to an effective driving field E?, Eq.(4) takes the form

§ d6(B/ | VGIB.) (Ejf - HII jii) = 0, which together with divj=0 as well as j
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(c/B)[ (3/3r) •!?] , with P the total stress tensor, and |j

the anisotropy of P is weak so that P * PI, yields

valid when

= B
|ve|B
d9B2

|ve|B,
BB-

_3_
3r 1 - (10)

„ ext
The contribution to jn driven by E,, - E,, is a bootstrap current whereas

the term containing [ (3/3r) P ] is a generalized Pfirsch-Schliiter current.

Note that in this picture there is no need to neglect the effects of binary

collisions in (3T./3t) .. . Eq.(10) shows that if the (left-right) varia-

tion of HM/BO with 6 is of order 1 (rather than £, the inverse aspect ratio,

as usually considered) the Pfirsch-Schluter current has an average of order

£ (rather than <. €2). In the presence of an anomalous resistivity this might

happen also far from a separatrix. As far as the constraint (8) is concerned,

in [m./e.(P. . + %P. ,,)] (3Q./3t) ., one has in general not only to allow
1 3 Ir1 J,ll -3 coll,II

for a contribution proportional to the heat flux, but also one proportional

to the particle fluxes, that is, e.g., for a term

with X- II the parallel heat conductivity and c. a dimensionless function of

the plasma parameters. Calling the sum of all remaining terms E **,, and using

the energy balances as well as Q. -%T .T. = % (en .T ./e .B) [ (3/3r)T.] and
3<X J3»X 3 5 ] 3 v

° n e f i n d s

Q. ,1 " 5/2T.T. ,, = e.B

d6B

en.T.B, _3_
3r 1 -

d6

d6B2

(101)

in analogy with Eq.(10).
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If this phenomenological approach is adopted for the transport pheno-

mena parallel to B, the toroidal contributions to the cross-field fluxes can

be cast into a more explicit form also. For a two-component plasma, e.g.,

P. simplifies to

cB,

with j,| determined by (10), showing that an anomalous contribution to r),.

just tends to enhance the Pfirsch-Schliiter flux while additional driving

forces lead to new transport terms. The particle flux is, of course, ambi-
tor

polar when the interactions conserve momentum. Analogously for Q. .

is obtained.

The deviations from isotropy ('viscosity' effects) induced by fluctu-

ations can, e.g., be calculated from the second and fourth moment of the

Boltzmann equation. Here, collisional effects are in general non-negligible

as these usually constitute the most important mechanism limiting the build-

up of anisotropy. The equations relevant for determing P. , - P. .are (cf.(l6,ld
J/-1- Dill

£ P j + £ . / d W/ 3 m.v 2 f . - 2/3e.r..E. = 2/3e.<F..i> + ^ (12)

and
3 fa } BB ~ ~
^ T pll • + \S- ' \ d 3vm. v v v f . : — T - 2e.I\ ,, E,, = 2e . < T. ,,£,, > + C (13)
3t II,] [dr ' j ]J B z ] 3,11 II ] 3,11 II 2

where P. = — T r P . while C, and C_ describe energy transfer and isotropiza-
-1 -1 [18 ]

tion by pitch angle scattering due to binary collisions . Eqs (12) and

(13) contain anomalous heat transfer (cf. [16]) a s well as wave-induced

changes of anisotropy via both the explicit terms on their right-hand sides

and fluctuating contributions to the third moment. Physically these effects

are the sum of resonant energy transfer and the change in fluctuating kinetic

energy which may be anisotropic. In quasi-linear approximation, a simple

sufficient condition for fluctuation effects on the anisotropy of P. being

unimportant can be obtained by comparing the change in total fluctuating

energy density 2 y £ with the source of anisotropy due to the parallel
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Pfirsch-Schliiter fluxes contained in the third moment, provided that the

energy transferred in one direction does not strongly exceed the total en-

ergy transfer. This reads

2CY/u>ci) (a/aJ^R/a) (£fl/nT) < 1 (14)

with y the linear growth rate, u . and a. repectively the ion gyrofrequency

and -radius, a and R the minor and major radius of the torus, and is sat-

isfied in many practical cases. Condition (14) is also sufficient to make

fluctuation-induced anisotropy effects in the energy flux, averaged over a

magnetic surface, small. Furthermore, it is important to note that,due to

the form of Eqs (4) to (9), only an anisotropy ((P. „ " P • j_) / n. and/or

(R. || - R. | ) / (P. . + '/2P- ii )) not having up-down symmetry can contribute

to transport (note that 9B/30 ~ sin6) . In the case of fluctuations caused

by microinstabilities, such effects are expected to be very small so that it

can be concluded that an appreciable bootstrap current or transport due to

fluctuation-induced anisotropy here can hardly appear. The situation may

change, however, for waves injected from outside (RF-heating).

Considering, in particular, drift waves, condition (14) is fulfilled.

As long as no electron trapping occurs, and for values of j., of interest

for tokamaks, the most important quasi-linear effect of the presence of the

modes on the transport properties parallel to £ is a change of the parallel

resistivity and heat conductivity, which however is not sizeable under these
[19 ]

circumstances . This implies that these modes do not contribute to en-

hance the specifically toroidal transport effects. Therefore, their influ-

ence is limited to the x~terms in Eqs (3) and (6) which have been discussed

earlier considering slab geometry (see, e.g. 116,19,20]). j t m u s t , however,

be observed that until recently the second electric term of (7) was disre-

garded when calculating the energy fluxes. For simple collisionless elec-

trostatic drift waves (no toroidal or shear effects considered in the lin-

ear dynamics), retaining this term leads to doubling the anomalous cross-

field energy flux of the electrons, while the modification of that of the
ions depends on b. == (k?T./m.u2 .) , the correction factor being — for b < 1.

i - L i i c i 3 i
The respective expressions are

e<(>(k_) 2 nT2k

m-u hiii ci
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a n d

Q 1
2 I

k

e?(k)
T.

BORNATICI et

2 n T 2 k oo ,Y
1 X n l I (b )c

m. to . OJZ o l
i ci

al.

( A 1 + A2n i '
(16)

w i t h Aj = 5 - 2 b i - 2 ( 1 - b i ) I 1 ( b i ) / l Q ( b i ) ,

A = 5 - l i b . + 4 b 2 + b . ( 9 + 4 b . ) I ( b . ) / I ( b . ) .
2 1 1 1 l l l o i

Here k, oo, and y a r e the wave vector and the real and imaginary part of the

frequency of the modes, u . = (ck T./e.B) (dlj

whereas u denotes the electron drift velocity.

frequency of the modes, u . = (ck T./e.B) (dlnn/dx), and n,.— (d In T ,/d In n) ,
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DISCUSSION

G. LISITANO: Does your conclusion about the importance of drift waves
not contradict the mode-coupling feature of the external mode?

F. ENGELMANN: So far we have considered only collisionless drift waves,
and these do not involve the regime you are thinking of.
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DEVELOPMENTS OF MAKOKOT CODE
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impurities outside coronal equilibrium
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Abstract

DEVELOPMENTS OF MAKOKOT CODE: EQUILIBRIUM OF A PLASMA WITHOUT SHELL;
IMPURITIES OUTSIDE CORONAL EQUILIBRIUM AND HOLLOW PROFILES.

The MAKOKOT code was developed by coupling it with a model describing the various
circuits of a tokamak and the equilibrium position of the plasma and by introducing a system
describing the evolution of each degree of ionization for four impurities. The differential
equations for the currents in the circuits are written in terms of the flux, the expressions for
which were identified by means of two-dimensional magnetostatic codes. It has thus been
possible to devise a fine-scale preprogramming of the equilibrium field and to make a precise
study of stability and control of plasma position, with allowance in particular for variations
in /3 and in 2; as a function of the minor radius. The results have been applied to TFR 600, a
tokamak with an iron core but without a conducting shell. A study of hollow-temperature
profile states has shown that if the electron thermal diffusion coefficient is too small, a thermal
instability is set up, that the impurities are in these states very far from coronal equilibrium and
that depending on the initial conditions it is possible, at least in certain parameter ranges, to
obtain a state with either a hollow or a peaked profile.

INTRODUCTION

The 1D MAKOKOT code of Fontenay-aux-Roses simulates the time evolution
of the principal characteristics of a plasma. In the version described in Ref.[ 1 ],
partial differential equations are integrated to simulate the evolution of the current
density j , the electron density ne and the electron and ion temperatures Te and T;.

* Laboratoire d'analyse numerique de Paris VI, Paris.
** Compagnie internationale de services en informatique (CISI), CEN de Saclay,

Gif-sur-Yvette.
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In this version, the state of the cold neutrals is described by a Boltzmann equation
and the state of the impurities by a simplified model based on the coronal
hypothesis.

The code was developed by taking into account the light-ion recombination
which is particularly important for high-density plasmas [2] and by introducing a
plasma-wall model which uses the neutral fluxes at the boundary obtained from
the solution of the Boltzmann equation and from empirical sputtering and back-
scattering curves [3] and thus enables the backscattered flux of neutral light atoms
and the number of atoms extracted from the wall to be derived.

The two main developments recently incorporated into MAKOKOT are:

1. Coupling with a model describing the evolution of the currents in the
various tokamak circuits and the change in the equilibrium position of the plasma.
In this model, the flux configuration in the device is obtained from independent 2D
magnetostatic codes.

2. The addition of a system of partial differential equations describing the
spatio-temporal evolution of each degree of ionization of four impurities: oxygen,
carbon, iron and molybdenum (up to 86 equations). This system has already been
used to simulate the position of the impurity peaks on the discharge current
plateau of TFR 400 [4].

We present here two applications of this new code: the control of the
plasma position in a tokamak without a shell (with reference to TFR 600) and
a study of the phenomena which exist in states with hollow electron temperature
profiles obtained in low Ohmic-heating density tokamaks [5, 6].

A. EQUILIBRIUM, STABILITY AND
CONTROL OF PLASMA POSITION

J. Blum, R. Dei Cas, J.P. Morera

1. COUPLING OF THE MAKOKOT CODE [ 1 ] WITH THE CODE SIMULATING
THE CURRENTS IN THE VARIOUS TOKAMAK CIRCUITS AND THE
POSITION OF THE PLASMA [7]

The transverse field required for equilibrium of a plasma with a current Ip ,
minor radius a and major radius R in a circular cross-section tokamak with a large-
aspect ratio is given by the Shafranov equation [8]:
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e q ^ R ^ + A - 0 . 5 ) ( c m j G > A ) (1)

with

A = @ + -j- - 1

where /3 is the poloidal beta and £; is the internal inductance per unit length. The
external circuits must set up a magnetic field equal to Beq . It therefore seemed to
us useful to couple a code simulating the internal characteristics of the plasma to a
system modelling the evolution of the magnetic flux configuration, the currents in
the various circuits and the position A of the plasma.

1.1. Model of the fluxes and circuit currents in a tokamak with an iron core

The presence of a magnetic circuit formed by an iron core and eight return
limbs necessitates a preliminary study of the flux configuration in the device [9,10].
Such a study has been made, on the assumption of an axisymmetric configuration,
by means of two 2D magnetostatic codes, one using finite differences (POISSON [11]
and the other finite elements (MAGNETIX [12]). The study was carried out for
different degrees of iron saturation, for different plasma positions, for different
current density profiles in the plasma, and for different values of )3. An example of
such a simulation is shown in Fig. 1. The following results were obtained:

(a) The flux 0 in the iron core and in the median plane can be represented
by a simple function of SI = Ie + I i -KI P , with K = ko+ki A, where Ie and Ii are
the sums of the currents circulating in the external and internal coils respectively,
A is the distance between the centre of the outermost magnetic surface of the
plasma and the centre of the liner, and k0 and kj are constants (ko= 1.02 and

(b) The leakage fluxes $AB and 0CD between the median plane and the
internal and external coils can be expressed in a quasi-linear way in terms of the
currents, with coefficients which are functions of A (as far as the contribution
from Ip is concerned) and of 0 [10].

(c) The mean vertical leakage fields into the air and into the median plane
can likewise be expressed in a quasi-linear form:

j e { l , 2, 3 }

(2)
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FIG.l. Simulation of an equilibrium magnetic configuration in TFR 600: field lines in the
iron and in air.

The functions b^\ bj^and b ^ have been identified in three regions:
between A and C (j = 1 ), between A and F (j = 2) and between E and G 0' = 3) (see
Fig. 1). It should be noted that for this last region (which affects the plasma
equilibrium), b£3* Ip represents just the attraction of the plasma to the iron and
has been obtained as the difference between the mean field set up by the plasma
in its own region in the presence of iron and the field which would have been
produced if there had been no iron. In this region (j = 3), we can write:

9b (3)

+ A

.(3)

+A

($,0,0,0.5) + A (•)
0.5

+ <k2 A + k3 £ + kk) . (Zi - 0.5)



IAEA-CN-37/F-6 525

< nal coil -

attraction

FIG.2. Contributions from the external (b^J and internal (bf3^) coils and from the iron
(bp 'J to the average magnetic field set up in the region of a centred plasma (A = 0) with a flat
curren t density (Q.i = 0.5) as a function of the flux <j> in the iron core.

0.04

0.02

0.0 2

0.04

0.0 6 -

0.08 -

external coil

iron attraction

FIG.3. Gradients with respect to A of the contributions mentioned in Fig.2 :

- J )aJA~' ~3A"' \hk~l )<"<* faction of the flux £
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where b|3)(0,O), b;(3)(0,O) and bp
3)(0, 0, 0, 0.5),are shown in Fig.2 and

9bP>
a A (0), 9 A (0) and l~9^"l (0) in Fig.3, whereas

/0.5

k2= 0.017 G-kAf1, k 3 =1.2G-kAr J and k4= 0.75 G-kAf1

All these functions of 0, A, j3 and £; have been compared as far as possible
with experimental measurements and the agreement is of the order of 10%.

If the fluxes embraced by the internal and external coils and by the plasma
are derived from 0, 0AB> 0CD> ^V

 ar>d B>>% it is possible to write the differential
equations governing the currents in the various circuits in terms of the flux [7].
In fact, the primary circuit is composed of internal and external coils in series.
The preprogramming and the feedback circuits are each made up of an equal
number of external and internal coils mounted in opposition so as not to intro-
duce flux into the core. The total plasma current Ip is modelled by an energy
equation which, after transformation by means of the Poynting vector flux,
involves the electric field E at the plasma boundary. When allowance is made for
the thin-shell effect produced by the liner, the equation for A can be written as
follows [8]:

* _°_ I" T /A-A "> "1 — R (1 h k\ - ftS ' (1 R 0 A1

7^2 dt L Zp (A V J - Beq <VA.A> Bv d . M i . A )
(cm,s,G,A) (3)

where Beqis given by Eq.(l) and B$,3) by Eq.(2) and (2a), and

b 2 b 2
1 r — * • " - £ - ) (A + 0.5) I

rg is the time constant of the eddy currents in the liner, bg is the radius of this
liner and I is the vector denoting the whole set of currents (primary, plasma,
preprogramming and feedback currents and the homogeneous current of the
liner).

If I' represents the vector {I, A}, the equations can be written:

(4)

where M and R are (6 X 6) matrices and f is a six-element vector.
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1.2. Coupling with the MAKOKOT code
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The plasma, which is of circular shape and is shifted by an amount A from
the geometric centre of the liner, is assumed to be in contact with a limiter of
minor radius ad and major radius Ro. The minor and major radii of the plasma
are thus given by

a =
R =

ad - K
Rn + A

(5)

We assume that, as a varies, the change which occurs between two instants of time
resembles a compression or expansion, i.e. the quantity of matter and heat is
shifted bodily into the new volume after the variation. While this hypothesis
does not correspond too well to the physical reality for Te and T;, it is completely
justified in the case of the current density j for which the total current Ip is given
by Eq.(4). Since it is the variations in £j which are most important in what
follows, it is clear that this hypothesis is compatible with our present approach.

The equations for ne, Te, T; and j are now rewritten as functions of time
and the reduced variable p = r/a, p 6 [0,1 ]. If u denotes any of the quantities
ne, Te, Tj or j , the change of variable (r,t) -»• (p,t) introduces the first-order
hyperbolic term (p/a)(da/dt)(9u/9p) into each equation and the boundary condition
of the equation for j becomes of the mixed type:

+ 4 TT a
P=l

d t = 0.2
p=l

dl
P

dt

The integration of this system thus requires a knowledge of A, dA/dt and
dlp/dt given by the system in expression (4) at each instant of time.

The coupling between the two systems can be represented in the following
way:

Code of the differential y
equations for the )

currents and A /

^ - ^

3,

A

A

h- E

dA
* dt '

dA
*dt

d i p
d t

1AKOKOT code: 1D integration^
of ne, Te, T; and j in a plasma

^with a variable minor radius ;

The two systems are integrated in parallel with the same time step for
reasons associated with numerical stability [7]. The data for the simulation are
the actual characteristics of the discharge (displayed voltages of the capacitor
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banks, triggering times, programming of the current plateau, gas inflow). The
currents and voltage per turn are thus simulated to an accuracy of the order of
10% [7, 13].

2. APPLICATION TO PROBLEMS OF PLASMA EQUILIBRIUM, RADIAL
DISPLACEMENT STABILITY AND CONTROL IN TFR 600, A TOKAMAK
WITHOUT SHELL

The time constant rg of the eddy currents in the liner is very small in
TFR 600 (100 MS). It is clear from Eq.(3) that a 1% perturbation in the field B(,3)

from its equilibrium value Beq creates a displacement velocity dA/dt of the order
of 1 cm-ms"1. This clearly indicates the need to set up a field B^ as close as
possible to Beq by means of preprogramming, the rapid feedback circuit being
used almost entirely in its stabilizing role.

2.1. Preprogramming

If the plasma position is controlled at the reference value Aref (assumed to
be constant in time) and if dlp/dt is of the order of lOkA-ms"1, Eq.(3) shows that
B e q - B ^ is of the order of 1 G. The first term in Eq.(3) can therefore be ignored
in this preprogramme and the optimization criterion can be taken as

where T is the duration of the discharge.
The first stage consists in optimizing the distribution of the primary turns.

Let a be the proportion of the external coils and a' = ] -a that of the internal
coils. We thus have to try to minimize J(a), 0 < a < l . In TFR 600, the optimum
value of a for a typical discharge has been found to be 0.55.

The second stage involves the preprogramming circuit. We now have to find
the voltage V which must be applied to minimize J again, under the constraint
that | V| < Vmax. This problem has been solved by optimal control techniques [14].

For good preprogramming, it is clear that Beq must be estimated as accurately
as possible: this shows why it is important to have a fine-scale simulation of the
evolution of (3 and Cj.

2.2. Natural stability of the displacements A (without feedback)

One method of studying this stability consists in perturbing B^ ^at some
instant and observing by means of the code whether the system reacts in a stable
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or unstable way. This method obviously allows for all the non-linearities in the
system. A second approach consists in linearizing the system and studying whether
the spectrum of the resultant linearized operator is in the negative half-plane
[15, 16]. It is clear that for quantities such as E, )3 and Cj, obtained from the
transport code, this approach is too cumbersome, so we will assume the existence
of the quantities 9E/9A, 9/3/3 A and 9£j/9A, calculated by comparison between the
cases where the plasma is in its reference position and where it has been shifted
by a perturbation of B[ \ An even greater simplification consists in linearizing
Eq.(3) for A, using quantities of the type 9I/9A in the same way. This last very
simple method provides a satisfactory explanation of the simulations obtained by
the first technique. The linearization of Eq.(3) gives for A = A- Aref:

dK,

dA _ A n - K2 "IE * ( 6 )

dt K, K2

with

r e f r i r 9 A ° i 1 + CA - A r e f i ( P^ T r e f

2xl R ref~ x , , , f , An = nR - nR
10b2 B ( 3 ) r e £ v Beq

a v

where n ^ and n ^ are the decay indices of the fields Bi Jand B
e q :

The condition for stability can thus be written:

dK
An - Ko -p-i- < 0 (8)

^ a t

Since K2 contains rg as a factor, the quantity K2(dKii/dt) is small compared
to An for TFR 600, and the stability condition can then be written:

nR < n (9)
Bv Beq



530 BLUMetal.

The time constant r of A is therefore approximately equal to

with

(10)

Log — + A - 0.5 (10a)
3.

1 (>T0 1

or, in the case of TFR 600, x = - ^ - —— ms . From Eq.(l), we get
|An| |An|

r) T
= i - A i I d R 9 A

Beq
 xBeq
 x

p 3A G L '* dA a + R 9A

where, from Eq.(5), da/dA is equal to 1 if A is negative and -1 if it is positive.
Since G is of the order of 3, we cannot assume as in Ref.[8] that 1/G is negligible
compared to 1. In order to get a smooth transition between positive and negative
values of A, the function a has been made continuously differentiable in the
neighbourhood of A = 0 so that da/dA = 0 for A = 0.

Noting that 21 is small compared to Ip and depends weakly on A (except at
the very beginning of the discharge), we find from Eq.(2) that

X1
,0 R2 r b(<M,M,.> 31,

with

(12a)

It will be noted that db£3)/dA contains terms with 8£j/3A and 30/3A.

Numerical results for TFR 600

By comparing cases where the plasma remains in its reference position and
where By is subjected to a perturbation, we get for Aref = 0:

= 0 . 1 , ^ = - 0.01
3a " " ' 9a
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FIG. 4. Indices n^ and nB& of the fields BJ3^ and Beq as a function of the position A of the
plasma; stability zone for A.

This strong variation in fij with the minor radius of the plasma is explained by the
fact that if a decreases while Ip is kept constant, the value of j on the axis
increases less than the values at the boundary because penetration is slower on the
axis as a result of the Te3/2Spitzer expression for the resistivity.

Figure 4 shows, in accordance with Eq.(9), that stability exists if A is less
than - 1 ; however, the stability margin is small (I An I < 1). On the other hand,
there is strong instability as soon as A is positive (An =4.5). The explanation of
this phenomenon lies in the fact that the iron makes a contribution of 2.7 to nsv

and this contribution is therefore strongly destabilizing. For negative A, the
contribution is compensated by the terms containing da/dA — the (R/aG) term
in nBeq and the other terms from 62j/3A=9£i/6a Xda/dA in nBv and nBeq. For
positive A, these contributions change sign with da/dA and also become
destabilizing, creating a very bad An. These results are in perfect agreement with
experimental observations [17].

2.3. Stabilization by feedback

The feedback circuit used in TFR 600 [13, 17] is fed by a double thyristor
chopper whose voltage is of the 'all-or-nothing' type and which linearly controls
the current If:
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I f = Gf I A with Gf > 0 and A = A - A r g f

The introduction of this feedback modifies the index nBv of the quantity

IOR2 n f Gf •

where nf represents the number of internal (or external) feedback turns and G is
given by Eq.(lOa).

From Eqs (11), (12) and (13), we can get the value of Gf which ensures a
stability margin DN (DN = - An):

6 ( • A B i ) = [ ( ^ - b O M P £ ) )
p

10R2

(14)

where the function b is given by Eq.(12a).
The introduction of a derivative term GfIp(dA/dt) (Gf >0) in If tends to

increase the time constant T of A.

Numerical application to the case of TFR 600

The feedback in TFR 600 is composed of 28 internal and 28 external turns
mounted in opposition: nf = 28.

Figure 5 gives the gain Gf required to ensure stability without any margin
(DN = 0) as a function of the position A of the plasma in the case where the iron
is unsaturated (0= 0). The region where Gf is negative represents the natural
stability zone for A (see Fig.4).

Figure 6 shows the gain Gf as a function of the flux 0 in the iron core for
Aref = 0.
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FIG. 5. Feedback gain required for displacement stability as a function of the plasma position
for the unsaturated case (Q^O).

i I I I 1 1 1 1 1

0.8 1.2

« tyv.s)
FIG. 6. Feedback gain required for displacement stability as a function of the flux 0 in the
iron core for Aref= 0.
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For Figs 4, 5 and 6, we have used expressions of j3 and £; in terms of A
deduced from the numerical simulations obtained by the whole code with £; = 1.5
and 0 = 0.25 for A = 0.

In practice, the control takes place about Aref=-2 cm with a gain of
Gf = 10~3cnT \ thus ensuring stabilization for perturbations tending to shift the
plasma to A = 0. Since the time constant of A given by Eq.( 10) is very small in
the case of TFR 600 (less than 1 ms), the double chopper must switch very
rapidly, especially as the displacement velocities are very large. Moreover, the
preprogramming and feedback circuits must be decoupled so as not to reduce the
feedback gain Gf. A learning system has been developed to improve the pre-
programming from one discharge to the next. These complex electrotechnical
problems which arise in TFR 600 are discussed in Ref.[17].

Finally we can say that the very small time constant of the liner, the great
distance between the coils and the plasma and the bad index generated by the
magnetic circuit make the problem of stabilizing the radial plasma displacements
very difficult in TFR 600. The numerical analysis of this problem has enabled us
to elaborate fine-scale preprogramming and feedback systems which have permitted
control of the plasma position within a few m p and for times up to 600 ms [ 17].

B. THEORETICAL AND NUMERICAL STUDIES
OF HOLLOW ELECTRON-TEMPERATURE PROFILES

F. Werkoff, C. Mercier, G. Cissoko

1. DIFFUSION LAWS AND COEFFICIENTS

Recent experimental results have shown the existence in tokamaks of steady
states for which the electron temperature (Te) does not reach its maximum on the
axis [5, 6]. These have been called hollow-profile states. If we assume that the
electron thermal flux is proportional to -KeVTe and the ion thermal flux to —
KjVT;, we find that the diffusion phenomena transfer heat to the centre of the
plasma, supplementing the Ohmic heating. Thus, the existence of considerable
impurity radiation losses in this region is a necessary condition for energy balance.

In our work, we have tried to simulate hollow-profile states by means of the
diffusion laws and coefficients which we used successfully for peaked-profile states.

The neoclassical diffusion coefficients for the electrons DNC and electron
temperature KeNC are inadequate for representing the experimental results except
in the case of very high densities. There is also an abnormal diffusion, which over
most of the plasma can be described by the following coefficients:
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6 101 8 r 2 - 1 - 1
Dj = YTT [_ cm s J

n e « T e (15)

Kel = I n e k Dl ^ e r S - (cm.s.eV) ~\

where q is the safety factor and ne and Te are the electron density and temperature
respectively.

This expression for Kei has been obtained on the basis of results from a
large number of experiments [18]. Since this coefficient does not describe the
results at the plasma boundary, we have used for this case expressions which are
proportional to the Bohm coefficients DB and KeB- We thus write:

D. x C DB

D - D. * C D- + °N.Ci a

K x C K
£1 eB

Ke = K + C K + KeM _
e l eB N ' C

We have been able to represent the results for TFR and Alcator with C = 10.
For TFR, the coefficients in expression (16) are very similar on the current plateau
to the empirical expression already employed {= 2000/Zeff X Pfirsch-Schluter
coefficient), while for Alcator, only expression (16) provides an increased energy
lifetime proportional to the electron density.

In the same way, for the ion-temperature diffusion coefficient Kj, we have put

K i ! - 2 nH k D l

(17)

Ki = | nH k D

where nH is the density of the light ions:

K. x C K.

K. = ' B + K..
K i , C K i D

 XN.C
1 JD
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We may note that in general (and in particular for all the hollow-profile
states that we have studied) expression (18) is almost the same as the neoclassical
value. For the impurities, the diffusion flux ^ of the density nz- of particles of
sort j in the degree of ionization ZJ is the sum of a neoclassical flux (of the Pfirsch-
Schluter type [19] in present experiments) and of an abnormal flux related to
electron diffusion:

3n

where D is given by Eq.( 16).
By using this flux we have been able to represent the injection of an oxygen

puff as well as the positions of the impurity peaks in TFR [4].

2. THERMAL INSTABILITY RELATED TO A HOLLOW PROFILE

With the set of coefficients from Eqs (15)-(19), we found that it is not in
general possible to get steady states for hollow-temperature profiles. In fact, in
a study of the plasma evolution, we observed in the majority of cases that just
before the steady state is achieved there is a sudden increase in the electric field
at the centre of the plasma and a drop in the electron temperature (see Fig.7).
This effect continues to increase rapidly; the electron temperature over a large
part of the minor radius becomes close to zero, while the electric field increases
considerably so that the position of the Te maximum is displaced towards the
plasma boundary.

We have established that this instability is of the thermal type and is thus
similar to those described in Ref.[20].

In fact, if the equipartition is written in the form (ao/T| / 2) (Te-Ti) and the
resistivity as TJ = i70/Te

3/2, and if the equations for the electric field and electron
temperature are perturbed relative to the steady state defined by Eo and To, we
find [21 ] that the steady state is unstable when

o
where a is the minor radius of the plasma,

- Joi -

(where jOi is the first zero of the Bessel function J0(X)) and r is a measure of the
extent of the instability.
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Te(eV)

FIG. 7. Onset of instability:
Te(r) and E(r) at t0;
Te(r) and E(r) at to+ 5 ms.

3. STUDY OF A STEADY STATE

We shall now present the results obtained for a tokamak with characteristics
chosen to resemble those of DITE [6]: major and minor radii R= 117 cm and
a = 27 cm, toroidal field BT= 27 kG, total current Ip= 178 kA, discharge in hydrogen.
We have included three impurities in the calculation: oxygen, iron and molybdenum.
Their mean densities nxj" = /nTj dV//dV have been chosen so that the radiation
losses correspond to the bolometric measurements made by Hugill et al. [6].
These mean densities have been kept constant in time on the assumption that
there is total recycling of the impurities arriving at the wall.

In Fig.8, we give the values of ne, Te, Tj and Zeff (the effective charge) as a
function of position for a typical steady state. The corresponding losses due to
impurities and neutrals are shown in Fig. 9.

The hollow-profile states observed in Refs [5] and [6] were persistent and we
have therefore assumed that stable steady states were achieved; this requires Ke

to be sufficiently large at each point. We found that very high values of Ke in the
central part can effectively produce stable steady states, but ones in which the
position of the electron temperature maximum is closer to the plasma boundary
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3xX>

2«lO13-.1O0eV

r/a 1

FIG.8. The functions ne(r), Te(r), T\(r) and Zef[(r) for a steady state in which the other
characteristics are given by: (Zetr) = 2.9; ne= 1.7X1013; Qp=0.081; U (voltage per turn)
= 5.4 V; and TE (energy confinement time) = 1.9 ms.

0.2 -

FIG.9. Losses (W- cm 3) due to iron (Fe), oxygen (Oj, molybdenum (Mo) and hydrogen
neutrals (n0) as a function of the radius.
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Losses (W )

radiation
.

"conduc t ion-

r/a

input power ( W )

FIG.10. Electron power balance. The various gains and losses in the volume enclosed by a
magnetic surface of radius r are shown as a function ofr.

FIG.11. Total densities and mean charges of iron ions. The dashed curve corresponds to the
average charges given by the coronal model for the Te profile shown in Fig.4.
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0.5 r/a 1

FIG.12. Densities of the principal degrees of ionization of oxygen.

4x10

2x10

-2x10

oxygen flux

1 r/a

FIG. 13. Fluxes of the principal degrees of ionization of oxygen. The plus sign corresponds to
outward fluxes and the minus sign to inward fluxes.
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than is observed experimentally. This occurs, for example, when coefficients of
the type 2000/Zeff X Pfirsch-Schliiter are used, To get satisfactory simulation of
the experimental results, we have put

1 / 2 a 3T. -|

]
with /i = 5.4 and? ^ 12 cm and have taken the greatest of the values given by
Eqs (16) or (21) at each point.

Figure 10 shows the electron power balance. It can be seen that the diffusion
is small compared to the radiation losses, especially in the region where the elec-
tron temperature gradient is positive. This means that if Ke is high enough to
satisfy a stability criterion, the results are not noticeably affected by the exact
expression used for Ke within a certain range of values.

It can also be seen that, for the plasma as a whole, the sum of the losses due
to impurities and neutrals represents 47% of the Ohmic heating; for a (Zeff) value
of about 3, this is in reasonable agreement with the results obtained in tokamaks
with peaked electron temperature profiles [22]. By contrast, the impurity losses
at the centre of the discharge are very much greater than the Ohmic heating. The
diffusion thus acts as a source, but it is less important in this case than the classical
energy transfer between ions and electrons.

In Fig. 11 we give the total density nj- and the average charge Zj for iron,
obtained with the coefficients of Eq.(19). It can be seen that Zj is constant
between the centre of the plasma and the position corresponding to the Te maxi-
mum. Similar results were also obtained for oxygen and molybdenum [21 ]. This
is quite different from the results derived by assuming exact equilibrium between
ionization and recombination (coronal hypothesis). This difference from coronal
equilibrium plays a fundamental role in the dynamics of the impurities.

The neoclassical friction between impurities of the same species gives a
diffusion of the form [21 ]

which becomes very large whenever 9Zj/3r is not very small. In particular, we
have found [21] that the use of the coronal hypothesis leads to a displacement of
the impurities away from the centre of the plasma and does not produce states
where the values of Te on the axis are noticeably lower than the maximum values.

To illustrate further the diffusion of the impurities, we give in Figs 12 and 13
the densities and fluxes of the various degrees of oxygen ionization. We have
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FIG.14. Hydrogen injection: mean electron density and electron temperature on the axis as
a function of time.

found that for the three impurities considered the neoclassical flux in the positive
9Te/3r region is, in contrast to the peaked-profile case, almost two orders of
magnitude greater than the abnormal flux.

4. SIMULATION OF A GAS PUFF INJECTION AND PEAKED STEADY STATES

It has been found experimentally [6] that the injection of hydrogen can
increase the electron temperature on the axis so as to produce a peaked profile.
We have varied the number of hydrogen atoms entering the plasma as a function
of time so that, starting from the steady state described above, the electron density
increases linearly from 1.7 X 1013 to 2.9 X 1013 in 20 ms. It is then kept constant
at this latter value (see Fig. 14). We found that, in agreement with experiment, the
electron temperature on the axis increases with time, but less rapidly when the
density is rising than when it has become constant. A study of the time change in
the electron temperature profile (Fig. 15) shows that the first effect of the gas
injection is to reduce the mean electron temperature, especially at the plasma
boundary. This has the effect of slightly increasing the Ohmic heating at the centre
and thus of raising Te on the axis. We then observed a reduction in the accumu-
lation of impurities in the central region. The impurity diffusion flux is the sum
of a flux directed towards the centre (neoclassical and mainly of the form
~ q2ly/f[) and of an abnormal flux directed outwards (~ l/qT| / 4). The increase
in Te and the reduction in q modify the equilibrium in favour of the abnormal
flux. The decrease in the impurity density at the centre reduces the radiation



IAEA-CN-37/F-6 543

eV]

300

400

300

200

100

-

to+40ms/

~ to+30ms/

to _ ^ /

~\to+50ms

1 — ^ i
0.5 r/a 1

FIG.15. Hydrogen injection: electron temperature profiles at various times.
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F/C ; <5. To fa/ densities of iron ions:
——for the steady-state case with hollow profile ^ne=i.

for hydrogen injection at t-to + 4O ms (ne= 2.9X1013);
+ + + for the steady-state case with peaked profile (see Fig. 15; ~h~e= 1.7X1013).
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are as follows: <Zeff>= S.7; He= j ;
(energy confinement time) = W. 8 "ms]'" ' P p ~ "" ^6:
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everywhere greater than Ke from Eq.(21). Although the radiation losses at the
centre of the plasma are quite different in the two states (Figs 8 and 17), we
found that taken over the whole of the plasma they are fairly close. Thus, for the
hollow-profile state (Figs 8-13), the impurities are responsible for 355 kW of
losses and the neutrals for 80 kW. For the peaked profile, on the other hand, the
impurities radiate 340 kW and the neutrals 68 kW. In accordance with the experi-
mental results, these two states also correspond to quite different lifetimes — 1.9 ms
and 10.8 ms respectively. Since they have different initial conditions, this suggests
that it is important to supply additional electron heating during the initial phase
of the discharge.

5. CONCLUSIONS

The principal results of our study can be summarized as follows:

(1) We have been able to represent the mass diffusion (electrons and
impurities) by adding to the neoclassical diffusion coefficients an abnormal coeffi-
cient of the form 1 /neqTe

3/4 over the major part of the plasma. This coefficient
was established experimentally from a study of peaked-profile steady states. At
the centre of hollow-profile states, where q attains high values, this abnormal
coefficient is small compared to the neoclassical impurity coefficients and so
there is a considerable accumulation of impurities in the central region.

(2) We have been able to establish that if Ke becomes too small, a thermal
instability should appear. Since this instability does not seem to have been
observed experimentally, we have been led to increase Ke so as to satisfy the
stability criterion. In the hollow-profile states, the diffusion losses are small in the
electron thermal balance and this increase does not noticeably affect the balance.

(3) The impurities in the region corresponding to the electron temperature
hollow are far from coronal equilibrium. This departure from equilibrium is of
fundamental importance because it means that the neoclassical laws allow the
accumulation of impurities.

(4) We have been able to reproduce the experimentally observed transition
from a hollow-profile to a peaked state by the injection of cold hydrogen. We
have thus established the beneficial effect produced by the cooling of the plasma
boundary. We have also found that, depending on the initial conditions chosen,
it is possible, at least in certain cases, to get either a hollow or a peaked-profile
steady state.
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DISCUSSION

B. GREEN: I do not understand your results on the destabilizing effect
of the magnetic circuit. Why is there instability for a radial outward shift of
the plasma and (partial) stability for a radial inward shift? Is this because the
outer magnetic circuit is closer to the plasma column than the inner magnetic
circuit?
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J. BLUM: No, the destabilizing effect of the magnetic circuit is almost the
same for A > 0 and A < 0, but as a = aD — | A|, da/dA is equal to - 1 for A > 0
and to +1 for A < 0, and, therefore, all the terms with da/dA, 3Cj/3A and
9B/9A in n3V and ngeq change their sign with A. They are destabilizing for
A > 0 and stabilizing for A < 0. So for A < 0 they compensate the destabilizing
effect of the magnetic circuit, whereas for A > 0 they tend to increase instability.
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Abstract

PLASMA TRANSPORT IN THE COLLISIONAL DIVERTOR SCRAPE-OFF LAYER.
The structure of a collisional scrape-off layer in a tokamak with a poloidal divertor is

considered. The analysis is based on the drift kinetic equation with a model pitch-angle
scattering operator. The boundary condition for charged particles impinging upon the metal
target plates is assumed to be perfect absorption. A proper inner- and outer-expansion scheme
for the boundary value problem is suggested. A uniformly valid lowest-order solution for the
distribution function in terms of the eigenfunctions of the collision operator is found. Various
representations of the eigenfunctions, including a WKB approximation, are given. The solution
is used to calculate the quasineutral particle densities and the selfconsistent electric potential.
The source of a modified Pfirsch-Schluter diffusion is indicated.

1. I N T R O D U C T I O N

B o u n d a r y v a l u e p r o b l e m s f o r a t o r o i d a l p l a s m a in c o n t a c t w i t h

t h e f i r s t w a l l o r t h e t a r g e t p l a t e s o f a l i m i t e r o r a d i v e r t o r a r e

o f g r e a t i n t e r e s t a n d i m p o r t a n c e b e c a u s e t h e s t a t e o f t h e i n t e r -

i o r p l a s m a a s a w h o l e is r e s p o n s i v e to t h e k i n e t i c s t r u c t u r e o f

t h e o u t e r l a y e r s , w h i c h is d e t e r m i n e d b y t h e p l a s m a - w a l l i n t e r -

a c t i o n s . T h e g e o m e t r y o f t h e p o l o i d a l d i v e r t o r m o d e l w i t h c i r c u l a r

f l u x s u r f a c e s t h a t is c o n s i d e r e d is s h o w n in F i g . l . A r e l a t i v e l y

c o l d a n d c o l l i s i o n a l p l a s m a b o u n d a r y is a s s u m e d f o r b o t h e l e c t r o n s

a n d i o n s . In t h e c o l l i s i o n a l r e g i m e , t h e d i f f u s i o n c a n e f f e c t i v e l y

r e p l e n i s h t h e p a r t i c l e s w h i c h a r e l e s t to t h e t a r g e t p l a t e s . T h u s ,

t h e b o u n d a r y c o n d i t i o n s a r e n o t f e l t o u t s i d e a n e i g h b o r h o o d o f t h e

5 4 9
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target

separatrix

FIG.l. Poloidal divertor geometry with circular flux surfaces.

t a r g e t p l a t e s a s f a r a s t h e i r e f f e c t o n t h e i s o t r o p y o f t h e d i s t r i -

b u t i o n f u n c t i o n i s c o n c e r n e d . C o n s i s t e n t l y , w e r e q u i r e t h e o r d e r i n g

T " 1 << v < < n , w h e r e T is a t y p i c a l p a r t i c l e t r a n s i t t i m e , v is

the collision frequency a n d 9. is t h e g y r o f r e q u e n c y . For a dive r t o r l e s s

c a s e i t w a s s h o w n b y H a z e l t i n e a n d H i n t o n [l] t h a t t h e k i n e t i c

a p p r o a c h i s a l s o e f f e c t i v e in t h e c o l l i s i o n a l r e g i m e a n d y i e l d s t h e

s a m e r e s u l t s a s t h e f l u i d t r e a t m e n t . In a d d i t i o n t o t h e r i g o r , t h e

k i n e t i c m e t h o d o f f e r s m i c r o s c o p i c i n f o r m a t i o n w h i c h i s i n d i s p e n s a b l e

f o r a d e t a i l e d a n a l y s i s o f t h e p l a s m a - w a l l i n t e r a c t i o n s . W e c o n f i n e

o u r s e l v e s h e r e t o a d i s c u s s i o n o f t h e i o n e q u a t i o n :

+ V, •vf = c i i ( f ) (1)

A s o l u t i o n s c h e m e for (1) in the case of an a x i s y m m e t r i c s y s t e m

w i t h o u t m a t e r i a l b o u n d a r y c o n d i t i o n s is given in [1,2] . In the

pr e s e n t c o n t e x t , this c o r r e s p o n d s to the oute r s o l u t i o n of our

p r o b l e m that is valid far from the b o u n d a r i e s . In the h i g h e r or-

der terms of the oute r s o l u t i o n , h o w e v e r , one must c o n s i d e r a c o n t r i -

bution from the b o u n d a r y c o n d i t i o n s . S p e c i f i c a l l y , the z e r o - o r d e r

e q u a t i o n in(fi T | | ) ~ » w h e r e ft is the poloidal g y r o f r e q u e n c y , is
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V f 0 - C . ^ f o ) = 0 ( 2 )

exp-(v/v,.

U s i n g a s u b s e q u e n t e x p r e s s i o n in 1 / y, w h e r e y is the p a r a m e t e r

The s o l u t i o n of (2) is a M a x w e l l i a n , i.e. f 0 = n . (/ir v.. ) exp-(v/v, )
2

o f c o l 1 i s i o n a l i t y , o n e o b t a i n s

• V f i - C ^ f f O = - v D - V f 0 ( 3 )

r e l a t i n g v a r i o u s c o n t r i b u t i o n s o f t h e d r i v i n g f o r c e s a n d t h e c o l -

l i s i o n s . A k i n e t i c f o r m u l a t i o n o f t h e Pfi r s c h - S c h l Liter t r a n s p o r t

[ 1 , 2 ] r e q u i r e s t h e s o l u t i o n of e q u a t i o n ( 3 ) .

2. B O U N D A R Y L A Y E R A N A L Y S I S

A s a l r e a d y i n d i c a t e d , t h e p u r p o s e o f t h i s p a p e r is to i n c o r -

p o r a t e t h e b o u n d a r y c o n d i t i o n o f p e r f e c t a b s o r b t i o n o n t h e t a r g e t

p l a t e i n t o t h e a b o v e s c h e m e . T h i s c a n be a c h i e v e d by c o n s t r u c t i n g

a l o c a l s o l u t i o n in t h e v i c i n i t y o f t h e t a r g e t p l a t e s a n d m a t c h i n g

t h i s a n d t h e o u t e r s o l u t i o n . T h e f o l l o w i n g a n a l y s i s is b a s e d on a

m o d e l p i t c h - a n g l e s c a t t e r i n g o p e r a t o r as u s e d by v a r i o u s a u t h o r s

[3] . W r i t i n g Eq. ( 1 ) a l o n g t h e c h a r a c t e r i s t i c s o f t h e l e f t - h a n d

s i d e ( d r i f t o r b i t s ) , a n d a s s u m i n g t h a t t h e s a f e t y f a c t o r is a

r a t i o n a l n u m b e r , i . e . q = K / N , w e g e t t h e n o n d i m e n s i o n a 1 f o r m o f

E q . ( 1 ) f o r t h e i n n e r d i s t r i b u t i o n f u n c t i o n F, as

H e r e , T is an inn e r v a r i a b l e m e a s u r i n g the d i s t a n c e from the s e p a -

r a t r i x , i.e. x = ( r - a ) / e 6 a w h e r e e = a / R 0 and 6 = p /a (p is the

poloid a l g y r o r a d i u s ) . T 0 is m e a s u r e d on the v e r t i c a l a x i s of the

ta r g e t p l a t e s . In te r m s of the total e n e r g y E and the m a g n e t i c

m o m e n t y, w e ha v e v = i/t-n*(8 ,T ) and v,, = ± / t - y / h - n * ( 8 , T ) , w h e r e
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n = e ^ p g f / k T . with * , being the p l a t e p o t e n t i a l . B e l o w , we a s -

sume that the e l e c t r i c p o t e n t i a l is small and n = x e . w h e r e x is

a p a r a m e t e r of o r d e r u n i t y . T h e n u m b e r y = T I I < V . . > i n d i c a t e s the

col 1 i s i o n a l i t y of the b o u n d a r y layer and is a s s u m e d to be l a r g e .

We s e t y = ( K / 2 N ) E , where the parameter K is o r d e r u n i t y . F u r t h e r ,

h = l + E ( 1 + E 6 T ) C O S 8 = 1 + e c o s 0.

In s p i t e of the s i m p l i f i e d c o l l i s i o n t e r m , Eq. (4) c a n n o t be

solved e x a c t l y and one has to r e s o r t to the p e r t u r b a t i o n m e t h o d .

If we d e f i n e a m a g n i f i e d poloidal a n g l e for the v i c i n i t y of

one of the t a r g e t p l a t e s as i> = ( y / 2 N ) ( 9 - 8 0 ) = 0 ( 1 ) for y -*• °°,

we can e x p a n d E q . (4) for p a r t i c l e s w i t h a = s i g n vi • as

3 F _,_c-3/2 3 /.../TT77 3 F w •,„....*r-3/2 3 ,..r,./rT77 _ 1 -, 3F,
3^ ^u" 3u LM v 3u J

+ 0 ( e 2 ) (5)

Se t t i n g F % F o (I(J,U,E , O ) + E FJ (IJJ.U, E ,a) +...; the l o w e s t o r d e r d i s t r i b u -

tion f u n c t i o n s a t i s f i e s

O1 0 n XT "5/ ^ '

In Eq. (6) we c o n s i d e r the c a s e of a = + l (the a n a l y s i s for the o t h e r

v a l u e is a n a l o g o u s ) , and s e p a r a t e the v a r i a b l e s by F o = G(i|>)Y{u) :

G = exp -a2* , ^ CP /FHT g + ^a2E3/2 Y = 0 (7)

A s i m p l e r form of the e q u a t i o n for Y is o b t a i n e d if we c h o o s e

the i n d e p e n d e n t v a r i a b l e as c o s i n e of the pitch a n g l e , d e n o t e d by £ •

Si n c e £= /E-y//E" , we find from ( 7 ) :

^ [ ( 1 - C 2 ) j|] + ( a E ) H Y = 0 (8)

Ea r l i e r w o r k w i t h this S t u r m - L i o u v i 1 1 e e q u a t i o n can be tra c e d back

to B o t h e [4] and Be t h e et al. [ 5 ] , as i n d i c a t e d by S t e i n and
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Ber n s t e i n [6] , H o w e v e r , these e a r l i e r results are not very useful

for they are not stated e x p l i c i t l y and c o r r e c t l y .

F i r s t , we note that the only s i n g u l a r i t i e s of the e q u a t i o n (8)

are at £ = ± 1 ( r e g u l a r sing . points ) a n d at infinity (essential s i n g ,

p o i n t ) . T h e r e f o r e , t h e r e exists a power series s o l u t i o n for Y abo u t

the s i n g u l a r point £= + 1 , w h o s e radius of convergence at least r e a c h e s

the other s i n g u l a r point at 5 = - l . Our r a n g e of i n t e r e s t , 0£££l ,

is well w i t h i n the circle of c o n v e r g e n c e . This is an advantage for the

numerical c a l c u l a t i o n s . H o w e v e r , the rate of c o n v e r g e n c e of the

series s o l u t i o n also depends on the e i g e n v a l u e , say A5(aE) 2. Here, we are

not c o n c e r n e d with the l o g a r i t h m i c s o l u t i o n at £ = + 1 , since it is

not p h y s i c a l . S u b s t i t u t i n g the series a n s a t z Y = £ a (l-?) n in
n = o

Eq . (8) we find

a l = " ? a o A > " > 2 : a p = - ^ { A a n _ 2 + [n(n-l)-A] a ^ }

wher e we can take the free c o n s t a n t a as unity to n o r m a l i z e Y

at £ = +1 to be equal to one.

For large v a l u e s of A , h o w e v e r , this c o n v e r g e n t series so-

lution b e c o m e s rapidly u s e l e s s . To find a s y m p t o t i c s o l u t i o n s let

us w r i t e Eq. (8) in a d i f f e r e n t form:

^ + A e
S(l-es) Y = 0 ( 9 )

ds' s

w h e r e e s= (1-?)/(l + £) . We look.fo r a solut i o n of (9) in -<°<s<0.

For small values of A we can d e r i v e the f o l l o w i n g :

Y = 1 + A J d ^ + 1 A
s 6

+ 1 A 3 e + 9e

b L 6(l+eV

s ] ()
6(l+eV l + es J

The s i n g u l a r i t i e s of the e q u a t i o n (9) are located at infinity

(essential s i n g . p o i n t ) and at 5 = ± ( 2 k + 1 ) i TT w h e r e k is an int e g e r .
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It is t h e r e f o r e n o t p o s s i b l e to g i v e a s i n g l e s e r i e s to r e p r e s e n t

Y a t all p o i n t s o f t h e i n t e r v a l [-°°,0] .

2 . 1 . W K B S o l u t i o n

W h e n w e c o n s i d e r t h e t u r n i n g p o i n t s o f Eq. ( 9 ) , it m a y s e e m

l i k e a p a r a d o x t h a t m i n u s i n f i n i t y is a t u r n i n g p o i n t , a l t h o u g h it

is a l s o a s i n g u l a r i t y . It i s , h o w e v e r , t y p i c a l f o r an e s s e n t i a l

s i n g u l a r i t y t h a t w h i l e a p p r o a c h i n g s •* -<*> , a l o n g t h e n e g a t i v e

a x i s , w e c a n f i n d a f i n i t e l i m i t . It is i m p o r t a n t to i n c o r p o r a t e

i n t o t h e W K B s o l u t i o n t h e re a l n a t u r e o f t h e p o i n t a t - » . T h e r e a l

t u r n i n g p o i n t o f t h e e q u a t i o n is a t s = 0 .

A l t h o u g h , u s i n g t h e O l v e r t r a n s f o r m a t i o n [ 7 ] , it is p o s s i b l e

to w r i t e a s i n g l e W K B s o l u t i o n f o r t h e w h o l e i n t e r v a l [-°°,0], t h i s

is n o t v e r y u s e f u l s i n c e t h e r e s u l t i n v o l v e s t h e h y p e r g e o m e t r i c

f u n c t i o n w h o s e e v a l u a t i o n in v a r i o u s l i m i t s itself represents a

p r o b l e m . H e n c e . i t w i l l n o t be g i v e n h e r e . T h e a p p r o p r i a t e l i m i t o f

e q u a t i o n ( 9 ) f o r s + - » is

°-Xl + AesY. = 0 (11)
d s ^ L

The s o l u t i o n w h i c h is f i n i t e at this limit is a Bessel f u n c t i o n

of the fir s t k i n d , Yj = J Q ( 2 X t ) w h e r e X = A 1 / > 2 and t = e s / 2 . T h e

limi t of Eq. (9) in the v i c i n i t y of the turn i n g p o i n t s = 0 is

4-^2 - iAs Y, = 0 (12)

ds2 ° 2

w h o s e s o l u t i o n i n t e r m s o f A i r y f u n c t i o n s c a n be w r i t t e n as

Y 2 = A A i ( s A 1 / 3 / 2 ) + B B i ( s A 1 / 3 / 2 ) . S i n c e t h e s o l u t i o n s Y 1 a n d Y 2

h a v e no common r e g i o n o f v a l i d i t y we need a t h i r d s o l u t i o n i n t h e

m i d d l e . T h i s i s p r o v i d e d by t h e WKB a p p r o x i m a t i o n :

Y = C c o s B ( s ) + D s i n g ( s ) , 1 3 ,

3 " a 1 ' 4
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where q = t 2 ( 1 - 1 2 ) ( 1 + t 2 ) ' 3 and 6( s ) = /?A [2E(y ,£) -F(y ,~)~\, where

F and E are the incomplete elliptic functions of the first and

2 2 1/2second kinds, respectively, and y = arcsin {2t /(1+t )} .

The values of the integration constants are found from asymptotic

matching as k=S? A 1 / 3 si n( 1.19814 A ) , B = /2" A 1 / 3cos (1.19814 A ) , and

-1/2

C = D = ( 2 T T A ) . For numerical calculations it is worthwhile to con-

struct a composite expression that is valid everywhere in Q-°°,0]

and has the same accuracy as its components, i.e. for large A

Y ^ Y i + Y 2 + Y 3 ~ Y 1 3~ Y2 3* w h e r e Yi |< is t h e c o m m o n part of Y. and Y k

cos(2At-,/4) t ^ ^ 4 C O s r ( i ^ - 1 . 1 9 8 1 4 ) A + ^ (14)

2 . 2 . T h e S t u r m - L i o u v i 1 1 e E x p a n s i o n

In a n a x i s y m m e t r i c s y s t e m , t h e c o n s e r v a t i o n o f t h e c a n o n i c a l

a n g u l a r m o m e n t u m p r o v i d e s a n i m p l i c i t e q u a t i o n f o r t h e d r i f t o r -

b i t s . T h a t i s , n e g l e c t i n g s h e a r , e x + h v , , = c o n s t a n t . U s i n g t h i s

e x p r e s s i o n , w e n o t e t h a t i t i s t h e v a r i a b l e £ w h i c h d e t e r m i n e s

w h e t h e r a n o r b i t p a s s i n g t h r o u g h (ip,x) w i t h t h e c o n s t a n t s a a n d E

c a n i n t e r s e c t t h e t a r g e t p l a t e . T h e l i m i t i n g v a l u e o f £ . s a y £

d e f i n i n g t h e b o u n d a r y b e t w e e n t h e i n t e r s e c t e d a n d t h e f r e e l y p a s -

s i n g o r b i t s i s c a l c u l a t e d a s C-^xi^'^ )/T/E w h e r e V i s t h e n e g a t i v e

p l a t e p o t e n t i a l . T h e r a d i a l d i s t a n c e o f a n i n t e r s e c t i o n p o i n t t o

t h e p l a t e e d g e i s T O = T ( l - £ * / ? ) • T h i s s h o w s t h a t o n l y t h o s e o r b i t s

f o r w h i c h £* s 5 < 1 c a n i n t e r s e c t t h e p l a t e .

I t is c o n v e n i e n t t o w o r k w i t h t h e f u n c t i o n F = ^ - f 0 ( E , T ) . H e r e ,

f 0 is t h e o u t e r s o l u t i o n , i . e . a M a x w e l l i a n f u n c t i o n . O u t s i d e

t h e b o u n d a r y l a y e r , F a p p r o a c h e s z e r o , b e s i d e s s a t i s f y i n g t h e i n n e r

k i n e t i c e q u a t i o n . A t \|> = 0 , F s a t i s f i e s F = - f 0 f o r x o > O , a n d F = 0 f o r

T O < O . T h e f o r m e r c o n d i t i o n i n d i c a t e s t h a t t h e p l a t e h a s n o p a r t i c l e
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1
0.05 0.1

FIG.2. Zeros of Y(%, A) for % fixed.

e m i s s i o n , a n d t h e s e c o n d i m p l i e s t h a t j u s t b e l o w t h e p l a t e e d g e ,

p l a s m a is n o t d i s t u r b e d . In o t h e r w o r d s , t o t h i s o r d e r o f a p p r o x i -

m a t i o n , t h e p a r t i c l e s d o n o t f e e l t h e d i s t u r b a n c e s l y i n g a h e a d o f

t h e m . T o r u l e o u t a d i s c o n t i n u i t y o f t h e d i s t r i b u t i o n f u n c t i o n

w h e n K = C w e a l s o r e q u i r e t h a t F ( IJJ , T ,£*, E ) = 0 . T h e l a s t c o n d i t i o n

i m p l i e s Y ( £ * , A ) = 0 . H e r e , w e a r e c o n f r o n t e d w i t h t h e t a s k o f f i n d -

i n g z e r o s o f Y a l o n g t h e a x i s A f o r a f i x e d £*• T h e e i g e n v a l u e s

{ A . ( ? * ) } p e r t a i n i n g t o t h e p o i n t ( I / > , T ) a r e t h u s d e t e r m i n e d . T h e

A . ( C * ) a r e i n c r e a s i n g f u n c t i o n s o f £ * , s u c h t h a t A ^ •* <*> a s £*-* 1 .

In F i g . 2 w e p r e s e n t s o m e o f t h e s e f u n c t i o n s . It is c l e a r t h a t t h e

l a r g e A . c a n b e f o u n d f r o m t h e g i v e n W K B s o l u t i o n s .

H a v i n g f o u n d t h e e i g e n v a l u e s a n d t h e f u n c t i o n s , t h e s o l u t i o n

c a n b e w r i t t e n a s

< 1 : e x p ( - A ^ E - 2 ) Y ( 5 , A i ) ( 1 5 ]
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a n d w e h a v e F (ip, T , £ , E ) = 0 f o r 0 < £ < C . A p p l y i n g t h e ' i n i t i a l '

c o n d i t i o n a t i> = 0, w e g e t t h e e q u a t i o n

i

T o s o l v e t h i s p a r t i c u l a r f i n i t e S t u r m - L i o u v i 1 1 e t r a n s f o r m a t i o n w e

n e e d t h e o r t h o n o r m a l i z a t i o n c o n d i t i o n s of t h e e i g e n f u n c t i o n s Y . .

It c a n be s h o w n t h a t

f
4-4 dt =•j ' -j ? — T u i- - s ? v x ' I

1 J M x l ^ J I I ( Y^) if i=j

w h e r e t* = / l - ^ / l + C* , and t h e f u n c t i o n I ( Y ? ) c a n be a p p r o x i -

m a t e d f r o m t h e W K B s o l u t i o n as K -1 {2B-(t*) + l- cos 26-(t*)) ,

w h e r e B.. p e r t a i n s to A . and w a s g i v e n a b o v e . U s i n g ( 1 7 ) w e c a n

d e t e r m i n e t h e u n k n o w n c o e f f i c i e n t s in E q . ( 1 6 ) and w r i t e t h e r e -

s u l t f o r t h e d i s t r i b u t i o n f u n c t i o n E as f o l l o w s :

= fo(E) jl T ^ U ) e x p ( A ^ E ) Y(5,A.

i=l ( 1 8 )

Again, f r o m t h e W K B s o l u t i o n o n e c a n o b t a i n t h a t

1 _!

C ^ C * ) * ( - 1 ) 1 + 1 / I T - ? [ A . f ( l - ^ ) ] T [2 + 7r(4T-l)] ( 1 9 )

A c o m p a r i s o n w i t h t h e n u m e r i c a l s o l u t i o n i n d i c a t e s t h a t t h i s

r e s u l t is q u i t e s a t i s f a c t o r y w h e n E*f 0 .

3. A P P L I C A T I O N S O F T H E T H E O R Y

As a d i r e c t a p p l i c a t i o n o f t h e i n n e r s o l u t i o n , o n e c a n c a l c u l a t e

the d e n s i t y a n d the s e l f c o n s i s t e n t e l e c t r i c p o t e n t i a l . It w a s a l s o

s h o w n a b o v e t h a t the c a l c u l a t i o n of 5 r e q u i r e s t he p o t e n t i a l

d i s t r i b u t i o n *(</),T) in the b o u n d a r y l a y e r . O n e c a n r e s o l v e t h i s
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i n t e r d e p e n d e n c e b y a n i t e r a t i o n s c h e m e i n w h i c h a s a f i r s t a p p r o x i -

m a t i o n w e u s e a v a c u u m p o t e n t i a l d i s t r i b u t i o n b e t w e e n t h e t w o

t a r g e t p l a t e s h e l d a t p o t e n t i a l - | V | , s u c h t h a t o n t h e v e r t i c a l

a x i s , b e t w e e n t h e p i a t e s , p o t e n t i a l is k e p t z e r o . T h e s o l u t i o n f o r

t h i s m o d e l p r o b l e m is q u i t e s i m p l e : < i > = | V | { ^ a r c t g ( 2 r J 2 "
S 6 I ) - H ( r - 1 ) )

w h e r e H is t h e H e a v i s i d e s t e p f u n c t i o n . T o i t e r a t e , w e c o n s i d e r

t h e q u a s i n e u t r a i i t y w i t h a n e q u i l i b r i u m e l e c t r o n d i s t r i b u t i o n a t

t e m p e r a t u r e T . H e n c e , t h e n e w p o t e n t i a l d i s t r i b u t i o n c a n b e w r i t t e n

f r o m t h e l a s t i o n d e n s i t y d i s t r i b u t i o n b y $ = ( X E T - / T ) l n ( n . ) .

F i n a l l y , t h e i o n d e n s i t y i s c a l c u l a t e d a s

1
ni = ! " 7 T / d E vT e x p ( E ) y d £ ^ C . U ^ e x p f A ^ E ) Y.(C,A.

E m i n C* 1 = 1 ( 2 0 )

H e r e , E . = {x(<J>- V ) / 2 T } 2 is a n e c e s s a r y c u t - o f f , t o a v o i d i m a g i n a r y

v e l o c i t i e s .

Numerical r e s u l t s i n d i c a t e t h a t t h e d e n s i t y f a l l s o f f s l o w e r in

t h e r a d i a l d i r e c t i o n w i t h t h e i n c r e a s i n g d i s t a n c e f r o m t h e p l a t e .

T h e r e s u l t s s o f a r f o u n d f o r t h e i n n e r s o l u t i o n £ h a v e a n i m p o r t a n t

f u r t h e r a p p l i c a t i o n . R e t u r n i n g t o t h e o u t e r e q u a t i o n ( 3 ) , w e c a n

n o w i n t r o d u c e in t h e r . h . s . t h e m o d i f i e d f 0 , r e f l e c t i n g t h e b o u n d a r y

c o n d i t i o n s , a n d c a l c u l a t e a n a d d i t i o n a l c o n t r i b u t i o n t o f j . T h e

n e w c o n t r i b u t i o n is r e l a t e d t o t h e m o d i f i e d P f i r s c h - S c h l liter d i f f u -

s i o n in t h e s y s t e m
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DISCUSSION

K. LACKNER: Could you tell me why your last figure does not show a
pronounced density gradient in the radial direction, i.e. along the divertor plate?

U. DAYBELGE: The usual radial gradient of the density was completely
neglected in this analysis, as our purpose was to calculate only the gradient caused
by the target plate. This new effect is shown to be at a minimum in the radial
direction.
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Abstract

THERMONUCLEAR CONE MICROINSTABILITIES IN TOKAMAKS AND ANOMALOUS
ALPHA-PARTICLE LOSSES.

The possibility of a new class of thermonuclear plasma instabilities caused by an anisotropy
in the alpha-particle velocity distribution is demonstrated. These instabilities may lead to an
effective escape of alpha-particles from the.plasma due to quasi-linear diffusion in velocity space.
The conditions for excitation of instabilities on Alfven and fast magnetoacoustic waves are studied
in the paper. Anomalous losses of alpha-particles caused by a magnetoacoustic plasma instability
on waves propagated approximately along the magnetic field are investigated.

1. INTRODUCTION

One of the ambiguities existing in calculations of the energy balance of large-
scale tokamaks at present being designed is the fact that it is not quite clear how
effectively the thermonuclear reaction by-products — high-energy alpha-particles —
will be confined in the plasma column.

It was assumed until now that the only anomalous mechanism of alpha-
particle losses is turbulent diffusion across the magnetic field. This viewpoint was
determined by the fact that an important factor - drifting of some group of fast
alpha-particles to the chamber walls - was ignored in all papers devoted to study
of instabilities in tokamak reactors. This factor leads to the formation of a loss
zone in velocity space and, consequently, to an anisotropy in the alpha-particle
distribution. Therefore, the excitation of a new class of thermonuclear instabilities
and the appearance of the related mechanism of escape of alpha-particles from the
plasma due to quasi-linear diffusion in velocity space are possible.

If the conditions in which the alpha-particle distribution is anisotropic are
fulfilled, the zone of confinement of these particles in velocity space is limited by
conical surfaces. Therefore, we shall call the corresponding instabilities "cone"
instabilities. We note that these instabilities differ essentially from the cone
instabilities in adiabatic traps: first, a loss cone rather than a confinement cone is

561
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\

K

rmax ~ rO

- 1 ll9X<T7

F/G.i. Maximum drift displacements of alpha-particles to the outside of the plasma column
as functions of pitch-angle Xo = vllo/v (ro and &o are the co-ordinates of alpha-particle generation).

realized in traps; second, only the high-energy component rather than the entire
plasma is anisotropic in tokamaks.

This paper is devoted to a study of thermonuclear cone instabilities. The
conditions for the existence of an anisotropy in the alpha-particle distribution
(Section 2) are first determined in it. The conditions for the excitation of a
number of instabilities are then considered (Section 3), and the anomalous losses
of alpha-particles, caused by these instabilities, are analysed by means of quasi-
linear equations (Section 4).
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2. ANISOTROPY IN THE ALPHA-PARTICLE DISTRIBUTION IN
TOKAMAKS

There are two mechanisms for the formation of an anisotropy in the alpha-
particle distribution, related to the imperfection of the magnetic system of the
tokamak and therefore intrinsically inherent in it.

One of them is determined by the fact that, because of the high energy of the
alpha-particles, the orbits in the toroidal field may deviate significantly from the
magnetic surfaces (see, for example, Refs [1,2]). The maximum deviation of the
alpha-particles from a certain magnetic surface to the outside of the plasma (r = r0,
where r is the distance from the magnetic axis) is presented in Fig. 1 as a function
of the pitch angle (x - vn/v). The given functions correspond to a magnetic field
of the form B = B0(0, e/q, 1)/(1 + e cos 0), where d is the poloidal angle, e = 4/R,
R is the radius of the magnetic axis and q is the safety factor. It follows from
Fig. 1 that the conditions of escape of alpha-particles generated with x < 0 from the
plasma are the least rigid, but escape of particles with x > 0 is also possible. Accordingly,
the regions of alpha-particle losses may have the shape presented in Fig. 2a and b.
This implies that the region of high-energy alpha-particle confinement is limited
by a surface which is approximately two truncated cones.

At d - d0, the condition for the occurrence of an anisotropy in the alpha-
particle distribution in the region of r > r0 reduces to a restriction on the current
in the plasma: I < Io = I0(r0, d0). For particles generated near the equatorial
half-plane d0 = 0 (which are characterized by the greatest deviation from the
magnetic surface), the function I0(r0) is presented in Fig. 3. This function is well
approximated by the formula

I o ( r < » 0 o ) = ^ ( D

a / L a

where Icr = 5.4 A'1'2 (MA) is the minimum current required for an effective
confinement of alpha-particles generated near the magnetic axis, and a and A = R/a
are the minor radius and the aspect ratio of the torus, respectively.

We conclude by using Fig. 3 that the condition for the existence of an
anisotropy in the alpha-particle distribution is fulfilled in a significant part of the
plasma column at currents typical for the large-scale tokamaks now being designed.
Thus, anisotropy occurs in the region of (ro/a) > 0.5 for A = 3 -4 and currents of
I = 4 -5 MA; if, however, r < 3 MA, even the distribution of the particles generated
in the centre of the plasma column is anisotropic.

The second mechanism which leads to an anisotropy in the alpha-particle
distribution is the escape of particles, blocked in the corrugations of the magnetic
field and called "localized", to the chamber walls [3]. The fluxes of localized
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a) b>

FIG.2. Zone of alpha-particle generation (semi-circle) and characteristic shapes of loss zones
(cross-hatched zone).

0.2 0.4 0.6 0.8 r0 1.0

FIG.3. Limiting current values in plasma at which anisotropy in alpha-particle distribution exists
on a magnetic surface of radius r0 (Icr = 5.4 A~in MA).
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alpha-particles in tokamaks were investigated in Ref. [4]. In the case of weakly
corrugated systems, they are more significant in the region of plasma adjacent to
the external bypass of the torus and in the region located near the equatorial
torus plane. The presence of these alpha-particle fluxes leads to the formation of a
loss zone in velocity space with a width of the order of Ixl ~ 81 /2 , where 5 is the
depth of modulation of the longitudinal magnetic field.

3. CONDITIONS OF EXCITATION OF THERMONUCLEAR CONE
INSTABILITIES

Let us consider the possibility of development of cone instabilities which are
characterized by the conditions y > a>ba and kL A > 1, where y is the growth
rate of the instability, Wba the characteristic frequency of particle motion along
the small azimuth of the torus, and A the characteristic deviation of Larmor
centres of the particles from the magnetic surface. These instabilities may be
excited both by transient and trapped particles and are weakly sensitive to the
magnetic field configuration. The general expression for their growth rate may be
written in the following form by using the approximation of a homogeneous
magnetic field:

7a = ) Ag (2)

A£ = / d7\t- Q|2 5 (a* - £ coBa - k, v,) IT fa

OV||

3% •. T,
. — ,1V! J$,

z
= Jg(z),z=-

Here e is the wave polarization vector, w p a and CJBQ: are the plasma and cyclotron
frequencies of the alpha-particles, e^ = e^e^e/, ey is the tensor of the dielectric
permeability of the plasma, Jg is an 2-th-order Bessel function, and / f a dv*= 1.

Studies of thermonuclear instabilities which develop at alpha-particle
densities several orders lower than the plasma density are of greatest interest.
Therefore, we may assume that the presence of alpha-particles essentially does
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not alter the spectrum of plasma eigenoscillations and the well-known expressions
may be used to find the latter.

In the following, we shall focus our interest on waves with frequencies of
w < wge and wave vectors kip; < 1, where pi is the ion Larmor radius. The
equation to be used to find the excited wave frequencies then has the form [5]:

kcY
CO

+cos2\E'± x2-l)cos2*+cos4\['

(4)

(5)

where cos * = k j k , x = to/coBi and VA is the Alfven velocity. Equation (4)
describes fast magnetoacoustic (the plus sign in formula (5)) and Alfven (minus
sign) waves.

Let us assume that the alpha-particle distribution function may be approxi-
mated by the following expression:

f.(v) =

' = fi(v)f2(v,x)

1
2 (TT) 3 / 2 V T U 2

2

exp
v-u (6)

f2(v,x)=; n[(-DS(X-Xs(v))]

s=l

X

Here, T?(X) = r5(t) dt, and Xi and Xi determine the left and right-hand boundaries

of the loss zone, vx = (2Tj/mj)1/2, Tj and m\ are the temperature and mass of the
plasma ions, respectively, u = (2 e o /ma) 1 / 2 , and e0 = 3.5 MeV is the energy of
alpha-particle generation. By substituting the distribution function (6) into (3),
we find

usignlq y (- l) s ie-Q|2e

s=l Xs dlnv*

(7)

Xs
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Here, the first term corresponds to an isotropic distribution and is found without
regard to the thermal scatter of the alpha-particles (fa ~ 6 (v—u)). The second
term, which is related to the anisotropy, has a maximum at v* = u, where it
significantly exceeds the first term. It is responsible for the excitation of cone
instabilities: waves with kB < 0 are excited on the left-hand boundary of the loss
zone (s = 1) and waves with kj > 0 are excited on the right-hand boundary (s = 2).

It should be noted that, unlike thermonuclear instabilities which occur for
an isotropic monoenergetic distribution (fa ~ 5 (v-u)) and which exist only for
kj. =£ 0, cone instabilities may also develop at ki = 0. It is easy to conclude from
expression (7) that it is waves with kL = 0 that have a minimum excitation thre-
shold (n§f). The instability growth rate for these waves is, within an order of
magnitude, equal to

n a u
7 a

Waves propagated along the magnetic field are excited under resonance
conditions:

"k ± cjBa-k||V|| = 0 (9)

Here, the upper sign corresponds to a fast magnetoacoustic wave and the lower
one to an Alfven wave. As follows from relations (7) and (9), excitation of fast
magnetoacoustic waves for kB< 0 is possible on the left-hand boundary of the
loss zone (Fig. 2a, b) and either excitation of Alfven waves at kB > 0 (Fig. 2a)
or of fast magnetoacoustic waves at kj > 0 (Fig. 2b) is possible on the right-hand
boundary. An analysis of resonance condition (9) and dispersion relation (4)
permits us to find the longitudinal particle velocities responsible for instability
build-up. The dependence of the longitudinal velocities of the resonance particles
on the wave vector is presented in Fig. 4. It is obvious from this figure that, for
magnetoacoustic waves,

|v,, |>2.8 vA or l x s | > 2 . 8 — (10)
VA

Condition (10) is a rather rigid constraint on the position of the loss-zone boundary.
In fact, for u/vA = 3.75, which corresponds to 0 = 0.1 at T = 10 keV (0=16 7rnT/B2),
we find lxsl > 0.75. The latter relation implies that the instability considered may
lead to an escape of transient particles only.

The value of the threshold density of alpha-particles may be determined by,
for example, the wave attenuation due to plasma electrons and ions. For
longitudinal wave propagation, i.e. resonance interactions of type (9), the
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0 1 2 3

FIG.4. Dependence of longitudinal velocities of resonance particles on wave vector for magneto-
acoustic (M) and Alfve'n (A) waves in the case of cyclotron resonance fork^ - 0.

FIG. 5. Dependence of longitudinal resonance particle velocities on wave vector for magneto-
acoustic (M) and Alfve'n (A) waves in the case of Cherenkov resonance.
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collisionless attenuation due to plasma electrons and ions is exponentially small.
Taking collisions into account also leads to small values of the threshold density
(^ 10~5). The strongest constraint on the alpha-particle density is the applicability
condition of the formalism used above (7 > coBa)> from which follows

n 2 q

We have ng'/n ~ 10"4 for T = 10 keV, B = 40 kG, q = 2 and R = 500 cm.
Let us now investigate the build-up of waves propagated at an angle to the

magnetic field (k± ¥= 0). Unlike the preceding case, the excitation of waves under
Cherenkov resonance conditions is possible here:

" k = k||V,i (12)

It is easy to find the following estimate of the instability growth rate (kLpa < 1)
from Eqs (3) and (4):

7a = iqp^WBi (13)
n vj

The threshold alpha-particle density, as for kj_ = 0, is determined from the
applicability condition of the formalism (7 > u>ba) and is, by order of magnitude,
equal to ncr/n ~ 10-4/k2Pa-

By using Eqs (12) and (4), we find the relationship between the longitudinal
resonance particle velocities and the wave vectors (Fig. 5). It is obvious from
the given figure that, for magnetoacoustic waves,

|v, , |>vA or lxs l>— (14)
u

whereas the inverse inequalities hold true for Alfve'n waves. The constraint
condition obtained for the position of the loss zone boundary is less rigid than
condition (10) and can be met both by transient and by trapped alpha-particles.

The analysis carried out above is based on the use of local approximation;
therefore, the following conditions should be fulfilled:

9co
— < q R , A > max
ok 11

1 . 3co
_ y 1
Tex 3kj.

(15)
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4. ANOMALOUS ALPHA-PARTICLE LOSSES

One of the characteristic features of thermonuclear microinstabilities is that
their development begins from the moment when alpha-particle density is close
to the threshold value n", i.e. from the moment at which the condition 7k = 0
is fulfilled for some wave vector interval Ak. The electromagnetic field amplitudes
even at this moment significantly exceed the thermal level, and the process of
quasi-linear evolution of the particle distribution begins. For the instabilities
which we considered in Section 3, 7k = 0 if 7ka = wba- Consequently, the fact
that the growth rate vanishes has nothing to do with wave absorption by plasma
electrons and ions. Therefore, the time for establishing the steady (quasi-steady)
state, if such a state exists, will be significantly longer than 7 ^ In (Woo/W0) where Wo

and Woo are the noise levels at the initial and final instants of time; the time
between these moments will be comparable to the typical time of variation of
alpha-particle density in the absence of instability, i.e. At ~ (iicf/n) T{, where
Tf = 4/(n<6v>) is the typical "burning" time of deuterium and titanium.

We assume that the alpha-particle density in the zone where the instability
is localized during development of the instability remains low compared to the
value na/n ~ Tae/rf, where r a e is the slowing-down time of alpha-particles by
electrons. We may then disregard Coulomb collisions and use the following quasi-
linear equation for the alpha-particle distribution function:

(16)

- ^ — fa

where fa is determined by expression (6).
Let us use the following equation to describe the evolution of electromagnetic

noise:

(17)

where Ak is a term describing spontaneous emission of waves by the particles [6].
Let us use Eqs (16) and (17) to study the evolution of instability on a fast

magnetoacoustic wave with kx = 0. In this case, |Ax/xl ^ 1 (Ax = 1 ~~ IXsl>
Xs = ~ 0.75); therefore, diffusion in velocity space will occur along circles shifted
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by approximately vA with respect to the origin of co-ordinates. Because of
V A / U ^ 1, we shall approximately assume that the particle energy is conserved in
quasi-linear relaxation, i.e. the level lines are described by the equation v = const.
Moreover, we disregard the second term on the right-hand side of Eq. (17). (This
term is significant if the system is near the initial state, 7k = 0). This may be
justified by numerical calculations which showed that the final results are
essentially independent of the initial level of turbulence. With the assumptions
made, it is sufficient to consider the evolution of the distribution function with
respect to x and the noise level with respect to k t . The system of equations for
the determination of F a and IEJCI2, found from Eqs (16) and (17) with allowance
for (3), (4) and (6), (7), has the form (in dimensionless variables):

3f, 3 V1

3T 3X LJ

9f2
(18)

W = Wo exp (19)

- !*~ l <i*5O->rt£-'

D =

B = l -

b 2 ( l - x 2 ) 1 - X 2 + - X 2\x~,-».
(20)

Here, T = c^bat, K = k|]VA/ojBi, F = 7/"ba» ° = na(0)/n, v = cjBa/coBi, b = vA/u,
ai = (coba^f)1, &i - 87r<^Ba/wbQ: an£l Wo is the initial noise level. The alpha-
particle energy distribution is assumed to be monoenergetic, then

na (r) = na(0) / f2 (x, T) ax. The appearance of a sum in Eq. (18) is determined

-1

by the fact that the particle emits two waves with different values of tc at given
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-1.0 -0.9 -0.9 -0.8 -0.7

FIG.6. Evolution of alpha-particle distribution function during development of magnetoacoustic
instability with ki = 0. Curves 1, 2, 3 and 4 correspond to moments of time T = 0, 4 X 103,
9X103 and 14 X IO3 (T = wbaf, coba = 3.8 X 10s s'L).

value of x (see Fig. 4). The values of Kj (X) and K2 (X) are the roots of the cubic
equation

K2 + 2 VK ~ ~ V2 = 0
X

(21)

which is found from the dispersion equation (kc/co)2 = ek and the resonance
condition cot + <^>Ka - k»V||. The second term in Eq. (18) describes alpha-particle
generation.
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FIG. 7. Variation of alpha-particle density in a plasma (na), local alpha-particle loss coefficient
(K^ - 1 - na/n^, «° = 0.25 n2 iav) tj and density of magnetoacoustic wave energy (W).

The following values of the parameters were selected for numerical calculations
on the computer: u/vA = 3.75, ai = 1.6 X 10"8,a2 = 1.3 X 10", v = 1.25 and
Xi = - 0 . 7 5 . This corresponds to a plasma with j3 = 0.1, T= lOkeV, n = 2 X 10I4cirf3

andcjba = 3.8 X 105 s -1 .
The value of the parameter a was found from the condition that V goes to

zero at the initial moment of time (T = 0). The alpha-particle distribution at r = 0
was chosen in the form

f a ( X , 0 ) = l - e x p
1

IXil

u(X~Xi)

vT

(22)

With this choice of f2 (x, 0), the value of the instability growth rate at T = 0,
which follows from formula (20), coincides with the result of the linear theory (13).
The equality of the distribution function and its derivative to zero on the loss zone
boundary and at the point x = - 1 was chosen as the boundary conditions, i.e.

= 0
x=-l

(23)

The results of the numerical solution of the system of Eqs (17)—(19) are
presented in Figs 6 and 7.
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It is obvious from Fig. 6 that a quasi-steady alpha-particle distribution is
established during a time t <Jrae = 3.5 X 104 wSa- This distribution may be
estimated by solving the equation W(x) D(x) ^ / d x = const. Assuming that
W(x) — const and taking into account that the main dependence of D on x is
concentrated in the factor 1 — x2, we find

(24)

Establishing a quasi-steady state means that practically all alpha-particles entering
the zone of instability leave the plasma column.

We note that, as follows from Fig. 7, the relative alpha-particle density in
the quasi-steady state is considerably less than the ratio rae/rf = 3 X 10~4. This
implies that the life-time for most alpha-particles in the plasma is significantly
less than the slowing-down time on the electrons. The latter process may affect
only particles generated near x = ~~ 1 • However, the number of these particles,
which may be estimated by using expression (24), is negligible, and their effect
on the process of instability development may, therefore, be disregarded.

5. CONCLUSIONS

We showed that an anisotropy in the alpha-particle distribution in tokamaks,
existing in, at least, some regions of the plasma, may lead to the excitation of a
new class of thermonuclear instabilities, called "cone" instabilities. The develop-
ment of cone instabilities leads to quasi-linear diffusion of alpha-particles in the
loss zone (in velocity space). The process of quasi-linear diffusion is accompanied
by an expansion of the zone of resonance interaction of alpha-particles with the
waves. On the other hand, it reduces the alpha-particle velocity distribution
gradients. As a result some state is established in which the width of the excited
wave spectrum determines the fraction of alpha-particles escaping from the
zone where the instability is localized. The numerical example considered in the
paper showed that the broadening of the excited wave spectrum may be significant.
Hence follows the importance of further studies of cone instabilities in tokamaks.

We note that an anisotropy in the alpha-particle distribution leads not only
to the appearance of new instabilities. It may have a significant effect on some
previously studied thermonuclear instabilities, primarily on trapped-particle
instabilities, for which a distribution function of the fusion reaction products was
selected in the form of fa ~ 5 (v - u).
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DISCUSSION

R.J. GOLDSTON: In one of your earlier slides, you showed that the alpha-
particle loss-region shrinks and then disappears at lower energies. Thus one would
expect Coulomb collisions to isotropize the alpha-particle distribution function at
these energies. Calculations of the DCLC mode in mirror machines,for instance,
might suggest that this would be a stabilizing effect. Have you included it in your
calculations?

Ya.l. KOLESNICHENKO: In our paper we show that the development of
instability on compressional Alfven waves propagating along the magnetic field
leads to the establishment, in the region of instability localization, of an alpha-
particle density such that na/n <C rae/r f , where r a e is the alpha-particle stopping
time by electrons and rf is the characteristic alpha-particle production time. In
this case, therefore, allowance for Coulomb collisions is superfluous, and we did
not in fact take them into account. It is not impossible, however, that Coulomb
collisions may influence other types of instability.

J.D. CALLEN: Since the plasma has magnetic shear, k|| presumably varies
throughout the plasma. Have you computed the radial eigenmode problem or
only used a local analysis?

Ya.l. KOLESNICHENKO: Only a local analysis has been carried out.
R.S. PEASE: Do you expect electrostatic effects to be important in the

a-particle escape conditions of your calculations?
Ya.l. KOLESNICHENKO: Since a thermonuclear reaction is a comparatively

weak source of alpha-particles, the flux of alpha-particles emerging from the plasma
will be relatively small. Accordingly we would not expect electrostatic effects due
to alpha-particle escape to be significant.
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Abstract

HIGH-BETA TOKAMAKS.
MHD equilibrium, stability, and transport calculations are made to study the accessibility

and behaviour of "high-beta" tokamak plasmas in the range j3 =s 5-1 5%. For next-generation
devices, beta values of, at least, 8% appear to be accessible and stable if there is a conducting
surface nearby.

INTRODUCTION

Calculations are made to study the stability and accessibility of

tokamak. plasmas in the high energy density regime [1,2] which is desirable

for economical reactor operation. Results are given from flux conserving

tokamak (FCT) models [1,2], classical models [3], and more complete models

[4] with spatially resolved (R,Z) transport, including effects from

sawtooth oscillations and magnetic islands [5].

We have verified that there is no restriction from equilibrium

considerations alone on the value of beta [6], even in cases with magnetic

rotation number q greater than unity at the magnetic axis and 2-4 at the

plasma edge. Magnetic coil systems have been found which shape and control

the equilibria effectively and efficiently [7].

The ideal MHD model predicts instabilities of two types if the beta

exceeds critical values or if inappropriate current density profiles are

used. Internal or ballooning modes which are not stabilized by nearby

conducting walls appear to be controllable up to beta values of 10-15% for

sufficiently broad current (low shear) profiles [8,9]. External or kink

modes are destabilized by broad profiles, but stability to beta values of

* Research sponsored by the Office of Fusion Energy (ETM), US Department of Energy

under Contract W-7405-eng-26 with the Union Carbide Corporation.
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8% (perhaps higher with further optimization) is possible when a conducting

shell is located near the plasma, at a distance of 0.1-0.2 plasma minor

radii.

An adiabatic plasma evolution model [3] has been used to show that

FCT equilibrium sequences studied earlier [2] adequately model the dynamic

development of a tokamak discharge and that FCT evolution is not sensitive

(although the resulting equilibrium is) to the distribution of the injected

energy. The inductive skin current formation, which would otherwise occur,

can be avoided by programming the poloidal field coil system alone. Pro-

gramming is not required for the toroidal field coils, except when

"spheromak"-like configurations are desired.

A more complete description of plasma transport [4] has been used to

verify that dissipatlve corrections to the simple flux conservation model

do not substantially modify the sequences of plasma states during intense

heating. For this purpose, the transport model has been generalized to

account for evolution of the equilibria. In order to test the codes, we

have reproduced the behavior of experiments under adiabatic compression

and rapid neutral beam injection heating.

Two models are used: (a) predominantly classical (Hazeltine-

Hinton [10], Grad-Hogan [11], adiabatic heating [3]), and (b) nonclassical

(empirical [12] and anomalous trapped particle models [13]). These trans-

port calculations show that the simple FCT picture presents a reasonable

approximation to evolution of a tokamak discharge under intense heating on

a time scale faster than the resistive skin time.

They also show that there can be adequate control over neutral

beam injection parameters to permit some modification of the current

density profiles for optimizing stability properties, even perhaps to

the extent of providing "forcefree" parallel currents [14] . Work is

under way to improve the transport codes by inclusion of instability

analysis modules and estimates of resulting turbulent transport where

available.

1. EQUILIBRIUM STUDIES AND POLOIDAL FIELD DESIGN

Recent dynamical studies [15,16] have provided justification for the

quasistatic sequences of equilibria presented at the last IAEA Fusion

meeting and elsewhere [17-19]. Because this area has been well discussed,

we include here only two examples.

The poloidal field system for the ISX-B tokamak at Oak Ridge [17]

has three sets of coils with separate power supplies, each controllable
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i QQD !

FIG. 1. Poloidal field system for ISX-B. Dashed lines indicate coil groupings to create circular,
elliptical, D-shaped, and reversed D-shaped equilibria. Heavy lines indicate plasma surfaces.

during a single discharge. This makes it possible to hold the plasma

in some desired shape as beta rises from small values (<1%) to larger ones

(̂ •3-5%) . By simple external reconnection of the individual coils in the

sets (time scale * 1 day), this can be done for circular, elliptical

(a /a = 1-2), and D-shaped plasmas as indicated in Fig. 1, where broken

lines indicate the coil groupings for the various shapes. The design

therefore should provide the flexibility needed to fulfill the goals of

the experiment: attainment of high beta and FCT operation through intense

neutral injection heating (beam power much greater than ohmic power)

and investigation of the effects of plasma shaping.

The search for a high duty cycle fusion device with minimal cyclic

stress on the first wall has led to a new concept: the continuous

tokamak [18]. In Fig. 2, it is shown that discrete poloidal coils can be

arranged and controlled to hold three magnetically decoupled plasmas

simultaneously in a single chamber. This would allow the plasma creation

and beam heating stage to be done at the top, while an earlier formed

plasma is in a thermonuclear burn stage at the center, having been

compressed in major radius on the way. A still earlier plasma not shown

in the figure, but symmetric with the top plasma, is in the process of

rundown and exhaust. The figure does not show the intermediate situation

when the plasmas are moved (by changing the coil currents) from each stage
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FIG.2. Continuous tokamak equilibrium. Upper plasma: low beta (creation stage]. Lower
plasma: high beta (burn stage). The current directions in the two plasmas are opposite.

to the next. In order to use the required flux reversal after formation

of each plasma, the next has toroidal current in the opposite direction.

This device is thus fundamentally different from a Doublet.

2. MHD STABILITY OF HIGH BETA TOKAMAK EQUILIBRIA

The ideal MHD stability properties of FCT and other equilibria have

been discussed in terms of the Mercier criterion by Peng et al. [19].

This paper adds the analysis of nonlocal modes at small and large toroidal

mode number N.

2.1 Small M Ideal MHD Modes

Small N modes have two convenient simplifications: "kink modes"

represent displacement of the plasma as an entity in more or less rigid

form, while "ballooning modes" tend to be localized near the outer

(large R) portion of the discharge. As an operating distinction, balloon-

ing modes are those which persist when a conducting shell is assumed at

the plasma edge, and kinks are those which disappear.

The computer code ERATO [20] by R. Gruber, F. Troyon, D. Berger,

and C. Bernard at the Ecole Polytechnique de Lausanne was written to
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study small N stability by performing the energy principle analysis using

a finite element technique. We have applied the code to several FCT

equilibrium sequences. Our study has not been comprehensive because the

required computer time is large, but the results obtained so far suggest

that stable plasma can exist to a level of g = 8% for A = 4. We have

assumed that N = 0 modes can be eliminated by appropriate engineering of

the poloidal field systems, that N = 1 modes represent kink modes, and

that N = 3 modes represent the (finite N) ballooning modes. The results

shown later from analysis for very large N fall reasonably well in line

with our conclusions.

The conclusions are: the current density profile should be broad

to minimize ballooning modes, but narrow to reduce kinks, and in the

absence of other factors, the intermediate region of parameter space does

not give beta values high enough to be very encouraging. However, if a

conducting shell is placed near the plasma (ashei;i/
apiasma ̂  1-1-1-3),

kink mode growth rates should be reduced to the skin penetration time of

the shell, which could be long enough to allow for effective stabilization.

When the shell stabilizes or reduces the kink modes, the plasma current

density profiles can be broadened enough to raise the critical value of

B to the regime of interest, viz. 5-10%.

In Fig. 3 we present results for the N = 1 and N = 3 stability of

the elongated D equilibria of Fig. 1. Because the results appear to

scale as B « q~2 A"1, we show in the figure the value of U = 6q2A which can

be compared with the heuristic estimate of critical beta for ballooning

modes B . q2A = 1. With the q(ijj) profile used here, equilibria
crit s

were not found when q /q is reduced too far. The data in Fig. 3(c)

lead to a fit U = CB3'2(A - B ) where C depends upon A and plasma shape.

For A = 4 and the normal D-shape shown in Fig. 1, we find C = 0.28. Note

that the highest B values are found for intermediate B ^ 0.5A, suggesting

that FCT equilibria in which $ increases less than linearly with pressure

possess favorable ballooning stability.

2.2 Large N Ideal MHD Modes

Codes of the ERATO type are restricted to studies of small values of

toroidal mode number N because of limited resolution. A complementary

analysis has been carried out by Dobrott, Nelson, and colleagues [9] who

have provided a code called BALOON based on an asymptotic analysis in 1/N.



584 DORY et al.

FIG.3. Beta limits for N= 1 modes when owaulapiasma ~ •'••̂ ' '" terms °f U= 0ci^/l, asa
function ofqs and q0. Equilibria were not found in the shaded region of fa). The curves in
(a) and (b) are essentially independent ofW = qs/qo • The dependence of 3W2Afic on (L is
shown in (c), and the dependence of(lc on f= 0.85(1%* (A - $p)/3W2A is shown in (d). The
stars in (d) are for N= 3.

To the lowest significant order in this parameter, there results

an ordinary differential equation along for the field line for the i|i

component of the perturbation. If this equation has no negative

eigenvalues when solved on each magnetic surface within the plasma, then

the equilibrium is stable to ballooning modes at large N. Modes at high N

are more unstable than those at low N, so a plasma stable to N = °° should

also be stable toward lower N internal modes.

In the cases tested, modes with N -> « do have a lower g (marginally

stable B) than N = 3 internal modes, but the difference in B c r i t is usually

less than 25%.

Using the BALOON code, the formula S c r i t " l/q2A is shown to be

adequate for predicting the variation of (3 with A and q when other



IAEA-CN-37/K-1 585

U - 0 C R I T q SURF A AS FUNCTION OF PLASMA TRIANGULARITY
FOR N-CO MODES

- U o J I ' l l
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FIG.4. (a) Effect of triangularity on beta limits for N= °°. (b) Effect of shear on beta limits
for N= °°. The shear parameter used is (4>edge - ^axisHi^*)' di/d^i]/* where \p# is the
most unstable flux surface (peak of the mode).

equilibrium parameters (surface shape, profile width) are held constant.

Thus the highest g . occurs at low aspect ratio and low q, which requires

broad current profiles and low g
pol*

The shape of the flux surfaces can

cause an order of magnitude variation in 8 , as illustrated in Fig. 4(a)

which shows U = g . Aq2 as a function of flux surface triangularity for

analytic Solov'ev equilibria and FCT equilibria with prescribed P and q

profiles [P(i(O linear]. For D-shaped equilibria the 8 can be three

times greater than 1/Aq2, being highest at an elongation of about 1.4.

For reversed D-shaped equilibria, g . is only one-third that of the

estimate (g for the reversed D drops with elongation). These results

are consistent with the predictions from the Mercier criterion [19].

Shear appears to be unimportant for stabilization of high N

ballooning modes because the mode could conform to the local field line

pitch and therefore not be localized by shear. The calculations confirm

this for equilibria with prescribed P and q profiles in which q /q is

fixed but shear is varied.

Figure 4(b) shows results for circular and D-shaped cross sections.

For both, P(iji) was linear and q(i|i) had the form q(i|i) = qQ +

shear, q'(^), was varied by adjusting q., q , and q2> The shear at the

plasma edge (where the mode is most unstable) varied by a factor of two,

but g varied only by about 10% in the circular shaped equilibria,

+ q2^
2. The



586 DORY et al.

( a )

T = 0

T • 0.28

/3 = 15%

T = 1.2

T - 4.4

0 = 0.4 %

10

5

2

1

b

II

L-

)
n

i

WITHOUT

I

I

V ^ \ . WITH

COMPRESSION v - v

I

I

—

I I
I

COMPRESSION

\ \ ^ ^ —

I -
1 2

TIME (arbitrary units)

FIG. 5. Intense heating with classical transport, (a) Magnetic surfaces as a function of time
or beta. The top two plots show the intense heating phase; the bottom two show the
compression phase after external heating is turned off at T= 0.28 arbitrary time units,
(b) Corresponding time history of pressure for cases with and without compression.

increasing s l i g h t l y with shear , and 15% in the D-shaped ones, decreasing

with shear . We conclude tha t shear i s unimportant for s t a b i l i z i n g

ballooning modes.

3 . COLLISIONAL TRANSPORT MODEL FOR FINITE BETA TOKAMAKS

A single fluid r e s i s t i v e MHD model, including heat flow and flux

diffusion [21] i s used to model f i n i t e beta tokamaks. Validi ty i s

r e s t r i c t e d to the co l l i s i ona l (Pfirsch-Schluter) regime. On the time

scales of i n t e r e s t , the evolution of the system i s determined [11] by

continuous appl icat ion of the force balance equation VP = J x B. Taken

with the ordering of the t ranspor t coeff ic ients for the three orthogonal

d i rec t ions XM ^ X- *̂ X̂  > th i s leads to a closed se t of flux-surface-averaged

equations which determine the system evolution.

The flux-averaged equations are applied to solve for convenient

s t a t e var iable combinations pV', P(V') , and q as functions of independent

var iables t and I|I , the toro ida l flux va r i ab le . The resu l t ing se t of

equations includes three exp l i c i t l y coupled parabolic equations for the

s t a t e var iables and the surface average of the equilibrium equation. A

time s p l i t t i n g procedure i s used to advance these on the i r na tura l time
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scale (diffusion time), while the two-dimensional equilibrium equation

is solved [22] only as required to keep up with changes in the equilibrium

geometry. The flow velocity and full transport coefficients may be

obtained as data useful in interpreting the advancement of the state

variables.

We describe an application to FCT heating of a plasma initially at

low beta, when intense external heating is applied. Figure 5 presents

results of a case which achieves 3 *v< 15% in the presence of classical

thermal transport. An attempt is made to sustain the high beta plasma

after the beam is turned off at time T = 0.28 (scaled to the energy

confinement time) by applying major radius compression. The history of the

stored energy in the plasma in Fig. 5(b) shows that the pressure does

hold up longer with compression, but with the parameters used here, the

discharge is only extended by about 20% of an energy confinement time.

With beam power peaked away from the magnetic axis, as in this example,

the local plasma shift is greatest where the energy is deposited, but is

small at the center.

4. FULL SIMULATION OF TRANSPORT PROCESSES

The Oak Ridge Tokamak Transport Code (ORTTC) has shown that the

achievement of high beta is possible but depends critically on transport

scaling and on control of impurities. A detailed discussion of the code

and its results has been given in a report by J. T. Hogan [4].

The code includes the best practical representations of the processes

known to be important in tokamak experiments:

neoclassical, empirical, and selected anomalous transport models;

• dynamics of magnetic surfaces in (R,Z), adiabatic compression;

• neutral particle transport;

neutral beam injection processes;

impurity diffusion and atomic level dynamics;

radiative processes;

• plasma-wall interaction, sputtering, desorption, reflection, and
recycling;

resistive MHD instability mode, sawtooth, nonlinearly saturated
m = 2, n = 1 islands [5].

These factors are integrated by means of a procedure in which

magnetic surfaces are determined from the equilibrium equation, while

the transport processes [23] are treated in the poloidal magnetic flux
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pW/a
(a)

30 60 90 120 150 180
TIME (msec)

(6)

FIG. 6. OR TTC results for intense neutral-beam heating in a device with PDX parameters and
12-MW beam power, (a) Pressure versus major radius for t = 0 - 150 ms and q as function of
(V/2ir2R0)

1/2 for the same times (notice approximate flux conservation), (b) (3 versus time
for three transport models; classical (top), empirical (middle), collisionless instability (bottom).
The oscillations in the latter two occur because t„ cc ne in those cases (6-MW case).

coordinate <|i. Transport in the magnetic surfaces is assumed instantaneous

because of the much larger coefficients, so that the surfaces are taken

to be isothermal and isobaric [T = T(I|J) and P = P(ip)]. The equilibrium

problem and the transport problem are solved alternately and repetitively

in a time-splitting method.

The variables advanced in the diffusion step are n , n (the density

of all excitation states of some one representative impurity atom),
(eff)

T , T., and an average poloidal field variable B The hydrogen ion

density is determined from a neutrality condition, cold hydrogen atomic

density from a kinetic slab model, the excitation levels of the impurity

species from a coronal equilibrium model, and the injected high energy
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neutral population from a Monte Carlo deposition model with a Fokker-

Planck calculation for the distribution.

The inputs to the equilibrium calculation are P(i|i) and qC^), where

q is found from Maxwell's equations for the effective poloidal field

variable B = q(i())/16iT1*<R-2> Fp. Here, the average radius p of a

given magnetic surface is defined in terms of its volume by

P = [V(iJ))/2Tr2Ro]
1/2. A procedure developed by Grad, Hu, and Stevens [22]

is used to obtain the magnetic surfaces with given boundary values of \\)

or external plasma shaping conductors.

The response of the PDX tokamak experiment to hypothetical heating

rates of 6 and 12 MW applied to an initial state having central temperatures

and densities of 1 keV and 2 x lO14 cm"3 Is shown in Fig. 6. The pressure

as a function of major radius and time and the evolution of the safety

factor profile as a function of p are presented; the q profile is

remarkably well preserved even in this nonideal case. Of course, q does

change near the plasma edge where the temperature is low and flux is not

well conserved. Inclusion of high Z impurities makes the approach to

high beta less effective than that shown. Provided the PDX poloidal

divertor system works well, the neglect in this particular run of

impurities and the assumption of neo- and pseudoclassical ions and

electrons and neo/pseudoclassical transport could prove to be well-

founded.
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DISCUSSION

A. SYKES: The high-n ballooning results indicate that D-shapes are an order
of magnitude better than inverse D-shapes when referred to the heuristic estimate.
Are the heuristic estimates not very confused by the fact that for D-shapes qa is
anomalously high, and for inverted D rather low?

R.A. DORY: The data presented in Fig.4a of our paper included the values
of |3C. The highest j3c values were found for the D-cases; elliptical cases were
nearly as good, but reversed D-shapes definitely worse. The shape has a strong
effect on the values of qs, and, as you have suggested, presentation in terms of
]3cqsA may overemphasize the benefits of D-shaping.

D. DOBROTT: In connection with your full transport results, you showed
a curve marked "instability". I assume that means thermal instability. Could you
explain the oscillations that appear on the figure?

R.A. DORY: The curves in Fig.6 of our paper showing oscillations resulted
from empirical and trapped-electron mode models, in both of which the diffusion
coefficient varies as a positive power of density. This dependence, combined with
changes in the centring of the plasma (a simulated feedback position control was
assumed), is believed to be the cause of the oscillations.

B. COPPI: In a finite-/? flux-conserving configuration, the poloidal field and
magnetic shear have a finite dependence on the poloidal variable. This feature
has a stabilizing influence on ballooning modes. Thus we have found, by com-
puting the relevant growth rates, that a second stability point can be reached when
one increases 0 while keeping the (average) shear parameter constant. Did you
explore this problem numerically?

R.A. DORY: We were not aware of any such result, and have therefore not
studied the point. We have observed that, for n = 1, the growth rates reach a
maximum as j3 rises and then fall again towards zero. This was not true for n = 2
and 3.

A. GIBSON: Is the jS value you use defined in terms of the volume average
toroidal field inside the outermost magnetic surface, and was the value of j3 = 8%,
which you quote, demonstrated to be stable against all the modes you mention
in a free boundary case? If you have used a different definition of 0, what would
be the equivalent value with the definition I have given?

R.A. DORY: We defined 0 as the volume average of pressure scaled by the
vacuum value of B2 at the centre of the chamber. This value is perhaps halfway
between that which uses the volume average of B2 , and that which uses the root-
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mean-square (rms) of the pressure, known as /?*. We have not yet obtained complete
results from the n = °° code for our best equilibria from n = 1,2,3. However, the
q-profiles are quite flat and we expect |3C for n = °° to be only slightly less than
at n = 1, 2 and 3. Our extrapolation as 1/n allows a reduction of /?c from 10%
to 8% for this reason.

The empirical summarizing formula given on the slide during my presentation,
but not in the text, was as follows. For the D-case with elongation.a = 1.7, results
at A = 4, 2 and 1.5 are quite closely fit by U = TqJfjSp/A)1-5 (1 -j8p/A).
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Abstract

DEPENDENCE OF IDEAL MHD BETA LIMITS ON CURRENT DENSITY AND PRESSURE
PROFILES.

Numerical calculations of the MHD stability of a range of JET equilibria have been made.
It is found that by shaping the current profile stability can be obtained for low mode numbers
for values of |3 in excess of 10% provided the plasma surface is bounded by a conducting wall.
In the absence of such a wall.all of the equilibria studied are found to be unstable to free
boundary modes.

INTRODUCTION

In the search for stable high-g tokaraak equilibria two requirements are

clear. Firstly the torus must have as small an aspect ratio as possible,

compatible with other constraints [1], and secondly, as a necessary condition

for stability of kink modes, the toroidal current density must be zero on the

plasma surface [1]. Equilibria satisfying these conditions were studied by

Sykes, Wesson and Cox [2] in a set of numerical stability calculations the

aim of which was to find high-3 equilibria which are stable against low mode,

number internal (rigid boundary) modes. Equilibria which are stable to these

modes with values of average (3 up to 12% were found.

593
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2.75

FIG. 1. Geo metry of the JET plasma (in metres).

These calculations raise two questions. Firstly, were the calculations

sufficiently accurate for the predictions of stability to be reliable,and

secondly, are the equilibria stable to free boundary modes? The purpose of

this paper is to present the results of numerical calculations aimed at

answering these questions. The prediction that internal mode stability can

be achieved by shaping the current profile and increasing q is confirmed
o

and stable values of g around 12% are obtained. However,these equilibria

are found to be persistently unstable to free boundary modes if there is no

conducting wall.
EQUILIBRIA

The geometry of the plasma is taken to be that of the proposed JET

experiment [2] and the dimensions of the plasma are shown in Figure 1. The

equilibria are governed by the Grad-Shafranov equation for the poloidal flux

which, written in cylindrical co-ordinates (R,ij>,z) based on the major axis

of the torus, takes the form

R

where the pressure p and the function f(= RB,) are arbitrary functions

of ty. The simplest choices for p' and f are unsatisfactory. A constant

value leads to a flat'current profile which is unstable to surface modes.

Forms which are proportional to i|i do not give a satisfactory improvement

of 6 with g [3] and for 6 = 1 the equilibria become unstable to
P P

internal modes for an average B of about 2% [4].

The following forms allow an increase in g by substitution of plasma

pressure for toroidal magnetic field and also allow redistribution of the

current to increase qQ for a given toroidal magnetic field:
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so that

R 2p' =

f f = s( - a2R
2i|'2 -

Rj = sCcqR2^ + a2(R
2 - R2)

where R is the radius of the magnetic axis and i|) is zero on the plasma

surface.

The importance of the term ai^"1 is that it reduces j^ where ty is
<P

large, that is in the inner region around the magnetic axis. The factor

a^, therefore, is a measure of the extent of this removal of current and the

consequent increase in q . For each set of values of a's, q can be

varied independently by changing the free constant in f2. This also varies

the value of 8.

Two similar sets of these equilibria have been studied, one in Lausanne

and the other in Garching,and these are listed in Table I. The three para-

meters C12, cti, and s allow a choice of g, R and total current, where

8 is the average beta and 8 is defined by

The current is maintained constant and 8, is almost constant for each

set of equilibria.

The numerical equilibria have 140 radial and vertical intervals in the Lausanne calculations

and 256 in the Garching calculations.

As an example of the configurations,Figure 2 gives the flux surfaces

and the current distribution for a^ = 45. Increasing ai, leads to increased

hollowing of the current profile.

STABILITY V/ITH A RIGID BOUNDARY

Stability calculations for the first set of equilibria were carried out

using the ERATO code [5] which is based on a co-ordinate system matching the

flux surfaces and which gives the spectrum of eigenvalues for each equili-

brium. Calculations were carried out with a range of mesh sizes and the

growth rates were extrapolated to the limit of zero mesh size to give a more

accurate result.
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TABLE I. DETAILS OF SETS OF EQUILIBRIA USED IN
STABILITY CALCULATIONS
(Upper set at Lausanne; lower set at Garching)

1 . 0

1 .0

1 .0

1 .0

1 .0

1 .0

1.0

1 . 0

1 . 0

1 . 0

1 . 0

2.03

2.00

2.00

2.02

2.05

2.07

2.237

2.205

2.266

2.44

2.41

0

15

2 5

35

4 5

55

0

45.3

69.4

117.6

197.5

R
0

3.478

3.545

3.573

3.597

3.617

3.634

3.499

3.627

3.662

3.713

3.752

s

0.364

0.589

0.701

0.801

0.894

0.977

0.379

0.920

1.12

1.48

1.90

2. 127

2.130

2.124

2.128

2.135

2.134

2.26

2.30

2.33

2.40

2.33

The stability results for the configuration of Figure 2 (cii, = 45)

are shown in Figure 3 where the square of the growth rate for the n = 1

mode is plotted against q . The numbers labelling each graph indicate the

number of 'radial' co-ordinates used in the stability calculation, the

symbol <=° indicating the results obtained by extrapolating to zero mesh

size. It is seen that the growth rate decreases as q is increased and

stability is achieved at q =1.73 corresponding to a 3 of This

reproduces the effect found in the calculations of Sykes and Wesson. While

the origin of the stabilising effect has not been identified from the cal-

culations, it seems probable that it results from the better average magnetic

field line curvature associated with higher q.

In the above calculation the increase in q was brought about by

increasing the toroidal magnetic field. For a given toroidal field the
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(b)

FIG.2. Configuration with a4 = 45. (a) Flux surfaces; (b) Toroidal current across the minor
cross-section (Culham code).

0.05

FIG.3. Square of the normalised growth rate X ql of then= I mode plotted against q0 for
the rigid boundary case with a4 = 45 (y = Rol/VA; VA = B,p(Ro)/Vp)- The number of
'radial' points used in each calculation is indicated.
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-

1.5 2.0

FIG. 4. Square of the normalised growth rate X qo of the n = 1 mode plotted against <?o for

the rigid boundary case for a 4 = 25, 45 and 55.

FIG.5. Eigenfunctions in two 0 planes separated by 90° for a^ = 45, qo= 1.72 and a rigid
boundary. The arrows indicate the plasma displacement in the plane of the minor cross-section.
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FIG.6. Square of the normalised growth rates for the modes n = I, 2 and 3 plotted against qa

for the rigid boundary case with 0:4 = 45.3.

value of q can be increased by removing current from the region around

the magnetic axis by increasing 0^. The effect of this on stability is

shown in Figure 4 where the growth rates for ai, = 25, 45 and 55 are given.

It is seen that increasing a^ leads to improved stability. The eigen-

functions show strong ballooning,as is apparent from Figure 5 which gives

the poloidal displacement in the minor cross-section at two toroidal posi-

tions, separated by 90°, for a^ = 45. The instability is concentrated almost

entirely in the half of the plasma furthest from the major axis; that is in

the region where the magnetic field curvature is destabilising.

These calculations were extended to include higher modes using the

second set of equilibria. Figure 6 shows the growth rates of n = 1, 2 and

3. As was found in the Sykes/Wesson calculations,the value of q required

for stability varies only slightly for the first three n-modes. This result

is found to hold up to values of en, over 100.



600 GRUBER et al.

Stable for n = 1. 2 and 3

Rigid boundary

50 100 150

FIG. 7. Value ofqo required for the stability of modes n= I, 2 and 3 as a function of a^
for the rigid boundary case.

0.5 -

10 1-5

Free boundary

• — - _

Ho
20 25

FIGS. Square of the normalised growth rate X q$ for the n- I mode plotted against q0

for the free boundary case with a= 25 and 45.
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200

FIGS. Square of the normalised growth rate for the n = 1 mode plotted against a4 for a set
of equilibria with (3 = 13% and a free boundary.

FIG.10. Eigenfunctions in two <j> planes separated by 90° for a4 = 45, qo = 1.06 and a free
boundary. (Compare with the rigid boundary case in Fig.5.)
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The results for the range of a4's studied are given in Figure 7

where the critical values of q for stability are plotted. The dotted

line indicates the equilibria with g = 14%, higher g lying below the line.

STABILITY WITH A FREE BOUNDARY

We have seen that with a rigid boundary it is possible to obtain equi-

libria which are stable to low n modes with @ values up to at least 14%.

However, the free boundary case shows a completely different behaviour. The

equilibria are found to be unstable even when q is increased up to 2.5.

Figure 8 gives the growth rate of the n = 1 mode for a = 25 and 45 and

Figure 9 gives the growth rate as a function of aM for a set of equilibria

having q at the plasma surface equal to 5.6 and 8 = 13%. It is seen from

this graph that, contrary to the rigid boundary case, the growth rate

increases with aî .

An eigenfunction for the n = 1 mode for at, = 45 is shown in

Figure 10. The large displacements normal to the plasma surface are a

measure of the strong stabilising effect which results from inclusion of

the wall in the rigid boundary calculations.

CONCLUSIONS

It is now possible to summarise the nature of the stability problem for

large-scale modes as brought out by the calculations described above. If

we start with a given peaked current profile which is stable to both kink

and internal modes, and attempt to increase the 6 value by increasing the

magnitude of the current, then q will fall and instability will arise

around the magnetic axis, where q is a minimum. The value of q in the

inner region can be prevented from falling by removing the current from this

region, as was done in the calculations of Sykes and Wesson and in the rigid

boundary calculations described above. However, this leads to two deleterious

effects. Firstly the flattened current profile leads to a reduced shear,

and secondly the current gradient is moved toward the vacuum region. The

result is that, although internal modes are made more stable, the free

boundary modes are made more unstable. The present calculations illustrate

clearly the conflict between the stability requirements for internal and

free boundary modes.
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DISCUSSION

C.K. CHU: In the previous paper, Dory and his colleagues showed that a flat
current distribution gives good stabilizing characteristics. Your results require a
hollow current distribution instead. Is this difference due to the different classes
of equilibria considered by the two groups, or is it due to internal versus surface
modes?

F. TROYON: The current profiles of FCT equilibria at high beta values look
very much like the one shown in our paper. In both cases stability against rigid
boundary modes is obtained by reducing qs/q0. Both need a conducting shell
close to the plasma surface to stabilize free boundary modes. The fact that one can
find, from relatively simple considerations, a different family of equilibria which
are stable against low-n rigid boundary modes at high beta suggests that these
modes will not be an obstacle to reaching high beta values in tokamak configurations.

D. DOBROTT: Was the q-profile monotonically increasing in your calculations?
F. TROYON: Yes, but increasing a4 leads to a flatter q-profile. For our

standard case with a4 = 45, qs/q0 ^ 3.3.
J.B. TAYLOR: Most of your results appear to concern stability against per-

turbations of low toroidal mode number, say n < 5. Were all the profiles you
discuss analysed for stability against high-mode-number perturbations, for example,
by the n -* °° "ballooning" codes?

F. TROYON: Some of the very-high-beta equilibria have been checked with
a ballooning code, as reported in paper K-5. In the ERATO code there is a check
on each magnetic surface with a weakened form of the ballooning criterion,
imposing zero displacement inside the torus. This was always easily satisfied.
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Abstract

FEEDBACK STABILIZATION OF MAGNETIC ISLANDS IN TOKAMAKS.
The major tokamak disruption limits the operation of present tokamaks, and present

experimental evidence points to the m = 2, n = 1 tearing mode as being primarily responsible
for its occurrence. Numerical codes capable of following the full non-linear history of this
mode have been used to develop and test feedback stabilization schemes utilizing helical coils
mounted on the interior of the tokamak wall. It is found that a phase-detecting feedback system
is capable of stabilizing the magnetic island at an island width of a few per cent of the tokamak
minor radius, requiring a coil current of one to two kiloamps for typical discharge parameters
(in PLT).

I. INTRODUCTION

Tearing modes, or magnetic islands, have been experimentally observed
in tokamaks [l], and there is strong evidence indicating that they are the
principal cause not only of the internal or minor disruption C2], but also
of the major tokamak disruption. Although there appear to be several
different variations in the detailed nature of the abrupt termination of
plasma confinement, characterized by the presence or absence of various
satellite modes, most major disruptions are immediately preceded by a large
m = 2, n = 1 precursor oscillation El,3 -6j.0ur computational work over the
last few years has led to a good understanding of nonlinear tearing mode
behavior and points strongly to this m = 2 mode as being primarily responsi-
ble for major disruptions in present tokamaks [7]. Since the major disrup-
tion limits the high density, low q, and large nx operation of tokamaks, it
seems reasonable to consider feedback stabilization of this precursor,
especially since at high temperatures and for large machines these modes
become very slow in their nonlinear stage. Recently, some experimental
attempts at feedback stabilization of this mode have been attempted C8-10],
with some degree of success. We have investigated the stabilization of the
tearing mode using a code capable of analysing the full nonlinear behavior
of modes of a single helicity. This analysis is possible through the use of

* Work supported by US Department of Energy Contract No. EY-76-C-02-3073.
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a set of reduced equations Ell"] which make use of the tokamak ordering
Bz » Bg to expand the magnetohydrodynamic resistive fluid equations to low-
est order in the inverse aspect ratio.

We express the field B in terms of the helical flux I)J through B = VI|J x z

+ Bzh where h = (-kr/m)S + z, the mode being a function of the helical
variable m9 + n<f> with n = kR. Eliminating the unknown pressure by operating

on the equation of motion with z-Vx, and keeping only lowest order in inverse
aspect ratio, but including finite conductivity in Ohm's law, we find a
closed set of equations. The resulting two-dimensional equations are, using
the scaled variables of Ref.ll,

(d/dt)V A = z-(Vi|i x VJ)S - U)Aiz-V x [(z x Vn)•Vv] (1)

difi/dt = -nJ + E - w (Vi|; x Vn)-z/n (2)

dn/dt = -to Z'iVty x ?J) (3)

J = -V2i/; - 2 (4)

v = 7A x z (5)

where

(!)„ = S/x,,n. , d/dt = 3/3t + v V and S = Tn/Tu; T U and T_ are theDv Hi K n n K
poloidal Alfv6n and resistive times, respectively.

In Section II we review the nonlinear behavior of the tearing mode and
the evidence for its role in the development of the major disruption.
Section III consists of an investigation of various feedback systems and
results from codes in which they were implemented.

II. MAGNETIC ISLANDS AND DISRUPTIONS

We confine our discussion to the normal sequence of events leading to
disruption in a typical high-density tokamak discharge Cl, 3]. Shortly after
the safety factor q on axis drops below unity, the sawtooth oscillations
commence, interpreted as repeated flattening of the temperature and current
profile through the m = 1 tearing mode, and subsequent repeaking through
ohmic heating [2]. In this stage there may be present at the q = 2 surface
a saturated m = 2 island. In Fig. 1 are shown typical saturation widths of
the m = 2 island as found using our numerical codes and a quasilinear
saturation theory£i2D f°r various profile parameters. Here the location of
the q = 2 surface is held fixed,and q on axis is varied. It is apparent
that increasing the flatness of the profile, by raising q(0) or modifying
the shape through the parameter P, increases the size of the saturated
island. This correlation is experimentally observed in Pulsator [_13j, where
the m = 2 mode is observed to be attenuated sharply just before the onset of
the minor disruption (when the current profile is most strongly peaked).
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0.5
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FLAT CURRENT PROFILES PRODUCE
LARGE m = 2 ISLANDS

FIG. 1. Maximum island width as a function of the safety factor on axis q{0) for a variety
of current profiles. Only fairly flat profiles are capable of producing large islands. Here the
q- 2 surface is fixed at r= 0. 7.

The major disruption is observed to occur more frequently when the
current profile is abnormally flat L~lD> a situation which according to Fig. 1
is capable of producing large m = 2 islands. Furthermore, shortly before the
disruption occurs, the sawtooth oscillation ceases, indicating perhaps the
increase of q on axis to a value above unity, and the m = 2 oscillations are
observed to grow at the nonlinear tearing mode rate up to the time of the
disruption itself L~7ll- In addition, an experimentally observed decrease in
the mode rotation frequency during growth is in qualitative agreement with a
quasilinear decrease in mode frequency observed with our numerical code.

The increased probability of the occurrence of a major disruption in
discharges of higher density is not directly interpretable in terms of this
analysis, but recent results on PLT [14] indicate that the quantity A', fixed
by the current profile and determining the m = 2 growth rate [15H and satura-
tion width[l2], is a strongly increasing function of density.

Two mechanisms thus suggest themselves for the prevention of the
disruption. The current channel can be kept from flattening through local
heating, or the m = 2 mode can be directly stabilized. In this work we
explore only the second possibility.

III. FEEDBACK STABILIZATION

From the point of view of the linear theory of the tearing mode Cl5, 16],
the helical field necessary for stabilization is understood quite easily and
has been previously proposed L~17l]. The mode involves a perturbed radial
field Br(r), proportional to the helical flux \Ji, which has a discontinuity
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No Feedback

Imposed
Boundary
Condition

FIG.2. The perturbed helical flux \j/(rj for the tearing mode. The singular surface is at
r = 0.67 and the current profile is flat. The cases shown are (a) no feedback, (b) boundary con-
dition imposed to produce A' - 0, and (c) the flip state induced by constant application of
this boundary condition.

0.4 0.5 0.6 0.7
ISLAND POSITION r5

0.8

FIG.3. Feedback amplification necessary for stabilization, as predicted by linear theory, as
a function of island position fora variety of current pro files. Islands deep within the plasma
interior are more difficult to stabilize, but also have smaller saturation amplitudes (see Ref. [8]J.
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in its radial derivative A* = (*+ - $l)/ty across the island. The growth rate
is proportional to (A*)4/5 in the linear regime and the algebraic growth is
proportional to A1 in the Rutherford or nonlinear regime [16], and thus it is
simply necessary to modify the boundary conditions for I|I through auxiliary
coils so as to produce A* = 0. The flux i|»(r) is shown in Fig. 2, for a case
with the singular surface at r = 0.67, with and without this modified
boundary condition. Here and in the following,r is normalized to the tokamak
minor radius.

We have extended the linear treatment of Ref. 17 to include the case
where the plasma extends to the wall. One now has to satisfy the boundary
condition on the perturbed radial velocity and it might appear that this
would lead to a boundary layer in which iji decreases from its wall value to
zero very rapidly, thus defeating the stabilization efforts. We find,
however, that the boundary layer is adequately treated by a constant i)>
approximation and that, therefore, the results of Ref. 17 are still valid.

We have checked the predictions of the linear theory with numerical
experiments, where we model the effect of the helical coils by imposing a
boundary condition at the tokamak wall of the form (for the u^ = 0 case)

*(r = 1, 9. t) - i> (t) cos(me) (6)
01

In Fig. 3 are shown the ratios of i|> /i)i(r ) needed to produce A = 0 as a

function of island location for a number of different current profiles.
(The resulting A for any value of ijiu is then easily calculated by noting
that A1 is linear in iĵ .) We find from the numerical experiments that using
this ratio as a feedback amplification factor provides sufficient feedback
signal to stabilize the mode linearly.

The same good agreement is found in the uA ^ 0 case, but here we have
(since the mode now rotates)

i|i(r = 1, e, t) = I|I (t) cosCme - eQ(t)3 (7)

where 6 (t) is the position of the island "0" point.

The results of feedback stabilization in the nonlinear regime are shown
in Fig. 4, where we have plotted the island width w versus time for typical
runs with feedback application. In these runs the ratio of the resistive
time at the singular surface to the poloidal MHD time is 1.25 x 105 but
qualitative behavior is independent of this value. The signal at the wall
was zero for w < 0.02 and given by tya = -aiKrs) (w - 0.02)/w for w > 0.02.
The mode is that shown in Fig. 2, resulting from a fairly flat current
profile, and the island grows to a width of w = 0.4 if left unchecked C7].
From Fig. 2 we see that to produce A1 = 0 the linear theory gives a ratio of
^/^(rg) * -2 whereas the numerical runs of Fig. 4 indicate that a value of
twice this is necessary. This is a typical result for stabilized widths
much smaller than saturated widths, i.e. the ratio i|>,,,/i|i(r8) needed for
stabilization is of the order of that found from the linear theory.

Since at the end of the run shown in Fig. 4 the width is constant and
A* = 0, one might suppose that a constant feedback signal might stabilize
the mode. However, as shown in Fig. 2, there is associated with a perturba-
tion iji(r) a "flip" state for which the imposed boundary condition produces
an increased value of A*, and hence a more rapidly growing mode. Thus a
constant feedback signal will induce a transition to this state. This
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FIG.4, Island width versus time for various feedback strengths. In this case the signal at the

wall is zero for island width w<0.02 and given by 5W = - aBs(rs)(w - 0.02) jw for w > 0.02,

for various a. The current profile is flat with rs = 0.67, r0 = 0.5. The time is given in units of

the resistive time TR, and TR/TA = 1.25 X 10s, where TA is the poloidal Alfven time. In PIT

the resistive time at the q = 2 surface is typically TR = 0.1 s.

implies that the use of constant current coils should not be successful as a
stabilization system.

Results similar to Fig. 4 have been achieved for the case uî  f 0, with
<Kr = 1, 9, t) given by Eq. (7). Since 90 in Eq. (7) is the position of
the "0" point, this method requires full phase information. Schemes using
less than full phase information have been investigated. Two attempted
dynamic stabilization schemes require no phase information. In the first,
the mode rotates due to oiA effects and the feedback signal phase is fixed;
in the second the feedback signal rotates at a constant rate, much faster
than (ô . We have run numerical experiments with both schemes and have not
been successful in stabilizing the instabilities for values of S typical of
present-day large tokamaksl.

1 In the light of this result the stabilizing effect of a fixed coil reported by Karger et al.
[9] must be interpreted as due to induced m = 0 current profile modification, to which the
m = 2 mode is very sensitive.



IAEA-CN-37/K-3 611

6 -

dw

dt

4 -

2 -

s
w

1

\

= ,o5

TEAR-C

Peaked
rs.= 0.4

1

1 1

= 1500

.04

Model

'0 = 0-2

1 1

1

w* =0

\

1 1

Rutherford A
• / / W \ \
W ~ A [ ' - ^— " *

0.13' \

\

Saturation Width ~-̂ ^
1 1 1 >k

0 0 6 0 . 0 7 0 . 0 8 0 . 0 9 O.I 0.11 0 . 1 2 0 . 1 3

WIDTH

FIG.5. Growth rate of the island, as a function of the width w,with and without diamagnetic
effects. In the linear regime finite co* decreases the growth rate, but in the nonlinear regime
diamagnetic effects have no influence on island growth. Here the singular surface is at r= 0.4
and the current profile is given by the peaked model with ro = 0.8. S = T R /T H = 10s.

A simple model consisting of a pair of coupled ordinary differential
equations agrees well with our numerical results . The equations are;

3* /3t = ( IT /2) (A _/w)i|i - u*
C t- C S

(8)

3i|> /3t = (ir/2)(A /vH
S 3 S

where w i s the island width,

(9)

= ty cos(m6) + i|i sin(me), i|iT i s the
C S X

principal harmonic, evaluated at the singular surface, u is the mode
rotation frequency, and As and Ac are the nonlinear equivalent of A E12] for
the sine and cosine parts of the principal harmonic, calculated using the
sine and cosine parts of the principal harmonic of the feedback signal
respectively. (Justification and details of these questions will be presented
in another publication. Equations (8) and (9) have proved useful in testing
the merits of proposed feedback schemes before running them on the full
2-D code.) These equations aid in the understanding of the nonlinear feedback
stabilization since for a properly phased feedback signal Ac = As = A* and
dw/dt = (TT/2)A'. Thus, the nonlinear stabilization of the tearing mode can
be understood from these model equations in the same manner as the linear
stabilization, i.e. the feedback boundary condition merely modifies the
nonlinear A' as calculated in Ref.12 and feedback stabilization then occurs
when this nonlinear A' is zero2.

2 Equations (8) and (9) also imply that dynamic stabilization (no phase information) is
not possible.
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Note that Eqs (8) and (9) predict that the nonlinear behavior and
saturation should be independent of the rotation frequency, in the presence
of a properly phased feedback signal. We have verified this for one current
profile in the case of zero feedback as illustrated in Fig. 5, where the
island width grows approximately as

dw/dt = (TT/2)A'(O)[1 - (w/wsat)]

in the Rutherford regime. Here A'(0) is the linear A' and Ll - (w/w )]
models the quasilinear decrease in A'. S a

)
S a

We have also attempted to model a more realistic feedback system, which
could be used in PLT. A simple and efficient scheme proposed by K. Bol,
requiring only a single amplifier, consists of two helical m = 2, n = 1
coils spaced in 9 by 45° and carrying equal and opposite currents, thus
giving a field at the wall primarily of the form cos28 - sin29. Using a
detection and amplification system,the current is made proportional to the
difference between the cosine and sine parts of the helical flux at the
island location, giving a field at the wall of the form

• !

cos26 + (1/2) cos49 + (1/3) cos66

sin28 - (1/2) sin49 - (1/3) sin66 -

(10)

where A is the amplification factor, and the higher harmonics are present due
to the finite coil size. We have made numerical runs with this form of
feedback signal, including the higher harmonics, and find quite adequate
stabilization essentially unchanged from that shown in Fig. 4. The current
required is given by the expression (for PLT with 40 kG):

K k A ) = 1500 A(w2/16)C(q'/q)r ]
s"

This gives a PLT coil current of about 1.5 kft. for the a = 8 case shown in
Fig. 4, i.e. stabilized island width of 0.043. We propose using x-ray
diagnostics for the Island detection. Note that with this method the island
must be rotating to be detected.

The frequency response necessary for the system is not excessive; the
precursor mode in PLT typically has a period of one ms and grows to
maximum amplitude in several ms . Error in phase detection must, of course,
be small with respect to 45° but otherwise is not crucial.

In conclusion,we have demonstrated that a signal of the proper phase
can effectively stabilize the m » 2 precursor oscillations, the proper
phase being that prescribed by the linear theory, i.e. the vacuum field
island should be such as to oppose the tearing mode island. The necessary
coil current to stabilize an island at a few percent of the minor radius is
on the order of one kiloamp for PLT. Stabilization might allow PLT
operation with q • 2 at the limiter, provided problems did not arise from
higher m and n tearing modes Cl8] or kink modes.
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DISCUSSION

G. LISITANO: In some experiments a correlation between superthermal or
runaway activity and internal m = 0 and/or m = 1 modes has been observed. Can
you include this MHD activity in your model?

R.B. WHITE: Voltage spikes (m = 1 and m = 0) are observed at the edge of
the island during the sawtooth, but they are not large enough to account for
runaway generation.
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G. LISITANO: Could you conceive that the observed internal m = 1 mode
might be excited by some mechanism other than the one you mentioned? For
example, did you examine the possibility of internal mode excitation by plasma-
wall interaction effects, such as an impurity-driven diamagnetic drift wave?

R.B. WHITE: No, the magnetic energy driving the m = 1 mode is too large
for the mode to be excited by such effects. It is an independent MHD phenomenon.
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Abstract

DISRUPTIONS AND TURBULENCE IN TOKAMAKS.
The proposition is made that disruptions in tokamaks are due to the onset of a fine-

grain turbulence: correlated kinetic and magnetic eddies liberate part of the poloidal magnetic
energy and feed a hierarchy of smallest eddies ultimately dissipated by resistivity or viscosity.
The turbulence propagates radially at velocities which agree with observations and produces
the voltage spikes observed in q = 2 disruptions.

1. INTRODUCTION

Soft disruptions are now well documented phenomena: on each side of the
resonant surface of radius r = rR where q = 1 or q = 2, the X-ray signals measured
at several radii r; show a sudden variation corresponding to a flattening of the
temperature profile. It takes place in a time t, of the order of 100 /is for ST, TFR
and PLT and up to 1 ms for Tl 0 [ 1 —4]. In some cases [1,3] the variations are
not simultaneous at the different radii, showing a propagation from the resonant
surface, at a velocity of the order of 5 X 104 cm • s"1. The disruptions seem to
consist in the rapid extension of a domain where during a time ~t;, the thermal
conductivity x becomes much larger than its mean value during the whole discharge.
This anomaly is stronger near the resonant surface r = rR,which explains why the
disruption is slower and weaker far away from it. The range of the disruption is
limited at the radii where the x anomaly is too small. The magnetic induction
effects due to the resistivity changes between two repetitive q = 1 disruptions must
be cancelled during those disruptions, which therefore produce a toroidal electric
field, positive for r < rR and negative for r > rR . This field can be estimated at
^ 3 TJI on TFR. At the end of each q = 2 disruption on ST, which had no con-
tinuous liner, a very strong and short negative voltage pulse ( < - 1 0 0 V, < 10 /us)
was observed [5].

615
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FIG.l. X-ray signals, unfiltered (upper trace), and seen through a pass-band filter (lower
trace), showing that the oscillation corresponding to the magnetic island is not affected by
the q = 1 disruption (200 ys/div).

The simplest explanation of the disruption is to imagine that a large-scale
magnetic island, starting from the resonant surface, invades the plasma up to the
centre (q = 1 disruption) or up to the edge (q = 2). This, however, must take place
in a time r «* t i ; much larger than the time of propagation at the Alfven speed cA ,
along a flux line connecting two characteristic points of a magnetic surface. The
plasma must therefore be in equilibrium (meaning Vp = I X B/c). Hence, the time
r cannot depend on cA , but only on the resistivity -q and the geometry:
r = K 4 7rr^/i?c2, where K is a geometry factor [6]. For a q = 2 island, K can be
evaluated using the non-linear growth rate [7]: we obtain K «* 1. For q = 1,
numerical results [8] suggest K «* 10. In both cases then, the growth of the
island takes a time much longer than the duration t ; of the disruption. The
scheme is further weakened by experimental results. For instance.it has been
observed in TFR [9] that the oscillating mode associated with the island is
maximum indifferently during or between q = 1 disruptions, and that whenever
a disruption takes place while the island is large, neither the phase nor the
amplitude of the mode is affected (Fig.l). Then we must seek another mechanism.
This paper investigates the following hypothesis: during the disruption, a fine-
grain turbulence causes a certain degree of ergodization of the flux lines, which
tends to flatten the current density profile. This liberates some poloidal energy
which, in return, feeds the turbulence [10, 11].
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2. NATURE OF THE TURBULENCE

Let us imagine that in a region rl < r < r2 there exists a turbulence with a
scale of transverse correlation X <<C Ar = r2 - r,, and with magnetic and electric
components SB and SIi suchthat SB* = V X 5A and 5lf = -95A/c9t - 78\p,
where the vector potential SA is parallel to the static field Bo. We suppose that
it is isotropic in the transverse directions. The flux lines undergo ergodization if
we have 5B/B0 «* X/Ls, where Ls = qR^q/qdr)"1, We neglect the temperature
and density gradients, as well as the viscosity and ionic temperature effects, but
we take into account the mean current density I(r, t) (averaged over the magnetic
surface of radius r) and its gradient 9I(r, t)/8r. The turbulence tends to lessen
this gradient, to change the mean poloidal flux *(r, t) and to create a toroidal
inductive electric field E(r,t) such that

at

4*1(1,1)
— — rc 2TTR r 9r \ 9r

The derivative of the poloidal energy is given by

-Iffd e p / d t = - / / / EId3x

The equilibrium of the electrons along perturbed flux lines implies that

I - If- V5^/Bo - 9SA/cdt = r?(T+ 61)

Averaged over the surface at radius r, it gives

Bn

As Bo • VS $ = 0 and

SB- V8\p = div(8B8\p) = r~1 9(rSBr
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we can write

E I + — - — (rSB r5i/0 (3)
D 0 r or

and therefore

As a perturbation of the current density propagates along a flux line at the
speed cA, the current I(r,t) should satisfy the diffusion law [12]:

where D «* X2/r and T = L/cA, L being the length of a flux line wandering in the
radial direction by a quantity ««X. We have L «» XB0/SB » Ls. Then Eq.(l) gives
a value to E(r,t) which is compatible with Eq.(3) only if

(6)

where e = c2/cA. This means that the kinetic energy e(V5i//)2/8 7r is at least of
the order of the magnetic energy produced by the flattening of I(r, t) in the
turbulent region. This would be the case if the current was carried by rigid con-
ductors, parallel everywhere to Bo + SB, and buried in a dielectric with a constant
e giving the same impedance as the ion population. Then Eq.(3) and the neutrality
condition

dv r,t - ) - d i v ( = L + — ^ = 0 (7)
\ B o / \4TT- 3t / 3r Bo 4n X2 at

imply that 3E/3t = - ( r e B p " 1 Ait 9(r 5Br
2 X2 3l/9r)/3r. With Eq.(l) we can now

compute the evolution of I(r, t), which is the evolution of a current in a L—C
circuit: the freed poloidal magnetic energy is converted in the dielectric into
electrostatic energy e(VS^)2/87r at the scale X, then reconverted into magnetic
energy with a new profile I(r,t), and so on. Of course, such an oscillation cannot
take place in a plasma where the flux lines (carrying the electronic current) are
not rigid but are swept away by the transverse movement at a velocity
c(B0 X V§I//)/BQ: then the kinetic energy e(V5i/02/87r is at most of the same
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order as the magnetic energy SB2/8it. Let us consider the case where
(47r/c) Ar2|9I/9r| ^> 5B «* BOX/LS: then (6) cannot be verified, meaning that
the real inductive field given by Eq.(3) is too small to justify the diffusion law (5).
Therefore this law is wrong: the radial connections of flux lines are substantially
destroyed and, indeed, the kinetic eddies as they result from (7) tend to suppress
the magnetic perturbation 5Br. But for small 77, the disconnection at the scale X
would mean that the kinetic and magnetic eddies take place in nearly separate
domains. Obviously such a situation is strongly unstable and a hierarchy of
magnetic and kinetic eddies must appear with scales X' <SC X. It is plausible that
these small eddies correspond to perturbations (5B', V5t|>') S (6B, V5i//) and

therefore to correlations \8B\ 6<//| <SC |5Br 8\jj\. Then they do not increase the
field E(r,t) given by (3). As the partial disconnection adjusts itself to be com-
patible with this field, it is plausible that the maximum value of |6Br 5i//| is
produced. Then the quantity 6Br 5 \jj is of the order of X5B2 cA/c, with a sign
given by (7), i.e. that of -9I/9r. The liberated power -de p /d t given by (4) is
dissipated by the smallest eddies corresponding to a perturbation 6B0 at the
scale Xo and we have

cAX5B2l9I/3r|/cB0~7?(c/47r)2 SBg/Xg

If we admit that 5B0 »» 5B, we obtain X2, ^ Xĵ /X, where

\^=i?c2 |3l73r|/((4ir)2cAB0)

Generally, the energy balance of the turbulence requires that X « Ls 5B/B0 > Xm.
If the largest eddies were induced by external currents, the hierarchy of smallest
eddies should exist. Therefore, the liberated poloidal energy is, in any case,
consistent with the energy transfer from large to small eddies.

3. RAPID GROWTH OF THE TURBULENT REGION

A flattening of the current profile I(r,t) in the interval (r l5 r2) means that
the profiles I(r,t), #(r . t ) , E(r,t), SBT8ip behave as shown in Fig.2, and in
particular the quantity 8BT8\p is maximum for r «»rM = (r, + r2)/2 outside of
the turbulent region, i.e. for r < r t or r > r2, Ohm's law is E = 171 and the
variation 9^/9t = — 2TTRCE is different from its value inside. Then the derivative
9*/3r must be discontinuous across the boundaries r = r t and r = r2: pulses of
current ^0\ and <#2 must therefore appear as images in the unperturbed plasma
of the perturbation I (r, t) — I (r, 0). Such pulses are, of course, unstable if they
take a large amplitude; hence they must remain finite and the profile ^(r , t )
must keep a definite structure. This cannot be true except if the boundaries
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FIG.2. Schefnatic disposition of the poloidal flux ty(r, t), current density I(r, t), toroidal
electric field E(r, tj and correlation product 55 r 61/>.

r = r1: r2 move with a velocity v = dr,/dt or dr2/dt such that 3*/3t = -27rRcE =
= -v(3*(r , t) /3r - 3^(r,O)/9r) « - v 27rR(47rj?A/c) where A is the radial
scale of the pulses ^ = <#\ or ^ 2 - We note that in the unperturbed plasma we
have E = T? I . If we admit that A is of the order of the scale X of the new magnetic
eddies created at the boundaries, that ^ , <#2

 a r e °f the order of the current
density C5B/4TTX *» cB0/47rLs in these eddies, and that the quantity 5BrSt//
varies across the boundaries by about 5B2XcA/c over a distance « X, we obtain
|v| «(17 c2 cA/4 n Ls)

1/2, which agrees with the measured propagation times. If
the turbulent region reaches the plasma edge, then the current pulse ^2 at r = r2

must disappear and the flux Sl/(r,t) must experience a sudden change so that
9^/3r becomes continuous at the plasma-vacuum boundary: this corresponds to
the huge negative voltage spikes seen at the end of the q = 2 disruptions, which
in fact are due to an abrupt drop of the quantity 6Br 61// near the plasma edge.
Usually the turbulent region contains large-scale magnetic islands where 91/3r
cancels, and where the correlation between 6i// and 6Br cannot therefore exist.
Then 5Br 5 \p again experiences a discontinuity at the separatrix of the island,
meaning that energy from the turbulent region is absorbed at the separatrix and
dissipated near the neutral line, which could become brighter during the
disruptions.
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4. STABILITY OF ALFVEN MODES IN THE PRESENCE OF TURBULENCE

To justify the regeneration of magnetic eddies of scale A, we study the
stability, in the presence of the turbulence, of a small-amplitude mode consisting
of a vector potential dA (parallel to Bo) and a scalar potential di//, both with a
transverse scale « X and such that

dA = (A+(x) exp(icjt) + comp. conj.) + AT
(8)

di// = (i//+(x) exp(icot) + comp. conj.) + i//T

The field (AT, \pj) comes from the coupling of the field X+ exp(icot) + c.c
with the turbulent field 5A, d\}/. By its action on the particles, the field (dA, di//)
induces current and charge densities:

dt = (f+ (x) exp (i OJ t) + c. c.) + TT

dp = (p+(x) exp(itot) + c.c.) + p T

where the field (T+, p+) depends linearly on (A+, i//+). It is convenient to write,
for each value of co, the bilinear form in (A+, <//+), (A+, \p+)

d3x, V+; At, *̂; " ) = - ^ Jjj IV XA+

•Iff $•*-»$
m

which must be extremum with respect to (A+, i^+) if the field (dA, d\p) is to be
a self-consistent mode. In fact, if this field was created inside the plasma by
external charges and currents oscillating at a real frequency co, then the power
irreversibly yielded to the plasma and the electromagnetic field present in the
plasma would be equal to -2co I m ( ^ ( A + , \p+; A*, i//*, u>). We suppose that
the ion current T+i is given by -icoe Vt//+/4 ir (ignoring for both assemblies the
electric drift currents, which play no role). Then taking into account that
icop+i + divT+j = 0, the ion contribution to £f is equal to (1/4 ir) fff e| V^+P d3x.
The electron current dl is parallel everywhere to the perturbed flux lines. We may
assume that the field (A+, \p+) depends on the angular co-ordinate d and <p around
the magnetic and major axis as exp(i£0 + im0). Without turbulence, the magnetic
perturbation B+ = V X A+ maintains the existence of magnetic surfaces with the
initial topology (except very near the resonant surface where
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Ky = R"1 (m + C/q(r)) = 0). The current I+ e and the corresponding charge p + e

given by the continuity equation are obtained if we write that the electrons are
in equilibrium on each of these surfaces. Depending on the degree of collisionality
considered, we obtain different expressions for ^ which allow the rippling and
tearing modes to be studied. For the relevant collisionalities, these modes are not
unstable enough to justify the required magnetic eddies. However, if turbulence
is present, the situation is entirely different. Let us consider a flux tube having a
circular cross-section of scale X at a given point. Assuming that
K|| < L"1 s* 5B/B0\, the magnetic perturbation B+r bends this tube in the radial
direction on all the length where it keeps a coherent cross-section. Beyond this
region, the flux lines of the tube wander at random and carry a longitudinal
current which is imposed in the average by the value of I(r,t). This situation
and the continuity equation completely determine the variation rate of the
average electronic charge in the tube, and in fact the electronic charge p + e ,
which is given by ico p+e = — (3I/9r) B+r/B0. If 5fe is the electron contribution
to £>f and & 'e the term of £fe which is proportional to <//*, we then have
&"e = / / / 0 w ) ~ ' (91/9r) B+r i//+ BQ1 d3 x. On the other hand, the quantity p + e

is the divergence of the transverse current IB+/B0, which is exactly the transverse
component of the current T+e due to the magnetic perturbation B + . This means
that the latter cannot produce another current I+ e parallel to Bo, and therefore
that the form £fe cannot contain a term proportional to A+ • A+ . Finally we
note that the perturbation (dA, d\p), assumed to be externally produced at a real
frequency co, modifies the power dep/dt given by (4) by the quantity
/JT(B+r tf/* + c.c.) BoHWar) d3x, i.e. by - 2 w lm(Sf'e). But this power is
dissipated in smaller eddies independent of the fact that the field (dA, d \p) has
or has not been externally induced. There is therefore no energy transfer to the
system consisting of the plasma and the electromagnetic field in the plasma.
This is only possible if the term ^ J o f £fe which is proportional to i//+A*
issuchthat -2co Im (£f) =~2 co Im(5f e ) = -2ooIm(.Sf% +&"£) = 0. We

therefore have £^"^ = &"* and finally obtain the expression for

4TT JJJ

If we write that 9?is an extremum with respect to (A*, \j/*), an unstable mode
with w « -i47rXcAi9l/3r|/cB0 and B+rt//+ « - |B+|2 (XcA/c) 8I/9r/|8I/3r| is
obtained.
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DISCUSSION

G. LISITANO: What is the initial cause of the turbulence?
M. DUBOIS: The initial cause is not known for certain, but what is sure is

that there are numerous magnetic defects (instability of the separatrix between the
large magnetic islands) capable of setting the mechanism in motion.

G. LISITANO: Could this mechanism be extended to other instabilities
besides the minor disruption you mentioned?

M. DUBOIS: It could perhaps be extended to major disruptions, at least
in certain cases; however, our main consideration is that turbulence of this same
kind, but of lower intensity, may be present permanently in the plasma - a hypo-
thesis which would explain the anomalous thermal conductivity.

J.D. CALLEN: Your model seems to require skin-like currents at the edges
of a magnetic island, which are presumably produced by a growing magnetic island.
Could you comment on the application of your model to the situation often
observed experimentally where the islands are saturated and hence constant in
amplitude?

M. DUBOIS: It is not at the edges of a magnetic island but at the edges of a
zone of turbulence formed by a multitude of magnetic and kinetic islands that we
find these current pulses. They are due to the flattening of the current profile in
the turbulent zone, which is quite strongly ergodic.

I should perhaps add that other disruption models are more likely to be
troubled by saturation of large-scale magnetic islands.
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Abstract

MHD THEORY OF BALLOONING MODES APPLIED TO JET, AND THE EFFECT OF
ANISOTROPIC PRESSURE ON BALLOONING MODES.

Recently, a method has been developed for determining the stability of high-mode-number
perturbations, which requires only the solution of 1-D equations. This complements the
2-D numerical codes and allows a complete assessment of the MHD stability of fixed-boundary
axisymmetric toroidal systems. By this method two distinct problems are investigated:
(1) the ballooning stability of JET, a stable equilibrium with a realistic current profile and
0 ~ 6% being found; (2) the high-n ballooning modes in anisotropic high-j3 tokamaks. It is
shown that p~ = i (pĵ  + p ||) is constant on flux-surfaces except for near-perpendicular injection,
where significant stabilization is found.

I MHD STABILITY OF JET (A. Sykes and M.F.Turner)

INTRODUCTION

Applying both low-n and high-n techniques to a typical fixed boundary

JET equilibrium, we demonstrate that the most severe limitation on the stable

6 attainable arises from the high-n modes, a parabolic current profile being

just stable at average beta of 2.3%.

Concentrating therefore on the high n modes we show how the average 0

can be optimised whilst retaining stability. Further, we show how this

process can be performed for prescribed profiles of the safety factor, q,

so that account can be taken of experimentally (or theoretically) preferred

profiles. In this way we obtain stable average beta -^ 6%.

To establish the relevance of these results, we apply the same

techniques to the Culham TOSCA experiment>[3] and find that the experiment

625
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0-021

- h i gh -n limit

finite-n corrections

FIG.}. Stability of a 4\% beta JET equilibrium, showing asymptotic growth rate, finite-n
correction region, and n = 1,2,3,4 results from low-n code.

appears to operate at higher 6 than the numerical optimisations predict.

Possible explanations for this are discussed.

STABILITY OF A TYPICAL JET EQUILIBRIUM TO FIXED BOUNDARY MODES

The geometry of the plasma is taken to be that of the proposed JET

experiment [2] and the plasma dimensions as given in [2]. The equi-

libria are governed by the solution of the Grad-Shafranov equation for the

poloidal flux i|>: - , a| -2.1.

where the pressure p and the function f (= RB.) are arbitrary functions

of I|I.

Figure 1 shows the results of a complete stability analysis for a fixed

boundary JET equilibrium having central safety factor q = 0.75, edge

safety factor q = 6.4, and average beta <(3> = 4J% where <B> = 2/pdx/

/B2di. The usual ballooning mode method gives the n -»• °» result; finite n

corrections [4] predict growth rates in the funnel region shown (the steeper

slope corresponding to localised, very large n modes, and the other line to

the less localised medium n modes). Also shown are growth rates for n = 1,

2,3,4 obtained by applying the Culham low n code [5] where the points plotted

are extrapolated from the values given by separate computations with two

different mesh sizes (24 x 34 and 36 x 50).
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FIG.2. High-n eigenvalue A versus flux surface for

(1) </3> = 2.3% (standard parabolic pressure);

(2) <)8> =3.9% (optimized version of (1));

(3) </3> = 12% Sykes, Wesson, Cox equilibria, q0 = 1;

(4) </3> = 12% Sykes, Wesson, Cox equilibria, q0 = 1.

It is seen that there is a satisfactory match between the two methods

and as expected the high n modes are the most unstable. Indeed earlier work

on JET found that low n fixed boundary modes could be stabilised by re-

adjustments of the current profile for <g> ^ 12% [2,6] although as shown

in the next section high n modes were subsequently found to be unstable.

In the next section therefore, we search for JET equilibria which are

stable in the high n limit, since these are probably stable to all internal

modes.

JET EQUILIBRIA STABLE TO HIGH N MODES

The stability boundary of high n ballooning modes at each flux surface

of the plasma is found by solving an ordinary differential equation on that

flux surface [1]. Stability can be expressed by an eigenvalue X , X < 1

giving stability, and A > 1 giving instability.

In Figure 2 we show the results obtained by applying the high n method

to several types of current profiles in JET. The eigen value \ is plotted
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at flux surfaces equispaced in ty from the magnetic axis to the plasma edge,

for:

(1) Simple parabolic pressure profile ( p'a i|i , f f = 0) with total

current chosen to give q = 1. Note that this profile is marginally stable

in a small region, and has <8> = 2.3%.

(2) The result of an optimisation procedure applied to (1), giving

<6> = 3.9%. This procedure is described in the next section.

(3) A high 6 (<6> = 12%) case of Sykes, Wesson and Cox [2] with

q = 1 , very unstable to high n modes almost everywhere

(4) as (3) but q = 1.8 (still having <6> = 12%), showing a substan-

tial reduction in instability.

OPTIMISATION OF EQUILIBRIA TO GIVE MAXIMUM STABLE B

We choose to adjust the equilibrium parameters to obtain marginal high-

n stability throughout the plasma.

To do this optimisation we solve the Grad-Shafranov equilibrium equation

using numerically determined pressure and ff' functions, by spline fitting

to nodal values of pressure (p'), and ff' (ff.') at equispaced i|i values
i i

ty., i = 1, ... 16 say, where initially we choose a simple form for the

pressure, dp/dijj = i|i .

First consider ff' = 0. Examining the ordinary differential equation

around each flux surface we determine the stability to high n modes. We

increase p.' if the ith surface is stable, and decrease if unstable. The

Grad-Shafranov equation is then re-solved to obtain the corresponding

equilibrium. In this way we evolve towards marginal stability on each

flux surface.

During this procedure the total current and the safety factor q alter.

This is undesirable, in fact we would like to specify the q-profile, making

use of experimental and theoretical evidence to choose profiles that have

certain properties, in particular those that may have good stability against

surface kinks. We can in fact do this by adjusting ff.' as the process

eveolves so that the q profile is maintained. In this way we eventually

converge to an equilibrium having the prescribed q-profile but being at

marginal stability to high n modes on almost all flux surfaces - since we

insist on zero edge current (and hence p' = 0) we have excess stability

there.
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TABLE I. SOME JET RESULTS
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a

1.0

0.4

0.2

qaxis

1.07

1.11

1.04

edge

5.3

3.1

2.3

Total current
J

1.90

3.10

4.00

6J

1.36

0.76

0.53

3.9%

5.9%

6.4%

8*

6.0%

8.4%

8.6%

Although the Mercier criterion is contained within the high-n theory

as a necessary stability condition, it is computationally difficult to

recognise violation of this criterion. For this reason we evaluate the

Mercier criterion independently on each surface, and constrain the q-pro-

file so that it is satisfied; this causes the axial safety factor, q , to

increase slightly as the optimisation proceeds.

Some results for JET are given in Table I. The three cases correspond

to three different values of a used in the initial pressure distribution.

The first case, a = 1, is represented by curve (2) in Figure 2 and is the

optimised version of the simple parabolic profile, curve (1). The average

6 for this case has increased from 2.3% to 3.9% for the same total current.

Also given in the table are the values of (3 and B* for the three

cases, where BT = 2 / p d t / J 2 and 8* = 2(/p2dx / / d t ) J B , where J =
j o

total current.

Note that the decrease of the 8 value reflects the inefficient use
j

of the larger current, and the results given are consistent with

<8> = c8T/q
2 .

EVALUATION OF THE HIGH-N THEORY

To investigate the relevance of the high n ballooning mode theory and

the optimisations described in the previous sections, we have applied the
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same techniques to study the Culham TOSCA experiment [3]. Using a triang-

ular cross-section with q = 2.3 and q =1 we obtain an optimised value

of <g> =1.3% when almost all flux surfaces are at marginal stability.

This then should be an upper limit to the observed <g>.

However recent experimental results from TOSCA [3] appear to give

<g> ^ 2%. Two possible reasons for this discrepancy are firstly that high

n ballooning modes may be present in the experiment without producing

serious effects; secondly that in TOSCA, modes having n S 5 would

possibly be stabilised by finite Larmor radius effects.

CONCLUSION

We have found a JET equilibrium having a realistic current profile

with q =3.1 that is stable to high n ballooning modes at <g> ^ 6%.

The techniques used give reasonable agreement with experimental results

when applied to TOSCA, although it seems possible from experimental evidence

that some level of high n instability is possible and if this is so JET

should be operable (at least with regard to fixed boundary modes) at values

of <g> in excess of 6%.
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II BALLOONING STABILITY OF AN ANISOTROPIC HIGH-g TOKAMAK

(P.J. Fielding and F.A. Haas)

INTRODUCTION

Recent theoretical investigations [7] of scalar pressure tokamaks have

shown that ballooning modes set an upper limit on the B which can be

attained. Since several planned experiments will rely on high-power neutral

beams to create near-thermonuclear conditions, significant anisotropy in

pressure is to be expected. Thus it is of interest to discuss possible

anisotropic equilibria, and to investigate their stability to ballooning.

Assuming the inverse aspect ratio, 6, to be small, and defining the poloi-

dal and toroidal fields to be B and B , respectively, then we adopt the

ordering B /B ^ & and Pti/%1 ^ PJ/
BA ^ &•
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EQUILIBRIUM

Using (\Jj,x,<t>) coordinates and defining p = | (p(| + p ), we apply our

ordering to the general axisymmetric equilibrium equations [8], and obtain

V2,j, + 2 R x M + ll (j, ) = o (1)
o dip 3î

3P

where p.., p and hence p, are first-order, ijj is zeroth-order and g(ijj, x)

is arbitrary. R is the distance of a prescribed point in the cross-section

from the major axis, and the major radial coordinate is R + x. Although

P,i = P. iW > in general, p = p (\j>, x) • For equilibria withp = p (ijj), Eq.(l)
MM XX XX

becomes the reduced Grad-Shafranov equation. We now consider the micro-

scopic basis of equilibria with p = p (i|>, x) •

It is well known [9] that

(4)

where C = I mj

fj
M

being the j species distribution function, E = |v2 , y = Jv^/B and
VH = 2 ( £ ~ ^ B ) - Equation (4) shows that for leading-order variation of p,

we require C % 0(1). However, if the f. are isotropic in velocity space

or nearly so, then C -v. 6. Thus for large C, significant angular anisotropy

in velocity space, as might occur through neutral injection, is necessary.

We now consider a model source injecting into circulating orbits, for

which the transit period is much less than the hot-ion slowing down time;

for deposition with a single value of \ = u/e, we have

fb = h(||i,e)6tt - A )
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For injection into the trapped band the X-distribution must have finite

width. With the above model

(X B ) 2

C " ^lb T ^ V B
 + °(6)

o

where p.. denotes the hot-ion pressure component. Then any orbit for which

O < 1 - X B ^ 0 (6), B being the largest value of B on a given fluxo max max 6 6 e

surface, leads to a C of zeroth-order. Thus, only for large angles of

injection, with |v|J/v ^ <5 - but sufficiently high to escape trapping -

can p vary on I|I. In general, therefore, even with powerful neutral

injection, to leading-order, p will depend on i|) alone, so that anisotropy

will not influence the shape of the surfaces.

In the case we have identified, C is positive, so that by Eq.(4), p

increases in the direction of increasing B2. Physically, this is a conse-

quence of the fact that hot ions 'spend' relatively more time in regions of

maximum field where v,j is smallest. This raises the interesting possi-

bility that by weighting p towards the inside of the torus, away from the

region of 'bad' curvature, an increase in the maximum stable B for pressure-

driven modes could be obtained.

STABILITY

We use the energy principle of Kruskal and Oberman []o]; Andreoletti [ll]

has shown their result to be independent of the form of distribution function.

We assume that neutral injection creates hot ions in the circulating zone of

velocity space, so that the trapped-ion distribution is quasi-isotropic. For

our ordering the fluid terms are O(62), whereas the so-called trapped-

particle, or "kinetic" term is 0(6 2) [12], and may be neglected in the

lowest-order minimisations. The creation of strong anisotropy within the

trapped-particle zone, toegher with C of zeroth-order, would give rise to

O(<52) contributions in the kinetic term. For this reason we have excluded

injection into the trapped band.

Neglecting the kinetic term, we may write the Kruskal-Oberman energy,

SW , in a form closely analogous to that for scalar pressure. Then in the
K0

limit of large toroidal mode number, n, we can expand ^W *n P o w e r s °^

1/n. A complete minimisation to leading-order is obtained, and which para-

llels the scalar pressure calculation [l]; this is discussed in greater

detail elsewhere [13]. Using the transformation introduced by Taylor for the
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discussion of sheared periodic systems, we write the normal displacement £

ijj •% ' m

—oo

where v = JB /R, and J is the Jacobian. The rapid, 0(n) variation of

£ perpendicular to B is contained entirely within the exponential factor.

Under transformation, the Euler equation for minimising displacements £ ,

decouples in lowest order into a set of independent ordinary differential

equations, one for each flux surface; these determine the y-variation of F,

only. The radial structure of F is determined at higher order [14].

Defining G = / vdx, and o_ = (p - p.)/B2, the transformed marginal dis-
Q

placements satisfy

where ( 5 )

B x ?» - 3p . - t x 7*' ?P
f = PC VJ + K , p , = -r-7 and p
t i|> T S | V I | I | 2 * 3"1 S

In order that F should represent a physically admissible displacement,

we require y5F •+ 0 as y ->- oo

We now consider the stability of the two cases p = p(ijj) and p = p(iKx)-

Applying our ordering to the case p = p(i|j), we find that Eq.(5) is identi-

cal to the Euler equation in the isotropic theory [l], but with p replac-

ing the scalar pressure. In this case, since the equilibrium flux-surfaces

are independent of the degree of anisotropy, an equilibrium with given pro-

files of current density and p = p(ij>), has the same stability properties

as does the corresponding equilibrium with scalar pressure equal to p, and

with the same current density.

We now examine the stability of equilibria with p = p(ij>,x), in which

the pressure surfaces are displaced inwards with respect to the flux-surfaces.

In a previous calculation [13], we investigated a simple circular cross-

section, g ^ S equilibrium with a current density which becomes 'flat'

as B •* 0. We demonstrated a large gain in stability over the scalar pressure

case, even for small inward displacements; this illustrates that a modest

inward weighting can have a marked beneficial effect. Here, we present the

results of a simpler calculation, namely, a single flux surface of circular
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1.5

1.0

0.5

FIG.3. Marginal stability boundaries for several values of pressure-displacement factor a.

cross-section, on which the poloidal field component does not vary. The

effective pressure takes the form p = P(r)(l + a —) where r is the radius

of the flux surface and a is a constant which determines the extent to

which p varies on the surface (a S 0 for inward displacement of the

pressure surfaces). In the large-aspect ratio approximation, Eq.(5)

simplifies to

(S9 - Y sine - ̂  sin 2e)f £

+ a cos6)(cos9 + sin9 SB - y sine - ^ s i n 29 IJ F = 0 (6)

2Roq
2p"' (r)

is a measure ofwhere S = ,\ denotes the shear, and y=--
q(r) "5

the mean pressure gradient. Equation (6) reduces to the scalar-pressure

equation of Connor et al [l] for a = 0. Figure 3 shows the marginal-stabi-

lity boundaries calculated from Eq. (6) for several negative values of a. We

observe that as |a| increases the unstable part of the (S,y) plane is

displaced towards higher shear and higher pressure gradient. For small
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values of a(« - 0.1), the main effect is a substantial increase in stability

for small values of shear, S < 0.3, with the elimination of instability for

all pressure gradients if S < 0.2. The completely stable range of shear

values is widened as |a| becomes larger. It is this effect which gave

rise to the stability gain found in our earlier work [13], the equilibrium

having weak shear at low 8.

CONCLUSIONS

We have examined the equilibrium and stability of anisotropic pressure,

high-g tokamaks in the large aspect ratio limit. It is found, that in

general, the effective pressure p is constant on flux surfaces; and in

this case the equilibrium and stability properties to leading order, are

identical with those of a corresponding scalar-pressure system with pressure

equal to p. In the special case where near-perpendicular neutral injection

results in 3p/3x 1 0, it is seen that even a small degree of inward weight-

ing of the pressure can produce an appreciable gain in stability if the shear

is not too strong.
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DISCUSSION

B. LEHNERT: From a simple localized analysis of ballooning modes
(LEHNERT, B., Nucl. Fusion 13 (1973) 781, Eq.(40) and Section 7.2), with the
largest wavelength being put equal to the extension of a "bad" region along the
magnetic field, critical beta values can be found as a function of q which are of
the same order as those obtained from your more rigorous analysis. Could you
say whether your analysis, in fact, contains physical features additional to those
contained in the earlier localized analysis and, if so, whether this affects the beta
values obtained?

A. SYKES: It is perhaps fortuitous that the combination of rigour, the extreme
geometry of JET, and the numerical maximization of 0 yield results similar to
those given by the simple localized analysis.

H.P. FURTH: You described a method whereby you re-adjust the plasma
pressure profile continuously so as to maximize </3>. Have you thought about the
question of whether the plasma will be equally clever and will adjust itself for
maximum <)3>, or whether it will perhaps adjust itself for minimum <j8>? This
question should be susceptible to analysis.

A. SYKES: In part one of this paper we determine the maximum possible
stable 0. Whether experimental profiles will actually move towards marginal
stability — as a result of ballooning modes reducing the pressure gradient in
unstable areas, with injection perhaps raising it in stable areas — is an interesting
question.
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STABILITY OF LARGE-ASPECT-RATIO TOKAMAKS
IN THE TWO-FLUID DISSIPATIVE THEORY
I.L. CALDAS*, H. TASSO
Max-Planck-Institut fur Plasmaphysik,
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Garching, Federal Republic of Germany

Abstract

STABILITY OF LARGE-ASPECT-RATIO TOKAMAKS IN THE TWO-FLUID DISSIPATIVE
THEORY.

The two-fluid energy principle derived by Tasso is applied to shaped large-aspect-ratio
tokamaks. Several previous results on MHD and resistive instabilities are recovered. A proof
of the resistive drift-wave instability is given in a realistic geometry and with purely energetic
arguments.

This paper deals with the application of the two-fluid energy principle recently
derived by one of the authors [ 1 ] to the stability of shaped, but straight tokamaks.
No details of the derivation of the formulas and notations will be given here but
can be found in Ref.[2] and the references quoted there. Our starting point is the
two-fluid theory [3,4] which can be represented by the following equations:

^ + % X B ) - VPk - V- %-^ 77nk(nk?k - njVp (1)

3nk

— + V • n k ? k = 0 (2)

Pk = Pk(nk) (3)

(4)

Z 1 3P

nkQk^k+T ft ( 5 )
c

k

V X E

at

V-B"=O
* On leave of absence from Instituto de Fisica da Universidade de Sab Paulo, Brazil;

partly supported by Conselho Nacional de Desenvolvimento Cientifico e Tecnologico.
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The subscript k denotes one of the fluids, ions or electrons, n is the density, m
the mass, v* the velocity field, q the charge, E and B are the electric and magnetic

fields, P is the scalar part of the pressure, and II is the pressure tensor.
Introducing a Lagrange representation as in Ref. [5] and using the definition

of Q and Y as in Ref.fl ], the two-fluid energy principle can be written in the
form:

(y,Qy)i= /dr(V X A)2 + ) / dr

+ (VPk-Vlnn) U k ' ~ ^ - ) " / dr(Vlnn-VP) ( fe •——

+ 2 /dr A • (£e - V f - j - V | e + JV • *e)

*"-f-V{e)>0

where

and j is the electric current give by the equilibrium conditions.
The specific choice of the test functions £i; £e and A allows a specific

class of stability criteria to be derived. The basic cases will now be demonstrated.

a) Ideal MHD stability

A * fk X Bo
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In this limit we find the well known MHD energy principle [6]:

(y,Qy)s /d r — (V X A)2 + — V X Bo • it X (V X A)]
Mo Mo

(V • 7 P (V • > 0

b) Two-dimensional resistive instabilities

If
A * A(x,y)e;

fk * ez X VU (x,y)

we find the result of Ref.[7]:

(y,Qy)ss- Jdr dj dj
77 (ez X V^ • VU)2 + 2 -7- A(^, X V^ • VU)

dr|VA|2 > 0

639

(7)

(8)

This criterion has recently been applied to the stability of the Doublet
configuration [8].

c) Generalized helical resistive instabilities

For complex geometries it is convenient to introduce general co-ordinates,
in particular, Hamada co-ordinates to obtain the following condition:

(9)

+ //*/dJJJ
dAk 3An

9Xj 9Xm
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the singular surface being given by ~x + (n/m)^ = 0. An extension of the
numerical code [8] to criterion (9) could be very useful in the study of three-
dimensional tearing modes. For circular cross-sections, expression [9] reduces
to a well-known case [9].

d) Density and temperature gradient instabilities

If we choose a uniform current density j , Pj = Pe and Vln Pk = Vln n,
condition (6) becomes

(y,Qy) = If"VP k -Vlnn
Vn

• +
IV.il ' IVlnnl

(10)

>Mdr - S
Vn V

IVnl /
Vlnn- VP 2A-JV

> 0

which can be violated if test functions are chosen such that V-
but not identically zero.

• 0 and A « 0

e) Isothermal perturbations

If, instead of an adiabtatic law of state as in Ref.fl], we choose isothermal
perturbations and equilibria, then criterion (6) is not exact but approximate for
typical tokamak parameters. This means that the drift-wave instability survives
very well to high heat conductivities.

This does not contradict Refs [10,11] which are concerned with non-
dissipative drift waves. In fact, the stable result obtained in Ref.flO] is valid
within the drift approximation of the Vlasov equation. According to Croci [12],
the drift waves are unstable in the collisionless case if the integro-differential
equation for the perturbed potential is taken.
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Abstract

CONVECTIVE MOTION OF IMPURITY IONS ON RATIONAL MAGNETIC SURFACES.
Diffusion and convection of a plasma with impurity ions is considered in the limit of

a collisional multifluid model. In toroidal geometry local sources of impurities can give rise
to convective cells on rational magnetic surfaces. The size of the convective cells depends
on shear, rotational transform and dissipative processes.

The control of impurity flow by local injection of hydrogen gas was proposed
by Ohkawa [1 ]. Burrell [2] has extended this concept including localized heat
sources, but in both cases axisymmetry of the configuration has been assumed.
In experimental devices, however, deviations from axisymmetry occur: The inter-
action of the plasma with the limiter gives rise to a localized source of neutral
hydrogen and impurity ions. The gas-puffing system and the neutral injection
system are equivalent to localized sources of particles, energy and momentum.
It will be shown that these deviations from axisymmetry affect the plasma
equilibrium, especially on rational magnetic surfaces. If the rational surface
approaches the plasma boundary this effect becomes strong, since the sources of
impurities and hydrogen are maximum at the boundary. The plasma in the low-
temperature boundary layer can be described in the collisional multifluid model:

(1)

where ^ = 0 - (kTj/qj) In nj, 0 is the electric potential, q± = Z;e the charge of
the ion species or of the electrons, n; the density, fa = a^ /n^ i , and o^ = n jmj^ ,
with Ufa the Coulomb collision frequency. If interaction with neutral particles is
included, V^Q is the collision frequency for momentum loss due to charge-exchange
processes. The temperatures Tj are considered to be constant in this approximation;
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inertia effects can be neglected if the velocities Vj are much lower than the sound
velocity. The equations of continuity and the condition of quasi-neutrality
complete the system of equations for the unknown functions n i ; 0:

) n i q i = ) qjQj = 0

(2)

Qi are the particle source terms for ions and electrons.
Asymmetries in a toroidal plasma are introduced by ionization terms of the type
Qj = neN0 <av> (No = neutral hydrogen or impurity atoms) if No is inhomo-
geneous around the torus.

In general, system (1) can be solved for v^vj = 2 A^ Vt//k. As is shown
k

in Ref.[3], this is always possible if interaction with neutral gas is included.
Introducing vj into the equation of continuity yields a quasi-linear elliptic system
for V'i- Together with the equation of quasi-neutrality, we obtain nj, 0. Since

^ik/fi; < 1, an iterative procedure can be applied to solve system (1):

^ jSikCViVvViVk)

k=l

(3)

The first term is the convective motion of charged particles, the second two terms
describe diffusion due to collisions, and the third term is the mass flow parallel
to the magnetic field. In the lowest order of the collision frequency ^ f= const
on magnetic surfaces, the parallel motion \ is determined from the magnetic
differential equation

i -> Qi
- ( V^f X B ) - V — + B - VXi= —

B ij

On closed magnetic field lines, we obtain the condition

In axisymmetric geometry the second term vanishes but the first does not.
This shows that diffusion must be taken into account in order to determine

the parallel mass flow. From the parallel component of the momentum balance (1),
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we obtain

— B • V^; = -
B2

k=l

and, together with the equation of continuity,

k = l

(4)

div njVj j_

k = l

VJI is the convective and diffusive part of vj (Eq.(3)), (3^ and rij are assumed
to be constant along B. This system determines the stream functions i/>i-
A characteristic property of this system is that the second-order derivatives of
\j/i perpendicular to the magnetic field are of the order l^ / f i j l 2 ; therefore, these
terms are only important if

This can be the case on rational magnetic surfaces with m-nt = 0 . (t = rotational
transform, g m n are the Fourier components of

in an appropriate toroidal and poloidal co-ordinate system u,v, so that

\ B2 / \ ou 3v /

If gm>n ^ 0 and m,n ¥= 0, the Fourier component i/zf1'" diverges like
gmjn/(m-nt)2 in the neighbourhood of the resonant surfaces. The singularity is
avoided by the diffusion process.
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Azimuthally localized mass sources Q;/B2 contain Fourier components
gt n(n = 1,2 ...); therefore, on the surfaces t = 1/n convective cells with

pi(u+nv)

1 ( l - m ) 2 + e

appear, e is determined by collisions and shear.
In a hydrogen plasma, the term (Qi/n;)-(Qe/ne) is zero, only charge exchange

with neutrals gives rise to inhomogeneities. Ionization of impurities coming from
the limiter also yields a term g1)n. The term Qimp = ne

nimp <av> (n^p = neutral
impurity ions) occurs in all equations for the stream functions. Because of the
Coulomb interaction of the charged particles, therefore, this convective motion
arises for all particle species. The Fourier components q1>n decrease with n, and
are large close to the plasma boundary. There, it is expected that the largest
convective motion arises if the* = \-surface is close to the plasma boundary.
To prevent this effect, asymmetries of the type m = 1 around the torus should
be avoided.
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Abstract

ELECTRON HEAT CONDUCTIVITY OF THE PLASMA ACROSS A 'BRAIDED' MAGNETIC
FIELD.

Small perturbations of magnetic fields in toroidal magnetic traps can lead to a very
complicated behaviour of magnetic field lines. These fields are considered to be random,
and both magnetic line diffusion and electron heat conductivity produced by the diffusion
of magnetic field lines are studied.

1. INTRODUCTION

Small perturbations of magnetic fields in toroidal magnetic traps can result
in appreciable changes in the magnetic field line topology. 'Magnetic islands' [ 1 ]
or even regions with destroyed magnetic surfaces [2-4] may appear in a plasma.
Particularly, such a destruction occurs near separatrix surfaces [5,6]. A slight
destruction of magnetic surfaces ('magnetic flutter' [7]) can be produced by
microinstabilities.

Spontaneous or outside-induced appearance of regions with a stochastic
field followed by the destruction of magnetic surfaces can affect the transport
processes in the plasma. The electron thermal conductivity appears to be
especially sensitive to this effect [8,9]. Here, we shall consider the effect in
MHD-approximation in detail.

2. MAGNETIC-FIELD DIFFUSION

We start by considering the behaviour of a magnetic field line in the simplest
case where a small transverse random field B' is superimposed on a strong
homogeneous magnetic field Bo. We assume that b = B'/Bo <̂  1 is a space-
homogeneous random function and (b2> = bo. Let the z-axis of the orthogonal
co-ordinates be directed along Bo. Then, starting from the origin of the co-
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ordinates (0,0) along the field line, we have for a transverse excursion of the field
line rjj

(1)

where tT = B ' /B o . The r^-vector in the integrand of expression (1) can be
replaced by zero for b < 1. It is natural to call this approximation quasi-linear.
On averaging we obtain for large z:

z z

<r|>= J I <bV,0)bV',0)>dz'dz" = 4DFz (2)

0 0

where

D = I f <p;(z,0)t(0,0)>dz (3)
F 4 J

Dp is the diffusion coefficient of the field lines [8]. Expression (3) may be
written in dimensional form:

(4)

where Lo is the longitudinal correlation length determined by relations (3) and
(4). As is easy to see, we have in the quasi-linear approximation, at z > Lo :

<rl> = b^Loz (5)

Let 5 be the transverse correlation length of the magnetic fields. From
expression (1), we see that the assumption r^ = 0 in the integrand is valid only
when the field line is slightly displaced from its initial position over a length of
Lo, i.e. when <rf)z=Lo = blLl < 52. Introducing the parameter R = b0L/5, we
write the condition for the quasi-linear approximation to be valid in the following
form:

R = b 0 L 0 /6«U (6)
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To understand what happens in the opposite case when R >; 1 we first
consider the limiting case R = °° i.e. a random field homogeneous in z. Since
Bo = const, div B* = 0 and, hence, we can introduce the flux function i//:

(7)

where ez is the unit vector along z. Now, the equations of the field line walk are
reduced to Hamiltonian-type equations:

dz dy' 9z dx

When 4/ is independent of z, expression (8) can be considered an "equation of
motion" for particles with a random stationary Hamiltonian \p, z playing the
role of time.

As is seen from expression (8), the field lines go along the lines \jj = const
which can be considered to be the constant-level lines of "a topographical map",
where i// is the altitude above "water" level. If (\p) = 0, <i//2> = \j/l, the map
appears to be composed of "hills" and "lakes", the averaged depth of lakes and
height of hills being given by the >//0-value.

Let \jj be equal to a = const. If a > \jj0 then only the highest separate hills
will be found at this level and the corresponding lines will be singly closed loops.
As the a-value decreases, the number of hills starts increasing, their dimensions
increase, too, and then they start to coalesce, and at the instant of coalescence
the \p = a plane passes through "the passes", i.e. through hyperbolic points.
The length of field lines will increase in such a process.

A similar situation prevails when the level i// = a is chosen from the side
of "the lakes", i.e. for a < 0.

The behaviour of the ^ = const-lines for a randum \jj function has been
analysed in the problem of current percolation in random inhomogeneous solids
[10,11].

It has been shown that i/> = a-lines are closed for all i/> = a ¥= 0, but the
mean length 9.^ of such line in the (x,y) plane tends to infinity as S.^ ~ tp'y

when \j/ goes to zero. (Here, 7 = const = 2.4) [12]. Thus, the mean line length
is <£,/,> = /Cj/P(^)di// = 00 (P(i/0 is the \p distribution function ). In other words,
the field lines can walk any large distance on the average. The lines with small \p
which make the major contribution to the line "transport" over a large distance,
wander at random, passing the hyperbolic points. Since the average "velocity"
of the field line is b0 and the average distance between the hyperbolic points is
proportional to 6, the diffusion coefficient in the R ^ 1 region can be estimated
to be of the order of magnitude of Dp ~ b o6.
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To determine Dp more precisely (but still approximately) in the whole
region of variation of R we shall use the following simplified picture. Let N be
constant along the field lines:

— + b>-VN = 0 (9)
9z

This value can be considered to be some "density" of labelled field lines. We
split N into two components: a slowly varying No and a fluctuating N': No + N'.
Now, we average expression (9) over the stochastic field b , assuming (N)' = 0.
We would like to derive a diffusion-type equation for No; hence we assume that
averaging Eq.(9) would yield:

dN0 .
= -div<bV> = DFAiN0 (10)

02.

where A^ = 92/9x2 + d2/dy2. It is natural to expect an equation of this form
because of the diffusional character of the walk of lines. From Eqs (9) and (10),
we obtain for N':

+$• VN r-<?- VN'> = - tT- VN0 (11)
dz

The equation for N' is of the same form as for No but there is a right-hand
side. On a scale > 5, the homogeneous expression (11) for N' would again be
of the form of expression (10), with the only difference that the right-hand side
of expression (11) "feeds" perturbations of the 5-scale and "the diffusion
coefficient" on such a scale can differ from Dp. If we neglect this difference and
write approximately expression (11) in the form

9N' .*
D F A j N ' = - t • VN0 (12)

oz

then Eqs (10) and (12) will form a closed set of equations to determine Dp.
Equation (12) is easily solved by using a Fourier transformation. Substituting
this solution into Eq.(lO), we find

DF =^ /"blCikj + DpkJr'di? (13)
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where the factor 1/2 is the result of averaging over the angles, and b|- is deter-
mined from the following expression:

b | =

For small b2, Dpk2 in the denominator of Eq.(13) is small and we obtain from (13):

DF=~ /*6(k z)b|dl? (15)

This is just a quasi-linear expression coinciding-with Eq.(3). On the contrary,
when Dpk2 is large, kz in the denominator of Eq.(13) can be neglected and then
we have

D|=^ /Vfdl? (16)

where \p-g is the Fourier component of the correlation function for \p:

3 f (17)

According to expression (16), Dp ~ bo5. So, for small values of R = b0L0/8
the value of Dp increases as h2, with b0 and when b0L0/6 > 1, the increase is
only linear.

3. ELECTRON THERMAL CONDUCTIVITY IN MHD-APPROXIMATION

3.1. We now consider the behaviour of the electron thermal conductivity
for the same case of a random stationary magnetic field. We assume that the
longitudinal thermal conductivity %|| substantially exceeds the transverse one,
Xj., i.e. £2r = \/X||/Xj. *̂ 1 (at some stages we shall use the small parameter
7 = 1 /J2T). The heat flux q" is equal to

q> = -X||h>(h>V)-XlT (18)

where h = B/Bo = ~QZ + b . We see from this expression that for b0 Sir > 1
the contribution of longitudinal thermal conductivity to effective heat transport
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across an averaged magnetic field can be substantially larger than that of transverse
thermal conductivity.

We again start with a quasi-linear approximation. Let us suppose that
T = To + T' and T' < To . Under stationary conditions, div q" = 0. The linear
part of this equation in the Fourier transformation when the gradient VT0 is
directed along the X-axis takes the following form:

dT0
( k ^ + 7 2 k p T ' = i k z b x ^ (19)

We include, in the expression for the averaged heat flux, only the terms with the
transverse conductivity:

dT0 dT'
<qx> = ^ H < b 2

x > — - X | | ( b x — > (20)

Substituting the expression for T' from Eq.(19) we obtain the value for the
proportionality coefficient between <qx> and dT0/dx:

The factor 1 /2 again appears, owing to an averaging over angles since
b2 = bx + by. As was shown before, the validity condition for the quasi-linear
approximation for a magnetic field is an inequality, b0L0/8 ~ bokj_/kz < 1.
On the other hand, it is sufficient to consider the region bo£lT > 1. Hence, in
this region, 7 ^ <^kz and Eq.(21) may be written as follows:

k|.6(kz)b£dk (22)

Comparing with expression (15), we see that XF = \/X||Xi'<kj}Dp, where
<k]) is the averaged transverse wavenumber. By order of magnitude,
XF ~ \ / X | | X I t>o LoS"1. Let us recall that the Bohm diffusion coefficient is equal
to DB = (1/16)^X11X1 > s o ^ a t ^ e dependence of XF o n the plasma parameters
is a Bohm-type one. For b0 ~ 5/L0, we have XF ~ 16b0DB .

Note that the expression for Xp can be written in the form: XF = ^ D p ,
where v = X||/L, L ~ 8£lr. The quantity v plays the role of velocity of heat
transport over a characteristic length L, i.e. the longitudinal correlation length
for T'.
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3.2. According to expression (22), xp tends to zero as xi •* 0, but this
result does not seem to be reliable because we neglect the terms of higher order
in b in Eq.(19). Let us consider, instead of Eq.(19), a more accurate equation
with a "point" source with respect to Z:

_9_ ->.

9z + t > *

Neglecting the term with b -V we could obtain an equation for the function of
the point source. It is this function which was used in Eq.(19). The presence
of the term b -V implies that the point source function, while remaining a
comparatively slow-varying function of the variable £ along the field line,
oscillates strongly in r^, owing to "braiding" of the field lines. The result of this
is the increase of the term V|T (see, e.g. Ref.[9]). We should include this effect.

Note that Eq.(23) can be derived from the variation principle 5S = 0, where

-m: dF (24)

Here, 9/92 = 9/9z + t> • V. We average expression (24) over b and approximate
this by the following equation:

dr* (25)

where P(z) remains to be found. To do this, we should find <( V^T)2> as a
function of z. Let us write 6T/9x = (T(.x2)-T(.%i)/(x.2-x1)^i -X.-+0- H e r e T(x,£)
is a slowly varying function of £ (since the longitudinal conductivity is high), so
that the expression for 6T/3x can approximately be written as follows:
9T/9x = (9T/6x)0 • (x°— x?)/(x2 — Xj), where x? are co-ordinates of trajectories
at Z = 0. When the difference x2-Xj along the trajectory is small,

9
— ( x 2 x 1 ) b x (x 2 , z )b (x 1 ) z )
9 9bx

— (x 2 -x 1 ) = bx(x2 ,z)-b(x1 )z) = - — (xj-xO (26)

From this, we find

(x§-x?)exp
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Assuming a Gaussian distribution for b we find, for large values of z, for the
T function, which is proportional to exp(ikj/ r^ at z = 0, the following expression:

\ U r 7 =k2T2exp(2kz)
\\o"'

where

+ OO

3bx(0) 3bx(z)

3x 9x
dz (27)

By order of magnitude, k ~ boLo6~2. In the region z < 0, we have to substitute
exp(2k|z). But since this exponent is essential only for large values of z we
shall cover both positive and negative z-values by approximating the two exponents
by the function ch2kz. Thus,

dz (28)

Varying this functional we obtain a modified Mathieu equation. An approximate
value of T can, however, be found directly from expression (28). For small k,
it naturally yields the former quasi-linear expression. For very small 7, we find
the solution for T in the form 1-aZ at Z < a"1, T = 0 at Z > a"1 (a is the variable
parameter). This is due to the exponentially strong "switching-on" of the transverse
damping in expression (28). The variation of expression (28) with such a test
function gives:

(29)

By magnitude, a ~ k ~ bo L08~2. As we see, kz ~ kcT1 > 1 only when the
logarithm in expression (29) is large, i.e. when

XboU/S)-1 (30)

If we approximate the Green function for Eq.(23) (l /2a)(l-a |z |) by a simpler
expression (l/2a)exp(^a|z|), then after substitution of the corresponding solution
for T' into Eq.(20) we obtain an expression of the form (21) but with a term
a2 instead of 72k2 . In the quasi-linear region b0L0 -^ 5 we can again assume
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a2 < k\ (kz is the characteristic wave number), so that, instead of expression (22),
we obtain

X F =X||«DF - x i l b ^ a S - 2 (31)

This expression is valid in the region b0L0/5 < 1, Q,rb0 > (bo~Lo/8)~l.

3.3. Let us now consider the region b0L0/5 > 1, where a quasi-linear
approximation is not valid. We again start with a simpler case where Lo = °°,
i.e. a case of a random field homogeneous in Z.

The problem in question is similar to that of current percolation in a two-
dimensional solid with random inhomogenous conductivity [11]. So, it seems
reasonable to use a well-known method by Dykhne [14], which allowed him to
obtain,in a rather simple way, an expression for the effective electrical conductivity
of an inhomogeneous substance. Let us write Eq.(18) in the following form:

3T
— (32)
OXa

where x ^ = bab0X|| + 5a^xi> and the sum is taken over subscript (3. When the
averaged gradient is directed along the x-axis, Eq.(32), on averaging, takes the form:

0

— (33)

where XF IS the value of the effective temperature conductivity to be found. Now,
we rotate the whole picture of gradient and heat fluxes through an angle of 90°
and introduce the following quantities:

"q = A[tz X VT]; VT' = B[tz X cf] (34)

where A and B are constants. Since div q = 0, rot VT = 0, we have div q ' = 0,
rot VT' = 0, i.e. the q ' and VT' values can be considered as heat flux and
temperature gradient in the turned plane. Now we try to choose values of A and B
such that the turned picture is as close to the initial one as possible.

The linear relation between q and VT gives:

9T'
(35)

9
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and an averaged heat flux is equal to

<q̂ > = - X F —
dx

(36)

Now we choose A and B such that, on the average, the heat transports in the
initial and turned planes coincide or at least, are as close to one another as
possible. For this purpose, the following requirements should be met:

X F = X F > <Xa0> = <xip> (37)

Averaging expressions (34) and making use of Eqs (33), (36) and the first
equation (37), we find

XF =VA7B" (38)

On the other hand, A/B can be found from the second equation (37). Taking
into account that, according to Eqs (34) and (35), x /̂3 = A/B x ^ (where
is the inverse matrix) we can find from the second equation (37):

= <Xxx> ( 7 V ~ r ) = XIIX1 «# ( ^ T ) = XiX||bg (39)
\XxxXyy XXy / \ D /

Here, the explicit expression for the xa0 tensor is included, and we have restricted
ourselves to the case bonr> 1. Thus, according to expressions (38) and (39),
we have

XF =VX||Xibo (40)

in the region b0L0/5 > 1.

3.4. Formula (40) again gives XF ~* 0 as xi ~* 0 which may be invalid when
Lo ^ 0. So the region b0Sir ^> 1 should be considered in more detail for large,
but finite values of the parameter R = b0L0/5. To consider this more general
case we first try to obtain expression (40) by using a simpler approach of the
quasi-linear type. To do this, we write the expression for the heat flux (18) for
a purely two-dimensional case in the following form:

_». -» 9T
q = - X | b b— - X i V T (41)
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where b(9/ds) = b • V, i.e. s is the co-ordinate along the field line projection on
the (x,y)-plane. If we again suppose T = T0(x) + T'(x,y) and average expression
(41), we obtain, neglecting the second term:

(42)

The value of T' can be found from the linearized equation div q = 0. Since
div b = 0 this equation will read:

When X|| *̂ Xi> the major contribution to the thermal conductivity comes from
those field lines that wander through long distances (small "islands" and "lakes"
practically do not contribute to the thermal conductivity). Along those lines
that correspond to small \j/ and can be considered unclosed, the value of s virtually
varies from —°° to +°°. Thus, T' can be expanded over s in a Fourier integral. As
for Aj_, this can be assumed to be equal to —k| for a perturbation of the typical
form exp(ik\ •"r'j_). Thus, from Eqs (42) and (43), we obtain an expression similar
to (21), with the only difference that here we have the term b2kg instead of k£:

/VXF - \ XII / V k l b | ( b ^ + 7 2kl) ' dt (44)

where ks is the wave number along s. For small y in expression (44) we again
see the occurrence of a 5-function; thus, the expression will read:

(45)

Since b i differs from zero in the region ks ~ k^ ~ 5 ', expression (45) yields the
same estimate as (40), i.e. XF ~ VXllXi bo •

For Lo =£ °°, the heat can flow along the field lines, and this should contribute
to <qx>. In the region b0L0/6 > 1, the expression for the averaged flux can be
taken in the form (42), the small gradient along z being neglected. Thus, it is
sufficient to take into account additional damping due to 9/9z only in Eq.(43).
To do this, we again make use of the functional (24) and first average it over b :
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We have again introduced here the s-co-ordinate along the field line projection
onto the (x.y)-plane and have "split" approximately the average squares of the
functions in the first term in the integrand. Expression (48) can be considered
to be a functional whose variation gives the point source function in the s-variable.

In expression (46), the second and third terms in the integrand are small
and so T' in these terms can be considered almost constant in s, i.e. approximately
T' = T'(i//). In this case, the average value of the second and third terms will be
expressed in terms of correlation properties of i//, i.e. expression (46) can be
written as follows:

, r\ , i»r\i /a, ,a,
dr (47)

where a1; a2 are numerical coefficients of the order of unity. When Sir > Lo/5,
the term with j 2 can be neglected and the damping is determined by the value
of ajL0. If we now take a quasi-linear-type equation (44) and replace 72kj_ by
ajLo we approximately obtain:

Lo1 (48)

This expression is valid for the region b0L0/6 > 1, bor2r > b0L0 /6.

3.5. Figure 1 summarizes the results of our considerations. In this figure
four regions are presented for XF a s a function of the parameters bo£2r and
b0L0/5. b0SlT lies in the b0Slr > 1 region and the value of b0L0/6 may be arbitrary.
In all four regions, XF — ^ D F , where Dp is the field diffusion coefficient and
v" = X||/L> where L is the characteristic length over which the temperature
perturbation is transported. In regions 1 and 4, the value of L ~ SQ,T < Lo, in
region 3 L ~ Lo , in region 2 L ~ L0(b0L0/5)"2 > Lo- On the boundaries of the
regions different dependences match.

The expression XF = ^Dp f° r v~ = X||/L is valid only at v" < Vje, where v-pe

is the thermal electron velocity, i.e. in a hydrodynamic collisional regime, Xe < L.
For Xe > L, as has been shown by Stix [8] and Rechester and Rosenbluth [9],
XF = vT eDF .

4. OHKAWA FORMULA

In a high-temperature, high-electric-conductivity plasma, it is natural to
expect a longitudinal field component B^ to arise because of plasma displace-
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FIG.l. Four regions displaying various dependences of heat conductivity in a "braided"
magnetic field.

ments. It is also natural to assume that the displacement is of the order of the
longitudinal correlation length, so that B' ~ B05/L0. In other words, the most
natural value of the parameter b0L0/5 is unity. According to Fig. 1, at b0L0/5 ~ 1,
Xp is virtually independent of CIT and equal to XF ~ X|| ( 8 2 LQ) in a collisional
regime, and to XF ~ vTe^2L~' in a collisionless regime. In tokamak-type systems,
it is reasonable to assume that Lo = qR, where R is the major torus radius, and
q the safety factor. Hence, in the plateau (and banana) regimes, Xe > qR, and
we should use the expression XF ~ vTe6

2/qR-
To describe the anomalous electron thermal conductivity, Ohkawa has

proposed the formula:

Xo = '
III
qR

(49)

which correspond to the assumption 6 = c/copl (copl is the Langmuir frequency).
This formula is in good agreement with the experimental data.

Evidently, the Ohkawa formula corresponds to the assumption that magnetic
surfaces are destroyed on the 5 ~ c/wpl scale. This assumption may, to some
extent, correspond to the hypothesis of a magnetic flutter [7]. In fact, if we take
into account the fact that in drift oscillations the magnetic surfaces are frozen
into the electrons, then the destruction of surfaces and reconnection of field lines
in a tenuous plasma can be expected only on the scale of a collisionless skin layer,
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8 ~ c/o)pl. That is why formula (49) seems to be quite reasonable in explaining
the anomalous electron heat conductivity under the conditions of magnetic
surface "flutter" in tokamaks.
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DISCUSSION

S. INOUE: If diffusion is governed by the parallel motion of electrons,
then the confinement of runaway electrons must be worse than that of ordinary
electrons. Is this consistent with experimental findings?

B.B. KADOMTSEV: The behaviour of runaway electrons has been discussed
by M. Rosenbluth. The magnetic drift of such electrons helps to prevent leakage
along the field lines.

J.D. CALLEN: Could you please discuss in somewhat more detail why you
have chosen c/wpe as the transverse correlation length? In particular, could you
indicate why you have not taken a larger scale length such as might arise from
drift waves which can also, presumably, cause fluttering of the magnetic field
lines?

B.B. KADOMTSEV: If electron collisions are very rare, the drift-type waves
will conserve magnetic surfaces, so that for a real reconnection of magnetic field
lines a smaller scale may be important — for instance c/cope, the collisionless
skin-length.

B. COPPI: The numerical simulation of discharges obtained in Alcator
and other devices has indicated that a combination of two diffusion coefficients
is needed to reproduce the observed temperature profiles. One of these two
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coefficients controls the electron energy transport near the centre of the plasma
column and has a form similar to the one you discussed, except that the exponent
of the electron temperature has the opposite sign. The other gives an enhanced
diffusion at the edge of the plasma column and has different dependences on n,
q and T. These conclusions have been confirmed recently by three other groups
who have carried out analyses similar to ours.

T. OHKAWA: The same model can be applied to calculations of particle
transport as well as heat transport, the resultant flow of particles being parallel
to the magnetic field lines. Perhaps this might explain the lack of experimental
observation of the bootstrap effect despite the fact that the transport rate is much
greater than the neoclassical rate. Would you care to comment?

B.B. KADOMTSEV: The problem of particle transport is more complicated
than heat transport, owing to electric field perturbations. We have not considered
this problem as yet.

M. DUBOIS: Do you explain this turbulence by fluttering of the lines of
force? I would not have thought that this was likely, strictly speaking, to be a
mechanism for turbulence.

B.B. KADOMTSEV: Yes; it may not be true turbulence but simply small
distortions of the magnetic surfaces.

M. DUBOIS: In the case of strong turbulence in the presence of a current
gradient, it seems to me that the plasma would tend to shield itself, thus reducing
the stochasticity. What do you think of this possibility?

B.B. KADOMTSEV: There may be some effect of self-curing or self-
restoring of the magnetic surfaces.

F.R. SCHWIRZKE: If the thermal electron conductivity is determined
by stochastic magnetic field "flutter" and related temperature fluctuations,
do these processes also influence the electrical conductivity?

B.B. KADOMTSEV: No, electrical conductivity is virtually unaffected
by magnetic-field fluctuations.
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Abstract

HIGH MODE NUMBER STABILITY OF AXISYMMETRIC TOROIDAL PLASMAS.
Plasma stability is often determined by modes with long wavelength parallel to the

magnetic field and short wavelength perpendicular to it. However, these characteristics conflict
with periodicity in a toroidal magnetic field with shear. This conflict can be resolved by trans-
forming the problem to one in an inifinite domain without periodicity constraints. This trans-
formation makes possible a full investigation of ideal MHD stability of axisymmetric plasmas
at large toroidal wave number n. (Small values of n can be studied by direct numerical
computation — but this is impossible when n is large.) For n S> 1 a systematic approximation
is developed around an eikonal representation. In lowest order, the oscillations of each surface
are decoupled and a local eigenvalue CJ2(4/, yo) is obtained. However, the mode structure,
the parameter y0 , and the global eigenvalue are not determined in this order. In higher orders,
y0 is determined and a second eigenvalue equation is obtained which completes the deter-
mination of the mode structure and yields the global eigenvalue fi2. Although this higher-order
theory is essential to complete the problem, all relevant information about unstable modes is
contained in the lowest-order quantity o?2(i/', yo). Hence, the lowest-order theory, which
involves only the solution of an ordinary differential equation, is sufficient to determine stability.

1. INTRODUCTION

In a simple plasma configuration such as an infinite cylinder, there

is a single comprehensive test for magnetohydrodynamic (m.h.d.) stability,

given by Newcomb [1]. This requires only the solution of an ordinary

differential equation. However, in toroidal configurations, such as a

Tokamak or Toroidal Pinch, there is no comprehensive method for determining

stability even though individual Fourier modes ~ exp inC (where t, is

the angle around the symmetry axis) are independent. There are certain

necessary criteria, such as Mercier [2], and there are elaborate two-

dimensional numerical codes [3,4,5], but these codes can describe only

oscillations of small toroidal mode number n .

667
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In this paper we develop a method for determining tn.h.d. stability of

any axisyimnetric plasma to all high-n perturbations (such as ballooning

modes). This complements the two-dimensional numerical methods and so

essentially completes the ideal m.h.d. stability theory of axisymmetric

toroidal systems.

One knows that the most persistent high-n instabilities will have

short wavelength perpendicular to the magnetic field but long wavelength

parallel to it. However, in a toroidal field with shear, these character-

istics conflict with the requirement that the mode be periodic in both

toroidal and poloidal directions. The first problem is therefore that of

reconciling long-parallel wavelength, short-perpendicular wavelength and

periodicity.

2. SHEAR, PERIODICITY AND LONG PARALLEL WAVELENGTH

In any axisymmetric system the magnetic field may be written

B = V*k xVt, + 1010 Vt, where ty = constant defines a toroidal magnetic

surface. One can then introduce [2] an orthogonal coordinate system

( + .?.. X) where x i s a poloidal coordinate, with metric ds2 = (d4</RB ) 2

+ (JB dx)2 + (Rdt,)2 and volume element dr = JdWxdt, . An important

parameter of the field lines is the local rotational transform d£,/dx = v ,

related to the 'toroidal safety factor' q by 2irq = $v&x .

When the mode number n » 1, one might expect to be able to represent

the oscillations by a conventional eikonal form cp ~ F exp inS , where the

phase varies rapidly (n » 1) but F and S vary slowly. However, in the

present problem the important oscillations are those with short wavelength

transverse to the field but long wavelength parallel to it. The eikonal

form for such oscillations is

r
v[S5<) exp [in(t, - / i/dX)] U )

cp ~F(v[

where the phase varies rapidly across the magnetic field but is constant

along it. If no other consideration intervened (1) would indeed be the

appropriate representation. Unfortunately, when there is shear in the

magnetic field it is impossible to reconcile (1) with the requirement of

periodicity in the poloidal angle x f°r a H values of i|< without

abandoning the hypothesis that FC+.x) varies slowly - and with it the

whole concept of an eikonal representation.

To obtain a correct compromise between long-parallel wavelength and

periodicity an alternative representation for the perturbation is needed.
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This can be described in general terms as follows [6,7], After Fourier

decomposition in the ignorable coordinate,the linear oscillations in any

axisymmetric system are described by a two-dimensional eigenvalue problem

£(9,x) cp(9,x) = X<p(8,x) (2)

where 9 represents the poloidal angle and x the flux surface coordinate.

The operator £ is periodic in 6 , and cp must also be periodic in 9

and bounded in x . We now express cp in the form

CO

/ n \ x ~ im8 / imn ~ / •. - / ̂  \
cp(8,x) = / e I e <p(n,x) dn. (3)

which automatically ensures that <p is periodic in 9 . The function <p

need not be periodic and it can be seen that any <p(it,x) which is a

solution of

£(n,x) <p(n,x) = X$(n>x) (4)

in the infinite domain - co < ti < + co will generate a periodic solution

<p(9,x) of (2) with the same eigenvalue. In fact, all the relevant periodic

solutions of (2) can be obtained from the eigenfunctions of (4). [This and

other properties of the transformation are given in [8]]. In effect, the

transformation (3) replaces the actual stability problem, with its awkward

periodicity requirement, by a similar problem in the infinite domain with

the same eigenvalue. The point of the transformation is that, because it

does not have to be periodic, <JJ(TI,X) (unlike cp(6,x) ) can be represented

in an eikonal form F(n.,x) exp inS in which all the rapid variation arising

from large n is contained in the phase. Consequently, in an expansion in

1/n , the lowest order equation for F(rt,x) is an ordinary differential

equation in n alone (- oo < ti < co) .

In order to complete the eigenvalue problem in the infinite domain, one

needs boundary conditions as |TI| -• co . These follow from the requirement

that cp(n.,x) must generate an acceptable cp(e,x) . In particular, as

|TI | -» co t the integration in (3) must converge and in many cases this alone

is sufficient to distinguish the acceptable from the non-acceptable

solutions of (4). An interesting example where a more subtle test of

acceptability is required is described in [8].

3. MHD STABILITY for n » 1

We now apply the transformation described above to investigate the

m.h.d. stability of an axisymmetric toroidal plasma to ballooning and other
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high mode number perturbations ~ ^(X)^) exP in£ • The starting point is

the usual m.h.d. potential energy functional 6W(t 0 [91-

Minimisation of 6W with respect to £ can be carried out exactly

(and corresponds to (V. £) = 0). Then 6W is expressed in terms of £

alone. When n -» oo , 6W(£ ,£ ) will be large and positive unless the

parallel gradients of the perturbations remain finite in the limit, [This

reflects the fact that the most dangerous modes have long-parallel wave-

length.] This enables us to carry out a further minimisation over £

(the component of £ lying in the magnetic surface) for large n to

obtain an expression for 6W which depends only on ti. (the 'radial'

component of £ ) and which is correct to order 1/n .

From this form of 6W(f; , £ ) we derive the Euler equation for the

minimising t,. , subject to an appropriate normalisation

wj JdWxIeJ2 = 1 (5)

It is convenient to introduce X = RB £. ; then the Euler equation is a

partial differential equation for XCxi*) with the periodicity condition

X(x + X ) = x(*) • However,this equation is of the general type discussed

in Section 2 and hence it is amenable to the transformation described there

zjrimx l /

'~U e x p

which converts the Euler equation for X into an identical equation for X

but with X in the infinite domain - <o < y < <x> ,

Because X is free of periodicity constraints we shall find that it

can be represented in the eikonal or quasi-mode [10] form

y
X(<!',y) = F(v|/,y) exp ( - in / i/dy) (7)

in which all the rapid variation at large n is explicitly contained in

the exponential phase factor and the amplitude F(^,y) remains slowly

varying as n -» <» .

Formally it is convenient to introduce two length scales normal to the

magnetic surfaces - the equilibrium scale ty and a more rapid scale

x = n2(i|/ - i|» ) where <|» will be identified later. Then, finally, the

Euler equation in the infinite domain becomes

(L + fi2M) F = 0 (8)



IAEA-CN-37/P-I 671

where

L = L + n"2Lj + n-'Lj and M = M + n'2M, + n-'M2

The operators L.,M., which are independent of n can be found in [8],

The operators L and M are ordinary differential operators in the

extended parallel coordinate y (-oo<y<oo) and depend only para-

metrlcally on A1 and y

We now seek a solution of (8) by an expansion in powers of 1/n2 . The

lowest-order approximation, [L + U2(»l',y )M ]F = 0 , is [6] explicitly

J 3y \ JR2B 2 lL
R2B

X

+ 2

Thus the lowest-order approximation in 1/n yields an eigenvalue problem

in one dimension only. In this order the oscillations of each surface are

decoupled and the eigenvalue uz(ty,y ) and eigenfunction f (y;\|»,y )

depend parametrically on the flux surface ty and the eikonal phase origin

y . The general solution of (9) can be written
o

F = A(x) f (y;*,y ) (10)
o o o

where the factor A(x) is undetermined in this order.

To calculate u)2(<l'(y ) , the boundary conditions on f as |y| -» oo

are required. These depend on the asymptotic behaviour of the two solutions

of (9) at large |y| . If to2 < 0 one solution is exponentially growing

as |y| -» co and one is exponentially damped. Clearly the growing solution

is unacceptable and the boundary condition on f is therefore simply that

f — 0 as |y| -> co . Hence the determination of unstable solutions of (9)

is straightforward. On the other hand,when u 2 > 0 both solutions of (9)

~ (1/y) exp iuy as |y| -* m and both are acceptable. Hence there is a

continuous spectrum of stable modes [11]. When u 2 = 0 a more detailed

investigation is necessary. This leads directly to the Mercier criterion

as a necessary condition for the stability of all high-n m.h.d. modes [8].

This lowest-order theory leaves the 'envelope' A(x) , the phase origin

y , the location of \|» and the relation of U2(<l',y ) to the global
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eigenvalue Q2 undetermined. To resolve this indeterminacy one must

proceed to higher orders in the 1/n expansion.

In the next order one finds an integrability condition on f which is

equivalent to the requirement

^ U2(*l<,yo) = 0 (11)

This fixes the hitherto undetermined parameter y

Carrying the calculation to a further order, a second integrability

condition is obtained which takes the form of an equation for A(x) :

i f y 0 VJO

If we choose ty to be at a minimum of U2(^) and expand u 2 about that

minimum (u 2), in anticipation of the fact that A(x) will be localised

there, this can be written

The unstable modes are found by taking y (which must be at an extremum)

to be at a minimum of U2(v|/,y ) . Then 92io2/9y 2 > 0 and A(.r) is a
o o

Gaussian function:

The corresponding eigenvalue is

" 2 - "o + 2n|,'(yo)| ^

These results show that (i) the 'amplitude' A(x) is indeed localised near

i|< = ty ; (ii) the 'global' eigenvalue of the system, fi2 , is equal to the

minimum of the 'local' eigenvalue U2(>l',y ) plus a small correction

O(l/n) which is itself defined in terms of U2(i|i,y ); (iii) the most un-

stable high-n mode occurs when n -» °o .

One sees, therefore, that although the lowest-order theory above is

incomplete, all the relevant features of the higher-order calculation are

expressed in terms of u)2(*,y ) which is obtained from the lowest-order

calculation!
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4. CONCLUSIONS

To investigate high mode number oscillations, such as ballooning modes,

in a toroidal plasma one must reconcile long-parallel and short-

perpendicular wavelength with periodicity in a sheared magnetic field. This

can be done by the transformation (3) which converts the problem into one in

an infinite domain y without periodicity constraints. Then, and only then,

one is able to introduce an eikonal, or quasi-mode, form

y

it = F(x|<,y) exp(- in / i/dy)
yo

in which the amplitude F remains slowly varying as n -» o° . The 'quasi-

mode' X is not the physical perturbation; this can be constructed from

X and will resemble a super-position of quasi-modes.

The existence of two distinct length scales at large n provides the

basis for a systematic calculation of the amplitude F(>P,y) and of the

frequency of oscillation. In lowest order in 1/n the oscillations of each

surface are decoupled and a 'local' eigenvalue u)2(ty,y ) is determined by

an ordinary differential equation in which the independent variable is the

extended poloidal coordinate y (- co < y < co). The flux coordinate >|>

and y appear only as parameters.

The boundary conditions as |y| -» co associated with the eigenvalue

equation for u2(^,y ) arise from the requirement that an acceptable
o

solution in the infinite domain must generate, via the transformation (3),

a physically acceptable function in the periodic domain. For u 2 < 0

(the interesting case for stability analysis) the boundary condition is

simply f -» 0 as |y| -> °° . For u 2 > 0 an eigenfunction can always be

found - a reflection of a continuous spectrum of stable eigenvalues.

Solution of the 'local' lowest-order equation is straightforward, but

it does not determine the mode structure in the radial \|/ coordinate. The

determination of this structure, and of the relation between the 'local'

eigenvalue U2(v|/,y ) and the global eigenvalue fi2 requires a higher-order

theory.

In higher orders of the 1/n expansion one finds a condition deter-

mining the parameter y - it must be at a minimum of u2(<|»,y ) . One

also finds a second eigenvalue equation, this time in the radial coordinate

alone, which determines the mode structure and the 'global' eigenvalue Q2 .

The coefficients of this second equation are expressed entirely in terms of
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the function U2(^,y ) obtained from the lowest-order calculation. Hence,

although the higher-order theory is essential, because the lower-order

theory alone is incomplete, the solution to the higher-order theory

involves only quantities calculated from the lowest-order equation.

Consequently, in practical applications, the high mode number stability

of any axisymmetric plasma can be determined from the lowest-order equation

alone. This ordinary differential equation can readily be solved for any

given equilibrium profile. Some practical applications of this procedure-

to the JET and TOSCA experiments - are described in another paper at this

meeting [12]. This paper also relates the present high mode number theory

to the low mode number, two-dimensional, numerical computations.
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DISCUSSION

K.V. ROBERTS: You said at the beginning of your talk that the high-n
modes were the most dangerous. Could you explain in what sense we now need
the two-dimensional MHD stability codes for the low-n modes?



IAEA-CN-37/P-1 675

J.B. TAYLOR: What has been proved is that, in a large-n expansion,
instability increases monotonically with n and the most unstable mode is n -> °°.
However, we cannot prove that there is a similar monotonic dependence for
small n, though in practice this does seem to be the case, as was shown in
paper K-5.

The usual procedure is to do most of the examination of stability by using
the high-n theory but to make occasional checks, using the 2D MHD codes, to
ensure that the low-n modes are stable.

P.E. VANDENPLAS: I have a technical question concerning your very nice
approach. You use the lowest-order terms of the expansion in order to deter-
mine all the characteristics of the high-n solution. If you then use the next-order
term (above those necessary to determine the solution fully), do you obtain
only a small correction, and is it certain that nothing contradictory to the lowest-
order information is obtained?

J.B. TAYLOR: The theory has not been developed beyond the order I have
described. As I emphasized, the lowest-order theory is incomplete, so the first
and second orders are not merely small corrections but essential if we are to get
a complete theory. However, I expect that further orders would yield only small
corrections, such as the term Fx .

CM. SURKO: If one were to look for the most unstable mode in an experi-
ment, what would n (or the wavelength of the mode) be expected to be?

J.B. TAYLOR: Within the framework of the theory the most unstable
mode is n -> °°. In practice, of course, some non-ideal effect, such as finite
Larmor radius, would intervene and would control the most unstable mode
number.
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Abstract

MHD STABILITY LIMITS ON HIGH-/3 TOKAMAKS.
Limitations on high-(3 tokamaks are imposed by a number of ideal and resistive MHD

instabilities. The present paper reports results on three such studies: (1) Numerical analyses
using the Princeton PEST code on (3 optimization of tokamaks for low toroidal mode numbers n;
(2) analytic and numerical results on ideal ballooning modes with high n; and (3) analytic and
numerical results on resistive ballooning modes at high n.

1. IDEAL MODES, LOW n

A comprehensive study of the 3 limitations imposed by low-n, ideal
modes has recently been completed [1]. The parameters varied include the
aspect ratio, elongation, triangularity, pressure profile, q-profile, and
toroidal mode number n .

The expected linear variation of Bcrit with a/R was found, as well
as improvement with elongation and triangularity, which tends to saturate
at an elongation of about two. Fixed-boundary modes are somewhat more ef-
fectively stabilized by these effects than free-boundary modes.

Fixed-boundary modes have higher 6Crit
 wifcn flatter pressure pro-

files, while the free-boundary modes are relatively insensitive to the form
of the pressure profile. Physically, this occurs because the pressure-
gradient driving forces tend to concentrate near the wall, where the dis-
placement is made to vanish.

The Scrit dependence on the q-profile, holding the plasma shape
fixed, is quite complex. Holding the axis q = q(0) fixed slightly above
unity while increasing the limiter q = q(a) increases Bcrit • This be-
havior results from the fact that as q(a) decreases, the force-free cur-
rents drive the kink mode unstable, while ballooning forces are unimportant.
Fixed-boundary modes tend to be more stable for low q(a). As q(a)

* This work was supported by US Department of Energy Contract EY-76-C-02-3073.

f On loan from Westinghouse Research and Development Center.
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increase, &cr±t
 f o r both types of boundary conditions tends to coalesce,

since the kinking forces are relatively less important.

In the case of Fig. 1, in which q(0) is increased while holding
q(a) fixed, Bcrit decreases with increasing q(0) for the free-boundary
modes. For the fixed-boundary modes 2cr^^ first decreases and then in-
creases with decreasing q(0), in agreement with other work [2]. The im-
provement for small q(0) for the free-boundary modes results from shear
stabilization, while the behavior of the internal modes for large q(0) is
related to the decreased importance of the geodesic curvature ballooning
forces [3].

Some control of the kink modes can be achieved by placing a pressure-
less plasma outside the current channel. An indication of this is given in
Fig. 2 where we surround the plasma column with a region of pressureless
plasma and see a significant decrease in the growth rate. Substantial sta-
bilization of free-boundary n i l modes can be achieved by placing a per-
fectly conducting wall -20% beyond the plasma radius.

The fast-growing n = 0 axisymmetric instabilities in tokamaks with
noncircular cross sections [5] can be controlled with passive stabilization
by properly connecting the divertor coils. This has been shown with the
PEST studies as well as with an initial value code [6].

The variation of 6cr:i.t with n is given in Fig. 3 for both free-
and fixed-boundary modes. The free-boundary modes are always more unstable,
but there is a coalescence for large values of r . In Section 2, an ana-
lytic theory of ballooning for large n , developed partly as an attempt to
understand results from the PEST code [5], is shown to agree with some of
these results.

The overall result of the present parameter study indicates that
- 5-6% are achievable within the realm of ideal MHD.

2. IDEAL MODES, HIGH n

Analytical progress can be made in the limit of large n 13,5-7].
Here we extend this work to higher^order in an asymptotic expansion in
n-V 2 to obtain a description of the radial structure of the eigenfunction
and find stabilizing finite-n corrections to the growth rate. The problem
of shear and single-valuedness is treated by means of a new periodic repre-
sentation. The restriction to the vicinity of marginal stability is
removed by dealing with the correct kinetic energy, which leads to coupling
of shear-Alfven and sound modes by curvature.

The full ideal MIID Lagrangian,

L = | JdT [ (1/B2) (Q • B - | • VP) 2 + Q2 + YP (V • %) 2

- (J • B/B2)|x B • Q - lX ' Vpt • < - poo2C2) (1)

is used, where £ is the displacement vector; Q = V x (£ x B); < - e^ • Ve^
is the curvature vector, with ei = B/B; and u> is the frequency. Modified
Hamada coordinates V, 8, 9 are used, where surfaces are labelled by the
volume V; 8 = C-q8 + /kq' dV; 9 and ? are angle-like coordinates which
increase by unity in going around the short and long was, respectively;
q(V) is the safety factor; k_(V) is an arbitrary shift in the origin of
the 6 coordinate; VV x V6 • V8 = 1; B = x'VBx^V; and X (V) is the poloi-
dal flux. For the axisymmetric tokamaks, 6 is ignorable. Write

t = U/B2) (x'S,,B.x V/3 +X'5.'Vx B + C B) (2)
V D O
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' 'axis

FIG.l. Critical (3*= 2(P2)1/f2y'BQ as a function of q at the axis for a typical equilibrium series
with circular cross-section and aspect ratio R/a = 4.6. The current distribution is such that q
increases nearly quadratically with ty to 3.8 at the plasma boundary ^ b , and P varies as

with ? v = £ • W , Cg = t. • VB, and parallel component £ B= £ • B . Gradients of
perturbed quantities are assumed large, $~ n>> 1, and components, deriva-
tives, and L are expanded in powers of E = n"1/2 << 1, except for 3/33 ,
since B , being a degree of symmetry, is represented by a single Fourier
component exp(-2TrnBi). The aspect ratio, 6 , and io/uA are of order unity,
with (DAs B/qRfp

1' ) the Alfven transit frequency.
(-4)

The leading term L contains only positive-definite stabilizing
terms involving^ Q.i , $ x , and *• f. To eliminate these terms, both
3t/36_2 and (V • ti.i'2)= 35^O)/3V_2 + 3£i°'/3B must vanish. Introducing a
stream function if such that 5^°> = 3$ l2)/agf C^°> =-3I(I (2)/3v_2 with
3<f> (2)/36_2 = 0 accomplishes this. The representation[7,8]

CO

$<V,B,e) = I $(V, 9-m)exp[-2Trni(B+mq)] (3)
in——*50

obviously satisfies the periodicity conditions

while maintaining 34>/3B >> 3<f>/39 with q1 ? 0 . Here $(V,6) is an
aperiodic function of 9 on the domain -« < 8 < °°, with $-*• 0 as |fl|
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'Mm

FIG.2. Growth rate as a function of the width of a pressureless plasma region for a D-shaped
plasma with aspect ratio 3.5, elongation 1.65, 1.0 <.q < 3.0 in the current channel, and
P <* f^- ty 1 ' 4 . Q, is the growth rate normalized to the shear Alfve'n transit frequency wA,
and q^m denotes the safety factor at the edge of the pressureless plasma.

The term in 3 containing the arbitrary function k(V) plays the role of a
WKB radial phase integral, which allows $(V,8) to be chosen independent of
the fast length scale V_2 . <)>(V,6) then varies on the length scale V_̂  .
When this representation is introduced into L , the sum over m combines
with the integral over - 1/2 < 9 < 1/2 to give an integral over - « < 9 < « ,
with cross terms in the sum vanishing to a l l orders on integration over the
rapid radial variation. The additional negative orders of L are then
eliminated by making a l l quantities vary only on the equilibrium parallel
length scale 8O , so that the multiple length scale expansion in 9 i s
unnecessary. Further, 5v = 3$ ̂ ' / 33 and Eg = -3<{i' /3v_i are
required.

To next order, minimizing L
(o) with respect to d. yields

(B2
 + (V •

(o)
38 = 0 (4)
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p*

Conducting
Wall On The

Plasma Boundary

Free Plasma Boundary

n=oo
Internal
Modes

0.2 0.4 0.6
l/n

0.8 1.0

FIG.3. Critical (3* as a function of l/n for a D-shaped series, with aspect ratio 3.5,

elongation 1.65, 1.0 <q< 3.0, and P<* (%~^J1A-

which determines t± up to an arbitrary stream function <£
remaining terms are then minimized with respect to <j>(2) an(j
yielding the Euler-Lagrange equations.

(4)
The

39 39
(2*LK +^l)
V x' w 2

B

(2)

= 0

(5)

(6)

where v(2> is defined by
tion similar to Eq. (3) for

(2)

and < = iw

refers to a representa-
/B2 . The factors

1761 and icw contain secular terms proportional to 9 and 92 .

Equations (5) and (6) constitute a fourth-order system of ordinary
differential equations which have been solved numerically with a shooting
code to determine the poloidal mode structure, using equilibria determined
numerically by the PEST code. In the limit |co| << u s , with
ojs = (yP/p)

1/2/qR the sound transit frequency, Eq. (6), can be used to
express the last term of Eq. (5) in terms of a constant of integration.
Dropping that constant recovers Eq. (6) of Ref. [3], but since u s i « A ,
the inertial term in Eq. (5) must also be dropped for consistency.
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As |e| -»• °° with (0 < 0 , the asymptotic solutions to Eqs. (5) and (6)
are exponentially large and small, respectively. Choosing the eigenvalue
k(V) on each surface to eliminate the large solutions, holding w2 fixed,
determines the lowest order radial mode structure. However, the resulting
function k(V) has turning points at which it is non-analytic. In a
region of width V/ViT about a turning point Vo , the constant u 2 in
Eqs. (5) and (6) is replaced by a local eigenvalue X(k,V), as in Ref. [3],
and Taylor-expanded about Vo and kg =k(Vo). Solving these equations does
not eliminate L(°) entirely, so higher-order terms in the Taylor expansion
of L(°) must be retained.

At first order, terms in L arise proportional to 3X/3k and
3X/3V . The condition 3X/3k=O defines a turning point, while the
condition 3X/3V = 0 implies that the local eigenvalue has an extremum.
With B^X/Sv2 and 32X/3fc2> Q ( ^jje extremum is a minimum. The Taylor
expansion thus, applies only to the most unstable mode, which is, of course,
the most interesting. The minimum 0>2sX(ko,Vo) corresponds to the local
eigenvalue obtained in Ref. [3], apart from corrections due to coupling to
sound modes.

At next order, after L is minimized with respect to <j> , a
term proportional to (1/2X32X/3k2)(3$(2)/av_!)2 is obtained. In addition,
a contribution arises from the second term in the Taylor expansion of
L { o ) , of the form (1/2)02X/3V2)x2 |<|> l |2 , with x = V-Vo • Finally, there
is a correction to the frequency proportional to 2uo»iI $ I2 • On
minimizing^ L*2' with respect to the undetermined radial coefficient
V (V) of <|>(V,9) , the Euler-Lagrange equation

32X\32W 2 2/ 1 32X

is obtained. This Weber equation has eigenvalues

, , , , 1 / 2
2uou1 = (N + l/2)|[(3 X/3k ) (3 X/3V )] /2irnq-'| (8)

The first correction to the frequency due to finite n is thus stabilizing,
showing that the high n modes are the most unstable.

The case treated above represents the limit of a WKB treatment as two
turning points V^ and V2 approach each other. If V± and V2 are
well-separated, the appropriate treatment near a turning point is a Taylor
expansion in a region of width V/n2/^ , leading to Airy's equation and the
eigenvalue condition,

rV2

2irn kq'dV = (N + -)TT (9)

V

when V± and V 2 both fall within the plasma. As is well-known, this
gives results identical to Eq. (7) when V-^ + ̂ 2 • With N = 0 and k(V)
determined as the eigenvalue of Eqs. (5) and (6) as u + O , a value of ,
n= 3 . 2 for marginal stability is obtained for an equilibrium for which PEST
finds n = 3 stable and n = 4 unstable.

3. RESISTIVE BALLOONING MODES

As in tearing mode theory [10,11], which indicates that resistive
effects are enhanced by large gradients in a singular layer about a rational
surface, the effects of resistivity on ballooning modes are enhanced by
large gradients in the limit of large 6 . These are associated with the
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FIG.4. Resistive ballooning stability parameter A'B as a function of the radial variable \p of
the PEST code, with ty = 0 at the axis and \p = 1 at the plasma boundary. The dashed lines
denote the threshold values Ac for different toroidal mode numbers, for S = 106. Each mode
is unstable in the region where A'c

twisting of the f ie ld l ines in the presence of shear, and enter the problem
through the secularit ies in |VB| and KW . They introduce a new class of
pressure-driven res i s t ive ballooning modes, with growth rates scaling as
fractional powers of the r e s i s t i v i t y , which are unstable at lower values of
B than ideal ballooning modes.

The equation of motion and Ohm's law.

psv (10)

with growth rate s , resistivity T\ , electric field E = - V<J> - sA ,
perturbed magnetic field b = ? « A , perturbed current density ^ , velocity
v , and perturbed pressure p , are used. Their solutions for v and 'J are
substituted into the quasi-neutrality equation, the adiabatic pressure law,
and Ampere's law,

V • j = 0 , 'VP + v= 0 , V A = - j (11)

to obtain equations for the three unknowns $ , p , and A . Introducing
the high-n limit, with finite growth rates and small resistivity.

s-nn (12)

yields the equations.
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B • $ [ j(B • Vif + SA • B) ] + ̂ | 7±4> + 2 ^—jj" * ̂ XP = 0 (13)
nB B B

V 2(A»B) = -(B • V<j) + SA • B) (15)

with AA eliminated algebraically in terms of p by pressure balance.+ ^
After introducing periodic representations, Eq. (3), for $ , p , and A- B ,
Eq. (13) and (14) become coupled second-order ordinary differential
equations in 6 for <|> and p , while Eq. (15) becomes an algebraic
equation for A • B .

Two methods have been used to elucidate the behavior of Eqs. (13)-(15)
and motivate the treatment finally used. First, n2/S is assumed small,
where S = T R / T A is the ratio of the resistive skin time T R = a /n to the
Alfven transit time T A = 1 / U A . When Eqs. (13)-(15) are expanded about a
stable ideal mode, a growth rate Re s scaling as n2/S is obtained, as in
Refs. [12] and [13]. However, the destabilizing term scales as 1/u ,
where w= Im s is the frequency of the ideal mode, and hence diverges as
a)-*-0 . Furthermore, secularities scaling as powers of 9 in the integrals
over the unperturbed eigenfunction lead to the possibility that this
integral may fail to converge.

Second, Eqs. (13) and (15) have been solved numerically, using the
method described for Eqs. (5) and (6), for an equilibrium which is stable
to ideal ballooning modes. Stable modes are found with sxA~ (nVs)

1/ 3 as
n2/S -+0 . However, as n2/S increases, instability sets in for small
n2/S . As n2/S -»• 0 , the value of 9 for convergence scales as
(S/n2)1/3» x .

This behavior can be understood by comparing the large-9 limit of
Eqs. (13)-(15) with that of the ideal, marginal equations,

0 (17)
0 0 L B* °°\ X / J

where

p~7a7

Solutions of Eqs. (16)-(17) as 9-»•«° consist of four power-like terms. The
large-9 solutions of Eqs. (13)-(15) are proportional to exp(±/a9d9) , where
a~ (sn2/S)V2 . As n2/S-»-0 , the solutions of Eqs. (13)-(15) first approach
the power-like limit, and then make a transition to exponential behavior when
0- (S/n 2) 1/ 3 . There is thus a large-9 region in which Eqs. (16)-(17) are
approximately valid, and a large-9 boundary layer-like region in which
inertial and resistive effects are important.

The transition region is studied analytically with a subsidiary
ordering,

s -9" 1 - <n 2/S) 1 / 3« 1 (18)
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of Eqs. (13)-(15) . A set of equations is obtained which are the Fourier
transforms of Eqs. (9), (12), and (13) of Ref. [11], governing the resistive
layer about the singular surface of a tearing mode. Using the methods
described there, analytical solutions are found which are exponentially small
as 9 •• °° . As 9 •+• 0 , these solutions have power-like behavior which matches
the large-6 limit of Eqs. (16) and (17). Four coefficients must be matched
for 9 > 0 and four for 9 < 0 . This yields an eighth-order matrix of
equations, the determinant of which yields the matching condition,

A'[k(V),V] = MQ,V) (19)

o

Here, the quantity

lit - A?) <l£ + B*) - <A£ - A?) »\ + B?) .
AR [k (V) ,V] = — i i 2 _ ^ ^ _ i i L_ (20)

A A - A AA1A2 A1A2
is constructed from the large-9 limit of any two independent solutions of
Eq. (16), with u = (- P'/x')• > the A's and B's are coefficients of the
large and small power-like solutions, e 1 / 2 ± /~ D l , where Dj< 0 is the
Mercier criterion [11]. R and L denote right and left. & B is a
measure of the destabilizing ballooning forces in the small-9 ideal region.
The function k(V) , the radial mode number, is determined by Eq. (19)
on each surface. The function

is derived from the small-9 limit of the resistive region solutions. Here,
80 = (S/n2)1/3 is the transition point, and Q= s/diVs)1/3 is a
dimensionless growth rate, determined from Eq. (19) and radial boundary
conditions. DR , defined in Ref. [11], carries the stabilizing effect of
favorable average curvature when DR< 0 . Using the Nyquist analysis in
Ref. [11] , instability is found when

A'(9,V) > & (V) 2.988 |Dj 5 / f i (22)
B C OK

on any surface V , or when D > 0 .
R

In Fig. 4 , results are given of an evaluation of this instability
criterion for an equilibrium with B* = 4.9% , in a sequence which becomes
unstable to ideal ballooning modes for S* = 5.3% . The curve of AB has
a local maximum in the region which is most nearly unstable to ideal modes.
The threshold value Ac is shown for different values of n , with
S = 10^ . While instabilities always exist as n-»•<», very high-n modes
should be stabilized by finite Larmor radius effects which are not included
in this analysis.
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DISCUSSION

A. SYKES: This paper displays an equilibrium of 5% j3* that is not only
stable to internal modes but is also stable to surface kinks with no wall. This
last property is surprising, because the corresponding current profile has
j a i//0.4; which would be very unstable in the cylindrical case. Looking at the
detailed Princeton report, I have doubts about the accuracy of the kink calcula-
tions. These doubts can be summarized as follows.

The PEST code, like others, has difficulty in distinguishing low-growth-rate
cases; hence the j3*rft is determined not directly but by finding growth rates of
(5* >/3crit-unstable members of the FCT family. However, these growth rates
will, I think, "take off" at some point when the R2p' starts increasing the current
gradient at the outer part of the D-shape (even though the q-profile is unchanged).
The extrapolation back to zero growth rate may then indicate an optimistic
j3*rit; in fact, I fear that, for the q-profile used here, the exact answer may be
j3*rit = 0%. Can you assure me that the crucial kink calculations have received
the special attention they deserve?

E.A. FRIEMAN: The PEST code has been validated in many ways, and
particular care has been taken to secure accuracy and convergence. Control of
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kink modes has been demonstrated both by current profile tailoring (see Fig.2
of our paper) in the absence of walls and by the use of nearby conducting walls.

H.L. BERK: Could you comment on the apparent discrepancy between
your work and that of Troyon (see paper K-2), who said that the free-boundary
modes had an extremely-low-|3 stability criterion?

E.A. FRIEMAN: Both the PEST and the ERATO codes indicate that
stability results are quite sensitive to details of the equilibrium. In Fig.2, for
example, control of kink modes through the use of a small amount of pressure-
less plasma is demonstrated.

H.L. BERK: Why is it that your low-n modes determine stability, rather
than the high-n modes?

E.A. FRIEMAN: Given some particular equilibrium, the "kinking" forces
may dominate the "ballooning" forces for differing n values. Therefore, the low-n
free boundary modes may determine a critical (3 which is lower than the value set
by the n -> °° ballooning modes.

J.P. FREIDBERG: In your paper, and also in J.B. Taylor's paper, n -»• °°
is described as the worst mode; this is illustrated by curves of y1 versus n for
fixed /? and q. But is it clear that the critical |3 for marginal stability will also be
the worst for high n?

E.A. FRIEMAN: Figure 3 of our paper specifically indicates a case for
which n = 1 sets the limiting |3 rather than n = °°.
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Abstract

HIGH-WAVE-NUMBER MHD-MODE STABILITY IN HIGH-PRESSURE TOKAMAKS.
A general expression for the potential energy describing the stability of high-wave-number

MHD-modes is obtained by the Connor-Hastie-Taylor (CHT) method. The Mercier criterion
is derived in the framework of the CHT method. The calculation of a critical pressure profile
is presented for a plasma column with circular magnetic surfaces.

During the last year, considerable progress has been made in the theory of
MHD-instabilities in a plasma. Particular attention was paid to problems arising
in high-pressure tokamaks. As a result, virtually all qualitatively new effects due
to high pressure, which, in particular, had been discovered before by numerical
simulation [1,2], could be understood.

Let us, first, briefly summarize the main results of last year's papers, which,
in conjunction with ideas existing before (see, e.g. Wesson's review [3]), completed
our general picture of MHD instabilities in a tokamak plasma.

In the paper by Pogutse and Yurchenko [4], the main effect of toroidality
on kink mode stability was clarified. This effect is due to the fact that, in the
range of q-values where the spectra of the cylindrical £m, £ m + 1 modes intersect,
neither £m nor £ m + j are the prevailing harmonics, and the toroidal eigenfunctions
are combinations £m ± £ m + j not containing the coupling parameter e ~ /3p a/R.
As a result, the toroidal effect — which is de-stabilizing — is of the order of e in
this region, in contrast to what was to be expected, i.e. e2.

Substantial progress has also been achieved in the understanding of internal
instabilities. For the internal m = 1 kink mode, which is qualitatively different
from the other ones, a comprehensive criterion was found already in 1975 by
French physicists [5]. They have shown that, in contrast to the cylindrical case,
in a toroidal column the instability of this mode for m = 1, n = 1 is basically only
due to the pressure gradient, and the criterion gives a limitation on the parameter
|3p of the order of 0.3 for typical tokamak cases.

For m > 2 modes, the main problem was to find limitations on the plasma
pressure not included in the classical Mercier criterion. It is well known that this
criterion was deduced for local perturbations of a special type, 9£/3a >?> (m/a) %.

689
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It can be shown that the assumption for the wave number that m, n » 1, which
was made in the original paper by Mercier [6], appears to be superfluous under
the usual tokamak conditions Bg <§C B2, a2 <S< R2; thus, this criterion is a necessary
one for any wave number m ¥= 0 of the perturbations in question.

In Ref. [7], the fundamental role of the non-local nature of the eigenfunctions
is emphasized. At moderate pressures, with 0p ~ 1, the non-local character of the
associated harmonics was shown to be of paramount importance. This non-
locality yields additional de-stabilizing terms ~ j32 a2/R2 in the criterion, which
become essential for low wave numbers m ~ 2, already for j3p ~ 1.

For high wave numbers m ^> 1 and j3p ~ R/a, basic and associated harmonics
cannot be distinguished any longer in the eigenfunction, and the method of
Ref. [7] becomes little effective. The main progress in higher-mode theory was
achieved by Coppi [8] and the Princeton group [9], but then a rigorous and
effective method leading to a necessary and sufficient criterion for m,n5§> 1 was
formulated by Connor, Hastie and Taylor [10]. These papers have shown that
the ballooning modes found earlier in numerical calculations [1,2] may impose
rather strict limitations on the pressure gradient, (S - 2p/B2 ~ 0.1 b/Rq2 [10].

Thus, during the past year, views held previously on MHD instabilities in
tokamaks were reviewed to a considerable extent, and the main effects due to
finite pressure were understood.

In this paper, some problems of the CHT theory of high-wave-number
instabilities, which have not been dealt with explicitly in the original paper [10],
are set forth in a more detailed manner. In particular, in terms of CHT method,
the Mercier criterion is deduced as a necessary one for a special type of pertur-
bations. This deduction shows that the statement of Ref. [11 ] to the effect that
the Mercier criterion is sufficient for the stability of ballooning modes is incorrect.
The stability of a plasma column in a circular-magnetic-surface model appropriate
for the consideration of both low and high plasma pressures is investigated in detail.

1. EXPRESSION FOR POTENTIAL ENERGY IN THE CHT METHOD

We shall use the system of co-ordinates a, d, f with straight field lines, where
the magnetic-field and current-density components have the following form:

J ~ I 0 ' J

(i)
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The general expression for the potential energy W in an axisymmetric configuration
reads as follows:

W = — / dad0dO—7= I — I ~2—T= -
8TT J [y/g \ 3 0 / VS 9 a a<?

3u f/l'N / V y Y v/il 9 / ,

4TT2
P ' 3U 9u _9_ g33 _ 3u _3_ g

3a 361 I bd 3a I
^ l - l (2)

121 f^Y- 2 1 1 2 ^ ^ + 2 ^

• . „ . , „„ 3u 3X _ JT_ 3u 3X

$ ' 30 3f $ ' 30 30

where

x' 3u 3u
$ ' 30 3f

Expression (2) contains two test functions u and X; the first contravariant
component of the displacement, £\ is related to u by the relation
V = f-Va = -(\/$) (3u/30) [5]. It is convenient to write W in the form (2),
because at X = 0 the longitudional field B3 is not perturbed and, hence, X gives
either a contribution ~ (p'R/B>)2 or ~ a2/R2q2, which is often unessential.

The u-perturbation can be represented as a set of harmonics:

-*0 (3)

g = —oo

which have approximately equal amplitudes ug for j3p ~ R/a.
It follows from general considerations that each ug harmonic is located in a

region where nq * m + 8. (q = 3>'/x')- Let x = a - a0, where a0 designates the
resonant surface nq = m. In the case of high wave numbers m, n, the resonant
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surfaces for neighbouring harmonics are located close to each other and lie in
about the same range of plasma parameters. Thus, there are no prevailing
harmonics of perturbation with m, n >S>1, and we must assume that

(4)

The phase factor exp(i£0o) is equivalent to a variable shift 8 -+ 0-0 o and will be
dropped from now on.

This natural assumption that there are no prevailing harmonics reduces the
problem to that of finding a one-dimensional function uo(x), which is an essential
simplification. Then we can go over to the Fourier transform FOJ) :

1 /
uo(x)= — / F(v)emqxT>dr, (5)

Z7T J

so that

u(a,0,n = einf-im(? ) — /
I—i L-K J

(6)

oo

v^ r
= einf-im0

CO

J
This enables us to represent the perturbation as a set of aperiodic purely flute-
type quasi-modes [10]:

u(a,0,f) = ) F(0 + 27rC)eillf~in^^ + 27rS) (7)

where F(0) has the sense of a Fourier transform of a real-space harmonic of u0 (x).
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Proceeding with the CHT method, we obtain the following expression for
the potential energy functional in the axisymmetric case:

WCHT =
811-8^2/822 1

822\/8 i+g22/g33q

dF

g33

g33

i+g22/g33q2
(8)

X ( ^ I + _ \/g _9_ gn\ I i_
q2 9a q2 90

812

q 90 q(l +g22/g33 q
2)

which should be positive in case of stability.
It follows from our derivation that the CHT method is based on the natural

assumption (4) that for large wave numbers m, n an eigenfunction is a set of
equivalent harmonics. For m, n 5S> 1, the one-dimensional functional WCHT (8)
obtained by using this assumption alone is equivalent to the original functional (2)
and, hence, it can yield an asymptotic, necessary and sufficient condition for the
stability of high-wave-number MHD-modes.

2. THE MERCIER CRITERION IN THE CHT METHOD

As was noted in Ref. [10], expression (8) includes the Mercier criterion as a
necessary condition for stability. Let us recall that the traditional derivation of the
latter proceeds as follows: The u-perturbation is represented as the sum
[u(a) + u(a, 0)]exp [in(J-qo0)] where u(a) is the flute-type and u(a,0) is the non-
flute-type part, q0 = m/n. In the functional W (2), the derivatives 9if/90, inil
are neglected and, as a result, the remaining 3u/9a derivatives are eliminated
algebraically. Then Suydam test functions are taken for u which lead up to the
Mercier criterion. It is easy to see that, in the CHT method, this derivation
corresponds to an allowance for terms determining the asymptotic behaviour

for aq' 0/q -»• °°:

CHT CJ0 +
aq'0

90
(9)
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where f, boojbd are the corresponding coefficients in expression (8), (U>I)Q - 0,
and w0 is the averaged part of the factors with F2 corresponding to a magnetic
well.

We take F in the form Fo + Fx , where Fo is the smooth part of F:
dFo/d0 ~ Fo/6 <̂  FO and Fi is a rapidly oscillating term, F! <* Fo . These
conditions allow us to eliminate F! from the functional (9) in an explicit
way:

dd

d F ° (10)

Now, we obtain an equation of the Suydam.type for F o :

_d_ a2q'202 dF

dd
aq

V
C O ,

f
Fn = (ID

which should be solved for 6 -> °° in contrast to the usual evaluation for x ->0.
In this case, the stability condition is given by

where < > designates an average over 6. Taking into account the form of f,
coo, c^ (8, 9) we find that criterion (12) coincides with the Mercier criterion
(see Ref. [11], where a similar form of the criterion was used).

As follows from these considerations, an appreciable difference between the
stability conditions in the CHT method and the Mercier criterion shows up in
the case where the eigenfunction for the functional (8) is concentrated in the
region |0| ~ 2TT q/aq'. This localization at low 0-values is due to the term
~ p' 9g33/9a in (8) and corresponds to a ballooning effect. As follows from
relation (4), for ballooning-type perturbations the gradients along Va and V0
are of the same order: 9/9a|g ~ m/a and when the shear aq'/q ~ 1, the ballooning
modes consist of strongly overlapping harmonics, which have been observed earlier
in numerical calculations [1, 2].

Let us note that, in a model example of Ref. [10], because of a number of
simplifications, the Mercier criterion (12) is reduced to the condition
(1/4) (aq'/q)2 > 0, which is always satisfied. This is the reason why the
limitations on the pressure obtained in Ref. [10] are explicitly connected with
ballooning-type modes.
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3. STABILITY OF PLASMA COLUMN IN A MODEL WITH CIRCULAR
MAGNETIC SURFACES

From calculations performed in Ref. [10], rather strict limitations on the
pressure gradient in a tokamak follow. Thus, e.g. in the case of small shear, the
critical pressure parameter a. = - (2 p'R//3|) q2 is equal to ~ 0.25 which gives the
value of |3 = 2p/Bi = (l/12)/(b/Rq2) (b is the minor plasma radius). This value
corresponds to the level of present-day tokamaks. It is of interest to consider
in the framework of the CHT method, the stability of a more reliable model
which is roughly consistent with equilibrium conditions, in order to verify the
limits on pressure. We have chosen here as such a model a configuration with a
priori given circular cross-sections of the magnetic surfaces [12], when displace-
ments are determined by the major-radius-averaged equilibrium condition.

The metric of this model is of the following form:

r= R+A(a) + a cost, z = asint

g l l = l+2A'cost + A'2, gia = - a A'sin t, g22 = a2 (13)

g33 = r2> v/g=ar(l+A'cost)

The displacement A (a) is not assumed small compared to the radius a and
satisfies the equation:

R ( M )

2 A' '3

where s = aq'/q, a = - (2p'R/B|) q2. If terms non-linear in A' are neglected,
Eq. (14) goes over into the well-known Shafranov equation for displacement.

In the co-ordinate system a, t, f.the field lines are not straight. We can,
however, use expression (8) by introducing the substitution

*i Q <1 / /— \~"s Q " I~ / Q 7 ~ F \ ~ at
3 f
r" /
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FIG.l. Potential well U(6) and eigenfunction F(6) in the CRT method, s = 0.1, b/R = 0.
a) OL-0.3; bj oc= 1.0; c) a = 3.7.

Neglecting the terms ~(a/R) A', we obtain the following form of the potential

energy W C HT:

i a a \
. st +1 sA' - s - + a A" - - + A' + A'2 cost) sint

1 + A cos t V V R R /

1 + - cos t
. R

(1 + A'cost) ( l - i c o s t )

X! — I -a st sint + ( s A ' - s - + aA"-- )s in 2 t + — -
\ d t / V R R/ Rq2 (15)

+ (A'+cost)( l + A'cost)

Note that the model used in Ref. [10] in this approach corresponds to the case of
a/R = 0and A'<^ 1.
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FIG.2. Critical pressure profile corresponding to the ballooning-mode stability threshold:
a) b/R = 0.001, 0 = 0.43 b/Rql; b) b/R = 1/5, qfa) = 1.0/(1-0.5 a2/b2), 0 = 0.57 b/Rq\.

Let us first consider the Mercier criterion for our model. The averaged
quantities entering condition (12) are evaluated in an elementary fashion:

1 „ 3 , 1 a _a_ 1_ , _ 1 £.

(16)

The terms ~ a/R which are kept here and become inessential for high pressures,
permit us to go over to the well-known tokamak criterion [13]:

4- - v w i > G <17)

For high pressures, when A' ~ 1, the Mercier criterion has the following form:

1 s 2

— a

1 9

1 , , 3 , 1 , 3 ,
— aA + —A + —sA — s A
2 2 2 2

1 + - A'2

> 0 (18)
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FIG.3. Critical pressure profile for Mercier-type modes: b/R = 0.001, q(aj = 1.0/(1 -0.5 a2/b2),
d=2.5blRq\.

On the magnetic axis a = 0, where s = 0, the criterion simplifies and, taking into
account the equilibrium equation (14), yields a critical value of A' = - 0.65 and
a = 3.7. When these values are exceeded the local Mercier modes become unstable.

Let us consider the minimization of the functional (8, 15) as a solution of
the quantum-mechanical problem of finding a zero-energy level in an appropriate
potential well:

(19)

Figure 1 shows the form of the potential well U(0) near the magnetic axis
s = 0.1, b/R < 1 when U(0) is an almost periodic function. First, with increasing
pressure, the potential well depth near 0 = 0 increases because of a ballooning
effect and, for a =» 0.25, the zero-energy level is trapped in the well (Fig. la).
The eigenfunction is localized in the region |0| « 2ir/s and corresponds to a
ballooning mode. When the pressure increases further, a stabilizing effect of the
magnetic well proportional to the square of the pressure, ~ a2, occurs. As a result,
at some values of a « 0.6, both the energy level with E < 0 and the associated
ballooning mode disappear. The next trapping of the level occurs when the Mercier
criterion a ~ 3.7 is reached. At such pressures, in the region 6 ** 0 a peak appears
instead of a well, and the eigenfunction proves to be forced out of the region of
small 0 (Fig. lc).

Thus ballooning instabilities can occur, at b/R < 1, only in a definite pressure
range followed by a stability region of higher MHD-modes, which, in its turn,
is followed by a region of instability of Mercier modes.

It is instructive to calculate a critical pressure profile, whose gradient, starting
from the magnetic axis a = 0, is chosen in accordance with the ballooning-mode
stability threshold. In Fig. 2a such a profile is shown for b/R < 1. The q(a) profile
is taken in the form qo/O ~ (l/2)/(a2/b2)), which approximately corresponds to a
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parabolic current distribution. To avoid difficulties connected with the weak
damping of an eigenfunction, on the magnetic axis we assumed s = 0.1 in our
calculations. The limiting pressure value appears to be substantially lower than
that given by the Mercier criterion.

For finite b/R, the stability conditions for low shear change considerably
owing to the appearance of terms in the magnetic well linear in pressure (17).
For g0 = 1, they can be neglected, and the limiting profile differs only little from
that of the case b/R < 1 (Fig. 2b). For q0 = 2, b/R = 1/5, however, at a low shear
value s < 1, we have not detected any ballooning instabilities so far, and the
pressure gradient is already limited on the Mercier criterion level.

As a result, if only higher modes are allowed for, there is still the possibility
of going to high pressures limited by the Mercier criterion. Figure 3 shows the
calculation of the limiting profile already for this pressure level on the basis of the
CHT method (the q(a) dependence is the same as that in Fig.2). It turns out
that in the central region of the column, a < 0.9 b the stability condition is, in
fact, determined by the Mercier criterion and only at the periphery a small
difference of ~ 15% appears. The 0-value for this case is equal to 2.5 b/R q£.

Thus, our consideration confirms the conclusion that ballooning
instabilities can impose rather strict limits on the pressure: /3 ~ 0.5 b/Rq£
(|8j ~ 0.5 R/b) in our example, and it is possible that in some cases they may
even occur in present-day tokamak conditions. On the other hand, as the model
chosen here shows, stable pressure profiles are likely to exist, corresponding to
limits on the Mercier criterion level, with |3 ~2.5 b/Rq£.
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Abstract

MHD STABILITY CRITERIA FOR LOCALIZED DISPLACEMENTS.
Localized displacements of the second kind with a sheared magnetic field are investigated.

The usual criterion of the first kind (Mercier criterion) is obtained as a limiting case. The
growth rate of these instabilities is calculated. Numerical studies enable the determination of
the effect of various parameters characterizing an equilibrium with circular cross-section.
Finally, the stability of a non-circular cross-section case with high /3-value (<20%) is numerically
solved.

INTRODUCTION

_,. Localized displacements are characterized by a vector displacement
field £ which vanishes be_yond two neighbouring surfaces supposed very close
together. If ijj(r) and x(r) denote flux functions defined by

(1) I = Vx x vi|>

the toroidal magnetic surfaces are characterized by i|) = const . It is always
possible to define two functions 8(r) and <f>(r) such that /I/

(2) X = * " ̂  <f>

where — = q(î ) is the rotation number or "safety factor". <j> - const and

9 = const define on S a system of lines describing a small turn about the
torus (cj> = const) or a large turn (9 = const). These functions increase by
unity after each turn.

I. n

Let Sr, be such a surface where (—) = — is rational. Based on
° 27T ""o

this surface we can define a system of tangent coordinates (ty, x°. 8) by
choosing x° such that

(3) X° - * " <^> 4>

the lines x° = const coincide with the lines x ° n tne surface So and defi-
ne on the other surfaces S lines which are similarly closed.

701
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This system of coordinates provides a convenient means of defini-
tion of the localized displacements. Let

iji - ty X° ~ X °
(4) — - — - « t and £, = x

where x° characterizes a particular magnetic line on So. A displacement
will be°localized if, e being small, | = 0 for |t| > 1.

The displacement may also be localized about the magnetic line xo°
if, E1 being small, f = 0 for |x| > 1. It is then possible to introduce
these localized displacements into the energy principle. Let

-t-
where W = gradp

with p denoting the scalar pressure. Consideration of the various terms in
the energy principle shows that <5W(ĵ  , j?) may become negative in two cases

(i) Y takes the form

the term v_j compensates the other infinite terms which appear when e •*• 0.
We thus obtain the usual localized criterion, called the criterion of the
first kind /2/.

e<
(ii) If A = — is finite, it is necessary in order to

compensate the infinite terms in 6W as e •* 0 to choose

(6) Uo ' P' K

0 3t 3x * J •
d "* n grady

where GCx.t^O) is an arbitrary function, Pf * JJJ a n d U = i gradij)| W l t h

(7)
Y - YQ + EY, +...

The rest of this article, is devoted to this latter type of displacement.
The case without shear (—(-*-) » 0)has already been treated at the Moscow
Conference in 1973 /3/. V

2. MINIMISATION OF 6W (g.g,)

We will only give here an outline of the method, the complete cal-
culations being found in /4/. The expression for 6W can be separated into
two parts 6V = <5Wj + 6W,. In 6Wj only the unknown function G appears ; 6W2
however,which is essentially positive,contains the functions U,, Y| and V.
Note that 6W2 contains the terms / dx yp|div^| 2.Although this is the only
term involving the function f, it is not possible to annul it unless the
configuration under consideration is at the limit of the zone of instabili-
ty. However, U|, Yj and 1/ can be chosen to make 6W2 < 16W| | so that the sign
of &V is given by that of 6Wj . 5W| may be written as
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de/., dti, dx1 = " • v ^ o J b UV-1 " ' -• i l UA L"'"x9 + ! tG 'xxl

+ 8 XG" + U G" + s — (tG1) + u c'
' 9t x9 3t x X J

w h e r e A = |grad^|2 (3V>2 J = rot ?

o Igrad^l /dij).2 , d I .
B 2 vdVy dip 2iT'„•

C = 3 ]J / ^ x
Igrad^l2 dV
.,-t -»-. /*n-+x " x 9 ~ 3x39 ' "XX

n _ 2(Jxn) (BVn)

_n _ 3 G _M _

V is the volume of the torus defined by ij) = const. (— > 0) . G must be ta-
ken constant over the surface of the tube enclosing Che magnetic line xo°
and defined by x = ± 1, t = ± 1. It is also necessary to minimize over the
constant A.

Making the change of variables

(9) ax = X, 6t = u with | = X = -'
p £

6W. = e'V 2(S / °d8 / du f dX J
' ^ o Jo -'-B J-RX_

with J = A|G»e+suG^|
2
+B |G^+u G'^sl u|+su

-V |G'|2

x

If we now let 0 •*• », X remaining finite, we have

G (X,u,9) = G (x,t,6)

We have thus stretched the domain of integration which enables us to make
a double Fourier transformation in X and u. Let F (k,p,6) be the transform
of G (X,u,8) where p is the transform variable of u and k that of X. Using
Parseval's formula we find ._ ._

The function F must be square integrable in p and k which repre-
sents the boundary conditions.

We make the further change of variables

(10) v = s6 + p/k , 6 = 9
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The function F(k,v,8) = F(k,p,9) must therefore be square integrable with
respect to k, p and the new variable 9.

- e - V
2 A f k3dk f6W, =

A + B

8C2 -

CB(u

e"1

+ v)

P"<

v ) 2

(11) 6W, = e'2p'2(^)o JL k3dk J_ dv J d9 ^

where a

2

o do do
b - 8 C " V L (v,9) E .(||) + 2CF || + bF

2

The Euler equation may be written

This equation does not contain k,and v occurs only as a parameter.

The essential point is now that the function F is not periodic in 9,

(13) F (k,v,8 + Nm0) = F (k,v - Nmos,6)

where N is an arbitrary integer. Taking into account the fact that

y(9) + (v - Nmos) = (u + NmQs ) + v

and that y(9), A (6), 8 (6) and C (6) are periodic functions of period mo,
we can write

J d6 L (v-Nm s,9) = 1 d9 /.(v.9)

The condition (13) imposes that only the values of F(k,v,o) between vQ and
vQ + m s can be arbitrarily chosen. This enables us to write

(14) 6V = e'2Pl2(^) / k3dk / °C(k,v)dv / °d6 L (v,6)
v o

where 5 (k,v) is an arbitrary function.

The condition (13) also imposes that the function F must be continuous but
does not impose that derivatives are continuous.

It can be shown that if there exists no solution of the Euler equa-
tion (12), with v being fixed equal to v , possessing two zeros between
- Nmo and Nmo, the solution of this equation having fixed values at the two
extremities of this interval makes 6W a minimum. This minimum may be written
in the form



IAEA-CN-37/P-3-2 705

If a function F has two zeros in this interval, it is possible to
construct a trial function which makes 6W. negative. £(k,v) will be chosen
to be very concentrated about the value vo. In this case we infer instabi-
lity.

If N is chosen to be very large, it is necessary to investigate
the asymptotic behaviour of the solutions of equation (12) for large 6.
Expanding order by order and putting

F - F e" • F, e"-1 + F2 e
u"2

+ ...
O 1 z

with F , F1, F,, ... supposed to be periodic functions of 9, it is found
that

F -v, e

where

(.1(-_L>)\ A = I \&-t±.\+l / J B d l l 2 \_ [ B2 dl 2 i ( J x n ) (BVn) d l
V<ty(2K)}

o 4 4 [_difO2Tr; moj |gradi|jp B J " r^J |grad^| 2 B ' m / |gradt|>|2 B

1 being the curvilinear abscissa of the lines x° • This expression is just
the expression of the localised criterion of the first kind /l/,/2/.

If A < 0, the asymptotic solutions behave like — COS (-/|A| log 9)
/e sin l

and F will have more than two zeros for large 9 ; hence instability.

If A > 0, only square integrable functions are acceptable ; that
is, functions behaving like 6~1~2 A and 6W] •+ 0 if H + ». We shall refer
to these as the small solutions.

These results may be summarised as follows : there will be insta-
bility with respect to localised displacements if , for a v = v0,

(a) A < 0

(b) A > 0 and if the small solution for 6 = +«> of the
Euler equation has a zero before 9 = -°°

The limit of instability is obtained if this solution behaves like a small
solution at -". The function 4>(k,v) will be concentrated about vQ.

Remark

In a numerical investigation, it is difficult to calculate a so-
lution of equation (12) starting from its asymptotic behaviour. Two inde-
pendent solutions y](9) and y2(6) are consequently defined such that

y,(o) = 0 yj(o) = 1

y2(o) = 1 yj(o) = 0

Use is made of the following result : (i) if y2(9) has two zeros at finite
distance or a behaviour of a small solution for 9 = +°° or -00, we infer ins-
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tability ; (ii) if J^O) has no zeros and does not behave like a small solu-
tion at ± <*>, we infer stability ; (iii) if y2(6) has only one zero and if
there exist 9j and 62 such that

yj(e2)

then the configuration is unstable ; otherwise the localised perturbations
are stable.

The case of no shear

This case, which has already been treated in /3/, is more simple
but the proof of the general case is not directly applicable if s = 0. How-
ever, there is continuity for s small and s = 0. In particular it can be
shown that the criterion of the first kind is still a limiting case of the
criterion of the second kind. It is necessary to expand for large vQ, 8 re-
maining in the interval (o,m) with F taking the same values at the two
limits. °

In order to make this continuity more apparent, the instability
condition obtained for the case s = 0 may be expressed in the same form as
the case s 4 0. For s = 0 the configuration is unstable if

and mo

(a) a solution F of the Euler equation has two zeros between 0

or (b) (g> - <g> < 0
mo o

In the case (b) it can be shown that the continuation of the solution F,
zero for 9 = 0 , will have another zero at finite distance, which is exac-
tly the same result obtained for s j* 0. The proof can be found in /4/.

3. GROWTH RATES OF THE LOCALISED INSTABILITIES

The growth rate is given by /5/

-6W 6W.+SW,
(17)

where p is the mass density which is supposed to be constant over the loca-
lised domain of the perturbation.

In 6W, there are three new arbitrary functions V (x,t,9), l̂ (x,t,8)
and Y](x,t,9) (5) (7). The same methods as described in the first part are
employed : the stretching of the domain of integration (9), the double
Fourier transform and use of Parseval's formula and finally the change of
variables (10). In the final expression, these remain only the three arbi-
trary functions F(k,v,0), W(k,v,9) and h(k,v,6),

/ k3dk/ C(k,v)dv/fli L,

k3dk /C(k,v)dv

/ / C ( , ) e .d9
,.2 _ I jk Oi '
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where

L, = Lo+-^|W-e+(b-c')F-hr

To find the maximum growth rate, it is sufficient to determine the extremum
of the integral

d6 L where L = Lj + x i-2

since v still only appears as a parameter. This leads us to the determina-
tion of T as an eigenvalue of the system

dF g

as a
2

^| = (b-c'+Ta)F + -7T (b-c')h
d8 p

0 9 ) ^ u , B2. ,. ,.__ = h ( 1 + _ ) _ (b-c-)F

4r(B2h) = T B2W

The solutions of this system (19) satisfy the following equation

(20) Fg + ^7 Wh J = / 2d6 L

which specifies the boundary conditions

F = W = 0 at 6 = 6 ! and 62

If the function 5(k,v) is concentrated about the value vQ giving the maxi-
mum T, we will have

d6

(21)

It is easy to see that the maximum growth rate is not attained by
perturbations with zero divergence except if the configuration is at the
limit of the unstable region or if ]f£

»
D2

4. APPLICATIONS IN AXISYMMETRY

In /I/ a tri-orthogonalsystem of coordinates was introduced which
permits the systematic study of axisymmetric plasma equilibria about a ma-
gnetic surface of arbitrary cross-section (C) . This curve is defined by its
radius of curvature R(s) as a function of the curvilinear abscissa. Its
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position is fixed by a point A(X , <}>, Z ) and the tangent at this point de-

fined by the angle u = (t,

FIG.l. System of co-ordinates.

A point P will be defined by the me-
ridian plane in which it lies (ZOX)
and by its distance PM normal to the
curve C. The coordinates of P will be
P(s, pj, cj>) . This tri-orthogonal sys-
tem is defined by(Fig.l):

(22) d l 2 = (1 - -ji)2 ds2 + dp2 + X2 d<)>2

with X = X h (1 + —— sin u)
o o Xoho

hQ = 1 + v / cos uds

It is straightfoward to expand the various functions which ap-
pear in the equilibrium about a magnetic surface ij) = $ 0 = 0. We put

X,P,

s
S Q

etc
Substituting the abpve expansions into the equations defining the MHD equi-
librium (1) and jxB=gradp and using the special properties of axisymmetry,
the Euler equation (12) may be written in the form

(23)

The dimensionless new variable 9 is defined by

(24) s = 1(6 - 9o) R(s) = R R(s)

w h e r e j ^ i s the length of C,

2ir R

M = R 4s M+S2J

The aspect ratio of the magnetic surface chosen is given by y = —
Bs (8) Xo

and S(9) = - -—7^y where Bso(9) is the meridian magnetic field, tangential
e° c

to C and B())o(9) is the longitudinal field (= -r
22 where C o o is constant). This

"o
quantity is directly related to

.2TT

q = {^) . X / i!
o V2tr 2IT
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y = yo + fo - 6 f0 - 6f2 = vo - ^ 6 + periodic functions,

y is equal to y to within a constant, y is a constant equivalent to v .

(2TTX )R
o

dsh

o
S3

h de
o

with f. being the only non-periodic function. With this notation the quanti-
ty A of equation (16) becomes simply

A = 1 + ^| (CB - DA)
<52

which yields the asymptotic behaviour and the criterion of the first kind.

Equation (23) is equivalent to that obtained in /6/ by studying
instabilities of long parallel wavelength in axisymmetry. In 111 the me-
thod employed requires solutions to be found which vanish in a period,
which restricts the unstable domain.

First Application

The localised instabilities will be studied about a magnetic surfa-
ce of circular cross-section C characterised by its minor radius r, the ma-
jor radius of the torus being R(Y = r/R). The point A(XO, <(>, Zo) is chosen
as indicated in Fig. 2 (Xo = Ro , u o = 0). The origin for 6 will be taken ,

to the point B corresponding to 9O = — ̂TI
The following quantities may be
chosen independently : the safety facg_
tor qQ, the shear defined by TQ = J- (̂ -)

and B =
2 r

rdp
dr'

FIG.2. Choice of point A.
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t =0.1
To* 1
V= 0.2
qo= 3
(5 = 0.18

-0.5

FIG.3. Examples of stability (Ho = 0) and instability (iia = 0.7).

The e dependence of the meridian magnetic field Bs(6) may also be chosen.
We take S(9) = SQ(1 + v cos 9) (S Q# Y/qo) with 0 < v < I. Small values of V
correspond to surfaces near the magnetic axis of a configuration while
v = 1 corresponds to a separatrix.

For a given configuration, we consequently study equation (23)
between 6 = ± « as indicated in section 2. This equation must be studied
for all values of po lying between 0 and 6 for, taking account of the sym-
metry, we find the same equation for \iQ + 6 by taking 9 - 2TT.

It should be observed that, in spite of the symmetry of the con-
figuration chosen about 9 = 0 , there exist cases where symmetric pertur-
bations (u = 0) are stable and certain non-symmetric perturbations arebations (u 0) are stable and certain nonsymmetric pertur
unstable. For example, in the case y = O.I, qQ = 0.3, TQ = 1

$ = 0.18, there is stability for Uo =

shown in Fig. 3.
instability for y

V = 0.2 and

= 0.7 as

The numerical results are represented in Figs. 4, 5_andJ6. Fig. 4
shows the instability domain in the (qo,B) plane for To = 1, y = —0 and for
different values of v(0, 0.5). Note that for large 6, there are stable re-
gions. For low values of 8, the only unstable regions are for A < 0. These
regions are of little importance since they correspond to large values of
the shear. When the shear is zero,instability would be found for q < 1
with v = 0. °

<?o=_2
In Fig. 5 is shown the unstable region for y fixed, v = 0 and

(qo is arbitrary if y = 0) . The hatched region of Fig. 5 represents
for y = 0 a stable domain with respect to symmetric perturbation and uns-
table for non-symmetric perturbations_( V t 0). This unstable region for
uo J 0 becomes of less importance as y increases. The effect of the shear
at fixed B Q will be observed to be initially a destabilising factor beco-
ming subsequently stabilising. It will also be seen that the aspect ratio
(Y = r/R) has a beneficial influence.
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qo

5

1

\\
, \ \

\ \
\ \

- s

T=1 JL= 10

V=0.5
V=0
S Stable domain
I Unstable domain

\
\ \ -

\>-
\ A>0 ^-^"

0.1 0.2 03 OJ, 0.5 P

FIG.4. Stable and unstable domains in (q0, fi)-plane.

To A

0 0.5 1 1.5 2 Pq0

FIG.S. Stable and unstable domains in (To,

In a general manner, the perturbations are of the ballooning type
if A > 0 and are much more constant along the magnetic field lines if A < 0.
The calculations with shear generalise the results without shear given in
IV.
Remark

A non-trivial result i s obtained on putting Y=V=0 and qo fixed in
this case (22) becomes

d r
rr I l+(d -4gq s i n
do L o o

T 9)
o

sin6(d -4
o

q sin6+T 6) f^o o J
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to

0.05
004
003
Q02
001

Y = 01
V=0.2
T0=1
0 = 0.15

0 1 2 3 A q0

FIG.6. to versus qo for a particular choice of parameters.

0.9 1.322 X

FIG. 7. Magnetic surfaces.

which is identical to equation (10) of /6/ apart from the constant d0 which
enables unstable regions to be found uniquely with non-symmetric perturbations.
In this equation the only parameter is 6qo which justifies the choice of the
abscissa in Fig. 5. The numerical results differ from^those found in /5/
even with do = 0, in particular for small T and large £ o.

Growth rates

The numerical investigation in axisymmetry of the system (19)
enables the evaluation of T and the growth rate u

A y VAlfren
"= 2*0 — T "
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Fig. 6 shows t = * as a function of q for the particular

case y = 0.1, v = 0.2, 3 = 0.15 and T o = 1. The domain % < 0.12 corres-
ponds to A < O.As an example, we take r = 20 cm, n = 4 x 1013 cm"3, B = 40 kG
and q o = 1.5 yielding t Q = 0.024 and to~

1= 0.6 x 10~3 ms.

Note that the part of Fig. 6 for qQ < 0.1 corresponding to A < 0 shows that

tp, and hence u, increase very rapidly when q decreases. The instabili-

ties predicted by the criterion of the first kind have growth rates which

are much greater than the instabilities of the ballooning type.

Second Application

A stationary configuration with a non-circular kidney shaped cross-
section has been investigated numerically. This state is obtained by taking
into account the heat flux <j> = - KVT where K is given empirically by
K = K OT"

3 q"1 enabling the simulation of actual experimental results. If
an additional heat source is added, equilibria with this form of cross-
section may be obtained with values of 6 exceeding 20 %. Such equilibria
have been introduced and studied in /8/ (/3 = 2p/B2).

The investigation of the localised stability has been carried
out for the particular equilibrium with y = 0.55, q . = 1 - 2 (Fig. 7)

. ,. ,.,,. • supplementary heating ..
and for different ratios m = — " - r — : r-*•—; D, corresponding to va-

onmic heating °

lues of 8 ranging from 0.3 - 22 %. Complete stability is obtained only for
0 < Smax " 3 * w i t h ^axis " '•6 and m - 30.

A second configuration with the same shape but l e ss e lon-
gated has been studied. We obtain Bmax = 5 X with q a x i a - 0 9 and
m - 20. The s t a b i l i t y l imit i s reached with ballooning modes on the
plasma boundary and for the cr i ter ion of f i r s t kind at the neighbour-
hood of the plasma center.
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DISCUSSION

ON PAPERS P-3-1 AND P-3-2

D.D. RYUTOV: Is it reasonable to expect that a second stability region
(at higher /3) will be attained in a flux-conserving tokamak (FCT)?

C. MERCIER: I find it difficult to answer that question because I have
not done the appropriate numerical calculations for an FCT. However, I can
say that stability results are strongly dependent on the plasma parameters; and
for an FCT the result will depend in particular on the aspect ratio and the
distribution of heating.

B. COPPI: There is a simple physical explanation for the appearance of a
second stability point at finite p. This can be traced to the increasingly strong
dependence of shear and of the poloidal field on the poloidal variable. As a
consequence, the effective connection length tends to shorten, and the contri-
bution of the magnetic curvature term to instability tends to decrease. There-
fore, in a flux-conserving tokamak configuration the stability limit will depend
critically on the heating cycle that is adopted.

For the sake of the record, I should mention that these ideas concerning
the "second stability point" were developed at the 1977 Varenna Symposium
on Finite-|3 Tokamaks.

J.B. TAYLOR: I should like to make the point that we have found that
the maximum stable j5 depends sensitively on the parameters of the equilibrium —
so it is difficult to give a simple physical interpretation. Even the geodesic
curvature can have a significant influence on the maximum j3! The important
point, however, is that the methods described today allow us to assess all these
effects in any given equilibrium.

K. LACKNER: Most conceivable heating cycles for tokamaks can arrive
at high values of )3 only by passing rather slowly through the unstable "inter-
mediate"-^ regime. Do you think it probable that this second, stable, high-|3
regime could be observed in belt-pinches in which |3 slowly decreases from a
large initial value?

C. MERCIER: We have to distinguish between the question whether a stable
equilibrium truly exists in the high-/? region and the question how to attain it if
it does exist. As regards the first problem, the larger the quantity y = r/R and
the smaller the shear, the more likely it is that a realistic equilibrium will exist
in this stable region. This is evident from Fig.5 in our paper (P-3-3). We should
note, however, that only a complete study of an equilibrium will confirm this
point (see the second application described in our paper); studies in the neighbour-
hood of a circle can only indicate tendencies. Note, too, that Zakharov's results
(paper P-3-1) give the same indications. Adjustments to the distribution of auxiliary
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heating should, I think, be an excellent means of obtaining a stable equilibrium
at high |3. I am inclined to agree, moreover, with your suggestion concerning
belt-pinches: the evaluation of a plasma in a belt-pinch might really afford a
good way of reaching this type of steady state.
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Abstract

ON THEORETICAL BETA LIMITS AND STABILITY IN NON-CIRCULAR TOKAMAKS
INCLUDING INTERNAL SEPARATRICES.

Tokamaks achieve stability against MHD localized interchange instabilities through toroidally
produced average magnetic well and through shear of the magnetic field lines. If the plasma
|S exceeds a critical value, ballooning modes can be driven unstable by plasma pressure gradients
in local regions of unfavourable curvature. The critical /3 for these pressure-driven modes depends
on the current density profiles, with flatter profiles being favoured. However, these have steep
current density gradients and are destabilizing for the current-driven external kinks and axially
symmetric modes in the absence of wall stabilization. Hence complementary studies of pressure-
and current-driven modes are required to optimize tokamaks for maximum stable 0 with respect
to both classes of instability. The techniques used include a fully global, numerical variational
analysis of the ideal MHD theory of computed equilibria; approximate, semi-analytical localized
interchange and ballooning analyses of this theory; a kinetic theory extension of the local
ballooning analysis that includes the effects of individual particles and electrostatic fields
neglected in ideal MHD; and an approximate, semi-analytic kink and incompressible axially
symmetric mode analysis, valid for equilibria with elongated cross-sections. It is found that
properly shaped doublet equilibria with /3 «* 9.2% (6.8% for JET-like equilibria) may be achieved
that are stable to the pressure-driven, localized interchange and ballooning modes for poloidal
beta, (3p, < 1. These equilibria may also be wall-stabilized to the current-driven kink and incom-
pressible axially symmetric mode if the wall is placed such that the ratio of vacuum to plasma
poloidal flux, ipvl'l'p, "" 0.5.

* Work supported by US Department of Energy Contract No. EY-76-C-03-0167,
Project Agreement 38.
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1. INTRODUCTION

The economics of conceptual tokamak fusion reactors improve signifi-
cantly if they are able to operate stably with a 6 of about 10%, where 0 is
the ratio of the volume averaged plasma pressure to the vacuum magnetic
field pressure. In this paper, numerically obtained MHD equilibria are
examined with respect to internal pressure-driven modes, such as the
localized interchange and the ballooning mode with kinetic corrections, and
external current-driven modes, such as the kink and the global axially
symmetric mode. The object is to obtain B-optimized poloidal flux surface
shapes and current/pressure deposition ptofiles.

Results from this study indicate that by shaping for elongation and
triangularity, adjusting the percentage of poloidal flux inside the separa-
trix in the case of doublets, and using deposition with flatter current
profiles, stable equilibria with betas greater than 97. are achievable.
These flatter current density profiles, which appear more dangerous for
kinks when there is no wall stabilization, are readily stabilized by
wall proximity.

To effect this study, fully global numerical codes [1,2] based upon
the Lagrangian formulation of the linearized MHD equations, have been
utilized. In addition, three semi-analytic codes have been used to study
the localized interchange, the ballooning mode with kinetic effects, and
the kink and axially symmetric mode. These three codes involve approxima-
tions but offer great economy In computation time so that a larger number
of equilibria may be examined for shape and current density optimization.

In Section 2, a description of the model for computation of equilibria
is discussed. All equilibria studied were computed in doublet and JET-like
dee configurations using the General Atomic free-boundary equilibrium code [3].

The discussion of stability in Section 3 is divided into two categories:
pressure-driven and current-driven instabilities. The approximations used
in the three semi-analytic codes and the relationship of these codes to the
fully global codes is discussed. Stability and optimization with respect
to S is given as the two stability categories are discussed. A brief summary
and conclusions are given in Section 4.

2. EQUILIBRIA

Examples of the equilibria studied are shown in Fig. 1. Figure 1a
illustrates a JET-like dee equilibrium, and Fig. 1b shows an equilibrium in
Doublet-Ill geometry. Both illustrations indicate appropriate external coil
placement. All of the equilibria studied were obtained by integration of
the Grad-Shafranov equation

where 2TTI/J is the poloidal flux and j<f, is the toroidal current density in
(r, z, <)>)-coordinates. The magnetic field is given by

B_ = TV(p + V<p x Vty (2)

where T = r B*, and the components of the current are given by

j = - r V<t> x Vip - V(J> (r 2 p' + TT') (3)
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16

(a) JET

11

(b) D-lll

FIG. 1. Equilibrium showing position of limiter and external coils for (a) JET and fb) D-III.

Here p' and TT' are functions of $> only and the primes indicate total dif-
ferentiation with respect to ty. Free-boundary MHD equilibria are obtained
from integration of Eq. (1) once p'OJO and TT'(iji) are specified. Physically,
this specification corresponds to pressure and current density deposition
that would be achieved by a combination of plasma generation, thermal trans-
port, and selective heating processes. For the purpose of this paper, the
toroidal current density is given by

•+ d - y •=• exp 1 - 1 (A)
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FIG.2. Orthogonal coordinates for ballooning mode analysis for a D-III configuration.

Here j o is the current density at the magnetic axis, îM
 an<^ 'I'L a r e tlle

poloidal flux values at the magnetic axis and plasma surface, and Bp is
approximately the poloidal beta. Three degrees of peakedness (a = 2, 4, 8),
are used in the stability study, with a = 2 being the most peaked. Poloidal
flux surface shapes are determined by both specification of the current
profile through B a, total current, and by the position of the limiter and
flux values on the external coils. In Eq. (4), r = R at the magnetic axis.

3. STABILITY

The problem of linearized MHD stability of the equilibria,discussed in
the last section, may be expressed by finding the extremum of the Lagrangian
(Hamilton's principle),

= T - 6w (5)
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FIG.3. Maximum (3 versus J3p for PEST, localized interchange and ballooning mode for JET.

Here T and 6W are the respective volume integrals for kinetic and potential
energies

dTP(C) (6)

and 6W = 6W + 6W , where the plasma contribution to the potential energy is

2<5W =
P

= /"dT[B~2(Q x JJ

Jp
B ) 2 + B 2 (Q • B - £ • V p ) 2

+ YP(V •

and the vacuum contribution i s

26Wv = TdT(V x A)2

- 2(C • Vp)(C • <) - (B" 2 I • £ ) (? x B • Q)J
(7)

(8)

A virtual displacement £(r,t) = C(r) exp(- itot) has been assumed (hence
0) > 0 implies stability^ The perturbed magnetic field in the plasma is
given by Q = V x (£ x B), and A is the vector potential associated with the
perturbed magnetic field in the vacuum. The total pressure and the magnetic
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FIG.4. Maximum /3 versus q0 for localized interchange and the ballooning mode with kinetic

and radial corrections for JET.

field are continuous across the plasma-vacuum interface, which is taken to be
a flux surface and the normal component of the perturbed magnetic field van-
ishes at either the conducting wall or sufficiently far from the plasma to
approximate infinity.

The constituents of the plasma potential energy, Eq. (7), are thoroughly
discussed elsewhere [4], but it is noted that the last two terms represent
source potential energies for the so-called 'pressure-driven' and 'current-
driven' instabilities. The former class is generally associated with local-
ized interchange and ballooning modes and occurs within the plasma. The
latter class is generally associated with kinks and axially-symmetric modes
and is accompanied by global displacements of the plasma boundary. These two
classes are discussed separately in this paper.

(a) Pressure-Driven Modes. The modes most susceptible to stabilization
by flux surface shaping are those driven by the pressure gradient term in
Eq. (7). Although other terms play a minor role, the major stabilization of
these modes comes from the first term in this equation, i.e. from the in-
crease in magnetic energy due to magnetic field line bending. Perturbations
that can exchange tubes of plasma without increasing the magnetic energy are
interchanges. In the presence of shear this is possible in the neighborhood
of a rational magnetic flux surface only. Hence the name 'localized inter-
change'. These modes, first discussed by Mercier [5], are characterized by
large spatial gradients in the perturbed quantities across the critical flux
surface, small gradients along the field line, and displacements perpendicular
to the equilibrium field lines that are almost incompressible. These modes



IAEA-CN-37/P-4 723

1.0 1.5

FIG.5. Maximum (3 versus ^ p for localized interchange and the ballooning mode for D-III.

are localized and so the vacuum potential energy plays no role in their sta-
bilization. Marginal stability (u2 = 0) is determined by the Mercier cri-
terion [5], i.e. the plasma is stable if Dj < 1/4, where

(9)

Here V'(i|O is the incremental volume between two flux surfaces and q is the
safety factor:

T V'
2TT

2TT
(10)

The brackets mean that an average has been taken over a flux surface, i.e.
V'<f> = 2TT / dJi.fr/1 ViJ; | . Equilibria with a favorable 'average magnetic well1

p'V" > 0 and positive shear, p'q' < 0, tend to be stable to localized inter-
changes. The remaining terms in Eq. (9) are always destabilizing.
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FIG. 6. Maximum /3 versus qo for localized interchange and the ballooning mode for D-III.

Since localized interchanges lie predominantly in the magnetic surfaces,
they are very ineffective in tapping the free energy associated with local
unfavorable curvature where (£ • Vp)(£ • <) is maximum. On the other hand,
ballooning modes which involve" the same fcfrces in Eq. (7) as do interchanges,
are azimuthally localized and have displacements that are primarily normal to
the flux surfaces. Thus they can effectively maximize local destabilizing
energy associated with normal curvature and pressure gradients, with a mini-
mum of field line bending. Ballooning mode perturbations have finite spatial
gradients along the magnetic field lines, but large variation otherwise. In
particular, they have large toroidal mode number n. Like the localized inter-
change, perpendicular displacements for ballooning modes are incompressible to
lowest order and can be unaffected by the presence of a conducting wall at the
plasma edge.

Stability study of the ballooning mode [6,7,8] reduces to a search for
the lowest eigenvalue, pu2, for the ordinary second-order differential equation,

1 d /I Va I dFl. I 2

m\ (11)
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integrated over the x~range from -°° to -K». Here |Va|2/B2 = |Vt|j|"2 +
|Vt|j|2 S 2/B 2, K F = K ^ + |ViJ)|2 S Ks/B where K^ and < s are the field line
curvature components in the normal and geodesic directions, and

The second term in Eq. (12) is periodic in x. a n d i s t h e local shear varia-
tion. The equations have been written in orthogonal (ij), X. <P) f l u x coordi-
nates with the Jacobian given by J"1 = Vt x Vf • Vx- The angle-like variable
X ranges from 0 to 2TT. The coordinates are shown for a typical cross-section
in Fig. 2. The normal displacement £t£i is related to the eigenfunction F as

x " 27Tm) exp!" ln r " q(x " 27Tm "r "

The flux surface ty and the shear origin x s appear as parameters to be varied
in the integration of Eq. (11) to obtain X o, where

min

Xi>'X

X = min pa)2 (14)

° s

0.
The ballooning mode equation has been localized in t|i by the assumption

of high toroidal mode number, n. If a radial i> dependence for £j|lj is
included, a stabilizing contribution proportional to 1/n can be found [9].
When X depends parabolically on t|i at the minimum Xo, Eq. (14) is modified to

A = X + , 1 , (X, ,\ ) 1 / 2 ( 1 5 )
o 4 i rnq ' v i|nji XX

w h e r e X = I M l ' dX

XX

Because of the high toroidal mode number, kinetic effects are also
investigated. A formulation [10] in the low-frequency range, 0 < (o < oo*,
where aj* is the ion diamagnetic drift frequency, which represents an exten-
sion of Rosenbluth and Sloan [11], is utilized. Note that there is an
exchange of frequency limits, so ideal MHD cannot be recovered. Although
the formulation is used as an appendage to the MHD ballooning mode theory,
the kinetic description has greater applicability.

For the ballooning mode application, the effects of ion and electron
pressure anisotropy, finite gyroradius and longitudinal electric fields
are taken into account. Finite gyroradius effects are always stabilizing.
The trapped electron contribution to the pressure anisotropy is stabiliz-
ing in this frequency range, but collisions tend to make this term small.
When oj < (of, there is wave coupling to the energy of the ion density gra-
dient which is destabilizing. Finally, the electric field parallel to the
magnetic field (because the ions cannot quite follow the electrons) causes
an 'electric field pressure' that is always destabilizing.
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FIG. 7. The effect of current peaking on kink stability - pw2 versus nqo for JET with
(a)a=8.0,

3.0



IAEA-CN-37/P-4 727

FIG.8. Wall stabilization \l/v/4>p versus /3p for a = 2, 4 and 8.

These ballooning mode effects can be taken into account formally in
Eq. (11) by £he substitutions: (to - w*/2)2 - u)*2/4 for co2, and 2p'KF +
(7/3 + g) pKF/|7i(i| for 2p'tcF. These substitutions, while strictly valid
in large aspect ratio only, nevertheless correctly demonstrate the kinetic
theory effects on MHD ballooning modes. The to*2/4 and g terms correspond
to finite gyro-radius and trapped electron effects, which are stabilizing.
The 7/3 term combines the effects of ion-anisotropy and the parallel elec-
tric field and is always destabilizing.

The maximum attainable B stable to pressure-driven modes is shown in
Fig. 3 for variable 8p for dee equilibria. Maximum 6 obtained from the
global PEST code for toroidal mode number n = 3, from the Mercier criterion
[Eq. (9)], and from three versions of the ballooning code are shown. The
curve obtained from the Mercier criterion exhibits a broad maximum and is
virtually insensitive to changes in 8p about Bp = 1. Critical 8's from the
fully global PEST code show slightly lower values for Bp > 1. This indi-
cates PEST instability even when the Mercier criterion is satisfied, although
the growth rates are small. For n = 2, the global code indicated stability
when the Mercier criterion was satisfied. Therefore, it is not surprising
to note that 8's found from the semi-analytic ballooning code, valid for
n >> 3, are 10-20% below those found from PEST for n = 3. These ballooning
modes severely limit 6 for high values of 8p. However, these raw ballooning
mode values are pessimistic and the comparison of PEST and the balloon code
improves if radial structure is included. On the other hand, kinetic theory
effects give 8 values lower than those obtained by the local MHD theory when
no radial correction is taken into account.
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If the maximum 6 stable to ballooning modes is plotted versus the
safety factor on axis qo, as in Fig. 4, the inclusion of radial structure or
kinetic theory effects does not appear to make a difference. The inclusion
of radial corrections to the ballooning mode decreases the safety factor on
axis necessary for stability, while inclusion of kinetic effects increases
it. Thus, the inclusion of these effects simply shifts the critical 6 value
up or down a 'universal' 8 versus qo curve, and the critical 6 for a given
value of qo may be obtained from the localized ballooning results alone.

The results of the Mercier criterion are also shown in Fig. 4. For
these dee equilibria, the previously mentioned maximum is also reflected
in the 8 versus qo curve. This maximum occurs, co-incidentally for this
class of dee equilibria, near the intersection with the limit curve of
the ballooning mode. This is because of the relative insensitivity of 8
as a function of 8p in the neighborhood of the intersection. Hence, for the
JET-like dees, the maximum possible 8 is given by the Mercier criterion and
is 6max = 6.8%.

For the doublet equilibria in D-II1 configuration, the localized inter-
change maximum stable 8 as a function of 8p is monotonically increasing in
the neighborhood of the intersection with the ballooning mode limit curve,
as shown in Fig. 5. A sharp deterioration of stable 8 is noted as Bp
increases, although a maximum 8 = 9.2% is achieved. Results obtained from
two different current models illustrate the effect of current peakedness.
Flatter profiles achieve higher 6 with respect to interchange, but have a
greater deterioration with increasing 8p. Thus, the maximum obtainable 8
that is stable to localized interchange and ballooning modes is relatively
insensitive to the degree of current density profile flatness.

The maximum 8 for the more peaked of these two doublet examples is
plotted in Fig. 6 versus q for comparison with the dee result of Fig. 3.
The major difference between the two plots indicates that the doublet is
less susceptible to ballooning modes near the localized interchange limit
than are the dee equilibria.

(b) Current-Driven Modes. So far it has been shown that by properly
shaping equilibria, viz. providing each with appropriate elongation and
triangularity (and in the case of doublets, the proper percent flux inside
the separatrix), high 8 equilibria, stable to pressure-driven modes, may
be achieved for a given current density model. It has also been shown that
the highest values of 8 stable against these modes are found for the flatter
current density models. Since it is known [12] that these flatter profiles
are more unstable than the peaked current density profiles, at least for
equilibria with circular cross-section and no external conducting wall, the
high 8 profiles discussed in the last section must be reanalysed for stabil-
ity against current-driven modes. This is accomplished by means of a semi-
analytic code developed by Grossmann, et al. [13].

For the elongated cross-sections examined in this paper, the relative
magnitude of the perturbed displacement and magnetic field components
scales with the equilibrium. In standard tokamak ordering, the equilibrium
toroidal magnetic field BA is a factor R/a, the aspect ratio, larger than
the horizontal component of the poloidal field Bx. If the height to width
ratio of the cross-section is E, then BA is a factor R/aE larger than the
vertical component of the equilibrium field By. In this ordering 8p = 0(1)
and 8 = 0(a2E2/R2). Here a rectangular (x, y, <(>)-coordinate system whose
origin is at r = R, z = 0 is implied and the line element is given by

d22 = dx2 + dy2 + (R + x) 2 d<f>2 (16)

The nominal width is a. Then, for example, £y and Q are a factor E larger
than Cx a"d Qx an^ a t l e a s t t n e same factor larger than E,^ and Q<j,. The
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scale of variation of the perturbed and equilibrium quantities is 3/3x ~ a ,
3/3y ~ a~1 E"1 and 3/3<J> ~ 1. Grossmann, et al. also set the elongation
with respect to the aspect ratio, viz. E ~ (R/a)1/2. This relation roughly
fits the equilibria examined here. The application of this formal ordering
to Eqs (6-8) greatly simplifies the growth rate computation. The Lagran-
gian is given as

ii= pu2 JJ dxdy |C |2

P y

2 3

- in (17)

subject to incompressibility condition,

—X- + —2
3x 3y

•= 0 (18)

Here B«V = B 3/3x + B 3/3y + in B./R. At the plasma-vacuum interface, the

x y (J)
magnetic field perturbation must be continuous and its normal component must
vanish at an external conducting wall. Only the first and fourth terms of
the potential energy, Eq. (7), are reflected in the second integral of
Eq. (17), i.e. the stretching of the field lines still provides stabiliza-
tion, but destabilization now comes from the parallel current term. The
vacuum contribution has been reduced to surface integrals over the plasma
vacuum interface. One can show from the Schwartz inequality that the sum
of the last two terms in Eq. (17) is always negative and hence stabilizing,
as it should be. Only the £v-component of the perturbed displacement appears
in the kinetic and potential energy, but £v is linked to Cx through the
surface term and Eq. (18). Because of Eq. (18), it is possible to intro-
duce a potential function <j)o such that £ x

 = •"9<t>o/̂ v and ?y = 30O/3X.
Although £x/?y

 = 0(1/E), both components must be retained in the inner
product with the normal v since both contributions are of the same order,
i.e. V XC X ~

 vy?y The constant term 6I)JV represents the poloidal vacuum flux
between the plasma-vacuum interface and the outer conducting wall. Hence,
in the absence of a wall (very large 6i})v), the stabilizing surface contri-
bution vanishes.

The numerical stability analysis used here is based upon Galerkin's
variational characterization of the eigenfunctions and eigenvalues, i.e.
growth rates, of Eq. (17). Since Eq. (17) involves only displacements in and
on the surface of the plasma, the approximate Lagrangian may be expressed in
terms of the potential <J> . For computational purposes, monomials are used to
construct trial functions, viz.

,(x.y) - £
m=0

N

E
n=0

m n
A x y
mn

(19)
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The \mn are varied to find stationary points of the quadratic form. Detailed
discussion of this method appears in Ref. [13].

Computation with Eq. (17) has two major advantages. The first is that of
major simplification over the original Eqs (6)-(8) used in fully global codes.
This economical simplification results in greatly reduced computation time.
The second advantage is that the present global codes [1,2] cannot study sta-
bility of equilibria with internal separatrices, although a global code is
being developed at General Atomic that will have this capability. In the
special case of axially symmetric modes (n = 0), Chu and Miller [14] have
examined doublet and elliptical configurations for stability, although not
for the same equilibria examined here. It is noted that their results and
those discussed below are qualitatively the same.

As seen from Eq. (17), the toroidal mode number n and the toroidal field
BA appear as the product nB*. Therefore, the variational problem is parameter-
ized by nqo, where qQ <* BA is the safety factor on axis. For a given equilib-
rium, the plasma current is fixed and nqo is changed by varying the vacuum
toroidal magnetic field. The maximum growth rate, or pco2, is plotted versus
nqo in Fig. 7a for a flat current density profile in a dee equilibrium.
Growth rate maxima, corresponding to displacements analogous to those for
circular cross-section modes m=1,2,3 and 4 are observable. The coupling of
these poloidal modes is derived from cross-section noncircularity, and
toroidal effects. The plasma is eventually stabilized because the equilib-
rium does not have a constant current density profile. The effect of
increasing current density peakedness is shown in Fig. 7b. The m=4 mode
is completely stabilized. Since these figures are plotted versus nqo, growth
rates for incompressible, axially symmetric instabilities are also obtained
when n=0. The exclusion of compressibility does not have an appreciable
effect on axially symmetric stability [14].

Both of these current profiles may be stabilized by conducting wall
proximity. The incompressible axially symmetric mode is the most difficult
to stabilize. The effect of a conducting wall on absolute stability to cur-
rent-driven modes is shown in Fig. 8. The ratio of vacuum to plasma poloidal
flux i>v/'iip necessary to stabilize the plasma to incompressible axially
symmetric modes is plotted versus f?p for the three subject current profiles.
It is seen that the equilibria with greater peakedness and higher 8p are more
difficult to wall stabilize. Equilibria that have current peaked on axis are,
in effect, more remote from the stabilizing wall than a flat profile. As 8p

increases, the current channel shifts away from the major axis toward the
outside of the plasma cross-section, thereby creating large magnetic field
gradients that provide enhanced destabilization.

Equilibria in the Dili configuration exhibited the same qualitative
behavior as do the JET configurations. Doublet equilibria with greater per-
cent flux inside the separatrix required smaller values of ijjv/ijjp. This effect
occurs because the stability analysis assumes a constant flux on the conducting
wall. For high percentage doublets the midplane indentation is larger and the
effective distance to the constant flux surface is greater. Thus a given flux
surface appears farther away at the midplane and the required value of ijiv/ijip
decreases. In an actual device the conducting wall Is not a constant flux
surface, but instead is more nearly a constant distance from the plasma.

The results obtained for the flatter dee equilibria from the approximate
Lagrangian agree qualitatively with those obtained from ERATO [1] for kink
stability. They agree quantitatively for axially symmetric mode stability
to within 20%.

4. SUMMARY AND CONCLUSIONS

Studies of flux surface shaping and current density modeling have indi-
cated that equilibria, with 6 in excess of 10% for doublet, may be found that
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are stable to localized interchanges according to the Mercier criterion,
Eq. (9). These results are obtained for 3p 2 1. However, ballooning mode
analysis indicates that there is a severe deterioration in stability with
respect to localized ballooning modes, as described by Eq. (11). Nevertheless,
combined pressure-driven mode stability studies indicate that B's of 6.8% for
JET-like configurations and 9.2% for doublets in Dili configurations are
achievable.

From the approximate Lagrangian for current-driven modes, Eq. (17), it
is found that equilibria in the absence of wall stabilization may be sta-
bilized for higher nqo by peaking the current density on the magnetic axis.
Such configurations are more difficult to stabilize with conducting walls due
to the effective remoteness of the current channel. Flatter current density
profiles are easier to wall-stabilize. Destabilization to kinks and axially
symmetric modes is also found as 0p is increased. Fortunately, optimization
with respect to pressure-driven modes appears to occur for $p < 1, so that
B's of at least 9.2% appear attainable with wall stabilization.
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DISCUSSION

A. SYKES: The JET configuration you examine is similar to the
D-configuration of the Princeton group (P-2), apart from the tighter aspect ratio.
You have used both PEST and ERATO and seem to require a close wall to
stabilize the surface kink. Can you comment on the Princeton finding that a
broad current profile of 5% 0*^ is stable with no wall and apparently without
using detailed edge shaping?
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D. DOBROTT: I do not know the details of the computation by the
Princeton group but I have no reason to doubt their results. However, our
computations indicate that a perfectly conducting wall placed to within a plasma
radius of the plasma-vacuum interface is necessary for stability of the current-
driven axially symmetric modes. The kink modes are easier to stabilize.

H.P. FURTH: You have obtained very high |3 values for doublets. Do you
know whether these results are attributable to the presence of an internal
separatrix, or whether similar results could be achieved, with your treatment,
even in the absence of the internal separatrix?

D. DOBROTT: The high |3 values we obtained for the D III configurations
are the result of elongation, some quadrupole shaping to achieve triangularity
of the upper and lower lobes and the presence of a separatrix inside the plasma.
The presence of plasma outside the separatrix is necessary to achieve high /3 in
doublets.

A. GIBSON: If it is assumed that axisymmetric modes are stabilized by an
external coil system, what is then the limiting 0 in the cases you describe in the
absence of a conducting wall?

D. DOBROTT: I can only answer this question qualitatively. The rapidly
growing kink mode should be stabilized by the vacuum chamber wall (which
has a skin time of the order of milliseconds) without serious deterioration in
plasma (3. Stabilization of the more slowly varying resistive modes is yet to be
investigated.

M.N. ROSENBLUTH: Is the ballooning criterion valid in the neighbourhood
of the separatrix, or is there a problem in formally going to the next order -
as Taylor emphasized?

D. DOBROTT: The ballooning mode stability computation has not been
done precisely on the separatrix, but only to within a small neighbourhood of
the separatrix. To the extent that the assumptions used to extend the computa-
tion to higher orders are still valid to within this neighbourhood, the application
of the ballooning computation is still appropriate. Near marginal stability, the
maximum growth rate occurs towards the plasma edge in the doublet configura-
tion considered. The application of the higher-order correction to obtain the
radial structure is similar in this region to the treatment of the JET configurations.

J.P. FREIDBERG: I would like to make a comment in defence of the
reversed field pinch (RFP). In the past, the RFP has been criticized for needing
a conducting shell to obtain good MHD stability. To the extent that this is
a valid criticism, the results emerging from the theoretical sessions at this
Conference suggest that it is equally applicable to the tokamak.
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Abstract

BALLOONING MODES AND PRESSURE LIMITS IN TOKAMAKS.
The energy principle is used to investigate analytically the stability of toroidal confined

plasma to highly fluted modes (azimuthal n -> °°). The integrand of 5W includes a trial perturba-
tion allowing a ballooning amplitude in the poloidal direction. Two physically distinct modes
are identified in the presence of magnetic shear; a mode extended across the minor radius
(investigated elsewhere by numerical simulations and analysis) and a mode localized about
rational surfaces to half-width ~ 1/n. The amplitude of the localized mode is modulated but,
unlike the extended mode, it is not compelled to vanish on a nodal plane. A stability criterion
for this mode is given. For both modes, stability depends rather delicately on the precise equi-
librium configuration; particularly important are the shape and displacement of the flux surfaces.
A simple, shear-free equilibrium suggests that there will be instability (at least for n = °°) for all
q ^ 2 or (3P <; 0.4.

1. INTRODUCTION

Recent renewed interest in the mhd stability of toroidal systems,

particularly tokamaks [1,2,5], is due in part to numerical simulations [3,4]

which stimulated analysis through physical insight into the more dangerous

modes of perturbation. Whereas the simulations are presently limited by

computer resolution to azimuthal modes with mode number n < 3, the analytic

methods described here and based on the energy principle are valid only in the

limit n -• <n . This makes the two routes complementary and possibly conver-

gent, although comparison of results requires caution.

Analytic theory, with stability criteria evaluated by relatively simple

and straightforward numerical work, still offers an intuitively rewarding

and most flexible approach to understanding and assessing stability limitations

in a variety of possible equilibrium configurations. As n -• a> only highly

fluted modes aligned closely along the magnetic field with k R < 1 (k is
M ~ I,

733
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wave number along field lines and R is the major toroidal radius) can possi-

bly be unstable.

The mode investigated by Dobrott et al.[l] and Connor et al.[5] can

be described as an extended ballooning mode, because it extends across the

minor radius of the torus with maximum amplitude on the outer edge of each

flux surface. Since this mode also satisfies k R « 0 it may be regarded

as a 'quasi-mode' [6]; however, the condition k R = 0 is incompatible with

magnetic shear, unless the amplitude of the perturbation vanishes on an

equatorial plane containing the inner edges of the flux surfaces. This nodal

boundary condition is equivalent to that imposed by conducting end-plates in

the slab model of the basic quasi-mode theory [6]. Thus we find in toroidal

fields with shear that the cyclic condition the short way round the torus

replaces in an entirely natural way the artificiality of a slab model with

end-plates. The nodal lines of the perturbation, one on each flux surface,

restrict the freedom of the instability, just as physically 'tying' the

magnetic field to conducting plates would. Mathematically, it is a boundary

condition which restricts the range of allowable solutions to an Euler

equation, or of the functions with which the energy integral may be minimized.

In this paper we shall derive a new stability criterion for a localized

ballooning mode which avoids the restriction of a nodal point. To be sure,

the amplitude of the localized mode is modulated and passes through a minimum

on the inner toroidal surface, but it is not forced to vanish there. On the

other hand, this mode cannot avoid the magnetic shear - at minimum energy it

must satisfy k̂ R ~ 1. It is therefore forced into a localized profile

similar to the Suydam/Mercier modes [7], but with a radial half-width

about singular surfaces ~ 1/n.

Both the criteria now available can be derived from the energy principle

by straightforward minimization; however, it is important to note that they

relate to modes of quite different physical structure and therefore comple-

ment one another. Each criterion is therefore necessary, but not of course

sufficient for stability. It is an advantage of a variation principle, such

as the potential energy integral, that the minimum value of 6W does not

depend too sensitively on the precise form of the dependent variable or

perturbation. It is not in fact necessary to solve the corresponding Euler

equation exactly to find an adequate trial function. On the other hand, we

have shown that the stability limit does depend rather delicately on the

precise configuration of the equilibrium, so that one should not expect crude
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models of an equilibrium to yield realistic or reliable results. Presumably

this observation applied also to results obtained from numerical stability

simulations.

2. EQUILIBRIUM

We consider toroidal equilibria in which equilibrium quantities are

independent of the toroidal angle tp and choose a standard orthogonal

system (•, <p, y) based on the magnetic flux surfaces [7]. >k labels the

flux surface and x is a poloidal variable which goes around the toroidal

surface the poloidal (short) way. The unit vectors e e lie on the flux
-tp-x

surface and e. = e x e . The magnetic field components are given by 0,
i y^x'tcp ~*

3((- = — , 3 = where I = I W and R i s the toroidal radius . The
d^l ine element i s given by — , JBdx, Rdcp, where J i s the Jacobian and

R 3
B = B . The equilibrium current components are given [7] by 0, - — TTT- (JB2),

X J dv
Bl'j where ' denotes d/d^. The mhd equilibrium equation gives

where p(*IO is the plasma pressure.

The x co-ordinate is assumed to be arbitrary subject only to the

conditions

^ dx = 2TT and $ Jdx = 6 — (2)
B

where integration is once around the torus the short way at constant *!'

and £ is the path length. The 'safety factor' q familiar in tokamak

work is given by 27rq = ef ,-" , and for further convenience we define

v = JI/R2.

3. STABILITY

Mercier [7] has shown how the stability of toroidal equilibria can be

considered in terms of the mhd energy principle and that for axisymmetric

equilibria the perturbations decompose into independent Fourier components

in the <p co-ordinate assumed to vary as exp - in<p. In general the least

stable perturbations can be shown rigorously to correspond to incompressible

plasma displacements and the expression for 6W, the perturbation in energy

of the displacement, is then given by
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a* RB* - 2K|X|: (3)

where K = -JJ-J- TCJJ -?n \TT/- p' gX in(JB), and X, U are related to the plasma

displacement t, as follows:

X = !, , U = ~ $ - with div I = 0

The task is to minimize SW with respect to the two dependent variables X

and U, both functions of the two orthogonal co-ordinates i' and j.

BALLOONING MODE ANALYSIS

We consider the variables to be of the form

4.

X = exp ia , etc. (4)

where

a = It dj + nC

o

and C(ty) is a parameter. The exponential real phase factor a can be

made to represent highly fluted waves on the >f surface, while the amplitude

factor F ( which it is convenient to represent as a complex function)

describes an amplitude modulation having at most one zero in the x co-ordinate.

The cyclic conditions are therefore

and

= 2 ™ (m is integer)

The mathematical conditions otherwise applicable to the two modes can be

summarised as:

I, Extended Mode

3F
P^T~ 0(1), 1. = i{^,\), with the additional constraint (which we show

presently is a necessary one) that F(i|', 1̂) = 0 at a certain point % = Xi-
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II. Localized Mode

The evaluation of 6W proceeds similarly for both modes. It is convenient

to define a new variable 0, such that ^ + U = Qe ; then ignoring terms

~ l/n,it is possible to minimize the integrand algebraically with respect

to n.

There occurs in the integrand a term proportional to (i - n y ) 2 ^ 2

which can in general (i.e. non-vanishing F) be made of 0(1) only if

i = nv = nJI/R2 for all y. However, since 4if.il. - nv) = 27r(m — nq),

this can only occur on a certain singular surface ^ . On an adjacent

surface where 41 - A' = AA1 there are two possibilities:

(I) i = nv for all Xi except in the vicinity of x = Xu a nodal

point, where

dx(i - nv) ~ nv'A\' ~ 0(n) for

for an extended mode. Hence F(Xj) must vanish at least

as e/n. Alternatively,

(II) nv - I = n(vs + l/'Av|'), where jd%v (j) = 0 and v' is

determined by the equilibrium. It is necessary to choose

an ordering in which n£A< ~ 1, which evidently must correspond

to a localized mode. For unmodulated modes -%— = 0 there is yet

a further possible consistent ordering with v finite, but

n M «. 1, which also evidently corresponds to a highly localized

perturbation M -» 1/n2. This is the Mercier/Suydam ordering

[7] in which, in effect, 6W is minimized with respect to v ,
s

subject to 7̂/ dx = 0, or equivalently <£dx(niy - i) = nM^/d* ~
s • s

27mA>l<q' ('!' ) .

For the purpose of comparison, we first briefly recapitulate the theory

[1,5] of the extended ballooning mode:

Extended Mode

With the assumptions listed in I above, in particular substituting

SL = nv, one obtains
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• „> f

where S = (1 + B ^ / I 2 ) " 1 . Integrating by parts,

« •

From the equilibrium (1)

4- [sB2R2p

therefore

RB̂

where
(8)

\RB2 I/V I V /

Since the variation of F with ij) is weak [5] the ^-integration

longer relevant to the stability criterion, i.e. the minimum of the x

must be positive for all values of I|J regarded simply as a parameter,

convenient to make the transformation B2R2 Jdx = kdu, where 2?rk = j

|u| S T, then the stability criterion becomes

oj 2 2

0 S minimum |du j 1 + SBltR6k2f [ diu —-—\ jp

(9)

It is

x JB2R2,

[B2R2 "•
 P' *<» J B2RV
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where u is another free parameter. As noted before, the only permissible

Euler solution, or minimizing function for F, must have at least one node.

If there is mirror symmetry about the mid-plane of the torus an appropriate

trial function is F = I 6 cos(2n+ 1)^ , where 10 = 0 on the outer toroidal
• 3R ° n

edge (where p — < 0) and w = ± IT on the inner edge. The integral may
alp

now easily be minimized with respect to to and a suitable set of parameters

S .

5. LOCALIZED BALLOONING MODE

The localized mode differs from the extended mode in that its amplitude

varies significantly not only with x i but also rapidly with ty about <|<

However, F no longer need vanish on x • We assume a separable

X = p(+) £(x)e1<7 with CT = mx+ nC(<IO and the ordering of II above

i| = „ = S + £(^>X) (11)

where e is small ~ 1/n and may be expanded as e = v (x)+ A i/v' ,

satisfying

4v dx = 0 and -^ ^dx = 2irq' (12)

We now substitute X and Q into the 6W expression (5) and minimize with

respect to Q and c' by elementary algebra. After integrating by parts

to remove the pp' term we obtain

6W = -

S B 2 R 2

|/d*^JdxG (13)

where G was defined in (9). The minimization with respect to e is now

carried out subject to (12) by application of the Lagrange (undetermined)

multiplier. The result is that the term in (13) containing e2 is minimized

to
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Application of the Schwarz inequality shows this integral is less than or

equal to

(15)

Substitution of (15) for the e2 term in (13) yields a simpler integral

whose positive value is still necessary for stability. Finally we minimize

this w.r.t. n2 to obtain the necessary criterion

t

0 < 6W «ir 3_

(16)

Minimization of (16) can proceed further straightforwardly by the choice of

suitable trial functions for p and £ . For p we use the Gaussian

p ~ exp -— (^A*|<)2 and minimize w.r.t. |i . For £ we use £ = E6 cosnw ,

need not now vanish. If q' = 0retaining the constant term 6 since £
the minimization is independent of

in the next section.

p and this simpler case will be developed

6. STABILITY CRITERIA

It is now straightforward to evaluate the stability criteria using the

trial function. However, the equilibrium configuration must first be cal-

culated with considerable accuracy. In addition to specifying the equili-

brium current and pressure I(i|0, p(<JO one must calculate B and R as

functions of i|su since

V _ 3 ... JI II' P' 3 „ «9«7 . I'

and

| | = R . 7*/R3B2 (17)

Consider the 'standard1 circular tokamak equilibrium, Where in local

polar co-ordinates (p,8) centred on the magnetic axis R = R

c p2 + c p3 cos

R = R Q + p cose, with C 1 = - J P ( T + 6 ) (18)

4c
0

B c* 2pc /R
o o
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Although this configuration has the defect of vanishingly weak shear it

clearly illustrates the sensitivity of the stability criteria. For this

equilibrium

B^R2 = A C d, 1 + — ( - 2 -

v

Jcos9

w

3* L \ v c J/ 8 R o ( c o « %

3 JB 3 1
3* *n X " 3* to p = 2* '

(19)

We subs t i tu t e these expressions into (16) and use a t r i a l function

e = 6 + 6 . cosu , Minimizing w . r . t . 6,/6 the c r i t e r i o n becomes
T o 1 J o

(20)

Therefore in the equilibrium model with zero shear there is generally

instability if q < 2 and 3 > 0.4 , according to the criterion (16) for

the localized ballooning mode. On the other hand, a different criterion is

obtained for this equilibrium model using (10) where it is found that

stability actually improves slightly with increasing (3
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Abstract

FLUCTUATIONS, DIFFUSION AND BEAM-INDUCED CURRENTS IN THE CULHAM
LEVITRON.

Measurements of the radial profile of fluctuation frequency and amplitude in the Culham
Levitron have revealed a marked radial variation of the low-frequency component related to
the integer rational surfaces. This low-frequency component has w <4 w,.e and kya; « 0.05
and is both shear and VB stabilized. The local diffusion coefficient derived from the temperature
and density profiles is also reduced by shear. The results are compared with several theoretical
models, with particular emphasis on the temperature gradient and resistive-g modes. A Fokker-
Planck calculation of the plasma current driven by a beam of fast ions has recently been carried
out for a wide range of values of ve/vb, the ratio of electron thermal to beam velocity. The
net current has a different dependence on electron temperature to that predicted by the con-
ventional theory, which assumes a displaced Maxwellian distribution for the electrons. In
particular, this theory predicts that for ve > 0.74 vb and Z = 1 the net current is in the opposite
direction to the fast ion current. The theory is in good agreement with the experimental results.

In th is paper the resu l t s of two experiments in the Culham Superconducting

Levitron and the i r associated theore t ica l s tudies are presented. Previously [ l ]

we have reported on the effect of current flowing pa ra l l e l to the f ie ld on

the propert ies of dr if t -wave-l ike i n s t a b i l i t i e s and on p a r t i c l e loss r a t e . In

the f i r s t sect ion here we report on the proper t ies of low-frequency f luctuat ions

observed in the absence of current and in a s teady-s ta te discharge. Possible

theore t i ca l explanations are then discussed.
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In the second sec t ion the recent experimental r e s u l t s {1"] obtained on

beam-induced currents are compared with new theory. An exact Fokker-Planck

treatment of the e lec t rons has been ca r r i ed out recen t ly and t h i s leads to

a net current which i s in good agreement with the experiment.

1. LOW-FREQUENCY FLUCTUATIONS AND DIFFUSION

Introduction

Low-frequency instabilities with k a. « 1 have been observed in the

Levitron [3] and have also been seen on FM1 [4] and the G.A. Octupole [5],

Explanations have been sought in terms of the collisional and collision-free

drift and trapped particle instabilities. However, with k a. « 1 these insta-

bilities should be stable. In order to get round this difficulty, mode coupling

oi higher frequency drift waves has been invoked [6]. An explanation has

also been proposed in terms of the temperature gradient instability [3],

In the present paper further results on the scaling of low-frequency

fluctuations in the Culham Levitron are presented. These are then compared

with instability theory including that for the temperature gradient and

resistive-g modes.

Experimental Arrangement

The Culham Levitron is an axisymmetric toroidal system containing a fully

levitated superconducting ring with major and minor radii of 30 and 4.7 cm

respectively. The ring was operated at currents of 110, 180 and 330 kA to

provide the appropriate field for electron cyclotron resonance at 10, 16.25

and 30 GHz respectively. The shear strength is set by the ratio of toroidal

field winding current to ring current (I /I ). The values used were such that
-1 -1

0.2 < IT/I_ < 1.8,and in this range L « IT/ID where L is the shear strength

averaged around a flux surface. The field configuration and the plasmas pro-

duced by ECRH have been described previously f7]. For the present measurements,

steady-state plasmas were studied at pressures of 10 to 3.5 x10 torr of

helium and with microwave power levels in the range 30 to 180 watts. Electron

temperature (T ) and density (n ) profiles were measured with a swept double

probe which was moved across the plasma in about 2 sec. Immediately following

this measurement, the profile of floating potential fluctuations ($) was measured

by moving a single high-impedance probe across the plasma in a similar time.

Signals were recorded within the frequency range 0.5 to 150 kHz.



IAEA-CN-37/W-1 747

Experimental Results

Typical frequency spectra show two distinct features (c.f. C3]):

(i) a dominant group between 2 and 15 kHz with: k a^ « 0.05; and (ii) a

group of lower amplitude with frequencies between 30 and 100 kHz and k a. »0.5,

which is more drift-wave-like in character. The low-frequency component is

dominant over a large part of the radius and it is this part of the spectrum

which is discussed here.

The amplitude of the fluctuations was found to have a marked radial

structure associated with the integer rational surfaces. Profiles of T , n

and <J) are shown in Fig.l for I = 110 kA, I_/ID =0.8 and a helium pressure
_ j . K IK

of 10 torr. The density profile shows a dip in the centre which is not

understood but is possibly due to the effect on the probe measurement of the

microwave heating field. The floating potential signal ($) was obtained by

rectifying the If signal with an integration time of 5.5 msec. During this

interval the probe moved radially by less than 0.1 mm. Thus the peaks in the

profile of C<P) seen in Fig.l represent genuine variations with radius and not

variations in time. The separation between the peaks agrees with the separa-

tion between rational surfaces (integer q ) as illustrated in Fig.2(a). The

absolute location of the peaks with respect to the rational surfaces was not

known,however, to better than ± 0.5 mm. In comparison with the approximate

radial width of 1 mm,the platinum tip of the probe was 0,6 mm in diameter and,

at 3 cm for example, the ion Larmor radius was about 0.6 ram. Therefore the

true radial width of the peaks in floating potential may be much narrower than

the measurements indicate.

Fourier analysis of the recorded waveform was carried out at several

radial positions between 2.2 and 3.3 cm and these results are shown in Fig.2(b).

It can be seen that a different frequency is observed on each rational surface,

hence neighbouring modes are uncoupled. Separate measurements with two probes

show that the mode number is m = 1 but with some lower amplitude modes with

m = 2 and higher.

A Doppler shift in frequency with respect to the guiding centre frame

is expected. Since any net toroidal momentum would be quickly damped by

ion-neutral collisions, we may assume the ions to be at rest. The Doppler

shift frequency is then given by f = (m/2irRq) (kT. /eBr ) (1 + r\.).

Using the measured profile information, the ion temperature profile was

calculated from T and n by solving the energy transfer equation locally

between the ions, electrons and gas molecules. The effect of thermal conducti-

vity was neglected. The observed frequencies are close to those expected for
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FIG.4. The normalised particle diffusion coefficient D/Dcl shown as a function of L%. For
each value O / / J / / R , values of D/Dc\ at several radial positions are plotted and results for both
/ R = 110 kA and 180 kA are included.

a disturbance moving at the Doppler velocity, indicating that in the guiding

centre frame u) << w.̂  .

Profiles of T , n and
e' e

were recorded at three values of I and over
K

the range of I_/I_ defined above. Profiles for three values of shear strength
1 K

(IT/IR = 0.4, C.8 and 1.6) are shown in Fig.3. The fluctuation amplitude

decreases as shear is increased and the density profile changes shape so as to

steepen the outer gradient at high shear, thus strongly suggesting a reduced

diffusion at low fluctuation amplitude. This change in shape was also observed

on FM1 [8]. A calculation of the particle source function was made on the basis

of the T and n profiles and the neutral density. A value for the particle

flux (F) at each point of the outer gradient was obtained by assuming that all

particles born on the outer side of the maximum of the source function moved

outwards and vice versa. The normalised value of D(= F/Vn) is shown in Fig.4
2

as a function of L . The normalisation factor is D , = v .*a (1 + T /T.)
s cl ei e e x

where V . is the electron-ion collision frequency and a the electron
ei k

 H y e
Larmor radius. The data suggest D/D •* L with k between 1 and 2 and

cl sD -* D at high shear.
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Except for some cases at very low shear,the fluctuations are observed

only on the outer density gradient. Since VB'Vp < 0 on the inner gradient,

this result suggests that the low-frequency fluctuations are also stabilised

by favourable curvature. The fluctuations observed on the inner gradient in

the low shear cases (c.f. Fig.3) have frequencies of 100 kHz and above and

appear to be localised close to the ECR surface rather than at a region of

high Vn. This mode is believed to have a different origin and will not be

discussed further here.

Interpretation of Results

Before discussing which of the theoretical alternatives is the most

plausible explanation of the results, it is important to establish a suitable

model of the Levitron geometry in which comparisons between these interpreta-

tions can be made. One of the main features of these fluctuations is that they

are strongly localised about the mode rational surfaces with a narrow radial

width (~ a.) and low poloidal wave number m = 1,2. This means that modes with

the same n (toroidal wave number) and different values of m are widely

spaced (note that neighbouring modes in Fig.2 have different n). Hence the

coupling of modes with the same n and different m is very weak and the

high m number mode-coupling theories [9,10], which have shown how the stabi-

lising effects of shear may be suppressed, play no role here. Thus a one-

dimensional slab treatment in which the equilibrium parameters are averaged

in the poloidal direction should be adequate to describe the evolution of

these low frequency modes. In this limit both the collision-free [11,12] and

collisional [13] drift instabilities have recently been shown to be stabilised

by very weak shear and are both stable for the strong shear of the Levitron.

Also the fact that k a. « 1 eliminates drift modes as an explanation.

It is difficult to eliminate the possibility of the mode coupling of

higher frequency drift waves [ 6] being responsible for the low-frequency

fluctuations, but there are several points of apparent disagreement. First,

although there is high-frequency activity on both the inner and outer density

gradients, there is only low-frequency activity on the outer gradient.

Second, the convective cell structure predicted by the codes [ & ] is not

observed, the modes being highly localised on the magnetic surfaces.

The kinetic theory of the temperature gradient instability has been given

by Coppi et al. [14J, For the Levitron parameters,however, |to| is less than

the ion-ion collision frequency v.. and so a fluid description may be used.

The differential equation for the electrostatic potential as a function of the

radial variable x may be put in the form, for |u| < w ^ [15] ,
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2 d
2A L2 - (Hi - 2/3)X2

a? i 4 + r^-^ * = 0 (1)
1 to" + x

where L = L y/k v - > L is t n e shear length, Y the growth rate, a. the

ion Larraor radius, r\. = DlogT./Dl°Sn . The above equation is s t r ic t ly valid

only for 1 + r|. >> 1 since only then can the Larmor radius expansion which is

used in deriving Eq.(l) be justified. Using the usual phase integral tech-

nique (sf k dx = (2n + 1)TT), the eigenvalues of Eq. (1) can be determined and

in the limit r|. >> 1 is given by

= 0,1,2 (2)
Ls x x

This expression is evaluated as a function of radius for the m = 1, I = 0 mode
in Fig.5(c). In the Levitron.k /L <* m/L L is constant for a given m since

y s p s

L , the pitch length,is inversely proportional to the shear length and hence

the growth rate is independent of the shear strength (or L_/IR) as can be seen

from Fig.5(c). Numerical calculations show that this result remains valid

for all reasonable values of i even when terms of order u/w. are included
*e

in Eq.(l). Finite Larmor radius effects are expected to affect modes above

£ = 3. Thus we see by comparing Fig.5(a) with Fig.5(c) that whereas the

measured amplitude reduces significantly as the shear is increased,the growth

rate of the temperature gradient instability is approximately constant. This

latter point along with the absence of any low-frequency activity on the

inside density gradient are possible arguments against the temperature gradient

instability being responsible for the low-frequency fluctuations.

Moving on to the resistive-g instability [16], the equation describing

this mode in a slab with shear is:
2 2 ,,22

a.
k 2 a 2 +

y i

= 0

(3)

where uQ = k VD; Vp is the total VB drift (ions + electrons);

VD = 2 a i v i ( 1 + T > / V %l = 2 k y V i U + n i + T ( 1 + n e ) ) / R c ; T = W a n d

&c is the radius of curvature. Eq.(3) is in the standard Hermite form, and

the eigenfunctions are:

*£ " h (ei x) e~&lX /2 • * = °'1>2 -" (4)

where g is given by
ik a V {u-u (1 + 1.7 n)}(2i + iy

eA "2 — — (5)
L v
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The eigenvalues co are given by the following dispersion equation:

2 " iLsVei W
(w + uO (u + u). /T){U-O). (1+1.71 n )} = • 5—5-5 5-

D e e e (2*. + 1) k V V ^

Eq.(6) was solved numerically and the growth rate and real part of the

frequency are shown in Fig.5(b) for the X, = 0, m = 1 mode as a function of

radius along with the measured fluctuation amplitude Fig.5(a). Points of

agreement between this instability and the measurements are: (a) on the inside

density gradient where the resistive-g is stable (since the curvature is

stabilising) there are'no low-frequency fluctuations; (b) the resistive-g

is stabilised by shear and the measured fluctuation amplitude decreases with

increasing shear.

A theoretical diffusion coefficient (essentially y/k ) may be obtained

numerically from Eqs (5) and (6). This diffusion^coefficient, which has a
Ls

classical-like nature, scaling approximately as — D , is compared with the

measured diffusion coefficient in Fig.6. The absolute magnitude of the theoretical

diffusion coefficient is 10 times larger than the experimental values and

therefore adequate to explain the observed diffusion. Of more significance

is the reduction of D with increasing shear (which is also shown in Fig.4).

Although the present results tend to favour the resistive-g mode as that

responsible for the fluctuations, final confirmation of the mode requires

measurement of the radial structure in more detail and its scaling with field

strength and shear. The classical-like scaling and the change of contain-

ment with shear are both features strongly representative of the low tempera-

ture regimes in the FM1 experiment [17] and have been found also in scaling

experiments on the Culhara Levitron in the decaying afterglow plasma fl8j.

2 . BEAM-INDUCED CURRENTS

Kinetic Theory

Ohkawa [19] first suggested that a steady-state current could be main-

tained in a plasma by the injection of fast ions and recent experiments on the

Culham Levitron [2] have confirmed the existence of this current. However, a

substantial discrepancy between the measured current and the theoretically

predicted current was revealed by these measurements. In particular, the

measured current was found to decrease more sharply with electron temperature
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FIG. 6. The particle diffusion coefficient D is compared with the theoretical value based on
D *» y/k for the resistive-g mode for IJ/IR = 0.4, 0.8 and 1.6, corresponding to low, medium
and h igh shear.

than the theoretically predicted current,and at higher temperatures the direc-

tion of the current appeared to reverse (i.e. it was in the opposite direction

to the fast ion current). In an attempt to resolve this discrepancy an exact

Fokker-Planck treatment of the electrons has been carried out and this leads

to a net current which differs in both magnitude and direction from the con-

ventional result. The new Fokker-Planck theory is also found to be in much

closer agreement with the experimental results than the simpler theory.

The original Ohkawa fl9j theory together with other theoretical calcula-

tions [ 2] of this beam-induced current have assumed that the electrons can be

represented by a displaced Maxwellian distribution. The displacement is then

determined by balancing the rate at which momentum is gained by the electrons

from Coulomb collisions with the fast ions against the rate of loss to the

thermal ions. This analysis has two major shortcomings. First, the velocity

dependence of the frictional force between the fast ions and the electrons is in
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general different from that between the thermal ions and the electrons. Con-

sequently the electron distribution is distorted in such a manner that the

distribution cannot be represented by a displaced Maxwellian. This distortion

of the electron distribution from Maxwellian is very similar to that caused by

an electric field, which was discussed by Spitzer £20 J and co-workers in

their fundamental papers on the calculation of plasma resistivity. The second

weakness of the Maxwellian electrons model is that electron-electron collisions

are not taken into account properly. These two omissions are particularly

serious for the p-resent problem, where the electron current tends to cancel

the fast ion current, and thus a precise calculation of the electron distribu-

tion is required so that the net current can be accurately determined.

In the present theory, which is being published in detail elsewhere [2l],

the Fokker-Planck equation was simplified by making the usual assumption that

the number density of the fast ions, n, , is much smaller than the thermal

particle density n. This gives rise to only a small perturbation of the

electron distribution function,which can be written in the form:

f = F + f'
e me e

where F is the Maxwellian distribution. The electron Fokker-Planck equa-
me ^

tion, correct to the first order in f' , may then be written symbolically in

the form:

C (F , f, ) + C . (f' , F .) + C (f* , F ) + C (F , f') = 0
eb me b ei e mi ee e me ee me e ._.

where C is the linearised collision operator. The reference frame is such

that the thermal ions are at rest, and f, is the fast ion distribution which
b

was essentially monoenergetic in the Levitron experiments since the fast ion

slowing-down time was an order of magnitude longer than the charge-exchange

loss time.

All the distributions are symmetric about the field lines so that the

electron distribution can be expanded without loss of generality as a series

of Legendre polynomials
f' = F 2 a (v) P (?) (8)
e me n n

Similarly the Rosenbluth potentials h and g [22] which occur in the colli-

sion operator may also be expanded as a series of Legendre polynomials in the
f O r m : h = E h (v) P (?) etc.

n n

Substitution of expression (8) into Eq.(7) leads to a set of uncoupled equa-

tions for the coefficients a (v) of which only a.(v) is required since we

are only interested in the current along the field lines. The equation for
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a.(v) is an integro-differential equation which can be expressed in terms of
the normalised velocity variable x = v/v as

a? + P(x)a' + Q(x)a = - i £ - (>I,(x) -1.2x I.(x) -xA(l-1.2x2)

(Io(x) -Io<«))] + R(x) (9)

P(x)

Q(x)

R(x)

A

• (x)

I (x)

= -x

•> x -

B f
= " A \

- * - x

- erf(x)

• r *,<

2x +

2 (Z

k*'
= J.

y)e"J

2x 2

+ *

of

•r
y

- 2xV)/A

x6 - 2.*)

v*3)x

exp(-x )dx

dy

x < v *
*

X > V,
D

where v is the normalised beam velocity defined as v, = v,/v , n is the
b b 2° e

plasma density, Z the effective plasma charge, Z = I n. Z./n , the dash is
the derivative with respect to x and the constant B = 4 K nv/n*

The integral I (<*>) may be deter

Fokker-Planck Eq.(7) and integrating:

The integral I (<*>) may be determined by taking the first moment of the

I (») = 3TT* B A(V*) /16ZV* 2

o b b

The solution, a (x), of Eq.(9) has to be found numerically. This is not

completely straightforward since, as Spitzer et al. showed, the complementary

function solutions are rapidly increasing and decreasing exponentials and so

direct numerical integration of Eq.(9) fails. The integration of Eq.(9) is

in fact unstable for both increasing and decreasing x; i.e. a small devia-

tion from the correct solution increases so rapidly in the course of the

integration that any trace of the correct solution soon disappears. In order

to overcome this problem a two-point boundary value technique was used and

this is described in detail in Ref.[2l]. From the solution a (x) the inte-

gral I-(°°) can be evaluated. The electron current is given by j = -e/v f' d v,

which leads to the expression ., . .

3lTi v* B

for the ratio F of the net current (i.e. the fast ion current plus reverse

electron current) to the fast ion current. The above expression for F (for
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FIGS. Comparison of the theoretical temperature dependence of the net current with the
Levitron experimental results. The full curves show the predictions of the displaced Maxwellian
approximation, the full Fokker-Planck theory and the Lorentz approximation for uniform
plasma parameters. The dashed curve shows the effect of averaging the parameter F over the
experimental profiles in the case of the full Fokker-Planck theory.



760 AINSWORTH et al.

Z = 1) is plotted as the continuous curve in Fig.7 as a function of
it—2

v (= T /e, ) and this is to be compared with the dashed curve given by the

conventional displaced Maxwellian theory which is described in Ref.[ 2 ] , The

main point of interest in Fig.7 is that the net current is in the opposite

direction to the beam current when v > 0.74 v, and in the opposite direction

to that of the displaced Maxwellian approximation.

Comparison with Experiment

In the Levitron experiments [2 ] a modulated beam of fast protons was

injected into a hydrogen plasma and the net circulating current was detected

through the voltage induced in a pick-up coil which looped the plasma in the

poloidal direction. The signal due to current flowing parallel to the magne-

tic field lines was measured as a function of the plasma electron temperature

and the results obtained are taken from Ref,[2 J and shown in Fig.8. The

solid curves are theoretical predictions evaluated for the average beam energy

of 8.5 keV and for uniform plasma parameters. The values of F, the ratio of

the net current to the fast ion current for these curves are shown on the

right of Fig.8. In the range of interest the displaced Maxwellian theory

under-estimates the reverse electron current by a factor of two, whereas good

agreement with experiment is achieved by the Fokker-Planck theory. The dashed

curve in Fig.8 shows the effect of incorporating the measured plasma density

and temperature profiles in the full Fokker-Planck treatment. Also included

is the curve obtained in the Lorentz gas approximation which neglects electron-

electron collisions.
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DISCUSSION

F.G. WAELBROECK: What is the order of magnitude of the injected beam
currents required, according to your revised theory, to produce appreciable self-
sustainment of the toroidal current in a large tokamak system?

D.R. SWEETMAN: It is difficult to give a general answer to that question
because the current that can be obtained will depend on the extent to which the
back-electron current can be reduced by using a modest Zeff or relying on trapped
electron effects. If the back-electron current can be avoided, the large stacking
factor of the positive ion beams would probably allow the full tokamak current
to be injected by means of the neutral beams already required for heating.

J.D. CALLEN: You showed an induced plasma current flowing opposite to
the ion current direction for the tokamak regime of ve/vt>. How large a value of
Zeff would be required to make the induced current flow in the ion current
direction?

D.R. SWEETMAN: For Zeff = 2 the current is certainly positive at our
values of electron temperature. I would estimate that this might be true for
Zeff > 1.5.
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M.N. ROSENBLUTH: How do the fluctuations in your new current-free
experiments compare with those observed when Ohmic currents were present?

D.R. SWEETMAN: The fluctuation level in the current-free experiments at
high shear is quite low, as is shown in the paper. It is much lower than the levels
observed in our experiment with Ohmic currents.

S. YOSHIKAWA: Have you considered the possibility that your observed
fluctuations are due to the resistive trapped-electron instability?

D.R. SWEETMAN: The collision frequency in these experiments is too high
to have a significant trapped-electron population, so we do not expect this mode
to be present.
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Abstract

THEORY OF DRIFT AND TRAPPED-ELECTRON INSTABILITIES.
This paper deals with the theoretical investigation of low-frequency drift and trapped-

particle instabilities in systems with magnetic shear, by analytic and numerical procedures and
by computer simulations. In particular, results are presented for calculations which
demonstrate: (1) the stability of both collisionless and dissipative drift eigenmodes at long
radial wavelengths (krPj < 1) in a sheared slab (one-dimensional) geometry; (2) the presence
and structure of drift and trapped-electron eigenmodes in an axisymmetric toroidal (two-
dimensional) geometry; and (3) the non-linear evolution and resultant anomalous transport
from trapped-electron instabilities.

Drift Instabilities in a Sheared-Slab Geometry

The influence of radially nonlocal effects, such as magnetic shear, on the
presence of absolutely unstable drift modes in a confined plasma is a funda-
mental problem that has been actively investigated over the years. Most of
the theoretical studies in this area have been carried out for a slab geometry
with shear and have focused in particular on drift waves with long radial
wavelengths. This approach leads to a one-dimensional (radial) differential
equation of the form

[32/3x2 + Q(x,(o)] 4>(x) = 0 (1)

with

X + x2/4 + (u«/|x|)Z(6/|x|) (2)

for the collisionless ("universal") case, and with

Q(x.u) = -k2p2 4(x2/Ex2 - ix2)l(l - 1/SJ - x2/x2) (3)
^ y s - R" s

; Research supported by US Department of Energy Contract No. EY-76-C-02-3037.
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for the collisional (dissipative) case. In Eq. (2), x is a dimensionless
variable [1], Z is the familiar plasma dispersion function,

A E (1/n - 1 - k^p^) (S2Lg/2Ln), p s = C s / U c . , c s = (T e /M±)1 /^

a = M/« # e , u>*e = kyPscg/Ln , v = (i - n> (Ls/2Ln)

1/2
<5 E (fim L /M.L ) , L and L are respectively the shear length and

c s x it s n

the equilibrium density scale length, and u . is the ion gyrofrequency.

In Eq. (3), x is another dimensionless variable [2],

XR " UVei/(kll Ps VTe ) 2 ' k|l = ky/Ls ' VTe = Te/me ' Vei i s t h e e l e c t r o n-

2 2 ! 2
ion collision frequency, and x = to /(kM p c ) .s 11 s s

Recent numerical solutions of Eq.'s (1) - (3) have indicated that
neither collisionless [1] nor collisional [2] electrostatic drift wave
eigenmodes with long radial wavelengths (k p < 1) are ever unstable in

a sheared slab geometry. This , of course, is in contradiction to previous
analytical calculations [3,4] which predicted the presence of unstable
normal modes if the shear is sufficiently weak. For the collisionless
problem the error in earlier work [3] can be traced to the approximation
of the complete electron Z-function term in Eq. (2) by just its resonant
part and/or to the use of improper perturbation methods. In the case of
collisional drift waves, previous calculations have generally been
qualitative or heuristic in character [4] and have not rigorously
investigated the normal mode problem. In the present work, detailed
analytical studies are presented which support the conclusions of the
recent numerical calculations and provide a clearer understanding of those
results.

To solve the collisionless eigenmode problem, governed by Eq.'s (1)
and (2), the basic approach here is to apply the WKBJ method [5]. The
eigenvalue is then determined by

jdt[Q(t,u))]1/2 = (n + l/2)ir (4)

where Q is given in Eq. (1), t = x + iy, n is the radial mode number, and
the integration is to be carried out between the appropriate turning points.
Before proceeding, it should be noted that the analytic continuation of
Eq. (1) into the complex plane, t = x + iy, is determined by

2 1/2
|x| -> (t ) . The Riemann structure then consists of two cuts which

originate at t = 0 and which can be taken along the positive and negative
imaginary axes. The two sheets here will be referred to as the physical

2 1/2 2 1/2
sheet for (x ) > 0 and the nonphysical sheet for (x ) < 0. In
carrying out this procedure it is very important to recognize that there
are two pairs of turning points which are critical to the eigenmode
analysis [6]. These are the usual ion-sound pair located at

+ — 1/2
t = -P - +2iX and another pair induced by the electron dynamics (via

+ - 1/2
the Z-function) and located at t = -E - +iir n6/X.
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It should be remembered that the downward shift in the eigenfrequency
required for instability in the local theory is governed by
2 2 2

k p . For small k in the present nonlocal calculation, the turning
y s + y +

points -P appear on the physical sheet while the ones at -E are on the
nonphysical sheet. Applying the usual outgoing wave boundary condition
of large |x| then determines the choice of -P as the appropriate turning
points to be used in Eq. (4). This leads to the familiar result [3] that

2
the eigenmodes are damped for small k . However, for sufficiently weak

y 2

shear, (L
s/

L
n)c

 < ^g^^ > t h e Picture here changes as k increases to

a critical value, k , where the two pairs of turning points coalesce;

i.e. t = -P = -E = -C. Since this coalescence takes place on the
imaginary (y) axis and the argument of the Z-function becomes pute
imaginary, it follows that Iuuo = 0 ; i.e. the eigenmode is marginally

2 2 2
stable. As k is further increased (k > k ), the pairs of turning

points remain on the imaginary axis with -E moving toward the origin and

-P moving in the opposite direction. For this case the outgoing wave

boundary condition dictates that t = -E is the appropriate choice. Since

-E remains on the y-axls, the eigenmodes remain marginally stable. The
2 2

conclusion that the eigenmodes are marginally stable for k > k and

(Lg/Ln)c < (Lg/Ln) confirms the numerical results [1], [6]. It should

also be,noted here that the location of the turning points on the y-axis
(which leads to marginal stability) is a direct result of the use of the
full Z-function representation of the electron dynamics. For the case of
strong shear, (Ls/Ln) < (Ls/Ln)c , the usual conclusion that the

eigenmodes are damped for all values of k is recovered. Here the pairs

of turning points never coalesce and t = -P is again the appropriate
choice to be used in Eq. (4). Calculating (L /L ) as a function of the

s n c
mass ratio leads to the scaling, (L /L ) = 3(M./m ) 1 ^ .

To solve the collisional eigenmode problem, governed by Eq.'s (1)
and (3), it is convenient to employ a matched asymptotic treatment,

provided T R =
 2(v

ei
m
eLg)<

u*e
MiL

n)
 < < 1- I n t h e outer region

(|x| » |x^| ) , <(> = ^(x) can be expressed in terms of Rummer's Confluent

Hypergeometric Function. For the inner region (|x| ~ |x_|) ,

$ = <t>j.(x) can be expressed in terms of the Associated Legendre fun

Matching <j> and <j>. then yields the following eigenvalue condition:

b 3 /r(a) = _ I _ ^ R I r(v)r(-v-i/2)r(i/2-v) I" Bi
r(-i-v)r(v+i/2)r(3/2+v) I1 + u A T

 cot , (5)
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where

( i COS(TTV/2) for even modes

i -sin(irv/2) for odd modes

a = (b - y)/2 , b = l + a , a = -(l + 4A)1/2/2 , v = -(a + 1/2),

A = i(xD)
2A , A = 1 - 1/fi - l(xD/x )

2 , and y = I(x IT) (A + k V ) .
t\ K s s y s

This equation reduces to considerably simpler forms in both the weakly

collisional (|A| = |k p x j < 1) and strongly collisional (A > 1) limits.

Solutions to the corresponding dispersion relations indicate that there
are no absolutely unstable eigenmodes. Collisionality, in fact, is found
to further enhance the shear damping. Application of the WKBJ method to
this problem has provided solutions in the other regimes, i.e.|T_| > 1. In

K
addition, perturbative methods (valid in the weakly collisional limit) have
been used to study the influence of ambient temperature gradients and
electron temperature fluctuations on these modes. All of these
calculations [2] indicate that the basic stability properties described
remain unchanged. Finally, it should be noted that since the absence of
absolutely unstable eigenmodes in the slab model is due to the presence
of shear damping, any mechanism which suppresses this effect (e.g., sharp
variations in the equilibrium density profile [7] or strong toroidal
coupling [8]) should reintroduce these instabilities. In fact, unstable
drift eigenmodes with growth rates increasing with collisionality have
been recovered for cases where the shear damping is nullified [2].

At shorter radial wavelengths (k p. > 1 with p. being the ion

gyroradius), the usual second-order differential eigenmode equation
(Eq. (1)) ceases to be valid. To treat this more general problem, the
perturbed ion density response can be expressed as:

(6)

where r (b) = IQ(b) exp (-b), I. is a modified Bessel function of the

first kind, and C± H (uLg)/(k pg v TJx|). Using this together with the

usual perturbed electron density response in the quasineutrality equation
then yields the appropriate integral eigenmode equation. Here it is
convenient to introduce radial basis functions of the form

h (x) = M~1/2 H (a1/2x) exp(-ax2/2) (7)
n n n
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with M = (TT/O) 2 n! , a is an adjustable input variable, and H is
n n

a Hermite polynomial. By taking <(>(x) = £ 't' h (x) and then
n

f °°
operating on the eigenmode equation with / dxh ,(x), one obtains

matrix equation which can be solved by standard numerical procedures.
The results indicate that the marginally stable eigenmodes calculated
from Eq. (1) can be reproduced in the long wavelength regime. However,
at sufficiently short wavelengths there is evidence that in addition to
the marginally stable eigenmodes, other possibly unstable eigenmodes can
appear. Preliminary results from particle simulations of drift waves in a

(2^ -D) sheared slab model [9] also indicate the possible presence of
unstable eigenmodes with features which are similar to those found in
the integral equation calculation.

Drift and Trapped-Electron Modes in a Toroidal Geometry

In order to properly assess the danger of low-frequency drift-type
instabilities for tokamak confinement, it is essential to take into
account the fully two-dimensional nature of the axisymmetric toroidal
geometry. At the simplest level, toroidal effects can be introduced into
the two-dimensional analysis by considering the ion VB-drift terms. In
earlier work [8] it was pointed out that in certain limits, these
toroidal terms can produce a ballooning of the mode structure along the
field line and cause the otherwise shear-stabilized universal eigenmodes
to become unstable. However, the complete electron response (full Z-
function was not taken into account. Including this terra and then
following the procedure introduced by Taylor [8], the eigenmode equation
in the long radial wavelength limit can again be cast in the form of Eq.
(1), i.e., $"+ Q(y,coH = 0 with

A _2
where A = 1 - (1/2 - s)(e /a)(k^p s) , y is a dimensionless variable,

n 6 s
X E (I/ft - 1 - k^p2 - e /n)(«L /2Ln), u and 6 are defined following

8 s n s *
Eqs. (1) - (3), e

n =
 L /R. R is the major radius, L = Rq/s , s = rq'/q,

and q is the usual safety factor. It should be remembered here that just
as in Taylor's calculation [8], the strong toroidal coupling approximation
was made to arrive at this equation, which primarily governs the mode
structure along the field line. Solutions obtained by application of the
WKBJ procedure [5] indicate that the proper inclusion of the full
electron response does not alter the basic conclusions of the earlier
work [8]. Specifically, provided the factor A in Eq. (8) is negative

[i.e., s > 1/2 with (k.p s) < (1/2 - s)(e /fi)D , the governing potential
os n

(Q) in the differential equation has the form of a "well" instead of an
"anti-well." Hence, the toroidal terms due to the ion VB drifts can lead
to the presence of unstable, non-propagating drift eigenmodes which are
insensitive to shear.
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FIG.l. Growth rates {normalized to the thermal electron bounce frequency) versus the
dimensionless shear parameter, q'r/q, for drift and trapped-electron eigenmodes.

It is important to recall that in addition to their well-known
destabilizing influence, the presence of magnetically trapped particles
can also contribute to strong toroidal coupling [10]. The influence of
magnetic shear on unstable eigenmodes in a toroidal geometry should then
be accordingly affected. These effects, together with all VB-drifts,
have been included in a comprehensive numerical analysis of the basic
eigenmode equation which is valid for arbitrary k p . The general

approach here involves converting this integral equation into a matrix
equation by expanding the potential in complete sets of appropriate radial

and poloidal basis functions; i.e., <j> = <KS, 8) exp[-iut + i(m9 - nC)3

with

*(S, 6) = £ exp(ije) ^
j=-» £=0

+ j) (9)

where S = m - nq(r) and the form of the Hermite functions, h , is given

in Eq. (7). Unlike earlier calculations of this type [10], the slow
radial variation in equilibrium quantities and their gradients is now
taken into account. This new feature enables us to realistically study
the large-scale radial localization of the eigenmodes.
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0 1/4

FIG.2. Absolute magnitude of the perturbed electrostatic potential eigenfunction for the

trapped-electron mode plotted as a function of radius and poloidal angle (with 6 = 0 at the

magnetic field minimum).

The stabilizing effect of shear on the drift and trapped-electron
eigenmodes was investigated in different collisionality regimes. On
Fig. 1, growth rates are plotted versus the dimensionless shear parameter,
q'r/q, which generally falls between 0 and 2 in tokamaks. For the

2 2
representative cases displayed here, k p. =0.2 and the collisionality

parameter is v. = v /w, with v
^ *e e be

1/2
= e

v ,/e
ei

1
= efrequency, u e v

and e = r/R. On the lower curve, v

being the effective collision

/qR being the thermal electron bounce frequency,

10, a collisionality typical of

the plateau regime where universal modes can appear. Notice here that
there is a "break" in the curve at a critical value near q'r/q = 0.5, below
which the growth rate is independent of shear and above which the growth
rate is a linearly decreasing function of shear. This "break" is a
specifically toroidal effect, which was also analytically estimated using
Taylor's strong coupling approach and described in the discussion following
Eq. (8). On the upper curve, v,Vfi = 0.03, a collisionality typical of the
banana regime where the trapped-electron effects are strong. Not
surprisingly, the critical value of q'r/q increases to around 1.0 as a
consequence of the enhanced toroidal coupling due to the trapped electrons.
These results, which indicate the presence of unstable normal modes over
a wide range of relevant parameters, are, of course, qualitatively different
from those obtained for the sheared slab model calculations with k p. < 1.
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In studying the global structure of drift and trapped-electron
eigenmodes, it is necessary to allow for the variation in e along with the
variation in the equilibrium profiles of density, temperature and current
(and hence q). As shown on Fig. 2, the poloidal mode structure is
characterized by a "ballooning" around the magnetic field minimum and the
radial structure by a broad localization governed by the equilibrium
variations. This case was run for idealized parameters chosen to corre-
spond to those in a particle simulation study, which will be described
later in this paper. For the eigenfunction shown here the toroidal mode
number n = 2, the poloidal harmonics, m = 3 through 7, correspond to the
5 mode-rational surfaces in the plasma, and k p = 0.6 at the m = 5

o i
rational surface. However, for realistic parameters corresponding, for
example, to the PLT and ALCATOR tokamaks, p. « r over most of the plasma,
so that the toroidal mode numbers of interest are much larger. Hence, the
computations, which accordingly involve retaining a much larger number of
poloidal harmonics, are considerably more time-consuming than this idealized
case. These calculations are currently in progress.

As a final point it should be noted that since g (plasma pressure/mag-
netic pressure) in tokamak systems generally falls in the range,
m /M. < 3 < 1, it is important to determine the influence of electromagnetic

effects on the electrostatic drift-type modes. This requires one to deal
with the perturbed parallel vector potential, A.. , as well as <|>, and

involves solving the parallel current equation together with the
quasineutrality equation. These features have now been included in the
2D numerical code to study finite-3 effects on drift and trapped-electron
eigenmodes in a toroidal geometry. Preliminary results indicate that in
the absence of equilibrium variations, the finite-8 effects tend to be
very slightly destabilizing up to B (poloidal beta) of order unity. For

B > 1 , a stabilizing trend due to the flnite-B effects appears. In other

work in progress, the strong coupling, Taylor-type analytic calculation
for ballooning drift instabi l i t ies has been generalized to the finite-8
case. Results obtained here appear to be in qualitative agreement with those from the
2D calculation.

Particle Simulation of Nonlinear Evolution of Trapped-Electron Modes

Since the aforementioned low-frequency instabilities are likely to be
present in toroidal systems, it is important to study their nonlinear
evolution together with the associated turbulence and anomalous transport.
A three-dimensional (3D) electrostatic particle code [11] has been
developed to investigate this problem. In this toroidal model, the

external magnetic field has the usual form, B = B 6 + B e ,
o CnT

with B ; = B?/(l + ecosS) and B = (e/q)B^ ' . The full Lorentz force is
taken into account in the ion dynamics in order to properly represent the
ion inertia and finite gyroradius effects, while a guiding center drift
approximation is used to account for the electron motion. Regarding
boundary conditions, conducting walls are assumed with particles being
elastically reflected there.

Initially, the ions and electrons have local Maxwellian velocity
9 2

distributions with density profiles of the form, n(r) = n exp(-ar /a ) ,
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FIG.3. Simulation results for trapped-electron instability displaying temporal evolution of
(a) electric field energy for different m harmonics with n = 2; (bj radial mode structure for
(m, nj = (4, 2) and (3, 2); and (c) poloidal mode structure at r/a = 0.47and n = 2.

with a being an adjustable parameter. The temperature is taken to be
spatially uniform for the ions but is allowed to vary as

2 2
Te(r) = Toexp(-Br /a ) for the electrons. Here 6 is an adjustable

parameter, and 1 = d£nTe/d£n n^= g/a = constant everywhere. The aspect

ratio is chosen to be R/a = 3, and the current profile, which is assumed
2 2

parabolic, leads to a q-profile varying as q = 1.1(1 + 2.5r /a ) .
Other simulation parameters, which specify the average density and
temperature are: ft j<u > = 5 , M /in = 100 , <T >/T = 4 ,

6 P̂ * 1 G 6 1

and <A >/A = 2 with Q being the electron gyrofrequency at the magnetic

axis, < > designates spatial average, X is the electron Debye length,

A is the spatial grid size, and to is the electron plasma frequency. To
account for the electron-ion pitch-angle scattering essential to a proper
description of the trapped-electron modes, a Monte-Carlo collision model
with v . <* v~ is adopted. Since varies roughly from 0.5 to 10

across the plasma for the parameters chosen, the conditions here are
appropriate for simulating phenomena in the banana and plateau regimes.

Results from'a typical simulation [12] (with 1 = 1 ) are displayed in

Fig. 3. On this figure are shown the time evolution of (a) the
electric field energy, U(m,n), for different poloidal (m) harmonics with
toroidal mode number n = 2; (b) the radial mode structure; and (c) the
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FIG. 4. (a) Time evolution of electric field energy (averaged over radius and toroidal angle)
as a function of m; fb) frequency spectrum for (m, n) = (4, 2) and (6, 2) at r/a = 0.47.

poloidal mode structure. The growth rate, eigenfrequency, and mode
structure, measured during the linear phase of the simulation, are in
reasonable agreement with results from the 2D eigeranode calculations
described earlier in this paper. Since the aspect ratio is small
(R/a = 3), the resultant strong toroidal coupling for the various m
harmonics causes them to grow at about the same growth rate. This is
shown on Fig. 3(a). With regard to the spatial mode structure during the
linear stage, the results displayed on Fig. 3(b) and (c) exhibit the
same features as described earlier for Fig. 2. In the nonlinear stage
(u t > 1000), the instabilities saturate with maximum amplitude

|e5> /T | = 0.3, and the peak of the amplitude shifts slightly outward in
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the radial direction. Nonlinear changes in the poloidal structure are,
however, considerably stronger. As shown on Fig. 3(c), the ballooning
effects are almost absent at co t = 1200. A possible reason for this

pe
behavior could be that the plasma here is in a strongly turbulent state
with many other modes excited by nonlinear mode-coupling processes. Under
such conditions, convective cells (characterized by a broad spectrum with
u = 0) can be nonlinearly excited, just as in the case of ordinary drift
wave turbulence [13]. When the convective cells are fully developed, the
ballooning effects tend to lose their significance since this nonlinearly
excited broad spectrum is roughly isotropic.

On Fig. 4 the frequency and wave number spectra for the generated
turbulence are displayed. The time evolution of the electric field energy
(averaged over radius and toroidal angle) with respect to poloidal
harmonic (m) is. shown on Fig. 4(a). Note that the spectral
distribution here tends to be roughly monotonic (as a function of m).
This characteristic is consistent with experimental measurements made
in the PLT tokamak [14]. The frequency spectra, P (co), of the

(m,n) = (4,2) and (6,2) harmonics measured at r/a = 0.47 (near the
rational surface of the (4,2) harmonic) are shown on Fig. 4(b) and (c).
For the (4,2) harmonic, the observed frequency, a/Q^ =0.07, is close to
the prediction from linear theory, and the spectrum is relatively broad;
i.e., Aio - co. For the (6,2) harmonic, the observation point is far from
its rational surface. Although the amplitude is considerably smaller, the
observed frequency is peaked near to = 0. This is an example of strong
plasma turbulence which is capable of producing convective cells.

With regard to the question of anomalous transport, the electron
energy diffusion is found to be larger than the density diffusion by
roughly a factor of 2 to 4. The particle diffusion coefficient here is
in good agreement with the convective cell diffusion scaling [13],
D^ - (cT /eB)(p /L ). The observed parallel electron temperature profile

exhibits no appreciable change except for a moderate increase near the
edge of the plasma. However, the electron perpendicular temperature
profile undergoes more substantial diffusion and becomes flattened. This
is likely caused by the fact that the high energy electrons trapped in the

-1/2
magnetic well [v± > (e) v.. ] preferentially diffuse out due to plasma

turbulence. Heating of the parallel temperature at the outer region of
the torus (r/a > 0.5) is due in part to the anomalous diffusion and also
partly due to the electron pitch-angle scattering, which relaxes the elec-
tron velocity distribution to an isotropic state. However, since the
total running time of the simulation is only a few collision times

(v .) and these times, in turn, are roughly only 1/e longer than the growth

time of the instabilities, the complete electron temperature relaxation
and isotropization has not yet been observed.

Regarding another characteristic of trapped-electron modes, it should
be noted that, in accordance with predictions from linear theory [10], the
instabilities were found to be weaker when the initial electron temperature
profile n , was taken to be zero or negative. For ri = 0 , the observed

growth rates were roughly a factor of 3 smaller than the case for r| = 1 .

For n = -1, no instabilities were detected. Finally, in order to study
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the influence of electromagnetic effects, a 2Jj-D sheared slab model
particle code has been developed to simulate shear-Alfven as well as
finite-3-modified drift waves.
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DISCUSSION

H.L. BERK: Does the trapped-particle analysis include particle transport
between passing and trapped particles?

W.M. TANG: A number- (density-) conserving form of a modified Krook
collision operator including pitch-angle dependence is used in our calculations.

H.L. BERK: Is it certain, in the non-linear simulation, that diffusion is not
proportional to 7/k|?

W.M. TANG: The simulation indicates transport scales like convective cell
diffusion [DL ~ (cTe/eB) (pi/Ln)] rather than as Dx J
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Y-C. LEE: I believe that one of the results you mentioned in connection
with collisionless drift-wave stability is in error. I am referring to the existence
of a marginally stable state of collisionless drift waves in slab geometry. Can you
comment on that?

W.M. TANG: The WKB analysis leading to the marginally stable result I
mentioned cannot, of course, take into account exponentially small damping
rates of the type you are probably referring to.
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Abstract

FINITE-BETA EFFECT ON TRANSPORT BY CURRENT-DRIVEN DRIFT INSTABILITY
IN SHEARED MAGNETIC FIELD.

Anomalous particle and heat fluxes in a finite-/! inhomogeneous plasma owing to electro-
magnetic current-driven drift wave fluctuations in a sheared magnetic field are calculated
correct to the first order with respect to (3 (plasma pressure/magnetic pressure). It is shown that
among various electromagnetic effects the most important is the reduction of the electron
Landau resonance rate due to coupling of the drift mode to the Alfven mode. Starting from
the eigenmode equations valid for arbitrary wavelengths, the dispersion relation and the mode
structure are obtained by expanding the eigenfunction in terms of a complete orthonormal set.
In this analysis, three smallness parameters are introduced. The result shows appreciable
reduction of the growth rate by the electromagnetic effect. Anomalous particle and heat fluxes
are then calculated using their general expressions derived elsewhere and the eigenmode structure
obtained in this paper. It is found that the fluxes are reduced by the electromagnetic effect
and that the electron heat flux is of the same order of magnitude as the ion and electron
particle fluxes. A brief discussion is given on the effective equipartition time between electrons
and ions which is obtained from the energy balance equation.

Anomalous plasma transport due to drift-wave fluctuations
has been of great interest to thermonuclear fusion research. In
particular, scaling laws for the plasma confinement based on the
electrostatic (ES) drift-wave theory have been obtained. Recent
experimental progress has achieved the confinement of a plasma of
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medium 6-value ( the ratio of the plasma pressure to the magnetic
pressure ). When 8 becomes greater than me/mi, the electron-to-
ion mass ratio, drift waves are accompanied by magnetic perturba-
tions^' which modify the anomalous plasma transport by two pos-
sible mechanisms. On one hand, the excited magnetic perturbation
in a sheared magnetic field forms fluctuating magnetic islands
near the rational surface, and these magnetic islands give rise
to a new source of anomalous transport. On the other hand, it has
been shown that the convective damping owing to the magnetic shear
persists in a finite-6 plasma and that the growth rate is reduced
by the electromagnetic (EM) correction. In order to find the net
effect of the magnetic perturbations on the plasma transport, it
is necessary to take all these modifications into account. In
other words, calculations must be consistent in some ordering with
respect to smallness parameters. In a previous report, we con-
sidered the universal mode and chose 8 as the smallness parameter31
It is found that the net finite-6 effect is to reduce both the
particle and heat fluxes.

Recent ES drift-wave theory indicates the stabilization of
the universal mode by weak magnetic shear, showing almost perfect
balance, over a wide range of parameters, between the shear damp-
ing and the inhomogeneity driving term4!. This result implies the
importance of the consistent ordering in the analysis of the drift
wave and the associated transport phenomena. Now it has recently
been shown that the current-driven (CD) mode can remain unstable
in the parameter region of the experimental interest^]. Since the
confinement scaling law in the high-current tokamak operation is
determined by the CD mode, we here develop the EM theory of drift
waves to current-carrying plasmas with magnetic shear effect cor-
rectly included.

We consider a relatively strong magnetic shear case where
the inequalities 1 < KL << m./in and B(KL ) 2 < 1 hold ( K is the

S 1 6 S
density gradient scale, L is the shear length ). The electromag-
netic effects on drift waves are characterized by: 1) reduction of
the electron Landau resonance rate1, 2) modification of the shear
damping rate; 3) effect of the VB drift caused by the diamagnetic
current; and 4) contribution of the compressional effect. It is
shown that the first mechanism which arises from the coupling of
the drift mode to the Alfven mode dominates over the others in the
parameter regime of the experimental interest; as a result, the
growth rate is reduced. Employing the general formula for the
transport coefficients1!, we calculate the resultant ion and elec-
tron particle fluxes and the electron heat flux. We also discuss
the energy balance. It is shown that the fluxes are reduced by
the finite-B effect, and that the anomaly of the electron heat
flux is of the same order of that of particle fluxes.

We first solve the linear-mode structure of the electromag-

netic current-driven (EMCD) mode for a collisionless slab plasma

having a density gradient in the x-direction, Vn = - Kxn, in a
->•

sheared magnetic field B = B_(0, x/L , 1 + B K X ) . We seek a perturba-

tion of the form E = E (x) exp [i (ky-wt) ] ; then k;| = kx/L where x

is measured from the rational surface. The shear is made by the
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electron current density, -neu. The basic differential equations

for an arbitrary value of b ( b = k 2p i
2, p.̂  is the ion Larmor

radius ) are

- A)]E y (2)

where we used the following notation:

C = x/p\, ~PL
2 = - A1 Pi 2, A(b) = I 0(b)e"

b, T = T e/T ±

KT CK
A' = dA/db, XE = A - j W ^ f

(l+x)k.2v. 2 p . 2 L (usr+io,,)c

L-'g ' a A B i 3 ^ ^ x

L u) L w 12irn.T.
...S. , v = a s ° - 1 x

d t

The components other than E and B are expressed in terms of

E and B through Maxwell's equations. The boundary conditions
y x

are:i) the wave is out-going, and ii) the field must be regular at

x = 0. As shown below, the most noticeable electromagnetic effect

arises for the modes of relatively large values of b, i.e. b >

1/KL , the case which has hitherto been unexplored. We therefore
5

study the case b > 1/KL . For these modes, the dominant 8-correc-
5

tion comes from the coupling of the drift mode to the Alfven mode
and is of order B(KL )2b. Contributions of the compressional

s

effect are of order B and are therefore neglected in this paper.

To solve Eqs (1) and (2), we employ the expansion in terms

of a complete ortho-normal set {<{>n (S) | <t>n (c) = îy/ir Hn ( /2iu? ) x
_ iyi 2

e~ 2 ^ //nT ) a n ^ obtain the secular equations. We rewrite
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Eqs (1) and (2) as
Writ ing E as E =

INOUE et al.

= L 2
B
X
 a n d L 3

B
X = L 4E y respectively.

, we then have the eigenvalue equation:

d e t -1
< i | ( L 1 - L 2 L 3 L 4 ) | j = 0 (21)

where <i|F|j> = f<p.Ftp.de, and <i|l|j> = 6^j. After some calculation,

we have

L3
 1 L 4 |2n> = .

and

?|2n>

k l |2n>

bA'-(2n- l )2ip
|2n>

L3"1L4|2n+l> =-|

1-A

bA1 kl

where £. = /v and t. = l//y.

We shall be interested in the even mode,which is the least

stable ( or most unstable ) mode in the ES limit. Then in the

calculation lowest order with respect to the smallness parameters,

e = /y x, ~ 0 ( /KL m /m. ) and u/v , we only need to know the matrix

elements <2n|L|2n> and <0|L|2n+l><2n+l|L|0>. Their lov;est-order

expressions become

<2n|L|2n> = XE - (4n+l)iy +

<0|L|2n+l><2n+l|L|0> = - -\-

<2n|aE|2n>

where

The eigenvalue equation (21) can then be written in the lowest

order of e and (u/v ) 2 as
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(l-A)eln
A)

+ A
-[1 *-. ] = 0 (3)

T(l +X)

where we neglected the cross terms of e and u/v and considered

the situation B(KL )2A(1-A) « 1. The real part of the eigenvalue

A = iA /4y gives the linear growth rate as Y/W A = 4(1+x)pRe (A)/

(1+T-TA) 2. Here, the parameter u ( ̂  1/KL ) stands for the shear

convective damping rate and v represents the electromagnetic effect

which arises from the coupling with the Alfven mode. We can see

that the shear convective damping persists in the finite-8 plasma,

and that the rate of the electron resonance with the wave is

reduced by the finite-8 coupling with the Alfven mode. The resul-

tant growth rate of the universal mode ( u/v •*• 0 ) is shown in

Fig. 1. We can see from this figure that this mode is stable in

the presence of magnetic shear and it is further stabilized by the

electromagnetic effect. In the presence of the plasma current, the

EMCD mode can still become unstable, but is also subject to a

strong stabilization owing to the EM correction. The reduction of

the growth rate is also owing to the reduction of the electron

resonance, since the V^ x B ( V, : the diamagnetic drift velocity )

force is in the direction opposite to E,,. In Fig. 2 we show how

the EM effect stabilizes the CD mode, particularly for the case of

large value of b > 1/KL . For finite-B plasmas the critical shear
s

for the stability is approximately given by

^- > A l t 1 - A2e<>cLs)Ml-A) ] ̂  (4)

where A-ĵ  and Aj are positive numerical coefficients of order of

unity ( A, = 0.62T/(1+T) and A2 = 0.17 for b + 0 ), which can be

obtained when we neglect the second term in Eq.(3).

Let us now calculate the plasma fluxes including the net

effect of magnetic perturbations. The general expressions for the

plasma particle and heat fluxes are given in Ref.[1]. The particle

flux across the magnetic field is

rx = ^-[ c<nEy> + <(? x |)y> ]
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FIG. 1. Linear growth rate normalized to to* shown as a function of b for the universal mode.
We take KLS = 12, 20 and 32; $=1.2% (solid line) and 0=0 (dashed line). The shear corrective
damping is seen to persist in the finite-0 plasma, and the growth rate is further reduced by the
EM correction. For other parameters we take mj/me = 1836 and T= 1.
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FIG.2. Linear growth rate normalized to w* shown as a function of b for various values of
u/ve. The (1 value is taken to be 0 (left) and 1.2% (right). We chose KLS = 32, mi/me= 1836,
T = 1; u/ve is denoted on each line. It is shown that unstable regions remain even for the
EMCD mode, but the growth rate is appreciably reduced.
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where n and f are the fluctuating part of the density and the flux

respectively. Substituting the eigenmode solution for the EMCD

mode, we obtain in the drift region ( k,,v » ID » k,,v./A:L )
A IS

where

nkcT jt

rES = — ^ ImC z

E S e B /
0 /2|k,,|ve /2|k,,|ve

eE

is the electron flux in the ES limit and we retained only dominant

terms. It should be noted that the particle flux is proportional

to the electron resonance rate Im Z (<D//2 | kn | v ), which implies

that those electrons which contribute to the diffusion across mag-

netic surfaces co-move with the waves and receive a dc acceleration

both from the electric field and the magnetic field ( i.e. the

force V, x B ) of the waves.

Ion particle flux r1 is given by

We see that the ion flow is of the same magnitude as the electron

particle flux, so as to maintain the ambipolarity of the flux .

The electron heat flux, including the convective part, is given
b y Qx = l < Qxii + rxPii > ' W h e r e Qijk = "'/(v-V.) (v.-V.) (vk-Vk)fdv,
and Pi- = m/(vi~Vi)(v.-V.)fdv. We also have the formula

Qxi+Qx//~ ' B7[ < l c E + V x B ) y ii
> + < ( c E

i=x,y,z

P.. ~ ~ » . p
±i nE + fg)

+ < B Q . . - B Q . . > ]x z n z x n

and the heat flux as

Ar-AT
 K3-JSJIH) ] (7)



784 INOUE et al.

showing that the electron heat flux is also reduced by the finite-B

effect. The anomaly of the electron heat flux is of the same

order of magnitude as that of the particle flux. In fact, Q x is

also proportional to Im Z (o)//21 k,, | v ), which indicates that the net

heat flux is owing to the resonant electrons, which do not go

around the magnetic island. Selective flow out of high-energy

electrons does not occur in the parameter regime of our consid-

erations. We obtained that the ion particle flux is equal to the

electron particle flux. This ambipolarity law, however, does not

tell us the energy distribution of the diffusing ions; it only

indicates the balance of the particle numbers of ions and electrons.

In order to understand the ion heat flux, there remains an im-

portant open question whether the high-energy ions ( v2 >T./m. )

or the low-energy ones ( v2 <T./m. ) contribute dominantly to the

ion particle flux.

Finally we discuss the energy balance between electrons,

ions and the wave fluctuations. The energy balance equation is

given by

where q = -e for electrons and q = e for ions; Q and T^ for elec-

trons are given by Eqs (5) and (7). We note that the term on the

right-hand side is independent of the local derivatives; it is

this term through which the wave can contribute to the energy

transport across a magnetic field, while Q and Y are due to the

diffusing particles. The fourth term of Eq.(7) is the work done

by the diffusion current and the Hall electric field. The term

-e<? -E> represents the exchange of energy between particles and

waves, including the contributions from the low-frequency modes,

thermal fluctuations ( classical collision ) and the radiation.

Noting the relation e<r.«E> - e<r «E> = 0 for low-frequency modes,
i^ ~ e

we see that the term -e<r -E> also stands for the energy exchange

between electrons and ions. The energy transfer rate by the EMCD

mode can be calculated as

(8)
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which is of order nT /T where ^conf is the particle confine-

ment time. Including this contribution, we then obtain the

effective equipartition time T in place of the classical one T .:

1 _ 1 +
 Te 1

T T T — T T
eq ei e i conf

The finite-B effect reduces the heat-exchange rate as shown in

Eq.(8).
In conclusion, we have investigated the electromagnetic

current-driven drift instability in a relatively strong sheared
magnetic field. By use of the self-consistent ordering we find
that the EM effect tends to stabilize the mode through the reduc-
tion of the rate of the electron resonance. It is also shown that
the resultant electron particle and heat fluxes are reduced by the
EM effect. The ion particle flux is as large as the electron flux,
and the anomaly of the electron heat flux remains the same order
of magnitude as that of the particle fluxes.

We have neglected the modes of very small wavenumber, for
which the EM correction destabilizes the modes. However, these
modes have very small growth rates and are therefore easily stabi-
lized by a weak shear.

When one considers the low-frequency modes excited by both
ions and electrons, one must take the energy transfer which is
owing to the drift modes as well as to the fluid-like modes
correctly included for solving the energy balance equation.
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DISCUSSION

H.L. BERK: Could you elaborate on your statement that the life-time of
tokamaks can be predicted by drift-wave theory, especially in view of the un-
certainty of current linear drift-wave theory?

K. ITOH: Let us consider two aspects of the question. First, not only the
parameter dependence but also the magnitude of the confinement time are in
agreement with experiments. Secondly, the drift-wave picture of the fluxes is
adequate to explain the fact that various fluxes differ in behaviour (e.g. particle
fluxes and electron heat flux are anomalous whereas the ion heat loss exhibits
essentially neoclassical behaviour, etc.). These questions are discussed in the
references.

M.N. ROSENBLUTH: Did you consider the effects of temperature gradients
and shear on the stability of the mode? Does the anomalous resistivity resulting
from the mode agree with experiment?

K. ITOH: With regard to the first question, we have considered the effects
of temperature gradients, as is shown in the references. A point to be noted is
that the ion temperature gradient can reduce the shear-convective damping. We
also have a formula of the form:

D n D 1 2 \ / V n

D 2 1 D 2 2 / W T

which provides a more precise understanding of the plasma fluxes. The anomalous
resistivity is under investigation.
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Abstract

TEARING, TWISTING AND BALLOONING MODES.
Eigenmodes of low-frequency instabilities in finite-/3 plasmas are found by solving the

radial equations both variationally and numerically. A new collisionless tearing mode is found,
which, for large A', is expected to be the dominant m = 1 mode. For small A' it becomes the
mode of Laval et al., and persists to large kL. Odd magnetic parity, or twisting, counterparts
of these, are unstable for small-|3 and shear, becoming stable for (3e > me/mj. Analytic
expressions for the damping rates are given which, for both parities, identify these modes with
the shear-Aifven waves found numerically by Tsang et al. Finally, tearing and ballooning
modes in a torus are obtained from different limits of a single variational principle, based on the
ballooning representation.

Varlational Principles in Slab Geometry

The complete understanding of low-frequency modes in inhomogeneous, f inite-
beta plasmas with magnetic shear has been inhibited by the analytic intracta-
bi l i ty of various kinetic effects. Variational methods provide powerful
tools for extending the analysis to finite kx p and to real is t ic ranges
of collision frequency, v /w* < 1 , and beta , 6e > n^/n^ • We describe
three variational principles for solving

<(>" - k i 2 4> = - ( 0/xA
2) ( $-<JJ /x) (1)

f - k±
 2 ty = (-o7x)(<HJVx) (2)

where \f> = 0)A|| (ck|| ')~ , x 2E o)(o) + a^*) / ( k || ' vA) , and a 5
-4TT i a) O || x^/c2 . With appropriate choices of 0|l(x) , the generalized

conductivity , Eqs (1) and (2) describe a l l modes involving the coupling of
' 3 l i d b h l f A

y , q ( ) () g pg
drift and shear Alfve'n waves, 3 now being limited by the neglect of Ax.

First, for (d/dx) » k±
2 the system reduces to a second-order equation

for E = - i))' . A variational quadratic form [1] yields, with simple t r i a l
functions, the known drift waves and tearing modes, twisting modes [2] , which
have odd magnetic parity, and a new collisionless tearing mode [3], which we
emphasize here.

* Work supported by US Department of Energy Contract EY-77-C-05-4478.
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With 8 e > m /m. , the l a t t e r mode extends rad ia l ly to x > xe=io/k|| V ,
beyond the 'current channel ' , and i s then b e t t e r described by a second
pr incip le using the pa ra l l e l e l e c t r i c f ie ld as dependent variable [4] . With
Q = - <(> + iji/x , and neglecting k L2, we find

[xV/Cx-V-l)]1 + aq = Eo[l/(x-2x2-l)]' (3)
where E =-/ ( aQ/x) dx/A' , with A' being the tearing mode stabil i ty
parameter. As in [1], we form a functional S such that 6S = 0 yields
Eq. (3) and the extremal value S = SA = 0 provides the dispersion re-
lation. Here,

S=[2xA2/dxfx/(x2-xA)2]2 - (A1 + ieir/x^) /dx [( f 1 ) 2 x ^ x ' V - D - a f 2 ]

(4)
where £ = sgn(Im x.) and f(x) is the t r i a l function for Q. The
remarkable feature of Eq. (4) is that with the model conductivity

a = -2(wpe/c)2(l-u)*/w) xe2[l+(xe/ | x|) Z(Xe/|x|) ] (5)
and the t r i a l function f =x~l exp(-cex2/2), the integrals can be done
exactly, and any ratio of current channel to mode width, |a^ xe |,can be
treated. With f = exp(-ax2/2), the same remark applies to twisting modes.

A third variational principle [5] deals with finite kL . Combining
Eqs (1) and (2) yields a fourth-order equation for IJJ whose Fourier
transform in x is

xA-2(d/dp) [(p2+ k i
2 )" 1 (d /dp) (pZ+kj2) iji (p) ] + if(p)

= / dx exp(-ipx) [X2OJJ" - k± 2 40/a ] (6)

where <Kp) = / dx exp(-ipx) I|J(X). With the hydrodynamic conductivity

a = ( wpe/c)2(l-ue*/ u>) x2[ l -(3/2)(x e /x)2]"1 (7)
which agrees with (5) when | x / x e | « 1 , Eq. (6) becomes a_second-order
equation for the transformed current, J(p) = (p2+kx

 2) \«p). The varia-
tional principle 6K = 0 , K* = 0 , with

K = / dp {xA"2(p2+ki
 2 ) " 1 (df/dp)2-(p2+k1

2)"1 f2

-(c/u)pe)
2(l-a.e*/a))"1[f2-(3/2) xe"

2(df/dp)2]} (8)

where f is the t r i a l function for J, then yields accurate dispersion
relations for tearing and twisting modes with t r i a l functions f =
exp(-ap2/2) and f = p^exp(-ap2/2), respectively, provided | a / xg 2 | « 1
(hydrodynamic regime). With these t r i a l functions, the integrals can be
expressed in closed form. Current channel modes can also be explored with
Eq. (8) but with less re l iabi l i ty . For A' + -2 k x , the asymptotic form
of ty includes the growing term exp (+k j. | x| ) , which is important for
small mode numbers ( m = kx r = 2 , 3 , . . . ) . This can be dealt with in (8)
by defining (p2+ k ±

2 ) - 1 to be the generalized function (p +k L
 2 ) c

- 1

- [SCp+ik^) + 6(p-ikx )] (l+2kx /A')/kj. , where (p2+kj. 2^-1 ±s the
classical (bounded) propagator [5], and A' = [d In ijj/dx]^. , where ij)
is the exterior solution. We now turn to the results obtained using these
variational principles. We limit the discussion to collisionless cases,
although collisions are easily included. We also omit drift waves, although
with the addition of the ion response to the conductivity (5) or (7), these
are readily treated.
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Tearing Modes

In [3], a finite-beta collisionless tearing mode was found using the
variational principle derived in [1]. We believe this mode to be the domi-
nant m=l tearing mode for rea l i s t ic tokamak parameters.

Here, using Eq. (4), we derive a corrected scaling for the growth rate
and show the connection with MHD kink modes and higher m-number tearing
modes. Substituting the Gaussian t r i a l function into Eq. (4), performing
the integrals, and solving S=0 and 3S /3a*0 for w and a , we find
for Ix

e/X
A I « 1 > which pertains when 0e>>me/mi , and |oc^xA|<<l

u = Ue*/2 - ink,,' va/2A' + (i/2)[27TJS(k ll'vec/o)pe)
2vA/ve

,|' v A /A ' ) 2 ] 2 (9)

)For̂  (A1) = 0 , this expression differs from that in [3] by the factor
4TT^vA/ve =4(irme/mi g ) 2 in the f i rs t term in brackets. We identify this
as the 'current channel m=l' tearing mode.

For (A* ) < 0 the growth rate varies continuously to -irk y 'v . /A ' ,
which, with the proper identification of A' , corresponds to the MHD
kink ins tabi l i ty . This connection is the collisionless analogue of the
one given by Coppi et a l . [6] . Finally, for ( A1)"1* 0 , the mode
frequency varies continuously to

co = (0 e * + 1A' k,, ' v e (c / W p e ) 2 /2 /* (10)

corresponding to the collisionless m > 2 mode of Laval et a l . [7].
These modes are thus shown to be a l l on the same branch of the dispersion
relation. With the addition of a model for the trapped particle conduc-
t iv i ty , the result given by Chen et a l . [8] is obtained from the small
A' limit of Eq. (9) and is readily generalized to the case |o^xe |~ 1 •

The variational principle based on Eq. (8) reproduces for k l =0 the modes
discussed in [1]. Corrections to these are found by perturbation theory for
aki «1, and by numerical solution of the variational equations for akj.2- 1.

For modes driven by A1 , we find the only effect of kx is to replace
A' by _ i

A*' = [ l + a k ^ 2 ] " ^ A' [l+(me/mi) (2/g e) ( k x p s )
2 ] ( n )

Although the conductivity model, Eq. (6) , breaks down for 6g > m /m. ,
the details of the electron dynamics have l i t t l e effect on the colfisionless
frequency, Eq. (10) , suggesting that these modes should persist to kL p
or order one. They will be damped since A' = -2k± , corresponding toS

decaying boundary conditions. The damping rate is then given in terms
of the shear , L /L , by

n s

- YAue* = <2/TT)JS k 1 ps (Ln/Ls)(2/Be)( me/mi)
J'2 (12)

which agrees closely with the even-ljj shear-AlfvSn modes found numerically
by Tsang et al . [9]. These are thereby identified as collisionless
tearing modes, the trapped particle version being the same as that found
in [8]. For the large A' cases, similarly small corrections are found.
For example, the growth rate of the low-beta inertial^mode [3], y = k y '
• v ĉ/u) , is enhanced by a factor [l-2kj.2(c/w J^/3]'^ . Since y° is
proportional to kL , the growth rate will be | reatest for the largest
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m-number for which A1 can be considered large. The transition from this
case to the one described by Eq. (10) is easily investigated with the varia-
tional functional of Eq. (8).

Twisting Modes

Twisting modes are the odd magnetic counterpart to tearing modes. They
are intr insically localized, the constant Eo , e .g . , in Eq. (3) vanishing.
I t has been shown in [2] by both exact analytic and variational methods that
these are unstable for 3e « mg/m^ for a small window in the shear, the
frequency being given by

u> = h{t»e*- u>±*) + | [ 100<k|i' vAcAope)
2 - ( I D ^ + U . * ) 2 ] ' (13)

The variational functional (8) with the previously mentioned t r i a l functions
and decaying boundary conditions, (p2+ kj_') = (p^+kj.') ~ , reproduces
Eq. (12) exactly for kj_ = 0 , and yields growth rates decreasing by about
15% for ki p increasing to 0.5 . This result i s analogous to that for
the large A' tearing modes, and indicates that for very low beta plasmas
these modes could provide an important anomalous loss mechanism.

On the other hand, for 3 > m /m. , employing Eq. (4), and solving the
variational dispersion relation analytically, we find 'current channel
twisting modes' with frequencies given approximately by

to = (0 *[l+(0.95-0.771) (L /L )2(2/6o) ] (14)
e n a tj

These are analogous to the small A' tearing modes. For & »m /m. , Eq.(14)
agrees asymptotically with the result of [9] for the odd-ij) shear Alfve'n mode,
scaling correctly with L /L and 3 . Agreement is within 20% for
3 ~0.02 . As with the tearing mode, trapped particles are easily included
in the variational formulation and lead to instabi l i ty .

Ballooning Modes

By making use of the 'ballooning representation'[10,11] we may readily
generalize Eq. (8) to include toroidal effects. Modes are assumed to have
the form

2TTn) exp[aq'x(9 + 2Trn ) + i£(qo6-C) ] (15)

where 4>Q and <\> are related by Fourier transformation,

<(. ( p / V ) = ( V ) " 1 / dx <)io(x) exp(-ipx) (16)

This mode structure is radially extended as found in numerical calculations
of trapped electron ins tabi l i t ies [12,13]. We may thus identify £q'9= p in
our previous variational principle.

As an example, consider the equations appropriate to a high-beta, large
aspect ratio tokamak:

-itoA = b • V(J> + V2A/0 (17)

-iwV24) = vA
2 b 'VV2A + 2 (6^0^^ VR x VP •£. (18)

-iwP = -VP x V<)> • Z /B (19)
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With the representat ion (15) for <)> , A and P.^these can be combined in to
a single second-order equation for the current J (6 ) , and a va r i a t iona l
pr incip le constructed, 6V = 0 , where

V = j " " d9 [ F(dJ/d6 ) 2 - ( ia " 1 k i
 2 / u + h"1) J 2 ] (20)

with F = (vA/qR)2[u2h - 2a)s
2g]~1 , where h = 1 + s29 , g = 2(cose+s6sinO) ,

s = q'r/q , and (0 2= -P'/Un^R). In the limit P' = 0 , Eq . (19) is iden-
tical to Eq. (8). SWith appropriate t r i a l functions, we find ballooning
modes or tearing modes depending on the magnitude of P ' . The variational
form is convenient for exploring cases intermediate between these.

Numerical Verification

The computer code EMDRIFT, solves Eqs (1) and (2) by means of a f inite-
element Galerkin method employing basic cubic splines. The core of the
code, which sets up the matrix of spline coefficients and locates the
roots, is identical to that described by Miner [12,13] for the computation of
trapped electron modes. We employ a variety of boundary conditions at large
x , depending on the mode considered. For localized modes, we either set
<t> = IJJ = 0 or use the more precise asymptotic condition obtained from a
generalization of WKB theory to fourth and higher order systems [14]. For
tearing modes, with arbitrary A' , we use <)> = IJJ/X , and d In î /dx =
kx [a + exp(-2kj. x) ] / [a-exp(-2ki x) ] , where a = [l+2k x /A' ]/ [l-2ki /A']-

Using this code, we have verified and extended nearly a l l the results
described in the preceding, using a conductivity similar to Eq. (5) but
including ion acoustic terms as well. Ion Z-functions, finite ki p
effects and trapped particles may also be readily included.

First , the current channel tearing mode has been followed over a wide
range of (A')"l, verifying the connection between the MHD kink and tearing
modes. In particular, the scaling of Eq. (9) with 6e and m̂  has been
checked for 6e less than the cr i t ical value for s tabi l i ty . For larger
6 the numerical results continue to yield instabil i ty, contrary to Eq. (9).
For the finite kx localized modes, the damped modes of [9] have been con-
firmed.

The hydrodynamic twisting modes have been found, with growth rates
agreeing exactly with the analytic calculation for k j. = 0 . For
k x p -*• 0.3, y /m * remains approximately constant, in qualitative
agreement with the variational theory. For $ ~ m /m. , the results
of [9] have again been confirmed for the damped current channel modes.

Finally, drift waves, for which the code was originally constructed,
have been shown to be stabilized s t i l l further by the electromagnetic
interaction.

In summary, variational and numerical methods provide complementary
approaches to the understanding of low-frequency ins tabi l i t ies . Future
work will concentrate on the transition regions in between the modes we
have discussed, and on the improvement of the kinetic model.
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DISCUSSION

Y.-C. LEE: I have a question about your collisionless twisting modes. I
have a proof which shows that, for the set of differential equations you have, in
the collisionless limit, there are no absolutely unstable modes either for drift waves
or for shear-Alfven or tearing modes. How do you explain the difference?

D.W. ROSS: The modes I showed are, in fact, damped in the absence of
additional de-stabilizing effects such as trapped particles. The figure was a plot
of damping rate versus beta.
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Abstract

TOPOLOGY AND PHYSICS OF INTERNAL MODES IN MAGNETICALLY CONFINED
PLASMAS.

Modes driven by the locally unfavourable curvature of the magnetic field, and 'ballooning',
are described in terms of a two-dimensional representation. This is simple to formulate, gives
an immediate description of the geometrical and physical properties of the modes of interest,
and is derived from the basic symmetry properties of the modes that can be excited in an
axisymmetric toroidal configuration. The relevant stability limits are briefly discussed.
Current-carrying collisional plasmas are unstable to collective modes involving magnetic
reconnection around a surface on which the mode propagation is orthogonal to the magnetic
field. However, in collisionless regimes these modes can be significantly damped by the effects
of finite ion inertia and Landau resonance under realistic conditions. The results of the authors'
analyses are consistent with relevant experimental observations in existing experiments.

1. THE PROBLEM OF BALLOONING MODES

The fact that finite-6 confinement configurations can be
subject to the instability of ballooning modes and the basic form
of their stability criterion have been known .for a relatively long
time[l]. Meanwhile, considerable progress was made in understanding
the general properties of the modes that can be excited in a
toroidal configuration and in the ability to produce relatively
simple analytical representations of them [2,3]. At the same time,
the understood possibility to achieve axisymmetric finite-g
configurations, such as by relatively fast heating processes and
magnetic flux conservation, has stimulated the interest in attempting
to obtain more accurate stability criteria than those derived on
the basis of relatively simple but often incomplete model config-
urations.

In order to illustrate simply the topology and the analytical
representation of the modes we consider, we refer to the model
B = [B?(r)e? + Be(r)"ee]/{l+(r/R )cos9]. Perturbations from this
configuration can be represented as normal mode solutions of the form
Pj = ty (S ,r )exp {-iut + in° [ t, - q(r)6]} where d? = gd8 is the
equation for a field line and n° is an integer. We consider the limit
in which n° dlnq/dr > idlnp/dr|, and the variable S = n°(d q/dr)(r-ro)
where n°q(ro) = m° and m° is an integer. Then ij)(8,r) = i|i(6,S,ro)
and we can prove that i(i is a periodic function of S with period AS=1

793
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and is invariant to the transformation where S-»—S, 8+^8. In addition,
since P, has to be periodic in 8 we can write i> (8 ,S) = tji (8 ,S) exp
{-iP (S)F (S,8) }, where i|J(9,S) is periodic in both S and 8; P(S) and
F(S,9) are odd and periodic in S and have the following properties',

P(S) = S for -1/2 <S< 1/2, P(S)=S-1, for J<S<J, etc. F(S,8) is

an odd monotonic function of 9 with the property! F (S, 9=+TT) -
F(S,8=-TT)]= 2TT. In particular, we choose to consider iji(9,S)
an even function of both S and 8. Then the symmetry properties
of the function lp leads us to conclude that i(i(S = ±l/2, 8=±TT)=O
and we_may take the simplest representation of i> to be of the
form [^(02) + aDip(s2)] where a D = const., <jj(82 = TT2) ̂ = o,
ty is2 = 1/4) = 0, are maximum for 92=0 and S2=0 and $(92 = 0)
= ip(S2=0) = 1. The function ip(S,9) will not be discontinuous
when S crosses ± 1/2 if F(S,9) = 0 for all values of 8
except for a small interval around S = ± 1/2, 8 = ±TT, where
the function ijj vanishes. A special choice of F(6,S) with the
desired properties is

F(8,S) = p- [e{D[(8'-iT)/A] + D[(e'+TT)/A]}de

where the function D is even, F ( 8 = TT,S) = TT = -F(6=-ir,S) and
A = i D^(S

2). For instance, we may take D(9) = (TT) ~l/2exp (-02/A2)
with A D < TT . This representation allows us to study directly
the stability of ballooning modes on a two-dimensional equation
in S and 8 with periodic coefficients and periodic boundary
conditions without losing sight of their physical properties.
In many interesting cases we can adopt the disconnected mode
approximation [3] that corresponds to CCD << 1 and AD << 1.
Then the problem is reduced to a one-dimensional one in the
variable 8. The relevant equation has been given in Ref. [3]
and does not have periodic coefficients. By the formalism that
we have just illustrated, it is possible to reproduce easily .the
mode profiles obtained by highly sophisticated numerical codes
such as PEST [4]. Likewise, we can construct a two-dimensional
quadratic form from the dispersion equations that can be derived
for different equilibrium model configurations. Then by using
trial functions which obey the mode symmetries and periodicities
we have outlined earlier, we can derive the numerical values of
the quantity Bc =8q 2R o/

rp that corresponds to marginal stability.
In particular, the trial function we havg used is $=cos2(8/2) +
CIDCOS 2(SIT). We have obtained values of 3C that are in agree-
ment with those derived by different procedures. In particular,
we no longer find it convenient to have to introduce a series
representation of i|> that involves the consideratj©rr~o"T--artificial
boundary conditions and does not give a physically clear and
simple description of the relevant mode. A complete discussion
of the various types of representations is in fact given in
Ref. [5].

We have proceeded to study the @ limit in more appropriate
finite-g configurations (using our analytical representation)
than those considered so far in the published literature. In
particular, we have taken into account the fact that the rate of
magnetic shear and the poloidal field, on a given magnetic surface,
vary by a finite amount as a function of the poloidal angle when
Bc is finite (that is the case.of interest).'The increased
variation of the poloidal field is equivalent to a shortening of
the 'connection length' that enters the stability criterion. In
fact, Bc should be more properly written as §c = BL

2/(2irr P ) .
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where L represents the scale distance for the variation of the
poloidal field. The results we have reported in Ref. [6] indicate
that when 6 increases, at first a critical value 6c i s found
such that for g > Be a mode with positive growth rate is obtained.
Then by increasing 3 further, the mode growth rate does not
appear to increase and in certain cases it decreases and even vanishes.

As was pointed out in Ref. [3], the mode that corresponds
most closely to the ideal MHD ballooning mode is the 'ubiquitous1

trapped electron mode [2] that in its worse form is driven by the
locally unfavorable magnetic curvature. A numerical analysis
of a model dispersion relation that contains terms representing
the effects of both modes has been carried out by Filreis and
Higliuolo [7]. The result of this is that, if transverse wave-
lengths considerably larger than the ion gyroradius are considered,
the instability of the ideal MHD modes follows continuously that
of the 'ubiquitous' mode as 6 increases while the topology of the
two modes remains practically unchanged.

2. MAGNETIC RECONNECTION IN COLLISIONLESS PLASMA

The importance of processes involving magnetic field
reconnection has been long recognized in the observations of small-
and large-scale instabilities (mini and major disruptions [8])
in current-carrying magnetically confined plasmas. Thus we are
led to re-examine the properties of current-driven modes whose
existence depends on a decoupling of the plasma motion from that of
the magnetic field, and in regimes characterized by relatively
low rates of collisionality. Using moment equations, the work
reported in Ref. [9] already indicated that the new type of
reconnecting mode (often called drift-tearing mode, found instead of
the resistive purely growing tearing mode) had a frequency of
oscillation considerably larger than its growth rate and about
equal to the drift-wave frequency. In addition, the stability
properties of this mode were found to improve drastically as
increasing values of the plasma temperature were considered.

In tne present paper we abandon the moment equation
description and consider collisionless regimes in analysing a plane
one-dimensional equilibrium configuration where the magnetic field
is finite everywhere and has a finite rate of shear. The most
important effect is that of mode-particle (Landau) resonances that
involve both electrons and ions in different regions of geometrical
space. Thus, the rate of reconnection depends critically on the
features of the electron and ion distributions. We find that the
reconnecting mode of interest can be stabilized by two effects.
One is the spatial convection of energy away from the region where
the contribution of the Landau resonance term of the electrons
connected with the particle density gradient feeds energy into the
mode. The outward convected energy reaches the ion region where
it is absorbed via ion Landau resonance. The other effect is
connected with the absorption of wave energy by the electron Landau
resonant term that is related to the electron temperature
gradient.

The analysis and detailed results will be reported else-
where [10]. Here we illustrate briefly in Fig. 1 the wave electric
potential in the reconnection layer for the typical temperature ratio
Ti/Te = 1/2 and gradient parameter ne = dlnTe/dln n = 1 (the ratio
of magnetic shear length to density gradient scale distance is
Ls/rn = 9)• F o r a representative range in these two temperature
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FIG.l. Sample of numerical solutions for the electric potential <p where rje = d2nTe/d£nn = 1,
and Tj/Te = 1/2. Solid and dashed curves represent Re($) and Im(0) in scaled units (cf.
Ref.[\0]j. The quantity \hp\<$> " 'd2^ /dx2| indicated by the dotted curve is required to be
less than unity, for consistency, pi being the ion gyroradius.

2 4
•qe = d In T e / d In n

FIG.2. Critical value of the discontinuity fA'a)c corresponding to marginal stability as a function
of the electron temperature gradient parameter r]e = dCnTe/d£n n. For current profiles
corresponding to {&' a) < (A'a)c the plasma is stable against collisionless drift-tearing modes.
Each curve is numerically evaluated for a fixed value oft-Jle (the temperature ratio is indicated
in the diagram). In the scale for fA'a)c, B4 is the magnetic field in 10* G; n14 is the particle
density in 10u cm'3; a is the minor radius in cm; and T is the electron temperature in keV.
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parameters, we also indicate in Figure 2 the stability limit. We
give the critical value of the slope discontinuity (A'a)c [in the macro-
scopic outer electric potential] corresponding to marginal stability.
We can see that ne = dlnTe/dln n ~ 1 has a substantial stabilizing
effect. Therefore, our analysis continues to support the prediction
that as high temperature regimes are achieved, toroidal confinement
configurations should be found more and more stable to the onset of
modes driven by the radial gradients of the current density. In
different words, well confined plasmas with lower values of the
safety factor q should be achieved as higher temperatures are attained.

At this point we recall that, in the Alcator experiment,
stable plasma equilibria have been obtained with safety factors
at the plasma limiter on the order of or smaller than 2. These
equilibria have been obtained by programming the plasma current
during the period where the plasma density is being built up by the
injection of neutral gas. When the injection rate is too high and
the plasma current is kept constant, the plasma column outer region
tends to have a relatively low temperature and have a relatively
high resistivity. If the current distribution is such that current
driven modes with m° = 2 and involving magnetic reconnection can
be excited in these outer layers, they are expected and, in fact,
observed to amplify rapidly and lead to a disruptive instability.
How the experiments have shown that the amplification of m° = 2
mode can be suppressed if the plasma current could be kept rising
during the density build-up, at a sufficiently high rate. Based
on available theoretical information on the stability of the
relevant resistive modes, it was suggested [11,12] that a current
skin layer tends to be superimposed onto the current density pro-
file which would otherwise be realized in the absence of a
sufficiently high plasma current rise. The resulting electron
temperature profile is broader and the region in which ino = 2 can
be excited is no longer sufficiently collisional to allow the onset
of the strongly unstable resistive tearing modes. The remaining
modes are of the reconnecting type, have observed frequency about
equal to that of the electron drift wave and have a weak growth rate
that is not expected to lead to large-scale disruptions. In the
collisionless limit we have considered in this paper, the decoupling
of plasma and magnetic field motions occurs in a narrow region whose
v.'idth is related to the microscopic scale distances of the problem.
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Abstract

KINETIC THEORY OF BALLOONING INSTABILITIES AND STUDIES OF TEARING
INSTABILITIES.

A summary of kinetic theories for ballooning instabilities in weakly collisional and in
collisionless plasmas is presented, along with a discussion of several recent studies of tearing
instabilities.

1. BALLOONING INSTABILITIES IN A WEAKLY COLLISIONAL PLASMA

This section sketches a global kinetic theory for electrostatic and

electromagnetic ballooning instabilities of a weakly collisional plasma in

a sheared magnetic field of arbitrary axisymmetric toroidal geometry.

1.1. Basic Equations

We consider collisional electrons and collisionless ions but ignore

trapped particles. Keeping finite-8 terms of order B/s (£=r/R), we obtain

k2
KDi

r2iu>
2.}

ati.
CD

* Work supported by the US Department of Energy and the National Science Foundation.
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and V2(?»A") = -(4Tra/c)l-{-V*+i(M+u )t/c) (2)

* and A are the e l e c t r o s t a t i c and vector po t en t i a l s , b=B/B, D,,=v2/3vc, and

V
Also, u)A = -(cT/eB^CbxVdnN)'^, to = -(cT /eB){b"x(B ^B+Os-vS)) }-?1, and

io iT = -(c/eB) (SxVTe) -Ic^, where K^ = - i (T -bb ) ' ^ . We use Haraada coordinates

i|), 8 and <;; then t = V<|jx(qve-VO with qO|j) the safety factor .

1.2. High-n Mode Representation

We Fourier-expand <!> and A as *(IJJ,9,£;) = J * (iJ))expCim9-in?), etc.

Since, for large toroidal mode numbers, equilibrium quantities vary slowly

with m, high-n modes have local translational invariance: $ (x) =

exp(ii\)* j(x-l) = ••• = exp(imX)*(x-m), with x = nq-m. Then, using the

Poisson Sum Formula, we obtain a fully periodic representation [1],

<J>(q,6,0 = I F(e+A+2Tr2.)exp{inq(e+A+2Tr£)-in5} (4)

with F(k) the Fourier transform of *(x)» Under this representation, opera-

tors and functions transform as L(3 ,q,3H,©,3 )#(q,9,<;) •* L{ink, n ^m+ia,),

im, k-X, -in}F(k), -<»<k<~. Boundary conditions F(k)->-0 as |k|-»> give the

eigenvalues Xv as functions of (fixed) co. Representations similar to Eq.

(4) have been obtained by others independently, although not as systemati-

cally [2,3] or of restricted validity [4].

If we assume circular flux surfaces, then for short mean free path and

k 1p i«l, Eqs (1) and (2) become

3.F]- ^ V n ' ^ F - B efiitS2! + cos(k-X)k > 2 2 2 P I 2

+ nk sin(k-A)|F(k) = 0 (5)

with Q = -4iriaur2/m2c2, T\ = rq'/q. We (over)estimate instability by taking

X = 0: (a) Electrostatic ballooning (Q<1). Curvature causes drift waves to

be unstable: u = u)*e + im
2/(2e/q2) (r2u2

e/ec
2v ) (l-2n) (l+2£)2, where I =

0,1,2,.... However, at high temperatures the Q<1 modes are stable.
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(b) Electromagnetic ballooning (Q>1). The same equation describes these

modes whether the plasma is collisional (iu>k2DM) or semi-collisional (u^k2^,).

Without shear, min-ave-B provides marginal stability at 6 = 2e2/q2 when

q>l; with shear, the critical 6 is increased to 6 = e/q2. This applies when

u>>ui or Re(co) = -u+./2; when i>i«uiic., at high temperatures the Q>1 modes are

stable.

1.3. Global Structure and Dispersion Relation

Using translational invariance and dropping 0(l/n) terms lets us solve

for the small-scale rapid behavior from L (x,3j* (x) = D(1V,3J4 (x),

m x m m x m
written symbolically [cf. Eq. (5)] . Then, putting * (x) = amexp(iSm)*m(x) +

b exp(-iS )4V(-x), where S = EX?, we obtain a coupled set of finite differ-
m m m mj

ence equations in m, which describes the large-scale mode structure:

(6)

where Aa = a - - a .
m m+1 m

The existence of bound states requires two turning points where Xm->0.

For small x_» we may let m -*• y (continuous variable). Near a linear turning

point (x2<ry), Eq. (6) reduces to an Airy equation. Hence we find a WKB-type

phase quantization condition:

I X V(u) = (2u + 1)TT , u=0,l,2,... (7)
m m

where the summation is along a closed contour determined by the turning

points. Eq. (7) is the dispersion relation for the complete two-dimensional
vu

spectrum u = u .

The special case of nearly coalescent turning points corresponds to

modes very localized radially. Here, X2=(y-y ) 2 where dX/dy=O at y=y , and

Eq. (6) reduces to a parabolic cylinder equation. The dispersion relation is

Aa
m

Ab
m

- 5 •
m

a

in

(i (i (L -D)« >= (v+h)(* -^WV* -̂ i* V (81
° ° °/ \ ° 2 °/ \ ° 2 °/ ^ J

where (y means inner product over the fast variable (x or k), and all

quantities are evaluated at y=y , except D at X=0.
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2. BALLOONING AND TRAPPED PARTICLE INSTABILITIES IN A COLLISIONLESS PLASMA

A separate study of kinetic effects on ballooning modes used a local,

unified electromagnetic dispersion relation for both the MHD and the trapped

electron drift modes.

2.1. Dispersion Relation

The perturbed charge and parallel current densities were calculated

from the drift kinetic equation [5]. We consider a tokamak of major radius

R, minor radius a, toroidal field B (r,9) and poloidal field BQJ and assume

B »Bn and e=a/R<<l so that |?UBr(r,9)=B (l-^cosS). For simplicity, we
^ 9 % O K

assume circular flux surfaces and q(r) = rB /RBg. Also, the variation of

the poloidal flux with 6, which makes the connection length different from

L=2TrqR, is neglected. This simple model is quite adequate to investigate

what kinetic effects might strongly influence the MHD ballooning modes.

The guiding centers move by the E^B" drift with finite ion gyroradius effects

(k1p.«l), the ion polarization drift, and the VB drift of both ions and

electrons. We Fourier-analyse the perturbations near a mode rational sur-

face, neglecting the radial structure.

The final dispersion relation, written in matrix form, is

C'^D. + bTa)(a>+(i),/T)C] = 0 (9)
6 A. 1

where (D T) n n, = {oo(u)-<Dj-(l+<Va>T) (k"Cs)
2}6nn,-/2Tw

2^(u)-U,y (w+iv)^ (G) n n,

" YMHD5nn'±l; ^ n n - = (k,,VA)
26nn, * ( w - M j ^ T T r ^ U + T ) - ^ , ^ ; and

Y2 = -(T.+T ) (dn/dr)/2m.nR. Also, u.̂  is the electron diamagnetic fre-

quency; T=T /T.; b=(k1p.)
2/2; v is the effective collision frequency for

detrapping electrons; G , is a coupling matrix of order unity resulting

from the 9-dependence of the trapped electron contribution [6]', and k,,=n/qR.

The shear Alfven branch, det(D )=0, and the electron drift branch, det (DT)=

0, are coupled by VB drift (t>YjLr/O) and by finite gyroradius effects (b^O).

2.2. Ballooning Modes

The MHD branch yields a strongly ballooning instability. The usual

critical 3 for stability is modified by finite ion gyroradius effects as

3 < (L /q2R)U-bR/2L (1+x)}"1. Finite gyroradius effects also remove the

eigenvalue degeneracy since different m-modes have different real frequen-

cies (the ion diamagnetic frequency). To study other kinetic effects, we
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perturb about the strongly ballooning solution to det(DA)=0. Eq. (9) then

becomes (see also [7])

(10)

where k,,= (2qr)"1. (a) Trapped electrons were found to have a stabilizing

effect on the strongly ballooning mode except for 6 slightly below MHD mar-

ginal stability, where the effects become destabilizing, (b) Other kinetic

effects: Neglecting trapped electrons, for modes with u»u<. and kiPi<<Ln/2R,

Eq. (10) gives a slight improvement in the B for the onset of instability:

B < (L /q2R){l+xL /2R(1+T)} for stability. For modes with u»u)* and k ±p i»

L /2R, the B for instability is lowered: B < (Ln/q
2R) U-l/2k1Pi/(

1+'O > for

instability. However, the mode may be strongly stabilized by shear.

2.3. Trapped Electron Modes

The effects of the ion VB drift on the trapped electron mode were ana-

lysed using Eq. (9) in the electrostatic limit, ut«k,,V^. The matrix equa-

tion was truncated to a 3x3. The effect of the curvature drift is destabi-
*

lizing in the absence of an electron temperature gradient. Assuming ujt<<v ,

we find the eigenvalue to be given by Re(iu) = (O#{1-(1+T) (b+L^/^Rx)},

Im(u) = 6(2e/ir)!5(a)2/v*){n-2(n-l/3)(l+T)(b+L / / 2 R T ) } for modes with

(kxp.)
2/2T»L /q2R, where n=d(Jln T )/d(£n n). Thus, for n+0, the effect of

the curvature drift (here contained in L /R) is to add to the previously

known destabilizing frequency shift due to finite ion gyroradius. The

eigenfunction is 6<(i=l+/2cos9 and balloons out in the bad curvature region.

3. NONLINEAR TEARING MODES

Recently, we have (a) developed a theoretical model for the nonlinear

evolution of tearing modes which violate the 'constant ty ' approximation and

verified this model with fluid simulations of double tearing modes, and

(b) simulated the growth and saturation of the collisionless tearing mode

with a magnetostatic particle code.

Rutherford [8] showed that exponential growth of the nonlinear tearing

mode slows to algebraic growth when w>A, , w and AT being the magnetic
Li LI

island and the linear tearing widths, respectively. Numerical computations
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(a)

FIG.l. Flux contours and total current Jz for double tearing mode (S = 10*) at t/rH = 106

((aj,(b))andatl84((c),(d)).

have shown, however, that the cylindrical m=l mode [9] and double tearing

modes [10] , both of which violate the constant i|i approximation, evolve to

large amplitude without entering the Rutherford regime.

Besides w and A., a third important scale length for nonlinear tearing

is the resistive diffusion length AD = (c
2/4Traya) 2. At a distance A. =

-j K Li

(YC2/4ir0k,'2c,2)^ from the rational surface, the electrons short out the

induction field. In the standard tearing mode, A >>A,, so the vector

potential A,,(same as <M is nearly constant across A. and ya 3 5. For the

m=l and double tearing modes, however, A =A, and yaa 1 3. These modes grow

so rapidly that the flux cannot penetrate the tearing layer, and A,, is not

constant.

When w>A., the magnetic islands strongly modify the structure of the
L>

tearing layer and the instability becomes nonlinear. The electrons cannot

short out the induction field within the island [ 8] . As long as W < < A R.
 t n e
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FIG.2. (a) Time evolution of the magnetic field perturbation at x = 64\De and ky\De = 0.2.
(b) Magnetic field lines on x-y plane at wpef = 500.

current penetrates the entire island,so w replaces A in the nonlinear

regime and 3w/3t = A'a2/T_, where T =4iraa2/c2 and A' is the standard MHD
K K

mismatch. This result is invalid when w>A or w>l/a since then A,, can no
K

longer penetrate the island (skin effect). When w>l/A', the dissipation

region has a width I/A', and the mode should resume exponential growth with

Y-(A'a)2/TR. For m=2 modes in tokamak discharges, A'^0.05/a, so the

Rutherford theory becomes invalid when w = a/20.
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The m=l and double tearing modes do not enter the Rutherford regime

since w>A , & simultaneously. The structure of these modes remains essen-

tially linear around the X-point while around the rim of the island the

current only penetrates a distance A_=A.. Nonlinearly, the size of the

dissipation region is virtually unchanged from linear theory, so y is linear.

To verify these theoretical arguments, fluid simulations of the double

tearing mode were performed in slab geometry for S = Tn/xu = 10
3, 101* and

105, where T =R/c,q'a. Flux contours and current profiles are shown for

S=10It at t/t =106 when w=A (Figs la, lb) and at t/x =184 when w»&L=AR

(Figs lc, Id). During this interval, J remains virtually unchanged within

the island. The equilibrium current simply displaces in the x-direction.

At the X-point, by contrast, J has increased by an order of magnitude. The

current at the center of the island remains 'frozen' as predicted.

A magnetostatic particle model was used to investigate the nonlinear

evolution of the collisionless tearing mode. The mode first grows exponen-

tially (Fig. 2a) at the theoretically predicted growth rate [11,12]. As the

magnetic island grows, the mode nonlinearly evolves into an algebraically

growing regime and then saturates. The saturated island half-width (Fig. 2b)

is comparable to the linear tearing width and to the collisionless skin

depth. The perturbed magnetic field energy oscillates after saturation.
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Abstract

WHAT IS THE MECHANISM RESPONSIBLE FOR THE PRECURSORS OF INTERNAL
DISRUPTIONS?

The theory of the resistive layer of the m = 1 — MHD marginally stable — mode is
revisited by including a finite diamagnetic drift frequency w*. The equations describing the
tearing mode are approximations (k|| ce/cjyei <K 1) of more general equations which admit
another solution, i.e. the electromagnetic drift wave (kjj ce/coi>e; 5S> 1). For the m = 1 MHD
neutral mode there is no instability of the drift-tearing type, i.e. with Re co ~ w*, whilst the
growth rate of the tearing mode is reduced. The electromagnetic drift wave is also found to be
stable; this mode would, however, yield, like the tearing mode, a natural explanation for the
formation of magnetic islands. It is concluded that the precursors of the internal disruption
cannot be explained without taking toroidal effects into account.

1. Introduction

The idea has been widely spread that tearing modes can plausibly explain the

precursors of the internal and major disruptions observed in Tokamaks [1-5].

Except for recent theories of the m > 2 modes [6] the calculation however does

usually not include finite diamagnetic drift frequencies but it is argued that

the experimental results Reio~ioe could easily be explained by a generalized the-

ory. It is shown here that in the case of the m=l MHD marginally stable mode

there is no instability of the drift tearing type; rather the only unstable
2 2

mode of the tearing branch (kNc M>_n- « 1) is purely growing at the reduced

growth rate ? = *T/|<o£|(l+n0)(l+n.) if ID / Y T » 1 compared to * = 1 for zero
i / x 2fK 7 2 2diamagnetic d r i f t frequency. Here ffT = l /TD
1/JTr/ , TD = wl^r /v .c is the re-

i K n rc pc o ci
sistive diffusion time, T^ = L$/C^ Is the effective hydromagnetic time scale

(rQ is the radius of the surface t= 1, L. is the shear length), <o* . are the

electron and ion diamagnetic frequencies and n = dlnT/dinN. The equations des-

cribing the resistive layer however admit another solution, overlooked thus
2 2

far, namely an electromagnetic drift mode (k,|CeM) . » 1 ) which has frequency

809
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Reoo = to* The attention is then turned to this mode and the relevant equation

is solved by the method of matched asymptotic expansions.

This electromagnetic drift wave which would yield, like the tearing mode, a

natural explanation of the formation of magnetic islands, turns also out to

be stable. It is then concluded that the precursors of internal disruptions

cannot be explained without taking toroidal effects into account.

2. Equations describing the resistive layer

In the range of wavelengths defined by the ordering

ai p-v ~ r b-V ~ (r/an-) f n-V ~ 1 (1)

where n = B/B, p = e , b = n x p and a,, is the ion Larmor radius, it is pos-

sible to show that the functions hj = fj - -^- 0 — ^ (fj and 0 are the perturbed

distribution function and electrostatic potential) satisfy the equation

•„, -v v ,i £ | -

where we have neglected curvature d r i f t s . Here q = fi-v, -Z = t an ' ^b -v /p -v ) ,

a is the vector potent ia l , hj = hj (x + s sin-g/f l j ) and f i , <t> and a,, are func-

tions of x+ s ( s i n - i - s in* 1 ) / / ! , where x = r-r and s = I nxv*|. This equation

is solved for the electrons neglecting finite-Larmor-radius effects and with

the ordering OJ < k,,c < -j . and k,,0~ wa,,/c. Electron-electron col l is ions

are also taken into account by means of the Dougherty col l is ion operator. The

ion equation is solved assuming a^3/3x ~ knC•/<>>< 1 and neglecting co l l is ions;

k,, = kgX/L is the parallel wave number. Poisson and Maxwell's equations where

the parallel ion current is retained y ie ld two coupled equations for

V = -keLsa,,/Br0 and i = ck e0/Br o ( j :

fcA ? J = x (V+xf) [Se(x) + S^ (3a)

ax x BT 1 /2
where x = x/rQ, £ = HH/lR) [l-<J- (1+iJ,-)/"] /

) | 1 / 2 and
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Se(x) = IH-i §*? *\, „,,? . . ] / I 1+T | (l+*)?x
2 - |*(?x2)2]

S. = i — -^- —

,2 2

The tearing mode is obtained by assuming § S T <<• 1 (and S = 1 $> S-); the drift
2 r * * 2

mode results with the scaling fSfj » 1 £ S = -i (6J-or)/(oo-a (1+iL)] § x in
lowest order and Se ~ S-1. Here 6-r and 5 Q are the radial widths of the modes.

3. The tearing mode

The calculation closely follows that of Coppi et al. [7] • From (3b) and (3a)

one successively obtains with Se = 1 and S^ = 0,

For the neutral m=l MHD mode, lim ii> = x (ii/x) ; thus x = 0. From (4b)

X = exp (-x2/2 6 2 ) , 62 = X2, e = X3 (5a)

The dispersion relation is then

I f . . _ ..* / 1 i _ N T _ J •rf'J^ y (5b)

I t is readily verified that the only unstable root is -iw = *T i f to* « ?T and
2 £ £ * l e i

- i u = *T/|wew. I ( l+n e ) ( l+n i ) i f <ue » ? T ; in the la t te r case, the approximation

Se = 1, i .e . p62 « 1 holds only i f (l+nn-) Be (m iu*/mevei) « 1. The considered

mode naturally leads to the formation of magnetic islands since Y(o) ^ 0.

Actually ^(OJ/J^ ~ 6T where the hydrodynamic displacement^ = x"2 | dxx-

4. The electromagnetic d r i f t mode

~2 2
We here assume p<x > ~ p&t » 1 and rewrite Eq. (3a) in the form

4 + <iz2->« = -af(Z2)1- ( iz2 .a) [ l - (^) ] - a f [ | - (I) ] (6a)
3Z x x < » x x ° °

where Z = x/5D, 62 = O.5/iT7m^ H / ^ i * 1 a = 6l ( ro /as ) (a )"U)e ) / [u )"^ (1+n i ) ] '

2 1+5 ( H « r J _ Z2
af(Z2) = -ip . Z

 2 - aPq 7 a P+q

Z i ( ) ' ; Z 4 i ( ) Ẑ
. 2 Pq 7

Z-i(p+q)Z';-pq Z4-i(p+q) Z -̂pq
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where 2
3 " - " e ( 1 + V veiu3 Ls nig

U

and

1+a 1 „„ 3 1 1

p 6D ( S 6 D >
Further

Vx - {V/x)a = -(^2/62)( (dZ7Z')32f/3Zl2 + (1/Z) i i ] (7)
JZ 3Z

We consider u ~ 1; since p, q « 1 , and as it turns out q/p « 1 (q/p < 0.2 for

a $ 1), we approximate (6b) by

af(Z2) = -^- (6c)
Z -ip

2
In the electrostatic l imit , the solution of Eq. (6a) for Z »p which satisfies
the dr i f t wave boundary conditions at » is

( s4 ) - i a ) , s4 , | z 2 e - / 2 } (8a)

where s is one of the roots of the equation

s(s-l) = in (8b)

and U is the Kummer function defined in [ 8 ] . The solution of (6a) for
Z ~ p « 1 is

~ . F - S s-1 1 Z2 i-rr/2,? - A F (- 7, - j - , 7, - - e )

+ B n " 1 / 2 P i 7 r / 4 7 F (l~% S 3 Z 2 P

+ b p e z h (-£- , p -^, - — e
where F is the hypergeometric function [ 8 ] . Using the connection formula

between F(x) and F(l/x), one obtains the dispersion relations for the symme-

tric mode (B=0)

rfr>r(1+§) . (P)?-S r ( - f )r( i - f )
n l - f - r ) r 4 + s) r(s"?) ? r(^+|-^i) r(|-s) r(7-s)

and the antisymmetric mode (A=0)

| s rtf|) r(||)
+ s) r(s-^) * r ( ^ + | - ^ ) r ( | - s ) r ( 7 - S )
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The two solutions of Eq. (8b) have Re s « 0 and Re s > 1 respectively. Taking

Re s « 0, the solution of Eqs (9a, b) is

a = - £ i + is (10)

i.e., w(w-u*)/w*[<o-a)? (1+n^l = (3i-2is) rN/Ls> Since rN/Ls « 1, u = w* + H,

if «ai*. (except when |s| < p in which case a = - -̂  i for the symmetric

mode). Eq. (10) shows that both modes are always stable. Clearly, assuming Res^-

leads to the same conclusion.

Assuming \ to decay for |Z| •* » (because of ion Landau damping), Eq. (7) shows

that only the antisymmetric drift mode has a hydromagnetic activity [ (V/x)^ ^

the hydromagnetic equations imposing (1l'/x)_00 = 0).

We note that ^(O)/?^ ~ 6p for this mode. Comparing the importance of magnetic

islands for the antisymmetric drift mode and the tearing mode for the ST Toka-

mak we find 6Q/ 6T ~ 1.

In conclusion it appears that the precursors of the internal disruptions

which are characterized by Reio

toroidal effects into account.

which are characterized by Reio ~ to* cannot be interpreted without taking
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Abstract

THEORY OF BALLOONING TRAPPED-ELECTRON MODE OVERLAPPING MANY
RATIONAL SURFACES.

In toroidal geometry the ion magnetic drift can prevent shear stabilization and give a
localized ballooning character to drift waves. The mode then overlaps many rational surfaces
whereas the de-stabilizing trapped electron term is localized radially. The trapped-electron mode
is found to be unstable for standard density and temperature profiles in the core of the plasma
(r < 0.5 [d In c/dr]"1, v = safety factor).

1. Introduction

It was suggested by Taylor that in toroidal geometry the coupling by the ion

dynamics of drift waves associated with different rational surfaces may re-

sult in non-propagating modes with no intrinsic shear damping [1]. Modes of

this type which were also poloidally localized have been found by Cordey

and Hastie [2], It will be shown that the ballooning character of the re-

sultant mode appears when the component modes associated with different ra-

tional surfaces extend radially over many of these surfaces. Asymptotic theo-

ries of trapped-electron modes overlapping many rational surfaces have re-

cently been published where however the effect of the varying magnetic field

on the ion motion was neglected [3, 4l. Our purpose is here to extend the

latter calculation including the dominant toroidal effect on the ion motion,

i.e. the magnetic drift, which may result as said above in the annulation of

shear stabilization.Eq.(12) shows that instability arises for usual profiles.

815
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2. Theory

The theory is restricted to configurations with large aspect ratio: e = r/RQ
« 1 where R is the major radius of the device, circular cross section: ]3 =

(B°§, + Bo(r)eQ)(l+ecos9), and maxwellian equilibrium distribution functions.T > y y

In the approximation of linear density and temperature profiles, all rational

surfaces are equivalent and we look for perturbations of the form [2, 3, 4)

V(x,e, f ) = exp { i l [ * - f d8'*(r , 91)]} I exp[im(9+9 )] Y u * m > (1)
» in

where V(r ,9) = (rB./RBQ) , r is the reference rational surface defined by
d9V(r ,9) = 2itn, 1 is the toroidal mode number,9 is an arbitrary angle in

o o
the vicinity of which the mode turns out to be localized (we shall here assume

9 = o or n ), and the dimensionless radial variable x is defined by x =
O (-in

k e r ( r - r )31n»/3r where v = d9i>(r ,9 ) /n and kg = l v / r . We note that the va-

r ia t ion of x from one rational surface to the next is Ax = _+ 1.

Defining h, = fj+qjP/Tj where f j and 0 are respectively the perturbed d i s t r i -

bution functions and potent ial , and h^(x,i,ff,i) = exp (ikQ vL cosS/n^)

•g-j(x+p— ke
 V ^ S i " ) where fe= v 2 /2 , f= vf/2B, •% is the velocity angle around J3,

and r v = (dlnv/dr)" , we f ind that §• sat isf ies the equation
2 ) |vf
2)|coseo{g1(y-l)+gi(y+l)

f1^F?
f1^

r kc
exp (-ikg Vj_ cosS'/Qi) • G [ x + ~ -^-± (sin* - sinS

1)] = 0

where *. = T^Tg, G = q^/Tg, y = x + y- kg VlS1_" , and we have introduced

the diamagnetic frequency o* = cTjkQ/qjBrN , rN = (dlnN/dr)^ viau*. = a*

\ 1 °
In Eq. (2) the poloidal dependence of J3 is neglected as a higher order correc-

t ion . We solve this equation by expansion in the usual way 15] assuming_however

the mode to_oyerlaB_many__rational_surfaces so that g(y+l) = g(y) +Bg(y)/3y + ••

and of course k ^ ( r / r v ) < 7<xS , the width of the function G(x).

The electron equation in lowest order yields hg = 0 for passing part ic les, and

he = He texp (-ixO) e x p { i l [ f - J°d9' v ( r o , 0 ' ) ] } with aHg^/30 = 0 for trapped

part ic les. Considering the population of trapped electrons as of f i r s t order,

the lowest order dispersion relat ion is readily obtained:
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( in the l im i t b -»0 , CJ = - u * ; the minus sign arises from the def in i t ion of

kQ = l v / r = -m/r ) ; for a given value of R./lr.,!, an upper l im i t is set on

b = kga^ . Here I" = e I (b) where I is the modified Bessel Function of

the 1st kind.

HQ 4. obeys as usual the equatione, t

, 9 • ) } } 0

where we have adopted the pitch angle col l is ion operator and shall assume

v e ( t ) H-De c3
e/i

3/2. I f He > t = 1 e im9o e
i J l<m+x) ge(x+m), we f i nd , using the

parabolic magnetic well approximation:

CJ* + u

ge(x) = 2i —|— FJ £ i £ l j j o [ u - o b ) x ] - J 0 ( J I X ) } (5)

where 9b is the bouncing angle related t o t and u via [ ( J I - 9 L ) / 2 ] =

[l+e(x2/2-l)-/>B0/-fc]/2e and v* = v /e . To obtain (5) we have assumed GJ/V* «

<x > ; this condition w i l l essentially always be f u l f i l l e d for Tokamaks

of the present and future generations. Integrating (5) over velocit ies we f ind

qp * , t .
n(x) + -—- <f) (x) = 2i • V26/JI [CJ ( l+3i ) /2) + w] /v [G(x)/x]

e , , ,

exp( ix (a-9Q)] | dy [ y2 - (n-90)2 ] J^xy) = 2i Jl2 v5e/ii[<o*(l+3i|e/2)

S(x)G(x) •/ 1 - (1-8 /Jl)2 [ l -21n (1 -8 / :
o'

In obtaining (6) use has been made of the fact that the width of G(x) is much
A

larger than 1 and of the Schlbmilch series. n+ q 0/T is maximum for 9 =H

and minimum for 8 Q = 0. This result has an obvious interpretation since we

shall find that the mode is localized in the vicinity of 9 = 9 .8 is Dirac
function.
Solving Eq. (2) in higher order, one obtains the eigenvalue equation giving
the growth rate:

q p A I o ->2r

t(n+ y-<f>) =-PG + j Qx̂ G - 2(S-R) -^-| (7a)
6 oX
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where

P-b- £ ( r 0 + V > O (7b)

Q = f b i f 2 r+^(r + br'l
0

2 * + *

" l-"JzrLro * i i" i ( r«*2 b r . ' ' l ( 7 d >

2 -, (7G)

+ b2 r 0 )]
(In Ref. [3, 4] where the ion magnetic drift was neglected, S = 0). The mode

is not stabilized by shear if Q(S-R) > 0. Taking 9Q =u and rN < 0, this im-

plies i) r/rv < 0.5 if ̂  < 2 (this restriction comes from the fact that

W/uf changes sign for large b if i? - > 2) and ii) 4.1 (1+iL) (1-2 r/r_,)|rM|

r^/R r > 1 for Z = 1; this condition which comes from a numerical evalua-

tion of the maximum value of R/S is clearly easy to satisfy if r/r^ < 0.5.

The condition for the mode to overlap many rational surfaces is Q/4(S-R) < 1

which if R is negligible approximately becomes

There is however no upper limit on b in contradiction with the conclusion of

Cordey and Hastie [2] , the reason for the discrepancy being that their theory

was developped in the limit b « 1. Let

, c D 1/2 o i -1/2

xZ = Fjr) s Z(S>R), a = - ^ P [Q (S-R)] (9)

Eq. (7a) becomes

- I [Q(S-R)] ' ( n + r ^ ) ^ " ( i s +a)<5 (10)
6 'e ^ '

which has the solution G ̂ ^ ( s ) + Cil(-s)] [) (a,|S| ) where \(s) is the step

function and U(a,|sl) the parabolic cylinder function defined in [6] . The

constant C and the eigenvalue a are obtained from the jump conditions at

s = 0 which read

= 0 (lla)
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, -1 , -1/2J j l 2^ 4 ( l ~ ( £ + ? a ) ] (1+C) = | [Q(S-R)] d s ( n + T i 0 ) ( l ib)
V e

I f C t 1, then a = -3/2 and Eq. ( l ib) yields C; the mode is stable. I f C = 1,
proceeding by iteration we obtain from (l ib) G° = exp(-s M) and a = a0 + a =

-1/2 + iri/ec Gf1/4 (S-R)"3/4 [<u*(l+3i]e/2)+u]/v*. Thus

v v

i ns tab i l i t y (Im 5 C J > 0 ) always occurs for t\ > 0 and t\-< 2. Final ly the un-

perturbed eigenfunction (1) can readily be calculated:

{ [ J 8 ' v ( r 0 , 0 ' ) ] )exp{ i l [ f - J d 8 ' v ( r 0 , 0')])

v c o l / 2 2
* Z exp [ - ( ^ r ) (9 - I - 2mn) ] exp C-ix(9 - Jl - 2m J l ) ] ;

poloidal local ization results from Q/4(S-R) < 1.
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DISCUSSION

ON PAPERS W-6(A) AND W-6(B)

W.M. TANG: Where are the ion and electron VB drift terms in your trapped-
electron mode analysis? The expanded form of (coDj/co) used here is of course
not valid for the shorter-wavelength trapped-electron eigenmodes.

A. ROGISTER: Yes , it is true that the calculation presented here is not
valid for the shorter wavelengths: there is an upper limit on b = k2a2 depending
on the ratio of the density length scale and the plasma major radius,

821





INFORMAL MEETING
ON

LONG-PULSE TOKAMAK OPERATION

A DISCUSSION ON RE-FUELLING, IMPURITY CONTROL,
EXHAUST AND THE SUSTAINMENT OF PLASMA CURRENT

Organizers: B. BRUNELLI, P.J. HARBOUR

In a brief introduction Brunelli pointed out the lack of proven means for
achieving long-pulse tokamak operation both for reactor conceptual designs and
even for the next generation of tokamaks.

This meeting was organized in order to clarify and disseminate existing
promising ideas and to stimulate new ones, in the hope that more theoretical and
experimental work will be planned on the crucial problems mentioned in the sub-
title of the meeting.

The following contributions were presented:

J.D. CALLEN: I would like to explain the meaning of 'long pulse' in
tokamaks (LPTT). For the central plasma, the longest relevant transport time
scale is probably the magnetic diffusion or 'skin' diffusion time scale, which is
a few seconds in large tokamaks. In 'steady-state' tokamak proposals (e.g. via
neutral-beam or RF-induced currents) one attempts to extend plasma confine-
ment beyond both skin diffusion time scale and transformer volt-second limita-
tions. For protection of material walls the plasma edge region must accommodate
the high, reactor-level, heat fluxes (~ 40 W • cm"2, ~2 X 1016 particles • cm"2)
coming from the centre of the plasma without causing significant impurity produc-
tion at the material boundaries, or at least, it should prevent ingestion of impurities
into the plasma. Edge control mechanisms under consideration at present include
both passive (e.g. impurity radiation, gas blankets, impurity flow reversal), and
active (e.g. divertors, magnetic-field-ripple effects, energy confinement spoiling)
types. The relevant time scale for achieving an equilibrium in the various edge
control systems is not obvious, but probably at least some tens of seconds.
Similarly, the transient time scales for the various reactor technology systems
(neutral-beam line pumping, fuelling/re-fuelling, start-up/controlled shut-down
fusion fuel burn-up and ash removal) are not well-known, but would seem to be
in the range of some tens of seconds. Thus, the challenge in the early '80s for
demonstration of the engineering feasibility of 'long-pulse' tokamaks is to produce
and sustain a high-j3 (^ 5%), reactor-thermal-power-level (> 40 W • cm"2) plasma
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for many magnetic diffusion times and at least some tens of seconds holding
zeff ~ 1 •

At ORNL we are proposing to meet this challenge by developing appropriate
components and attempting tests of a number of the possible means of achieving
near-steady-state tokamaks and plasma edge control with the Long Pulse Techno-
logy Tokamak (LPTT). A major objective of this programme will be the integration
into a tokamak device (Ro > 1.5 m, a > 0.5 m, b > 0.8 m, BT > 1.5 T) of super-
conducting toroidal magnets, divertors and plasma technology systems that are
all essentially steady-state such that long-pulse operation (> 20 s) will be limited
only by the current-inducing transformer (3> ~ 6-10 V- s).

R.L. FREEMAN: I should like to summarize my contribution as follows:
1. Possible means of achieving steady-state tokamak operation by radio-

frequency (RF) current drive.
2. Examples from the Doublet IIA lower-hybrid-wave electron-heating experi-

ments of the wave-particle interaction required for current drive.
3. The design of a small innovative tokamak with good access to evaluate

various RF-current-drive approaches and investigate several aspects of long-
pulse tokamak operation.

P.J. HARBOUR: I should like to introduce the main types of exhaust system
which might be considered for a long-pulse tokamak or for a reactor. The exhaust
system of a fusion reactor must remove a-particles and impurities from the reactor
core, along with any accompanying fuel ions and their associated electrons; it
should also remove the a-particle power (about 800 MW from a 5000 MW(th)
reactor) from the first wall if this is practicable, both physically and economically.
I do not have time to go into the reasons for protecting the first wall from this heat
load in the presence of a much greater flux of neutron energy but Conn treated this
problem in detail at the Surface Physics Conference at Culham in April.

A collisionless divertor as discussed in our paper (R-5-2) may achieve the
required objectives for an exhaust system provided the severe problems associated
with the target plate can be solved. Since it is not at all clear that solutions will be
found, alternative exhaust systems must be examined. The cool plasma mantle
appears to solve the exhaust and many other problems provided such a mantle
can be established. This has yet to be shown; however, such a mantle necessarily
transports the a-particle power to the first wall. To avoid this it may be possible
to combine a cool plasma mantle with a divertor. This has been called a remote
plasma mantle: Tenney described such a system in the Princeton conceptual reactor
study (MATT-1050) but, because of the high level of impurities in the reactor core,
most of the a-particle power was radiated to the first wall anyway. However, over
130 MW did enter the divertor and was transported by thermal conduction along
the magnetic field and by charge exchange and radiation to the divertor chamber
walls. These processes permitted the plasma to cool and recombine before leaving
the divertor chamber, the vacuum pumping problem being thereby reduced.
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The challenge now is to develop a remote plasma mantle which will transport
most of the 800 MW away from the first wall and yet will avoid the problems and
pitfalls associated with a collisionless divertor.

F. ENGELMANN: Let me make a short comment on re-fuelling and exhaust
in a reactor where the hot plasma is surrounded by a cool blanket. Re-fuelling
does seen to me to be no problem if a suitable steady state on transport time
scales in a plasma impermeable to neutrals (density times minor radius
^> 1015 cm"2) exists because the re-fuelling flux necessary is small enough to
lead only to a minor perturbation of the flux-free state. As to the existence of
such a steady state, the main uncertainty is in the form of the profiles, deter-
mined by the transport properties of the plasma, and the constraints on the
existence of a stable, partially ionized boundary layer in front of the wall.
Exhaust of a-particles (as well as impurity control) requires control of the edge
conditions, e.g. by pumping. The question of how n^g and nrjjg a s in front of
the wall depend on n a and nDxions is a key issue for the efficiency of pumping
and the amount of external re-cycling of DT. Keeping nH e «s 1011 to 1012 cm'3

by pumping seems possible. In conclusion, more detailed information is required
on profiles in the relevant regime and on the behaviour of the boundary layer
in order to be in a position to judge whether reactors will be able to work relying
just on the presence of a cold blanket.

L.Th.M. ORNSTEIN: Cold-plasma-blanket experiments of sufficient high
density and width (neA > 3 X 1014 cm"2 according to Lehnert) have been per-
formed in the Ringboog experiment [ 1 ] . Neutral densities outside the blanket
(n0 wall) a n d plasma densities just inside (neg) follow a scaling law

This scaling, consistent with highly collisional transport, also applies to the outer
layers of high-density tokamaks (e.g. Alcator).

A one-dimensional numerical code shows that according to this scaling cold
blankets may exist in a fusion reactor with n0 wa]1 ~ 1014 cm"3 with ne at the edge
~ 3 X1014 cm"3. This blanket allows for an energy flux Q ~ 10 W • cm"2. From
this blanket fuelling of the hot core seems possible [2].

REFERENCES
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Princeton, 1977), US Dept. of Energy, Conf-77112g 75.
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B. LEHNERT: I should like to summarize my contribution on the cold gas
mantle as follows:

1. Main poin ts of cold gas-man tie

1.1. Plasma density at the "inside" of the boundary layer is uniquely
related to the neutral-gas density at the wall.

1.2. Heat balance of the boundary layer is possible within two limits,
roughly between 10 kW • m'2 and 1 MW • m'2 .

2. Wall interaction

The heat given off by a-particles goes into the cold mantle. One part is
shared by charged particles and transferred by collisions to the neutral particles,
and could possibly be "washed away" by a strong gas flow along the wall surface.
Part of the rest goes into radiation in the boundary layer and reaches the wall.
This heat flux may cause reactor-technological problems and has to be further
investigated.

3. The charged- and neutral-particle fluxes of a gas mixture through the
partially ionized boundary region leads to different concentration ratios of
ionized matter at the "hot" side of the layer, as compared to the corresponding
ratios at the "cool" side.

G.H. WOLF: I should like to present some ideas on a magnetically shielded
scrape-off limiter. The work to be described has been performed by F. Karger,
H. Conrads, W. Feneberg, G. Fuchs, K. Lackner, and G.H. Wolf.

Scrape-off limiters are wedge-shaped-limiter-type devices inserted through
a pumping porthole and intended to achieve an increased pumping efficiency
for the gas load generated at the limiter surface [ 1 ] ; in this sense they may also
be considered to be some kind of mechanical divertor. Their main problem is
to remove the heat load imposed upon the leading edge of the wedge. This heat
load is impossibly severe except when almost all of the power flux out of the toka-
mak plasma is transmitted not to the limiter but rather to the inner surface of the
vessel, e.g. by radiation cooling. Furthermore, to achieve the required cooling,
the geometrical shape of this wedge structure cannot be optimized with respect
to reducing the gas return flux into the discharge volume. It is, therefore, desirable
to shield the limiter edge against an intolerable heat load and thus to enable its
geometry to be better adapted to the purpose of separating pumping chamber and
discharge volume. A possible solution to this shielding problem could be obtained
from the application of magnetic islands excited by magnetic fields resonating
with the field line structure on a rational magnetic surface, i.e. at the q = 3 or
q = 4 surface.
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FIG.I. Schematic of scrape-off limiter shielded by the application of magnetic islands
excited from weak resonant helical perturbation fields. 1) vessel; 2) helical conductors
3) pumping portholes; 4) magnetic islands, q = 3; 5) aperture ring; 6) limiter target plates;
7) limiter shielding plate.

Recently, it was proposed to use the formation of such magnetic islands
in order to guide the particle flux in the plasma boundary into a helically shaped
burial chamber which is inserted into the vacuum vessel and attached to its inner
surface [2].

A combination of this principle with the scrape-off limiter concept leads
to a solution shown schematically in Fig. 1. Such an arrangement appears
advantageous compared to both mechanical limiters and magnetic divertors,
in the following respects: (1) Formation of magnetic islands of sufficient size
requires only additional applied currents which are a small fraction of the plasma
current (typically, in the 1 percent range). (2) The "divertor windings" can be
arranged outside the vacuum vessel, blanket and even toroidal field coils. (3) The
scrape-off layer should have a high screening efficiency which, within limits,
could even be actively controlled just by varying the divertor currents. (4) The
heat load on the collector plates can be kept low. (5) Shielding and collector
plates can be inserted and manipulated from the outside through large pumping
portholes.

The main drawbacks are the close coupling of the plasma boundary to a
specific magnetic surface (requiring good control over plasma current and plasma
position) and the impossibility of guiding the diverted field lines to a large radial
distance from the plasma column. The effects of ergodization of field lines in
the vicinity of the stagnation line in the separatrix - which could arise from
asymmetries and toroidal effects, destroy the well-defined nature of the scrape-
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off layer, and prevent it from passing through narrow divertor slits - were studied
by using a field-line-tracing code. These effects of ergodization were found suffi-
ciently weak especially for conductor arrangements with the toroidal component
of the divertor currents parallel to that of the plasma currents.

The hypothesis of rapid energy and particle transport across magnetic islands
on resonant surfaces - which forms the basis of this proposal - is supported by
the flattening of temperature and density profiles around the q = 2 surface observed
in Pulsator upon application of appropriate helical perturbation fields [3].
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The following conversion table is provided for the convenience of readers and to. encourage the use of Sf units.

FACTORS FOR CONVERTING SOME OT THE MORE COMMON UNITS
TO INTERNATIONAL SYSTEM OF UNITS (SI) EQUIVALENTS
NOTES:
(1) SI base units are The metre (ml, kilogram {kg}, second (s), ampere (A), kelvin (K), candela (cdl and mole (mol).
(2) • indicates SI derived units and those accepted for use with SI;

> indicates additional units accepted for use with SI for a limited time.
[For further information see The International System of Units (SI), 1977 ed., published in English by HMSO,
London, and National Bureau of Standards, Washington, DC, and International Standards ISO-WOO and the
several parts of ISO-31 published by ISO, Geneva. \
The correct abbreviation for the unit in column 1 is given in column 2.
fr indicates conversion factors given exactly; other factors are given rounded, mostly to 4 significant figures,

s indicates a definition of"an SI derived unit: I ] in column 3+4 enclose factors given for the sake of completeness.

(3)
(4)

Column 1
Multiply data given in:

Column 2

1 Bq

III

1 Ci
1R [=
1 Gy [=
1 rad
1 Sv [ =
1 rem [ =

1 u [ =
1 t 1 =
1 Ibm
1 ozm
1 ton =
1 short ton =

1 mile =
1 n mile =
1 yd
1 ft
1 in
1 mil

1 ha [ =
1b [=
1 mile2

1 acre
1 yd '
1 f t '
1 in'

1 1 or 1 Itr [ =
1 yd3

1ft3

1 in3

1 gal (UK) =

Column 3
by:

Colum 4
to obtain data in

(has dimensions of s"')
1.00 X 10°
3.70 X 10'°
2.58 X 10""
1.00 X 10°
1.00 X 10"'
1.00 X 10°
1.00 X 10"'

1.660 57 X 1 0 " "
1.00 X 103

4.536 X 10"'
2.835 X 10'
1.016 X 103

9.072 X 10'

1.609 X 10°
1.852 X 10°

9.144 X 10"'
3.048 X 10"'
2.54 X 10'
2.54 X 10"'

1.00 X 104

1.00 X 10"'8

2.590 X 10°
4.047 X 103

8.361 X 10"'
9.290 X 10"'
6.452 X 10'

1.00 X 10"3

7.646 X 10"'
2.832 X 10"'
1.639 X lO*
4.546 X 10"3

Bq
Bq
C/kg]
J/kg]

Gy
J/kg]
J/kg I

•X-

*

*

*

*

*

kg, approx. ]
kg]
kg

g
kg
kg

km
km

m
m

mm
mm

m2]
mM
km '
m'
m'
m'
mm2

m3]
m3

m3

mm3

m3

•X-

*

*

*

*

*

*

*

*

of the mass of 12C)

Radiation units

• becquerel
disintegrations per second (= dis/s)

• curie
• roentgen
• gray
• rad

sievert (radiation protection only)
rem (radiation protection only)

Mass

• unified atomic mass unit
• tonne (= metric ton)

pound mass (avoirdupois)
ounce mass (avoirdupois)
ton (long) (= 2240 Ibm)
ton (short) (= 2000 Ibm)

Length

statute mile
nautical mile (international)
yard
foot
inch
mil (= 10~3 in)

Area

p> hectare
E> barn (effective cross-section, nuclear physics)

square mile, (statute mile)2

acre
square yard
square foot
square inch

Volume

• litre
cubic yard
cubic foot
cubic inch
gallon (imperial)
gallon (US liquid)

Velocity, acceleration

foot per second (= fps)
foot per minute

mile per hour (= mph)

t> knot (international)
free fall, standard, g
foot per second squared

1 gal (US) = 3.785 X 10"'

1
1

1

1

1

ft/s
ft/min

mile/h

knot

ft/s'

= 3.048 X
= 5.08 X
_ J4.470X
"\1.6O9X
= 1.852 X
= 9.807 X
= 3.048 X

10"'
10"3

10"'
10°
10"
10°
10"'

m/s
m/s
m/s
km/h
km/h
m/s'
m/s'



Column 2

Multiply data given in:

Column 3
by:

Column 4
to obtain data in:

Density, volumetric rate

pound mass per cubic inch
pound mass per cubic foot
cubic feet per second
cubic feet per minute

Force

• newton
dyne
kilogram force (= kilopond (kpl)
poundal
pound force (avoirdupois)
ounce force (avoirdupois)

Pressure, stress

• pascal
• atmosphere a, standard
• bar

centimetres of mercury (0°C)
dyne per square centimetre
feet of water (4°C)
inches of mercury (0°C)
inches of water (4°C)
kilogram* force per square centimetre
pound force per square foot
pound force per square inch (= psi)°
torr (0°C) (= mmHg)

Energy, work, quantity of heat

• joule (sW-s)
• electronvolt

British thermal unit (International Table)
calorie (thermochemical)
calorie (International Table)
erg
footpound force
kilowatt-hour
kiloton explosive yield (PNE) (= 1012 g-cal)

Power, radiant flux

• watt
British thermal unit (International Table) per second
calorie (International Table) per second
foot-pound force/second
horsepower (electric)
horsepower (metric) (= ps)
horsepower (550 ft-Ibf/s)

Temperature

• temperature in degrees Celsius, t
where T is the thermodynamic temperature in keivin
andT0 is defined as 273.15 K

degree Fahrenheit
degree Rankine
degrees of temperature difference0

Thermal conductivity c

1 Btuin/|ft2-s-°F)
1 Btu/(ft-s-°F)
1 calrr/(cms-°C)

1 Ibm/in3 =
1 Ibm/ft3 =
1 ft3/s
1 f t3 /min =

1 N [=
1 dyn =

1 kgf
1 pdl
1 Ibf =
1 ozf

1 Pa l =
1 atm
1 bar
1 cmHg
1 dyn/cm2 =
1 ftH2O
1 inHg
1 inH2O =
1 kgf/cm2 =
1 Ibf/ft2 =
1 Ibf/in2 =
1 torr

U [=
1 eV [=
1 Btu
1 cal

1 cal IT
1 erg
1f t - Ib f
1 kW-h
1 kt yield =<

1 W [=
1 Btu/s
1 cal,T/s =
1 ft- Ibf/s =
1 hp
1ps
1 hp

2.768 X 10*
1.602 X 10'

2.832 X 10"2

4.719 X 10-*

1.00 X 10°
1.00 X 10"s

9.807 X 10°
1.383 X 10"'
4.448 X 10°
2.780 X 1 0 -

1.00 X 10°
1.013 25 X 10s

1.00 X 10s

1.333 X 103

1.00 X 10"'
2.989 X 103

3.386 X 103

2.491 X 102

9.807 X 10"
4.788 X 10'
6.895 X 103

1.333 X 102

1.00 X 10°
1.602 19 X 10"
1.055 X 103

4.184 X 10°
4.187 X 10°
1.00 X 10"1

1.356 X 10°
3.60 X 106

4.2 X 10'2

1.00 X 10°
1.055 X 103

4.187 X 10°
1.356 X 10°
7.46 X 102

7.355 X 102

7.457 X 102

kg/mJ

kg/m3

m3/s
m3/s

m-kg-
N
N
N
N
N

N/m2]
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa

IMm]

s - 2 ] *
#

*
•X-

*

• ! ( •

*

" J, approx.]
J
J
J
J
J
J
J

J/s]

W

w
w
w
w
w

*

#

• *

*

*

t = T - To

U F -32
T - R
AT.H (= t

t (in degrees Celsius) *
T (in keivin) *
AT (= At) *

(International Table Btu)
(International Table Btu)

= 5.192 X 102

= 6.231 X 103

= 4.187 X 102
W-m- ' -K

atmabs, ata: atmospheres absolute; * Ibf/in2 (g) (=psig): gauge pressure;
atm (g), atu: atmospheres gauge. Ibf/in2 abs (=psia): absolute pressure.
The abbreviation for temperature difference, deg (= degK = degC), is no longer acceptable as an SI unit.
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