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FOREWORD 

The continuing progress of fusion research towards its ultimate goal of 
commercially viable power was reported at the Tenth IAEA International 
Conference on Plasma Physics and Controlled Nuclear Fusion Research. This 
progress extends to all approaches to controlled fusion and fusion technology, 
particularly in the area of tokamak experiments. The first results reported by 
the two new-generation tokamaks, the Joint European Torus (JET) and the 
Tokamak Fusion Test Reactor (TFTR) in the United States of America exceeded 
expectations. 

This series of conferences is organized bienially by the IAEA. The Tenth 
Conference was held from 12 to 19 September 1984 at the Imperial College 
of Science and Technology in London. It was organized by the Agency in 
co-operation with the United Kingdom Atomic Energy Authority's Culham 
Laboratory and the JET Joint Undertaking, to whom the Agency wishes to 
express its gratitude. The conference was attended by 531 participants and 
46 observers from 37 countries and 5 international organizations. At the 
technical sessions, which included 6 poster sessions, 171 papers were presented. 
Contributions were made on theory, magnetic and inertial confinement systems 
and related technology. The conference opened with the traditional Artsimovich 
Memorial Lecture. 

These Proceedings, which include all the technical papers and five con
ference summaries, are published in English as a supplement to the IAEA 
journal, Nuclear Fusion. 

The Agency promotes close international co-operation among plasma 
and fusion physicists and engineers of all countries by organizing these regular 
conferences on controlled nuclear fusion and by holding seminars, workshops 
and specialists meetings on appropriate topics. It is hoped that the present 
publication, as part of these activities, will contribute to the rapid demonstration 
of fusion power as one of the world's future energy resources. 
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IAEA-CN-44/A-0 

ARTSIMOVICH MEMORIAL LECTURE 

E.P. VELIKHOV 
USSR Academy of Sciences, 
Moscow, Union of Soviet Socialist Republics 

Mr. Chairman, Ladies and Gentlemen, 

I am deeply touched by your invitation to deliver the 
fourth Artsimovich Memorial Lecture at the 10th International 
Conference on Plasma Physics and Controlled Nuclear Fusion 
Research. All my life in science has been connected in some 
way with Artsimovich and his department at the I.V. Kurchatov 
Institute of Atomic Energy, which I joined first as a student 
of theoretical physics. Those were the fascinating years in 
which the principles of plasma physics were created. Many of 
those present here will remember the dramatic situation at the 
Salzburg Conference in 1961 and the wonderful early life story 
of tokamaks, which is so reminiscent of the tale of the Ugly 
Duckling. In those years, which were so hard for fusion 
studies, I was among the deserters and became engaged in the 
study of MHD generators. At that time I shared the opinion of 
many of those present here that the stellarator approach was 
more reliable than the tokamak one? a point of view stemming 
from the purely speculative opinion that the field structure, 
shear, etc., in the stellarator was strictly pre-set whereas in 
the tokamak it depended on the plasma. Moreover, for reasons 
concerned with dimensionality, I believed in Bohm diffusion. 

In spite of all these difficulties, I was lucky then, both 
as a human being and as a scientist, to be on friendly terms 
with Lev Andreevich: it looked as if I had overcome the strong 
barrier of repulsion which surrounded him and had entered the 
potential well of human and scientific charm of his enormous 
intelligence and his beautiful soul. To my surprise, 
Lev Andreevich asked me in 1969 to be the head of a Committee 
which would, in essence, decide on the next step in fusion. 
The problem was as hard then as it is now, and people were 
afraid to approach it. The main document at the Committee's 
disposal was a report by L.A. Artsimovich and B.B. Kadomtsev in 
which, on the basis of theoretical and experimental 
considerations that are now well known, the authors came to the 
conclusion that, very probably, the tokamak approach would pave 
the way to the reactor; in the engineering sense of the 
phrase, of course. The Committee supported the idea that the 
T-10 tokamak should be built, and Lev Andreevich asked me to be 
the administrative leader. 
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4 VELIKHOV 

Artsimovich's conclusions were confirmed by further 
research. Work on next-generation tokamaks, including that 
reported at this Conference, shows that modern tokamaks 
"possess an ideal vacuum technology, highly developed magnetic 
configurations with an accurately pre-set geometry of the field 
lines and programmed regimes of electric circuits and carry a 
quiet, stable, high-temperature plasma" and that "the door to 
the desired region of superhigh temperatures", and, let us add, 
of the necessary confinement time, "is about to open". In this 
approach, many detailed ideas of Lev Andreevich have been 
confirmed: that the ion heat conduction should be determined 
by the current field; that the electron heat conduction is 
explicitly anomalous; that it is possible to control the plasma 
position by transverse fields and control windings; that 
non-circular plasma column cross-sections are of great 
advantage, etc. 

I should like to speak in particular about Lev Andreevich's 
idea of possible plasma heating by adiabatic compression along 
the major radius, which for two reasons is of special 
importance now. First, we are all aware of the improved plasma 
confinement with density rise on Alcator. The suppression of 
electron losses allows an approach towards, and a study of, the 
neoclassical regime of confinement. In this case, a heating 
problem arises. Ohmic heating needs too high fields, i.e. 
16 T; the auxiliary heating - by RF or beam energy - has very 
severe limitations. Although the required power decreases with 
the square of the field, the power density rises proportionally 
to the field square. Therefore, the adiabatic approach is a 
natural one. 

Second, in passing to the next stage, the study of fusion 
plasma burn, we should retain the possibility of carrying out a 
flexible experiment. This is of particular importance since we 
need precise information on a number of parameters, as the 
INTOR design analysis shows, for the construction stage of the 
next-generation devices. The opportunity must be provided for 
an operative experiment: the construction of the compactest and 
cheapest devices with rated neutron yield, i.e. with a minimum 
amount of particles within the volume. Depending on the nature 
of the losses, the energy and the number of particles drop in 
inverse proportion to the square of the field or to its first 
power, and, with due account of the geometry and stress 
limitations in the winding, the optimum field is close to 12 T. 

Taking both of these aspects into account, we are 
continuing work on the application of adiabatic compression. 
The programme includes studies on two tokamaks, T-13 and 
Tuman-3, and a full-scale experiment with a high-field tokamak 
(the parameters are given in Table I). Preliminary 
experiments, some of which are reported at this Conference, 
confirm the validity of the high-field tokamak concept. These 
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TABLE I. PARAMETERS OF TOKAMAKS WITH HIGH FIELD AND 
ADIABATIC COMPRESSION 

I n i t i a l major radius 1.06 m 

I n i t i a l minor radius 0.32 m 

I n i t i a l magnetic f ie ld at radius 1.06 m 2.0 T 

I n i t i a l current in the plasma up to 0.48 MA 

Column major radius af ter compression 0.415 m 

Column minor radius after compression 

alonq major radius 0.125 m 

Field at radius 0.415 m after compression 12.9 T 

Auxiliary heating power 1-2 MW 
15 -3 

Average plasma density af ter compression 10 cm 

Average plasma temperature af ter compression higher than 7 keV 

Expected energy confinement time 30-100 ms 

e x p e r i m e n t s r e f e r t o d i s c h a r g e i n i t i a t i o n ( T - 1 3 ) , t o t h e 
i n i t i a l s t a g e of p l a sma p r o d u c t i o n , t o t h e e f f i c i e n c y of 
c o m p r e s s i o n a long t h e minor r a d i u s (Turnan 2-A, Turnan 3 ) , and t o 
t h e p o s s i b i l i t y of a u t o m a t i c a l l y c o n t r o l l i n g t h e p la sma column 
p o s i t i o n under c o m p r e s s i o n a l o n g t h e major r a d i u s . The 
e x p e r i m e n t a l r e s u l t s a c h i e v e d i n TFTR a l s o gave us 
e n c o u r a g e m e n t / and we t h e r e f o r e o r d e r e d t h e equ ipmen t f o r a 
h igh f i e l d . 

I t i s o n l y n a t u r a l t h a t t h e f l e x i b i l i t y and s i m p l i c i t y of 
t h e tokamak i t s e l f , i n which a Q v a l u e between 0 .2 and 2 c a n be 
r e a c h e d , have a c o m p e n s a t i n g d i s a d v a n t a g e i n t h e complex power 
s u p p l y . However, t h i s power s o u r c e i s v e r s a t i l e , and i t s 
d e s i q n h a s a l r e a d y been r e p o r t e d upon. I t i s an i n d u c t i v e 
s t o r a g e w i t h an e n e r g y of a b o u t 1 GJ, a power of up t o 13 GW, 
and a number of o t h e r i n d u c t i v e s t o r a g e s w i t h powers of 2 . 5 and 
1.5 GW f o r s u p p l y i n g t h e i n d u c t o r and t h e c o m p r e s s i o n w i n d i n g s . 

I t can be shown t h a t t h e a t t a i n a b l e n r v a l u e i s 
p r o p o r t i o n a l t o t h e e n e r g y i n t h e p lasma and t o t h e a v e r a g e 
m e c h a n i c a l s t r e s s e s i n t h e w i n d i n g . We c h o o s e t h e l a t t e r , of 
c o u r s e , a c c o r d i n g t o o u r p o s s i b i l i t i e s of p r o d u c t i o n . Dur ing 
t h e f i r s t s t a g e of t h e e x p e r i m e n t s , abou t 150 MJ w i l l be 
d e p o s i t e d w i t h i n t h e tokamak. L a t e r o n , i t w i l l be p o s s i b l e t o 
i n c r e a s e t h e c o n t r i b u t i o n two t o t h r e e t i m e s i n o r d e r t o e n t e r 
t h e burn r a n g e w i t h s u f f i c i e n t r e l i a b i l i t y . 

P a s t h e a t i n g and t h e p o s s i b i l i t y of v a r y i n g t h e c o m p r e s s i o n 
regime a l l o w us t o hope f o r a b e t t e r u n d e r s t a n d i n g of t h e 

j 8 - l i m i t s , which i s a must f o r us a t t h i s s t a g e . 
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The possibility of applying this approach to technological 
studies and its reactor prospects are determined by the so far 
unknown dependence of the effective electron heat conduction 
and of |3 on the temperature. This conclusion will therefore 
depend on the results of future experiments. 

Thus an idea conceived by Lev Andreevich Artsimovich is 
being developed and we are counting very much upon its success. 

Artsimovich held the opinion that our technological 
possibilities would enable us to pass to the DEMO stage of 
controlled fusion feasibility within one or two decades. The 
INTOR design has, since 1979, confirmed these assumptions. 
Today, we may maintain that it is widely agreed internationally 
that a fusion reactor providing deuterium-tritium plasma burn 
will be constructed and put into operation at the beginning of 
the next decade. 

According to the engineering requirements suggested by the 
IFRC, the INTOR programme should provide or demonstrate the 
following features: physics and engineering basis for a DEMO 
fusion reactor, achievement of the necessary physical 
parameters, design and test of the fusion reactor components, 
their integration into the reactor set, an efficiency test of 
the reactor as a whole, reliability and service life of the 
components and the reactor as a whole, test of the power- and 
tritium-producing systems as well as proof that the device is 
safe and fulfils the conditions posed by environmental 
protection. Discussions on the concept design have shown that 
this goal is realistic, provided that some supplementary 
scientific research programmes are carried out. In the USSR we 
are currently organizing a widespread publicity campaign on the 
results of INTOR design and optimization, in order to inform 
the power engineering community. The experience gained in 
maintaining the T-7 tokamak with superconducting coils, in 
designing and testing the superconducting parts of the T-15 
magnetic system, in addition to a widespread fusion study 
programme on the tokamaks that are already operative or being 
put into operation, are a valuable support for the INTOR 
design. We are sure that Soviet industry, in particular, 
possesses the experience and technology necessary for the 
construction of INTOR. We can be even more certain of this 
when the entire international potential is being utilized. 

New advances in the physics basis will undoubtedly be 
reported at this Conference. To begin with, I should like to 
congratulate our US and European colleagues on the startup of 
TFTR and JET and on the first results obtained from these 
machines. Between the last two Conferences, we witnessed not 
only a continuous advance in plasma confinement (nr % 10^4 
on Alcator), in heating (ICRH on PLT and other tokamaks, ECRH 
on T-10), and in induction-free sustainment of the current at 
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elevated densities, but we also gained qreater confidence in 
the possibility of achieving the necessary 0 -value. 

Admittedly, the latter point needs further experimental 
verification, in particular the cardinal theoretical conclusion 
that the limiting j3 grows guadratically with decreasing aspect 
ratio. 

This last conclusion may substantially affect all our 
concepts, even the choice of superconducting or 'warm' 
windings. All these achievements, as well as the information 
to be gained at this Conference, will be included in optimizing 
TNTOR (Phase Two A), which is expected to be brought to a 
conclusion in summer 1985. My feeling is - and it also seems 
to be the opinion of the whole fusion community - that work on 
INTOR constitutes a great and undoubtedly unprecedented success 
on an international scale and is of great value to all 
participants. We should like to express our gratitude to the 
INTOR Group and to the Director General of the IAEA and his 
colleagues for their true support and assistance. Most of all, 
we should be proud that, during the years of difficult 
international relations (I hope they will never be worse), we 
managed to keep our sense of proportion and, by combined 
effort, to do something small but useful for mankind. Of 
course, in a lecture dedicated to Artsimovich I should mention 
that this is one more brick in the structure of our 
co-operation, our common cause in supplying power to humanity, 
a building for whose foundations Artsimovich worked so hard and 
successfully. 

What shall we do after Phase Two A? 

This is a crucial and difficult problem, and it is high 
time to think it over because it is not going to solve itself. 
Whatever happens, it will remain a useful piece of work, but a 
joint construction of INTOR would be a marvellous achievement, 
from every point of view. Otherwise, we shall lose a unique 
chance on such a scale in this century because no similar 
projects are to be seen on the horizon. 

The national designs of the next big step in controlled 
fusion may differ from INTOR, in accordance with the nations' 
own scientific and engineering programmes. In the Soviet 
Union, the next step has been developed within the framework of 
the T-20 design: a large tokamak with 'warm' windings. T-20 
should serve as a testbed for designing and testing commercial 
fusion reactor components. The engineering parameters of T-20 
are somewhat conservative. 

The success achieved in the tokamak studies, the successful 
operation of the T-7 tokamak with superconducting windings and 
the T-15 design (large tokamak, also with superconducting 
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TABLE II. OTR REFERENCE PARAMETERS 

Major radius (m) 5.5 

Plasma radius (m) 1.1 

Plasma elongation 1.5 
-3 20 

Average plasma density (m ) 1.4 x 10 

Averaqe plasma temperature (keV) 10 

0 (%) 4.6 

Magnetic field at the axis (T) 6.0 

Plasma current (MA) 5.6 

Safety factor 2.1 

Fusion power (MW) 490 

Pulsed reqime of plasma confinement with 

pulse duration (s) 550 

Impurity control by poloidal divertor 

Power of auxiliary heating (MW) 50-60 
-2 

Neutron load (MW»m ) 1.1 

Plutonium production (kG per year) 150 

Material for tritium breedinq liquid Li 

Tritium breeding coefficient 1.05 

Tritium consumption (at a load coefficient 

of 0.7 kG/year) 19 

Reactor coolinq qas 

Total thermal power of reactor (MW) 1000 

Electrical power of reactor (MW) 300 
windings) encouraged us to use superconducting windings in the 
OTR design * and to revise its parameters. 

The programmed goals of OTR are as follows: 

(1) Demonstration of feasibility of reliable and safe 
electricity and fissile fuel production by a fusion reactor; 

(2) Experience in design, construction and maintenance of the 
tokamak reactor in duration and specific-load regimes that 
are close to those of a commercial reactor; 

(3) Construction of an experimental testbed for scientific and 
engineering research; 

(4) Test of materials and verification of fundamental 
engineering solutions for building a fusion power plant in 
the future. 

1 OTR is short for Opytnyj Termoyadernyj Reaktor (Thermonuclear Test Reactor). 
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In the process of maintaining the OTR, problems of remote 
servicing and replacement of reactor parts and units during 
scheduled operation and repair periods must be solved. 

The OTR reactor is at a stage of conceptual design now 
(reference parameters are given in Table II). The OTR is 
expected to have a partial uranium blanket (on the outside of 
the torus). This will enable us to demonstrate the production 
of a substantial amount of electricity and plutonium. 

It is clear that we are counting on the first, quite 
definite application of fusion in a hybrid system, producing 
electricity and fissile fuel for atomic power plants. Recently 
we have been aware of definite support for this idea from the 
USA. I am thinking here of an analysis made by Claire E. Max 
from LLNL which, with arguments familiar to us, confirms the 
economic advantage of this approach, provided, of course, that 
atomic power production develops in a normal manner. One 
figure from this report illustrates very well the difference 
between the scenario of power supply to thermal reactors and 
that of their replacement, which will be necessary for world 
power production: either to construct breeders, 65 per year 
from 2010 until 2050, or to construct hybrid reactors, ten per 
year from 2025 until 2050, having in mind the existing gap in 
the development of both technologies. Hence, the author comes 
to the most important conclusion that the fusion hybrid reactor 
is needed, and very soon, for the development of power 
production. Artsimovich meant the same when, to the question: 
"When will the first fusion power plant be built?" he replied: 
"When there is great need for it". 

Has this time come? I think, it has and it coincides with 
the time when we are almost ready for it from the point of view 
of science and technology. But this is only my private 
opinion, which is not decisive. We should discuss it seriously 
within the fusion and scientific power engineering 
communities. At the same time, I do not, of course, reject the 
pure reactor concept. Moreover, there is some hope now of 
using tokamaks even for D-D reactions. But it will all require 
the solution of still more serious problems in physics and 
technology. This will be the next step in the development of 
fusion power production. 

To conclude: I should like to explain why in this 
Artsimovich Memorial Lecture I have spoken only about 
tokamaks. There are two reasons. First, the tokamak is 
Artsimovich*s main contribution to the development of plasma 
physics and controlled nuclear fusion research. Second, if we 
want to achieve something real this century, it will be 
possible only on the basis of tokamaks. Other concepts, even 
the most promising ones, require at least the same scale of 
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collective effort for their foundation and verification. 
Artsimovich always supported a reasonable pluralism, in 
conjunction with a realistic assessment of the current 
situation. 
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Abstract 

FIRST EXPERIMENTS IN JET. 
Results obtained from JET since June 1983 are described which show that this large 

tokamak behaves in a similar manner to smaller tokamaks, but with correspondingly improved 
plasma parameters. Long-duration hydrogen and deuterium plasmas (>10 s) have been 
obtained with electron temperatures reaching > 4 keV for power dissipations < 3 MW and with 
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confinement times up to 0.6 s. Elongated plasmas (b/a in the range 1.1 to 1.7) have been 
achieved with plasma currents, Ip, up to 3.7 MA and toroidal magnetic fields, BT, up to 3.5 T. 
At the highest elongations (b/a> 1.6), loss of vertical stability occurred, as expected from 
previous calculations. Forces of several hundred tonnes (at Ip = 2.7 MA) were transmitted to 
the vacuum vessel. Measured confinement times are larger than the corresponding INTOR 
values. The maximum achievable density is limited by disruptions. Impurity levels determine 
this limiting density, and the paper concludes with proposals to reduce these. In addition, 
progress in neutral injection and RF heating is described, as well as preparations for D-T 
operation. 

1. INTRODUCTION 
The Joint European Torus (JET) (see Table I), which is the 

largest tokamak in operation, is the central project within the 
fusion programme of the European Community. As planned, first 
plasma operation was achieved on June 25, 1983, after a five-year 
construction period. This paper presents results from operation 
of Ohmically heated plasmas (volumes up to 130m3) with currents u 
to 3.7MA. Figs 1 and 2 show plan and meridional cross-sectional 
views of the JET torus. 

2. MACHINE OPERATION 
JET is pumped by 4 turbomolecular pumps (effective H? pumpin 

speed 8500 L-s ) . Choice of suitable vessel materials (Inconel 
600) and surface treatment (electropolishing), together with 
stringent quality procedures, resulted in a high quality vacuum. 

Wall conditioning in JET uses RF-assisted glow discharge 
cleaning,in hydrogen at 2-5 x 10 mbar with a vessel temperature 
of 100-300°C. Typical cleaning after opening the vessel consists 
of a water rinse of the walls, pumping down, baking to 300°C for 
48 hrs and glow discharge cleaning for 72 hrs. During discharge 
cleaning the impurity partial pressures increase by several order 
of magnitude and the impurities are progressively removed. For 
tokamak operation at 250°C, UHV conditions obtainedwere 10 mbar 
total pressure, 10 mbar H„ partial pressure and 10 mbar residua 
impurities, primarily CH,, flLO and CO. Pulse discharge cleaning 
has also been used, but no significant improvement in subsequent 
plasma performance was achieved. 

Two gas introduction units were installed, each allowing fas 
puffing for prefilling, and for controlled addition of gas during 
the current pulse. These valves are fully metallic and bakeable 
to 300°C. 

Four graphite limiters (40cm wide and 80cm high), fixed at 
the mid-plane and 212 mm protruding from the wall, are used to 
define the outer plasma boundary (see Fig.l). The limiters are 
curved in the toroidal direction to accommodate plasmas of 
different scrape-off layers (l-3cm thick). Two limiters are 
observed by infra-red cameras. Surface temperatures reached 
800°C and remained constant during the current flat top. Due to 
limiter shape, heating is localised at tx̂ o zones on either side o 
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TABLE I. JET DESIGN PARAMETERS 

13 

Plasma minor radius (horizontal), a 
Plasma minor radius (vertical), b 
Plasma major radius, R0 

Plasma aspect ratio, R0/a 
Plasma elongation ratio, b/a 
Flat-top pulse length available 
Toroidal magnetic field (plasma centre) 
Plasma current: circular plasma 

D-shaped plasma 
V-s available 

1.25 m 
2.10 m 
2.96 m 
2.37 
1.68 
10 s 
3.45 T 
3.2 MA 
4.8 MA 
34 V-s 

Soft 
X-Rays 

VUV Spectrometer 

Carbon 
Limiter 

Gas 
Valve 

FIG.l. Toroidal cross-section of torus showing location of diagnostics, etc. 

the vertical line of symmetry. Stronger heating is observed on 
the ion side for most plasma conditions. The separation of the 
two regions indicates a scrape-off layer thickness of about 1.4cm 
during the flat top and about 3cm during the current rise and fall 
phases; plasma flows behind the limiter have been observed during 
disruptions. The transition from near-circular plasmas (b/a 
<1.2) to elliptical ones with elongations up to 1.6 show an 
increased plasma length interacting with the limiters and the 
scrape-off layer thickness increases by 'v, 50%, probably due to the 
increased connection length. 



14 REBUT et al. 
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FIG.2. Poloidal cross-section of torus showing magnetic flux surfaces and area covered by 
radiation-detecting diagnostics. 



IAEA-CN-44/A-M 15 

z(m) 

Ó 1.0 2.0 3.0 4.0 0 1.0 2.0 3.0 4.0 R(m) 

FIG.3. Poloidal flux contours in the plasma (expanding cross-section: pulse No.1353). 

3. PLASMA CONTROL AND STABILITY 
To date, the plasma current has been controlled by 

preprogramming the excitation voltage of the poloidal flywheel 
generator with a control waveform. This mode of operation has 
proved satisfactory but, in future, a plasma current feedback 
control system will be used. 

A feedback amplifier controls the radial position of a 
predefined magnetic flux surface: the outer position is chosen to 
be in contact with the limiter and the inner position is 
preprogrammed. Control is achieved by ensuring that the required 
values of poloidal flux and magnetic field are obtained. Results 
of an expanding plasma aperture are shown in Fig.3. The measured 
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FIG A. Vertical positioning: plasma/wall vertical distances versus time for b/a ^1.1 and 
b/a * 1.5. 

inner plasma/wall distance follows closely the preprogrammed 
value. 

The vertical plasma position is intrinsically unstable due to 
both the quadrupole poloidal field needed for elongating the 
plasma and the destabilizing forces of the iron circuit. The 
position is stabilized using a feedback amplifier connected to a 
radial field coil. Fig.4 shows the plasma/wall distances at top 
and bottom for two cases with b/a =1.1 and 1.5. The plasma 
vertical position is seen to be held to a precision of a few cm. 

In certain cases, the plasma became vertically unstable, 
despite the feedback system, as stabilization limits were 
exceeded. These limits depend crucially on the response time of 
the radial field amplifier and on the feedback loop gain. On a 
simplified model, the onset of instability was expected when the 
loop growth rate exceeded a certain value. Theoretically, the 
growth rate in the absence of feedback increases with the 
elongation ratio, b/a, the mean plasma/vessel distance and with 
the relative width of the current profile. Preliminary results 
agree with these predictions. 

In one case at an elongation of 1.7, the plasma became 
vertically unstable at I ^.yMA and moved downwards by lm in 30ms 
without significant current change, followed by a radial inward 
movement of 0.8m and a current quench lasting 25ms. Measurements 
indicated that the poloidal fields generated by eddy currents in 
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the vessel and in the radial field coil were insufficient to 
maintain equilibrium. Additional poloidal currents across the 
plasma, returning through the vessel, would be needed. The vacuum 
vessel experienced violent mechanical forces in excess of 200t, 
leading to transient displacements of several mm. Since these 
forces are expected to scale as I2-, loss of vertical stabilisation 
presents a serious threat for extended performance at I o. 5MA. 
In order to control this instability, two courses will be pursued: 
increased speed of amplifier response and active shape control. 
As an additional safety measure, the vacuum vessel mounting will 
be strengthened. 

4. DIAGNOSTICS IN USE 
The following diagnostic techniques have been used. Their 

layout on the machine is indicated in Figs 1 and 2: 
a) Magnetics: Each octant of JET has been equipped with an 
identical set of poloidal field pick-up coils and differential 
flux loops. In addition, there are voltage loops and special flux 
loops, for plasma position control, and a diamagnetic loop. 
Signals from individual sensors are recorded with correcting 
information to form a basic data set for software processing. 
This data is processed to determine the magnetic structure of the 
plasma, including the effects of all poloidal field coils, the 
iron core and limbs with variable permeability, and the vacuum 
vessel (see Fig.2). 
b) 2 mm Interferometer: This is a single-channel 2 mm 
interferometer which gives the line-averaged electron density, n , 
along a vertical chord at R = 3.14m. 
c) Reflectometry: A simple reflectometer has been used at a 
frequency fixed during a pulse, in the range 29 - 38 GHz. An 
O-mode wave is launched at the plasma in the midplane of JET along 
the plasma density gradient. The wave is reflected at the cut-off 
layer, whose spatial location is determined interferometrically. 
With increasing plasma density, the cut-off layer moves to larger 
values of R. By measuring the position of the cut-off layer as a 
function of time, and assuming that the profile shape remains 
unchanged while the local density changes, n (R) has been 
determined (Fig.5(a)). 
d) ECE:1 Electron cyclotron radiation (2nd harmonic E-mode, 70 -
160GHz), emitted on one horizontal chord along the major radius 
13cm below the mid-plane, is analysed utilizing a scanning 
Michelson interferometer of period 15ms. The instrument is 
calibrated absolutely in the band 60 - 300GHz and shows absolute 
uncertainty of ±20% and relative uncertainty in profile shape of 
±10%. The system provides spatially and temporally resolved 
(AR, AZ % 15cm; At = 15ms) electron temperatures. Harmonic 

Electron cyclotron emission. 
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FIG. 5. Typical profiles of (a) electron density (from reflectóme ter) and (b) electron 
temperature (from ECE). 

overlap limits the region of temperature determination to 2.8m 
<R<4.2m, which allows measurement of about half the profile 
(Fig.5(b)). The measurements yield T (|B|), and from calculatior 
of |B(R)| the profile T (R) is deducid. Several hundred profile 
are measured during a normal 10s JET pulse. 
e) Bolometry; Space and time resolved measurements of radiatic 
emissivity profiles are obtained with three arrays of collimated 
bolometers (3 fans containing a total of 34 detectors) viewing tt 
plasma in orthogonal directions through vertical and horizontal 
ports in the same poloidal plane. In addition, 8 individual 
bolometers, one at each octant, are used to monitor toroidal 
symmetry of emission. A detection limit of 70uW/cm2 at a time 
resolution of 20ms has been measured. With a 4urn-thick gold 
absorber, the detector is sensitive in the wavelength range 0.15 
200nm. From the measured intensities, radial profiles of local 
radiated power can be derived by Abel inversion, assuming ellipti 
flux surfaces. 
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f) Spectroscopy; During the year of operation, the range of 
wavelengths covered has been progressively increased. Initially, 
visible radiation (transmitted through ̂  100m of optical fibres) 
was examined, yielding information on H emission, bremsstrahlung 
and the influx of light impurities. Currently, there are two 
close-coupled spectrometers on,the machine; a device covering the 
range 300-700 nm, and a broad-band vacuum ultra-violet survey 
instrument covering the range 10-170 nm. The former is used to 
study the influx of light and heavy impurities from one of the 
limiters, whilst the latter provides information on impurity 
species in the plasma. 
g) Soft X-rays: For most of the operation, this spectral region 
has been covered only by 4 soft X-ray diodes looking horizontally 
into the plasma on the mid-plane, with four different filter 
thicknesses. Recently a temporary pulse-height analyser system 
has given additional data on temperatures and impurity 
contamination, 
h) A single-point Thomson Scattering System has been brought 
into operation, and confirms the central electron temperatures, as 
measured by ECE. 
i) A single channel of the neutral particle analyser (NPA) 
system has also been brought into operation. Recent data show 
the central ion temperature as 0.7-0.9 times the corresponding 
electron temperature. 
j) The machine is also equipped with neutron yield monitors and 
neutron spectrometers. Ion temperature measurements in deuterium 
are in agreement with" those from NPA. 

5. PLASMA PERFORMANCE 
Except for the most recent data in deuterium, most 

experiments were carried out in hydrogen. Plasma breakdown is 
normally achieved with <20V/turn, with no preionization. At 3.5 x 
10 5mbar H„ prefill pressure, a hot (yl keV) peaked temperature 
profile is produced after about 300ms. At lower filling 
pressures, the temperature profile is hollow, and often 
mini-disruptions are observed. Subsequently, additional 
impurities enter the discharge, probably due to magnetic 
reconnection. At higher filling pressures, a cold peaked 
temperature profile is produced; disruptions are observed, 
probably as the density limit is exceeded. 

A survey of results is given in Table II, which represents 
data taken in the range of circuit and plasma parameters: 
I < 3.7MA; 1.3T < BT < 3.4T; 2.6 < q < 10; 1.1 < b/a < 1.7. The 
plasma shape is determined from the magnetic data. Near-circular 
plasmas with minor radius 1.07m, major radius 3.05m and strongly 
elliptic plasmas with minor radius 1.15m and major radius 2.96m 
have been established in both hydrogen and deuterium with long 
flat tops (up to 7s) for both current and density (Figs 6(a) and 
(b)). Loop voltages on axis, V , were as low as 0.7V, consistent 
with high central temperatures. A 2.75MA plasma has been obtained 
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TABLE II. TYPICAL JET DISCHARGE PARAMETERS FOR HYDROGEN (H) AND DEUTERIUM (D) 

Pulse No. I (MA) B_,(T) b/a Cross-sectional ñ (xl019m-3) T (keV) Z fÇ T (s) 
p i . / 0\ G ÔXl £ r area (nr) 

1353 

1356 

1650 

1695 

1894 

1955 

2014 

2019 

2029 

2471 

2523 

2534 

(H) 

(H) 

(H) 

(H) 

(H) 

(H) 

(H) 

(H) 

(H) 

(H) 

(D) 

(D) 

2.3 

3.0 

2.3 

2.1 

2.1 

1.7 

2.7 

2.4 

3.1 

3.0 

3.2 

2.1 

2.5 

2.5 

2.5 

2.5 

2.5 

2.6 

2.1 

2.6 

2.6 

3.4 

3.4 

2.5 

1.18 

1.25 

1.22 

1.21 

1.20 

1.63 

1.56 

1.51 

1.56 

1.21 

1.21 

1.18 

4.3 

4.6 

4.5 

4.4 

4.4 

7.0 

6.4 

6.2 

6.4 

5.0 

5.0 

4.8 

1.62 

1.80 

1.41 

2.30 

2.11 

0.69 

2.19 

1.81 

1.93 

2.84 

3.01 

2.12 

1.78 

2.00 

2.80 

2.00 

1.94 

3.35 

1.64 

2.30 

2.50 

2.46 

2.86 

2.33 

5.1 

5.0 

7.2 

5.1 

3.2 

5.8 

4.2 

4.0 

4.2 

4.1 

6.1 

3.3 

0.19 

0.18 

0.22 

0.33 

0.28 

0.21 

0.28 

0.31 

0.25 

0.38 

0.57 

0.40 
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FIG. 6. Plasma current, density and loop voltage versus time. 

at B = 1.3T with an ellipticity, b/a = 1.6, demonstrating the 
high current capability of the apparatus. The line-averaged 
densities obtained from the 2mm interferometer vary in the range 
0.7 - 3.4 x 1019m 3. Full density control has not been possible 
due to the dynamic recycling characteristics of the limiter and 
wall. H measurements show that,for circular plasmas, the 
limiters are the dominant source of recycled hydrogen, whereas in 
elongated plasmas the role of the wall becomes increasingly 
important. 
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The values of Z f f, quoted in Table II, are deduced from the 
plasma resistivity averaged over the cross-sectional area A , and 
are given by: 

eff 2ÏÏRÏ J ^ > 
P o 

k/3 

where n is the Spitzer resistivity for a pure plasma. This does 
not take account of trapped particle effects, which will reduce 
the Z ,._ values by a factor of about 1.5. Z CS1 increases with 

eff eff 
plasma current and decreases with density (Fig.7(a)). 

The energy confinement time is defined as 

T
£ « * / <Ve + n i T i } dV/Pfi 

where P~ is the total Ohmic input power. The ion deficiency 
factor is n.,n = (Z + 1 - Z f,)/Z., where Z. is the charge of 
the principal impurity. In alî calculations, èhe density profile 
was that measured by the microwave reflectómeter (Fig.5(a)), and 
the average ion temperature was taken as 0.9T . 

In deuterium, a total energy confinement time of 0.6s has 
been achieved at B = 3.4T and ñ - 3xl019m~3. The energy 
confinement time increases with density, which is limited by major 
disruptions, characterised by a sudden drop in temperature and a 
flattening of the current density profile. The operating range 
for flat-top electron densities and current densities is shown in 
Fig. 7(b). The maximum achievable density during the flat-top is 
shown as curve (i), and the critical density limit, n , for 
disruptions, which usually occur during the current fall, is 
indicated as curve (ii) [1], Observations suggest that n can be 
increased with reduced impurity levels. 

The current decay time during a disruption varies over a wide 
range depending on the ability of the equilibrium field system to 
respond to the change of equilibrium. In the case of elongated 
plasmas, current rearrangement leads to a more elliptic plasma 
which is vertically unstable. Operation with currents in excess 
of 3MA with high elongations has been avoided in order to limit 
the consequences of the vertical disruption. Therefore, the full 
potential of elongated plasmas has not been examined. For the 
limited data available, there are indications of improved energy 
confinement in elongated plasmas when density, current and 
toroidal field are kept constant. However, the maximum 
confinement times are about the same in the two cases, since 
the critical density is lower for the same current in 
elongated plasmas. 

The influence of the limiter safety factor, q_, on the plasma 
behaviour has been examined. As q. is lowered, mha signals 
(mainly m = 2, n = 1) increase in amplitude. The signal level is 
an order of magnitude larger for a discharge with q- = 3.3 (at 
1.59T and 2.2MA) compared to an equivalent but larger discharge 
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FIG. 8. Typical radial profile of Ohmic input power density and radiated power density 
measured by bolometry. Radii are marked (q = 1 and 2). 

with q- =3.9. However, the energy confinement time is not 
significantly reduced until the lowest value of q1 (= 2.75) is 
reached. 

Bolometric measurements show that at least 70% of the input 
power is radiated. In the central plasma region, less than 30% o 
the local input power is radiated (Fig.8). With the high central 
temperatures achieved, a medium Z material (such as Ni) would be 
needed to radiate in this region. The principal impurity element! 
observed in JET plasmas are carbon, oxygen, chlorine, chromium, 
nickel and molybdenum. Spectroscopic measurements indicate that ; 
significant influx of impurities come from the limiter. Some 
(such as Mo) are known to have been deposited on the graphite 
limiter during manufacture; other impurities (such as Ni and Cr) 
come from the Inconel vessel walls during discharge cleaning, 
disruptions and charge-exchange sputtering.2 

6. CONCLUSIONS 
From these results, the following conclusions can be drawn: 

a) The large JET Tokamak is similar in behaviour to smaller 
tokamaks, particularly in formation of the discharge and 
subsequent behaviour of the plasma. (Typically, <20V/turn can be 
used for gas breakdown). 

2 Further details of JET results and analyses are described in Refs [1-3]. 
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b) Long-duration discharges have been obtained (>10s) without 
disruptions, even during current decay. 
c) Plasma elongations in the range 1.1 to 1.6 have been 
successfully obtained, controlled by the feedback system. Loss of 
feedback control of vertical position occurred at higher 
elongations, as expected from previous calculations. The overall 
effect is similar to a radial disruption but with substantial 
vertical forces on the vessel (several hundred tonnes at 2.7MA). 
Remedial action to withstand these forces are being implemented. 
A plasma of 2.7MA has been obtained with a toroidal field of 1.3T 
and an elongation of 1.6 which corresponds to a q. = 2.6 at the 
plasma edge. For the same density, current and toroidal field, 
elongation has a favourable effect on confinement. 
d) High central electron temperatures (T > 4keV) have been 
achieved in Ohmic plasmas with power inputs less than 3MW, albeit 
with Z ff in the range 3-10. 
e) The confinement time (x ) is better than extrapolation of 
INTOR scaling for a given plasma density and values up to 0.6s in 
D have been obtained. The maximum line-averaged plasma density, 
n , is limited by disruptions. However, this density must be 
increased to approach plasma parameters necessary to study 
ot-particle heating in a D-T plasma. To achieve this, the ratio of 
plasma radiation to the power input must be reduced. The 
provision of additional heating and the use of low-Z material for 
limiters and torus walls should assist this aim. 
f) Impurity levels present a major problem. The radiated power 
can be attributed to radiation from a mixture of metallic 
impurities (i.e. nickel, etc.) from the centre and also from 
low-Z impurities (i.e. carbon, oxygen, etc. ) from the edge. 
Pulse discharge cleaning appears to have only a limited effect in 
decreasing the total level of impurities,and a programme where 
the machine is lined by low-Z material (carbon or beryllium) seems 
to be required. 

7. FUTURE EXPERIMENTS 

7.1. Impurity Control 
Impurity control has long been recognized as one of the main 

objectives of JET. Present thinking is to have only low-Z 
material facing the plasma. This includes the limiters and 
most of the vessel walls. Only two materials appear appropriate; 
carbon and beryllium. Carbon has two disadvantages: (i) its 
affinity with hydrogen and the retention of hydrogen which could 
affect the later operation of JET (control of density and 
operation in tritium) ; (ii) difficulty in coating the walls with 
carbon, which means that the whole wall would need tiling. 
Beryllium has the disadvantages that it melts, it is weaker 
mechanically and it Is toxic. However, it can be deposited on the 
walls easily and has low hydrogen retention characteristics. In 
addition, low radiative losses are expected. In order to limit 
thermal fluxes to the limiters, it might be necessary to control 
the edge temperature by neon puffing. 
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In the near future, extra protection using carbon tiles will 
be tested. Following the introduction of additional heating on 
JET, two toroidal belt limiters (toroidal rings situated lm above 
and below the equatorial mid-plane) made of plates of either 
carbon or beryllium inserted between cooled fins will be installed 
in the machine in 1986. 

7.2. Additional Heating 
25 MW of additional heating will eventually be applied to 

JET: two Neutral Injectors will provide 10 MW, and RF Heating at 
the Ion Cyclotron Resonance Frequency (ICRF) will provide a 
further 15 MW in the plasma (30MW from the generators) from 10 
antennae disposed around the torus. 

The first neutral beam injector designed to deliver 5 MW of 
80 keV neutral hydrogen particles into the plasma will be 
installed in late 1984. The injector contains 8 ion sources, and 
ion beam pulses of 80 keV and 60A have been produced according to 
specification. Beam heated plasmas should be produced in 1985. 
Manufacture of all components for the second injector are well 
advanced and this should be installed later in 1985. It is 
planned to change to deuterium later, and a prototype source has 
already produced a beam of 160 keV deuterons to the required 
specification. 

The ICRF heating system, together with the first two 
experimental antennae (without active cooling), will be installed 
in late 1984 for test purposes. There are several modes of 
heating, working either at the fundamental frequency of a minority 
species (e.g. 3He in H and D in H) or at harmonics of the main 
ion species. The system's frequency range 25 to 55 MHz covers the 
different modes for the plasma species considered (D, H, T, 4He 
and 3He). By 1987, the two experimental antennae will be replaced 
by six actively cooled models providing 9 MW of heating in the 
plasma. Detailed preparation of special limiters and protection 
plates for these antennae, covered in low-Z material, are well 
advanced. Later, a total of ten antennae, providing 15 MW, should 
be available. 

7.3. Preparation for Tritium Operation 
During 1989-90, facilities for the study of a-particle 

heating in D-T plasmas should be available. Basic decisions 
concerning the on-site hydrogen isotope separation plant have been 
made. The plant will be based on gas chromatography and will 
allow recirculation of tritium into the vessel. The transfer 
pumps will be of the cryogenic type and the whole system, at 
present under detailed design, is conceived as a compact sealed 
unit requiring little maintenance during the final two years, for 
which tritium operation is foreseen. 2500 Ci of tritium3will be 
introduced for each pulse and 101* tritium pulses are planned. 

3 1 Ci =37 X 109 Bq. 
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Remote handling facilities are also in preparation for progressive 
use as machine activation increases, first due to deuterium 
operation and later in D-T experiments. 
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DISCUSSION 

B.G. LOGAN: Are you considering the use of pellet injection in JET? 
P.H. REBUT: Yes, in a first phase it is to be used as a diagnostic and, later on, 

for increasing the cehtral density by means of deep injection. 
V.E. GOLANT: How do your electron confinement data compare with 

Merezhkin-Mukhovatov (T-11) scaling or the new Alcator scaling? 
P.H. REBUT: These comparisons are made in Papers IAEA-CN-44/A-III-3 

and A-V-2 at this Conference. 
V.E. GOLANT: What can you say about the correspondence between your 

ion temperature data and neoclassical confinement? 
P.H. REBUT: The strong coupling of the electron and ion temperatures 

makes it very difficult to separate the two conduction terms. 
R.J. TAYLOR: Can impurities actually be controlled in large tokamaks, and 

is this even necessary? 
P.H. REBUT: Impurity control will reduce the plasma radiation and may 

increase the density limit and confinement time. 
J.B. TAYLOR: In your oral presentation you mentioned a 'vertical 

disruption'. In the usual disruption there is believed to be a stage where inter
action of several modes produces turbulence and/or stochastic fields. This leads 
to a relaxation of the current profile similar to that in reverse-field pinches. The 
signature of this phase is the 'negative voltage spike'. Was there any evidence for 
a similar stage in your 'vertical disruption', or was it simply a case of the discharge 
being driven into the wall and quenched? 

P.H. REBUT: The 'vertical disruption' is due mainly to a loss of vertical 
stability. This causes a vertical displacement which leads to a 'standard disruption'. 
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Abstract 

CONFINEMENT STUDIES OF OHMICALLY HEATED PLASMAS IN TFTR. 
Systematic scans of density in large deuterium plasmas (a = 0.83 m) at several values of 

plasma current and toroidal magnetic field strength indicate that the total energy confinement time, 
TE, is proportional to the line-averaged density ne and the limiter q. Confinement times of 
approximately 0.3 s have been observed for ne = 2.8 X 1019 m"3. Plasma size scaling experiments 
with plasmas of minor radii a = 0.83, 0.69, 0.55 and 0.41 m at constant limiter q reveal a confine
ment dependence on minor radius weaker than a . The major radius dependence of TE> based 
on a comparison between TFTR and PLT results, is "consistent with R2 scaling. From the power 
balance, the thermal diffusivity xe is found to be significantly less than the INTOR value. In the 
a = 0.41 m plasmas, saturation of confinement is due to neoclassical ion conduction (Xj neo
classical > Xe)-
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INTRODUCTION 

The research goal of TFTR is to achieve and study tokamak 
plasmas at reactor-relevant parameters (T: ~ 10 kev, 
ñ » 1020 m""3). in order to generate such plasmas, 27 MW of 
deuterium neutral beam heating will be provided at a full 
energy of 120 kev with a pulse duration of 0.5 - 2.0 s. 
Adiabatic compression of beam-heated plasmas can 
also be used to maximize the plasma pressure. The ohmic 
heating studies in deuterium plasmas presented here provide an 
initial reference point for the subsequent study of neutral 
beam-heated plasmas. 

The Tokamak Fusion Test Reactor (TFTR) achieved first 
plasma in December 19 82. Since then, plasma experiments have 
been conducted in parallel with commissioning and testing of 
major tokamak components. In previous reports, the initial 
operation of TFTR has been described by Young et al. [1]. The 
initial confinement results have been reported by Efthimion 
et al. [2], and the experimental results during higher-powered 
ohmic heating, ending in January 19 84, have been presented by 
Hawryluk et al. [3]. This paper reviews the present status of 
TFTR in regard to the confinement studies of ohmically heated 
plasmas. 

The experiments have focussed on determining the 
dependence of confinement and impurity behaviour on the plasma 
density, limiter q, and plasma size. The density, current, 
and toroidal field dependences have been studied in the 
largest minor radius plasma (a = 0.83 m) over a current range 
I = 0.6 - 1.4 MA, a line-average density range He = 0.8 -
3.35 x 1019 m~3, and toroidal magnetic field values (1.8 and 
2.7 T) corresponding to a limiter-g range of 2.3 - 6.2 where 
q = 5B.a2/RID»

 T^e plasma size scaling experiments 
concentrated on plasmas with minor radii of a = 0.83, 0.69, 
0.55 and 0.41 m at a fixed major radius R = 2.55 - 2.65 m and 
q =* 2.7 - 3.3. The smallest plasma studied has a = 0.41 m and 
R = 2.65 m, which may be compared to PLT plasmas with a = 0.4 m 
and R = 1.3 m, in order to infer a dependence of the total 
energy confinement time on the major radius. 

MACHINE STATUS 

The TFTR presently operates at plasma currents up to I = 
1.4 MA, toroidal fields up to B, = 2.7 T, and plasma durations 
up to 4 s [1,3]. The moveable limiter consists of three 
water-cooled Inconel blades covered with graphite tiles [4]. 
The limiter provides the wide range in the plasma minor and 
major radii necessary to study confinement size scaling. in 
particular, at a major radius of 2.55 m the available minor 
radius range is a = 0.3 - 0.83 m. 
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The initial conditioning of the vessel for the summer 
19 84 operational period was similar to the procedure used 
previously for the initial OH-optimization. This procedure is 
described in detail by Dylla [5]. The conditioning for the 
summer 19 84 operational period involved a two-week bakeout of 
the entire torus, including the pumping ducts, at 150°C. 
While the vessel was hot, 50 hours of glow discharge cleaning 
(p = 0.7 Pa, I Ï 15 A) and 70 hours (45 000 pulses) of pulse 
discharge cleaning were performed. All discharge cleaning was 
done in hydrogen, except the last 12 hours, which was 
performed in deuterium. The only significant modifications to 
the internal vacuum vessel hardware prior to the summer 
operational period were the installation of graphite 
protective plates for two neutral beam lines and the removal 
of the TiC coating from the graphite limiter. The coating was 
removed because sections of the surface were damaged during 
the winter run period. 

One of the remarkable operational characteristics of TFTR 
is the relatively small gas flow required to fuel the 
discharge. It is standard operating practice to initiate TFTR 
plasmas with a prefill pressure in the range of 3 - 4 x 10""3 

Pa, which requires a gas input of 2 - 3.5 x 102^ D-atoms 
depending on the programming and wall conditions. During the 
subsequent evolution of the discharge, the gas flow is 
controlled by a density feedback system. Typically, 
significant gas input is required only for the density-rise 
portions of the discharge (t < 1.0 s) and little or no 
additional gas input is required to maintain the plateau phase 
from 1.0 - 3.0 s. The total gas input required varies between 
0.2 - 1.5 x 10 2 1 D-atoms for the plasma density range of 0.2 -
4 x 10 1 9 m~3. The required gas input is linear with density 
over the explored range and varies between 1.0 and 1.4 times 
the number of electrons in the plasma volume. This variation 
is presumably a measure of changing recycling conditions. 

Enhanced pumping speed is provided by ZrAl getter 
modules. With six modules the pumping speed was 110 m3/s, 
compared with 10 ra3/s for the turbomolecular pumps. Although 
little systematic work has yet been done to assess the 
effectiveness of the getters, thus far there has been no 
observable change on the gas fueling rate, density limit, 
impurity concentration, or plasma confinement. 

IMPURITIES AND RADIATION 

For the winter 19 83-19 84 run period, the moveable 
graphite limiter was coated with TiC. Titanium was the major 
metallic impurity with a relative concentration of n_./n as 
high as 5 x 10~3 in low density plasmas. Figure 1 shows a 
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FIG.l. Comparison of relative concentration of metallic and low-Z ion impurities for the 
TiC-coated graphite limiter and uncoatedgraphite limiter. The error bar represents the 
absolute accuracy of the measurements. 

comparison of the metallic and low Z concentrations measured 
for the graphite-and TiC-coated limiter by x-ray pulse-height 
analysis as a function of density for I = 1.4 MA, a = 0.83 mf 
and R = 2.55 m. After the TiC was removed, the titanium was 
reduced a factor of 40. The nickel, from the Inconel inner 
wall limiter, increased modestly. However, all the metallic 
impurities decreased substantially at the higher densities. 
In contrast, the concentration of low Z ions showed no 
measurable change and did not have a strong variation with 
density. 

The removal of the titanium had a noticeable effect on 
the plasma Zeff. A comparison of Zeff measured by x-ray 
pulse-height analysis and visible bremsstrahlung is shown as a 
function of density for the 1.4 MA plasmas in Fig. 2. Also 
shown is Zeff from the summer run period for the 1 MA 
plasmas. Both measurements indicate a significant reduction 
in Zeff with the removal of the TiC coating at low 
densities. As reported by Hawryluk [3], Zeff decreases with 
increased density and minor radius and increases with 
increased plasma current. This trend is observed for all 
density and current scans. Regression fits indicate Z ff is 
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FIG.2. Comparison ofZ^ measured by X-ray pulse height analysis and visible bremsstrahlung 
as a function of density atlp = 1.4 MA for the TiC-coated graphite and the uncoated graphite 
limiter, as well as Z^for the TiC-coated graphite limiter atlp = 1.0 MA. 

approximately proportional to the ratio of the average current 
density to the plasma density. z

eff is as low as 2.5 - 3 at 
high density and currents of 1.0 - 1.4 MA. Impurity Zeff 

measurements consistently lie between the estimates obtained 
from the Spitzer and neoclassical resistivity models. 
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FIG.3. Comparison of radiated power and Ohmic input power for the TiC-coated graphite 
limiter (open symbols) and the uncoated graphite limiter (closed symbols). 

The radiated power measured by the bolometer array has 
also changed with the removal of the titanium (Fig. 3). with 
the TiC-coated graphite limiter, the total radiated power 
decreased with increasing density. With the coating removed, 
the total radiation for the 1.4 MA plasma was much lower 
^prad/poh ~ 0.6) at low density, increased with density, and 
eventually reached the same values obtained with the TiC-
coated graphite limiter (prad/

poh ^ 0.8). The radiation 
profile with and without the coating was hollow, with the 
central radiation representing less than 10% of the central 
ohmic input power (using Spitzer resistivity to estimate the 
central current density). The radiated power density is equal 
to the input power density at r/a = 0.6 - 0.7. 

CONFINEMENT STUDIES 

The energy confinement time is evaluated at the end of 
the current and density flattops (2.8- 3.1 s). At this time 
all plasma discharges in TFTR reach equilibrium, and the 
surface voltage approaches a value in the range of 0.8 - 1.4 
volts, depending on the plasma parameters. The confinement 
time is calculated with either the time-dependent analysis 
code TRANSP or the time-independent equilibrium code SNAP. 
The total energy confinement time, TE/ is defined by 

TE = 
(W W.) e + x 

P . - d (W + W. ) 
oh ST e x 

where WQ and W¿ are the electron and ion stored energies and 

•oh is the ohmic input power. The measured electron 
temperature profile, the line-integral density, the surface 
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FIG .4. Comparison of electron temperature profiles measured by Thomson scattering and 
electron cyclotron emission (scanning radiometer and Michelson interferometer). Also 
included is the central temperature measured by X-ray pulse height analysis and the Thomson 
scattering density profile. 

voltage, Z e f f (assumed independent of radius), the metallic 
contribution to z

effr the central ion temperature, the 
deuterium-hydrogen ratio, and the major and minor radii are 
inputs to both codes. initially the density profile is 
assumed to be parabolic; this assumption has a weak effect on 
the confinement times (< 10%) when constrained by the line-
average density. Recently this assumption has been shown to 
be consistent with Thomson scattering density profiles (Fig.4) 

The power input to the ions is assumed to occur by means 
of Coulomb collisions with the electrons. The ion conduction 
is adjusted by using a constant multiplier on the neoclassical 
value in the power balance to make simulated diagnostic ion 
temperatures match the measured values from charge-exchange or 
Doppler broadening of TiXXI Kot or the measured neutron yield. 

Figure 4 compares electron temperature profiles obtained 
by Thomson scattering and electron cyclotron emission 
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(scanning radiometer and Michelson interferometer) for a 
plasma with ñe = 2.7 x 10 1 9 m~3, q = 2.3, and I = 1.4 MA. 
The peak temperature value obtained from x-ray pulse-height 
analysis is included. Electron temperature profiles 
determined from the electron cyclotron emission were corrected 
for the contributions to the total magnetic field from the 
poloidal magnetic field and paramagnetism [6]. Temperature 
and density profiles are flat within the inversion radius of 
the sawteeth. As q decreases, the temperature profile broadens 
substantially. During the summer run period, position 
measurements based on temperature profile measurements agreed 
well with each other and were consistent with equilibrium 
magnetic measurements. These confinement results are known 
within ±12%. During the winter run, inconsistencies in 
position measurements had limited the accuracy to ±18 %. 

All of the ohmic discharges are dominated by sawtooth 
activity. For the lower current plasmas (I < 1.2 MA), the 
ordinary sawtooth has been observed. However, for the higher 
currents (I > 1.2 MA) enhanced sawteeth are observed with 
periods up to 0.09 s. Similar sawteeth have been observed on 
D-III [7] and TEXT [8]. From the time evolution of the 
electron temperature profile and x-ray emissivity, the large 
sawteeth show complete reconnection from the magnetic axis to 
the plasma periphery. During the relaxation, the electron 
temperature profile flattens or hollows. Furthermore, there 
is a smaller, intermediate sawtooth which appears to be more 
limited in spatial extent. This activity is believed to be 
due to the transient existence of two q = 1 surfaces. 

•Z 0.3 

¡5 0 . 2 -

0.I -

TiC-Cooted Graphite Limiter 
Graphite Limiter 

û l . 4 
• I.4 

2.7 
2.7 

FIG. 5. Total energy confinement time as a function of density in the large plasmas 
(a = 0.83 m, R= 2.55 m) for various currents and toroidal field strengths. The error bar 
represents the absolute accuracy in the confinement measurements. 
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For the largest plasmas (a = 0.83 m, R « 2.55 m) density 
scans were conducted for plasma currents of I = 0.6, 0.8, 
1.0, 1.2 and 1.4 MA at B, = 2.7 T (Fig. 5). For any current 
the confinement time increases with density, reaching a 
maximum of 0.3 s. A maximum line-average density of ñg = 
3.35 x 10 1 9 m"3 has been obtained. At fixed density the 
confinement time decreased with increasing current (TE <* 
Ip""1'1). A limited number of discharges at I = 0.8 MA and 
B, = 1.8 T indicated that the confinement time depends on q, 
rather than on the plasma current: 

— 1.1 
T « n q 
E e 

The q dependence is similar to that observed in Dili [9]. 
Scans at 1.4 MA taken with the bare graphite limiter show a 
20% improvement in the confinement time compared to the TiC-
coated limiter. 

The contribution of ion transport to the power balance is 
known with less precision than the global confinement because 
the electron-ion temperature difference is not well known. 
Figure 6 illustrates some of these difficulties in a discharge 
with H =: 2.7 x 10 1 9 m~3. Both the ion and electron 
temperature measurements have a 10% uncertainty, but the 
uncertainty in the difference is greater than 50%. Assuming a 
particle confinement time of 0.2 s (neutral density, nQ(0) 
= 10 1 2 m~3) and no increase in transport due to sawteeth in 
the center, the ion conduction is in the range 0-8 times 
neoclassical [10]. Sawtooth mixing of ion energy, simulated 
by the Baldur code, predicts that <Te> - <T¿> can be 0.2 - 0.3 
kev larger than the value that would result from neoclassical 

TIME(s) 

FIG. 6. Time evolution of central electron and ion temperatures measured by various 
temperature diagnostics. 
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conduction alone. It is also important to recognize that the 
choice of T determines the relative importance of conduction 
and convection in the ion power balance and is itself 
significantly responsible for the large uncertainty in the 
neoclassical multiplier. 

PLASMA SIZE SCALING 

The moveable limiter has been used to form plasmas of 
different minor radii. Density scans have been made for a = 
0.83, 0.69, 0.55 and 0.41 m at R = 2.55 - 2.65 m, B. = 2.7 T 
and q = 2.7 - 3.3. The density limit, radiation fraction and 
profile, Z £f range, and electron temperature profile shape of 
all these discharges are similar. When ñ"e .< 2 x 10

1 9 m~3, the 
total energy confinement time is linear with density for 
plasmas of all sizes. However, both the a = 0.41 and 0.55 m 
plasmas show signs of saturating as H increases beyond this 
value. Figure 7 shows the gross energy confinement time as a 
function of neq for plasmas with radii a = 0.83, 0.55 and 
0.41 m studied during the summer run period. Note that there 
are sets of points for the a = 0.83 ra plasmas from the 
confinement analysis using the Thomson scattering temperature 
and density profiles, and from analysis using the scanning 
radiometer temperature profiles. The q dependence has been 
adopted from the studies of the a = 0.83 m plasmas. The q 
range for the smaller plasmas is limited (2.7 - 3.3). The 
inferred minor radius scaling depends on which minor radii 
plasmas are compared. The a = 0.83 and 0.55 m plasmas imply a 
very weak dependence ( T E « a

0*2) while the a = 0.55 m and 0.41 
m discharges imply T F * a

1*1. The weakening of the scaling 

FIG. 7. Total energy confinement time versus neq for plasmas with a = 0.83, 0.55 and 0.41 m. 
TS : Thomson scattering. 

5 10 
Viiimdo'V3) 



IAEA-CN-44/A-I-2 39 

for the larger plasmas is consistent with the size scaling 
experiments conducted last winter (Hawryluk et al. [3]) and 
may be related to the proximity of the plasma to the vessel 
wall for the larger plasmas or to the greater relative 
importance of ion conduction in the smaller plasmas. A 
similar weakening of the a-scaling near the vessel wall has 
been observed by Ejima [9], Comparing the 0.41 m TFTR plasmas 
with those from PLT [11] (a = 0.4 m, R = 1.3 m) implies fE/Heq 
« R2. However, the PLT data was taken at q =* 4 - 7, and PLT 
confinement did not show a systematic variation with q. 

In the 0.41 m plasmas, ion conduction is consistent with 
the neoclassical model at all densities. Because the 
electron-ion temperature difference is somewhat larger, 
smaller limits may be set on the neoclassical multiplier (1-3) 

Figure 8 shows the central power input available ( P ^ -
pra<a) for electron or ion conduction and convection. At low 
densities collisional coupling to ions is small, but at higher 
densities virtually all of the power flows through the ion 
channel and one finds Xi >> Xe* T^ e ran9"e °f uncertainty 
shown in P-e(0) represents 1-3 times the neoclassical 
multiplier and in all cases brackets the coupling inferred 
from the measured neutron flux (x's). Thus, the saturation in 
confinement with density is caused by ion transport, which we 
estimate to be predominant conduction, ion conduction is more 
apparent in the small plasmas, because the electron conduction 
scales approximately as a, whereas ion conduction in the 
banana regime scales as a~3/2# These results are similar to 
those of Ejima et al. [9], who see low neoclassical 

0.20 

0.I5-

!0.l0 

10.05! 

MiO'V 3) 

FIG.8. Central power densities for a = 0.41 m plasmas. Neoclassical current density profile is 
assumed (q(0) s 0.8). Pei error bar limits indicate 1 and 3 times neoclassical. X's indicate value 
from matching the neutron emission. 
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multipliers for small plasmas; however, density saturation is 
not seen in TFTR in the larger plasmas, in contrast to Dili 
results. 

The combined confinement results from Figs 5 and 7 are 
shown in Fig. 9, with the confinement time plotted as a 
function of HeR

2aq. The confinement results of PLT are also 
included. This scaling is similar to that of Pfeiffer and 
Waltz [12] and Alca tor [13] but the q-dependence observed on 
TFTR is included. TFTR results are also consistent with the 
T-11 [14] scaling of T E « R

2'5a0,l+. 

ELECTRON THERMAL CONDUCTION 

From the electron power balance, the electron thermal 
diffusivity Xe c a n b e calculated as a function of position 
where 

(r) = -
fr[P Xr') - P (r») - P. (r») - P (r')] r'dr' Jo on rad xe conv 

d T 

n r 
e d r 

Prad(r) is the radiation power density; P0h(r) is the 
ohmic heating input power density to the electrons; and P¿e(*") 
is the electron collisional heat loss to the ions. The 
convection power density Pconv<

r) h a s b e e n calculated assuming 
a particle confinement time of 0.1 - 0.25 s and represents 
a small loss compared to conduction. Because significant 
temperature gradients exist only outside the q - 1 surface, xe 
has been calculated and averaged over the range 0.5a < r < 
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FIG.10. Electron thermal diffusivity atr/a = 0.5-0.7 for the large plasmas at various q values, 
also including xe INTOR. 

0.7a. Figure 10 is a plot of the electron thermal diffusivity 
as a function of electron density for the large plasmas. For 
this analysis the ion power balance has been constrained to 
match the measured neutron emission. The diffusivity varies 
inversely with ñe and q, as shown by the family 
of curves of x» with constant q. The top curve is interesting 
because it is comprised of discharges with the same q but 
different currents and toroidal fields (Ip = 0.8 MA, B, = 2.1 
T, and I = 1.4 MAf B, = 2.7 T). The INTOR values are 
significantly greater than the Xe v a^ u e s obtained from the 
power balance. one obtains a slightly different density 
dependence if the analysis uses neoclassical ion conduction. 
The data from Fig. 10 shows xe *

 n
e
_ 1" 3 while Xe œ ne""°*8 w n e n 

neoclassical ion conduction is assumed. The electron 
diffusivity also decreases with a at constant q and R until 
its estimation becomes extremely difficult as ions begin to 
carry away most of the power. 

SUMMARY 

Experimental studies of ohmically heated plasmas in TFTR 
have focussed upon plasma optimization and plasma 
confinement. A maximum line-average density ñ = 3.35 x 10 1 9 

m~3 has been reached, and a total energy confinement time up 
to T E * 0.3 s have been observed. The confinement times 
increase with density and q. Z e f f varies systematically with 
I_/n_a2 and at high density falls to values of 2.5 - 3. 
P e 

In plasma size scaling experiments comparing plasmas of 
different a at constant R, the minor radius dependence is weak 
(£ a1,1) and changes slightly depending on the size of the 
plasma being compared. When the a = 0.41 m TFTR plasma is 

q = 3.8 

\ 

j I i 



42 EFTHIMION et al. 

compared to similar ones in PLTf a strong major radius 
dependence (<= R2) in confinement is deduced. 

For all of the large (a = 0.83 m) plasmas, the transport 
loss is dominated by the electrons. The electron thermal 
conductivity Xo varies inversely with density, decreases with 
increasing q, and is significantly smaller than the INTOR 
values. There is evidence that neoclassical ion conduction 
dominates the transport in the smaller plasmas (a = 0.41, 0.55 
m) at their highest densities. 

Future studies of ohmically heated plasmas will be 
conducted at different major radii (R = 2.1 - 3.1 m) to 
establish a major-radius dependence within the TFTR data. In 
addition, studies at a higher toroidal field will be conducted 
this fall (B, = 4.0 T) and next spring (B, = 5.2 T). 
Following present scaling laws, we would expect T E to rise to 
0.5 - 0.6 s at H « 6.5 x 10 1 9 m""3 for constant q * 2.5 - 3.( 
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DISCUSSION 

A. GIBSON: You gave an example in which xe was much smaller than in 
other cases and in which, at the same time, the multiplier over the neoclassical Xi 
was much larger than in other cases. Do you have any indication of the reasons 
for this? 

P.C. EFTHIMION: For the large plasmas, the difference between the electron 
and ion temperatures is small and the inferred multiplier over the neoclassical Xi 
is uncertain. For the case in point (q = 3.3), the multiplier is quite high (6—8). 
Therefore, the power flowing to the ions is most likely to be too high, which tends 
to leave too little power for the electron transport, so that xe would be anomalously 
low. 

K. LACKNER: You mentioned xe
 a nd its parametric variation only for the 

large-plasma TFTR discharges. However, where the rE(a) variation is less than 
~a2, one also expects an additional dependence of xe

 o n a-
P.C. EFTHIMION: You are right. We have seen xe to vary as a2/rE for 

plasmas of all sizes studied, and therefore all the variations observed in r E in our 
data do imply variations in xe- For example, xe depends on minor radius as 
a1-0-1,5, as you would expect from our confinement results. 

J.B. TAYLOR: You described the scaling of xe at a fixed radius with plasma 
density. Do you have any information on how xe varies across the radius of the 
discharge? 

P.C. EFTHIMION: We have restricted our analysis of xe to radii of 
0.4 < r/a < 0.8 to avoid problems with enhanced transport due to sawteeth in 
the centre and high radiated power near the edge. Within this restricted region, 
Xe increases with increasing r/a. 

R. KLINGELHÔFER: What collisionality did you have when neoclassical 
ion transport was dominant? Were you still in the plateau regime? 

P.C. EFTHIMION: Yes, all these plasmas were in the plateau regime. 
D. PALUMBO: There are now large tokamaks with major radii of approxi

mately 3 m. Are these values consistent with the Murakami limit? 
P.C. EFTHIMION: The present density limit of TFTR is consistent with 

the Murakami limit and we are confident that this density limit will be raised with 
B0 = 5.2 T operation. 

R. BEHRISCH: When you changed from TiC-coated limiters to bare graphite 
limiters you found an increase in the Ni concentration in the plasma. Where does 
this additional Ni come from? 

P.C. EFTHIMION: The increase in Ni is modest and its source is the Inconel 
inner-wall limiter. 

R. BEHRISCH: Have you looked at the Ni, Fe, Cr or Ti concentrations with 
the bare graphite? 

P.C. EFTHIMION: No, we have not looked at the concentrations of metals 
with the uncoated graphite limiter. 
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R.W. CONN: You gave the impression that graphite limiters performed 
much better than bare graphite in terms of physics results. However, the reason 
for the poor performance of TiC coating seemed to have more to do with variations 
in the coating itself from one tile to another. Some damaged tiles were next to 
undamaged ones. Do you in fact know why TiC-coated graphite performed 
differently and is it really true that graphite limiters are better than those coated 
with TiC? 

P.C. EFTHIMION: At present, it is not clear to us whether the results with 
the TiC-coated graphite limiter are due to variations in the process for coating 
the limiter or whether the uncoated graphite limiter really does perform better 
than TiC. 



IAEA-CN-44/A-I-3 

PELLET FUELLING EXPERIMENTS IN ALCATOR C* 

M. GREENWALD, D. GWINN, S. MILORA**, J. PARKER, 
R. PARKER, S. WOLFE, M. BESEN, B. BLACKWELL, 
F. CAMACHO, S. FAIRFAX, C. FIORE, M. FOORD, R. GANDY, 
C. GOMEZ, R. GRANETZ, B. LaBOMBARD, B. LIPSCHULTZ, 
B. LLOYD, E. MARMAR, S. McCOOL, D. PAPPAS, 

R. PETRASSO, M. PORKOLAB, P. PRIBYL, J. RICE, 
D. SCHURESKO**, Y. TAKASE, J. TERRY, R. WATTERSON 
Plasma Fusion Center, 
Massachusetts Institute of Technology, 
Cambridge, Massachusetts, 
United States of America 

Abstract 

PELLET FUELLING EXPERIMENTS IN ALCATOR C. 
Hydrogen and deuterium pellets have been injected into the Alcator C tokamak in a series 

of pellet fuelling experiments. The pellets, travelling at speeds close to 1000 m/s, penetrate 
deep into the discharge and efficiently fuel the plasma core. The discharges produced have 
highly peaked density profiles and line-averaged densities as high as 1 X 1015 cm"3. Global 
energy confinement times of pellet-fuelled plasmas are found to be longer than in similar 
discharges fuelled by gas puffing. In particular, the pellet-fuelled cases do not exhibit the 
saturation of confinement with density that was seen with gas puffing above ne= 2 X 1014 cm" . 
There is evidence that the improved energy confinement is due to reduced ion heat conduction 
which had shown a large anomaly with gas fuelling. The pellet results are consistent with Alcator 
scaling for the electrons and 1 X neoclassical ions. The best pellet discharges showed Tg = 50 ms, 
Tj = 1.5 keV, and Lawson parameter nT = 0.6—0.8 X 1014 s cm-3. The average plasma pressure 
for these cases was 1.6 atm with peak pressure over 8 atm. An unexpected feature of the pellet 
experiments was the extremely rapid readjustment of temperature and density profiles in the 
first few hundred jus after injection. Observation of the profiles indicates that transport 
mechanisms approximately 100 times faster than normal are operating during this period. This 
profile readjustment only involves the inner regions of the discharge and does not lead to any 
net loss of particles or energy. 

1. INTRODUCTION 

One of the early results from the Alcator C tokamak was the 
saturation of the global energy confinement time, TE> with in
creasing density [1], At line-averaged densities below 2 x 101¿f 

cm"*J, T E increased linearly with n in accordance with Alcator 
scaling. Raising the density further, however, resulted in only 

* Research sponsored by US Department of Energy Contract No. DE-AC02-78ET51013. 
* Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
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slight improvement in energy confinement. Measurements of Te and 
T± indicated that the additional energy loss was by ion heat con
duction at values of 3-6 x neoclassical transport. Because the 
difference between Te and T¿ was small it was not possible to 
rule out additional losses through the electron channel. Since 
strong gas puffing was required to produce high-density discharges 
and because the density profiles of these discharges were almost 
flat, attention was focused on the effect of fueling on tokamak 
transport. A pellet injector was built at MIT, using an ORNL 
design, to provide the capability of fueling the plasma core 
directly. The work of previous investigators assured us of the 
practicality of fueling tokamaks with a small number of large 
pellets [2]. In this paper we discuss the results of our 
investigations. Early results from these experiments have been 
reported previously [3]. 

2. GENERAL OBSERVATIONS 

The injector used in these studies is capable of producing 
up to four pellets of either hydrogen or deuterium with veloc
ities approaching 1000 m/s and whose firing times could be 
independently programmed. Each hydrogen pellet contains 6 x 
10*^ atoms, which corresponds to <n > = 2 x 10 cm"-* in Alcator 
C; a = 16.5 cm, R - 64 cm. Due to their higher number density, 
deuterium pellets contain about 15% more particles. The target 
plasmas for pellet experiments had Bt = 80 - 120 kG, Ip = 400 -
800 kA, T (0) = 1400 - 2000 eV, T^O) » 1000 - 1400 eV, and ñ = 
2 - 6 x 10^ cm~3. in these plasmas, hydrogen pellets last 100 
- 150 ys and with their nominal velocities penetrate 8 - 12 cm 
or to within 4 - 8 cm of the magnetic axis. The pellets do not 
reach the q = 1 surface, which is between 2 and 3.5 cm. Pellet 
ablation was monitored by measuring Balmer alpha light emitted 
from the cloud of gas evaporating from the pellet surface. 
H a intensity should be roughly proportional to the rate of evap
oration and ionization. The ablation rates measured were in 
agreement with the neutral shielding model [4], 

A set of traces from a typical pellet injection discharge is 
shown in Figure 1. In this shot a single deuterium pellet was 
injected into an established deuterium discharge at 390 ms. 
The line-averaged density increased immediately by 3 x 10^ cm""3, 
then decayed slowly back to its original value. Electron and ion 
temperature dropped as the discharge was diluted by cold particlei 
from the evaporating pellet. This is also indicated by the rise 
in 3p. The surface voltage jumps up by 0»5 to 1.0 volts and the 
plasma current drops slightly. The soft x-ray signal and the 
neutron rate drop initially, then increase as the temperature 
recovers, reaching many times their original values. Peak 
neutron rates in the range 1 - 2 x 10 13/ s have been measured. 



IAEA-CN-44/A-I-3 47 

Te (o) 

Neutrons 

0 100 200 300 400 500 600 

t (ms) 

FIG.l. Traces showing the behaviour of the plasma after injection of a single pellet at 390 ms. 

Density profiles produced by pellet injection are highly 
peaked as can be seen in Figure 2a, which shows profiles taken 
just before and just after injection. These profiles have peak 
to average ratios of about 2 after injection compared to 1.2 -
i.4 before. The density profiles retain their peaked shape as 
the excess density decays away. No significant change is seen in 
the corresponding temperature profiles (Fig. 2b), although the 
electron temperature drops everywhere by almost a factor of two. 
The profiles maintain their shape as the temperature recovers, 
usually in 15 - 40 ms. This time is roughly proportional to 
plasma density and is longer for deuterium than for hydrogen. 
The behavior of the ion temperature is similar to the electrons. 
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FIG.2. Density and temperature profiles fa) just before and (b) just after pellet injection. 

There is evidence that the ion temperature is higher after recov
ery than before injection. By integrating the measured density 
and temperature profiles, we find that there is no immediate 
change in the total kinetic energy of the plasma associated with 
the injection process. 

3. FAST PROFILE READJUSTMENT 

The particles which are released from a pellet are rapidly 
ionized and should subsequently be tied to the magnetic flux sur
faces. Figure 3a shows the density profiles that are predicted 
by adding particles from an ablating pellet to the background 
plasma. Since the pellets do not reach the magnetic axis in this 
experiment, strongly inverted profiles are obtained. By conserv
ing energy on each surface we obtain the perturbed temperature 
profiles shown in Figure 3b. We would expect both of these 
profiles to relax on a 10 - 20 ras timescale by normal (non-
classical) crossfield transport. The experimental result is quit* 
different, as can be seen by Figures 4a and 4b, which show Thomsoi 
scattering data taken in the first millisecond after injection. 
The density profile is initially hollow, as predicted, but in 
less than 500 \is it fills in and peaks. The temperature pro
file reacts even more quickly, falling to its new equilibrium 
shape in less than 250 ys. It is important to realize that the 
pellet evaporates completely about 6 cm from the axis. Despite 
the very rapid transport implied by these observations, there is 
no measurable energy or particle loss from the plasma. The 
phenomenon has apparently been observed on the ASDEX and TFR 
tokamaks as well [5,6]. 
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FIG.3. Density and temperature profiles predicted from deposition of pellet particles assuming 
no radial transport. 
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FIG.4. Measurements from a 3-point Thomson scattering system showing an extremely rapid 
profile relaxation after injection, (a) Electron density profile after pellet injection; (b) electron 
temperature profile after pellet injection. 

4. ENERGY CONFINEMENT 

The plasma energy content is evaluated by integrating the 
density and temperature profiles. Because the temperature rise 
is faster than the density fall, the energy content begins to 
rise after injection and peaks as the temperature recovers its 
original value. This observation is confirmed by the magnetic 
measurements. A set of BQ loops gives A = &> + % / 2 , which shows 
a similar increase. Measurements of plasma diamagnetism confirm 
that this change is predominantly in &>, which when converted to a 
change in plasma energy agrees quantitatively with the profile 
data. Values of gp as high as 0.5 have been observed at Ip = 780 
kA, which corresponds to a plasma energy of 80 kJ. The onmic power 
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FIG.5. Energy confinement versus density for pellet-fueled and gas-fueled discharges. The 
solid curve is a simulation with Xg — i /" e
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input co the plasma increases after injection along with the 
resistivity and loop voltage due to the lower electron temperature. 
As the plasma reheats, the ohmic power drops rapidly, typically 
falling slightly below the pre-pellet value. 

The transient nature of pellet fueled plasmas complicates the 
analysis of these discharges. Several methods have been used to 
calculate their confinement properties. When adequate profile 
data are available, the TRANSP code [7,8] is used to solve the 
particle and energy balances, neutral transport, and the magnetic 
diffusion equation. The outputs of the code are energy and par
ticle confinement times, thermal and particle diffusivities as 
well as neutron rates, beta, and inductance values, which can be 
compared to measurements. When insufficient profile data are 
available for TRANSP, confinement can be calculated by using 
standard profile models, allowing for the change in plasma energy, 
dW/dt and correcting loop voltage for dl/dt. If we look at dis
charge times 30 - 50 ms after injection when the temperature 
has recovered and a quasi-steady state has been reached, these two 
calculations give similar results. Confinement times are given in 
this paper only at such times. 

It is clear that the increased plasma energy at fixed input 
power implies that energy confinement has improved in these 
shots. Of course the discharges have higher density after injec
tion, and confinement has some residual density dependence even in 
the saturated regime. The crucial comparison is between pellet 
and gas-fueled discharges at fixed density. That comparison is 
shown in Figure 5, where the confinement times shown are calcu
lated including the transient effects. The values are shown for 
times 30 - 50 ms after injection when the temperatures have 
recovered. The pellet-fueled shots do not show the confinement 
rollover at 2 x 10^^ and are as much as 70% higher than the gas-
fueled shots at the highest density. Figure 5 also compares the 
experimental data with results of a ONETWO [9] simulation in 
which transport is modelled with Xe ~ l/ne an<* Xi = 1 x neoclas
sical [10]. The confinement parameter n(0)Tg is plotted for these 
shots in Figure 6. With improved confinement and peaked density 
profiles the difference between gas puffing and pellet fueling 
becomes even clearer, with several of the pellet shots exceeding 
the Lawson nr criterion for thermalized breakeven [11]. 

5. PARTICLE CONFINEMENT 

The peaked density profiles shown above are not simply an 
artifact of central fueling. The profiles persist, demonstrating 
that pellet injection changes particle as well as energy trans
port. Particles from the pellet are deposited well off axis and 
a strong pinch must be responsible for the peaking observed sub
sequently. Recycling of hydrogen at the plasma boundary makes an 
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accurate calculation of central particle confinement time difficul 
In order to reduce the effect of recycling, an experiment was 
performed in which a deuterium pellet was fired into an all-
hydrogen plasma. The machine had been discharge-cleaned in hydrog 
and the deuterium concentration in tokamak discharges was measured 
to be less than 1%. From earlier experiments it was known that 
the temperature profile was constant once the plasma had reheated. 
Since the density profile was known (and assuming the same profile 
for both species) the deuterium concentration could be calculated 
from the neutron production rate. If it were assumed that deu
terium ions leaving the plasma were replaced by recycled hydrogen, 
then the rate of fall of deuterium density would give the particle 
confinement time. Using this method we calculated Tp = 100 ms. 

6. DISCUSSION 

As discussed above, previous studies of the saturated con
finement regime In Alcator have concluded that the additional 
energy losses that are observed are through the ion channel. A 
direct comparison with pellet discharges was made by running the 
ONETWO code in analysis mode, assuming ion conductivity of the 
neoclassical form, and calculating the anomaly factor. Inputs 
for this calculation were the measured electron density and tem
perature profiles, plasma current, Zeff, and the total neutron 
rate. Results of such a calculation are shown in Figure 7, where 
the neoclassical multiplier is plotted against time, and shows a 
clear decrease in ion transport after injection of a single deu
terium pellet into a deuterium discharge. This calculation also 
showed no change in electron energy conduction. The result is 
subject to large errors because Te and T^ are very close. The 
main uncertainties are in the density profiles, systematic errors 
in T e, and in the absolute calibration of the neutron rate. None
theless, the drop In the anomaly factor is outside the estimated 
errors. 

We would like to identify the processes which are responsible 
for the observed change in thermal conductivity. There are sev
eral pronounced differences between gas-and pellet-fueled plasmas 
which may be associated with the change, the most obvious of which 
is the peaked density profiles of the pellet discharges. There 
is a mechanism which is predicted to degrade ion confinement and 
which is stabilized by peaked density profiles. This is the ion 
mixing mode [12], which is essentially an ion acoustic wave 
driven unstable by ion temperature gradients. The criterion for 
instability is that n, defined as d i,n(T̂ )/d &n(ne), be greater 
than n» where nc is approximately 4 for the conditions in Alcator C 

Figure 8 shows values of n calculated from density and tem
perature profiles taken before and after pellet injection (we 
assume a T¿ profile of the same shape as T e ) . The mixing mode is 
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clearly a strong candidate for the energy transport changes that 
we observe. One problem with this explanation is that suppressing 
the mixing mode should decrease inward particle transport, con
trary to the experimental observation. Separate mechanisms may 
be accounting for particle and energy transport, however. 

The fast profile readjustment that is observed in these 
experiments needs to be explained as well. The process that 
drives this extremely rapid transport seems to be conductive 
rather than convective in nature; that is,particles and energy do 
not move together. Drift waves, which are certainly unstable 
with the crossed profiles of Figure 3, are probably ruled out for 
this reason. It seems unlikely that they could affect thermal 
transport on axis where the density gradient remains normal for 
100 - 200 ys. Tearing modes should be driven unstable by 
the large inward flows which would accompany the strongly inverted 
density profiles [13]. If several of these modes overlapped, 
the magnetic field lines would become stochastic over a region of 
the plasma. In fact the time scale of the transport suggests 
parallel diffusion. On open field lines,electrons can quickly 
carry energy from the discharge core out to the cold plasma. 
This heat transfer would set up a pressure imbalance and drive 
particles along field lines into the plasma center, remove the 
density inversion, and quench the instability. Any enhanced 
thermal conductivity which led to an inverted pressure profile 
would drive the plasma MHD unstable through the loss of the 
average minimum B well. 

7. SUMMARY 

We have produced pellet-fueled discharges on the Alcator C 
tokamak which have distinctly better particle and energy confine
ment than those fueled by gas. The pellet-fueled plasmas do not 
show the saturated confinement at high densities seen with gas 
fueling, an effect we attribute to a reduction in anomalous ion 
losses. Global energy confinement times of 50 ms at average 
densities near 10 and T. = 1500 eV have been achieved, consis
tent with neoclassical ion transport. We have studied a fast 
profile relaxation phenomenon that always accompanies pellet 
injection on Alcator C. Density and temperature profiles, per
turbed by injection of large pellets, relax to their equilibrium 
shapes in a few hundred MS. This implies a transport mechanism 
approximately 100 times as fast as the 'normal' anomalous transpor 
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DISCUSSION 

F.W. PERKINS: This experiment has shown that ion confinement is improved 
by peaked density profiles. H-mode tokamaks demonstrate that improved 
electron confinement is accompanied by flat density profiles. Thus, the best way 
of optimizing confinement by control of the density profile may well depend on 
whether electron or ion losses dominate. 

M. GREENWALD: I think you are correct in pointing out the difference in 
confinement enhancement achieved by pellet injection as compared with H-mode. 
The idea of trying to unify the explanations for these two effects is attractive; 
unfortunately, so far they do not seem to be closely related. 

K. McGUIRE: Regarding the fast temperature relaxation due to pellet 
injection, do you think that sawtooth oscillation or MHD activity might play a 
part? Also, is the current profile affected by the temperature relaxation? 

M. GREENWALD: Sawtooth activity continues right through the relaxation 
process. We do not miss a single sawtooth and do not change their period right 
away; nor does injection trigger a sawtooth. The relaxation does not wait for 
a sawtooth crash, so I would conclude that the two phenomena are not related. 
There is a gradual change in the sawtooth radius over 20 or 30 ms, so there must 
be some change in current profile. This is a small effect and does not measurably 
affect plasma inductance. 
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Abstract 

HIGH-PRESSURE PLASMA WITH HIGH-POWER NBI HEATING IN DOUBLET-IH. 
Elongated single-null divertor discharges with NBI heating showed good confine

ment, similar to the 'H-mode' first reported by. ASDEX. The dependence of the plasma 
temperature, the stored energy and the confinement time on the heating power, the plasma 
density and the plasma current are experimentally investigated in a wide range of D-III: 
Ip = 300-900 kA, P^j < 8 MW, and ñe = (3-8) X 1013 cm-3. The plasma temperature and 
the stored energy increase almost linearly with the increase of the heating power up to a power 
maximum of 8 MW and do not show any saturation, so far. The global energy confinement 
time depends linearly on the line-averaged plasma density; there is no clear dependence on 
the plasma current. The highest measured temperatures of T¡ (0) » 6 keV and Te(0) « 5 keV 
are obtained at ne (0) « 8 X 1013 cm"3 with Ip = 800 kA and P ^ = 7.5 MW. Deuterium 
beam injection into the deuterium plasma produced a much higher stored energy; an energy 
maximum of close to 600 kJ was obtained. 

* Hitachi Ltd. 
** Mitsubishi Atomic Power Industries Inc. 

*** Toshiba Corporation. 
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1. INTRODUCTION 

A joint Japan-US programme on Doublet III started in September 1979 
and just finished a five-year programme which will be followed by an 
additional four-year joint programme on the Big Dee. The activities on the 
part of the JAERI team since the start of the programme are focused on a study 
of the characteristics of dee-shaped, high-beta plasmas. After attaining a high 
beta value of </?t> ^ 4.6% as reported at Baltimore [1 J, we have been working 
to obtain higher plasma pressures (nT), which means a high j3-value at higher Bj. 
Diverted discharges with low edge recycling flux — the same kind of discharge 
as the H-mode first reported from ASDEX [2] - are used for this experiment. 
Experimental results of plasma parameters with high plasma current (<1MA) 
and high-power (<8MW) NBI heating with hydrogen and deuterium beams are 
reported. The characteristics of the divertor region and impurities are reported 
separately [3, 4]. 

2. DEVICE AND DIAGNOSTICS 

Doublet III has a unique capability for controlling the shape of the plasma 
cross-section, including an elongated dee (K<1.8) and a divertor. The present 
D-IH can have a plasma current close to 1 MA in a divertor discharge and also 
NBI heating powers of up to about 8 MW. The major parameters of D-III are 
shown in Table I. 

The diagnostics used for this paper are as follows. Two Thomson scattering 
systems, one to measure the vertical Te profile (TS-C) and the other one (TS-A) 
for central temperature and density measurements, a 2ajœ Michelson inter
ferometer (AMI) and a grating 2cüce system (GRECE) are used to measure Te . 
The accuracy of both Thomson scattering systems degrades at high temperatures 
(>4 keV) because the observing wavelength range is not wide enough 
(5550 — 7148 Â). Both 2a>ce systems are calibrated by the Thomson scattering 
system at Te < 4 keV and extrapolated to a higher temperature range; they 
measure the radial Te profile continuously. The density cut-off effect to the 
2 ^ system appears at ne *=» 7 X 1013 cm -3 and the effect of 3coœ on the 2coce 

signal is also checked; these data from the Ico^ system, which have negligible 
effects, are used in this paper. 

Doppler spectroscopy using O VIII (2975 Â) with charge-exchange 
recombination on an NBI beam path is used to measure the ion temperature and 
the toroidal rotation speed. In a high-power deuterium-beam-injected discharge, 
the Doppler system suffers both from neutron effects on the detector and 
several spurious line emissions overlapping the observing line. The neutron data 
are also used to estimate the ion temperature. 
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TABLE I. DOUBLET III PARAMETERS 

Shape Single-null divertor/Dee 

R(m) 1.43 

2a (m) 0.8 (divertor)- 0.88 (limiter) 

K 1.4-1.8 

BT(T) <2.6 

Ip(MA) <1 

NBI power (MW) <8 

NBI beam voltage (keV) «75 

The plasma (electron) density was measured by a C0 2 laser interferometer 
array and Thomson scattering systems. A flat density profile near the plasma 
centre, e.g. ne °c [l - (0.9r/a)4 ] is consistent with the data from these diagnostics. 
The data from 16-channel visit»le-bremsstrahlung radiation diagnostics for clean 
low-Zeff plasmas are also consistent with this flat profile. 

A diamagnetic loop, magnetic probes and flux coils are also used to measure 
the beta value, the stored energy, and the plasma shapes. These electromagnetic 
data are important for discharges with high-power deuterium beam injection 
because most of the other diagnostics lose their capability or their accuracy, 
because of the large neutron flux. 

3. DISCHARGE CHARACTERISTICS 

The time evolution of a typical high-temperature shot is shown in -Fig. 1. The 
high-density, good-confinement diverted discharge is similar to the 'H-mode' dis
charge first reported by ASDEX, but some aspects are different. In the high-
density region, we have almost continuous grades of discharges between a good 
(H-mode) divertor discharge and a limitered discharge; good discharges are 
characterized by a low recycling flux (Ha emission level) at the edge [5 ]. The 
plasma is heated effectively during the first 100-200 ms after the beginning of the 
NBI pulse until MHD activity starts which is typically shown as a train of bursts 
in the Ha intensity curve. When the bursts appear, the rate of j3p increase lowers 
or even stops rising. In this paper, we mainly report on the experimental scaling 
of plasma parameters at the peak of j3p of H-mode divertor discharges or after 
the start of the H a bursts. 

The central ion temperature and toroidal rotational speed as measured by 
the Doppler system are shown in the bottom box of Fig. 1. When the H a burst 
occurs, the ion temperature stops rising and the rotation speed starts decreasing. 
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FIG.2. Cross-sectional shape ofH-mode discharge (MHD equilibrium calculation). Same dis
charge as Fig.l. Straight lines surrounding plasma show location oflimiters and wall. Broken 
lines show diagnostics path. 
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The radiation plus charge-exchange fluxes are measured by a 21-channel 
bolometer array. The radiation in the central region (r < 0.7a) of the plasma is 
<10% of the heating power density, and <:2/3 of the radiation plus charge-
exchange loss (<20% of the total heating power) comes from the boundary region 
(r > 0.7a) [4]. 

Zeff before NBI heating is about 1.5 and Zeff during NBI as estimated from the 
soft X-rays can be controlled down to a low value (Zeff < 2) by controlling the 
gas puffing rate and the plasma position. Zeff in discharges as shown in Fig.l 
increased during NBI heating as demonstrated by the SX radiation and reached 
2.5 to 4. In some cases, a hump of Zeff at the plasma centre (r < 0.2a) is 
suggested by soft-X-ray measurements. However, it does not have much effect 
on the stored energy or the global confinement time as measured by a diagnostic 
loop (<±5%). Figure 2 shows an MHD equilibrium calculation result, i.e. the 
typical shape of plasma cross-sections in H-mode discharges. It is important, for 
achieving good discharges, to keep the gaps between the plasma surface and the 
wall or limiter larger than 2 cm, which is almost the same result as found in 
Refs [6, 7]. The shape of the plasma cross-section as calculated by the MHD 
equilibrium code is consistent with observations by a vertical and radial array 
of soft-X-ray diodes (spatial resolution 4—5 cm), which show a steep increase 
in SX radiation at the edge towards the plasma centre. When the gap between 
the plasma surface and the wall or limiter is small, the rate of stored-energy 
increase is small and even turns into an L-mode discharge. 

6 
T 

5 
(keV) 

4 

3 

2 

1 

0 0.2 04 
T (m) 

FIG.3. Ion and electron temperature profiles of discharge shown in Fig.l, Ion temperature 
profile was taken shot by shot by repeated discharges. Vertical bars show electron temperature 
measured by Thomson scattering and projected to radial axis using MHD equilibrium calculation 
results, -fy-and-fyshow two examples of2oJc& radiometer measurements. ne » 6.5 X 1013 cm~* 
and stored energy about 400 kJ. 



62 KITSUNEZAKI et al. 

T¡(o)6 

(keV) 
5 

4 

3 

( a ) 
i—r T — i — i — i — r 

- | NEUTRON 

• DOPPIER 

J I I I L 
2 4 6 

Pabs (WW) 

TM 
6 

(keV) 
5 

4 
3 

2 

1 

(b) 
• i i i i 1 l 

- • 
, •••-

!U 
v«» •J*« 

j r * 

: i* ; 
1 1 1 1 . !.. 1. . i . „ 

2 4 6 
Pabs (MW) 

FIG.4. Central ion temperature (a) and electron temperature (b) versus absorbed power. Ion 
temperature from neutrons has an ambiguity due to uncertainty of hydrogen (beam species) 
population. Electron temperature at T > 4.5 keV is measured by grating 2oi radiometer. 

= (4-7.5JX lO^cm'3,!. 750-800 kA. BT = 2.0-2.6 T. 

Figure 3 shows the cross-sectional temperature profile of the same dis
charge as represented in Figs 1 and 2. These are repeated shots to obtain the 
ion temperature profile by a scanning Doppler system. The difference between 
the oxygen ion temperature and the bulk deuterium temperature is estimated 
to be small (about 5%, less than the accuracy of measurement). The stored 
energy of the discharge for this case is about 400 kJ. It is to be noted that 
both the ion and the electron temperature attained were above 5 keV at 
n% « 6.5 X 1013 cm-3. 

TEMPERATURE, STORED ENERGY AND GLOBAL ENERGY 
CONFINEMENT TIME 

The central ion and electron temperatures of H-mode discharges increase 
almost linearly with the absorbed power (OH + injected NBI power calculated 
shine-through) up to about 7 MW and attain more than 5 keV as is shown in 
Fig.4. The amount of energy stored in the plasma measured by the diamagnetic 
loop increases almost linearly with the increase of absorbed power as is shown in 
Fig. 5, or the highest stored-energy data seem to show a very slight decrease in 
confinement time with increasing absorbed power, about 10% degradation from 
« 3 MW to «7 MW, which is less than the scatter or accuracy of the experiment. 
The volume-averaged beam component of high-power (7 MW) NB heating is 
estimated to be 10-20% (at ñe = (7-4 X 1013 cm"3). The stored energy of a 
limitered discharge is still on the scaling Wst = c(0.5 + 0.4 Pabs)> as we have 
reported before for an NBI power of < 2 MW [ 1 ]. 
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FIG.5. Stored energy versus absorbed power. • H-mode discharge, D-beam injection into 
D-plasma; o H-mode divertor discharge, H-beam to D-plasma; • Limitered discharge, H'-beam 
toD-plasma. Ip = 800-900 kA (divertor), 740-800 kA (limiter), BT = 2.0-2.6 T. 
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FIG.6. Global energy confinement time. The global energy confinement time of good divertor 
discharges increases as plasma density increases. Hydrogen beam injection into deuterium 
plasma. rE during 0p rise is shown by a for one case. BT = 2.0-2.6 T, P-mi> 2 MW. • Limiter 
discharge, P-^^5 MW, Ip = 750-800 kA. 

Deuterium beam injection into deuterium plasma results in larger stored 
energy. The highest stored energy for deuterium-beam-injected deuterium plasma 
is about 580 kJ. However, only a limited number of diagnostics data are available 
because of high neutron flux such as electromagnetic and interferometric data 
(ne = 8 X 1013 cm"3). 
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The power deposition profile for deuterium beams as calculated with the 
same assumption on the background plasma as for hydrogen beams shows a 
density of power deposited to the ions higher than that due to hydrogen beams 
at r > 0.4 a and the total power deposited to the ions is larger by < 20 %. 

The neutron production rate with deuterium beam injection into a deuterium 
plasma reached >1.0 X 101S neutrons • s-1. Hydrogen beam injection into 
hydrogen plasmas with 4—5 MW was also attempted, but no H-mode was observed. 

The global energy confinement time (stored energy/absorbed power) is 
shown in Fig.6 as a function of plasma density. As is shown in the figure, there 
are no data at low plasma density with high confinement time. 

5. RELATED PHENOMENA 

5.1. Ha burst 

As is shown in Fig. 1, the H a emission during NBI heating consists of a 
slowly changing base portion and a train of sharp pulses with a width of about 1 ms. 
The experimental evidence is that the discharge with high global confinement time 
has a low base portion level. Generally, good discharges have a train of Ha bursts 
and the onset time of the burst roughly coincides with the time of degradation or 
saturation of/3p increase [8]. The onset of the burst depends mainly on j3p, Ip 

and the onset of |3p decreases with increasing Ip : j3p = 1.1 for Ip = 400 kA and 
0.65 for Ip = 930 kA, for example. A train of spikes synchronized with the Ha 

burst is also observed by charge-exchange neutral diagnostics, and the diamagnetic 
loop signal shows a decrease in stored energy by 2—5% for each pulse. The bursts 
occur only at the edge of the plasma and the central region is not much affected, 
as is shown by the SXc e n t r e radiation in Fig. 1. The magnetic probes show a sharp, 
very short (< 1 ms) burst of high-frequency (> 50 kHz) oscillation with a high 
poloidal mode number just at the time when the SXedge begins to relax. As 
compared to internal disruptions associated with the m = 1/n = 1 mode, we call 
this oscillation Peripheral Disruption (PD). 

The global energy confinement time before the onset of PD, if the rate of 
stored-energy increase is subtracted from input power, is 20—30% higher than that 
after PD onset, as is shown in Fig.6 for the case of Fig. 1. There are also some cases 
without PD, but the maximum £L values they can reach is the same as those 
with PD. 

5.2. Toroidal rotation 

The toroidal rotation speed was measured in a series of discharges by a 
spectrometer with wavelength shift of O VIII lines on an NBI beam path. For a 
constant value of plasma density and heating power, the peak rotation speed just 
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FIG. 7. Toroidal rotation speed versus central ion temperature. • Divertor discharge, 
• limiter discharge, P^ = 4.5-5.0 MW, ñe = (5-7J X 1013, Ip = 750-830 kA, BT = 2.0-2.6 T. 

before the onset of H a PD has a linear correlation with the ion temperature as 
is shown in Fig.7. 

The rotation speed measured by the Doppler system is consistent with the 
toroidal phase velocity of the Bp fluctuation. The points at high T^O) correspond 
to the H-mode discharge and the lower T^O) values correspond to the L-mode 
discharge because the points shown in Fig.7 are for almost the same heating power. 
Data for limitered discharges are also plotted on the same line. This suggests that 
the phenomena, at least in the central region of the plasma, are continuous from 
limitered to H-mode discharge. Discharges with good confinement have a large 
rotation velocity, suggesting a close relationship between energy confinement and 
momentum confinement. 

6. SUMMARY 

1) High-temperature plasmas of Te(0) «* 5 keV and Tj(0) » 5.5 keV are 
produced at ne > 6.5 X 1013 cm"3 with * 8 MW NBI heating in Doublet III. 
The central plasma pressure is 1.2 atm with j8(0) = 6.7% (BT = 2.2 T), and the 
volume-averaged beta is >2%. 

2) The plasma temperature and the stored energy are almost proportional 
to the absorbed power up to the highest. NBI injection power of 8 MW and to 
the highest central ion temperature of about 6 keV. The highest stored energy 
of about 440 kJ is obtained with hydrogen beam injection into deuterium plasma. 

3) Deuterium beam injection results in higher stored energy, and more than 
500 kJ is obtained. The neutron production rate with deuterium beam reaches 
about 1015 neutrons per second. 
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DISCUSSION 

K. LACKNER: Your results showing a linear rise in energy content with 
beam power in H-mode discharges are in very good agreement with ASDEX 
experiments as long as Rvalues remain somewhat below the critical levels 
postulated by ideal MHD theory. Have you also done any experiments at lower 
values of By and, if so, have you observed any difference in behaviour? 

A. KITSUNEZAKI: All data shown in my paper were found with 
Bj = (2.0—2.6)1, for which we do not see any dependence on B-r/. We have also 
spent some time on an experiment with lower By (>1.4 T). The confinement 
time stays almost constant up to (3 ~ 0.9 |3C, where |3C is a theoretical limit (see, 
for example, Paper No. IAEA-CN-44/E-III-4 at this Conference) and plasmas 
are likely to disrupt at (3 ~ j3c. 
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B. COPPI: Have you done a one-dimensional transport analysis on your 
best confined discharges? 

A. KITSUNEZAKI: For this analysis we have had to make a lot of assump
tions about neutral particle density, classical beam power deposition, and so on, 
where we have to rely on indirect experimental evidence or wait for new diagnostic 
data. For example, a Monte Carlo calculation based on a reasonable assumption 
shows a large charge-exchange fast ion loss for a high-power neutral-beam injection 
heated plasma. I would therefore prefer to wait until we can report more reliable 
transport results. 





GENERAL COMMENT 

ON PAPERS IAEA-CN-44/A-I-1 TO A-I-4 

H.P. FURTH: May I offer a comment on the four papers we have just heard? 
The plasma parameters reported are highly encouraging. On the basis of straight
forward linear extrapolation we should expect, at IAEA meetings two or four 
years from now, to be discussing real reactor plasmas. The progress in scientific 
understanding, however, has not been equally satisfactory. Fifteen years ago, the 
Kurchatov Institute achieved a notable experimental success with the T-3 tokamak, 
but there was no immediate resolution of the problem of the physical mechanisms 
whereby toroidal confinement is sometimes impaired and sometimes greatly 
improved — as occurs with the tokamak. This situation has not really changed. 
I should like, however, to make an optimistic conjecture to the effect that the 
essential pieces of the puzzle are now on the table, and that some perceptive parti
cipant at this Conference may be able to put them together — perhaps even in 
time for the summary talks one week from today. 
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Abstract 

CONFINEMENT AND BETA-LIMIT STUDIES IN ASDEX H-MODE DISCHARGES. 

The edge localized modes (ELM) that periodically expel particles and energy from the 
peripheral plasma in normal H-mode discharges can be reproducibly avoided, for periods of up 
to 130 ms by displacing the plasma column a few cm outwards. During these quiescent periods 
the power flow into the divertor is very small ( < 10% of the power input). This, together with 
the steep density and temperature gradients observed at the plasma edge, points to a transport 
barrier at the plasma boundary. The location and extent of this barrier is shown to coincide 
with the zone of increased shear specific to the divertor configuration. During the burst-free 
periods, particle and energy confinement times can reach values well above 100 ms. This 
improved confinement leads to an accumulation of metal impurities in the plasma centre, 
finally resulting in a radiation collapse of the plasma. Owing to the good H-mode confinement, 
the available neutral beam power of up to 4.2 MW allowed pMimits to be tested over quite a 
large range of magnetic fields ( 1.2 T < B j < 2.7 T). The maximum toroidal ^-values obtained 
obey a law j3x,max

 = g ' I / ( a Bj)> with g lying between the theoretical values derived by Troyon 
et al. (g = 2.8) and Sykes et al. (g = 4.0) on the basis of ideal MHD stability. The maximum 
j3-values are obtained in a transient state, and decay to a lower equilibrium value on a time-
scale of the order of 1 s. This is interpreted as being a consequence of changes in the current 
density profiles (affecting the j3-limit for ballooning modes) that adjust to the H-mode 
Te profiles on a resistive time-scale. 

1. INTRODUCTION 

The H-mode of neutral-beam-heated divertor discharges, 
discovered in ASDEX [1,2] and later also found in Doublet-Ill [3] 
and PDX [4], has attracted great attention since it recovers the 
energy and particle confinement times of Ohmically heated plas
mas. A well-known signature of these H-discharges are the so-
called Ha-bursts, which indicate repetitive particle and energy 

* CEN de Grenoble, France. 
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losses from the plasma periphery due to an ̂ dge _localized jmode 
(ELM). Recently, it has been possible in ASDEX to suppress these 
ELM's for periods of up to 130 ms. In the first part of this 
paper we discuss the confinement features of these burst-free 
H-mode discharges and compare them with those of normal H-dis-
charges with bursts. It turns out that the superior confinement 
properties of ELM-free discharges give rise to impurity accumu
lation in the plasma centre while ELM's - like internal sawteeth 
- prevent it. 

The second part of the paper deals with an experimental 
investigation of ft-limits. Recently Troyon et al. [5] carried out 
a fairly comprehensive analysis of ft-limits based on linear ideal 
MHD stability. The ASDEX neutral injection system with a total 
power of 3.4 MW for H°-injection and 4.2 MW for D°-injection 
(pulse length :< 0.5 s) combined with the good confinement prop
erties of the H-mode allowed these predictions to be tested over 
quite a large parameter range. 

2. H-MODE DISCHARGES WITH AND WITHOUT BURSTS 

2.1. General characteristics 

In "normal" H-mode discharges the good plasma confinement is 
periodically degraded by an MHD instability at the plasma edge 
which expels particles and energy from the peripheral plasma [6]. 
Recently it was found in ASDEX that by displacing the plasma 
column a few cm outwards (from R = 1.65 m to R = 1.69 to 1.71 m), 
H-discharges with burst-free periods of up to 130 ms can be 
reproducibly established. During these quiescent periods the 
H-mode shows its genuine high-confinement properties, resulting : 
almost linear increases in plasma density and pressure. Simulta
neously, however, the good confinement leads to an accumulation 
of metal impurities in the plasma centre that terminates the 
H-mode after about 100 ms. Thus, while burst-free H-discharges ma; 
be of only limited practical use, they lend themselves to more 
fundamental investigations of particle and energy transport 
during the H-phase. 

Before we come to these specific investigations we first 
discuss the general characteristics of H-discharges with and 
without bursts. Figure 1 shows the time development of various 
plasma parameters during neutral injection (PJJJ = 3»3 MW from 1.1 
to 1.4 s) for two discharges with identical external parameters 
(I = 320 kA, B T = 2.17 T, ñe(0H) = 3.5 x 10

13 cm-3) except for 
the major plasma radius (R = 1.65 m with bursts; R = 1.69 m 
without bursts). Despite important differences between the two 
types of discharges, one can distinguish three distinct phases in 
their time development that are common to both of them. First, 
after the H-transition, a linear rise in plasma density ñe and 
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{ a ) With Bursts (b ) Burst-Free 
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FIG. I. Time evolution of various plasma parameters of (a) normal and (b) burst-free H-mode 
discharges (I = 320 kA, BT = 2.17T, Pm = 3.3 MW, H° •+ D+): Line-averaged plasma density 
"e. A* tight intensity, beta poloidal j3p, global energy confinement time r | , Fe XVIIIand 
Fe XXII line intensities (representative of iron radiation from r/a = 2/3 and the plasma centre), 
and total and central radiation losses PRAD and 1(0)-

beta poloidal Bp (roughly from t = 1.16 to 1.20 s), then a time 
interval in which ñp goes through a maximum (t = 1.20 to 
1.25/1.27 s), and finally a last period where discharges with 
bursts show a slow decay in ñe and Bp, while burst-free 
discharges switch back to the L-mode. 

Radially resolved density, temperature and soft X-ray 
emission measurements indicate that during the first phase the 
pressure profile considerably broadens (already starting at the 
end of the L-phase) leading to steep gradients at the plasma 
edge [6]. The linear rise in plasma energy observed during this 
period can be described by dW/dt = a . PNI, where the propor
tionality factor a has practically the same value (a = 0.3 - 0.4) 
for most discharges investigated, indicating that gains and losses 
partly compensate each other. During this first period the losses 
connected with ELM*s are only small (relatively low frequency and 
amplitude of the bursts) and under certain conditions (e.g. I <. 
300 kA) ELM's are even missing during this period in otherwise 
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FIG.2. Radiation profiles for two instants shortly before and at the ^-maximum for the two 
discharge types of Fig. 1. Also plotted is the direct power input to the electrons (PJ and ions 
(PJ by the neutral beams. 

"normal" H-discharges. Radiation losses are also negligible and 
the global energy confinement times i*g (deduced from ft*iia) reach 
their highest values at the end of this period in both cases. 

The ft-development observed during the second phase, although 
similar in appearance, has entirely different reasons for 
the two cases. In normal H-discharges the plasma pressure at the 
end of the linear rise approaches the maximum attainable fi-value 
and one may suspect that the pressure profile becomes unstable 
over a restricted range of minor plasma radius. As a consequence, 
transport coefficients will increase locally thereby changing the 
profile to a more stable one that allows a further increase in ft. 
In the case of burst-free H-discharges, on the other hand, the 
ft-saturation is due to the rapidly increasing impurity radiation. 
In both cases the pressure profiles again become more peaked 
during this period, and the total and the central impurity 
radiation increase. As soft X-ray measurements show, this period 
ends when the central impurity radiation reaches its maximum (~1 
and ~3 W/cm3 in discharges with and without bursts, respect
ively). After this time "normal" H-discharges settle down at a 
slightly lower quasi-equilibrium ft-level with lower ELM frequency 
and correspondingly slower decay in ñ e and ft. Burst-free 
discharges, on the other hand, fall back to the L-mode with its 
correspondingly lower confinement properties. 

In spite of the similar time behaviour of the impurity 
radiation for the two cases, its effect on the discharge charac
teristics and in particular on the maximum attainable ft-values is 
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FIG.3. Total power flow into the divertor chambers Í'DIV = -PRAD + ^DEP during OH, L and burst-
free H phases, with Da light intensity for reference (I = 320 kA, PNi = 3.3 MW). 

drastically different because of its substantially different 
absolute values. To demonstrate this more clearly, Fig. 2 shows 
radiation profiles as measured by a bolometer array for the two 
discharge types. The figure also displays the power deposited on 
the electrons (Pe) and ions (P^), respectively, by the neutral 
beams (beam deposition was calculated with the Monte-Carlo code 
FREYA [7] using measured ne, Te and T^-profiles). The plot shows 
that in H-discharges with bursts at the time of the ñ-maximum 
(t = 1.23 s) the radiated power, even in the centre, is below the 
direct power input to the electrons by the beam (power transfer 
from the ions almost doubles this input), and that over most of 
the plasma cross-section the power input is well above the radi
ation level. In the burst-free discharges, on the other hand, the 
radiation losses are an important factor in the power balance. 

2.2. Transport barrier at the plasma edge 

During burst-free H-mode periods the power flow into the 
divertor is only a small fraction of the power input. (This is 
also true of the short periods in between bursts, whereas during 
a burst up to 10 MW are deposited on the neutralizer plates [6].) 
This is depicted in Fig. 3, which shows the time variation of the 
power deposited on the neutralizer plates PQEP (from infrared 
thermography) and the power radiated in the divertor chambers 
PRAD (f**om bolometers) for the burst-free discharge of Fig. 1. 
The power flow into the divertor PDIV = PDEP + PRAD that amounts 
to more than 70 % of the power input during the OH and L-phases 
drops to 8 % after the H-transition. This reduced power flow, 
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together with the steep density and temperature gradients ob
served at the plasma edge [6], points to a transport barrier at 
the plasma edge. 

In an attempt to investigate this transport barrier the 
thermal wave of a sawtooth propagating through the plasma was 
used to probe the plasma edge conditions at the H-transition [8]. 
The results demonstrate the development of a perpendicular 
transport barrier at the plasma edge. The location and extent of 
this barrier coincide with the zone of increased shear specific 
to the divertor configuration. Thus, it is tentatively concluded 
that the transport barrier is caused by shear stabilization (due 
to the enhanced electron temperature) of otherwise unstable modes 
at the plasma edge. 

During the ELM-free periods with small perpendicular 
transport, the plasma density and plasma B rise almost linearly 
with time (see Fig. 1). Within 100 ms the particle content of the 
plasma doubles although the external gas valve closes after the 
H-transition. (The plasma content rises at a rate of 2 x 10^1 
particles/s with most of the fuelling coming from the divertor 
chambers and roughly 5 x 10 2 0 particles/s from the beams.) From 
the particle balance a particle confinement time T p of more than 
100 ms has to be deduced, in accordance with the observed 
linearity in density rise over 100 ms. The energy confinement 
time can be estimated from the transient reduction of transport 
losses into the divertor. The measured losses indicate energy 
confinement times T F (corrected for radiation losses) of well 
above 100 ms. 

2.3« Impurity transport 

As already discussed, during burst-free H-phases impurity 
radiation becomes a serious problem. We have therefore studied 
these radiation losses using bolometer and soft X-ray diode 
arrays as well as VUV and soft X-ray spectroscopy. Our findings 
can be summarized as follows. The radiation losses are dominated 
by iron line radiation leading to peaked radiation profiles (see 
Fig. 2). The time development of a typical soft X-ray emission 
profile is depicted in the 3D plot of Fig. Ua. During the burst-
free period the central radiation rises exponentially with an 
e-folding time of 10 to 20 ms. Thus, towards the end of the quies< 
ent period, central losses of 3 W/cm3 and total radiation losses 
of up to 3 MW are consistently obtained from the bolometer and 
soft X-ray diode systems. As a consequence, the quiescent period 
is terminated by a radiation collapse with a concomitant decrease 
of Te(o) from 1500 to 600 eV and a transition back to the L-mode. 
Model calculations indicate that the final radiation collapse is 
accelerated by a thermal instability since lowering Te further 
increases the radiation. 
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( a ) measured ( b ) calculated 

FIG.4. 3-D plots showing typical time development of impurity radiation during a burst-free 
H discharge: fa) from soft X-ray diode camera; (b) from transport modelling calculations. 
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FIG.5. Impurity puffing experiments where a small constant Ar flux was applied during the 
NI phases of H-mode discharges with and without bursts. With bursts (diagram (a)) Ar 
accumulates in the divertor chamber, whereas during the quiescent phase (diagram (bjj Ar 
increases exponentially in the main chamber. 
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In order to assess the relative importance of an increase in 
impurity fluxes, a reduction of impurity screening, or an im
provement in impurity confinement to explain this radiation, 
additional impurity puffing experiments and transport modelling 
calculations were made. Figure 5 shows an example where small 
constant fluxes of Ar were applied during the whole neutral 
injection phase of H-discharges with and without bursts. In the 
burst-free H-mode the Ar XVI intensity increases exponentially, 
whereas in the discharge with bursts it passes through a maximum 
and then decays. This and similar observations with H2S and with 
short puffs of Ar lead us to exclude an increase of the impurity 
fluxes as the main cause for the enhanced radiation. This 
conjecture is supported by photographic exposures of the main 
plasma chamber in the light of Fe I lines, showing that the wall 
luminosity, particularly in the vicinity of the divertor 
entrances, is even slightly reduced during quiescent periods. 

By comparing measured intensities of Fe XXII, Fe XVIII and 
Fe XVI, as well as bolometer and soft X-ray traces,with model 
predictions some conclusions on impurity transport during the 
quiescent period can be drawn. Transport modelling is provided by 
means of a time-dependent 1D impurity transport code using 
measured T e and n e profiles. It is found that a satisfactory 
simulation of the experimental data is obtained by using an 
anomalous transport model in which a Z-independent diffusion 
coefficient D and an additional inward drift velocity VinoCr2 are 
assumed. The change of transport connected with the transition 
from the L to the quiescent H-phase can be described by switching 
D from D = 101* cm2/s = const to 4000 cm2/s in the main plasma 
(r/a < 0.88) and scrape-off (r/a > 1) regions and to 1000 cm2/s 
in an assumed edge barrier zone (0.88 <. r/a ^ . 1 ) . Furthermore, 
the inward drift (L-phase: v^n = -460 (r/a)

2 cm/s) is doubled and 
the parallel transport time T in the scrape-off is increased 
from 1 to 6 ms. In particular, the assumption of a finite inward 
drift turns out to be indispensable for simulating the rapid 
increase in impurity line intensities. The growth rate for 
impurity radiation as well as the stationary concentrations are 
found to depend exponentially on the quantity /a(v-;n/D)dr. For 

o 
this reason a description in terms of neoclassical transport [9] 
seems to fail for the actual H-mode conditions since the inward 
drift (density gradients) would be overcompensated by the outward 
drift due to the steep temperature gradients. 

According to our calculations the steady state is reached 
after ~100 ms under L-raode conditions. During the H-mode, 
however, one is still far away from the steady state at the onset 
of the radiation collapse. The Fe flux is taken as 4 x 1013 cm2/s 
in these simulations for the complete NI-phase. This flux was 
roughly determined for the L-phase by comparing the above 
transport calculation with absolute Fe XVII profile measurements: 
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it is a factor of 20 higher than the corresponding flux during 
the Ohmic phase. 

Figure 4b displays a 3D plot of the total Fe radiation 
losses as obtained from the code calculations. The result com
pares fairly well in shape and magnitude (the absolute values are 
a factor of about 3 too small) with the measured profile shown in 
Fig. 4a. The simulation yields a maximum central radiation of 
0.7 W/cm3, a total power loss of 1.4 MW, and a corresponding 
impurity density of npe(o) = 2 x 10

11 cm~3 (npe(o)/ne(o) = 0.3 %f 

Z e f f (o) * 2).' 

As the main result we infer from the above simulations that 
improved particle confinement is the dominating effect in pro
ducing the enhanced radiation losses observed during quiescent 
H-phases. In addition, reduced screening of the impurities due to 
shorter decay lengths of Te and n e in the scrape-off layer 
accounts for an increase in impurity concentration by a factor of 
typically 2 to 3-

3. BETA LIMITS 

During the last year a remarkable consensus has been reached 
on the scaling and absolute values of theoretical 6-limits re
sulting from linear ideal MHD stability analysis. It was found 
that the limit for the toroidal fl can be described by the simple 
formula 

1* = g(shape) - J — [%, MA, m, T] O ) 
T, max a B-j 

where g is only a weak function of the plasma cross-section as 
long as circular or "normal" D-shaped plasmas are considered. 
Troyon et al. [5] found that for stability against kink and 
ballooning modes g = 2.4 to 3*1 is required, while an opti
mization by Sykes et al. [10] for ballooning modes alone (and 
qQ = 1) resulted in g = 4.0. 

On the other hand, the B-values attainable with a given 
heating power Ptot = P0H + ^NI abs ^or a non-circular cross-
section with minor radii a and b are 

P T 
« tot TE 
fiTœ a b R BT2 

Combining (1) and (2) and making use of the general experi
mental finding [6] that for NI-heated plasmas the energy con-
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finement time is proportional tothe plasma current, i.e, 
T E = f • I (evaluated at the ft-maximum), yields 

B„ f P. 
tot 

fi t,max b R Bn (3) 

Because of the large energy confinement factor typical of 
H-mode discharges (f = 1.6 x 10"? s/A for ASDEX H-mode discharges 
in deuterium) it was possible in ASDEX even with relatively 
modest beam powers (3.4 MW for H°- and 4.2 MW for D°-injection) 
to test the B-liraits over a wide range of magnetic fields 
(1.24 T<.Bf<.2.63 T). All fc-values presented in the following are 
from "normal" H-mode discharges with ELM's where radiation losses 
can be neglected in the global energy balance (see Section 2.1). 
Figure 6 summarizes the maximum ft^-values obtained so far as a 
function of the normalized plasma current 1$ - I/(a B-p). Also 
shown are the theoretical ft-limits % = 2.8 x I¡j (Troyon et al.) 
and ft-p = 4.0 x Ijj (Sykes et al.). Most points represent maximum 
ftf-yalues obtained in a power scan at fixed plasma current I and 
toroidal magnetic field B-p, as shown for a case with moderate 
plasma current in Fig. 7. At a larger magnetic field A(Bp + ij/2) 
increases linearly with the neutral beam power PJJJ up to the 
highest powers available (Pfji <. 3.4 MW), whereas at a lower field 
ft tends to saturate for PJJJ ~ 3 MW, indicating a soft ft-limit. 
For small and moderate plasma currents (I = 170 and 270 kA in 
Fig. 6) such a saturation in 6 was observed up to the highest 
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TABLE I. CHARACTERISTIC BETA VALUES 

ñ [io13 

e 
I [kA] 

qcyl 

PNI [MW] 

P 

TE* [ms] 

fif3 [%] 

e e q u 

P 
fi|qU i%] 

! v+ 5 
8T„ - hi 

cm 

BTM 

- 3 ] 

[%] 

[%] 

# 13397 

2.8 

270 

2.6 

3.4 

1.35 

40 

1.2 

1.75 

1.55 

1.4 

0.7 

# 13098 

5.2 

410 

2.6 

4.1 

1.5 

62 

1.4 

1.8 

1.7 

1.6 

0.6 

toroidal fields used. At the larger plasma currents, however, the 
maximum fi-values achieved so far have been limited by the avail
able beam power (this may explain why for I = ̂ 10 kA the maximum 
flf-values increase faster than linearly with Ifj) • It is worth 
noting that except for discharges with qCyi < 3 or with very high 
power input, which are terminated by a disruption, the ̂ -limits 
are "soft" (see Sec. 2.1). 

Equation (3) can be used to represent the measured ft-values 
in a normalized plot. Figure 8 shows such a plot of fi-j against 
Ptot/BT for all analysed discharges with D°-injection. To extend 
the data to lower Ptot/BT values, results from H°-injection 
(representative points from Fig. 7) have been included. The 
striking feature is the bending over of the ft?-points at large 
^tot^T due to either a deterioration of confinement time or (in 
the region marked "disruptive") due to a disruptive end during a 
phase of still finite dW/dt. The maximum ft-p-values reached are 
close to the ideal MHD B-limits. 

The fc-values plotted in Figs 6 to 8 are deduced from equi
librium measurements using Shafranov's relation A + 1 = ftp + 9-^/2 
(the internal inductance JLX is estimated from q0yi) and contain 
the contribution of the orbiting ions and the plasma rotation, 
ô-values obtained from diamagnetic loop measurements are typicall 
20 - 30 % smaller. The corresponding maximum fl-values fîdia lie 
close to the Troyon limit R><£ * 2.8 x I{y. 
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FIG.9. Time development o//3p
a for two typical sets of discharges with varying beam power 

PNI, showing first a linear increase d(ip/dt a Pm and then a characteristic decay which is 
probably due to changes in the current density distribution. 

Table I summarizes characteristic 6-values from the two 
discharges of Fig. 6 with the highest ft-p-values, one with H°-
injection (#13397 : I = 270 kA) and the other one with D°-
injection (#13098 : I = 410 kA). The contribution of the beam 
ions to the ô-anisotropy fi-p,, - BT-L i s typically 0.2 - 0.3 % 
(calculated with the FREYA code), while the plasma rotation 
contributes ~0.4 % (estimated from the frequency of ra = 1, n = 1 
modes). 

So far we have always quoted the maximum ft-values obtained 
during a discharge. As already discussed in Sec. 2.1, however, fi 
cannot be kept at that maximum value but rather decays with a 
time constant of about 1 s, and this cannot be explained by 
radiation losses. To illustrate this further, Fig. 9 displays two 
typical sets of discharges in which the neutral injection power 
Pfjl was varied. Most striking is the almost linear rise in ftp 
with time and its sudden termination. Furthermore, the shots with 
lower heating power reach their maximum ñ at later times and at 
an absolute value to which the discharges with higher heating 
power have decayed in the meantime, indicating that the maximum 
attainable ñ depends on a time-varying parameter. An obvious 
possibility is the current density distribution, which will 
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adjust to the H-mode temperature profiles only on a resistive 
time scale: At fixed plasma currents the ultimately resulting 
q-profiles would allow only smaller stable ft-values. Estimates 
taking into account the actual variation of Te-profiles, the 
dependence of the critical 3> for ballooning modes on current 
density distribution and the possible extent of the resistive 
adjustment of the latter indicate that this effect could account 
for a decay of R by about 10 % within 50 ms. Corroborative 
evidence for the effect of current density profiles on ñ-limits 
might be taken from results of beam heating experiments with 
simultaneous plasma current variation. Experiments with 
decreasing current and presumably more peaked current density 
distribution reached higher ñ-limits at given qa than those 
performed with stationary or rising I(t) (the latter gave even 
lower B-values). 

U. CONCLUSIONS 

ASDEX results presented here are restricted to near-circular 
cross-sections and edge safety factors qa £ 2.8, and fall there
fore substantially short of the actual <fc-p> requirements of a 
pure fusion reactor. Over the range of accessible parameters, 
results are,however, in excellent agreement with predictions of 
ideal MHD stability theory and therefore lend credibility also to 
its further extrapolations. In particular, however, we have shown 
that an operational regime exists in divertor tokamaks, where an 
enhancement of energy losses is observed only in the immediate 
vicinity of these ideal MHD ft-limits. As the actually usable <fiT: 
for operation of an ignited reactor is restricted to that which 
can be attained without dramatic confinement deterioration, 
further work will have to demonstrate that the different positive 
results of present high power tokamaks (H-mode-like confinement, 
operation at low qa, strongly non-circular cross-sections) can 
also be realized simultaneously and as stationary states. 
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DISCUSSION 

T. OHKAWA: How does the energy confinement time of the burst-free 
H-mode compare with the neoclassical value in magnitude and in scaling? 

M. KEILHACKER: The energy confinement time TE =W/(P tot - P r a d - dW/dt) 
of the burst-free H-mode is well above 100 ms. The steep electron temperature 
gradients at the plasma edge (dTe/dr = 300 eV/cm) point to a reduction in electron 
thermal conductivity by at least an order of magnitude compared to the L-mode 
(down to nxe = 0.2 X 1017 cm"1 • s"1). Thus, the electron thermal conductivity 
becomes comparable in magnitude to the neoclassical ion heat conductivity. 

S.-I. ITOH: In order to clarify the difference between H-mode and L-mode, 
Drs Shimada and Kahn have measured the static potential in the scrape-off layer 
in Doublet III, and they have found that the difference is considerable. The results 
are reported by Dr. Shimada in Paper No. IAEA-CN-44/A-V-1 at this Conference. 

R.J. TAYLOR: You showed that you clearly have a radial transport barrier. 
At the IAEA Conference at Baltimore in 1982 I had the impression that your 
H-mode results were related to long divertor connection to a 'plasma dump'. 
Now, if it is a radial barrier, is it related to the radial electric field? Can you 
commit yourself one way or the other? 

M. KEILHACKER: At the Baltimore Conference we reported on a new confine
ment regime and discussed the relevance of high edge electron temperatures for 
the development of this so-called H-mode. The fact that high edge temperatures 
are attainable may indeed be due to the long magnetic field path to the cooling 
target plates. Radial electric fields in the bulk plasma are not measured in 
ASDEX. Indirect observations, such as frequency of mode rotation or analysis of 
ion confinement, do not indicate any distinct changes at the H-transition. 
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Abstract 

CONFINEMENT OF BEAM-HEATED PLASMAS IN ISX-B. 
Confinement studies on the Impurity Study Experiment (ISX-B) have been directed at 

understanding the mechanisms governing the confinement in neutral-beam-heated plasmas. 
These studies have focused on two main areas: (1) the effects of toroidal plasma rotation 
and electric field on confinement and (2) confinement improvement with deliberate introduction 
of some low-Z impurities (Z-mode). In the first studies, the momentum input was controlled 
independent of the energy input, using opposing injection systems. Measurements of the 
space potential using a heavy ion beam probe showed that, as the injection direction is changed 
from counter- to balanced to coinjection, the negative potential well becomes shallower, as 
expected from the momentum balance based on the observed changes in toroidal 
plasma rotation. The particle confinement of both bulk ions and impurities is correlated with 
beam directivity, potential and rotation velocity. However, both global and electron energy 
confinement are unaffected by changing the momentum input. The Z-mode studies 
have shown that the deliberate introduction of recycling low-Z impurities (whether externally 
injected or intrinsic) improves global energy confinement times ( T | ) by a factor of up to 
1.8 over those predicted by the standard ISX-B scaling, which developed from and represents 
well rg in clean, gettered discharges. Additional benefits of the impurity injection are 
improved particle confinement, increased ion heating efficiency and reduced limiter heat flux. 
The improvement in T£ is correlated with a reduction of the high-frequency (50 to 250 kHz) 

magnetic fluctuation B e /B e without changing the fluctuations n e /n e . The confinement time 
improvement, which increases linearly with n"e, results primarily from reduction of the 
electron thermal diffusivity (Xe). The reduction of Xe *s consistent with the prediction of a 
resistive ballooning mode theory, which includes diamagnetic effects. 

* Research sponsored by the Office of Fusion Energy, US Department of Energy, 
under Contract No. DE-AC05-84OR21400 with Martin Marietta Energy Systems Inc. 

** Rensselaer Polytechnic Institute, Troy, New York, USA. 
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1. INTRODUCTION 

Experiments on the Impurity Study Experiment (ISX-B) using cotangential 
injection of up to 2.5 MW of neutral beam power (F¿) showed that the 
volume-averaged toroidal beta ((/3)) does not increase linearly with Pb [1]. Sys
tematic scaling experiments in clean discharges [2] led to the ISX-B empirical 
scaling for global energy confinement time, T]?X = 5 X l O - 3 / ^ 2 ^ - 2 / 3 (ms, 
kA, MW), where Ip is the plasma current. Conspicuously absent are depen
dences on the line-averaged density (ñe) and toroidal field (BT). Subsequent 
injection experiments in other tokamaks have confirmed these results. Detailed 
power balance studies [1-3] revealed that the confinement deterioration is 
caused primarily by an increase in the electron thermal diffusivity (x#), a con
clusion supported by analyses of the space/time propagation of heat pulses ini
tiated by internal disruptions in the plasma [4]. Two possible explanations for 
the degrading energy confinement have been addressed, one based on high-
pressure effects and one on beam-specific effects. 

High pressure [or high poloidal beta (j8p)] changes MHD activity. Earlier 
experimental and theoretical studies eliminated m = \/n = 1 and its driven 
modes as the major cause for the degradation of confinement outside the q = 1 
surface [5]. The theory indicated that resistive ballooning modes are unstable 
and should have a direct influence on Xe m ISX-B. Observations of the high-
frequency (50- to 250-kHz) MHD activity [6] and correlation between the 
experimental Xe an(* the Carreras-Diamond model prediction [7] provided some 
support for the hypothesis that the resistive ballooning modes are responsible for 
the Xe enhancement observed in ISX-B. This remains the most promising candi
date, as will be discussed. 

A second possibility, previously discussed but not tested, is that a beam-
specific effect causes confinement degradation. It is expected from neoclassical 
theory that the toroidal rotation velocity (K¿) will increase the ion thermal dif
fusivity. Values of V^JVa <. 0.4 for bulk ions (implying V^j/Vu > 1 for impur
ities) have been measured [8]. Large electric fields would be expected with 
these velocities. Evidence that neoclassical effects [9] are relevant comes from 
impurity transport studies [10], in which changing the direction of V^ by using 
the co- and counter beam reversed the radial particle flow. To permit more 
detailed investigation of these phenomena, a third beam injector has been added 
to provide a separate control over beam momentum and power input. Measure
ments of the plasma space potential using a heavy ion beam probe and refined 
spectroscopic measurements of plasma rotation have been made. Early results 
have been presented [11,12]. Section 3 will discuss the latest developments. 

A new area of investigation has exploited a previous observation [13] that, 
even though titanium gettering of the vessel walls historically led to improve
ment in many aspects of operation, confinement was significantly better when 
gettering was avoided. Experiments with deliberate introduction of low-Z 
impurities (either externally injected neon [14] or intrinsic impurities such as O2 
without gettering) confirmed that this slight contamination (ZCff <. 2) improves 
energy confinement by as much as a factor of 1.8. Since this improvement is 
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reminiscent of that seen in H-modc discharges with divertors, first observed on 
ASDEX [15], this regime has been termed *Z-mode\ Although the main 
objective of the Z-mode studies is a better understanding of mechanisms govern
ing confinement in beam-heated discharges, these studies are also closely related 
to another of the ISX-B experimental programs (i.e., the limiter and plasma 
edge studies). Section 3 of this paper discusses results of the Z-mode studies 
with emphasis on the role of the MHD activity. 

2. EXPERIMENTAL CONDITIONS 

The characteristics of the ISX-B tokamak and the beamlines can be found 
elsewhere [16]. The third beamline added in 1982 is oriented counter to those 
previously existing. Its characteristics are almost identical to the others. Since 
radially outward displacement of the plasma toward the outer limiter was also 
found to improve confinement [17], the plasma position in the present studies 
was carefully (within ± 1 cm) centered (RQ — 93 cm, a = 26 cm). The 'cir
cular' geometry (x = 1.15-1.2) was used exclusively. The working gas was 
deuterium with hydrogen as the neutral beam species. 

Plasma cleanliness has a strong impact on these studies. In a contaminated 
vessel, disruptions cannot be avoided if either balanced or counterinjection is 
used, and comparison discharges for both the momentum and Z-mode studies 
must be those obtained with clean, gettered walls. A convenient measure of 
plasma cleanliness [18] was found to be the value of Pn&fñe early in a 
discharge (/ = 60 ms) before injection starts (Pn¿ is the radiative power mea
sured by a bolometer). While titanium gettering results in PnJne — 
(0.6-2.5) X 1Ô"18 kW-m3, it is difficult to achieve these values with discharge 
cleaning alone. Correlated with the measure of cleanliness is a measure of con
finement 7E/T1EX, where rE [ = W/(Pb + P 0 H — W)] is the global energy 
confinement time calculated from the magnetic equilibrium analysis (MAG-
DAT) [2,19]. It is used as a measure of confinement to supplement the fewer 
detailed profile measurements (ZORNOC) [3,20]. 

3. MOMENTUM STUDIES 

High-power neutral beam injection is a source of momentum as well as 
energy. Three aspects related to the momentum input are of interest: momen
tum confinement as derived from rotation measurements, electric field associated 
with plasma rotation, and roles of rotation/electric field in plasma confinement. 

Figure 1 shows parametric dependences of central rotation velocities F¿(0) 
[12]. These velocities were deduced from the Doppler shift of spectral lines gen
erated by charge-exchange excitation of neutral beam atoms with fully stripped 
oxygen [21] and the frequency of the m = \jn — 1 mode. These velocities 
are plotted against the difference in co- and counter beam power, an approxi
mate measure of the momentum input if constant beam energy is assumed (30 
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FIG. 1. Toroidal velocities, deduced from Doppler shift of a charge-exchange line of O VIII 
and analysis of m = 1 frequency, as a function of the incident power difference Pco — Pcounter-

to 38 kV). Changing from co- to counterinjection reverses the rotation direction 
from parallel to antiparallel to the plasma current. With balanced injection (at 
equal co- and counter beam power) the rotation velocity is insignificant com
pared to that obtained with either co- or counterinjection. The rotation veloci
ties only weakly depend on beam power, plasma density and plasma current in 
nongettered, coinjected discharges [11], as evident in Fig. 1. The dependence of 
K¿(0) on Pf, and ñe implies that the central momentum confinement time 
r¿(0) oc í^(0)n,<0)/P¿ deteriorates with Pb and improves with ñe, similar to T*E 

in these nongettered discharges. However, the weak Ip dependence of K¿(0) [or 
7>(0)] is contrary to the strong Ip dependence of T*E. Spatial profiles of K¿, 
obtained by Doppler shifts of different spectral lines, were approximately para
bolic with minor radius. The calculated momentum confinement times [11], 
which are about equal to r¿, are 30 to 50 times smaller than the standard neo
classical prediction. In this regard the ripple damping of beam momentum is 
also of interest. The central rotation velocity was reduced by a factor of 6 in 
the presence of the large ripple [5(0) - 1.6% and 0(a) = 10%] produced by 
energizing only 9 of the 18 toroidal field (TF) coils in ISX-B. The analysis [22] 
showed that T¿ is substantially less (by a factor of 7) than that expected from 
neoclassical ripple-transport theory. 

Associated with plasma rotation is an electric field and space potential. 
The radial momentum balance equation yields the radial electric field from 
which the potential # is calculated. The potential has three terms: one (negative 
on-axis) from the ion pressure gradient (V/>,), one from the poloidal rotation 
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FIG.2. Plasma space potential, derived from radial momentum balance. 

{VgBT\ and one (positive for co- and negative for counterinjection) from the 
toroidal rotation (K /̂fy). If poloidal rotation is neglected (as implied by the 
microwave scattering measurement [23]), one expects potentials as shown in 
Fig. 2. If the poloidal velocity is included, the potential wells become deeper by 
=200 V. Using a heavy ion beam probe (HIBP) [24], measurements of the 
space potential were made for the first time in beam-heated tokamak discharges. 
Results, shown in Fig. 3, are in qualitative agreement with expectations. The 
negative potential well is deepest with counterinjection and becomes shallower 
with added co beam. With coinjection the radial electric field reverses its sign 
near the center. 

Particle transport of both bulk ions and impurities is affected substantially 
by changing momentum input, which changes both $(r) and V$. The variation 
of the global particle confinement time r^, which is calculated from known gas 
and beam feed rates, was presented in Ref. [12]. With gettered walls, T*P with 
coinjection is lower than the ohmic value (i.e. density clamping [1]), but bal
anced and counterinjection do not result in as large a decrease. Estimates of the 
'true' particle confinement time (T^), obtained from Langmuir probe mea
surements in the scrape-off layer, show that rp improves upon changing from 
co- to balanced to counterinjection. A recycling coefficient of 0.85 (±0.05) is 
deduced. A similar change in impurity confinement time was observed upon 
changing beam directivity [11]. With balanced injection the impurity behavior 
is similar to that found in ohmic discharges, where impurity accumulation and 
long impurity confinement times are observed with deuterium working gas. 

With balanced (as opposed to co- or counter-) injection, the values of V+, 
$, and TP approach those found in ohmic discharges. However, the energy con
finement time obtained with balanced injection does not recover the ohmic value 
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FIG. 3. Plasma space potential, measured with the heavy ion beam probe. 

and remains similar to that obtained with coinjection. Taking into account fast 
ion orbit losses using a Monte Carlo slowing-down code [25], we calculate the 
gross energy confinement time r^a) for gettered discharges. Figure 4 shows 
the variation of T^a)lrfx with beam power. The normalized value remains 
constant (=1), indicating that r^a) with balanced injection deteriorates with 
the incident beam power P¡, in a manner similar to coinjection. Figure 5 shows 
values of the central ion temperature [7X0), from charge-exchange analysis] as 
functions of P¡,/ñe for co-, balanced, and counterinjection (all with a gettered 
vessel). The figure also shows predictions of r,(0) based on 1.0 times neoclassi
cal ion thermal diffusivity (xfH) [26] without including any rotation effects. 
The experiment and theory agree well for balanced injection, whereas the 
experimental values for co- and counterinjection tend to be lower than the 
theoretical values, implying an increased x/« Indeed, theory [27] predicts that, 
for V$ ss 0*4 Ptf» t n e X?H value with co- and counterinjection should be 
increased by —15%. However, the uncertainty in ion temperature determination 
and the dominance of electron channel losses overshadow this effect. The pres
ence of impurities has a larger impact on T¡ than does the beam directivity. 
This is illustrated by Fig. 6, where the ion heating efficiency is shown to 
increase with increasing global electron energy confinement time in gettered and 
nongettered discharges. Year-to-year variations of ion heating rates observed in 
many tokamaks may well be a reflection of varying electron energy confinement, 
which is sensitive to the presence of impurities, as will be discussed next. 
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FIG. 5. Measured and predicted central ion temperature as a function of the ratio of incident 
beam power to line-averaged density for co-, balanced and counterinjection. 

In summary, experiments with balanced injection have conclusively shown 
that plasma rotation is not the major cause of confinement degradation in co-
injected discharges in ISX-B. As long as T¿ does not substantially exceed T*E, 
balancing beam momentum inputs appears to be unnecessary in future large 
experiments with tangential injection. 
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4. Z-MODE STUDIES 

Recent experiments have exploited a previous observation [13] that TE is 
larger with nongettered than with gettered walls. Injection of a small quantity 
of neon into a gettered discharge was observed to improve confinement to a level 
similar to that seen in nongettered discharges, and at the same time, it allowed 
more systematic studies of the improvement. Initial results with neon injection 
are given in Ref. [14], and details of more recent studies are published else
where [28]. 

We first summarize properties of the Z-mode (obtained either with neon 
injection or by not gettering) by comparison with the ¿-mode (obtained with 
clean, gettered walls): 

(1) Global energy confinement time (TE) increases linearly with /Fe, and at 
high densities it is nearly doubled as shown in Fig. 7. A higher relative 
concentration of neon to deuterium was observed to produce a somewhat 
larger value of rE for a given ñet but the maximum values of rE achieved 
were limited to 1.8 times r |p x for a wide range of operational conditions. 
Exploration with different Ip and P¡, values showed that TE still follows 
the ISX-B scaling (oc Ip^P^2^) but is modified by the positive density 
dependence. Figure 8 shows the variation of the gross energy confinement 
time rE(a) for nongettered relative to gettered discharges, indicating the 
similarity between nongettered and neon-injected discharges. 

(2) Another feature of the Z-mode reminiscent of the ¿f-mode is the improve
ment in particle confinement. The ñe value achieved in Z-mode operation 
for a given D2 gas puff is up to a factor of 2 higher than that in ¿-mode 
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(3) 

(4) 

operation. The increase in the electron density is much more than can be 
accounted for by additional electrons from the added impurity ions. The 
electron contribution from neon, estimated from the change in Zeff 

(1.5 -* 2), is only 5% whereas the total number of electrons can double. 
The improvement of 'true' particle confinement (by a factor of up to 2) is 
also supported by Da and Langmuir probe measurements. 

Not all impurity injection produces the Z-mode behavior. Injection of 
nonrecycling gases (methane and silane) did not produce the Z-mode 
behavior, regardless of the duration of the injection. Neon puffing of 
varying duration shows that neon recycles and that it produces the effects 
in beam-heated (as opposed to ohmically heated) discharges. The pres
ence of O2 or N2 does improve confinement but in a less controlled 
manner than neon puffing. Injection of too much neon results in disrup
tion, and this limit usually corresponds to a radiative loss of ~45% of the 
total input power. Values of Zeff for documented Z-mode discharges 
remained <.2, which is only a modest increase over those with gettered 
discharges. 

The maximum density achieved 
ñe = 7.5 X 1019 m - 3 , which is 
£-mode operation (1.3 X 1020 m" 
1.6 X 1020 m~3 with chromium 

with Z-mode operation was 
lower than that achieved with 

3) with titanium gettering and 
gettering [29], both of which 

correspond to {ñeR0/BT — 1.1 X 1020 m2/T). Although the toroidal 
field was high (1.3 T) in these studies, values of (¿8) achieved were as high 
as 2%, and the maximum values [30] of 0)Aq^/K were as high as those 
achieved with gettered discharges in ISX-B and other tokamaks (including 
Dili [31]). Although this beta 'boundary' closely coincides with simple 
theoretical beta limits, discharges both close to and well below the beta 
boundary obey the same scalings (the ISX-B scaling or its modified form). 
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Figure 9 shows a comparison of Te and ne profiles with and without neon 
injection at the same values of ñe. Neon injection results in a higher central Te 

and a more peaked ne profile relative to those obtained without neon. While the 
improved confinement increases Te and ne in the bulk, both Te and ne in the 
immediate vicinity of the limiter are lower, so there are steeper Te and ne gra
dients at the outer radii with neon. We will return to this observation later. 

One distinctive feature of Z-mode relative to ¿-mode operation is the réin
troduction of the ne dependence in energy confinement. Figure 10 shows Te 



IAEA-CN-44/A-II-2 97 

io-3 

to'4 

O 50 100 150 200 250 

FREQUENCY (kHz) 

FIG.11. Spectra ofBe/Be for discharges with and without neon infection. 

and ne profiles of nongettered discharges at three different values of ñe. As h~e 

is raised, both the Te(r) values and ne(r) profile shapes remain unchanged. In 
gettered discharges, however, Te(r) decreases and the ne(r) profile shape 
broadens with increasing h~e. The power balance studies indicate that the dom
inant energy loss channel resides in electrons (especially in \e) for both modes 
and Xe values for the Z-mode at high density are lower by a factor of —2 than 
those for the I-mode. The resulting higher Te in Z-mode, in turn, increases the 
fraction of beam power delivered to better confined ions, as demonstrated by the 
higher ion heating efficiency with the Z-mode (Fig. 6). Because of the depen
dences of Te(r) on density, xe(

r) m both L- and Z-modes can be expressed as a 
form of \/neTg (where a = 1/2). Such a scaling was also proposed by the 
DIII-JAERI team to describe their L- and /f-modes [32]. 

The search for mechanisms responsible for the reduction of xe
 n a s ^een 

aided by the 'control* of the confinement improvement afforded by neon injec
tion. The notable MHD activity is sawtooth oscillations without neon injection 
and the more continuous m = \/n — 1 and its driven modes with neon injec
tion. As previously observed, the effect of these modes on the global confine
ment is modest, although a more favorable central confinement is obtained with 
the latter modes (i.e., without sawtooth oscillations) [28]. Figure 11 shows 
spectra of Mirnov coil signals (É9) normalized to the average poloidal field {B9) 
in discharges with and without neon injection. The level of the high-frequency 
background spectrum with neon injection is reduced by a factor of —1.5, which 
is nearly equal to the confinement improvement factor in the cases shown. A 
large data base has been accumulated by monitoring the amplitude of (Ê9) at a 
fixed frequency of 150 kHz. The quantity BQ/BQ consistently decreases with 
improving confinement, as seen in the lp and P¡, scans with Z-mode (Fig. 12). 
In contrast to the magnetic fluctuations, the density fluctuations h"e/ne show no 
substantial change with neon injection, as determined with three different diag
nostics: 2-mm microwave scattering, extreme-forward far infrared (FIR)-laser 
scattering, and HIBP secondary ion current fluctuations. 

WITH NEON (030643) 
WITHOUT NEON (030642) 
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In light of the suggested connection between the high-frequency spectrum 
and the resistive ballooning modes [6], it is of interest to compare the experi
mental value of Xe w i t n t n e value predicted by the Carreras-Diamond model. 
The improvement of TE with Z-mode operation appears to contradict the expec
tations of the original theory [7], because both TE and /Sp now increase with 
increasing ñe. This apparent contradiction is resolved by including in the theory 
the diamagnetic effects [33], which reduce the saturation level of the modes for 
the large o>* regime relevant to ISX-B discharges, in particular, in the Z-mode. 
The new form of the theoretical Xe is expressed as xi°VU + l«*/vl2)^4, 
where xi°^ is the original form of the C-D model, y the linear growth rate, and 
o>* the diamagnetic frequency. Combined with the steepened density gradient 
and the elevated Te that accompany the Z-mode, the inclusion of the diamag
netic effects results in a reduction of xj11 by a factor of 2 in Z-mode relative to 
JL-mode, as shown in Fig. 13. The previous comparison [3,7] of the ISX-B 
data to Xeo) showed agreement with a multiplicative constant of —2. These 
comparisons were made for gettered discharges where the cu« effect does not sig-
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nifícantly modify the results. In recent data at higher BT (—1.3 T as 
opposed to 0.8-1.1 T), the multiplicative constant that best fits X™(P) t 0 exper
imental X?X(P) for a variety of discharges is 9, which has been used in Fig. 13. 
The variation in the constant required may reflect an implicit strong BT depen
dence in xi°\p)- Theoretical efforts to improve the model are in progress. 

In conclusion, impurity injection into limiter-defined plasmas has produced 
an improvement in confinement similar to that achieved in #-modes with 
poloidal divertors without significantly increasing Zeff. An additional advantage 
of enhanced edge radiation was demonstrated during the recent JET/ISX-B 
Beryllium Limiter Experiment [34], where neon injection kept the limiter sur
face temperature below the melting point, thereby reducing the beryllium neu
tral flux by a factor of 2. Together with the successful demonstration of particle 
control using a pump limiter (as reported by the companion paper [35]), these 
ISX-B experiments provide considerable optimism for future large tokamaks 
with limiters. 
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DISCUSSION 

K. ITOH: Were you able to maintain good confinement of the Z-mode 
without disruption having any influence? 

M. MURAKAMI: It is possible to sustain Z-mode discharges with an improve
ment in confinement of up to ~ 1.8 without causing disruption. Attempts to 
increase the improvement beyond ~ 1.8 with either a larger quantity of impurity 
or a D2 gas puff usually end with disruption. The probability of disruption 
increases as this limit is approached. 

F.W. PERKINS: The Z-mode has peaked temperature and density profiles. 
Where is the q = 1 surface located and how much of the increased energy content 
lies inside the q = 1 surface? 

M. MURAKAMI: The q = 1 surface is usually located at r = (0.3-0.4) a. 
The energy content within the q = 1 surface does increase substantially (by a 
factor of up to 2) with the Z-mode. This is due in part to stabilization (or satura
tion) of the m = 1/n = 1 mode, which otherwise causes internal disruption. 
However, the effect of this increase on the overall confinement seems to be rather 
modest (up to 30%). A more important region for the improvement in confine
ment is the confinement zone ( r q = j < r ^ 0.8 a). 

K. LACKNER: Have you pushed Z-mode studies up to higher /3-values, or is 
there a difference in the general rE (PNI) dependence from your usual discharges? 

M. MURAKAMI: Most of the Z-mode studies have been carried out with a 
toroidal field of ~ 13 kG, as opposed to 7— 10 kG in the previous high beta 
studies. The highest <j3> values achieved in the present studies were ~ 2%. These 
values are at (or near) the 'critical' beta (j3c ~ 0.3 I/aBT), as were the highest 
/3-values at lower BT . Confinement times (rj, ) in Z-mode and L-mode discharges 
have approximately the same parametric dependences (i.e. ISX-B scaling) except 
for the density dependence. Therefore, in the Z-mode T% still scales roughly 
as p NI / 3 -

B. COPPI: Can you comment further on the advantages and disadvantages 
of using Be limiters on the basis of the experiments performed on ISX-B? 

M. MURAKAMI: In ISX-B the Be limiter was first exposed to a power flux 
from 1 to 2.5 kW/cm2 for 0.2 s, and no major differences from the TiC limiters 
have been observed because the plasma impurities were wall-dominated in both 
cases. Subsequently, increasing the limiter load intentionally above the melting 
limit resulted in strong melting, which caused impurity gettering. This spontaneous 
Be gettering was as effective as titanium or chromium gettering for reducing 
radiation losses and increasing the operational space. After the power flux had 
been reduced to the design value, the gettering effect persisted owing to the 
many hot spots on the very rough limiter surface. 

A negative aspect of Be as a limiter material is the low melting point 
(1283°C), which makes it very vulnerable to power excursions under fault 
conditions. But even a considerable change in the surface topology due to 
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melting did not adversely affect subsequent plasma behaviour. A distinct 
advantage of Be is that even a large influx into the plasma does not cause any 
substantial increase in radiation losses. An additional benefit is the low tritium 
retention. 



IAEA-CN-44/A-II-3 

TRANSPORT INVESTIGATIONS DURING 
NEUTRAL-BEAM INJECTION, 
ION CYCLOTRON HEATING AND 
PELLET INJECTION EXPERIMENTS ON TFR 

EQUIPE TFR 
Association Euratom-CEA sur la Fusion, 
Département de Recherches sur la Fusion Contrôlée, 
Centre d'Etudes Nucléaires, 
Fontenay-aux-Roses, France 

Abstract 

TRANSPORT INVESTIGATIONS DURING NEUTRAL-BEAM INJECTION, ION CYCLOTRON 
HEATING AND PELLET INJECTION EXPERIMENTS ON TFR. 

Neutral-beam injection and ion cyclotron frequency heating experiments have been 
carried out successively on TFR with inconel and carbon limiters. Heating efficiencies are for 
both methods lower with carbon limiters than with inconel. In the case of neutral-beam 
injection, the ion temperature saturation is supposed to be due to fast-ion charge-exchange 
losses. The electron temperature saturation is, in the two cases, correlated with small-scale 
density fluctuation enhancement. The difficulty of deeply modifying the electron temperature 
profile is also observed during pellet injection. These observations suggest that even slight 
modifications of the electron temperature gradients lead to enhanced transport. The role of 
plasma/wall interaction and recycling has not been clarified, but could be important, in 
particular with carbon limiters. 

1. INTRODUCTION 

Anomalous heat conduction of electrons was inferred from power balance 
considerations in 1980 during neutral-beam injection (NBI) experiments on TFR 
(a = 19 cm, R = 98 cm) with inconel limiters [1]. In 1981, the performances of 
ion cyclotron heating (ICH) in the mode conversion regime [2] were limited by 
radiation losses due to metallic impurities originating from inconel limiters and 
antennas, penetrating the plasma core: after a fast rise, the electron temperature 
dropped until a major disruption occurred. To clarify the role of heat conduction 
losses during ICH and NBI experiments, inconel was replaced by carbon for 
limiters and antenna protections in order to reduce radiation losses; it was found 
that metallic impurity losses no longer dominate the power balance at the centre, 
neither during ICH [3] nor during NBI heating. Nevertheless, a reduction in the 
heating efficiency is observed when changing from inconel to carbon in the two 
heating methods. The central question is whether this is caused by heat 
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FIG.l. Time dependence of central temperatures and density during ICH pulses with inconel (I) 
and carbon (C) environment. 

conduction loss enhancement or merely by power deposition profile modifications 
during the heat pulses. We study this question in this paper, using experimental 
observations (sawtooth activity, small-scale density fluctuation, etc.) as well as 
central power balance estimations. Pellet injection experiments are also reported 
since they provide information on transport phenomena in tokamaks.1 

2. ION CYCLOTRON HEATING EXPERIMENTS 

The time behaviour of ion and electron temperatures is plotted in Fig. 1 for 
ICH pulses on TFR in the mode conversion regime: n^/no s 0.2, Bj = 45 kG 
(the hybrid layer crosses the plasma centre). In 1981, antenna protections and 
limiters were made of inconel. In the 1984 experiments, they were made of 
carbon. Some basic differences can be outlined from a comparison of the two 
situations: 

(i) With carbon, a long quasi-stationary state can be obtained for the ion and 
electron temperatures, in contrast to the inconel case; 

1 The pellet injector was built and installed on TFR by the pellet group of the Ris$ 
laboratory [7]. 
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FIG.2. Electron and ion temperature increases, AT(0), versus ratio of power,Pg, delivered by 
generator to central density, n (0), for ICH heating: 

inconel 
carbon 

(ii) although the radiation losses are small - as determined from bolometric 
and spectroscopic measurements [3] — the electron heating is suddenly 
interrupted when carbon is used and the electron temperature increase is 
clearly lower than the value obtained with inconel limiters. This indicates 
that there is another loss mechanism, preventing electron heating; 

(iii) sawteeth are visible on the electron temperature when carbon is used. They 
are enhanced and slightly shorter during the heating pulse, corresponding to 
almost a doubling of the power lost by electrons at the centre by this process; 

(iv) a central density increase of, at least, about 10% is observed with carbon. 

Figure 2 shows the central electron and ion temperature increases, AT(0), 
versus the ratio of power Pg delivered by the generator to the central density 
n(0) for the two cases of carbon and inconel environment. 

For both electrons and ions, a degradation of a factor of 2.5 to 3 is observed 
on the heating efficiency AT(0)/(Pg/n(0)) in the case of carbon as compared to 
inconel. Note that the densities are usually about 60% less with carbon limiters. 
This is due to a critical density limitation, connected with an increase in Zeff with 
carbon. The density increase An(0) during the ICH pulse partly accounts for the 
lack of efficiency since the energy needed to heat these particles, (3/2) T(0) An(0), 
is not small compared to the heating energy (3/2) n(0) AT(0). 
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The main question is whether the saturation observed in Fig. 1 for the 
temperature increase is due to a deterioration of confinement or an unfavourable 
power deposition profile. 0-D dynamical simulations of the central temperatures 
have been carried out and compared to sawtooth behaviour and small-scale density 
fluctuations (as measured along a vertical diameter) in order to solve the problems. 
The general equations in the code are given by 

^ U n«Te) = P « + ^cid " Pei " PR ~ Pc 

d_(3 
9 t ( 2 n i T i ' " P a d d + P e i ~ P c x " P c 

(1) 

where P ^ , P|a\i, Pei> ?Rand Pcx are the Ohmic, additional, equipartition, radiated 
and charge-exchange power densities, respectively. Pce and Pcj are the power 
density losses due to heat and particle transport processes: Pcs = (3/2) ns TS /TE S 

(s = i, e for ion or electron), where T^S is the central transport confinement time 
for species s; an equation similar to Eq. (1) is written for light impurities, the 
central density being given. 

The results in Fig. 1 for carbon are well fitted for the following parameters: 

P^dd = 1.5 W • cm"3 TECeH/r£ = 18 m s / 2 9 m s - ° 6 

pladd = 0.8 W • cm"3 TmH/rEi = 3 1 m s / 3 1 ms = 1 

where r ^ H ' ^ is the confinement time during ICH or Ohmic heating. In this shot, 
2% light and 0.1— 0.25%o of heavy impurities have been assumed (Zeff «» 2). No 
theoretical calculation of the power deposited at the centre of the discharge is 
available. The powers P^jd found in the 0-D code are essentially fixed by the 
fit of the initial slopes for electron and ion temperatures; they are assumed to 
remain constant during the pulse duration. The confinement times r]£H are then 
fixed by the temperature saturation values. Therefore, the degradation calculated 
for electron confinement will be effective if ICH power remains really constant 
during the heating pulse. This is actually supported by the fact that the initial 
slope of the sawteeth — indicative of the total power on the electrons — 
remains approximately unchanged during the pulse. 

Many shots exhibit a decrease in electron temperature (-dTe/dt) during the 
heating pulse, in contrast to shot (C) in Fig. 1 (see Fig. 3). Again, if the power 
deposited at the centre on the electrons is supposed to be constant during the 
pulse, 0-D simulations show that the electron confinement further deteriorates: 
from 40% reduction when dTe/dt « 0 (top diagram in Fig. 3) to 60% reduction 
when -dT e /dt = 13 eV/ms (mid diagram in Fig. 3). This point of view is supported 
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FIG.3. Top and mid: time dependence of electron temperature for shots without and with 
negative temperature slopes during ICH. 
Bottom: sawtooth amplitude, As, and density fluctuations versus negative temperature slopes. 

by observation of sawteeth on ECE measurements and of small-scale density 
fluctuations which show that the larger the negative slope of the electron tempera
ture, the larger the increase of density fluctuations and the smaller the sawtooth 
amplitude. This implies that internal disruptions are not responsible for transport 
degradation. Conversely, density fluctuations could be associated with the 
dominant transport process. In particular, when there is no negative slope on the 
electron temperature, there remains an enhancement of density fluctuations, 
(<¿>ñ2>RF - <§ñ2>£2)/<0ñ2>ft, of about 100%, which is consistent with the reduction 
of a factor of about two on r E e found in the code which could therefore explain 
the electron temperature saturation. 

However, in the case where the electron temperature decreases during the 
heating pulse, it becomes difficult to make sure that the power deposited on the 
electrons remains constant because the sawteeth are not sufficiently large and 
hence their slope cannot be determined accurately. The power can be reduced 
on the electrons if the isotopic ratio n H /n D is altered during the pulse. An 
indication in this sense is provided by the mass spectrometer which shows that 
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FIG.4. Electron temperature drop during ICH versus hydrogen release at the edge. 

hydrogen release is minimum for the best heating performances, as is seen in 
Fig. 4: this could produce an increase in the isotopic ratio njj /n^, which would 
induce a reduction of the conversion factor and a shift of the conversion layer 
towards the plasma boundary, both leading to a subsequent lowering of wave 
absorption by electrons [4]. 

With the assumption of a modification in the power deposition, the question 
arises why the density fluctuations should be enhanced when the heating 
deteriorates. This could be accounted for by considering that recycling also 
alters the density and temperature profiles. 

Finally, it is concluded that the saturation of the electron temperature 
during ICH experiments in the mode conversion regime with carbon limiters 
indicates anomalous heat losses associated with even slight changes of the 
temperature or density gradients. This is supported by the observation of density 
fluctuation enhancement, correlated with the degradation of heating performance. 
This explanation relies on the constancy of the power deposited on the electrons. 
Actually, density increase and heating performance degradation with carbon 
suggest that edge effects and recycling could play a role in temperature saturation. 
Whether this is due to a density or temperature gradient modification or/and a 
lowering of the mode conversion efficiency caused by hydrogen recycling has not 
yet been clarified. In all cases, the use of passive carbon limiters appears to be a 
dubious choice. 

NEUTRAL INJECTION EXPERIMENTS 

In 1980, high-power (<1.1 MW) neutral-beam injection experiments (NBI) 
were carried out with inconel limiters [1 ]. It was established that, in addition to 
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a large amount of radiated power due to high-Z impurities already present before 
NBI, a substantial contribution to the losses could be attributed to increased heat 
conduction losses by electrons during the heating pulse. This led to a decrease in 
the global confinement time (35 -+ 26 ms). Such experiments were resumed 
in 1984 with carbon limiters and with new injection lines [5], which provide 
a « 2 MW capability of E < 40 kV neutrals. 

Figure 5 shows the time behaviour of central temperatures and densities for 
NBI experiments with carbon ((a) and (b)) and inconel (c) limiters (H° beam, 
D+plasma). Cases (a) and (b) with carbon correspond to different central 
densities. Basic observations are: 

(i) the electron temperature saturates in the same way as in the ICH experiments, 
and also the ion temperature saturates, in contrast to the ICH results. This 
saturation exists with inconel limiters but is less obvious; 

(ii) the sawteeth on the electron temperature have their amplitude and their 
period approximately doubled during the heating pulse with carbon limiters 
so that the corresponding losses are almost unchanged; 

(iii) in contrast to ICH, electrons never cool down during the NBI heating pulse; 
(iv) a 15 to 25% density increase is systematically observed with carbon limiters, 

whereas the density is only slightly affected with inconel limiters. 

Figure 6 shows the temperature increase for ions and electrons at the centre 
as a function of the ratio of injected power to central density. The NBI heating 
efficiency is strongly affected when carbon is used. A similar conclusion has 
recently been drawn on DITE [6]. From Fig. 6, it is found that the cumulated 
temperature increases for ions and electrons (ATe + AT¿) are about twice less 
with carbon than with inconel. As in the case of ICH, the density increase during 
NBI accounts for a large part, (3/2)T(0) An(0), of the internal-energy variation, 
(3/2) A(n(0) T(0)), and for a consequent reduction of AT(0). 0-D simulations 
were performed in the same way as for ICH experiments. A difficulty arises with 
the charge-exchange term in the ion balance equation (1). Indeed, fast-neutral 
measurements show an important increase in energetic neutrals escaping from the 
plasma, originating from charge-exchanged plasma ions. Calculations clearly 
indicate that this corresponds to an increase by a factor of two to three of the cold-
neutral density in the entire plasma. Changes in the respective toroidal positions 
of the limiters and charge-exchange diagnostics prevent comparisons between 
inconel and carbon limiter situations. However, this indication, together with 
the density enhancement specific to carbon limiters, supports the idea that 
recycling plays an important role and that the neutral density could well be 
larger in this case than with inconel limiters. If this is the case, charge-exchange 
beam losses could significantly affect the ion power balance and explain the ion 
temperature saturation. 
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c: BT = 4.5T,Ip = 280kA 
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The 0-D code provides a best fit of electron and ion temperature evolutions 
when it is assumed that confinement degradation is mainly experienced by ions: 

Padd = 0 - 8 W - ™ r 3 

P1add = 0-'73W-cm-3 

TEiBI/rEe = 2 9 m s / 3 2 m s = ° - 9 

TEiBI/TEi = 3 3 m s / 2 1 m S = °'65 

The power densities at the centre, P®dd = 0.8 W*cm"3 and P^dd = 0.73 Wcm~3, 
deduced from initial temperature slopes in the simulation, are in good agreement 
with the power deposition profile calculation; Then, ion confinement degradation 
could only appear if charge-exchange losses of the fast-ion beam reduce the power 
deposited on the ions to about 0.35 W* cm -3 on a time-scale of order of 10 to 20 ms. 

The slight degradation of confinement observed on electrons during NBI 
heating, r£e

BI/TEe = 0.9, at high density (1.2 X 1014 cm3) is amplified when the 
density is lowered: T^l/r^e = 0.65 at n(0) = 9 X 1013. As in the stationary case 
for ICH heating, the sawteeth have a constant slope during the pulse, which 
indicates that the power on the electrons remains constant during NBI at the 
centre. 

As for ICH, a clear correlation is seen between density fluctuation enhance
ment and degradation of electron confinement (see Fig. 7). When the electron 
confinement is not affected (.T^^/T^ ^ 1), the density fluctuations remain 
almost unchanged. In addition, the period and amplitude of the sawteeth are not 
correlated to electron confinement degradation at the centre. These observations 
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FJG. 7. Electron confinement time reduction versus density fluctuation enhancement 
during NBI. 

indicate that density fluctuations are the relevant indicator of electron confine
ment degradation during NBI as was the case for ICH experiments. 

Finally, during NBI heating experiments on TFR with carbon limiters, there 
is a suspicion that charge-exchange losses of fast ions could explain the weakness 
of ion heating. Electron anomalous transport is observed with carbon limiters as 
well as with inconel, correlated with density fluctuations, which suggests that the 
central characteristics of the plasma are affected by transport in the whole 
discharge. 

4. PELLET INJECTION EXPERIMENTS 

The pellet injector installed on TFR by the Ris^ group is a single-shot 
pneumatic system [7]. Each pellet contains about 1019 D° atoms which produce 
approximately a 30% increase of the main electron density when injected into 
medium-density plasmas (7 X 1013 cm -3). Restricting the discussion to trans
port observations, the most striking result is the rapid propagation of a cooling 
edge up to the plasma centre, which is much faster than the pellet itself. At the 
same time, the added density remains at radii where the pellet is ablated 
( r>10cm) . 

The propagation of the cooling edge is observed in electron cyclotron emission 
(Fig. 8b) as successive decreases in Te when going from external to more central 
channels; the pellet velocity Vp = 5 X 102 m ' s - 1 is two to three times smaller than 
that of the cooling edge, V « 1.4 XTO3 nrs" 1 . This had previously been observed 
on soft X-rays [8]. The central cooling seems to take place systematically at 
about the same time (i.e. within the error bars) as that of the r = +6 cm position, 
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FIG.8. a) Time behaviour of HQ light and electron temperature at different radii during 
pellet injection; b) propagation diagram of the cooling edge (A: magnetic axis, C: centre 
of last magnetic surface). 

while the r = -6 cm position is the last to be cooled. The observed heat transport 
over about 10—15 cm in a time of 100 /us is of the same order of magnitude as 
during a minor disruption [9]. In addition, the synchronous cooling of the r = 0 
and r = +6 cm positions but not of the r = -6 cm position indicates lack of 
symmetry around the magnetic axis. It is possible that a particular role is played 
by the q = 1 surface as is also suggested by the appearance of m = 1 oscillations 
on soft X-rays reported in Ref. [8]. This fast transport phenomenon corresponds 
to an internal re-structuring of the electron temperature profile. Indeed, the 
energy content in the whole plasma measured 400 us before and 400 ¡is after 
pellet injection remains the same. In contrast to a minor disruption, the energy 
leaving the plasma centre is not lost at the edge but heats the cold fuel deposited 
by the pellet. A high level of fluctuations is revealed by scattering measurements 
during the heat transport process [10], which subsequently ceases, the plasma 
turning back to a quiescent regime. 

The density added by the pellet remains where it has been deposited during 
the fast re-organization of the Te profile. The electron density becomes peaked 
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FIG.9. Profile evolution of electron temperature and density 800 fxs before and 800 ¡is after 
pellet injection. 

at the centre on a long time-scale of order of 30 ms (Fig. 9). Although during 
this period the density profile evolves from hollow to rather flat, and finally 
peaked, the plasma remains quiescent and the energy confinement time follows 
the Alcator scaling law. 

The absence of a fast density profile evolution as well as the absence of 
enhanced density fluctuations during the slow density re-organization suggest 
that the electron temperature gradient (or profile) is the main cause of enhanced 
energy transport during the re-organization of Te. 

5. CONCLUSION 

The heating efficiency is reduced during ICH and NBI experiments on TFR 
when carbon limiters are used in place of inconel limiters. Strong saturation of 
electron temperature occurs with the two methods when carbon is used. The 
ion temperature also saturates during NBI. The significant rise in electron density 
during the heating pulses with carbon limiters suggests that plasma/wall interaction 
and subsequent recycling could play an important role in these observations: 
it is strongly suspected that charge-exchange losses of fast ions are responsible for 
ion temperature saturation during the NBI experiments, 
hydrogen outgasing from limiters could also produce a shift of the RF conversion 
layer, thus producing a lowering of power coupled to electrons during ICH. 

The electron confinement degradation is deduced — as far as power depo
sition is constant during RF — from balance considerations in the two heating 
methods strongly correlated to density fluctuation enhancement. This suggests 
that anomalous transport is strongly increased when the profiles are slightly 
modified. Pellet injection experiments enlighten this point of view. Indeed, 
pellets produce a very fast heat transport (i.e. at the same speed as a minor 
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disruption) between the centre and the outer regions where the pellet is ablated 
to restore the electron temperature profile whereas the density profile remains 
affected during a much longer period of time. All these observations tend to 
support the idea that a slight modification of the electron temperature profile 
can produce an important increase in anomalous transport. 
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DISCUSSION 

B. COPPI: What are the recovery times of the electron temperature profile 
and of the density profile in your pellet injection experiments? 

M. CHATELIER: As in Alcator, the temperature profile recovers in a time 
of the order of 120 jus. The density profile in TFR, however, appears to take 
longer (~ 30 ms) to regain its initial shape (as opposed to ~ 1 ms in Alcator). 

B. COPPI: In your ICRH experiments, do you find the same spectacular 
enhancement of the sawtooth oscillations as those reported by Mazzucato? 

M. CHATELIER: An increase in the amplitude of the sawtooth oscillations 
is observed with RF heating as with neutral-beam injection, although the increase 
in electron temperature is small. This result is similar to that obtained in PLT. 
Also, the period of the sawteeth is slightly less during cyclotron heating (the 
amplitude being approximately doubled), whereas with neutral-beam injection 
their period almost doubles (with the amplitude also more or less doubling) for a 
power level of 600 kW. 

F. WAELBROECK: Is the increase in the amplitude of the density fluctua
tions observed during ICRH due to the wave or to the temperature increase 



116 EQUIPE TFR 

(change in profile)? What happens after the heating pulse is interrupted or during 
neutral-beam injection? 

M. CHATELIER: The time behaviour of the density fluctuations seems to 
indicate that they are associated with a phenomenon which takes place over a 
time-scale of the order of the profile recovery time (10— 15 ms). The disappearance 
of the fluctuations after the heating occurs over more or less the same time-scale. 

F. SÔLDNER: What are the values of Zeff during auxiliary heating for 
carbon and Inconel limiters? 

M. CHATELIER: With Inconel, Zeff is approximately 1.2, whereas with 
carbon it is between 2 and 4. 

J.D. CALLEN: You have emphasized the correlation between the degrada
tion of the electron energy confinement time ( r E ) and the density fluctuation 
level. Have you also measured the magnetic fluctuations, particularly in the 
higher-frequency range (~100 kHz), and do they also correlate with the decrease 
in r E ? 

M. CHATELIER: No magnetic measurement has been performed in a high-
frequency range (~100 kHz). We have attempted to correlate this degradation 
of electron confinement with losses of suprathermal electrons to the limiters, 
which might have revealed a certain level of fluctuations of magnetic origin — 
but these measurements have not provided any clear result. 
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Abstract 

DIVERTOR AND SCOOP LIMITER EXPERIMENTS ON PDX. 
Routine operation in the enhanced-energy-confinement (or H-mode) regime during 

neutral-beam injection was achieved by modifying the PDX divertor hardware to inhibit the 
influx of neutral gas from the divertor region to the main plasma chamber. A particle scoop 
limiter has been studied as a mechanical means of controlling particles at the plasma edge, 
and neutral-beam-heated discharges with this limiter show similar confinement times 
(normalized to rg/Ip) to average H-mode plasma. - Two new instabilities are observed near the 
plasma edge in PDX during H-mode operation. The first, a quasi-coherent fluctuation, 
occurred in bursts at well-defined frequencies (Aco/co < 0.1) in the range 50 to 180 kHz, and 
had no obvious effects on confinement. The second instability, the edge relaxation phenomena 
(ERP), did cause deterioration in the global confinement time. The ERPs are characterized 
by sharp spikes in the divertor plasma density, H t t emission, and on the X-ray signals they 
appear as sawtooth-like relaxations at the plasma edge with an inversion radius near the 
separatrix. — Attempts to obtain high (3? in the H-mode discharges were hampered by a 
deterioration in the H-mode confinement and major disruptions which limited the achievable 
]3T. A study of the stability of both the limiter L-mode and divertor H-mode discharge close 
to the theoretical 0 boundary showed that the major disruptions observed there are sometimes 
caused by a fast growing m/n = 1 / 1 mode with no observable external precursor oscillations. 

* The PDX project is supported by the United States Department of Energy, Contract 
No. DE-AC02-76-CHO-3073. 

** University of Maryland, College Park, Maryland, USA. 
*** IREQ Institutde Recherche d'Hydro-Québec, Canada. 

+ University of Tokyo, Tokyo, Japan. 
++ Supported by AT&T Bell Laboratories, Murray Hill, New Jersey, USA. 
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I. INTRODUCTION 

Extensive studies have been made of plasma heating and 
stability in the PDX tokamak with high power neutral 
beams [1], The PDX device operated in several divertor and 
limiter configurations and in the range 0.7 < BT < 2.4 T and 
200 < I < 500 kA. A neutral beam injector system provided 
power levels up to 7 MW with deuterium injection for beam 
pulse lengths up to 300 msec at 14° from perpendicular at the 
center of the vacuum vessel. 

The original divertor of the PDX tokamak [2] was 
configured in an open geometry, characterized by low Z f f 
discharges during ohmic heating and favorable power handling 
characteristics, especially at high densities, during neutral 
beam injection. However, high confinement was not observed 
with neutral beam injection even though some of the 
characteristics of the transition to the H-mode observed in 
ASDEX [3] were evident. 

In late 1982 the two outer divertor channels were closed 
off and the neutral gas conductance of the inner channels 
somewhat reduced by baffles. Divertor plasmas (R_-i =140 cm, 
a = 40 cm) in this new configuration provided routine access 
to better energy and particle confinement times characteristic 
of the H-mode [4,5]. The closed divertor configuration gave 
neutral gas compression ratios of 15-30 as opposed to 1 for 
the open divertor [6] and the energy deposition on the 
divertor neutralizer plates was «*•» 3 times less than the open 
divertor cases [7]. 

II. HIGH CONFINEMENT REGIME IN DIVERTED AND SCOOP 
LIMITED DISCHARGES 

In PDX, the transition to the H-mode confinement regime 
in a diverted plasma is evidenced by a sharp rise in ñ 
despite a constant gas feed rate. Concurrent with the rise in 
ñ-f spontaneous rises in volume average toroidal beta <3T> and 
the total energy confinement time 1™ a r e observed. The time 
at which the transition occurs is dependent on the values of 
I , BT, and the total absorbed power, with typical threshold 
values ranging from 1-2 MW. Characteristics of a discharge 
exhibiting the transition into the H-mode are shown in Fig. 
1. The abrupt drop in H /D from the divertor region at the 
onset of the high confinement phase was used as a criterion to 
determine whether or not the plasma had experienced a 
transition from L to H-phase. However, the presence of this 
transition alone does not guarantee improved confinement, as 
was concluded from results with the open divertor geometry on 
PDX during the run period 1980 to 1982 and with forced density 
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H-MODE TRANSITION CHARACTERISTICS 
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FIG.l. Discharge characteristics of a two-beam (^2.3 MW) divertor plasma with Ip « 350 kA, 
Bj = 1.7 T. The transition into the H-phase occurs at 450 ms. 
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FIG. 2a. Electron temperature and density profiles from Thomson scattering for the L- and 
H-mode phases of a high-confinement discharge. 
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FIG. 2b. Electron temperature and density profiles at the outer edge of the plasma for a 
high-confinement discharge. The shaded regions indicate the estimated location of the separatrix 
as determined from an MHD equilibrium code. 
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rise experiments with the closed divertor [5]. In order to 
obtain a divertor discharge with good H-mode confinement, it 
appears that three conditions are necessary: 1) a separatrix 
must define the plasma boundary 2) a transition must take 
place, and 3) the particle recycling region should be strongly 
localized near the divertor throat (i.e. the separatrix 
x-point in PDX geometry). 

Electron density and temperature profiles are shown in 
Fig. 2a for times prior to the H-mode and well after the H-
mode transition, near the peak of the density rise. Density 
profiles typically broaden just after the transition, and 
while the electron temperature profiles sometimes broaden they 
always develop high edge temperatures (~ 400 eV) for good H-
mode discharges. Often, as in Fig. 2a, the T profile appears 
to gain a "pedestal," or constant addition, of 200-300 eV at 
all radii. Detailed measurements of the edge plasma profiles 
were made with a single point Thomson scattering system. The 
sharp gradients in T (3T /3r ~ 300 eV/cm) and n O n /3r ^ 
3 x 10 cm /cm) were found to lie just inside the separatrix 
location in PDX. 

The electron temperature changes occurring at the 
transition from L to H-mode on PDX have been studied in detail 
with second harmonic electron cyclotron emission [8]. It was 
found that the maximum fractional temperature rise AT /T 
occurred about 5 cm inside the separatrix. The temperature 
rise at a transition caused by a sawtooth occurred in over » 
300 ys. In contrast, if the transition was not triggered by a 
sawtooth, or if a "fishbone oscillation" [9] caused the 
transition, then the temperature rise occurred in ~- 3 ms. The 
temperature 5 cm inside the separatrix ranged from 200 to 400 
eV at the transition, implying that there is no critical 
temperature at which the transition will take place. 

The energy transport in H-mode discharges was analyzed 
with the time-dependent transport analysis code TRANSP. 
Analyses of several cases indicate that the dominant plasma 
energy loss is through the electron channel, just as it is for 
L-mode discharges, and this loss is attributed to anomalous 
electron thermal conduction. The dominant energy loss for 
ions is through coupling to the electrons, and the ion thermal 
conductivity is typically 1 to 3 times the Chang-Hinton 
neoclassical value in order to match the measured central ion 
temperature. 

An independent estimate of x e t>ef°re and after the 
transition was obtained by an improved form of the heat pulse 
technique [10]. This method entails not only measuring the 
time to peak for the heat pulse, but also the time to 3/4, 1/2 
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and 1/4 the peak temperature. It is found that the x e values 
drop by a factor two going from the L to H phase of the 
discharge. While this technique is only useful for those 
discharges which have large sawteeth in the H-mode phase, it 
does confirm the reduction of x e obtained from the transport 
code. 

A correlation between improved confinement and a 
reduction of neutral gas and particle recycling in the main 
plasma chamber was discovered in PDX H-mode studies by 
observing a decrease in T E as the main chamber neutral gas 
pressure rose and by comparison of the neutral gas 
distributions in low-confinement open- and high-confinement 
closed-divertor discharges. Such an apparent t E dependence on 
the ability to control or localize the particle source raises 
the possibility of accessing a high-confinement regime via 
advanced limiter concepts. 

Preliminary observations of such an effect were observed 
in a brief series of experiments wherein circular plasmas were 
formed on an unpumped particle scoop limiter [11]. In 
addition to having an enclosed 50 % plenum accessed by the 
plasma via open channels 2 cm behind the limiter surface, this 
limiter differed from normal rail limiters by its saddle shape 
and broad front surface (~ 33 cm wide). While no abrupt 
transition to a high H or xE regime occurred, neutral beam 
heated discharges on this scoop displayed values of T E similar 
to those obtained in diverted H-mode plasmas [5,11]. 

Additional evidence of H-mode-like behavior in scoop 
limited discharges were high particle confinement times (T_ > 
100 msec), and the appearance of a quasi-coherent density 
oscillation with f ~> 50-150 kHz at r ~ 0.7 a. While similar 
modes at r ~> a were indicative of a good H-phase in a diverted 
discharge (as described below), they were not seen in L-mode 
diverted discharges or rail-limited discharges. 

III. MHD ACTIVITY AND FLUCTUATIONS 

A. Quasi-coherent fluctuation 

A new kind of fluctuation uniquely associated with the 
the scoop limiter operation and H-mode phase of a divertor 
discharge was observed on PDX with both a C02 laser 
interferometer and a 2mm microwave scattering system [12]. 
This quasi-coherent density fluctuation (QCF), which always 
begins within a few milliseconds after the transition from L 
to H-mode, was observed in a narrow radial range near the 
plasma edge and was characterized by a surprisingly sharp 
frequency spectrum. 
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FIG.3. The time record and spectra of microwave scattering from density fluctuations during 
a PDX H-mode discharge are shown in (a) and (b), respectively. The spectra in (b) with solid 
line and dotted line are obtained during a time centred at 481 and 481.15 ms, respectively. 
The scattering volume is a predominantly horizontal chord with a length of the order of the 
plasma radius and a width of 2 cm located midway between the plasma centre and the outer 
separatrix. Heterodyne detection allows the direction of propagation (or rotation) of the 
fluctuations to be determined from the sign of the frequency shifts. 
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FIG. 4. Comparison of an edge relaxation perturbation (ERP) with a normal sawtooth 
oscillation. The percentage variation in AA/A versus minor radius is shown by using the 
line-integrated soft-X-ray emissivity signals obtained with a 12.5 ¡J.m Be filter. In addition, 
the A r e / r e from electron cyclotron emission for an ERF is also shown. 
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Frequency spectra of both the broad-band density 
fluctuations and the QCF during the H-mode are shown in Fig. 3 
as measured with the 2-mm microwave scattering apparatus. The 
spectrum in Fig. 3(b) is obtained during the second QCF burst 
shown in Fig. 3(a). The high frequency bursts (near 120 kHz 
in Fig. 3) are nearly coherent (AW/GO ~* 0.1) for 10 to 20 
cycles and are separated by periods of the same duration as 
the bursts. The wave vector KQ corresponding to the 
scattering angle for the data in Fig. 3 is in the range 
between 0.5 and 3 cm" , (giving wavelengths between 2 and 12 
cm or poloidal mode numbers m between 20 and 120 for modes 
near the plasma edge. Observation with a VUV/X-ray wave 
detector array yields m = 15-30, which is consistent with the 
lower range of m numbers from the microwave scattering. 

While the basic mode associated with the QCF has not 
been identified, there is a clear one-to-one correspondence 
between the QCF and the high confinement H-mode regime in 
diverted plasmas. The large shear near the separatrix tends 
to stabilize MHD modes, and the narrow radial structure is not 
characteristic of macroscopic MHD activity. Thus it is more 
likely that the QCF is electrostatic in character with a 
magnetic component due to finite $ effects. 

B. Edge relaxation phenomena 

The edge relaxation phenomenon (ERP) which has been 
observed on PDX during H-mode discharges is similar to that 
reported by the ASDEX group [13]. This instability is 
characterized by sharp spikes on all edge diagnostic signals, 
such as Ha/Da emission, soft X-ray emission at large radii, 
low-Z impurity emission, edge Langmuir probes and on divertor 
density signals [14] (see Fig. 1). These edge oscillations 
are sawtooth-like relaxations located inside the separatrix 
with an inversion radius at the plasma edge, as seen in Fig. 
4. #The presence of these bursts was correlated with decreases 
in ñ"e, x , xE» and <$>, along with an increase in the parallel 
power flow outside the separatrix. From charge exchange and 
neutron measurements it was found that ERP1s do not cause a 
significant loss of fast ions. 

An important feature of the ERP1s is their frequency of 
occurrence or duty factor. Many experiments were performed in 
an attempt to stabilize or decrease the frequency of the 
ERP's. Ramping or decreasing the plasma current during the 
ERP phase of the H-mode did affect the ERP's frequency but not 
strongly. One way to increase the frequency of the ERP's was 
by forcing a density rise by increasing the gas feed rate, 
which resulted in an ERP repetition rate of ~- 1 kHz. A simple 
correlation for the ERP frequency was the higher the average 
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FIG.5. Magnetic loop activity observed before a Ha spike (ERP) showing some oscillations 
on coils close to the x-point. 

level of H emission from the divertor region, the higher the 
frequency of ERP's. 

The C02 and microwave scattering diagnostics did not 
detect a clear precursor to the ERP's but in some examples a 
QCF type density perturbation was detected. The Mirnov coil 
signals sometimes detected a fast growing magnetic oscillation 
near the separatrix x-point before the ERP (Fig. 5). This 
mode was identified as an m/n = 3/1 or 3/0, however the mode 
amplitude was small and only one or two oscillations were 
detected before the ERP. Re-examination of old data showed 
that both the transitions from L- to H-mode and ERP'S were 
present in PDX open divertor discharges. Since the edge 
temperature was not high and no large edge temperature 
gradient was present in the open divertor geometry, these 
observations imply that the ERP's are a separatrix and 
transition phenomenon rather than a temperature or current 
driven MHD mode. 
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Results from a poloidal H detector array indicate that 
the H emission starts to rise first in either the divertor 

a 
dome or the divertor throat region before rising on the mid-
plane at the onset of an ERP. A small drop in the H emission 
is sometimes observed before the sharp rise for some ERP's. 
Prom a toroidal array of H detectors viewing the divertor 
region it was observed that the peak of the H spike at the 
ERP's are not simultaneous, but are delayed from each other by 
« 35 usee; this delay depends on where the ERP started (Fig. 
6). The ERP in Fig. 6a is coupled with a "fishbone 
oscillation" [9], and the ERP decreases the amplitude of the 
fishbone activity. This result implies that an edge 
perturbation, such as from the "fishbone oscillation", triggers 
the H spike at one toroidal location and then the 
perturbation propagates toroidally. Figure 6b shows that 
ERP's can happen independent of "fishbone oscillations"> 
indeed this is the most usual situation. From Fig. 6c it is 
found that the ERP starts near detector H • and then 
propagates toroidally. 

A scenario which appears to explain the main features of 
the ERP's is as follows: A perturbation grows in amplitude 
near the separatrix; this oscillation may cause ergodization 
of the magnetic field structure and/or potential surfaces near 
the x-point, thus triggering the discharge back into low mode 
confinement. The transport is then higher and this causes the 
edge temperature and density to drop dramatically inside the 
separatrix, producing the characteristic fast drops (100-300 
us) observed on the soft X-ray signals. From a simple heat 
diffusion model it is found that 300 us of L-mode every 1 ms 
will roughly halve the increase in confinement due to the 
H-mode, which approximately agrees with the experimental 
observations for the intense gas puffing experiment described 
in Ref. [4,5] 

IV. BETA LIMITS 

A crucial issue in defining the role of a beta limit on 
confinement is the question of what happens as beta limits are 
approached in H-mode discharges. If improved H-mode 
confinement were to persist at low B_ and high beam power, the 
beta values obtained in L-mode (limiter) discharges should be 
exceeded by up to a factor of two, despite even an L-mode 
power scaling of T E a

 P K • However, it was found in PDX 
that T E fell precipitously and 3 T saturated as beam power was 
increased. In part, this may have been due to the strong gas 
feed required to avoid disruptions in PDX under these 
circumstances since a large gas feed was shown to destroy the 
enhanced H-mode confinement. However, the disruptions 
themselves may have been the sign of the 3-limit; they are 
avoidable only by reducing T E (and thus $) through spoiling 
the H-mode confinement. 
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FIG. 7a. All PDX limiter data for both H° and D° beams, with fishbone-dominated 
discharges included, on a plot offij/Pw (where J3N = Ip/aBj) versus PJOT/BJ 
(Ip in MA, a in m, Bj in T, 0x in percent; P JOT ^ total input power, both beam 
and Ohmic in MW). 
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FIG. 7b. Plot similar to Fig. 7a, for divertor discharges. 
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Recent numerical calculations on optimization of the 
current and pressure profiles in tokamaks of various shapes 
and aspect ratios has suggested a simple sealing law for the 
maximum volume averaged 3 which can be reached before the 
onset of ideal MHD instabilities: 

I 
8 = const fi„ where B„ = — ^ — (1) 
^max MN WH a B m 

T 
where I is the plasma current, B_ is the toroidal field at 
the center of the plasma and the minor radius of the plasma in 
the equatorial plane [15], Since 8Tq can be written as 3T/$N 

for fixed R/a and elongation K, a generalized form of the PDX 
scaling, 8Tq versus PT0T/BT [1], is appropriate for comparing 
beta boundaries of limiter and divertor discharges in PDX, as 
shown in Figs. 7a and 7b. The slope of a line through the 
origin gives an estimate of the confinement time; most of the 
rollover of the data at high Bm/gj, is due to a loss of deeply 
trapped beam ions by the fishbone instability. The increased 
confinement in the H-mode at low prpom/Brp is evident from the 
higher slope of the data compared to that observed for limiter 
discharges. The inability to increase 3T/3N over the limiter 
values and the increased spread of the data at high 8T/3N 

implies that the H-mpde discharges are subject to the same 
beta limits as L-mode plasmas. 

Taking the upper range of the data in Figs. 7a and 7b to 
define a beta boundary gives a value of ~ 3.5 for the constant 
in Eq. (1). Since the calculated values of this constant 
range from 2.8 for external kink modes to 4.4 for ballooning 
modes. It appears that the external kink mode limit has been 
exceeded but not the n = <» ballooning limit. 

While no additional MHD activity uniquely associated 
with high 3m/3M has been found on PDX, many discharges with 
high 3m/3N do end with disruptions and some of these 
disruptions have a fast growing m/n = 1/1 precursor mode 
observed in the plasma center by the soft x-ray array. An 
m/n = 1/1 mode is not normally observed before major 
disruptions in ohmic or low 3ITI/3M discharges in PDX. Other 
disruptions are found to have little or no precursor activity 
but the presence of a nonrotating n=1 mode can sometimes be 
identified. 

V. CONCLUSIONS 

Plasmas with improved energy and particle confinement 
times were routinely achieved with the closed PDX divertor 
configurations over a wide range of operating conditions. The 
quality of the confinement in a given H-mode discharge is 
related to the edge plasma properties and apparently depends 
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on the ability to control neutrals and the location of the 
plasma fueling source. The improvement in confinement is not 
sustained at high beam powers in PDX, the deterioration being 
due to ERP's, and intense gas puffing. While preliminary 
experiments with a particle scoop limiter have produced 
discharges with confinement values similar to those of the 
divertor H-mode plasmas, further experiments are needed to 
explore the possibility of achieving high confinement in a 
non-divertor discharge. 

Two new instabilities have been observed during H-mode 
operation, the QCF and the ERP's. The ERP's are the most 
important because they cause a large deterioration in 
confinement. The ERP's may have a helical nature and are 
found to propagate toroidally, and in some examples a 
precursor perturbation with m/n - 3/0 or 3/1 is observed near 
the divertor stagnation point. 

The presence of the beta boundary (3T/3N) , for both 
limiter and divertor operation in PDX, implies that ideal MHD 
theory may define the stable operational parameter space for 
tokamaks. However, no additional MHD activity uniquely 
associated with high B_,/3N has been observed, except that 
major disruptions take place as attempts are made to exceed 
this boundary. 
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DISCUSSION 

F. WAGNER: Comparison between the rE values of PDX and ASDEX for 
mixed isotope cases (D° -*• H+ or H° -*• D+) shows good agreement in the L-mode. 
The published rE data for the PDX scoop limiter discharges apply to isotopically 
pure discharges (D° -» D+). The Tg data also show good agreement with the 
ASDEX L-mode cases of D° -*• D+ discharges. I would speculate, therefore, that 
the scoop limiter data represent L-type behaviour and that the improved confine
ment is simply due to the higher effective mass. 

K. McGUIRE: When we compare our PDX rail limiter (D° -> D+) plasmas 
with the scoop limiter (D° -» D+) discharges, we find that the confinement times 
for the latter are consistently better than for the former. The improved rp for the 
scoop limiter has also confirmed the higher TE . 

K. LACKNER: Doublet-Ill results to be presented at this conference support 
the view that divertor (H-mode) operation is limited to higher qa values, and there
fore lower maximum j3T values, than limiter discharges. Also, ASDEX H-mode 
and j3-limit studies have so far been successful only down to qa ^ 2.8. Are your 
observations in contrast to this? 

K. McGUIRE: With H-mode discharges on PDX, we have obtained qa ~ 2 
without much difficulty. In addition, high 0x was also obtained using both 
co-injection and counter-injection with divertor H-mode discharges. 
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Abstract 

COMPARISON OF ENERGY CONFINEMENT IN DOUBLET III LIMITER AND 
DIVERTOR DISCHARGES WITH OHMIC, NEUTRAL BEAM AND ELECTRON 
CYCLOTRON HEATING. 

Scaling of total energy confinement time with line-averaged desnity, toroidal field, plasma 
current and total input power is presented for vertically elongated tokamak plasmas, both 
limiter and divertor configurations, heated by Ohmic, neutral beam injection (NBI), and electron 
cyclotron heating (ECH) methods. Line-averaged density plays no role in confinement 
in any type of discharge for densities above 2 X 1019 m-3. Toroidal field affects confinement 
only in Ohmic divertor discharges. Current is the key variable in ECH and NBI discharges: 
confinement time increases linearly with current. The similarity of the density and current 
scaling in NBI and ECH cases argues strongly that these scalings are properties of the 
auxiliary-heated plasmas in general and are not heating method specific results. Configuration 
also affects confinement: expanded boundary divertor discharges show superior confinement 
for all three heating methods. Finally, the functional form of the variation of stored energy 
with input power in NBI discharges suggests that confinement time is approaching a new, 
power-independent value at high input power. 

INTRODUCTION 

T h e u n d e r s t a n d i n g and op t imiza t ion of energy confinement, t ime re
m a i n s one of t h e key quest ions in t o k a m a k research . In an a t t e m p t t o 
confront th is ques t ion t h r o u g h expe r imen t s on Double t III , we are s t u d y 
ing t h e confinement p roper t i e s of vert ical ly e longated p l a s m a s , b o t h lim
i ter and d iver tor conf igurat ions , h e a t e d by O h m i c , n e u t r a l b e a m injection 
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(NBI) and electron cyclotron heating (ECH) methods. During this work, 
we have produced plasmas with temperatures up to 4 to 6 keV and pres
sures up to 0.4 atm. The purpose of this paper is to set forth the scaling 
of total energy confinement time TE with line-averaged density ne, plasma 
current Ip. toroidal field BT and total input power P?, to compare the 
results of the various heating methods and to discuss the major channels 
for plasma energy loss in these discharges. 

The results reveal that the single most important plasma parameter 
affecting confinement in auxiliary heated discharges is plasma current. In 
both ECH and NBI cases, TE and the total energy content WT increase lin
early with Ip] accordingly, vertically elongated plasmas are advantageous, 
since they can carry more current for a given BT and safety factor q^. On 
the other hand, the least significant parameter appears to be the line-
averaged density, which plays no role in confinement in Ohmic, ECH or NB 
discharges for densities above 2 x 1019 m - 3 . The similarity of the Ip and 
ne scalings for ECH and NBI discharges argues that these dependences 
are characteristic of the plasma itself. BT affects confinement only in 
Ohmic divertor discharges and has no effect on Ohmic limiter or NBI dis
charges. In addition, configuration has a significant effect on confinement. 
Expanded boundary divertor [l] discharges have shown superior energy 
confinement relative to limiter discharges for all three heating methods. 
However, even in the divertor discharges, introduction of multimegawatt 
level NBI usually results in a distinct decrease in the energy confinement 
time TE relative to the value obtained in Ohmically heated plasma with 
the same 7p, BT and ne. Our present data strongly suggest that con
finement does not decrease indefinitely with increasing NBI power, but 
achieves a new value, characteristic of the NBI state, at high power levels. 
Heating with ECH at the 0.7 MW level appears also to result in a con
finement reduction, quite similar in magnitude to that produced by NBI 
at a comparable power level. 

DEVICE AND ANALYSIS METHODS 

The dimensions of Doublet III and the range of plasma parameters 
utilized in these experiments are summarized in Table I. The NBI system 
employed here consisted of co-injected 75 keV neutral beams [2], operating 
in either hydrogen or deuterium gas, and were capable of delivering a 
neutral beam heating power PB up to 8 MW. The beams made an angle 
of 63° with the magnetic axis of the device. The ECH system consisted of 
six Varian 60 GHz gyrotrons which were coupled to the plasma through 
antennas designed to launch the extraordinary mode from the high BT 
side and which delivered a total of about 0.8 MW to the plasma [3]. The 
maximum NBI power level greatly exceeded the Ohmic power level for any 
of the plasmas listed in Table I; the maximum ECH power level was at least 
comparable to the Ohmic level, and significantly exceeded it for Ip < 0.65 
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TABLE I 
D-lll PARAMETER REGIME 

Device Parameter 

Toroidal Field £ T ( T ) 
Plasma Current Ip (MA) 
Major Radius R0{m) 
Minor Radius a(m) 
Elongation K 
Triangularity 6 
Effective q 
L ave. density ne (m~3) 
Maximum Temp. T(keV) 

Limiter 

0 . 6 - 2.6 
0.25 - 1.0 

1.43 
0.37 - 0.44 

1.0- 1.7 
-0.1 - 0.5 
1.6- 10 

2 - 1 0 xlO1 9 

4.0 

Divertor 

0.8 - 2.6 
0.25 - 1.0 

1.43 
0.40 

1.3- 1.8 
-0.1 - 0.9 

3 - 1 0 
2 - 10 X 10' 

6.0 

MA. All experiments reported here were conducted using deuterium target 
plasmas. 

Global TE can be determined either from magnetic measurements or 
by measuring and integrating radial profiles of density and temperature 
and calculating and integrating fast ion energy density profiles. The profile 
measurement methods available have been discussed in Ref. [4]. Magnetic 
measurements of rE were based on determining W? from MHD equilib
rium analysis and from measurements of diamagnetic flux. The former 
utilized signals from magnetic flux loops and magnetic probes coupled 
with numerical solutions of the full Grad-Shafranov equation [5,6]. It also 
produced information on the plasma elongation K, triangularity 6, major 
radius R0, minor radius a, poloidal beta fip and the width of the gap A 
between the separatrix and the leading edge of the closest limiter. 

Uncertainty in determining WT from the profile measurements is usu
ally in the range 10 to 15%. Uncertainty in the determining of WT from 
the magnetics is best stated as an error of 0.1 in 3p from the diamagnetic 
analysis and an error of < 0.1 in 3p from the MHD equilibrium calculation 
when K, > 1.3. This usually amounts to about a 10% error in WT for 
the NBI and ECH discharges, although errors can be as high as 30% in 
Ohmic discharges. Within these error bars, the two magnetic values of WT 

agree with each other and with the value determined from profile measure
ments, when available. Since magnetic measurements are routinely done 
on all discharges, the magnetic analysis results are usually used for scaling 
studies. 

RESULTS 

Ohmic energy confinement remains the standard against which aux
iliary heating results are judged. We have extended our previous Ohmic 
limiter work [7] to the parameter ranges covered by the NBI and ECH ex
periments in both limiter and divertor discharges. All Ohmic discharges 
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o = OHMIC (650 kA, 2.14 T) 
• = ECH (500 kA, 2.14 T) 
a = NBI (315 kA, 1.4 T) 

tm 
¿»+ 

\- ++ 
$ -$- -$-

0.0 i 4.0 6.0 

n e (1019 m"3) 
8.0 

FIG. 1. Variation of r E , as determined from 
MHD analysis, with line-averaged density 
n e in Ohmic, ECH and NBIdiver tor 
discharges at constant current and toroidal 
field. ECH power is between 0.5 and 
0.7 MW; Ohmic power during the ECH pulse 
is <0.4 PT . NBI power is 3. 7 MW. 

O = OHMIC 

• = ECH(0.7 MW) 
a = NBI(4.0 MW) 

0.0 200.0 400.0 600.0 800.0 tOOO.O 

I p (kA) 

FIG.2. Functional dependence of T E , as 
determined from MHD analysis, on plasma 
current I_ for Ohmic, ECH and NBI divertor 
discharges. For Ohmic and ECH discharges, 
line-averaged density is in the range 
2-6X 1019 m - 3 while B T = 2.14 T. 
ECH power is 0. 7 MW. For NBI discharges, 
n e is in the range 2 —9 X 1019 m ~3 

and NBI power is 4 MW. 

utilized in this study are in steady state and have sawtooth oscillations 
in the soft X-ray flux. Over the range 2 < ne (1019 m""3) < 8, 0.3 < 
Ip(MA) < 1.0, we find that Ohmic energy confinement time is essentially 
independent of ne and Ip for both limiter and divertor discharges. (This 
statement is consistent with the high ne and Ip portion of our previous 
work [7].) The ne and Ip dependences for divertor discharges are illus
trated in Figs 1 and 2. As is shown in Fig. 3, energy confinement does 
improve with BT in divertor discharges; except for the region below 0.8 T, 
limiter discharges show little dependence of TE on Bj. Transport analysis 
using the ONETWO code [8j shows that over most of the parameter space, 
electron conduction is the dominant energy loss process; ion conduction 
at the neoclassical level [9] becomes comparable to it only in the highest 
BT divertor discharges. 

ECH experiments were done primarily in divertor discharges using a 
field of BT — 2.14T, which puts the ECH resonance in the plasma center 
and results in maximal heating. In computing Tg for ECH experiments, 
the ECH contribution to Pj is taken to be the ECH power broadcast 
towards the plasma. As is illustrated in Fig. 1, for 2 < n e (10 1 9 m~3) < 
8, rE is independent of ne. The one point at 1 X 101 9 m ~ 3 exhibits 



IAEA-CN-44/A-II-5 135 

h 

O = DIVERTOR (MHD-FIT) 

D = DIVERTOR(TRANSPORT) 

• = LIMITER (MHD-FIT) 

• = LIMITER (TRANSPORT) 

0.0 0.5 1.0 1.5 2.0 
TOROIDAL FIELD (T) 

2.5 

FIG. 3. Variation ofrE with toroidal field 
B T for Ohmic limiter and divertor dis
charges with line-averaged density in the 
range 2 — 6 X1019 m~3. Confinement time 
is determined either from MHD analysis or 
transport analysis, as indicated in 
the figure. 

•-a Ï Î 
At. 

9D 
OD 

°od 

oo1 

.V. • 
A * 

^ P 5 * <& 

O = N B l DIVERTOR(510kA) 

• = NBÍ LIMlTER(480kA) 

• = ECH DIVERTOR ( 5 1 0 k A ) 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
P T (MW) 

FIG. 4. Total stored energy WT, as 
determined by MHD analysis, as a function 
of total input power P T for limiter and 
divertor NBI discharges at constant current. 
All NBI results are for hydrogen beam 
injection. NBI contribution to PT is the 
infected power minus measured 
shine-through. 

a behavior that is reminiscent of the linear, low density Ohinic scaling 
seen in our previous work (7j. The points at. ne > 6 X 1019 ra~3 show 
that global heating still occurs even though the central density is beyond 
extraordinary mode cutoff. The mechanism whereby this occurs is still 
under study. The current scaling shown in Fig. 2 demonstrates a linear 

IP{MA) < 0.65. Over dependence of TE on Ip over the range 0.2 
this range, Ohmic input power during the ECH pulse is less than 30% 
of PT\ accordingly, these discharges are ECH-dominated. For the two 
highest current points, Ohmic and ECH powers are equal; consequently, 
owing to the Ip independence of Ohmic confinement, one would expect 
a weakening of the linear Ip scaling. Dependence of Tg on PT in ECH 
dominated discharges is illustrated in Fig. 4. Although the power range 
in the. ECH case is small compared to that in the NBI data, the two sets 
of data manifest a nearly identical scaling. 

The little ECH data that we have in limiter discharges suggests that 
ECH confinement in limiter discharges is lower than that in divertor dis
charges with comparable n e , Ip and BT. 

For those cases analyzed to date, transport analysis of the ECH dis
charges reveals tha t the major energy loss channel is electron thermal 
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9 

LIMITER PLASMA 
O = H-BEAM. 0.99 T 
• = D-BEAM.2.5 T 

T 1 1 1 

0.0 2.0 4.0 6.0 8.0 
P T (MW) 

FIG. 5. Variation of normalized toroidal 0T, as determined from MHD analysis, with total 
input power PT in limiter discharges at two different toroidal fields. In the units used here, 
the observed ¡3T limit corresponds to a y-axis value of 3.5. The higher BT discharges had 
deuterium beams and I = 615 kA while the lower BT discharges had hydrogen beams and 
Ip = 365 kA. NBI contribution to PT is injected power minus measured shine-through. 

conduction; neoclassical ion thermal conduction [9] is small compared 
with electron conduction over the parameter range studied. Energy loss 
through radiation, charge exchange and particle convection are small in 
the main body of the plasma. 

Confinement in discharges with NBI has been studied over a wide 
parameter range: 0.8 < BT {T) < 2.6, 0.25 < Ip {MA) < 0.9, 2 < 
ne (1019 m~ 3 ) < 10, and 0 < PB (MW) < 8. Over this entire range, 
confinement in divertor discharges is better than that in limiter discharges. 
(This behavior is similar to that seen in poloidal divertors that, unlike 
the expanded boundary, have separate divertor chambers ¡10,11].) The 
key features required for the confinement improvement are a sufficient 
separation between the limiter and the separatrix flux surface (A > 1.5 
cm) and a need for sawtooth oscillations in the soft X-ray flux well before 
and at least at the start of the neutral beam pulse [12]. Over the parameter 
range explored to date, there is no apparent threshold value in n e , Ip or 
PB which must be exceeded to obtain the improvement in confinement. 

For limiter and divertor NBI discharges using hydrogen or deuterium 
beams, the functional form of the parametric scaling of T% and WT are 
the same: WT and TE increase linearly with Ip but are independent of 
ne and BT- The ne and Ip dependences are illustrated in Figs 1 and 
2. Furthermore, as is illustrated in Fig. 4. WT increases with total input 
power PT in both divertor and limiter discharges. At high power, divertor 

^ ; eo-

à 
O c\i 



IAEA-CN-44/A-II-5 137 

discharges have about a factor of 1.5 to 2 greater Wj- and rE- The NBI 
data in Fig. 4 are consistent with a functional form W? — a -+ b PT- This 
implies TE = b + a / P ^ . Since b is large compared to a / P ^ at the Pj > 4 
MW level, the data strongly suggest that rE is approaching a new value, 
independent of PT, that is characteristic of the NBI phase. 

The behavior of WT with PT can be used to provide insight into the 
question of whether the fir limit in NBI discharges in tokamaks is caused 
by confinement deterioration. As has been discussed by Stambaugh et al. 
[13i, the 0T limit observed in Doublet III can be described well by the 
equation /3T{%) = 3.bIp(MA)/a(m) P>T{T). For constant BT and plasma 
shape, 0T o BTflp is proportional to WT/IP- The data in Figs 2 and 4 
show that WT/IP is a linear function of PT. In Fig. 5 we show that our 
data demonstrate this same linear behavior regardless of their location 
relative to the ¡3T limit. Indeed, for the BT — 0.99 T data in Fig. 5, TE 

varies only 10% from PT = 4.0 to PT = 7.0 MW. Accordingly, the cause 
for the 3T limit is not a gradual confinement deterioration. 

Detailed transport analysis has been performed on representative 
divertor and limiter discharges with NBI to identify the dominant loss chan
nels and to ascertain why rE is so different in the two configurations. In 
both configurations, electron conduction appears to be the dominant loss 
mechanism. Ion transport becomes comparable to electron transport at 
higher temperatures (Te > 2.5 keV). where more beam power is coupled 
directly to the ions, or at higher densities (ne > 6 X 1019 ra~3), where 
electron-ion coupling is stronger. In addition, both electron and ion ther
mal conductivities increase with additional beam power. For r / a < 0.75, 
the electron conduction is typically a factor of two to three lower in 
divertor discharges than in limiter discharges with comparable parameters. 
Finally, convection, charge exchange and radiation losses typically account 
for less than 20% of PT for r /a < 0.75. 

In the last three months before this meeting, we began using deu
terium neutral beam injection in addition to the hydrogen injection pre
viously employed. This resulted in a 30-50% improvement in confinement 
in limiter discharges and a 10-20%, confinement improvement in divertor 
discharges with NBI. Owing to the poorer penetration and higher mass of 
such beams, enhanced fast ion loss under unfavorable conditions [14] can 
sometimes reduce this improvement markedly. 

CONCLUSION 

A summary of our confinement scaling results is given in Table II. The 
most striking feature of these results is the similarity of the scaling of rE in 
ECH (< 1 MW) and NBI cases. Owing to the great difference in these two 
heating methods, the identical form of the Ip and ne scaling argues quite 
strongly that these dependences are a property of the plasma itself and are 
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Plasma 

Ohmir limiter 
Olimic divertor 

ECH divertor 

NBI limiter 
NBI divertor 

TABLE II 
SCALING DEPENDENCES OF rE 

h 

none 
none 

linear 

linear 
linear 

DT 

( 

none 
linear 

not tested 

none 
none 

> 2 
ne 

x 1019 m - 3 ) 

none 
none 

none 

none 
none 

PT 

not applicable 
not applicable 

similar to NBI 

6 + a/PT 

b' + a'/PT 

b' ~ (1.5 - 2)6 
a' > a 

not manifestations of heating method-specific effects. A second important 
feature of the data is the constant slope of the 14Y versus PT plot, which 
demonstrates that TE in NBI discharges will asymptotically approach a 
new, constant value as Pj- increases. Indeed, since the NBI confinement 
time depends on Jp , while Ohmic r# does not. the present scalings predict 
that operation at currents beyond those presently achieved would result 
in a TE during NBI which equals or exceeds the Ohmic value. 
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DISCUSSION 

G. von GIERKE: Is the r E you gave a constant or does it vary with time? 
K. BURRELL: On Doublet III, we typically hold the plasma current, gas 

injection rate and neutral-beam power constant for 100 — 300 ms during the 
neutral-beam pulse. We find that the stored energy and /3T values usually rise to 
their maxima and then remain there for the rest of the neutral-beam pulse. 
Discharges that disrupt before reaching a steady state are not included in our 
confinement study. In some limiter discharges with deuterium beams at powers 
above 5 MW, impurity influx can sometimes lead to confinement degradation in 
the later part of the beam pulse. This impurity influx can, however, be controlled 
by proper tuning of the discharge. 

R.J. GOLDSTON: The question whether total stored energy varies with input 
power in an offset linear fashion or as a power law is a difficult one. If you examine 
this question using stored energy from kinetic measurements rather than from 
magnetic measurements, do you come to similar conclusions? At fixed density, 
the contribution to stored energy from circulating beam ions should increase 
non-linearly with input power owing to the increase in electron temperature. 

K. BURRELL: We reach the same conclusion about the form of the scaling 
of stored energy with input power when using profile measurements. For an 
example of this, see Ref.[4] cited in the paper. 

R.J. HAWRYLUK: How do your present Ohmic scaling studies compare with 
previous work by S. Ejima and co-workers for D-III? 

K. BURRELL: If from Ejima and co-workers (Ref.[7] cited in the paper) 
one selects data for the same density range (2 < ñe (1019 m"3 ) < 8) and Zeff range 
as those used in our present work, the result is the same. The parameter region in 
which Ejima found a dependence of TE on ne, q and a was ne < 2 X 1019 m"3, which 
we did not explore in the present Ohmic study. 

L.A. BERRY: You have used certain criteria to select your data for deter
mining the various scalings. Do these scalings have any systematic variations with 
plasma parameters, particularly j6N or /3C? 

K. BURRELL: The selection criteria (e.g. steady state, sawtoothing 
discharges) still allow us to do confinement studies on discharges right up to the 
jS-limit. As discussed in the paper and illustrated in Fig.5, for all the cases we have 
examined the scalings are the same up to the j3-limit. 
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Abstract 

ADIABATIC TOROIDAL COMPRESSION AND FREE-EXPANSION EXPERIMENTS 
IN TFTR. 

Major-radius compression of Ohmically heated discharges in TFTR has produced increases 
in both density and ion temperature nearly in accordance with adiabatic scaling, along with 
smaller increases in electron temperature. Partial compression experiments have removed the 
plasma edge from limiter contact so that the free expansion of a tokamak plasma could be 
studied. During this phase the suspension of the normal processes of recycling and plasma edge 
cooling permits a transient inversion of the usual relationship between the temperature and 
density profile widths. Strongly enhanced particle transport and degraded energy confinement 
have been measured under these conditions. 
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I. INTRODUCTION 

Adiabatic compression [1/2] is a powerful tool for the 
generation of high-pressure tokamak plasmas and for the 
investigation of the nature of tokamak confinement. In the 
experiments reported here, ohmic-heated TFTR plasmas have been 
compressed at peak heating rates up to 5 MW, in times that are 
short compared with the energy confinement time, T E* in the pre-
compressed state. In future TFTR experiments with neutral beam 
preheated plasmas [3] the compressional heating power is expected 
to rise above 50 MW. 

Adiabatic compression constitutes an 'internal* plasma heat 
source, similar to thermonuclear reactions. The compression 
feature was included in the TFTR design to provide insurance 
against radiation cooling by removing the plasma from contact with 
impurity sources while heating it intensively. The same 
technique can be used to investigate basic features of tokamak 
confinement physics. By analyzing the evolution of the plasma as 
it expands after a partial compression, the influence of boundary 
conditions on confinement in the core of the discharge can be 
studied, since the usual pattern of plasma recycling and impurity 
interaction near the limiter is temporarily suppressed. 

Initial studies of major radius compression in TFTR have 
concentrated on demonstrating plasma control during the 
compression phase, evaluating scaling laws for plasma parameters 
during compression of ohmically heated discharges and studying the 
evolution of a freely expanding plasma. Future experiments will 
investigate the acceleration of beam ions by compression of 
neutral beam heated discharges, and the effect on tokamak 
confinement of controlled gas cooling during the compression and 
free-expansion phases. 

II. PLASMA CONTROL DURING COMPRESSION 

In the compression experiments reported here , a deuterium 
plasma of small minor radius (typically a =¡ 0.55 m) is established 
at a large major radius (R * 3.05 m) on the graphite moveable 
limiter. The plasma is then compressed rapidly (in ~ 20 ms) in 
major radius by programming a step decrease in the reference 
position for the feedback control system and simultaneously 
discharging capacitor banks in the equilibrium field system to 
augment the rectifier power supplies. In full-compression 
experiments the plasma is brought into contact with the Inconel 
bellows cover plates, which form the small major radius limiter, 
and maintained for ~ 1 s at the final position (R a 2.10 m; a = 
0.48 m ) . In free-expansion experiments the plasma is moved part 
way across the vessel and allowed to expand until it contacts the 
limiters. 

During compression, eddy currents induced in the vacuum 
vessel and surrounding structure by the rapidly varying poloidal 
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FIG.l. Time evolution of plasma current, line-integral density and major radius in both full 
compression and free-expansion discharges. The start of compression is at 2.5 s for all discharges. 
The major radius points designated TVTS are obtained from Thomson scattering electron 
temperature and density profiles. 

fields significantly affect the required power supply response and 
the magnetic measurements of plasma position. Even though the 
resistance of the TFTR vacuum vessel is relatively high compared 
with other large tokamaks, for a compression time of 20 ms the 
initial change in the equilibrium field current is 70% larger than 
that which would be required if the eddy currents were not 
present. Since the previously reported compression experiments 
[4], improved eddy current corrections have been applied to the 
real-time measurement of plasma position used for position 
feedback control. Comparison of magnetic measurements of plasma 
position with the pre-programmed reference indicates that the 
position feedback loop controls the measured position to within 

~20 mm of the final post-compression reference value within ~ 20 ms 
after the start of a full major radius compression, provided 
sufficient energy is supplied by the compression capacitor 
banks. Determination of the plasma location from electron 
cyclotron emission temperature measurements, Thomson scattering 
temperature and density profile measurements, and plasma light 
emission on the limiters, indicates that, except for some static 
errors at large and small major radius, the improved magnetic 
position measurements are reliable (see Fig. 1). 
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Figure 1 shows the evolution of a typical compression 
discharge (solid curves), for which the compression ratio was C = 
R2/R1 = 1.45 and the limiter safety factor q was ~ 3.3 both 
before and after compression. Also shown is the evolution of a 
free-expansion discharge (dashed curves) for which the compression 
ratio was C = 1.24 and the q a after expansion was ~ 8. The plasma 
current was feedback-controlled except for an interval of 50 ms 
beginning at the compression time. During compression, the ohmic 
heating power supplies provided a constant voltage corresponding 
to that required to maintain the current flattop. Immediately 
after compression, the plasma current slightly exceeds the value 
predicted by adiabatic scaling (I °c C ) . This may be due to skin 
currents induced by a transient increase in vertical field flux 
linking the plasma. For both the full and partial compression 
discharges, the gas flow is shut off at the start of compression 
so that changes in plasma recycling and density evolution are not 
masked by the density feedback control system. 

III. DIAGNOSTIC AND ANALYSIS TECHNIQUES 

A large set of diagnostics has been used to observe the 
compression and free-expansion discharges. A 76-point Thomson 
scattering system provided detailed temperature and density 
profiles at a single time in each shot, with the time evolution 
being measured over a series of similar shots. High quality 
Te(r,t) data was available for each shot from a Michelson 
interferometer system observing second harmonic electron cyclotron 
emission. The scan time of this diagnostic is ~ 10 ms, which is 
not short enough to follow the compression phase (~ 20 ms), but is 
adequate for the slower time scale of the free-expansion. An X-
ray filter array and a microwave electron cyclotron emission 
radiometer system were used to measure sawtooth fluctuations. 
Central ion temperature measurements have been deduced from the 
epithermal neutron flux and charge-exchange neutral particle 
spectra. Time-resolved impurity data were obtained from 
observations of visible bremsstrahlung, from an X-ray pulse-height 
analysis system, and from spectroscopic observations of specific 
impurity radiation lines made with two different ÜV spectrometers 
(SPRED and SOXMOS). Bolometric measurements provided the total 
radiated power and the radial distribution of radiation. Many 
other diagnostics contributed supplementary or corroborating data. 

The full-compression and free-expansion discharges have 
been analyzed with the PPL time-dependent transport analysis code, 
TRANSP, which has been generalized to permit analysis of plasmas 
with time-varying geometry. The modified code accepts time-
dependent specification of the location and minor radius of the 
plasma boundary and external toroidal field. A Shafranov shift 
model specifies the interior geometry, and the measured electron 
temperature and density profiles are mapped to flux surfaces in 
the plasma frame, labeled according to enclosed toroidal magnetic 
flux. A coordinate transformation to relative toroidal flux 
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FIG.2. Thomson scattering measurements of the electron density profile evolution during a 
full-compression discharge. Broken curves indicate the predicted ideal adiabatic scaling of the 
density. 

permits analysis of plasmas in which the flux enclosed within the 
boundary varies as a function of time (e.g. free expansion). In 
addition, a one-dimensional plasma simulation code, BALDUR, has 
been used to model the evolution of the compression and free-
expansion discharges. 

IV. FULL COMPRESSION 

For the discharge conditions shown in Fig. 1, the time 
evolution of the Thomson scattering electron density and 
temperature profiles during compression is shown in Figs 2 and 3. 
Calculated profiles based on adiabatic scaling of the 
precompression profiles are shown for comparison. The density 
profile follows the expected scaling (n « C2, a <* C~ 1 / 2 ) , until 
the plasma reaches the inner wall, when a slight broadening and 
loss of central density occurs, although the total particle count 
is conserved within the accuracy of measurement. Such a 
redistribution of particles is consistent with line-integral 
density data from the 1mm microwave interferometer system: the 
line integral follows the expected C3/2 scaling until the plasma 
reaches the inner wall, when a small deficit appears. However, 
the electron temperature profiles exhibit significant deviations 
from ideal scaling (Te « c 4 / 3 ) . Measurements of the central 
electron temperature using pulse-height analysis of the X-ray 
spectrum (accumulated over several shots) also show that the 
central electron temperature does not scale adiabatically. 
Interpretation of the electron temperature data is complicated by 
the occurrence of a large sawtooth oscillation towards the end of 
compression. This feature is always present, but the magnitude 
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FIG.3. Thomson scattering measurements of the electron temperature profile evolution during 
a full-compression discharge. Broken curves indicate the predicted ideal adiabatic scaling of 
the temperature. 

and timing of the sudden drop in central electron temperature 
varies from shot to shot, depending (at least in part) on the 
phase of the sawtooth prior to compression; consequently, there is 
a large scatter (± 200 eV) in the T (0) values at the end of 
compression. To reduce sensitivity to sawtooth effects, the 
electron temperature scaling has been examined in terms of the 
total electron stored energy, which for a single Thomson 
scattering profile is known to within 10%. At the end of 
compression, the electron stored energy is ~ 78% of the value 
expected for ideal scaling, with only a small scatter associated 
with the sawtooth and shot-to-shot reproducibility. 

The increase in the central ion temperature is more nearly 
in accordance with the expected adiabatic scaling (Fig. 4). A 
detailed analysis of the strong compression discharges has been 
made using the TRANSP code with measured R(t), Te(R), ne(R) and 
Zeff ^ a t a a s input» Good agreement is obtained between measured 
and calculated neutron fluxes by assuming 1 x Chang-Hinton 
neoclassical transport for the ions. The defect in central ion 
temperature (as inferred from the neutron flux), relative to 
adiabatic scaling, and the cooling of the ions after compression 
are accounted for by ordinary ion heat conduction, electron-ion 
coupling, and a significant convection term associated with the 
loss of central particles. 

The key unexplained feature of the compression experiments 
is the loss of electron energy. There is a large increase in 
radiated power at the end of compression when the plasma contacts 
the Inconel inner limiter (Pig. 5). (Because of toroidal and 
poloidal asymmetries, the bolometric measurements tend to over-
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FIG.4. Time evolution of the charge-exchange and neutron measurements of the central ion 
temperature for a full-compression discharge. 

estimate the radiated power when the plasma is in contact with the 
inner limiter, although the time dependence is still correct.) 
But the TRANSP analysis indicates that a significant excess 
electron energy loss (~ 15 kJ, cf. a post-compression electron 
stored energy of *» 90 kJ) occurs during the first 20 ms of 
compression, when relatively little energy has been radiated above 
the precompression level. One must be wary of reading too much 
into the data at this stage: although the scatter of the stored 
energy data is small (< ± 5%), and the trends convincing, the 
possibility of systematic errors at the 5-10% level (e.g. 
associated with the large change in major radius) cannot be ruled 
out at present. Nevertheless, the data suggest enhanced electron 
heat transport during the compression process. Averaged over the 
first 20 ms of compression, the gross energy confinement time is 

A» 80 ms, to be compared with a value of 215 ms prior to 
compression. It is worth noting that the compression process 
constitutes a powerful form of auxiliary heating, providing ~ 2.9 
MW average total power (cf. 0.6 MW ohmic power pre-compression), 
with a peak instantaneous power exceeding 5 MW. The apparent 
degradation of confinement is not inconsistent with that observed 
with other forms of auxiliary heating at comparable pheat/P0H* Ifc 

should also be noted that although the TFTR electron heating 
results are similar to those for ATC [5], in the latter case the 
precompression energy confinement time and the compression time 
were of comparable magnitude, in contrast with the TFTR 
experiments. 

V. FREE EXPANSION 

The expansion of a magnetically confined plasma into a 
vacuum region was first analyzed by Rosenbluth and Kaufman [6], 
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FIG.5. Bolometric measurements of the power radiated for both a full-compression discharge 
and a free-expansion discharge. 

using classical transport theory. An initial step-function model 
for n and T was found to evolve according to a sharp-edged 
similarity solution, moving at a classical diffusion rate. The 
problem of the plasma-vacuum interface can also be addressed in 
the context of drift-wave theory. Since the scale lengths of the 
density and temperature profiles at the plasma edge become 
arbitrarily short relative to the particle gyro-radii, one would 
expect the classical model to fail in the edge region, with 
resultant expansion rates related to the Bohm diffusion 
coefficient rather than to classical resistive diffusion . In 
practice, the problem is more complicated due to the recycling and 
influx of neutrals and impurities near the plasma interface; these 
processes readily alter the energy balance, as demonstrated by 
one-dimensional computer models such as BALDUR. 

For the conditions shown in Fig. 1, Fig. 6 shows the 
evolution of the measured electron temperature and density 
profiles during the free expansion of a partially compressed 
discharge. There are several striking aspects of the free-
expansion phase. At first, the electron temperature profile 
broadens rapidly, reaching maximum width in «• 50 ms after the 
start of compression (the compression time is ~ 20 ms). Then, the 
temperature profile contracts; within ~ 150 ms after the start of 

1 See, for example, Refs [7, 8]. 
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Ŵ  
\\\ 'i ^ 

\ s 
\ \ \ N 
^ \ \ \ v \ \ \ \ \ ^ \\ ^ 
1 \Sw \ 

-

• 

• . 

. 

. 

2.0 2.5 3.0 
MAJOR RADIUS (m) 

3.5 

2.5 3.0 
MAJOR RADIUS(m) 

3.5 

FIG.6. Electron cyclotron emission (ECE) measurements using the Michelson interferometer 
and Thomson scattering electron temperature and density profile measurements of a free-
expansion discharge. 

compression, the temperature profile is similar to that of a high 
q discharge formed at the same location without compression. In 
addition, the electron density in the center decreases rapidly 
after compression as particles move to the outer region of the 
discharge. During the free - expansion phase, the temperature 
profile is temporarily broader than the density profile, contrary 
to what is usually observed in tokamak discharges. 

The broadening and subsequent contraction of the electron 
temperature profile can be related to changes in particle 
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transport and radiated power. Immediately after partial 
compression there is a large net flux of particles from the core 
of the discharge, corresponding to a decrease in particle 
confinement time from 0.7-1.8 s in the precompression phase to 
0.1-0.15 s in the free-expansion phase. The ranges arise from the 
assumed edge particle confinement time which was assigned values 
from 0.04 to 0.1s in the absence of absolute D data. Ignoring a 
possible inward pinch, the transport code analysis implies that at 
r = a/2 the electron particle diffusion coefficient would have to 
increase from 0.04-0.08 m /s in the precompression discharge to 
0.4-0.5 m /s during the expansion phase to account for the large 
flux of electrons. If an inward pinch mechanism exists, its 
magnitude would have to change from the precompression to the 
free-expansion plasma because the electron density gradients 
within a/2 in both discharges are quite similar and yet a large 
net outward flux exists in the free-expansion discharges and not 
in the precompression. BALDUR simulations of the discharge also 
indicate that the outward flux of particles is larger than 
expected, based on the assumption D = Xe/^' 

This outward flux of central particles redistributes the 
energy in the discharge from the inner half to the outer half. 
Assuming that P c o n v = o VT r where r is the net flux and T the 
temperature, the time dependence of the neutron emission predicted 
by TRANSP using o = 3/2 and 5/2 brackets the measured neutron 
emission. In the core of the discharge (r < a/2), convection 
plays a dominant role in the ion energy balance and Chang-Hinton 
neoclassical ion heat transport is small. In the electron energy 
balance, convection is comparable to conduction. The overall 
effect of detaching the plasma from the limiter is to induce large 
particle and energy flows in the core and to reduce the core 
confinement time. Prior to compression, the energy confinement 
time at r = a/2 is 0.21 s, while during the expansion phase it is a 
factor of 2 to 2.5 less. After the plasma has rearranged itself 
and come back into equilibrium, the confinement time at r = a/2 is 
once again 0.21 s even though the line-average density is a factor 
of two lower. At this time, the confinement time is comparable to 
that of similar high q discharges formed at the same location 
without compression. 

The question now arises: where is the energy transported 
out of the core being deposited, for the plasma is detached from 
the limiter? Initially, the energy is transferred to the outer 
half of the discharge. However, the plasma does not stay detached 
from the limiter for very long. The plasma edge rapidly expands 
at a rate of *• 7mm/ms. This was determined by conducting a series 
of partial compression experiments of varying compression ratios 
and observing the time at which the plasma reached the bellows 
cover plates or moveable limiter blades, as indicated by an abrupt 
increase in the bolometer signal (see Fig. 5) and the appearance 
of light on the plasma TV system. The expansion velocity of the 
plasma front is of the order of that given by Bohm diffusion y 
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FIG. 7. Spectroscopic measurements of a free-expansion discharge. 

However, no parametric variations have been made to establish its 
dependence. 

During the free-expansion phase, the radiated power profile 
changes significantly. Figure 7 shows spectroscopic measurements 
of various lines emitted from different regions in the 
discharge. In the plasma periphery both the D and the OVI line 
emission light decrease substantially while the plasma is 
detached, and then both increase after the plasma has expanded. 
The CIII line which also is radiated in the periphery is very weak 
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in the precompressed plasma and becomes bright only after the 
plasma expands to the limiter. The higher ionization states 
(NiXXVI and CVI) display a more complex behavior, reflecting 
increases in both electron temperature and density. Visible 
bremsstrahlung and X-ray pulse-height analysis measurements show 
that, for the first 100 ms after compression, the impurity 
concentrations in the core are roughly constant, and Z f f varies 
only slightly from the precompression value of ~ 4.5. The changes 
in emission from the core are minor compared with the dramatic 
changes in the lower ionization states near the periphery. 
Bolometer measurements of the radiated power profile indicate that 
in the precompression plasma the radiated power profile is 
relatively independent of the minor radius. When the plasma is 
partially compressed, the width of the radiating region and the 
magnitude of the radiation do not initially change. As the plasma 
comes into contact with the limiter, the radiated power in the 
periphery increases dramatically. At the time of the peak power 
radiated, as shown in Fig. 5, the radiation profile is again 
relatively flat, and its magnitude is comparable to that of the 
precompressed plasma. The radiation in the periphery can readily 
account for the outflux of thermal energy from the core of the 
discharge. In the equilibrium phase after expansion, the radiated 
power profile is relatively flat, the temperature profile becomes 
peaked and the density profile broadens. unlike the ATC free-
expansion discharges results [9], the TPTR post-expansion 
equilibrium discharge is not significantly different from a 
discharge formed at the same location without compression. 

VI. SUMMARY 

Compression of ohmically heated discharges has shown that 
the density scaling is in good agreement with expectation, except 
near the magnetic axis. The electron energy confinement, however, 
appears to be degraded. The magnetic field configuration of the 
tokamak plasma remains essentially unchanged during the 
compressional transformation (except for the aspect ratio R/a « 
C ' ), and the $g value is roughly constant. The only conspicuous 
change is that the average input power is raised by a factor of 

»v5 during compression, while the radiated power remains the same. 

The association between radiative cooling and favorable 
tokamak confinement is strengthened further by the free-expansion 
experiment. During the transient phase, while the plasma is 
detached from the limiter and normal recycling has ceased, the 
heat content of the core region diffuses outwards at an especially 
fast rate, accompanied by an inversion of the usual relationship 
between the relative widths of tokamak temperature and density 
profiles. 

Physical understanding of these initial TPTR compression 
results could turn out to be of considerable interest for the 
development of improved tokamak confinement techniques. Further 
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experiments with neutral beam preheating and controlled gas 
cooling, are being planned. 
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DISCUSSION 

K. LACKNER: What is the net energy loss from the plasma to the walls 
during the free-expansion phase, and what is its mechanism? 

G. TAIT: Initially, while the plasma is expanding, there is no abnormal 
net loss from the total plasma volume. However, there is a strong rearrangement 
of energy within the discharge, with energy flowing from the core (r ^ a/2) to 
the outside (r <̂  a/2). Later, as the plasma expands and comes into contact 
with the limiters, there is a large burst of radiation from the periphery of the 
discharge. 

K. LACKNER: Is there any indication of conductive loss through the 
near-vacuum region surrounding the expanding discharge? 

G. TAIT: There is no definite indication of such loss through this region. 
V.E. GOLANT: What variation is there in the energy confinement time 

after compression? 
G. TAIT: We are not at present able to quote reliable, direct measure

ments of the energy confinement time immediately after compression. The 
problem is that the Ohmic power input is then a dominant part of the power 
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balance (whereas during compression, P 0 H "̂  PComp)> anc* w e °̂ n o t v e t n a v e 

a satisfactory estimate of the surface voltage, which must be corrected for 
external inductive effects arising from eddy currents, residual plasma motion, etc. 
In the quasi-equilibrium observed long after compression, when the density has 
decayed significantly, we find rE = 70 ms. Note that by this time Zeff has risen 
as a result of nickel influx to ~ 6 from a pre-compression value of ~ 4 . Scaling 
this value up to the density just after compression (using rE « n) gives an 
estimate of r E = 120 ms. 

T. OHKAWA: It appears that the degradation of confinement time during 
compression and free expansion is associated with smaller values of r¡ = 3 In T/9 In n. 
This is the opposite of what is observed with pellet fuelling in other tokamaks. 

G. TAIT: The possibility that the enhanced transport observed in the com
pression and free-expansion experiments is related to changes in the relative 
temperature and density gradients is an intriguing one. For the present, I should 
merely like to say that: (a) it appears that the central confinement may already 
be degraded before a pronounced change occurs in the profile shapes; (b) it is 
possible that the outward particle and energy transport from the core causes 
the profile changes, rather than vice versa; and (c) your observations are true 
for pellet-fuelled discharges but, on the other hand, one finds enhanced confine
ment in H-mode discharges at high values of r¡. It is not clear what role r¡ plays 
in these various situations. 

B. COPPI: If you were to consider a particle transport model that included 
the anomalous inflow term in addition to the diffusion term in the pre-compression 
stage, you would have to reformulate the description of the subsequent density 
evolution. 

G. TAIT: For the data on particle diffusion given in my oral presentation, 
no inward pinch was assumed. As noted in Section V of our paper, the presence 
of a constant inward pinch cannot explain the observed results unless the 
diffusivity changes. 
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Abstract 

LOCAL HEAT BALANCE AND MHD STABILITY IN THE PLASMA OF TUMAN-2A, 
A TOKAMAK WITH MAGNETIC COMPRESSION. 

Experimental data and results of calculating the local electron heat balance during 
magnetic compression of a plasma by a toroidal field and during subsequent de-compression 
are presented. In the optimum case, compression substantially increases the energy confinement 
time, mainly because of a change in the temperature profile. During de-compression, the effective 
heat conductivity coefficient decreases, approaching its neoclassical value, whereas in the 
preceding discharge stages it varies according to Alcator scaling. It is assumed that the anomalous 
transport may be due to resonance surfaces with integer q in the plasma. In the compressed 
plasma column, an increase in Zeff is observed. Some cases of non-optimum compression are 
considered. In this case, only insignificant increase in plasma thermal energy and fast relaxation 
towards the initial state are observed. Apparently this is due to large magnetic islands formed 
in the plasma during compression, a phenomenon that cannot be explained by tearing-mode 
stability theory. 

1. INTRODUCTION 

The purpose of the tokamak Tuman-2A experiments [ 1 —3 ] is to study 
plasma transport phenomena in non-stationary processes, the magnetic compression 
by a toroidal field being one of them. The main machine parameters are: 
R = 40 cm, aL = 8 cm, 8 kG < BT < 16 kG, 10 kA < Ip < 20 kA; the discharge 
duration is 10 ms, the filling gas is H2. The typical values of the electron density 
were 2 X 1013 cm -3 < ne(0) < 3 X 1013 cm -3 . The plasma was compressed by a 
twofold increase in the toroidal field during either 0.5 ms or 1.8 ms. 

The device is equipped with the following diagnostics: â five-channel micro
wave interferometer (X = 2 and 8 mm), a ruby laser to obtain the temperature 
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profile, Te(r), a bolometer set for measurement of radiation loss profiles, a VUV-
monochromator, a Langmuir electrostatic probe in the limiter shadow, and 
magnetic probes. A Fourier analysis of the poloidal field disturbances was carried 
out by five magnetic Fourier probes (m = 1—5). 

The main goal of the present work was to obtain the radial profiles of the 
effective electron heat conductivity Keff(

r) for different discharge conditions in 
Tuman-2A. Further analysis of these data is planned. 

2. TREATMENT OF EXPERIMENTAL RESULTS TO OBTAIN THE j(r) 
AND Keff(r) PROFILES 

The current density distribution j(r) is necessary for a calculation of the 
local electron heat balance. In non-stationary cases, however, it is not defined by 
the conductivity profile a(r) and cannot be calculated in the same way as for a 
quasi-stationary tokamak. 

To find j(r, t), the one-dimensional transport equation in the poloidal 
magnetic field was solved numerically by taking into account the plasma motion: 

1 3 
D M - T - ( r B p ) 

r or 

The initial condition was a Bp(r)-profile for quasi-stationary Ohmic heating (OH), 
which was the start of all non-stationary processes in our experiments. All 
equation parameters: vr(r, t) = - 0.5 r Bx/BT,the radial drift velocity due to the 
time variation of the toroidal field Bx(t), and D M U , t) = c2/(4îra), the diffusion 
coefficient for Bp , were obtained from the experimental data. a(r) was calculated 
with toroidal corrections, using formulae from Ref. [4]. To check our assumption 
on classical transport of B p , the calculated transformer electromagnetic force 
&tr(t) was compared with the corresponding experimental value; the calculations 
of &tr(t) were based on the computational values of Bp(r, t) and j(r, t). 

When disagreement was found the reasons were analysed, and the difference 
was ascribed to the temporal evolution of Zeff (t) in all situations when this was 
possible. In such cases, the evolution of Zeff(t) was a result of the calculations 
described in the same way as in the case of Bp(r, t), j(r, t) etc. A similar method of 
obtaining j(r, t) was used in Ref. [5] earlier for much slower processes and for 
vr = 0. 

Data on j(r) and Zeff(t) were used in the local heat balance equation: 

3Bn 9 3 
+ —(v rBp) = — at 3r 3r 

Wtr(r) = Wj(r) + WM(r) - Wrad(r) - Wei(r) -
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r 

In addition to Joule heating, Wj = 47r2R / (j2/o)rdr, and other usual terms there is 

WM(r) = 
BT 

0 

B T ' 
j Q ( r ) + 27r2Rr2qE(r) 

i.e. the term due to magnetic compression and heating of the plasma (here 
r 

qE = 1 -5 neTe , Q(r) = 47r2R / qn(r)rdr). Wtr is the heat flux transported by 

0 
electrons through the surface of a cylinder of radius r and length 27rR, due to heat 
and particle diffusion. The effective electron heat conductivity coefficient is 
given by 

Keff = Wtr(r)/(47r2RrVTe) 

Errors in /ceff were mainly due to errors in the Te-measuremehts; they are 
given by A/ceff = (0.5-2) X 1017 cm"1 -s"1. 

Results of eight experimental runs carried out in 1981 to 1983 have been 
treated by the above-described scheme. 

3. ENERGY BALANCE AND TIME VARIATION OF HEAT CONDUCTIVITY 
IN THE COMPRESSION EXPERIMENT 

Measured and computed data from the experiment on twofold plasma 
compression during 0.5 ms carried out in 1981 [3] are shown in Fig.l (Case A). 
This experiment has yielded a wide set of data, in particular, eight Te(r)-profiles 
taken at different moments of the discharge; the compression was most favourable: 
Te(0) and ne(0) increased according to the adiabatic law and slowly decreased in 
the post-compression phase; MHD oscillations were suppressed sufficiently. The 
error in j(r) due to a possible non-uniformity in Zeff(r) in OH was virtually 
eliminated since Zeff was rather small (Zeff = 1.3). Radiation losses were about 
0.3 of the whole heating power and did not mask any transport losses. 

We see from Fig. 1 that, during the compression itself, the experimental &TR 
coincides with the value computed for initial Ze-ff = 1.3, but to make these values 
equal further on, it is necessary to suppose that Zeff rises up to twice its value 
during the post-compression phase (when Bj = 15.5 kG = const) and then drops 
to Zeff = 1 at the end of the discharge. The reason will be discussed in Section 4. 

The energy confinement times, the total rjjj one and the transport one, 
Tgg = Q(aL)/Wtr(aL), are also shown in Fig.l. T% increased by compression 
2.7 times. 
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FIG.l. tCase A. Time evolution of toroidal field, Bj, plasma current, /p , local magnetic probe 
signal, Bp, central electron temperature, TJO), transformer electromagnetic force, &TR (solid 
line — experiment, points - calculation), effective ionic charge Zeff, total energy confinement 
time, 7*°*, and transport energy confinement time, T^E. 

The main energy balance terms for the instant 100 JUS after the start of the 
compression (when the magnetic heating power WM is maximum) are shown in 
Fig.2. 

The radial profiles of Keff for four instants of time are presented in Fig.3a to d. 
The value of Keff averaged over the cross-section does not drop by more than 30%f 

because of the compression, its radial distribution becoming more uniform 
(Fig.3a and b). During the whole post-compression phase, «eff is kept approximately 
constant (Fig.3b and c). Taking into account the relatively small decrease in /ceff, 
we may conclude that the increase in r*£ during the compression (see Fig. 1 ) is 
mainly due to a Te(r)-profile contraction. 
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FIG.2. Casé A. Radia! distributions of main terms in the heat balance equation: 
» r , dQ d I „ r \ 2 BT • fiT 

Wj = 4n2R f (fia) rdr, — = — [6-n2R f neTe rdr), Wm = Q, WM2 = 3n2Rr2 — nT 
o dt dt \ o / 3 BT BT 

for the fastest period during compression. 

"eff 

(1017cm_1-s_1) 

r (cm) 

FIG.3. Case A. Radial distributions of the effective heat conductivity coefficient Keff and 
safety factor q for four instants of time of the discharge shown in Fig.l: 
a) t = 2.5 ms (OH); b) t = 3.1 ms (maximum compression); c) t = 4 ms (quasi-stationary 
post-compression period); d) t = 6.5 ms (magnetic de-compression). 

4. IMPURITY DYNAMICS DURING THE COMPRESSION 

The time evolution of Zeff mentioned above is observed in all compression 
experiments. Indirect evidence can be obtained from soft-X-ray measurements [6]. 
A rise of the impurity content in the plasma during the compression is seen. The 
radiation losses change simultaneously with Zeff, also demonstrating the evolution 
of the amount of impurity and the ionization state. 
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FIG A. Radial distributions of O VII ion density for OH and for maximum compression. 

We make the simplest estimate for Case A. Let the ion 0 + 4 (Ui = 114 eV) be 
the main impurity for OH with Te(0) = 130 eV. Then a = ni/np = 0.03 for 
Zeff = 1.3 (nj;P is the density of ions and protons, respectively). In the post-
compression phase, Te(0) becomes higher than 200 eV and transitions 0 + 4 -> 0 + s 

and 0 + 5 -* 0 + 6 should occur (for 0 + 5 , Ui = 138 eV and for 0 + 6 , Ui = 739 eV). 
If now the main impurity is 0 + 6 , then a. = 0.08 for Zeff = 2.6. The principal 
conclusion here is the fact that the amount of impurity must increase. Ionization 
only is not sufficient to explain the rise in Zeff. The calculated ionization times 
(based on data from Ref. [7]) turn out to be shorter than the rise time for Zeff. 
Perhaps, this is mainly due to the rate of impurity accumulation. 

A similar estimate can be performed in a more reliable way for a discharge 
with a high impurity level (see,e.g. Case C in Section 6). The radial profile of the 
proton density, np(r), was measured in such a discharge in 1978-79 by means 
of active charge-exchange diagnostics [1]. In this case, the 0 + 6 ion was considered 
to be the principal impurity both for OH and for the post-compression phase 
(Te(0) s 200 eV and s 300 eV, respectively) (Fig.4). The comparison of ne(r) 
and np(r) made it possible to evaluate nQ+ô(r) and it was calculated that Zeff 
rose from 2.8 up to 4.5, as a result of compression in good agreement with the 
data obtained by the method described in Section 2. 

Spectral line intensity measurements lead us to the conclusion that impurity 
influx does not increase during compression and impurity accumulation is due to 
an improving impurity ion confinement. 
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«off 
(1017 cm"1's"1) W. 

FIG.5. Fig.3d in more detail. Transport flux and neoclassical values, Kn£? and W™°, are 
also presented. 

5. DISCUSSION OF /ceff(r)-PROFILES 

The maximum of Keff(r) is observed in the OH stage in Case A (Fig.3a). 
Resonant magnetic surfaces with q = 2 and q = 3 are placed close to it. Probably, 
this maximum is caused by tearing modes. The stability estimate based on the 
approximation from Ref. [8] shows two magnetic islands: m = 2, n = 1, 1.5 cm 
wide near q = 2; and m = 3, n = 1, 0.05 cm wide near q = 3. The compression 
suppresses MHD oscillations by a factor of more than four (Fig.l ) and the 
maximum disappears (Fig.3b and c). In the post-compression phase, the uniformity 
of /ceff(r) and its value («eff = (5-8) X 1017 cm -1 -s-1) agree with the 'old' Alcator 
scaling. 

During magnetic decompression, when Bj decays by a factor of two in 2 ms, 
an area with a low value of Kefi < 2 X 1017 cm"1 -s""1 arises in the centre of the 
column (Fig.3d). It can be observed experimentally because the central 
temperature Te stays approximately constant during the whole decompression. 
Even when B? becomes equal to the initial value, Te(0) is still significantly higher 
than at the start of the compression. In this period of the discharge, however, the 
energy input into the central zone decreases markedly because of the current-
carrying channel expansion and the decrease in j(0) and because of the adiabatic 
magnetic cooling. 

The experimental values of /ceff and Wtr are presented in Fig.5, together with 
their neoclassical analogues, K£§.° and W™°. W™° is calculated from the neo
classical transport coefficients (for the 'plateau') [9] and from the real Te(r) 
and ne(r). We see that the experimental /ceff and Wtr are close to the corresponding 
neoclassical values in the central zone 0 < r < 3 cm. 
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FIG. 6. Radial profiles of Te for OH and for maximum compression in cases A, B, and C. 

To explain such a low Keff in a tokamak, we compare Keff(r) and q(r). It is 
seen in Fig.5d that there are no magnetic surfaces with integer-q value in the zone 
of low Keff. In the regions where these surfaces are present, Keff has a typical value 
for the tokamak, /ceff = 5 X 1017 cm -1 • s -1 . A similar relation between Keff and the 
presence of resonant surfaces was observed earlier in the T-10 tokamak [10]. 
It is possible to suppose that the existence of integer-q magnetic surfaces in the 
plasma causes anomalous electron heat transport. If wide zones free of integer q 
appear in a tokamak, the transport losses approach the neoclassical losses. 

6. INFLUENCE OF COLLECTIVE PROCESSES ON MAGNETIC 
COMPRESSION 

Here, we consider the two experimental Cases B and C, in which (in contrast 
to Case A), MHD instabilities were excited during compression and, as a result, 
the compressed state was distorted (Figs 6 to 8). A similar phenomenon was 
for the first time observed in Ref. [11]. The discharge conditions in these two 
cases are similar, the difference lying in the impurity levels and in the values of Zeff. 

In Case B, the suppression of the local magnetic probe signal due to 
compression is less than twofold (four times in Case A). In Case C, no suppression 
occurs, at all. Fourier probe data show that the m = 5 mode is dominant in both 
experiments. It should be remarked that the local probe signal is proportional 
to Bp a l/rsn + 1 , where rs is the resonant surface radius and the m-mode number. 
During the compression, rs decreases and the constant probe signal amplitude 
means that the MHD instability amplitude and, consequently, the magnetic island 
width grow. 

- — 1 — Comp. a 

>N -<£- OH 
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FIG.7. Case B. Temporal evolution of following values (from up to down): BT, &TR 
[points: calculation), Te(0), Zeff, local and Fourier probe signals. At the bottom: Keff(r) and 
q(r) for three instants of time. 

In both cases, there were no peculiarities in the Te-profiles during OH, but 
during the compression a flattening of Te(r) developed quite close to the surface 
withq= 5. Consequently, Keff exceeded 1.2 X 1018 cm^- s - 1 here. A connection 
between MHD instabilities and Te-profile deformation seems to exist in these 
cases. 

Sufficient difference between the experimental and computed values of &TR 
was observed during unstable compression, even 70—100 /LIS after the start. It was 
impossible to explain this with either the Zeff evolution or a plasma column shift. 
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FIG.8. Case C. The same values as in Fig. 7. 

Perhaps, a non-classical convective Bp transport took place. The magnetic-island 
development might be responsible for it. 

Stability estimates based on Ref. [8] show that the mode m = 2 should be 
suppressed strongly as compared with OH and all modes with m > 2 are stable. 
There is a disagreement with the experimental data. 

7. CONCLUSIONS 

( 1 ) Heat transport by electrons depends strongly on the MHD activity of the 
plasma column. When tearing modes are developed, /ceff approaches 
(1 — 1.5) X 1018 cm -1 -s - 1 , near the corresponding magnetic surface. 
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(2) Nevertheless, in the absence of developed tearing instabilities the typical 
effective electron heat conductivity for tokamaks, #ceff = (3—8) X 1017cm -1 -s" 
(Alcator scaling), may also be caused by the presence of magnetic surfaces 
with integer q in the plasma. Perhaps, small-scale turbulence connected with 
magnetic resonances is significant. 

(3) When a zone without resonances with integer q exists in the inner part of the 
column, Keff <; 1017 cm -1 • s"1, which is close to the value given by neo
classical theory. 

(4) The electron energy confinement time rises by a factor of two to three, because 
of compression. This is mainly connected with a change in the shapes of j(r) 
and Te(r). 

(5) In all cases, an increase in Zeff in the post-compression phase was observed, 
which was explained by a change in the ionization states and by impurity 
accumulation. 

(6) In several cases the growth of MHD instabilities with m > 2 occurs just during 
compression, the m = 5 mode being dominant. The reasons for this are not 
clear. Stability estimates do not predict this phenomenon. 
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DISCUSSION 

R.J. HAWRYLUK: Were sawtooth oscillations present in these discharges? 
V.E. GOLANT: For typical regimes in the Tuman-2A tokamak there are 

no sawtooth oscillations. The boundary q-values are relatively high (q > 3). 
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Y.-K.M. PENG: In the previous paper it was reported that xe apparently 
increases during the free-expansion phase of the TFTR plasma. You report a 
decrease in xe (core) during a similar phase after minor radius compression. 
Do you have an explanation for this apparent difference? 

V.E. GOLANT: Not yet. The Tuman-2A results can be explained in terms 
of the existence of integer q-surfaces in the central part of the plasma. The 
Zeff values become near-neoclassical when such resonances are shifted to the 
plasma periphery. The situation in TFTR needs additional analysis. 
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Abstract 

PARTICLE AND ENERGY CONFINEMENT IN OHMICALLY HEATED JET PLASMAS. 
The particle and energy transport in Ohmically heated JET discharges has been analysed. 

The energy confinement time T E is found to increase with both plasma density n and 
safety factor q, with T E values in the range 0.1 to 0.6 s. At low density, the particle confinement 

lensny, wiiiic iui ne ¿ I.J /\ i\) 
peak value is about 1 s. 
time, T , increaseswith density, while for rie > 1.3 X 10 m it decreases with density: the 

1. INTRODUCTION 

A study was undertaken of the scaling of particle and energy 
confinement properties with the main plasma parameters, 
current, density etc., and compared with similar studies 
on smaller tokamaks [1] - [4]. Data obtained during the 
first year of operation was taken from about 200 discharges; 
about half had near-circular cross-section and the other 
half were elliptical. In most of the plasmas the gas was 
hydrogen; towards the end of the year deuterium was used in 
near-circular cross-section plasmas, and some 20 deuterium 
discharges are included in the data set. 
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FIG. I. Time-dependent behaviour of: 
(a) plasma current, I; 
(b) loop voltage at the plasma surface, V; 
(c) line density, fndi; 
(d) electron temperature at magnetic axis, Te, from ECE (X from Thomson scattering 

measurements); 
(e) ion temperatures at centre of plasma from NPA (uncorrected for neutral screening), T¡. 

2. PLASMA CHARACTERISTICS 

Characteristic discharges had a long flat plateau (̂ 4s) in 
both current and density, as shown in Fig.l. The data for 
scaling studies were extracted at the end of the flat top 
(indicated by * in Fig. 1(a)), so that transient effects 
could be ignored in the analyses. In all discharges, 
density and temperature sawtooth oscillations were present, 
indicating that the safety factor, q, in the plasma centre 
was less than unity. 

The plasma geometry was varied from near-circular, with 
elongation K(=b/a)=l.15, to elliptical, with K = 1.6. The 
discharge flux surfaces at extremes of this range are shown 
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FIG.2. Cross-section through torus showing flux surface geometry, limiter and magnetic 
diagnostics for: 

(a) a near-circular discharge: 
1 = 1.3 MA; K ( = b / a ) = 1.16;jSp = 0.19 ± 0.1; 
2j= 1.23 ±0 .2 ; q^ =4 .2 ; 

(b) an elliptical discharge: 

I = 2.8 MA; K (= b/a) = 1.54; 
0p = 0.12 ± 0.05; 8¡= 1.1 ± 0 . 1 ; q ^ =3.6. 
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FIG. 3. Temperature profiles from ECE and q profiles from the magnetics for a medium 
q (= 5.4) (solid lines) and high q (= 9.55) discharge (dashed lines). 

in Fig.2; these were obtained by fitting the magnetic field 
from a Grad-Shafranov equilibrium solver [5] to the magnetic 
measurements made at the vacuum vessel wall. The minor 
radius, a, and major radius, R, were kept approximately 
constant at a = 1.1m and R=3.0m. The remainder of the 
parameters were varied in the ranges given below: 

1.2MA < I < 3.5 MA 
2.6 < q (Shafranov)< 10 

1 . 3 T < B 
1.7 < q 

c y l 

< 3 . 4 T 
< 6 

0.7 x 1019m 3< n ( l ine-average density) < 3.4 x 10 19 -3 m 

The loop voltage on axis was between 0.6 and 1.2V: the lower 
values were found in the high B, discharges. 

The radial electron temperature profiles were obtained from 
the electron cyclotron emission (ECE) at the second harmonic 
frequency. In this study, the peak electron temperature, 
T , varied between 1.3-4 keV. Fig.3 shows typical T 
profiles in high and low q discharges together with the 
respective q profiles. In the high q discharges, the T 
profile was found to be significantly more peaked than in 
the low q discharges. In the calculation of the T profile, 
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both the poloidal and paramagnetic contributions to the 
total field were taken into account. Recently, single-point 
Thomson scattering measurements of T have confirmed the ECE 
temperatures (see Fig.l). 

The effective charge, Z ff, was obtained using two different 
techniques: from bremsscrahlung measurements in the visible 
spectrum and from plasma resistivity analyses (using the 
Spitzer resistivity model). T values taken from the ECE 
measurements were used in both cases. Both gave similar 
values 3 < Z ct, < 10, with Z _. decreasing with density. If 

eff eff 
the resistivity was taken as neoclassical, the Z __ values 

eff 
were significantly lower at 1.5 < Z ff < 5. 

3. ENERGY CONFINEMENT 

The radial electron power balance for a typical discharge is 
shown in Fig.4. The Ohmic power input was obtained from the 
flux surface identification code [6], and the radiation 
profile was calculated from the bolometer data, obtained 
from an Abel inversion on the same flux surfaces. The ion 
temperature profile, (needed for the electron-ion 
equipartition term) was calculated from the ion energy 
balance, assuming that the ion heat conductivity is given by 
K. = A K(NC) (where K(NC) is the neoclassical conductivity 
[o]) with the constant A (typically 1-3) being adjusted to 
obtain agreement with the NPA ion temperature measurements. 
The dominant loss mechanism in the central plasma region 
(r/a < 0.75) is clearly transport, whilst radiation is the 
dominant loss mechanism in the edge region. Thus, in such 
discharges the total energy confinement time, x , is a 
representative measure of the plasma transport properties. 
T is given by: 
E 

T E = 3/2 („eTe + V^dV/Pj, 

where P is the Ohmic input power. 

In the calculation of x three assumptions were made: 
(a) <T >/<T > = 0.9, which has since been justified by the 
ion energy Balance considerations described above (on early 
shots, there were no NPA measurements); (b) the density 
profile was taken to be parabolic (justification for this 
assumption comes from the reflectometer measurements [7]); 
(c) the proton deficiency factor was taken to have the form 
n./n = (2 + 1 - Z )/g , where Z. is the charge of the 
principal impurity. Calculations or the confinement 
properties have been completed for Z. =20 (mainly metal 
impurities) and Z. = 12 (mainly light impurities) and are 
found to be only weakly dependent on the value of Z . 
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FIG.4. Radial electron power balance from 1--D interpretation code JICS. P n is the Ohmic 
input (from magnetics), Pei is the electron-ion transfer term, and Pr is the radiated power. 

In considering the scaling of the energy confinement time, 
T , with the plasma parameters, the T dependence upon 
average density is shown in Fig.5, together with INTOR 
scaling (TF= 4.5 x 10

 21 na2). From the scatter,TV scaling 
with density alone is not sufficient. The separation of the 
data into bands depending on their value of q (s5a2KB /RI) 
shows that the safety factor is also an important scaling 
parameter. In fact, the main improvement in the energy 
confinement of the elliptic cross-section plasmas over the 
circular ones enters through the dependence, of q 1 on K. 
Using several combinations of I, n, B , K and q ij, a 
regression analysis of the data set has been completed. The 
best combination found is T = A n q' .. with 
a = 1.15 ± 0.15 and y = 0.9 ± 0.15; t£e" fit is shown in 
Fig.6. The deuterium points have been highlighted in Fig.6, 
showing the improvement in confinement of the deuterium 
discharges over those in hydrogen. 
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FIG. 5. Total energy confinement time versus density for the data set. 
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FIG. 6. Energy confinement time versus best regression fit of the form TE = A na q 
a = 1.15 ± 0.1, y = 0.9 ± 0.1. The dominant impurity is assumed to have Z¡ = 12. 



174 CORDEY et al. 

To obtain some indication of x scaling with the plasma 
dimensions, the data has been compared with empirical 
scaling laws obtained from smaller tokamaks. Unfortunately 
there are a large number of these scaling laws. However, 
there are only three with a q dependence: (i) the Dili 
scaling law (which was obtained from a study of Ohmic 
heating experiments on Dili in circular [1] and non-circular 
[2] plasmas): 

T- = A.na2q3 !+ Ee 1 cyl 

(ii) the T-ll scaling law [3]: 

xv = A0q7/5(a/R)
5/2l+R17/6nB "1/3 be z cyi <j) 

(iii) a recent scaling law derived from data on TFTR and 
PLT [4]: 

T = A naR2a°*8 xE ¿v3naK q c y l 

Comparing these expressions with JET data, it is found that 
the TFTR/PLT scaling law gives the smallest scatter in the 
data points and the coefficient A- in JET, 7xl0""22., is only 
10% less than the quoted value. The JET values for the 
other two coefficients are A. = 4.7xl0~"21 (for deuterium) 
which is 25% greater than the quoted value and A„ = 
2.2x10-2^ which is 20% less than the quoted value. Both of 
these are just within the experimental errors of the 
measurements. Thus it appears that expression (iii), the R2a 
scaling, gives the best fit to the JET data. To be absolutely 
certain about this conclusion, experiments at large R and 
small a are required. 

This section has shown that the energy confinement in JET 
increases with density and safety factor q .. , and so far no 
limitation with density has been found. Confinement in 
deuterium is better than hydrogen and the R2a nq°*8 scaling 
law gives the best fit to the data. 

4. PARTICLE CONFINEMENT 

The global particle confinement tine, x » has been evaluated 
by solving the particle balance equation dN /dt = -N /x + 
El, where N is the total number of electrons in the plasma 
and II is tne rate of production of new plasma particles. 
For an almost pure plasma, where the impurities are an 
insignificant source of plasma electrons, the source term is 
simply the sum of the total fluxes of neutral hydrogen 
entering the plasma from the walls, r , and the limiters, T , 
These fluxes have been determined by means of absolute H 
measurements along selected chords in the torus, which 
terminate on various sections of the walls, limiters and at 
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gas inlets. A 2mm interferometer was used to measure the 
line-averaged electron density, and a calibrated gas 
introduction system was also employed. 

Apart from the limiters and gas inlets, no significant 
poloidal or toroidal asymmetries were observed in H 
emission. Signals from various toroidal locations, with 
observation direction along the major plasma diameter, have 
not differed by more than ^ ±25%. Signals from the two 
graphite limiters (out of four) monitored showed similar 
agreement. Indirect confirmation of this symmetry was 
obtained from i.r. cameras viewing three limiters, which 
recorded power deposition patterns similar to each other (on 
a given discharge). 
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From the absolute brightness of the H emissions, the total 
fluxes of neutral hydrogen entering the plasma were 
estimated, using a previous model [8], The ratio of 
ionisation to excitation rates was taken as 10. The ratio 
r /r is sensitive to the plasma current, which, in turn, is 
a measure of the Ohmic power deposited on the limiters. The 
ratio is also dependent on the plasma elongation K, the 
contribution from the walls increasing as the plasma 
elongates. At constant plasma current and elongation, r ¡Y 
is almost independent of plasma density. 

In Fig.7, rT/r is plotted as a function of plasma current 
for plasma elongations of 1.2 and 1.4, for values taken at 
the end of the current and density flat top (Fig.l). The 
ratio T /T increases linearly with current and decreases 
with increasing plasma elongation. In the majority of JET 
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discharges, the limiters are a more important source of 
neutral hydrogen than the walls. 

Ignoring the effects of impurities, Fig.8 shows the 
variation of T versus the average density, calculated_ 
assuming a density profile. For n ^ 1.3 x 10iym , T 
increases with density, but for n > 1.3 x 1019m , the 
particle confinement time decreases with increasing density. 
This second regime is consistent with the plasma being 
impervious to penetrating neutrals, and as plasma density 
increases,, the recycling takes place predominantly at the 
plasma edge. Similar results have been reported by Marmar 
[9]. The reduction in x , due to the ionization of 
impurities, has not been evaluated in a systematic way. 
However, for a number of discharges, from spectroscopic 
measurements at optical wavelengths, influxes have been 
estimated to contribute an additional maximum 30% to the 
electron fluxes. This contribution is mainly due to light 
impurities, carbon, oxygen and chlorine, rather than 
metallic ones, chiefly nickel and chromium. 

REFERENCES 

[1] EJIMA, S., et al., Nucl. Fusion 22 (1982) 1627. 
[2] NAGAMI, M., et al., Nucl. Fusion 22 ( 1982) 409. 
[3] LEONOV, V.M., MEREZHKIN, V.G., MUKHOVATOV, V.S., SANNIKOV, V.V., 

TILININ, G.N., "Ohmic heating and neutral-beam injection studies on the T-II tokamak", 
Plasma Physics and Controlled Nuclear Fusion Research 1981 (Proc. 8th Int. Conf. 
Brussels, 1981), Vol.1, IAEA, Vienna (1982) 393. 

[4] HAWRYLUK, R.J., "Recent results from TFTR", Heating in Toroidal Plasmas 
(Proc. 4th Int. Symp. Rome, 1984). 

[5] BRUSATI, M., et al., in Proc. MHD Workshop, Lausanne, 1983. 
[6] CHANG, C.S., HINTON, F.L., Phys. Fluids 25 (1982) 1493. 
[7] HUBBARD, A.E., et al., to be presented at 9th Int. Conf. on Infrared and Millimetre 

Waves, Takarazuka, Japan, 1984. 
[8] JOHNSON, L., HINNOV, E., J. Quant. Spectrosc. Radiât. Transfer 13 (1973) 333. 
[9] MARMAR, E.S., J. Nucl. Mater. 76 & 77(1978) 59. 

DISCUSSION 

B. COPPI: You say that an analysis of the distribution of the dimensionless 
parameters able to characterize different physical regimes attained in JET and 
in other experiments has not yet been done. Can you then justify the 'simple' 
scaling law for r E you gave in the 'conclusions' part of your oral presentation 
and which relates the JET results to those of other experiments? 
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J.G. CORDEY: The errors in any calculation of xe would be very large 
with the present data set. This is mainly due to the inaccuracy of determination 
of the e-i equipartition term and the radiation. It was for this reason that we 
chose to restrict the scaling exercise to the total energy confinement time rg, 
which is known more accurately. The surprising thing is that for Ohmically 
heated tokamaks these simple scaling laws for rg are satisfied by tokamaks of 
very different sizes in different regions of parameter space, which suggests that 
the anomalous process is universal and does not depend strongly on the regime 
of collisionality. 

R.J. TAYLOR: It is remarkable that your data on rg fit the neo-Alcator 
scaling (and that of other tokamaks) where Zeiî ^ A. In JET, Zeff is rather 
high, and your formula does not contain it explicitly. Might not part of the 
qL dependence be related to Zeff variations? 

J.G. CORDEY: Several combinations of Zeff and the other parameters 
have been tried, but I have been unable to find a clear dependence of T E on Zeff. 

F.W. PERKINS: You mentioned that the density profile was parabolic 
and that the JET plasma was opaque to neutrals. In these circumstances, what 
physics maintains the density profile? 

J.G. CORDEY: Yes, JET is opaque to neutrals at the present densities, 
as are many of the smaller tokamaks at high density. The processes used for 
refuelling the centre of the plasma in these smaller tokamaks (multiple charge-
exchange and inward convection) will also be required in JET. 

A.A. WARE: I should like to point out that the first conclusion reached 
in your oral presentation, namely that ions are neoclassical and electrons are 
anomalous, is not so much a conclusion as an assumption, since you include 
only the cóllisional transfer of energy from electrons to ions. There are known 
to be other processes, and there is always the possibility of anomalous transfer 
of energy from electrons to ions. 

J.G. CORDEY: My first conclusion was that the data are not inconsistent 
with neoclassical ions and anomalous electrons, but other interpretations of 
the data are also possible. As far as anomalous electron-ion transfer is con
cerned, although this is possible within the error bars on the data, I nevertheless 
think it unlikely as it would require the electron and ion temperatures to be 
almost equal. 

R.J. GOLDSTON: On a somewhat less esoteric note, I would like to ask 
about your assumption that Zi is always greater than or equal to 12. At the 
highest densities in TFTR, X-ray pulse height analysis (PHA) measurements 
indicate that metals contribute very little to Zeff. Thus, we must take Zj to be 
around 8, since oxygen and carbon are the dominant impurities. Now that you 
have PHA measurements for JET, what Z¿ are you likely to get in your highest-
density discharges? 

J.G. CORDEY: Preliminary PHA measurements give a metal concentration 
of around 0.2%; however, other spectroscopic measurements have indicated 
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the presence of a substantial concentration of chlorine as well as the lighter 
impurities oxygen and carbon. The reasons for choosing Z-x = 12 are twofold: 
(1) some low-density discharges had Zeff =10; and (2) in the high-density 
deuterium discharges, where ion temperature measurements were available from 
both neutral particle analyser and neutron yield measurements, a value of 
Zj = 12 gave the correct deuteron deficiency factor nD /n e = 0.5. 
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Abstract 

PLASMA AND IMPURITY TRANSPORT STUDIES IN T-10 WITH LOW-LEVEL INJECTION. 
Experiments involving injection of small amounts of deuterium, argon and potassium are 

carried out in some regimes of the T-10 tokamak. The experimental transport characteristics 
of the main plasma are used for transport simulation of argon and potassium ions. The diffusion 
coefficient and the pinching rate of the main plasma are determined from the time evolution of 
the electron density profile after a single puff of deuterium and from the measurements of the 
magnitudes and phases of the density fluctuations for periodic deuterium puffing. Diffusion of 
impurity ions is studied by injection of small KC1 pellets into the discharge and by the argon 
puffing. It is found that the pinching rate in regimes with low q(a) (= 2.2—2.6) does not differ 
noticeably from the neoclassical value, whereas in regimes with high q(a) (>4), it may exceed the 
neoclassical value by an order of magnitude. The observed confinement times of the injected 
impurities in the low-q(a) regimes at moderate plasma densities are well described by the 
dependences obtained in the Alcator C experiments. A significantly longer confinement of 
impurity ions, with times greater than 200 ms, is observed in high-density plasmas at low 
currents (q>4), although, in some cases, low confinement times («*50 ms) are also observed 
for the same plasma parameters. The observed confinement times of K+17 ions can be explained, 
from the diffusion coefficient measured via deuterium puffing, as a neoclassical effect of 
impurities gathering at the plasma column centre. 

1. INTRODUCTION 

Transport of the electron and ion components in a tokamak plasma is one 
of those problems which are not well known, so far. The study of plasma electron 
transport has shown that anomalous convective flux may exist [ 1 —3 ]. The 
dependence of the flux on the plasma discharge parameters is still unknown. At 
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the same time, impurity confinement studies have shown that, in addition to the 
regimes with impurity life-time close to energy confinement time [5, 6], there 
are also some regimes with enhanced confinement [6, 7]. In these cases, some 
additional convective fluxes inside the plasma column [8] are used in experiment 
simulations. The plasma particle confinement characteristics (diffusion coefficient 
De, pinching velocity vp), as well as the confinement of injected impurities are 
studied in this paper, with varying discharge parameters. The experimental results 
are compared with numerical calculations based on different models. 

2. PLASMA PARTICLE TRANSPORT 

Diffusion and pinching of plasma are studied by the technique described in 
Ref. [9], based on the pulsed puffing of deuterium into the plasma. The balance 
of fluxes in the steady state of the discharge and during puffing allows diffusive and 
convective particle transports in plasma to be separated from each other. The 
puffing is performed by a piezoelectric pulsed valve, which allows either single 
puffs, 12 ms long, or a series of periodical pulses. Pulse periods of 19 and 59 ms 
(frequencies 52.5 and 17 Hz) are used, with the valve being open over half a period. 

The evolution of the plasma density profile is determined by a multi-channel 
radio-interferometer at a wavelength of A = 1 mm, operating simultaneously along 
six to seven vertical chords [10]. A high signal-to-noise ratio of the interferometer 
and averaging over a few shots allow the density evolution for a single puff to be 
determined at a sufficiently high accuracy, for a variation in the amount of 
particles within the plasma column of ANe /Ne £ 4%. 

A Fourier analysis performed at periodic puffing allows the amplitudes and 
phases of the oscillations in the signals to be determined at ANe /Ne > 0.3%. 

The experimental results are compared with the simulation of the density 
evolution during puffing. 

The evolution of the plasma density in the model is determined by the 
diffusion equation: 

9ne(r,t) 1 9 / 3ne \ 
——— = nen0 < av ) i o n + - — r( De — + nevp I -

The neutral-gas density is found from the neutral-gas influx into the plasma 
and from the relative neutral density distribution in the plasma, S0 (r, t) = 
n0 (r, t)/n0 (a, t). The neutral-gas influx in a steady state of the discharge, P<f, 
is determined by the brightness of the D^ line. An additional influx during puffing 
is determined by the change in the total amount of particles in the plasma. The 
S0(r, t) distribution is found from the results of puffing experiments. The profile 
of the density increase, Ane (r, t), during the first 8-10 ms of the puffing, for a 
single puff, and the amplitude distribution in the density oscillations at 'high' 
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frequency (52.5 Hz), for periodic puffing, are mainly determined by the distribu
tion of neutral ionization, nen0 (av)jon and are almost independent of De and 
on vp. The density distributions of neutrals entering the plasma from the walls 
and the valve are considered to be the same [9]. The relative neutral density 
distribution varies during the puffing according to the change in the plasma density: 

S0(r,t) = f ( / n e (p , t )pdp) . 
r 

The pinching velocity, vp(r), in a model is a parameter that can be varied 
arbitrarily and is considered to be unchanged in the process of puffing. The 
diffusion coefficient, in a steady state of the discharge, D^Cr), is calculated from 
the diffusion equation, using vD(r), n0(r) and a steady-state profile of the plasma P 
density, ng (r). It has been found that the functional dependence of De on the 
plasma parameters significantly affects the results of simulation. Therefore, two 
parametric dependences of De have been used in the simulation: De unchanged 
during the puffing, De(r, t) = Df(r), and De varied during it, De = 
Df( r )nf ( r ) /n e ( r , t ) . 

Sawtooth oscillations strongly affect the plasma density profile in regimes 
with low safety factors, q(a). Experimental density profiles in this type of 
regimes show 3ne/3r =0 at radii r < r s y/2 (rs is the radius of phase reversal). 
It is assumed that also 3 Ane/3r = 0. Remembering that the sawtooth period is 
shorter than the characteristic time of density profile evolution, we see that this 
assumption is equivalent to a very high De at radii shorter than rs>/2. In the 
regime with q(a) =4.2, the amplitude of the sawtooth oscillations is small, and 
their effect is not taken into account. 

The time evolution of the interferometrical signals, A4>(t), for the chords 0, 
14, 21 and 28 cm from the centre of the plasma column after a single puff is 
shown in Fig. 1. The time is counted from the beginning of the puff. The experi
ments were carried out in the regime with I = 220 kA, Bt = 2.5 T, a = 32.5 cm, 
q(a) = 4.2, ñe = 3.5 X 1013 cm - 3 , U0 = 1.3 V. The errors are determined by the 
interferometer noise and by oscillations of the plasma density as well as by an 
error in the alignment of the zero line, from which the A4> values are counted. 
The results of simulation with vp close to the neoclassical value [11], with the 
gas influx, p 0 , ten times exceeding the experimental value and De unchanged 
during puffing, are shown in Fig. 1 by the dashed curves with asterisks. We see 
that the evolution of the signal along the central chord proceeds more slowly 
than that in the experiment, in spite of the increased De on the plasma periphery, 
which is in accordance with the increased pf. Using vp = 400 r/a cm-s"1 in the 
model, along with the experimental value of p^, one can provide a time evolution 
of the signal along the central chord close to the experimental behaviour (dashed 
curve). The twofold increase or decrease in vp provides faster or slower evolution 
(dashed-dotted curves). With De = Df njf/ne, a more rapid profile evolution and 
a more peaked profile of Ane after the evolution than for the n^ profile are 
obtained. More peaked profiles of Ane than of nîf are observed in all experiments 
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TABLE I. VARIOUS IMPORTANT PARAMETERS AND RESULTS 
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FIG. 1. Evolution of interferometric signals after single puff along different chords from 
experiments and from model with different v and De. 

with a single puff. The results of the simulation with vp = 200 r/a cm-s-1 and with 
De varied are shown by the dotted curves. We see that, in this case, the model is 
in better agreement with the experiment than that of De unchanged. 

The evolution of the signal along the central chord in the model is weakly 
dependent on the radial distribution of vp(r) and is determined by the average 
value of vp in a certain region of the plasma column. This region and the average 
values of ne, De and vp over this region are shown in Table I. 

The model can describe the experiments only when vp, at least, ten times 
exceeds the neoclassical value. An error in the determination of the neutral-density 
radial profile, due to the uncertainty in the high-energy fraction of neutrals 
reflected from the wall, should not strongly affect the value of vp because the 
required pinch flux at r = 15 cm exceeds the total experimental influx of neutrals 
from the wall, p j f - 3 X 1015 cm_ 2-s_ 1 . In the regimes with q(a) =2.2, an 
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FIG.2. Amplitudes and phases of oscillations on interferometric signals at periodic puffing with 
frequencies of 52.5 and 17 Hz from experiment and from model with different vp and De. 

uncertainty in S0(r, t) significantly affects the accuracy in the determination of vp. 
The maximum of vp at which the model can describe the experiments is given in 
Table I. 

In the same regime with a somewhat lower plasma density, periodic puffing 
was performed with frequencies of 52.5 and 17 Hz. The variation in the amount 
of particles within the plasma column was ANe/Ne

í«0.3%. The experimental 
amplitudes, A, and phases, F, of the oscillations in the signals from the interfero
meter channels at different chords are given in Fig. 2 (the phases are given with 
respect to a phase of oscillations in the signal along the chord. +6 cm, the chords 
are given with respect to the centre of the plasma column, and the inner chords 
are mirror-imaged relative to the centre of the plasma column). An agreement 
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between the results of simulation and the experiment at 52.5 Hz was reached 
when the neutral-density distribution was close to that obtained from calculations 
with an initial energy of the neutrals of 4 e V. At 17 Hz, the model with unchanged 
De describes the experiment at vp = 400 r/a cm-s-1. At greater vp = 800 r/a cm-s"1, 
the distribution of amplitudes differs considerably from the experimental distribu
tion. At lower vp = 200 r/a cm- s"1, the phase distribution of oscillations differs 
from the experiment. At De= T>fnf/ne, the model describes the experiment well 
at vp = 300 r/a cm-s"1. 

The T-10 experimental results of the plasma particle transport study are 
given in Table I. In all the regimes, aL = 32.5 cm, except of that with Ip = 200 kA, 
ñe = 1.4 X 1013 cm-3, where aL = 29 cm. In the column 'puffing', the single puff is 
designated by Y and the periodic puffing is designated by 'p'. The neoclassical 
values of vp, calculated from the relationship given in [ 11 ], are given in the column 
designated by vp . 

We see that in the regimes with q(a) = 2.2, the values of vp are not at variance 
with the neoclassical values and the values De are similar to each other at close 
values of the density, independently of I and B^ In the regimes where I = 220 kA 
and Bt = 1.5 T, De decreases with increasing ne. We have not succeeded in 
describing the experiment at I = 340 kA by a model where De is unchanged during 
puffing. In the regime with I = 220 kA, B t = 1.5 T, ñe = 3.5 X 1013 cm"3, the value 
of Deis close to 1000 cm2-s-1, calculated from Ref. [12]. To describe the experi
mental regime with q(a) =4.2 in the model, it is necessary to use vp which, at 
least, ten times exceeds the neoclassical value. In this case, De considerably exceeds 
the values obtained at close ne in the regimes with q(a) = 2.2. De = 400 cm2-s"\ 
as calculated from Ref. [12], is found to be considerably lower than the value 
necessary for describing the experiments by the model. The same experimental 
results at two levels of puffing which differ by almost an order of magnitude show 
that there is no noticeable plasma perturbation in the process of puffing. 

3. POTASSIUM AND ARGON CONFINEMENT STUDIES 

The injection of potassium was performed in the form of'KG pellets [13]. 
Argón was added to the accelerating gas within the pellet injector. The time 
evolution of the spectrum near the lines of the helium-like ions of K+17 and Ar+16 

was recorded by an X-ray crystal spectrograph with a position-sensitive detector 
[14], along the central chord. The spatial distribution of the K+17 emission line 
was recorded by a crystal monochromator. 

The time evolution of the electron temperature was determined by radiation 
at double electron cyclotron frequency. The absolute value of Te was found by 
semiconductor detectors. The radial distribution of Zeff was obtained from the 
intensity of the visible continuum. The sawtooth oscillations were recorded by 
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FIG. 3. Decay time for potassium impurity injected into plasma versus discharge parameters, 
I and ñe. 

an X-ray pin-hole chamber. The ion temperature was measured by a neutral-
particle analyser. The radiation losses were recorded by a set of pyroelectric 
detectors. 

The recycling coefficient must be known for estimating the confinement 
time of the impurity from its decay. Experiments comparing the confinement 
time obtained from K+17 decay, rk , and that obtained from the time needed for 
reaching the steady state by Ar+16, rA r , were carried out. The experimentally 
obtained equality between the argon confinement time and rk shows that there 
is no noticeable recycling of potassium, as the recycling coefficient for argon is 
close to 100% [4, 5]. This conclusion is also confirmed by the bolometric data. 

The decay time for potassium versus the discharge current at Bt = 2.5 T, 
ñe = 4 X 1013 cm-3, and a = 32.5 cm is shown in Fig. 3a. The dependence of 
rk on the density at Bt = 2.5 T, I = 220 kA is presented in Fig. 3b. The K+17 

emission line was measured along the central chord. The plasma temperature 
variation was accounted for by normalization with respect to the bremsstrahlung 
intensity in the vicinity of the line. The perturbations in ne and Zeff were 
considered to be negligible during the injection. 
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FIG. 4. Density of K as a function of time (relative units) for r = 0 and r = 8 cm in regimes 
with better and worse impurity confinement. 

We see that the scatter of data is not large for low q(a) and ne, and rk is in 
an agreement with the Alcator scaling law [15], without Zeff taken into account 
(dashed traces), T^ rises with increasing density, which does not correspond to 
the scaling law [15]. This rise in the confinement time of the impurities is con
firmed by argon puffing experiments. The time Ar+16 needs to reach the stationary 
state at the plasma centre increases from 70 to 160 ms, with the average density 
increasing from 3.6 X 103 to 4.4 X 1013 cm-3. Thus, the experiments on K and 
Ar injection have shown that regimes with long impurity confinement are observed 
at low I and high q(a). In addition, regimes with short confinement times can be 
realized at the same plasma parameters. So, regimes with rk = 50 ms and rk = 200 ms 
are observed at I = 200 kA. 

The time evolution of K+17 concentration at the centre of the plasma column 
and at r = 8 cm for both types of discharge are shown in Figs 4a and 4b. The 
discharge parameters are the same in both cases: I = 200 kA, ne = 4.5 X 1013 cm -3, 
Bt = 2.5 T. The KC1 pellet penetrates up to r = 25 cm from the centre. In the case of 
good confinement (Fig. 4a), a hollow K+17 density profile is formed at the beginning. 
The time needed for reaching the maximum at the centre is about 100 ms; the 
decay proceeds slowly. In the case of poor confinement (Fig. 4b), potassium 
penetrates to the centre for 20—25 ms and then decays rapidly with 1-^50 ms. 
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A comparison of the parameters in these two regimes shows that the greatest 
difference is observed in Zeff. Thus, Zeff (0) ^ 3 in the regime with better confine
ment and Zeff (0) ^1.5 in the regime with worse confinement. An increase in 
Zeff in the discharge by puffing neon into the plasma leads to an increase in the 
confinement time. There is a difference in the intensity of sawtooth oscillations 
which are either suppressed or close to stabilization in the regimes with long • 
potassium confinement. A similar difference in the behaviour of impurities in the 
Doublet III experiments [7] was explained by a change in the sawtooth activity. 
We are not in a position to maintain that the sawtooth activity level is the only 
parameter responsible for this difference. Probably, the variation in sawtooth 
activity is a result of changes in the transport processes. 

4. POTASSIUM CONFINEMENT SIMULATION 

A numerical model used in the calculations of the diffusion of potassium 
ions is described in detail in Ref. [ 16]. In this paper, the flux of the K ions is 
written as follows: 

lk~lk + 1 k + 1 k 

where Tk
 c is the neoclassical flux calculated from the relations given in [17] ; 

„an « , . 3 % 
R = - DP (r) 

k e 9r 

is the anomalous diffusive flux; 

r k = v p n k 

is the anomalous convective flux. De(r) and vp(r) are taken from experiments on 
deuterium puffing in similar regimes or extrapolated from experiments, remem
bering that De œ 1/ng. Results of potassium ion transport calculation using a model 
with ly*1 = 0 are represented in Figs 3a and b. It is assumed that Da <* l/ne, in this 
case. The diffusion coefficient is enhanced in the range r <rs>/2 in this model, 
in order to take the m = 1 instability, at a current of 400 kA, into account. It is 
found out that, in this case, the results of the simulation strongly depend on the 
behaviour of Da at the plasma column periphery; therefore, no unambiguous 
conclusion is possible. Nevertheless, the decay time is, in this case, close to its 
experimental value. 

The calculations have also been carried out for a model with Tk
nc = 0, which 

provides confinement times of about 160 ms. At the same time, the model with 
all flux components yields times that exceed the experimental ones substantially. 
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Hence, it is not necessary to use convective flux in the model in order to 
explain the experimental impurity confinement time. Unfortunately, simulation 
is impossible for the regime with short impurity confinement times because no 
plasma diffusion data are available. The simulation of sawtooth activity with 
enhanced anomalous diffusion at radii r<rsN/r2 has, however, only an insignificant 
effect on the potassium decay time. 

5. CONCLUSIONS 

( 1 ) The pinching velocity is low and close to its neoclassical value in regimes 
with low q(a), irrespective of the current. An increase in De with decreasing 
electron density is observed in these regimes. 

(2) The experimental results in the regime with high q(a) (=4.2) cannot be 
explained without an 'anomalous' pinching velocity that exceeds its neoclassical 
value by more than one order of magnitude. At the same time, in this regime De 

noticeably exceeds its value obtained at the same plasma density in regimes with 
low q(a). 

(3) The impurity confinement times in the experiments on impurity injection 
at low q(a) and ne are close to the values obtained from the scaling law [15]. 
A comparatively long impurity confinement, with times greater than 200 ms, is, 
however, observed with rising ñe and decreasing discharge current. Regimes with 
low confinement times (about 50 ms) are also observed at the same plasma 
parameters. 

(4) Simulation of the concentration decay for K+17 ions has shown that the 
observed rise in confinement time, with increasing ñe and q(a), can be explained 
by the neoclassical effect of impurities gathering at the plasma column centre, 
without invoking any additional convective impurity fluxes. 
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DISCUSSION 

R.J. HAWRYLUK: What is the correlation between MHD activity and 
impurity confinement time? 

V.S. MUKHOVATOV: Long confinement times of impurities in high-q, 
high-density discharges correlate with a cessation or strong modification of 
internal sawtooth oscillations. It is at present not certain, however, which of 
the two phenomena is the cause and which the effect. 

R.J. GOLDSTON: You said that the measured impurity transport was 
variable with the enhanced D observed at high q and high density, but — if I 
understood you correctly — not with the enhanced pinch velocity. Could you 
clarify this point? 

V.S. MUKHOVATOV: Our data indicate that in high-q, high-density 
discharges the transport coefficients (vp and/or D) of impurities and those of 
the main plasma are different. The physical reasons for this are unclear at 
present. 
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Abstract 

PLASMA PERFORMANCE, BOUNDARY STUDIES AND FIRST EXPERIMENTS WITH 
ICRH IN TEXTOR. 

The TEXTOR plasma serves as a test bed for plasma/wall interaction studies and ICRH 
experiments. Reproducible and long-lasting discharges with soft termination were generated in 
the internal disruptive mode. The operational regime for Ohmic heating is shown in a 1/q 
versus n e R / B j diagram. A comparison of electrical conductivity derived from current density 
measurements with calculated values favours neoclassical theory. A pump limiter installed on 
TEXTOR demonstrated a particle removal rate of 6 X 1020 particles per second out of the 
boundary layer. It could decrease the central electron density by 50%. The pump limiter was 
used to control fuelling and recycling characteristics of stable discharges. First experiments 
with additional ICRH showed a strong influence on the plasma boundary and scrape-off layer. 
The interaction of the radiofrequency with the boundary layer at present limits the power 
input to the plasma. Plasma boundary parameters have been measured by optical methods 
combined with neutral particle beams. 
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1. INTRODUCTION 

TEXTOR is a medium size tokamak built for systematic studies of plasma/ 
wall interaction. The development of wall conditioning methods, the analysis of 
the composition of the plasma, and the control of the plasma boundary layer 
including particle removal in limiter tokamaks are major topics of interest. The 
first measurements made in TEXTOR have been summarized in Ref. [1]. Results 
on wall conditioning have been reported in Refs [2, 3]. The experiments 
summarized here have concentrated primarily on the following topics: 

(a) Generation of a stable plasma with a low impurity content; 
(b) Study and modification of the boundary layer; 
(c) Start of additional heating with ICRH. 

2. PLASMA PERFORMANCE WITH OHMIC.HEATING 

Tokamak discharges with continuous sawtooth activity (internal disruptions) 
were established by programming both plasma current and neutral gas feeding. 
The disruption-free termination of these discharges ('soft landing') yields stable 
and reproducible series of discharges, m = 1 internal disruptions (sawteeth) are 
observed throughout the discharge after the disappearance of m = 2 or higher 
modes. Typical plasma parameters obtained are listed in Table I. 

The wall temperature was 130— 150°C for these experiments. Zeff = 1 -7 was 
achieved in hydrogen at ñe = 2.7 X 1013 cm - 3; it increased with lower densities. 
Zeff was also higher in D2. The energy confinement time TE was determined by 
means of a diamagnetic loop technique. Global energy confinement times 
TE = 50 ms were reached. A variation of plasma radius a = 40—48 cm and of 
density ne = (1—2.5) X 1013 cm -3 gave a scaling law for the global energy confine
ment time TE a ñea

2. 

TABLE I. TEXTOR PARAMETER RANGE (SS LIMITER) 

R0 = 1.75 m 

a = 0 . 4 0 - 0 . 4 8 m 

Ip = 0.35-0.5 MA 

U L = 1.5-2.0 V 

B T = 2 T 

H 

OH plasma 

q ( a ) > 2 . 3 

ñ e < 4 . 2 X 10 1 9 m" 3 

T e ( R 0 ) < 1 . 3 k e V 

Ti(Ro) < 0.8 keV 

]3p = 0.2-0.4 

r E < 50 ms 

OH + ICRH 

a = 0.45-0.48 m 

Ip = 0.35 MA 

UL = 2 V 

q(a) « 3.6 

ïïe=2X 101 9m~3 

D':H« 10:1 
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îp -0.6MA/S © 1983 

TEXTOR- R = 1.75m # 1 9 8 4 

FIG'.l. Operational regime of TEXTOR with Ohmic heating in H2 withoutgettering. 

The TEXTOR operating regime is shown in Fig.l. The trace of a discharge 
with soft landing is shown as an example in a 1/q versus neR/BT representation. 
The density decreases almost proportionally to the plasma current at the end of 
the discharge, ensuring a disruption-free termination. The solid circles and triangles 
in the figure represent measurements to establish the density and q limits, 
respectively. The value of ñeR/Bx achieved at q = 3 is 25% lower than the value 
attained in DITE OH discharges with Ti gettering [4]. The maximum achievable 
electron density ne(max) varies linearly with the plasma current Ip up to a value of 
q(a) = 3. Disruptions at the density limit are preceded by a pronounced peaking in 
the density profile which developed rapidly out of a trapezoidal profile. An 
increased H a luminosity was then recorded from the boundary layer. The q limit 
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FIG.2. (a) Te profile (* soft X-rays; o Thomson scattering; A electron cyclotron emission), 
(b) Range of current densities compatible with the Faraday rotation measurements. 

in TEXTOR is at present q(a)= 2.3. An m = 2 instability develops with a time 
constant r2,\ = 2—5 ras. It is accompanied now by a broadening of the density 
profile in contrast to the disruption at the density limit. 

3. STUDY OF ELECTRICAL CONDUCTIVITY 

The radial profiles of the electrical conductivity in TEXTOR have been 
determined independently from: (a) experimental Te profiles and Zeff distributions 
using classical and neoclassical formulas and (b) measured current density profiles 
and loop voltages. As compared to volume-averaged data used in previous 
investigations (e.g. Ref. [5]), space-resolved information should allow a clearer 
distinction between predictions of classical and neoclassical theories since the 
maximum effect of the trapping correction occurs at intermediate radii. Te profiles 
(Fig.2(a)) were obtained by observing the soft X-ray continuum radiation 
simultaneously along five chords and by Thomson scattering at seven points of the 
vertical plasma diameter. In addition, Teo was measured continuously by electron 
cyclotron emission diagnostics. From soft X-ray line and continuum intensities, Zeff 
was determined yielding a constant value of 3 at r = 5,15 and 25 cm with an error of 
< 30%. Current density distributions (Fig.2(b)) and ne profiles were derived from 
Faraday rotation and phase shift measurements using a nine-channel far infra-red 
polarimeter/interferometer. Here the data analysis [6] is based on the assumptions 
of circular flux surfaces and of constant electron density on a given surface. 
Further, the Shafranov shifts of the surfaces are derived from the asymmetry of 
the electron density profile, and the resulting poloidal field on the plasma surface 
is adjusted to agree with the one derived from the total plasma current. 

Knowing the current density and the loop voltage during stationary conditions, 
the conductivity aex is directly obtained from Ohm's law. It can be compared with 
the classical Spitzer value oc and with the neoclassical result anc of Hirshman et al.[' 
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FIG.3. Comparison ofoex/o0 (shaded area) with O\\foo (dashed-dotted curve) as given in 
Ref- [7] for Zeff = 3 and the Te profile of Fig.2(a). The horizontal line corresponds to pure 
Spitzer conductivity. 

In Fig.3, aex normalized to the Lorentz conductivity cr0 is checked against 
Onc/^o an<3 tfc/ao • The shaded area reflects the uncertainties in oex. The radial 
dependence of oexlo0 is much better matched by the neoclassical curve anc/a0 

than by the horizontal line representing oc/oQ. However, a decisive result by the 
present kind of investigation could be expected only if (a) the experimental 
uncertainties were reduced and (b) the trapping were increased by operation at 
lower densities and higher temperatures. 

4. ALT-I PUMP LIMITER EXPERIMENTS 

The Advanced Limiter Test-I (ALT-I) pump limiter provides fuelling and 
plasma density control in TEXTOR by varying the neutral gas injection rate and 
recycling in the plasma boundary. Two different modules, a fixed geometry (FG) 
version of an 'open' design with two neutralizer plates close to the plasma 
collection openings and a variable geometry ( VG) version of a 'closed' design with 
a single neutralizer plate located at the end of a long entrance channel have been 
used to study the particle control characteristics of pump limiters. A complete 
description of the modules, the gas injection and pumping system is available in 
Refs [8, 9]. 

The particle removal rates for comparable discharges with the entrances 
open were 7.8 X 1019 s"1 (VG) at 5 X 103 L/s pumping speed and 4.6 X 1019 s_1 

(FG) at 1.6 X 104 L/s. Utilizing these removal rates with measurements of the 
total incident flux into the limiter openings by probes yields removal efficiencies 
of 60% (VG) and 40% (FG). The total exhaust efficiency of particles leaving the 
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FIG.4. ne profiles for short (broken line) and long (continuous line) connection lengths 
between Li beam and limiter. 

plasma is then estimated to be 7.6% (VG) and 3.6% (FG). The higher pumping 
speeds used with the FG module were required to balance the larger backflow of 
gas from the pumping region to the plasma for this 'open' pump limiter design. 

TEXTOR discharges with ALT-I operated as a normal limiter were compared 
with discharges with pump limiter operation. Decreases in the time T*, defined 
as Tp/(l-fR), where R is the recycling coefficient, rp is the particle confinement 
time, and f is a fuelling efficiency, were in the range of 20—50%. The corresponding 
core plasma density decrease evaluated at 1 s into the discharges was 35% (VG) 
and20%(FG). Maximum density changes of 50% (VG) were obtained. Further 
discussion of ALT-I operation and particle control is found in Ref. [9]. 

5. PLASMA BOUNDARY STUDIES 

New diagnostic methods based on excitation and ionization by electron 
impact of neutral atom beams have been developed for the measurement of 
ne profiles and particle fluxes in the plasma boundary [10, 11]. The atom species 
discussed here are mainly chromium and oxygen atoms released from the limiter 
owing to plasma/wall interaction and lithium atoms injected from an 800 K oven. 
Both are locally well-defined sources of neutral particles, the emission of which 
has been observed through an interference filter with a charged coupled device 
(CCD) camera. The use of the CCD camera improved the spatial resolution 
significantly compared to our former measurements [11]. The data are analysed 
numerically with a digital image processor. 

As an example of recent results, Fig.4 shows ne profiles in the boundary of 
TEXTOR measured with the Li atom beam technique. It demonstrates that ne 

in the shadow of the limiter increases by more than a factor of two in going along 
the magnetic field lines away from the limiter to the stagnation point, where the 
connection length to the limiter has a maximum. This behaviour is expected from 
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FIG.5. Traces of Da light emission and electron line density at radial positions r = 40 cm 
and r = 47.5 cm with an RF pulse (see arrow). 

theory [12]. In contrast to the strong toroidal dependence in the limiter shadow, 
ne at the limiter radius varies only about 20%, thus allowing these densities to be 
taken as representative values for all toroidal angles. This information is confirmed 
by ne measurements derived from the Cr I and O I intensity distributions in front 
of the limiter. 

6. FIRST ICRH EXPERIMENTS 

(a) ICRH system [13, 14] 
Two X/4 stripline stainless steel antennas completely surround the plasma. 

The electrostatic screen is placed at r = 49.6 cm and the central conductor 
(r = 51 cm) has an average width of 21 cm; two antenna side limiters are located 
at r = 48.8 cm. The toroidal angle between the antenna and the tokamak limiters 
is 140°. As the antenna current antinode lies on the high field side of the machine, 
the mode conversion regime is dominant in an (H)-D plasma (nn/no > 10%) at 
28.6 MHz. 

(b) Heating experiments 
The parameters are shown in Table I. Only the bottom antenna was energized. 

The central Teo and neo both increased, whereas no ion temperature changes could 
be detected. Preliminary analysis shows that ATeo increases in proportion to the 
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FIG. 6. Fluorescence signals showing the decay ofFe sputtering yields during ICRH pulse (•). 
x: signals without laser. 

net (i.e. excluding the Ohmic part) power PRF at a rate of about 0.6 eV/kW. At 
present, the estimated RF heating efficiency 77 compared to Ohmic heating defined í 

3 VA d T e 0 L 

J0E/P0H 

reaches at most 0.3; A((d/dt)Teo) is the initial change of the Teo slope and j0E 
is the central Ohmic power density. No significant increase of central impurities 
(O, Fe) has been seen. 

The edge plasma and the scrape-off layer (SOL) are profoundly perturbed 
during the RF pulse (Fig.5). The electron density decreases in both regions 
(interferometer, Li beam, Langmuir probes). Double probe measurements 
indicate a temperature increase in the SOL whereas the temperature decreases at 
the limiter (CCD camera) and probably also in the plasma edge (Thomson 
scattering). The particle fluxes coming from the main limiter heads decrease 
significantly (metallic impurities by more than a factor of 3 as measured by laser-
induced fluorescence (Fig.6), O and D by a smaller factor), but the interaction 
with other surfaces close to the antenna might be increasing. A toroidally rather 
uniform increase of the intensities of D a of peripheral oxygen and carbon lines is 
observed. C02 laser scattering measurements reveal a significant increase of the 
fluctuation level at r = 30-40 cm. Already at a low RF power level (120 kW), 
the plasma edge can be brought to a pre-disruptive state characterized by 
exponential increases, e.g. of the O VI radiation and of the fluctuation level. 
At the time of disruption, the peripheral impurity radiation (O, C) has doubled. 
The maximum performances yet achieved are PRF = 350 kW for 10 ms and 
55 kW for over 1200 ms. 
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The short-pulse high-power operation gives additional information about 
the edge perturbation as shown in Fig.5 for a pulse of 350 kW, 10 ms. In the 
SOL, the density drops instantaneously and increases above the pre-RF level 
after the pulse. In the edge region (see r = 40 cm trace) the density drop 
reaches its maximum 25 ms after the RF switch-off. We interpret these data 
tentatively as follows: the RF leads to an instantaneous pump-out in the SOL 
which results in increased wall bombardment and gas release. Subsequently, the 
incoming gas is responsible for both the density rise at r = 47.5 cm and the drop 
at r = 40 cm. The latter density drop is the likely result of edge cooling and 
increased ionization lengths. This suggested sequence of events after the RF 
switch-off is backed by gas-puff experiments which produce very similar signals 
in all edge probing diagnostics. 

(c) Antenna coupling 
R and L being the specific resistance and inductance of the antenna, one has 

PRF = 0.45 R(VA/wL)2 (MKSA), where VA is the antenna input voltage [15]. 
A decrease of coupling with increasing RF power is observed: for PRF ^ 3 kW, 
2 . 6 > R > 1.4fl/m; forP R F « 10 kW, 1.7 > R > 0.7 fi/m; forP R F « 100 kW, 
0.8 > R > 0.5 £2/m, the higher values corresponding to shots with higher density 
and/or larger main limiter radius. coL «* 25 £2/m shows only weak variations. 

The decrease of coupling as a function of PRF is consistent with the observed 
RF-induced density fall seen in the plasma edge. On comparison with theory [16], 
the experimental values are found to be roughly in agreement when it is assumed 
that the density depletion in front of the antenna is somewhat stronger than that 
measured by the interferometer at a distance of 3 m toroidally away from the 
antenna. 
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DISCUSSION 

R.J. GOLDSTON: In the comparison of your measurements of electrical 
conductivity with theory there must be some uncertainty with the radial 
profile of Zeff. Could you comment on this? 

G. WAIDMANN: The Zeff profile was evaluated from soft X-ray and 
visible spectroscopy. Zeff = 3 = const was found in the radial regime investigated. 

D.E. POST: What is your definition of the particle removal efficiency? 
For PLT and ISX, efficiencies of 2—5% are quoted, instead of the 50—80% 
which you quote. 

R.W. CONN: To answer Dr. Post's question, the 50-80% removal 
efficiency quoted by Dr. Waidmann refers to the fraction of flux flowing into 
the throat of the limiter which is removed. With a value of rp around 100 ms, 
the net fraction of plasma efflux removed is around 7%, which is consistent 
with the findings from several other experiments such as ISX-B and PDX. 

R.J. HAWRYLUK: During ICRH electron heating, did the Zeff or the loop 
voltage change? 

G. WAIDMANN: A small positive but transient change in loop voltage 
was observed. 

M. KEILHACKER: Could you enlarge a little on the question why present 
experience with ICRH on TEXTOR compares relatively unfavourably with 
corresponding results obtained on TFR and PLT? 

G. WAIDMANN: ICRH experiments on TEXTOR at relatively low power 
levels have just begun, and mode conversion is expected to be the dominant 
mechanism under present conditions. The antenna system and the vessel may 
not yet have received the necessary conditioning. We shall do this next. 
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P.E. VANDENPLAS: I, also, should like to comment on the problems 
associated with ICRH. A very important fact is that the signature of the time 
evolution of the different parameters measured in the pre-disruptive state when 
ICRH is applied can be exactly reproduced by very moderate gas puffing 
instead of ICRH. This indicates that the present operating domain for ICRH 
in TEXTOR discharges is too narrow to allow significant ICRH. Steps are being 
taken to broaden the operating domain. 
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Abstract 

LIMITING-/? INVESTIGATIONS AT LOW COLLISIONALITY. 
Electron cyclotron heating has been employed at high power densities on TOSCA 

(R/a Z 3.5, R = 0.3 m) and CLEO (R/a = 7, R = 0.9 m) to investigate the limiting j3-value in 
tokamaks of differing aspect ratios. The influence of both q and a helical field were studied. 
The studies have been principally conducted at the second harmonic at 28 GHz and 60 GHz 
and with power levels of up to 200 kW. During the heating on both devices the ratio of absorbed 
radio-frequency (RF) power to Ohmic heating power can be larger than 10, the electron 
temperature can be above 3 keV and the collisionality such that v* £ 0.01. As the power is 
increased, j3 saturates indicating a decrease in confinement which is accompanied by an increase 
in the magnetic fluctuation level. Average ^-values of 0.2% have been achieved in an J2 = 3 helical 
configuration in CLEO. Profile modification experiments show the suppression or enhancement 
of sawtooth activity and produce m = 2 activity, which may lead to a disruption. 

1. INTRODUCTION 

Second-harmonic electron cyclotron resonance heating (ECRH) has been 
used successfully on the TOSCA [ 1 ] , CLEO [2], and other devices [3], where 
very high values of poloidal beta, 6, have been achieved. The limiting values of |3 
were found to increase with plasma current on both TOSCA and CLEO. On 
TOSCA soft-X-ray profile measurements have demonstrated the effect of local 
heating [4]. Measurements of the equilibrium field when combined with the 
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FIG.l. Magnetic fluctuations observed with a coil outside the vacuum vessel on TOSCA in the 
interval 125 to 156 kHz as the poloidal beta increases. 

plasma diamagnetism show anisotropic electron pressures [ 10]. As the density 
is decreased the anisitropy increases and the confinement time improves. In the 
present series of experiments, the power is launched from the low-field side of the 
torus (principally, in the TE0i mode on CLEO) containing an equal mixture of 
ordinary and extraordinary modes. Ray-tracing calculations show that after a few 
wall reflections, all (5»90%) of the incident power is absorbed in both tokamak 
and helical configurations. On both devices initial Ohmic plasmas have confine
ment times consistent with the neo-Alcator scaling [8] ; however, at the lowest 
densities the plasmas tend to be in slide-away regime. 

2. TOKAMAK LIMITING 0 

2.1. TOSCA 

The investigations show that at high powers (average power density up to 
4 MW • m~3 ) the attainable j3-value saturates [ 1 ] at values close to those obtained 
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FIG.2. Averages-value as a function ofI/(aB) for ECRH plasmas on CLEO and TOSCA. 
The theoretical limit 0c (%) = 2.81 (MA)la(mjB (T) is shown [5]. The box point for TOSCA 
was obtained by decompressing an Ohmically heated plasma, thus obtaining a higher value of 
WaBJ. 

in high-density neutral-beam-heated experiments. The amplitude of the MHD 
activity in the region of 100—300 kHz increases with /3 (Fig.l), but it also 
depends upon the location of the resonance with respect to the magnetic axis. 
At low e/3 (^0.2), N = 1 modes dominate with no strong coherent mode. Probe 
measurements of tL/B^ indicate that n £ 3 at plasma edge. At q £ 4, a strong 
m = 2 mode is excited when the resonance is placed outside the magnetic axis [ 1 ] . 
At higher e/3 (%0.6), modes with m £ 3 (Acó ~ co) are excited. The amplitude 
of the MHD fluctuations reaches a level of about 0.2% in the plasma when the 
limiting j3-value obtained is close to that given theoretically [5]. Investigations 
with far forward C02 scattering reveal no clear enhancement in ñ with ECRH. 

Poloidal j3-values of up to the aspect ratio are obtained at low plasma currents 
(^5kA) and these decrease with increasing plasma current. The toroidal j3 
increases almost linearly with plasma current for constant input power as theoreti
cally predicted, j3 cc I / ^ B A ) , where a is the minor radius (Fig.2). The maximum 
/3-value obtained with ECRH is 0.7% at a q of 3.5. The high-q discharges on 
TOSCA are not characterized by large sawtooth activity but at the low densities 
((1—2) X 1018m~3) required for efficient heating the pressure is observed to 
become increasingly anisotropic. Anisotropy makes ballooning modes more 
unstable [6], while a two-component electron energy distribution (as observed, 
see Fig.4) may enhance the stability against ballooning modes [7]. 
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FIG. 3. Confinement time, poloidal beta (^}), and amplitude of magnetic fluctuations observed 
inside the vacuum vessel on the outer equatorial plane as a function of the ratio of RF power 
to initial Ohmic power on CLEO. The maximum RF power was 180 kW. 
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FIG.4. Si(Li) spectra during ECRH on CLEO for a tokamak (I = 18 kA) and a stellarator. 
The Ti line appears as gettering is used for density control. 
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2.2. CLEO (in tokamak mode) 

28 GHz 

The maximum plasma energy for a given input power is proportional to the 
plasma current from 3 to 18 kA (qa ^ 2.3) and gives Rvalues of up to two thirds 
of the theoretical value (Fig.2). Saturation of the stored energy is observed as the 
power is increased at low plasma currents (5.4 kA, see Fig.3). The pressure aniso-
tropy appears to be less on this device (the power density is about 0.7 MW-m-3) 
and the heating efficiency or confinement improves as the density is reduced. 

Measurements in the perpendicular direction using a Si (Li) detector show that 
the electrons have a two-component distribution. The thermal component has a 
temperature between 1 and 6 keV (see Fig.4), depending on density and power 
input. The tail appears to have a fixed energy of 13 keV (± 1.5 keV), but the 
proportion of particles in the tail increases with decreasing density and increasing 
power. The conductivity temperature is appreciably less than the diamagnetic 
temperature, probably because of the temperature anisotropy combined with the 
effect of trapped electrons. 

As the absorbed RF power approaches 30 times the initial Ohmic power, 
the confinement time decreases (see Fig.3), (3 saturates and the MHD activity 
(^100 kHz) increases, as does the sawtooth amplitude. At high /3 , the MHD 
activity has a strong ballooning character around the vessel. All the ECRH-heated 
plasmas on CLEO are dominated by a strong sawtooth activity even at high q 
(a¿9) with the sawtooth period being comparable to the global energy confinement 
time (Z 1 ms at 15 kA). The large sawteeth produce bursts of m = 2 activity on the 
reconnection phase. 

60 GHz 

ECRH experiments at 60 GHz show that the stored energy decreases slowly 
with increasing ïïp (I = 16 kA, q = 6 and absorbed power 100 kW). Although the 
temperature rise is typically a factor of two to three, there is only a small decrease 
in the confinement even though P R F / P 0 H £ 5. For rTe « 0.6 X 1019m~3, the 
electron distribution function exhibits a weaker two-component form than at 
28 GHz, with the tail at about 4 keV. There is little evidence for any pressure 
anisotropy. Power scans up to a total input power of 110 kW at 10 and 22 kA 
show little further decrease in confinement as the |3 value reaches about 0.25/3 rir 

Like the results obtained at 28 GHz (where )3/j3crit was higher) the confinement 
time shows an almost linear dependence on the plasma current from 5—25 kA. 
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3. 0-LIMIT INTERPRETATION 

The empirical formula for global confinement with additional heating [8] 
is a reasonable fit to the TOSCA and CLEO data, to within a factor of two. The 
j3-saturation with increasing power has been compared with the Connor-Taylor-
Turner theory [9] for both CLEO and TOSCA. In both the TOSCA and CLEO 
cases, /3 appears to limit to a much lower value than this theoretical one. It is 
apparent that some other anomalous loss process is present before the ideal 
ballooning mode limit is reached locally. This could be the earlier onset of resis
tive ballooning modes. Alternatively, the observed low-m activity is due to 
tearing/kink modes which may prevent access to ballooning-optimized profiles. 

4. PROFILE MODIFICATIONS ON CLEO 

If the resonant heating zone is inside the q = 1 surface, then the sawtooth 
activity, stored energy and soft-X-ray emission profile are insensitive to the 
resonance position. However, as the resonance radius approaches the q = 1 surface 
the sawtooth period increases and then disappears [10] and the soft-X-ray emission 
profile broadens. Further increase in the resonant radius leads to a rise in the 
m = 2 amplitude, probably because of, steeper current gradients near the edge of 
the plasma. At low q values (^2.5) this leads to disruptions. Attempts to access 
q < 2 using off-axis heating to 'control' the m = 2 mode have been, made by using 
a second rise in the plasma current. However, so far this leads to disruption when 
q a - 2 . 3 . 

5. CLEO (HELICAL CONFIGURATIONS) 

Heating experiments have been carried out by using the 2 = 3 helical windings 
to supply additional rotational transform. Of particular interest is the possibility 
of modifying the accessible j3 which in tokamaks is proportional to the plasma 
current. If this effect is due to the resistive or local manifestation of ideal MHD 
ballooning modes, then changing the rotational transform profile with helical 
windings should change the accessible /3. Pure stellarator operation was approached 
by using Ohmic target plasmas with currents of 0.5 to 2.0 kA (i.e. ¿j «* 0.01—0.04) 
with ¿ „ « 0.14—0.6. The helical current was held constant to within (1%) for 

VdC 

120 ms. The plasma current was servo-controlled to a reference waveform, and 
the plasma density was feedback-controlled. 

Typical parameters were B, = 4.9 kG, IL = 27 kA turns (*vac(10 cm) ^ 0.5), 
ñ « ( l - * 4 . 5 ) X 10 1 8 m _ M n = 1.5 kA, ECRH power 4 0 - • 120 kW. The 

e p 
vertical field during ECRH was reduced to about 0 ± 3 G. MicroChannel plate 
soft-X-ray pictures show a broad profile inside the trefoil-shaped equilibrium 
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FIG.5. Flux surfaces computed with the NEAR code for CLEO with fi, = 5.0 kG, B = -5 G, 
<p v 

IL = 30 kA turns and &(0) = 0.5%. The disposition of the SXR diode array is shown. 
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FIG. 6. Soft-X-ray profiles observed with the diode array indicated in Fig.5 for a stellarator and 
tokamaks with I = 5.4, 11 and 18kA,B^~ 5.1 kG. 
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ñ~»2.5 - 3.5 x10°m 

FIG. 7. Stored energy and radiated power as a function of incident RF power for a total 
rotational transform of 0.6 and a density of (2.5-3.5) X 10ism~3. 

surfaces (Fig.5), but with enhanced emission from a localized helical region between 
the vertices. This may be due to the rapid acceleration and loss of superbanana 
electrons by ECRH, as indicated by guiding-centre calculations. Figure 6 shows 
the soft-X-ray emission detected by a diode array for a 'stellarator' and various 
tokamaks. 

As indicated in Figs 5 and 6, the plasma is shifted substantially outward, 
consistent with a significant volume average (3 00.2%) measured with a diamagnetic 
loop. The equilibrium properties have been studied using both an average method 
based on a set of vacuum flux co-ordinates [11] and a 3D equilibrium code [12]. 
The effects of vertical field and toroidal current have been included. Figure 5 shows 
the equilibrium surfaces for a case with a central j3-value of 0.5%, together with the 
lines of sight of the diode array. In all cases the plasma is in an average magnetic 
well. The soft-X-ray profile in Fig.6 indicates a very broad pressure profile, even 
when compared with a low-q tokamak. Si(Li) detector spectra shown in Fig.4 for 
the helical configuration at ïïe « 3 X 1018m-3 and P R F « 100 kW do not exhibit the 
13 keV tail seen in CLEO tokamak operation. The deduced central temperature 
of about 1 ke V and soft-X-ray profile when combined with the interferometric" 
density give a stored energy value which agrees with the diamagnetic measurements 
(45 J maximum). 

The diamagnetic stored energy Ed as a function of power is shown in Fig.7. 
In the chosen density range about 25% of the power input is radiated. The energy 
increases as approximately P^£ , implying that the confinement time decreases 
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J.P 

FIG. 8. Value of J and P (normalized to -neevg and nmv2 v0, respectively) as a function of the 
diffusion coefficient D. 

with increasing pressure, as measurements of the temperature decay time from 
electron cyclotron emission, and the diodes show that the absorbed power remains 
approximately constant O 0 . 8 PR F)- At the highest powers, sawtooth-like 
oscillations at 1.6 kHz are observed on the soft-X-ray diodes, though no significant 
MHD activity is observed on the external coils. 

The density can be varied from 1 X 1018m -3 up to the X-mode cut-off of 
5 X 1018m~3, indicating a very broad density profile, but the stored energy is 
independent of density. The percent radiated power rises, however, from 10% 
to 100% as the critical density is approached, probably owing to an impurity 
influx associated with edge heating. 

Unlike Wendelstein VIIA [ 13], there is very little dependence of Ed on -t 
in the range 0.25 to 0.6. The stored energy was not influenced by varying the 
plasma current from 0.5 to 5 kA. The initial loop voltage was reduced to zero 
by ECRH, possibly indicating current drive by asymmetric loss of particles. 

The observed confinement time of 0.5 to 0.7 ms is within a factor of two to 
three of that expected in the plateau regime for a stellarator with these parameters 
but it is not superior to the tokamaks investigated here. 

6. NON-LINEAR THEORY OF ECRH CURRENT DRIVE 

Figure 4 shows that strong ECRH can produce a significant departure of the 
electron distribution function from a Maxwellian one. Under such conditions, 
perturbation calculations of power absorption and current drive are inadequate 
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and must be replaced by non-linear treatments. Such a calculation has been 
carried out by numerically solving the non-linear Fokker-Planck equation for the 
electron distribution function using the relativistic resonance condition in the 
ECRH term. Typical results are shown in Fig.8, where the current density J, 
absorbed power density P and efficiency ratio J/P are plotted against the ECRH 
quasi-linear diffusion coefficient D, which is proportional to the incident wave-
power and is normalized to collision frequency. The most significant feature is 
the saturation of both J and P as the RF power is increased. This contrasts with 
previous results [ 14], which were obtained without the relativistic mass correction 
and showed no saturation in P or J, since the particles always remained in reso
nance as their perpendicular energy increased. In the present case, the mass 
increase with increasing energy removes the electrons from resonance. For the 
CLEO conditions in Fig.4, we have D ^ 2 whereas for TOSCA D may be higher. 

7. CONCLUSIONS 

High-power-density ECRH experiments at 2coce and 28 GHz at low collisio-
nality on TOSCA and CLEO show that the achievable 0 value scales as I/(aIL). 
The saturation in j3 is accompanied by an increase in MHD activity at a frequency 
of about 100 kHz on both devices. The electron distribution function is observed 
to be a two-component Maxwellian. At 60 GHz and low /3 relative to the limiting 
value, the stored energy increases with current and is insensitive to the density. 
Average |3 values of 0.2% and central ^-values of 0.5% have been achieved in an 
£ = 3 stellarator configuration, in which the attainable j3 does not depend strongly 
on * or the plasma density. Non-linear theoretical calculations of current drive 
show that both current and absorbed power may be expected to saturate as the 
RF power is increased. 
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DISCUSSION 

R.J. TAYLOR: In your experiment the energy content deteriorates with 
density, whereas in T-10 it improves. Do you observe an impurity sensitivity, and 
can you eliminate that sensitivity? If you cannot, what is the reason? 

D.C. ROBINSON: During ECRH on these devices we have little trouble 
with impurities, the radiated power being typically 10—15%; nevertheless, we do 
find that the energy content and its density dependence are sensitive to the initial 
impurity content — an impure plasma tends to show an energy content improving 
with density, whereas with Ti gettering the plasma energy deteriorates with 
increasing density. In both tokamaks and stellarators, a larger fraction of the 
incident power is radiated at high densities. 

J. JACQUINOT: What is the maximum variation in the parameters I, ap 

and B(p where the scaling of Troyon's formula has been verified in your experi
ments? 

D.C. ROBINSON: A factor of 4 in I, 2 in ap and 1.7 in B^ for the two 
devices, where major radii differ by a factor of 3. 

R. WILHELM: When you say that the stellarator j3 obtained is independent 
of -t, how far are you from the equilibrium limit? 

D.C. ROBINSON: We are a factor of 2 below the equilibrium limit at 
rotational transforms of about 0.5, but close to the limit at about 0.26. 
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Abstract 

TESTS OF BETA LIMITS AS A FUNCTION OF PLASMA SHAPE IN DOUBLET III. 
The D-III experiment has fully explored the potential of the generic D-shaped 

plasma in JSJ. for elongation K from 1.0 to 1.6 and triangularity 5 from -0.1 to 0.9. The 
results show a disruptive /3T limit given by j3T(%) < 3.5 I(MA)/a(m) B(T) in good agreement 
with recent theoretical work on ideal ballooning and/or external kink modes. A hard dis
ruptive limit to the operating current in Ohmic diverted plasmas was found at I/aB = 1.05. 
Plasma stability improved as the thickness of the closed field line plasma mantle was increased. 
Clear evidence for the external m = 2, n = 1 kink as the cause of some disruptions was found. 
High n, 3 < n < 5, modes have been observed near the j3T limit. 

1. INTRODUCTION 

The major emphasis in the D-III experimental program since 1982 has 
been the exploration of tokamak (3 limits as a function of plasma shape. 
Simple elliptic elongation /c has been varied up to 1.8. Triangularity 6 has 
been varied between -0.1 to 0.9. The plasma minor radius was varied from 
0.36 m to 0.44 m. Limited discharges were run on inner, outer and top TiC-
coated graphite limiters. Diverted discharges exhausted their power onto 
essentially toroidally continuous Inconel belts on the inner and outer walls 
just below the vacuum chamber midplane. The two null highly triangular 
divertors also utilized an Inconel belt on the top inside corner. 

* UKAEA Culham Laboratory, Abingdon, Oxfordshire, UK. 
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FIG.l. Spectrum of & /3T values from D-III. 

The operating range of these experiments was toroidal field 0.6T < 
B < 2.6T, plasma current 0.25 MA < / < 1.05 MA, and safety factor 
1-7 < q < 7. The plasma heating scheme was 75 keV neutral beam 
injection at 27° off perpendicular at the machine centerline R = 1.43 m. 
Data were obtained with both H° beam and D° injection into D + plasmas. 
The species mix in neutral power was approximately 3:4:3 for H° and 4:3:2 
for D° . The spectrum of (3T and ¡3P values produced is shown in Fig. 1. 

2. THE fiT LIMIT 

The entire spectrum of D-III NBI injected discharges exhibits a ¡3T 
limit (see Fig. 2) given by 

l3T{%) < 3.5 
I(MA) 

a{m)B{T) [1) 

Major disruptions prevented the attainment of higher fiT. 0 limits of this 
form 0T — C0 I/aB have been published by Sykes et al. [l] finding C0 

= 4.4 for ideal ballooning modes, Troyon et al. [2] finding C0 — 2.7 for 
external kink modes with no wall stabilization, Rutherford [3], and Tuda 
et al. [4]. Bernard et al. [5] parametrized the ideal high n ballooning 
limit as /3T(%) < 27e1-3 /c1-2 (1 + 1.56) q~1A. With the approximate 
formula for q [6] 

q = 
¿TV 

1 + K.' 
)[l + £

2 ( l + A2/2)] 
(2) 

[1.24 - 0 .54K -+- 0.3 (/c2 + 62) + 0.136] 
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FIG.2. 0T versus I/aB for D-III power scan data since Dec. 1983. Curves show the operating 
space limit for 0T and I for various limiter-separatrix distances d . Solid triangles locate 
identified m — 2, n = 1 external kink disruptions. Solid squares locate identified modes with 
3<n<5. 

where e is the inverse aspect ratio and A = (3p + ¿i/2. Equation (2) can be 
put in the form PT < 2.9 (I/aB) J{K,S) where /(/c,<5) is a weak function 
of shape. For typical D-III parameters /c = 1.4 and 6 = 0.3, /(/c,<5) = 1.27 
yielding C0 — 3.7 in good agreement with the D-III data. If the plasma 
rotates, the resistive vacuum vessel wall in D-lll (rL/R ~ 1 ms ) will 
provide some stabilization of the kink mode. For a superconducting wall 
at a distance from the plasma surface of 0.5 a, the value of C0 increases 
from Troyon's 2.7 to the ballooning mode value of 3.7. Hence although 
these simple formulae match the observed /3^ limit in D-III very well, 
with reasonable assumptions on wall stabilization either ballooning mode 
or kink mode limits could coincide with the observed (3? limit. 

These simple relations were derived for large variations in /c, 6 and e 
and have the implication that the entire effect of plasma shaping appears in 
the ability to operate ever higher plasma current as /c and 6 are increased. 
D-III data verifies this interpretation. In Fig. 3(a) we show that the 
limit value of 0T/(I/aB) ** 3.5 was reached with K froml.O to 1.6. (The 
discharges with K > 1.6 were diverted; see Section 3) In Fig. 3(b) and 
3(c) we-show that the limit value /3T/(I/CLB) & 3.5 was reached for all 
values of triangularity. The triangularity of the upper lobe Su was varied 
from -0.1 to 0.9 and the triangularity of the lower lobe Si was varied 
from 0.2 to 0.8. Hence, the benefit of plasma shaping appears through 
increasing I /aB subject to the limit q = 2 given by Eq. (2). 
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FIG. 3. PT/(I/aB) versus plasma shape (K, 8). 
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3. THE EFFECT OF THE PROXIMITY OF THE SEPARATRIX 

Although simple shape parameters like /c and 6 had no explicit bearing 
on ¡3T, details of the plasma shaping were very important. One such 
variable was the degree of "divertedness" of the equilibrium, quantified 
by d3ep. Positive values of daep denote diverted equilibria in which the 
distance of closest approach of the separatrix field line to any limiter was 
dSep(cm). Negative values denote limited plasmas in which the separatrix 
field line was a distance \dsep\ "behind" the limiter surface. In Fig. 2 
we show the envelope of the D-III operating space in ¡3? and IjaB as a 
function of dsep. 
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For the truly diverted discharges, daep > 2, fix values up to the 
nominal limit were obtained at low I/aB < 0.6. Above I/aB = 0.6, 
the achieved fir values fell increasingly short of the nominal limit until at 
I/aB = 1.1a hard disruptive limit appeared even in the Ohmically heated 
plasma. This hard disruptive limit prevented the use of the superior con
finement of the diverted plasmas [7] to obtain higher fl? values. This limit 
appeared for 0.8T < B <2.6 T but was not simply a q limit. Depending 
on the minor radius and elongation, the limit I/aB 1.1 corresponded 
to q values computed from Equation(2)between 2.7 and 3.7 (of course q is 
formally infinite at the separatrix). Because of the high shear introduced 
in the outer flux surfaces by the shaping fields for the elongated diverted 
plasma, the actual q = 2 surface was never more than 5 cm in from the 
separatrix in these cases. The broader current profile obtained in diverted 
plasmas (d8ep > 2 cm) compared to limited plasmas (dsep < -4 cm) may 
be related to the disruption. Finally, we display in Fig. 4 the very rapid 
growth of the m=2 , n = l external kink mode found to be the cause of these 
disruptions. The mode exhibits no sinusoids; it simply grows continuously 
for one millisecond prior to the first precipitous drop in the soft X-ray 
emission. Because it is clearly seen in the BQ coils and not in the soft 
X-ray emission, we believe this is the first direct experimental evidence 
for an m = 2 , n = l external kink mode limiting the Ohmic plasma current, 
although it has long been suspected that this mode was responsible for the 
q=2 limit commonly observed in limited discharges |8]. The external m = 2 , 
n = l kink mode which limits the Ohmic operating current in the divertor 
may connect continuously to the disruptions at the limit ¡3? — 3.5 I/aB. 
A continuing search of the data has revealed clear evidence for the exter
nal 2/1 mode as the proximate cause of the disruption at /3T — 3.2% in 
the limited plasma (daep = -3.8 cm) in Fig. 2. 

Returning to Fig. 2, we see that as dsep was decreased from +2 cm to 
-4 cm there was a continuous improvement in the accessibility to higher 
I/aB and higher 0T- The highest (3? values (4.5%) achieved in D-III were 
those reported at the Baltimore IAEA meeting ¡9]. The magnetic config
uration had dsep < -4 cm obtained with the primary limiter inserted 5 cm 
and with an F-coil shaping arrangement which produced modest elonga
tion (1.38) with the separatrix X-point outside the vacuum chamber. This 
configuration and variations of it toward circular plasmas (even more neg
ative dsep) have proven to be the only reliable configurations for obtaining 
q = 2 discharges. 

The results in Fig. 2 suggest the possible importance of the cold 
plasma mantle on the closed scrapeoff field lines in stability. Mantle den
sities as high as 2 x 10 1 3 cm~ 3 have been observed in D-III [10]. Nonlin
ear, resistive simulations of the 4.5% 0T discharges [ll] have shown that 
when the perturbed magnetic fluctuation level is comparable to the ex
perimentally measured value, the external n = l kink-tearing mode island 
size remains less than the size of the conducting mantle. Island sizes for 



222 STAMBAUGH et al. 

SHOT 43164 
600.0 

(kA) 

(A.U.) 

(A.U. 

SXR DIODE (CENTRAL) 

200 400 

TIME (ms) 

600 

30 

(G) 

•30 

30 

(G) 

•30 

AB0 [<f> = 255 °) 

A:0 = 30° C: 0- 210° 

B:0 = 120° D:0 = 300° 
i I L 

;.;•. D 

BV¿. 

AB# (0 = 0°) 

A:0 = 165° 

B:<j!> = 350° 

724 726 728 730 

TIME (ms) 

732 

800 

734 

FIG.4. Traces exhibiting an m = 2, n — 1 external kink mode in an Ohmic diverted discharge. 
BQ probes at opposite toroidal locations (165°, 350°) show purely growing n = 1 beginning at 
731 ms. Poloidal probes (30°, 120°, 210°, 300°) show m = 2. The disruption begins at 
732 ms, when a large drop in soft X-ray emission (1 ms time resolution) is seen. 
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modes with n > l are very small, such that no island overlap occurs and 
the field lines do not become stochastic. 

4. BALLOONING STABILITY ANALYSIS 

0p and ft? values and the plasma shape were deduced from magnetic 
measurements by several techniques. Recent work by Lao [12] has shown 
that when an additional integral 53 around the poloidal circumference is 
added to the standard equilibrium theory [13!, analytic relations can be 
obtained which show that in elongated plasmas, ¡3p and tt are separately 
determined from three integrals of surface magnetic field and two volume 
integrals which can be simply approximated. This work also yields exact 
relations for converting diamagnetic flux into 0p in shaped plasmas. Using 
these new developments, independent measurements of ¡3 from two MHD 
codes and two diamagnetic loops were obtained and were in excellent 
agreement. The statistical accuracy of the results was about 1 cm in the 
plasma surface location, about 0.1 in 0p, and 0.2 in t{. 

To date we have completed ballooning analysis on only one scan (490 
kA, 1.63r, a = 40 cm,/c = 1.37, <5U = 0.2, dL = 0.5, q = 3.4) in which the 
kinetic pressure profile was iterated back into the MHD equilibrium. The 
density profile was obtained.from CO2 chordal interferometry, the electron 
temperature profile from Thomson scattering, and the ion temperature 
profile from charge exchange recombination in one of the neutral beams. 
Using these profiles, the transport code calculated the fast ion pressure 
profile. The resulting total pressure profile shapes, normalized to the 
magnetic /? value, were then used to obtain a new free boundary solution of 
the Grad-Shafranov equation which was consistent with both the magnetic 
measurements and the measured kinetic pressure profiles. 

Results of the ideal high n ballooning analysis of these iterated equi
libria are shown in Fig. 5. At the 7 MW level, the inner 60% of the 
profile was predicted to be ballooning unstable, primarily owing to the 
large pressure gradient produced by the fast ions. The measured kinetic 
pressure profile on the outer 40% of the plasma is dominated by the ther
mal plasma "pressure and has a low gradient. These results suggest the 
unstable internal modes may be localized near the axis. 

Recently, high n modes have been discovered in D-III discharges near 
the 0T limit. The locations of discharges with modes 3 < n < 5 and m 
> 5 are shown to lie near the ¡3? limit boundary in Fig. 2. Figure 6 
shows that the n = 4 mode is not a driven satellite of the n—1 mode since 
its frequency is not an exact multiple of the n = l mode frequency, and it 
acquires a much larger amplitude than the n = l at some times. These high 
n modes are also seen on the soft X-ray emission inside r / a = 0.8. They 
seem quasi-stable in the plasma and disappear well before the disruption, 
hence they are probably not the cause of the disruption. The n = l mode 
in Fig. 6 prior to 1003 milliseconds is mainly the sawtooth precursor, 
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FIG.5. Ratio of actual pressure gradient dP/d\jj to the pressure gradient which yields marginal 
stability for high-n ballooning modes versus radius for three points on a power scan. Plasma 
parameters:490 kA, 1.63 T, a = 0.40 m, K = 1.37, §u = 0.2, 8L = 0.5, q = 3.4, D° -*D\ 
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not the fishbone mode ¡14]. The fishbone mode was observed in D-III at 
high 0p and will be discussed in detail elsewhere since it did not play an 
important role in the (3T limit. 

The possibility that linearly unstable ideal ballooning modes sub
stantially enhance transport [14] is not a plausible explanation for the 
observed drop in energy confinement time from the Ohmic to the NBI 
heated phase [15]. Experimentally the drop in confinement is already evi
dent at 2 MW of beam power. The ideal modes, however, are not linearly 
unstable until P¿> >4 MW and even then are localized near the axis. In 
fact recent higher power data (see paper IAEA-CN-44/A-II-5, this confer
ence) show the plasma stored energy advances in linear increments with 
each increment of beam power up to the disruptive ¡3T limit, suggesting 
the confinement "drop" is really just a transition from a confinement time 
characteristic of Ohmic heating to a different but constant confinement 
time characteristic of NBI heating. Everywhere in the plasma the nor
malized amplitude AX/X of soft X-ray fluctuations in the range 10 to 
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FIG.6. Traces showing the appearance and disappearance ofn — 4 modes as /3T rises toward 
a &-limit disruption, n = 1 activity is primarily sawtooth precursors unrelated to the n — 4 
mode. Mode identifications are uncertain past 1020 ms. 

50 kHz decreases strongly with increasing NBI power while r^ drops. In 
the same frequency range the amplitude of a 1/f spectrum of broadband 
noise in A B / B in the Be coils increases with increasing NBI power in any 
given discharge [16], However we have not been able to make broader 
correlations (e.g. since TE a Ip, is AB/B oc l / / p ? ) as has been possible 
on ISX 1171. 
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5. CONCLUSIONS 

The D-III experiment has observed a disruptive limit to ¡3? expressible 
as 0T{%) < 3.5/ (MA)/a(m) B(T) independent of elongation in the range 
1.0 < K < 1.6, upper triangularity in the range —0.1 < 6U < 0.9, and 
lower triangularity in the range 0.2 <<$/,< 0.8. The effect of shaping in 
increasing ¡3? comes through increasing the plasma current that can be 
stably operated at a given B and minor radius. A hard current limit well 
short of the q—2 limit was found for diverted plasmas and was shown to be 
caused by an m = 2 , n = l external kink mode. This same mode has been 
found to be the cause of the disruption in a high (3? limiter discharge 
and theoretically, with reasonable assumptions on wall stabilization, is 
a candidate for the &T limit in general. High n modes (3 < n < 5) 
have been found at the 0T limit, and their existence correlates well with 
predictions based on detailed ballooning analyses using measured kinetic 
profiles. The ballooning modes are not a likely candidate for the observed 
differences in confinement times in Ohmic and NBI heated plasmas since 
changes in TE are apparent at 0 values well below the predicted stability 
thresholds. A continuous improvement in attainable &T and operating 
current was observed as the discharges were changed from diverted to 
limited with a 4-cm-thick band of closed field lines surrounding the plasma. 
The implications of these results for future machine design are clear: 
1) In order to maximize 0T the plasma must be shaped to maximize I/a B; 
2) The highly shaped plasma must not have a nearby separatrix,and some 
enhancement of wall stabilization is desirable; 3) These requirements place 
stringent but fulfillable requirements on the placement of the field shaping 
coils. 
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DISCUSSION 

M. KEILHACKER: Does your calling your maximum /?x values 
(J3T = 3.5 I/aB-r) a 'disruptive' /3-limit simply mean that these maximum ¡3j 
values are always followed by disruption? If so, I would like to point out that 
this is not the case in ASDEX, where the jS-limit is soft except for discharges with 
qa < 3 or with very high power input. 

R.D. STAMBAUGH: The j3T limit in D-III is always disruptive. There is at 
present no conflict with ASDEX results. The ASDEX and D-III data sets overlap 
only at Bf = 1.5 T and Ip = 300 kA. The regime in D-III corresponds to our 
highest q, lowest (3j and highest |3p diverted plasma scan. In this case we have 
significant fast ion loss owing to the fishbone mode, which causes a rollover in 
(3j as power is increased. However, these plasmas still disrupt, although the 
discharges produce most of our data points at /3j = 4.0 I/(aB) (the same value as 
ASDEX). The MHD phenomena in this regime are very complex. With tangential 
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injection ASDEX has no fishbone instabilities or mode, so the j3 saturation 
mechanism must be different from that in D-III. Nearly all high ¡3j -limited plasma 
operation in D-III lies between q = 2 and q = 3. In this regime we see linear 
increases in 0 up to the very hard terminating disruption. Here again, there seems 
to be no conflict with ASDEX results for q < 3. 

K. ITOH: The operating regime of divertor plasmas seems to be localized in 
a low I/aB region. Is an H-mode discharge incompatible with achieving high 
/3-values, and do you have any method of extending the operating regime to such 
values? 

R.D. STAMBAUGH: The plasma current limit which we observed in the 
diverted plasma seems to be connected with broad current profiles. The diverted 
discharge always has a lower inductance than a limited discharge of the same shape 
and current. The current limit is sensitive to the skin effect. A higher rate of rise 
in plasma current produces the disruption at a lower current value. Higher current 
can be achieved if the plasma current is flat-topped for one skin time (~ 100 ms) 
to allow the skin current to penetrate prior to a second current ramp. Neutral-
beam injection broadens the current profile and therefore drives the plasma 
towards instability. These observations suggest that there may be some 
incompatibility between the high edge temperature — and hence the broad current 
profiles of the diverted plasma — and stability. The only known cures are a close-
fitting stabilizing wall, as in DIVA, or some means of maintaining the plasma 
rotation. 
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Abstract 

STUDIES OF BEAN-SHAPED TOKAMAKS AND BETA LIMITS FOR REACTOR DESIGN. 
Recent progress in the theoretical understanding of MHD stability has accelerated the 

optimization of high-p1 tokamaks by superimposing strong non-circularity, particularly by 
indenting the plasma on the small-major-radius side. At moderate to large aspect ratio, strong 
indentation can provide controlled access into the second stability regime of ballooning modes 
as well as stabilize internal n = 1 kink modes. To explore this approach experimentally the 
divertor tokamak PDX has been converted into PBX, the Princeton Beta Experiment. 
Strongly indented plasmas have been successfully formed, and with separatrix-limited plasmas 
the H-mode confinement regime is obtained during neutral-beam heating. While detailed 
studies of the dependence of various parameters on the plasma configuration have just begun, 
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operation with bean-or Dee-shaped plasmas has produced /3-values higher than those achieved 
in PDX (Part A). Another approach toward high |3 is to combine non-circularity with low 
aspect ratio, thus raising the limits of the first stability region. Theoretical results from this 
approach are reported in Part B. 

PART A. STUDIES OF BEAN-SHAPED TOKAMAKS 

A.l . Theoretical considerations 

I n d e n t i n g a tokamak plasma on t h e sma l l major r a d i u s s i d e 
has a d r a m a t i c e f f e c t on t he s t a b i l i t y boundary for i d e a l MHD 
i n t e r n a l modes. With modest a s p e c t r a t i o and t y p i c a l p r o f i l e s 
i n d e n t a t i o n can make the second s t a b i l i t y r e g i o n of b a l l o o n i n g 
a c c e s s i b l e [1] and c o m p l e t e l y s t a b i l i z e the i n t e r n a l (n = 1 ) 
k ink mode [23 . The a c c e s s i b i l i t y depends in p a r t on t h e a s p e c t 
r a t i o , e l o n g a t i o n , and t h e p r e s s u r e p r o f i l e . As shown i n F i g . 
1, o p t i m i z i n g the p r e s s u r e p r o f i l e , w i t h t h e same q ( ^ ) , r e d u c e s 
t he c r i t i c a l i n d e n t a t i o n from 0 . 3 [ r e f . 1] t o l e s s t h a n 0 . 2 . 

In c o n t r a s t to t h e n = 1 mode, t h e i n t e r n a l n = 2 , 3 modes 
remain u n s t a b l e a t any 8 f o r qr < 1/n and above a 
c r i t i c a l S_(2 < 8__ < 4) in t h e r a n g e of c e n t r a l q - v a l u e s 
1/n < g < 1. These modes may be c a n d i d a t e s f o r d r i v i n g beam-
induced f i shbone i n s t a b i l i t i e s . A Hami l ton ian g u i d i n g c e n t e r 
d r i f t o r b i t formalism [3 3 has been used t o s t u d y p a r t i c l e o r b i t s 
to compare induced p a r t i c l e l o s s due t o modes w i t h low t o r o i d a l 
mode number f o r c i r c u l a r and i n d e n t e d bean - shaped e q u i l i b r i a . 
The t r apped p a r t i c l e p r e c e s s i o n r a t e s for nea r p e r p e n d i c u l a r 
i n j e c t i o n a r e s i g n i f i c a n t l y lower i n bean c o n f i g u r a t i o n s , and 
for f ixed mode a m p l i t u d e , induced p a r t i c l e l o s s i s a l s o l e s s f o r 
t he bean- shaped e q u i l i b r i a [ 3 3 . 

At f i n i t e 8 and i n d e n t a t i o n , s t a b i l i t y t o t h e i d e a l 
e x t e r n a l k ink modes r e l i e s on wa l l s t a b i l i z a t i o n . A c c e s s i b l e 
p a t h s to h i g h - 8 i d e a l s t a b i l i t y s t i l l e x i s t w i t h a c o n d u c t i n g 
wal l removed 0 .3 - 0 .4 minor r a d i i from t h e p lasma . At c o n s t a n t 
q , i n d e n t a t i o n has a s t a b i l i z i n g e f f e c t on t he z e r o p r e s s u r e 
t e a r i n g mode. 

FLR e f f e c t s p r o v i d e f u r t h e r s t a b i l i z a t i o n a g a i n s t 
b a l l o o n i n g , b u t k i n e t i c e f f e c t s ( a s s o c i a t e d , fo r example , w i t h 
w a v e - p a r t i c l e r e s o n a n c e s ) can g i v e r i s e t o r e s i d u a l 
m i c r o i n s t a b i l i t i e s of t h e s h e a r - A l f v e n ( b a l l o o n i n g ) b r a n c h . On 
the o t h e r hand, t h e improved c u r v a t u r e c h a r a c t e r i s t i c s of b e a n -
shaped e q u i l i b r i a s i g n i f i c a n t l y r educe t h e s t r e n g t h of t h e 
dominant t o r o i d a l m i c r o i n s t a b i l i t i e s . 

A two t i e r p a s s i v e / a c t i v e feedback sys tem i s r e q u i r e d t o 
s t a b i l i z e the n=0 mode. We have deve loped a f r e e boundary 
ax i symmet r i c r e s i s t i v e MHD s i m u l a t i o n code , STARTUP, and 
model led an MHD s t a b l e sequence i n which t h e p lasma t o r o i d a l 
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FIG. 1. Instability region of ballooning modes for optimized pressure profile as a function of 
indentation, compared with region for profile used by Chance et al. [I]. 

cur ren t i s ramped up in an i n i t i a l l y c i r c u l a r c ross sec t ion 
plasma which i s subsequently indented by the shaping f ie ld c o i l s 
and heated to high beta by neu t ra l beam in j ec t ion (Fig. 2 ) . 

A.2. The Princeton Beta Experiment (PBX) 

The PBX magnetic conf igurat ion (achieved by r e loca t ing and 
reconnecting the d i v e r t o r c o i l s in PDX) i s capable of producing 
plasmas indented on the inboard s ide by up to 30%, with an 
aspect r a t i o ranging from 3.4 to 3.6. The PDX 7MW n e u t r a l beam 
in jec t ion system has a lso been modified by r eo r i en t ing two of 
the four neu t ra l beams from a tangency radius of +35cm to 
+130cm. Ver t ica l s t a b i l i t y of indented plasmas i s provided by 
passive and ac t ive feedback. Three s e t s of 2.5cm thick Ni-
coated A1 p la t e s with an L/R time constant of 50-100msec are 
located near the bean lobes to s t a b i l i z e gross MHD motion. Long 
time s t a b i l i t y of the plasma pos i t ion i s provided by exci t ing a 
s e t of c o i l s located j u s t outs ide the passive p l a t e s with a 
power supply of 2kA x 50V capac i ty . When the ac t ive feedback 
gain i s lowered a slow v e r t i c a l i n s t a b i l i t y (Fig . 2c) i s 
observable with a TV camera. Plasmas are t y p i c a l l y i n i t i a t e d 
with a c i r c u l a r cross sec t ion , then t r ans la t ed to smaller major 
radius to form a bean-shaped conf igura t ion . This, slow 
deformation scheme minimizes v a r i a b i l i t y in the plasma 
i n i t i a t i o n and allows for a b e t t e r . cont ro l led dens i ty build 
up. Gas fuel l ing of indented plasmas has been found to be 
r e l a t i v e l y i n e f f i c i e n t , e spec ia l ly when the plasma i s bounded by 
a sepa ra t r ix ra ther than by a l i m i t e r . 

Neutral beam heated plasmas have been run with the 
sepa ra t r ix both outs ide and ins ide the l i m i t e r . In the f i r s t 
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FIG.2. Numerically modelled sequence of formation of bean-shaped PBX-like plasma, (c) shows effect of insufficient feedback control. 
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F/G.J. (a) Separatrix configuration for H-mode operation in PBX. (b) photograph of plasma 
from TV camera. 
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c a se t h e p r imary l i m i t e r i s t h e g r a p h i t e armor p r o t e c t i n g t h e 
pusher c o i l ( i . e . , t h e i n d e n t a t i o n c o i l ) , and t h e v i d e o system 
shows i n t e n s e r e c y c l i n g around t h e armor and o u t to t h e bean 
l o b e s , imply ing s t r o n g edge c o o l i n g and hence low c u r r e n t 
d e n s i t y i n t h e l o b e s . The phenomenon i s enhanced by t h e h igh 
gas f u e l l i n g r a t e r e q u i r e d to i n c r e a s e t he plasma d e n s i t y . On 
t h e o t h e r hand, s e p a r a t r i x ( d i v e r t o r ) o p e r a t i o n [ F i g . 3 ( a ) ] 
r e d u c e s the coo led edge a r e a and f u r t h e r m o r e o f f e r s o p e r a t i o n 
in t he H-mode r e g i m e , r e s u l t i n g i n i n c r e a s e d plasma d e n s i t y 
w i t h o u t e x c e s s i v e gas p u f f i n g and a c h a r a c t e r i s t i c a l l y s h a r p 
o u t e r plasma boundary a s seen by t h e TV camera [ F i g . 3 ( b ) ] . 
The H-mode plasma in PBX seems to s c a l e s i m i l a r l y wi th t h a t seen 
i n PDX in r e g a r d to t o r o i d a l f i e l d , p lasma c u r r e n t , and beam 
power, b u t d i f f e r s in a b s o l u t e t e r m s . At 1.1T about 2MW of beam 
power i s n e c e s s a r y f o r an H-mode t r a n s i t i o n t o o c c u r . 
Pa ramete r s for a t y p i c a l H-mode d i s c h a r g e wi th 5.5MW of i n j e c t e d , 
beam power and Bfc = 1.1T a r e : I = 460kA, n = 4 . 4 * 1 O1 3 cm-3, 
Te(o) = 1.4keV and T.(o) = 3.6keV. Average beta for this 
discharge is about 3.5%, and the estimated center value is 
12%. Beta is defined here as the integrated plasma pressure 
normalized to the total magnetic energy stored within the 95% 
flux surface. Normalizing to Bm on the magnetic axis, as is 
usually done, would increase $ about 15%. The MHD q on the flux 
surface enclosing 95% of the closed poloidal flux was 3.2; the 
cylindrical q assuming a volume averaged minor radius was about 
1.3. The shape of the magnetic surface is obtained from an MHD 
equilibrium code which matches measured poloidal flux and field 
values. Assuming that T is constant on a flux surface, the 
results are in good agreement with the elongation deduced from 
measurements of T (R) from Thomson scattering and T (Z) from X-
ray PHA. At half minor radius a typical elongation ratio is 
1.4. 

Ini t ia l results of 3 as a function of total input power 
(pabsorbed + P0H* a r e s h o w n i n Fi<?« 4 f o r various 
configurations. The value of 3 plotted is the equilibrium 3 
obtained from the magnetic flux measurements, plasma current, 
and coil currents including an estimate of eddy currents excited 
on the passive stabilizing plates. More accurate determination 
of 3 are being developed by comparing these values with kinetic 
3 measurements that will include the fast ion energy and with 
diamagnetic 3 values. The circular discharge shown (I = 300kA, 
Bt = 1.1T, R = 1.50m, a = 0.4m, K = 1.1) reached a p value of 
2%, comparable to those in PDX under similar conditions. The 
maximum current is limited to 300kA by q^ = 2 disruptive 
phenomena. For the same q^ = 2 the D-shaped discharge (I_ -
420kA, Bt = LOT, R = 1.51m, a = 0.4m, < = 1.25) provides 3 
values higher than those in circular discharges. For the same 
plasma current the bean shape discharge (I - 420kA, Bt = 1.0T, 
R = 1.48m, a = 0.33m, < = 1.7, i = 0.14, q^ - 3.4) with free 
separatrix tends to show higher 3 than circular or D-shaped 
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FIG.4. Initial results offi versus .Ptotai /o^ various plasma configurations in PBX. The 
equilibrium j3eq va/we vv/fA maximum eddy current correction is plotted. 

discharges . Although the deuterium plasma tends to show 
s l i g h t l y higher 8 compared with the hydrogen one, d e f i n i t e 
conclusions requi re evaluat ion of the plasma isotope composition 
during the beam heating phase. 

In sp i t e of the indenta t ion , fishbone i n s t a b i l i t i e s s t i l l 
appear. Fast- ion losses accompanying reduct ion of the neutron 
count a t each fishbone burs t are observed with higher beam 
heating power. However, the period between fishbone b u r s t s i s 
longer and random compared with the regular shor t period in PDX, 
which ind ica tes tha t the present operation i s not severely 
affected by these f ishbones. The q u a l i t a t i v e l y d i f f e r e n t 
behavior of fishbones in PBX and PDX i s a t t r i b u t a b l e to 
shaping,the combination of perpendicular and p a r a l l e l i n j ec t ion 
and the time behavior of q (o ) . Detailed ana lys i s of MHD 
a c t i v i t y a t high 8 in PBX i s in p rogress . 

The conclusions we draw from our r e s u l t s a re : (1) even 
with the ra ther small e f fec t ive indenta t ions t h a t have been used 
so fa r , the shaped plasmas can c l e a r l y carry a much higher 
to ro ida l current than c i r c u l a r ones of equal a rea , and (2 ) , the 
e f fec t of indentat ion per se on the 8 l i m i t cannot yet be 
unambiguously separated from the e f f ec t of the increased 
cu r ren t . Given the present PBX magnetic conf igura t ion , 
separa t r ix operat ion l i m i t s the indenta t ion to about 0.15. Thus 
to reach higher values i t i s necessary to resume l imi t e r 
operat ion and to achieve ho t t e r plasma edge zones than were 
possible in the f i r s t months of opera t ion . 
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PART B. BETA LIMITS FOR LARGE NONCIRCULAR TOKAMAKS AND 
THE IMPLICATIONS FOR REACTOR DESIGN 

We have developed a method for analyzing noncircular 
tokamaks to determine a maximum idea l MHD s t ab l e 8 value , 8C . 
Comparison of ca lcu la ted values of 8C with experimental r e s u l t s 
[4] suggests tha t t h i s procedure may have mer i t as a pred ic tor 
of the performance of future tokamaks. The value of 8 t h a t can 
be achieved for a configurat ion i s optimized by varying the 
c ross - sec t iona l shape and cur ren t p r o f i l e . Here we d iscuss t h i s 
optimization applied to various la rge noncircular tokamaks and 
reac tor des igns . In the c a l c u l a t i o n of 8 , we requ i re s t a b i l i t y 
aga ins t both the ideal kink and idea l bal looning modes. For 
q¿ > 2, we have found tha t the requirement for bal looning 
s t a b i l i t y i s s u f f i c i e n t to ensure kink s t a b i l i t y provided a 
modest degree of wall s t a b i l i z a t i o n i s invoked [ 5 ] . For kink 
s t a b i l i t y a t q¿ < 2, we r e c a l l although q¿ = 2 c o n s t i t u t e s a 
r e a l i s t i c l i m i t to s t ab le experimental opera t ion , some s t ab l e 
plasmas are obtained a t l e s se r q¿ , presumably as the r e s u l t of 
wall or cold plasma s t a b i l i z a t i o n . Accordingly, we compute two 
values for Bc , the f i r s t (conservative) for q¿ >_ 2, the second 
o p t i m i s t i c , with no l i m i t on q¿ , ignoring the kink s t a b i l i t y 
requirement. 

We have applied our method to JET and Big Dee (Doublet I I I 
with an enlarged dee-shaped vacuum vesse l , to be opera t iona l in 
1986). With q¿ > 2, the equil ibrium s t ab le a t h ighest 6 
obtainable for JET had 8 = 9.4%, qQ = 1.19, q¿ = 2.00, 
Bm = 1.56T a t 4.8 MA. With q¿ < 2, the equil ibrium s t ab l e a t 
h ighes t 3 obtained for JET had 8 = 10.4%, qQ = 1.16, q¿ = 1.95, 
BT = 1.55T a t 4.8 MA. 

A comparable s t ab le 8 value for the Big Dee i s over 17% 
with q = 1.23, q¿ = 2.05 and BT = 1.49T a t 5 MA[5]. Such a 
high P equilibrium i s dee-shaped with a small ins ide 
indenta t ion . The wall pos i t ion necessary to s t a b i l i z e the n=1 
and n=2 modes i s outs ide the c o i l s and the equil ibrium i s s t ab l e 
for n=3 with a wall a t i n f i n i t y . This equil ibrium i s not in a 
separated second s t a b i l i t y region and thus does not have a 
problem with a c c e s s i b i l i t y . With q¿ < 2, the equil ibrium s tab le 
a t highest 8 obtained for the Big Dee had 8 = 21.8%, qQ = 1.08, 
q¿ = 1.76, BT = 1.25T a t 5 MA. The enhanced 8C values for Big 
Dee r e l a t i v e to JET are the r e s u l t s of the higher elongation and 
t r i a n g u l a r i t y obtained with the Big Dee plasma shaping system. 

We have also begun to look a t 8- l imi ts in the next 
generation of reac tor pro to typica l tokamaks, in p a r t i c u l a r a t 
TFCX-H [6] and the Double Dee, a TFCX design s imilar in bas ic 
design to the Big Dee. With q¿ > 2, the equil ibrium s tab le a t 
highest 8 obtained for TFCX-H had 8 = 4.0%, qQ = 1.05, q¿ = 
2.00, Bm = 4.4T a t 7.7 MA. This 8 value could not be obtained 



IAEA-CN-44/A-IV-3 237 

with the opt imizat ion code but required extensive i t e r a t i v e 
manipulations of the TFCX-H shape and cur rent p r o f i l e . The 
low 8C associated with TFCX-H appears to be the r e s u l t of the 
aspect r a t i o and l imited plasma t r i a n g u l a r i t y caused by the 
placement of the c o i l s . With g¿ < 2, the equil ibrium s t ab l e a t 
h ighes t 8 obtained for TFCX-H 
q¿ = 1.60, BT = 3.91T a t 7.7 MA. 

had 8 = 5.0%, 1.05, 

For comparison, in Double Dee with c o i l s c lose r to the 
plasma, an equivalent re levant s t ab l e 8 value for the Double 
Dee i s over 12.0% with qQ = 1.09, q¿ = 2.00, and BT = 2.15T a t 
10 MA. With q¿ < 2, the equil ibrium s tab le a t h ighes t 8 
obtained so far for the Double Dee had 8 = 26.0%, qQ = 1.05, 
q¿ = 1.36, BT = 1.42T a t 10.0 MA. We have found a new s t a b i l i t y 
region associated with the Double Dee and we d iscuss t h i s region 
in d e t a i l . 

The r e s u l t s of our computations are summarized in the t ab le 
below. We have compared our computations with the r e s u l t s of 
two simplif ied scal ing laws: the scal ing law due to Sykes, 
Turner, and Pate l [7] , 

6* " 3 - 5 j J oV a B T ' 

and the scal ing law due to Bernard, Helton, Moore, and Todd [4 ] , 

8 = 27.0 e 1 * V " 2 (1.0 + 1 . 5 6 ) / q ¿
1 # 1 

Vi 

D o u b l e Dee 
TFCX-H 
JET 
B ig Dee 

0 . 4 0 
0 . 2 9 
0 . 4 2 
0 . 4 0 

1 . 7 6 
1 . 6 0 
1 .51 
2 . 3 8 

0 . 2 0 
0 . 3 1 
0 . 2 7 
0 . 4 5 

2 . 0 0 
2 . 0 0 
2 . 0 0 
2 . 0 0 

9 .8% 
6 . 5 % 
9.4% 
1 8 . 1 % 

1 4 . 7 % 
7 .2% 

1 0 . 8 % 
2 0 . 5 % 

1 2 . 0 % 
4 .0% 
9 . 4 % 

1 7 . 2 % 

Although the 8, 8 , and 8 values (excluding TFCX-H) are in good 
agreement using e i t h e r of the scal ing laws, the agreement i s 
b e t t e r using the scal ing law due to Bernard, Helton, Moore, and 
Todd [4 ] . 
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DISCUSSION 

C.K. CHU: Does your measured beta for the bean plasma fit the Troyon or 
Sykes formulas? 

M. OKABAYASHI: The maximum /3-value achieved so far, 4.2%, is approxi
mately the same as that of the criteria of Sykes and Troyon. However, balloon 
code calculation of the j3(4) profile with best fit to the experimental conditions 
indicates that the ballooning mode is still stable. No high-frequency oscillation 
or higher n-mode has been observed experimentally. Also, one of the highest /3 
shots went through without disruption. Thus, it is not clear how far the experi
mental condition is from the j3-limit. 

A. SYKES: The Sykes-Turner-Patel /3-limit can (for the first region) be 
expressed as volume-averaged j8 = 20 X elongation/(aspect ratio X qcyi). This has 
been tested for a wide range of devices including bean shapes. For the PBX data 
given, the formula predicts 0 = 20 X 1.4/(4 X 1.3) s 5.4%. The Troyon formula 
gives = 3.8%. The preliminary experimental results are therefore becoming 
interesting but are still within the first stability region. 

J.A. WESSON: For the first region of stability we have carried out an 
optimization of j3 which gives values higher than those given by the formulas of 
Troyon and Sykes. However, the resulting current profiles are unstable to tearing 
modes. Have you included tearing modes in your optimization? 

M. OKABAYASHI: We have started to study resistive modes in a bean-shaped 
tokamak (e.g. PPL-2032). However, the effect on the j3-limit has not yet been 
investigated. 
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Abstract 

PERFORMANCE OF THE DITE BUNDLE DIVERTOR. 
Conditions appropriate to reactor exhaust are achieved with the DITE Mkll bundle divertor 

using high-power neutral-beam injection. A layer of high-temperature plasma in the exhaust 
carries a heat flux of 100 MW • m~2 and a particle flux of 102.4 m~2 • s - 1 . A pressure of neutral 
gas in the divertor of 30 X 10 - 3 torr has been achieved. Plasma in the divertor ducts blocks the 
flow of neutral particles, allowing operation at high gas pressure in the divertor. Plasma in the 
high-temperature layer remains collisionless with supersonic flow even at high gas pressure. In 
a second layer, cool, marginally collisional plasma flows from the divertor to the torus for gas 
pressures above 3 X 10~4 torr. - A 1-D kinetic model of plasma flow through the bundle 
divertor magnetic mirror and a 3-D version of the DEGAS neutral-particle code predict the 
main features of the exhaust. However, at high gas pressure, the amount of ionization in the 
plasma in the divertor is lower than predicted. This can be explained by the effects of atom-
molecule collisions in the gas surrounding the plasma column. - The low neutral-particle 
density in the plasma, combined with the low plasma density due to mirror action, inhibit the 
formation of a collisional, high-recycling divertor regime. - Diverted discharges with good 
confinement are obtained when the m = 2, n = 1 mode amplitude is low. These discharges 
have confinement times at least as good as in limiter discharges, with a similar parametric 
variation. Confinement is seriously degraded when a stationary island is formed through the 
interaction of the m = 2 mode with the divertor magnetic field. As yet, operation with good 
confinement at separatrix q less than 3 has not been achieved. ' 

1. INTRODUCTION 

Effective particle and impurity control and energy exhaust 
have been demonstrated on DITE both with the Mkl bundle 
divertor at low field (By ~.1T) [l], and with the Mkll at high 
field (By < 2.7T) [2,3,4] . In this paper we describe work 
with the Mkll divertor on confinement and on divertor exhaust. 

* Princeton Plasma Physics Laboratory, Princeton, NJ, USA. 
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Plasma and n e u t r a l p a r t i c l e models fo r the exhaust w i l l a l so 
be d iscussed. In the exhaust , c o n d i t i o n s re l evan t t o a 
r e a c t o r f o r the heat f l u x (Qy ~ 1ÜUMW-m~2), the p a r t i c l e f l u x 
(T|| ~ 1 x 1021+ m 2 - s - 1 ) , and the n e u t r a l gas pressure in the 
d i v e r t o r , ( p n j y S 30 x 1 0 ~ 3 t o r r ) , are a c h i e v e d u s i n g h igh 
power n e u t r a l beam i n j e c t i o n and gas feed in the d i v e r t o r . 

The pa rame te r s o f DITE IA are RQ = 1.17m, a¡_ = U.26m ( t o 
l i m i t e r s ) , a s = 0.21m ( t o s e p a r a t r i x ) , I < 250kA, By < 2.7T. 
Operat ion has been in deuter ium, w i thou t g e t t e r i n g , and w i t h 
g raph i t e l i m i t e r s and d i v e r t o r p l a t e s . A d d i t i o n a l deuter ium 
was fed i n t o the d i v e r t o r chamber, which was not pumped. The 
n e u t r a l beam system ( t a n g e n t i a l , c o - d i r e c t i o n ) d e l i v e r s 
h y d r o g e n , w i t h a f u l l energy component at EQ~ 26keV and power 
P^j < 2.1MW for 100ms. S imu la t ions show tha t less than 7% of 
the n e u t r a l beam power i s l o s t through f a s t - i o n i n t e r a c t i o n 
w i t h the d i v e r t o r f i e l d s [ 5 ] . 

2. CONFINEMENT AND MHD BEHAVIOUR 

2 .1 Confinement Regimes 

Two c h a r a c t e r i s t i c regimes of confinement are observed w i t h 
the bundle d i v e r t o r . Good confinement i s obta ined r o u t i n e l y 
a t q s >, 4 ( q s = 2 ixa s

2 B y / | i 0 I p R 0 ) . At q s ~ 3 d ischarges can 
have e i t h e r good or poor conf inement , as i l l u s t r a t e d in FIG. 1 
by the behaviour of the s o f t X-ray s i g n a l fo r two nomina l l y 
i d e n t i c a l d ischarges . Discharges w i t h good confinement 
gene ra l l y e x h i b i t sawtooth r e l a x a t i o n s and have low l e v e l s of 
m = 2, n = 1 mhd mode a c t i v i t y (FIGS. 1(a) to 1 ( c ) ) . Poor 
conf inement occurs when the the m = 2 mode i n t e r a c t s w i t h the 
d i v e r t o r magnetic f i e l d ( sec t ion 2 . 3 ) . 

2.2 P rope r t i es of Discharges w i t h Good Confinement 

For d ischarges w i t h good conf inement , the energy c o n f i n e 
ment time decreases w i t h a d d i t i o n a l hea t ing power (FIG 2 (a ) ) 
as in the p o l o i d a l d i v e r t o r "L-mode" and in most l i m i t e r d i s 
cha rges [ ó ] . The p a r a m e t r i c v a r i a t i o n o f %^ (FIG 2 ( b ) ) i s 
s i m i l a r to tha t obta ined on DITE w i t h t i t a n i u m l i m i t e r s and 
g e t t e r i n g a t P^j < 1.0MW [ 7 ] , w i t h values about 5Oft h ighe r . 
Recent measurements a t higher power w i t h the present carbon 
l i m i t e r s show l i t t l e d i f f e rence in energy confinement between 
d i v e r t e d and u n d i v e r t e d d i s c h a r g e s . A va lue of T ^ ~ 6ms, 
c o r r e s p o n d i n g t o (3 ~ 2 , i s o b t a i n e d i n both cases at I = 
HOkA and P^j = 2.1MW. The l o c a t i o n o f gas i n p u t , i n the 
to rus or d i v e r t o r , has no s i g n i f i c a n t e f f e c t on conf inement . 

T o r o i d a l plasma r o t a t i o n , i nduced by n e u t r a l beam 
i n j e c t i o n ^ i s observed s p e c t r o s c o p i c a l l y to be a t a speed o f ~ 
1.5 x 10 b rns-1 f o r P N I = 2.1MW, w i t h the d i v e r t o r o f f . With 
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110 120 130 98 100 102 
T¡me/ms T¡me/ms 

FIG.l. MHD instability signals for two nominally identical diverted discharges: Z?T = 2.0 T; 
« e =2 X 1019 m~%; P N I = 0.4 MW; Ip increasing from 100 kA to 130 kA (qs = 2.9). 
¡SXR-central-chord soft-X-ray signal; B^-Mirnov coil signal, (a), (b) and (c) - discharge with 
good confinement up to t = 150 ms; (d), (e) and (fj - discharge with rotating m = 2 mode 
which locks at t = 102 ms to give poor confinement. Units ofI$xR and &p are arbitrary. 

PTOT ' M W XE / m s 

FIG.2. Parametric variations of energy confinement time from diamagnetic loop measurements 
for good-confinement diverted discharges and carbon limiter discharges: BT = 2.6 T; 
Ip = 100-110 kA. (a) - variation with total power for « e = (4-5) X 1019 m~3; (b) -
comparison with the parametric variation for DITE discharges with titanium limiter s and 
gettering [7], rfc = 1.1 X 103 B1/1 ñ™5 a3'2 < 7 _ 1 ' 3 3 ^ T O T - " ~ ohmic> diverted; 
• - PNj = 0.3-2.1 MW, diverted; *• - P N I = 2.1 MW, without divertor. 
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the divertor on the rotation speed is reduced by at least a 
factor 10. The evident reduction in momentum confinement time 
is not accompanied by significant changes in energy and 
particle confinement. 

2.3 Behaviour of m = 2 Mode 

Confinement in diverted discharges deteriorates by up to a 
factor of 4 when a growing m=2 mode locks to the divertor 
field perturbation. Figure 1(f) illustrates a mode with 
nearly uniform rotation which is interrupted after each cycle 
for a period during which it is essentially stationary. This 
period becomes indefinitely long when the mode locks. Locking 
occurs in this case when the plasma is moved towards the 
divertor separatrix, from R = 1.15m to R = 1.17m (at t = 
100ms). In some cases (e.g. for t > 150ms in FIG 1(a) and 
(b)) a locked mode grows from the limit of detection without 
rotating, some time after the shift in R. Variations in 
deuterium gas feed, current ramp, beam power and neon gas feed 
have met with limited success in inhibiting or reversing mode 
locking. 

Mirnov coil measurements at the plasma boundary of the 
amplitude and phase of the field perturbations at the time of 
locking give B /B ~ 1.8%. Assuming no current outside the 
q=2 surface, the corresponding width of the stationary island 
is ~ 80mm. The X-point is near the median plane at the 
divertor. Smaller islands are found computationally in an 
axisymmetric equilibrium with the bundle divertor field added 
as a perturbation. However, their effect on confinement and 
mode locking has not been analysed. 

For qs < 3 confinement deteriorates further due to a series 
of minor disruptions originating at the q=2 surface. Operation 
with good confinement at qs < 3 has not yet been achieved with 
the bundle divertor. Results presented on divertor exhaust 
are for discharges with good confinement. 

3. DIVERTOR EXHAUST 

3.1 Structure of the plasma exhaust channel 

Plasma exhaust with the bundle d ive r to r can be descr ibed in 
terms of the behaviour of two l aye r s in the exhaust channel 
with c h a r a c t e r i s t i c p r o p e r t i e s , an inner layer with flow in to 
the d ive r to r and an outer layer with reversed flow (FIGS 3 
and 4 ) . An in te rmedia te region connects these l a y e r s . The 
measurements were made using a novel 4 - e l e c t r o d e orobe 
technique [ 3 , 4 ] with the Mach number determined using the 
e q u a t i o n in [ 4 ] . P o s i t i v e v a l u e s of M, Ty and Q|| r e f e r to 
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f l ow i n t o the d i v e r t o r . The express ion Q|| = yryeTg i s used fo r 
the heat f l u x , w i t h y ~ 10» 

The inner layer i s taken to be the reg ion around the 
maxima i n t h e s p a t i a l p r o f i l e s o f T e , T^ and Qy i n the 
d i v e r t e d plasma (FIG 3 ) . I t i s connected to a reg ion near 
the s e p a r a t r i x i n the t o r u s . The plasma i s c o l l i s i o n l e s s on 
the scale lengths of both the bundle d i v e r t o r magnetic m i r ro r 
( L ^ ~ 0.2m) and f i e l d l i n e s in the d i v e r t o r (Lp ~ 0.5m), and 
the f low i s superson ic . The layer has a c r o s s - s e c t i o n a l area 
~ 0 .5 x 1 0 " 3 m2 . The peak p a r t i c l e and heat f l u x e s are T« ~ 
1 x 1021+ m~2. s " 1 and Q(j ~ 100MW m~2. The inner layer c a r r i e s 
~ 50% of the t o t a l power exhaust i n t o the d i v e r t o r . 

In the outer l a y e r , plasma i s observed to f low from the 
d i v e r t o r t o the t o r u s f o r d i v e r t o r gas pressures ppjy £ 3 x 
1 0 _ L f t o r r . This i s i l l u s t r a t e d in FIG 3 fo r the d i v e r t e d 
plasma and FIG 4 fo r the boundary l a y e r . In FIG 4 , f low 
r e v e r s a l corresponds to M < 0 . The plasma i s marg ina l l y 
c o l l i s i o n a l and the f low i s subsonic . The c r o s s - s e c t i o n a l 
area of the layer i s es t imated to be ~ 1 x 10~3 m2 . The 
i n t e g r a t e d p a r t i c l e f l u x out of the d i v e r t o r through both 
ducts i s 1.3 x 10 2 0 s " 1 f o r the p r o f i l e s i n FIG 4 . This i s 
10% to 20% of the net plasma f low i n t o the d i v e r t o r . The power 
r e q u i r e d to create the necessary i o n i s a t i o n fo r the reversed 
f low i s ~ 1.6kW, which i s e a s i l y supp l i ed by e l e c t r o n 
conduct ion from the boundary l a y e r . 

The in te rmed ia te reg ion has many of the p r o p e r t i e s of the 
inner l a y e r , but a t lower power d e n s i t y . 

3.2 K i n e t i c plasma model 

A 1-D k i n e t i c model of c o l l i s i o n l e s s f low through a 
magnetic m i r r o r , s i m i l a r to tha t descr ibed by Emmert [ 3 ] , has 
been app l i ed to the bundle d i v e r t o r exhaust . Ions from the 
m i r r o r l o s s - r e g i o n of a Maxwel l ian d i s t r i b u t i o n f low through 
the m i r ro r to the d i v e r t o r p l a t e s . Q u a s i - n e u t r a l i t y i s 
conserved through v a r i a t i o n s in plasma p o t e n t i a l a long the 
magnetic f i e l d . The plasma d e n s i t y , compared to tha t i n the 
boundary plasma, f a l l s by a f a c t o r ~ 2 in the m i r ro r t h roa t 
and cont inues to f a l l i n the reduc ing magnetic f i e l d i n the 
d i v e r t o r to become a f a c t o r ~ 8 lower near the d i v e r t o r p l a t e . 
The f low in the d i v e r t o r i s superson ic . 

The model i s cons i s ten t w i t h observa t ions in the inner 
l aye r and the in te rmed ia te reg ion of the exhaust channel where 
X e e , X i j_ >> L jv|. For t y p i c a l m e a s u r e d v a l u e s a t t h e 
s e p a r a t r i x , n e s = 2.5 x lO 1 ^ m~3 and Te = Tj_ = 50eV, the model 
g ives T|| = 3.6 x 10 2 3 m~2« s _ i and Qy = 23MW-m~2. These are in 
reasonable agreement ( f a c t o r ~ 3) w i t h values obta ined e x p e r i 
m e n t a l l y , given the approx imat ions i n the model and the 
u n c e r t a i n t i e s in exper imenta l da ta . 
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3.3 Neutral particle behaviour 

A 3-D version of the DEGAS code [9] is used to model the 
neutral particle behaviour in the bundle divertor. Plasma 
parameters are taken from experimental data, with the longi
tudinal variation of plasma density as given by the kinetic 
plasma model. The main results are: i) the pumping speed of 
the divertor ducts is reduced by a factor ~ 4 and the gas 
pressure in the divertor is also increased in the presence of 
plasma, with values in reasonable agreement (factor ~ 2) with 
experiment; ii) 8ü% of the neutral particles recycled from 
the divertor plate reach the wall without being ionised; iii) 
the rates of ionisation in the plasma are consistent with 
measurements at low gas pressures. 

At high gas pressures, (pnjy >, 5 x 10~3 torr) the rates of 
ionisation and Da emission in the diverted plasma are lower 
than expected. These low rates can be explained by the 
effects of neutral-neutral collisions in the gas near the 
plasma [lO]. The molecular influx to the plasma is then 
determined by a pressure balance between cold molecules from 
the surrounding gas and energetic atoms produced by dis
sociation and charge exchange in the plasma. This reduces the 
molecular influx by a factor ~ 10 compared to the collision-
free flux, in better agreement with observations. 

3.4 Discussion of exhaust regime 

The absence of plasma density build-up in the exhaust 
plasma, necessary for the development of a collisional high-
recycling divertor regime, is consistent with the effects of 
(i) low trapping of recycled neutral particles due to the low 
plasma density near the plates, and (ii) a reduced neutral 
particle influx to the plasma due to neutral-neutral 
collisions. The effects of ionisation in the divertor are 
seen mainly in the cool outer layer. 

4. CONCLUSIONS 

1. Confinement times with the bundle divertor at low levels of 
m=2, n=l mhd activity are at least as good as in limiter 
discharges, and have a similar parametric variation. 
2. The divertor field perturbation affects the m=2, n=l mode, 
causing a stationary island to develop. This has so far 
prevented operation with good confinement at q <, 3. 
3. Blocking of the divertor ducts by plasma allows operation 
at high gas pressure in the divertor, as required for 
effective pumping on a reactor. 
4. The main exhaust channel (inner layer), which carries 
reactor-level particle and heat fluxes, is collisionless and 



246 JOHNSON et al. 

supersonic even a t high d ive r to r gas p r e s s u r e s . There i s a 
cool c o l l i s i o n a l outer layer in which plasma flows out of the 
d ive r to r i n to the t o r u s . 
5 . A k i n e t i c model of plasma flow through a magnetic mirror i s 
c o n s i s t e n t with observa t ions on the exhaust plasma. 
6 . Modelling of the n e u t r a l p a r t i c l e behaviour in the d ive r tq r 
using the 3-D DEGAS code gives reasonable agreement with 
exper iment . However, atom-molecule c o l l i s i o n a l e f f e c t s are 
r equ i red to explain the low i o n i s a t i o n r a t e a t high gas 
pressure in the d i v e r t o r . 
7. The c o l l i s i o n a l , high r ecyc l ing d i v e r t o r regime, cu r r en t l y 
advocated for a r e a c t o r , has not been obtained in the DITE 
bundle d i v e r t o r . The requi red bui ld-up of plasma densi ty i s 
i n h i b i t e d by the low plasma densi ty due to mirror e f f e c t s , and 
the low n e u t r a l p a r t i c l e dens i ty in the plasma due to n e u t r a l -
n e u t r a l c o l l i s i o n s . 

Euture work w i l l take advantage of the r eac to r r e l evan t 
cond i t ions in the d ive r to r for plasma exhaust and surface 
i n t e r a c t i o n s t u d i e s . P e l l e t r e f u e l l i n g and impurity cont ro l 
experiments are planned. 
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DISCUSSION 

A. GIBSON: Can you comment on the absence of H-mode behaviour with 
the bundle divertor? 

P.C. JOHNSON: Although in many cases the bundle divertor produces a 
small improvement in energy confinement time, the parametric variation of energy 
confinement remains similar to that for limiter discharges and the L-mode. There 
is no evidence that an H-mode has been produced with the bundle divertor. The 
reasons for this are not known. 

R.J. HAWRYLUK: What radiated power and Zeff behaviour do you find with 
the bundle divertor as compared with limiter discharges? 

P.C. JOHNSON: The bundle divertor produces discharges with lower 
radiation and Zeff than those of limiter discharges. The radiation is 25—40%, 
factors of 2 to 3 lower than with limiters, and Zeff is about 2, as compared with 
3 to 4 for limiter discharges. Most of the radiation is from low-Z impurities at 
the edge in both cases. 

M. SHIMADA: What is the ratio of neutral particle pressure in the divertor 
to that in the main plasma? 

P.C. JOHNSON: The neutral particle pressure in the torus has not been 
measured, and so it is not possible to answer your question. 

M. SHIMADA: To what extent is the particle flux from the main plasma 
amplified in the divertor chamber? 

P.C. JOHNSON: There is some evidence of a small flow amplification, 
particularly in results from the DEGAS code, but I cannot give you a figure at 
this stage. 
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Abstract 

ALT-I PUMP LIMITER RESULTS ON TEXTOR. 
The ALT-I pump limiter is used to control hydrogen fluxes from the TEXTOR tokamak. 

The performance of two different modules, the open fixed geometry (FG) and the closed 
variable geometry (VG) is discussed. In unpumped scoop limiter operation, the pressure in 
the ALT-I chamber increases to 3 X 10"4 torr (FG) and 2 X 10"3 torr (VG). With pumping, 
the fraction of particles incident on the neutralizer plate that is removed is 25-50% (FG) and 
50-80% (VG). These removed particles are estimated to be 2-4(8)% (FG) and 6-13% (VG) 
of the total plasma outflux (NJT ). The collection of helium from the plasma using the FG 
module is approximately half as effective as hydrogen collection. The higher particle removal 
efficiency for the VG module is attributed to lower neutral backstreaming. 

1. INTRODUCTION 

The objective of the Advanced Limiter Test (ALT-I) programme is to study 
density and impurity control in the long pulse length TEXTOR tokamak. Two 
different pump limiters [1 ,2 ] have been tested: a variable geometry (VG) module 
and a fixed geometry (FG) module. We report initial results of particle removal 
and density modification with the FG module and compare the results with 
previously reported data from the VG module [3]. 

The principal features of both modules are shown schematically in Fig. 1. 
The VG module has a closed configuration which inhibits the backflow of gas into 
the tokamak (conductance ^ 500 L/s). The open FG module geometry allows 
high particle flows from the plasma into the pump limiter chamber by collecting 
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Variable Geometry Head Fixed Geometry Head 

FIG. 1. Schematic of variable geometry ( VG) and fixed geometry (FG) modules used for AL T-I 
(not drawn to scale). 
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FIG.2. Pressure in the AL T-I chamber as a function of the radial position of the FG module 
(open on ion side only) relative to TEXTOR limiters. 
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on both the ion and electron sides, but it also has high conductance (« 104 L/s) 
for backstreaming [4, 5]. Particles entering the ALT-I 700 litre vacuum 
vessel are pumped by Zr-V-Fe getters. A calibrated gas injection system permits 
fuelling of the TEXTOR plasma from the head. 

Each module can be used as a conventional limiter (entrance flaps closed), 
as a scoop limiter (pumps off), or as a pump limiter. The TiC-coated 
graphite VG head has compound curvature, while the Inconel FG head has only 
toroidal curvature. Both modules can be positioned radially; the standard 
configuration is ALT-I at a = 44 cm and the main limiters at 48 cm. Specific 
ALT-I diagnostics are described in Ref.[3], the TEXTOR tokamak and its 
diagnostics in Refs [6, 7]. For the ALT-I measurements, TEXTOR operates in 
a regime of 1013 cm - 3 < ñe < 3 X 1013 cm -3, Te(0) < 1.3 keV, and Ip = 350 kA 
with reproducible discharges of 1.8—2.8 s duration. 

2. HYDROGEN REMOVAL 

Measurements of the pressure in the ALT-I chamber and the pumping speed 
of the getter pumps are used to calculate particle removal rates. Figure 2 shows 
the pressure with and without pumping obtained at 1.2 s into a typical discharge 
as a function of radial position with only the ion side of the FG module open. 
The maximum pressure obtained without pumping for the FG module at 44 cm 
is about 3 X 10~4 torr, compared to 2 X 10~3 torr previously obtained for the 
VG module. Activating the pumps decreases the pressure in the ALT-I vessel by 
a factor of 5. 

The effect on plasma parameters of particle removal by the FG module has 
been investigated. Scoop operation does not significantly alter the core plasma 
density or the edge plasma parameters compared with operation in the conventional 
limiter mode. With the pumps activated, opening the ion side entrance decreases 
the edge density by 10-20% and the line-averaged core density by about 10—15%. 
In addition, opening the electron side entrance lowers the edge density by <5%. 
The plasma density in the scrape-off layer is observed to scale with the line-
averaged core density changes from shot to shot during these experiments. The 
core and edge electron temperatures measured during particle removal are similar 
to those measured without pumping. Edge temperatures increased more than 
a factor of 2 in the shadow of other limiters. 

The VG module has an appreciably larger influence than the FG module on 
the core density, as shown in Fig.3. The removal rates with pumping (P • S) are 
7.8 X 1019 particles/s at S = 5 X 103 L/s pumping speed (VG), and 5.0 X 1019 

particles/s at S = 1.6 X 104 L/s pumping speed (FG) evaluated at one second 
into the discharge. For these discharges, the total influx of particles to the 
neutralizer plate(s), as deduced from Langmuir probe measurements, is 
about Qjn = 1.3 X 1020 particles/s. The two-sided FG module does not collect 
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FIG. 3. Central line-averaged electron density versus time during pump limiter operation with 
entrance(s) open and closed, providing direct comparison of pump limiter versus normal limiter 
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more flux than the VG module because the head is flat in the poloidal direction, 
because the electron side is partially shadowed by a TEXTOR main limiter, and 
because the electron side flux is less than the ion side flux. The removal 
efficiency e = (P • S)/Qin is calculated to be 25% (FG) and 60% (VG) at a pumping 
speed of about 5 X 103 L/s. An increase in the pumping speed to 1.6 X 104 L/s 
increases the efficiency of the FG module to about 40%. The electron and ion 
sides contribute differently to the removal efficiency. The ion side alone 
provides a removal efficiency of 50% at 1.6 X 104 L/s pumping speed. 

An estimate of the total exhaust efficiency for particles leaving the plasma 
is obtained by determining the total number of electrons Ne in the torus from 
HCN interferometer measurements [6] and assuming that the particle confinement 
time is 0.1 s. The total loss rate from the plasma, Ne/rp,is then about 1021 

particles/s. This estimate leads to a total exhaust efficiency (P- S)/(Ne/rp) 
of 8.0% (VG) and 2.9% (FG) for equal pumping speeds of 5 X 103 L/s, and 4.2% 
(FG) at 1.6 X 104 L/s. Introducing the FG head to r = 43 cm, which was so far 
not accessible for the VG head, an exhaust efficiency of 7.6% could be achieved. 
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Using a simple particle balance model [8], r* = rp (1 - fR) can be calculated 
from the curves of Fig. 3, where R is the recycling coefficient and f is a fuelling 
efficiency. Changes in r* due to opening the pump limiter entrances are 
about 20% (FG) and 50% (VG). The value of r* is found to vary by more than a 
factor of 10 for the FG module and less than a factor of 4 for the VG module-
during the time from one to two seconds in the discharge. These differences 
are probably caused not only by the modules themselves but also by different 
recycling properties of the TEXTOR walls during the two series of experiments. 

The rate of change of the difference between the total electron number in 
the plasma for normal and pump limiter operation and the measured removal 
rates can be compared. For the VG module, evaluated at 1 s, particles are collected 
by ALT-I at three times the rate that can be accounted for by only the total 
electron number decrease in the plasma [3]. Differences found for the FG module 
are: 1.8 times more removed at 0.5 s, 6.1 times at 1 s, and 8.1 times at 2.2 s. The 
differences may be attributed to a varying gas inventory in the TEXTOR vacuum 
vessel structures. This behaviour is consistent with the observed changes in r* 
during the discharges. 

3. HELIUM REMOVAL 

To obtain information on the helium removal properties of pump limiters, 
helium is injected into hydrogen discharges with the FG module operated in the 
scoop mode, and the relative concentrations are measured in the ALT-I chamber. 
The amount of helium injected is adjusted to a level such that there is about a 20% 
increase in the electron density in the discharge. If the helium does not change 
the overall particle balance in the plasma, its concentration in the plasma is 
about 10%. The helium and hydrogen partial pressures are measured in the ALT-I 
vessel using a mass spectrometer. For a helium concentration in the discharge 
of 8%, a ratio of He to H2 of 6.4%, i.e. a ratio of 3.2% for He to atomic hydrogen, 
is found in the vessel. Similarly, an 11.5% concentration produces a ratio of 5.4%. 
This result seems to indicate that, compared to hydrogen, helium is removed 
from the plasma less efficiently by a factor of about 0.5. Possible reasons for 
this difference might be a longer rp for helium as compared to hydrogen or a 
lower concentration of helium in the edge of the plasma than in the core, owing 
to different ionization lengths of recycling hydrogen and helium [9]. Relative 
velocities of entering and exiting particles may also be important. 

4. BOUNDARY PLASMA CHARACTERIZATION 

The plasma flux measured by Langmuir probes at the ALT-I collection 
entrances depends strongly on the position of ALT-I relative to the main TEXTOR 
limiters. The ion side flux increases nearly linearly as ALT-I FG is inserted 
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relative to the main limiters. The electron side does not show this smooth increase 
in flux during insertion owing to shadowing by one of the main limiters. This 
limiter, located 270° round the torus in the electron direction, shadows the 
electron side effectively until ALT-I is inserted to 44-43 cm. Even with ALT-I 
at 43 cm and the main limiters withdrawn to 48 cm, the electron side probe 
measures fluxes typically two to three times lower than the ion side. With ALT-I 
inserted as the primary limiter, plasma densities of up to 2 X 1012 cm"3 are 
measured at the probe location of r = 46.5 cm. The electron temperature is 
15-25 eV on the ion side and 18—28 eV on the electron side. The temperature 
profile over the collection area measured by probes external to ALT-I is 
essentially flat, and the fluxes to the ion and electron openings scale with the 
density in the edge. 

Density profiles in the TEXTOR boundary plasma measured by an external 
Langmuir probe closely agree with those from a Li beam diagnostic system [10]. 
The density scrape-off length with ALT-I at 50 cm (removed) and the main 
limiters at 45 cm is 1.3 cm. With ALT-I inserted to 44 cm and the main limiters 
at 48 cm, the scrape-off length increases to 1.9 cm. The longer scrape-off 
length with ALT-I as the primary limiter is expected because it subtends a 
poloidal arc smaller than the main limiters and produces longer connection 
lengths. 

With ALT-I removed, the electron temperature scrape-off length is 4—5 cm 
with temperatures of 15—25 eV. The density and temperature characteristic 
lengths are about the same for the VG and FG modules. Power densities of 
up to 50 W/cm2 are measured at 47.5 cm, with scrape-off lengths of 0.85 cm. 

5. DISCUSSION 

The significantly larger effect of the VG module on the TEXTOR plasma 
density for the pumping speeds studied here is attributed to reduced neutral 
backflow and the possibility of plasma/neutral interactions. The long throat 
entrance allows removal of more particles than the two larger area openings of 
the FG module. In fact, increased incident fluxes are not actually obtained with 
the FG module because of shadowing and ion/electron side asymmetries coupled 
with the lack of compound curvature. Improvements here and additional 
pumping speed could increase the efficiency of the FG module but at increased 
cost and with possibly greater space requirements. The selection of an ideal 
combination of throat length and acceptance aperture(s) will depend on these 
considerations as well as on impurity introduction levels during operation in a 
high energy density plasma. Further studies are planned to deal with these 
problems. 
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Abstract 

PARTICLE CONTROL WITH PUMP LIMITERS AND PELLET FUELLING IN ISX-B. 
Particle control experiments have been performed on the Impurity Study Experiment 

(ISX-B) using pump limiters and four-shot pneumatic pellet injection in beam-heated 
discharges. These techniques and their combination provide major particle control options for 
future long-pulse devices. In the pump limiters the observed pressure rise at plasma electron 
line-averaged densities of 5 X 10 1 3cm - 3 was up to 6 mtorr without active pumping, decreasing 
to about 2 mtorr after activating the limiter pumps. With constant gas flow rate into the torus, 
maximum line-averaged density changes of a factor of two were observed, because of the pump 
limiters. The highest exhausted gas flow rates were of the order of 10 torr-L-s - 1 - Plasma 
fuelling with pellet injection has led to improvements in plasma performance. The injection delivers 
a programmable sequence of one of four H2 or D2 pellets with an effective diameter of 1mm 
(0.5 torr-L) at velocities ranging from 0.5 to 1.0 k m - s - 1 . Whereas in Ohmic plasmas the total 
pellet mass can be accounted for by the density increase, only half the pellet mass is typically 
retained in beam-heated plasmas in ISX-B. In these cases particle accountability is not fully 
understood and is still a subject of investigation. 

1. INTRODUCTION 

The pump limiter experiments on the Impurity Study-

Experiment (ISX-B) were primarily designed to demonstrate par

ticle exhaust and density control with mechanical limiters. If 

continuous particle removal with pump limiters can be achieved, 

these relatively simple devices can be utilized for helium ash 

* Research sponsored by the Office of Fusion Energy, US Department of Energy, 
under Contract No. DE-AC05-840R21400 with Martin Marietta Energy Systems Inc. 

** The University of Tennessee, Knoxville, TN. 
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exhaust in D-T-burning machines, for plasma density control, and 
possibly for impurity control. While the necessity for helium 
exhaust awaits future D-T-burning devices, it appears that den
sity control by active particle removal is already required in 
today's long-pulse hydrogen machines. In these long-pulse 
devices global recycling reaches unity. This means that beam 
fueling and gas puffing have to be balanced by active particle 
exhaust, for which pump limiters appear to be ideal candidates. 
In special cases the recycling coefficient can even exceed unity 
due to high heat loads and high temperature outgassing. In 
these cases active particle removal becomes necessary to avoid 
density excursions. 

2. EXPERIMENTAL ARRANGEMENT 

The experimental arrangement of the pump limiters in ISX-B 
has been described in detail in a previous paper [1]. Two 
limiter modules are installed, one in the top and one in the 
bottom of one toroidal sector of the tokamak. The limiter heads 
consist of TiC-coated graphite, while the rest of the structure 
is made of stainless steel. Both limiters have a "pill box" 
shape with a mushroom-shaped top. The size is restricted to 
15 cm in diameter because of the size of the port holes in the 
top and bottom of the vacuum vessel. To achieve pumping speeds 
of 1000-2000 L/s, Zr-Al volume getter pumps are mounted directly 
behind the limiter heads. In one of the experimental runs 
different limiter geometries were studied simultaneously to test 
the particle collection mechanism as a function of limiter design. 
In one case particles were collected from both ion and electron 
sides, and the average throat length in the pump limiter was 
4 cm. In the other case particles were collected from the ion 
side only, and the average throat length was 10 cm. Since the 
mean free path for ionization at the given densities and 
temperatures was 2-4 cm, it was anticipated that the longer 
throat length would cause enhanced trapping efficiencies, which 
should result in higher particle removal rates. 

3. PRESSURE RISE STUDIES 

Experiments were performed in ohmically heated plasmas and 
in beam-heated plasmas. The pressure buildup In the limiter 
cavity for beam-heated discharges is shown in Fig. 1 as a func
tion of the line density in the scrape-off layer. For the June 
and October 1983 experiments, both limiter heads were identical 
and the data show the same response for both limiters* For the 
March 1984 run, the bottom limiter design was changed by 
extending the throat length from 4 to 10 cm and by collecting 
particles only from the ion drift side. The different pressure 
responses of top and bottom limiters indicate different mecha
nisms of particle collection. While the linear response of the 
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FIG. 1. Pressure build-up in the limiter cavity as a function of line density in the scrape-off 
layer for beam-heated discharges (Pn = 1 MW). 

short throat limiter is typical for ballistic particle collec
tion, the nonlinear pressure rise in the long throat limiter 
must be due to plasma effects. It is assumed that, due to the 
longer throat length, escaping particles are ionized and swept 
back into the limiter by the plasma flow ("plasma plugging"). 

The absolute value of the pressure is subject to beam power, 
profile effects, impurity content, etc., and is therefore not a 
unique function of plasma density. It is generally observed 
that limiter pressures are higher in beam discharges than in 
ohmic discharges at fixed plasma density. This must be due to 
higher particle fluxes in the scrape-off layer. (That is at a 
given plasma density, the rate at which particles leak out of 
the main plasma N/tp is larger in beam discharges.) This is 
consistent with the confinement deterioration observed in beam-
heated plasmas [2]. Langmuir probe measurements confirm that 
the particle flux in the scrape-off layer increases with beam 
power at given line-averaged densities. 

4. PARTICLE EXHAUST AND DENSITY CONTROL 

When the Zr-Al getters in the pump limiter cavities are 
activated, the limiter pressures drop by factors of 2 to 3 due 
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FIG. 2. Line-average plasma density as a function of gas flow. 

to the pumping. At the same time, the line-averaged plasma den
sity drops if the gas flow rate is held constant. The maximum 
density decrease was observed in ohmic discharges with elongated 
plasmas. Plasma parameters were Ip = 113 kA and B-j = 1.4 T, 
and the density dropped from 3.5 x 1013 cm"3 to 1.7 x 1013 cm"3 

at constant gas flow rate [1]. 

To illustrate how much gas is removed by the pump limiters, 
we have plotted in Fig. 2 the line-averaged plasma density as a 
function of gas flow rate for beam-heated discharges. The 
closed data points show the gas flow rates before activating the 
getters in the pump limiter cavities ("OFF"), and the open data 
points correspond to the gas flow rates after activating the 
getters ("ON"). To maintain a density of 5 x 1013 cm"3, the gas 
flow rate has to be increased from 12 torr*L/s to 24 torr*L/s 
after activating the limiters. The increment is a factor of 2 
more gas than can be explained by the pressure rise in the pump 
limiters. This discrepancy does not exist for ohmic discharges 
[1]. It could be a consequence of enhanced pumping due to 
energetic particles in the limiter cavity. 

The exhaust efficiency, defined by the ratio of removed par
ticle flux to total particle flux incident on the limiters, has 
been determined to be 5-8% [1], 

The mechanisms of pump limiter exhaust can be demonstrated 
by applying a short pulse of gas into _an established discharge. 
Figure 3 shows the density increment Ane for a 30-ms deuterium 
pulse into an established discharge at 190 ms. The initial 

J L 
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FIG.3. Density increment due to 30 ms D2 puff at 190 ms into the discharge before and after 
activating the limiter pumps. 

density rise is almost the same with the pump limiters activated 
("ON") or not activated ("OFF"), whereas the decay of the 
density pulse is strongly affected by the pump limiter action. 
Since the density rise is faster than the average particle 
lifetime Tp = Tp/(1 - R ) , which is reduced by the pump limiter, 
the pump limiter action becomes effective only for times 
comparable to or longer than Tp. In other words, in one cycle 
only 5-8% of the flux is being removed and it takes several 
cycles (particle confinement times) to affect the bulk plasma 
density. 

5. PELLET FUELING 

Pellet fueling studies have been carried out on ISX-B using 
a four-shot pneumatic pellet injector. The injector delivers a 
programmable sequence of one to four H2 or D2 pellets with an 
effective diameter of 1 mm (0.5 torr»L) at velocities ranging 
from 0.5 to 1.0 km/s. Whereas in ohmic plasmas the total pellet 
mass can be accounted for by the density increase, only half 
the pellet mass is typically retained in beam-heated plasmas in 
ISX-B. Figure 4 shows the line-averaged density increase 
achieved by the injection of four H2 pellets into a low-power 
(0.8-MW), neutral-beam-heated discharge. Beam injection 
commences at 100 ms; the pellets are injected at 150 ms into 
the discharge. The total core density increase corresponds to 
6 x 10 1 9 particles (i.e., only half of the number of injected 
particles). One possible explanation for this result is that 
the pellet is partially ablated in the plasma edge by fast ions. 
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FIG.4. Density increase after injection of four pellets into beam-heated plasma (Pa = 0.8 MW). 

Preliminary studies of pellet injection into ISX-B pump 
limiter plasmas support this conjecture. The density pump-out 
after pellet injection with activated vs unactivated pumps is 
unchanged indicating that the pump limiter does not remove 
particles deposited by pellet injection, not even via recycling. 
On the other hand, the pump limiter pressure increases dispro
portionately by comparison with the plasma density after pellet 
injection. Since the particle exhaust corresponding to this 
pressure increase does not affect the confined core plasma, we 
conclude that these particles must be produced in the plasma 
edge and recycle locally until they are removed by the pump 
limiters and the wall. 

6. SUMMARY 

Particle control studies have been performed on ISX-B using 
pump limiters and a pellet injector. Pump limiters appear to be 
well suited to exhaust particle fluxes of the same order as the 
gas input rate. Plasma density changes up to a factor of 2 have 
been achieved. Preliminary results from pellet injection 
studies in ISX-B pump limiter plasmas show that particle accoun
tability in beam-heated discharges is not fully understood and 
is still a subject of investigation. 
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Abstract 

INFRA-RED THERMOGRAPHY OF THE T-10 LIMITER. 
The characteristics of heat flux on the T-10 limiter have been investigated using an 

infra-red camera. Main results are: (a) Potentially disruptive discharges can be identified by 
a large power peak (P > 200 kW) preceding the current disruption, (b) Discharges with 
plasma density rising during the plateau phase avoid excessive limiter heating, (c) Microwave 
injection results in (i) arcs burning at the limiter edges and (ii) deviations from the exponential 
law of energy flux decay, (d) The limiter absorbs only 6% of the input power. 

1. Introduction 

Measurements of the surface temperature distribution on 
tokamak limiters can provide useful information concerning 
limiter thermal load, aspects of plasma/limiter interaction, and 
energy balance of the discharge. In this paper we report time-
resolved measurements on the moveable bottom limiter in T-10. 

2. Experimental 

Discharges with and without ECRH (P F f R H = 400-500 kW) have 
been produced in T-10. The discharge parameters were: _ 
B s 2.6 - 3.1 T; I = 370 - 380 kA ; ñ = 3.1 - 6.3x10 m ; 
and t = 0.8 s. Thepplasma column was limited by a carbon rail 
limiter at a = 32 cm (fig. la). 

The limiter was observed by an AGA 750 infrared camera 
mounted on the top of the limiter section port. The camera pro
duces frames of 100 lines with a frame frequency of 25 Hz. 
Fig. lb shows the structure of the limiter image. The frames 
were displayed on a monitor screen and recorded by a micro
computer . 

265 
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FIG.2. Temperature distribution on the limiter surface near the end of the plateau phase. 

The camera was calibrated by uniformly heating the limiter 
and comparing the camera signal to thermocouple signals. 

From the data stored in the microcomputer, temperature 
distributions have been calculated. A typical example is shown 
in fig. 2. 

Analyzing the temperature increment AT along the line 
with T (see fiq. 2), we were able to confirm the exponen-max 3 ' r 
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FIG.3. Temperature increment for different times in discharge versus depth into scrape-off 
for a shot (a) without and (b) with ECRH. ECRH is between 400 ms and 500 ms. The AT 
values are taken from the line of maximum temperature. 

tial decay of absorbed energy with radius (fig. 3a). For the 
central point m on this line we calculated the flux density q (t) 
by solving the one-dimensional heat flux equation. The one- m 

dimensional approach is justified by the small temperature 
gradient along the surface and the negligible influence of the 
limiter sides. Using q (t) and assuming the exponential law of 
decay to hold in the entire scrape-off, we calculated the total 
heat flux on the limiter. Fig. 4 shows a typical example of heat 
flux versus time during a discharge with ECRH. 

3. Temperature distribution and thermal load 

The main features of the temperature distribution shown in 
fig. 2 can be explained by assuming an energy transport parallel 
to the magnetic field lines, thereby taking into account the 
limiter form. A detailed analysis shows that the temperature 
maxima on the ion and electron sides are located at different 
major radii (fig. 5a). Generally, the temperature maximum on the 
ion side (electron side) was shifted towards (away from) the 
torus centre. These shifts may be explained by the effect of 
partial self-shadowing of the rail limiter. In other words, a 
rail-limiter produces a scrape-off which is composed of regions 
with open field lines differing in length. Moreover, strong 
asymmetries in the poloidal temperature profile were found in 
the pre-disruptive phase of discharge (fig. 5b). 
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2 
Maximum power densities obtained were 2 kW/cm ; total heat 

fluxes 30 - 40 kW. These values were exceeded during disruptive 
discharges (9 kW/cm ; 280 kW) . The high power peak appeared 
160 - 320 ms before the current disruption (fig. 6 ) . This offers 
the possibility to use the power peak as an early warning signal 
indicating a potentially disruptive discharge. 

4. Influence of plasma density 

The density dependence of power profiles was studied for 
discharges with falling, constant and rising density ñ during 
current plateau (fig. 6 ) . Of particular interest is the observed 
decrease of energy flux associated with density rise. This may 
be explained by assuming a cold gas blanket to develop round the 
limiter. Such a phenomenon was reported from D-III /3/. The 
increased decay length (X= 2 cm) supports this assumption. 

The maximum temperatures reached in the four cases were: 
o o 

decreasing density - 1100 C; constant density - 920 C ,* rising 
density - 525 C; disruptions - 450 C. This shows that increas
ing the density during discharge has advantages from the view
point of limiter lifetime. 

5. Influence of ECRH 

Additional heating was applied in part of the experiments 
with microwave energy injected through horizontal ports at the 
limiter section. During the injection period we observed arc
like discharges located at the sharp edges of the limiter. In 
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order to investigate this phenomenon, full power microwaves were 
injected into both working gas and vacuum without igniting a 
discharge. In both cases the arcing was found as before but 
proved negligible as regards energy deposition on the limiter. 
Thus, we can expect that direct microwave heating of the limiter 
is unessential in ECR-heated discharges. However, this kind of 
arcing is likely to be responsible for the well-known burst of 
light impurities during ECRH. 

In the case of microwave injection into a discharge, a 
distinct increase of energy deposition can usually be seen (fig. 4' 
Generally, this additional heat deposition reaches some per 
cent of the microwave power. 

A stable exponential decay as shown in fig. 3a is character
istic of phases with pure Ohmic heating. However, strong devia
tions from this regularity were observed in the ECRH phase. Fig. 
3b shows that part of the additional energy reaches the limiter 
in considerable depth of the limiter shadow. This indicates a 
direct absorption of microwave energy by the scrape-off plasma. 

6. Power balance 

Power estimations for the stationary phase of the discharge, 
using results of a bolometer located at a toroidal position far 
from the limiter, yield the following distribution of energy loss. 
In the case of constant density, 6 % of the total energy is trans
ferred to the limiter and 25 % is radiated; in the case of rising 
density the corresponding values are 6 % and 30 %. Taking into 
account that the radiation loss is enhanced near the limiter 
owing to strong recycling, we have to correct the radiated power. 
According to measurements on ASDEX /4// the correction factor is 
about two. With this correction considered, the remaining differ
ence of 34 - 44 % is likely to be absorbed by secondary limiter 
structures and the wall. 
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DISCUSSION 

ON PAPERS IAEA-CN-44/A-IV-5-1 TO A-IV-5-3 

R.J. TAYLOR: Neither pump nor any other limiters are capable of impurity 
control and heat removal, owing to their small size. How do you intend to solve 
all the boundary problems with the devices that you now have? 

P.K. MIODUSZEWSKI: With a view to studying heat removal capabilities 
in future long-pulse devices, a full toroidal belt limiter is at present being designed 
for the TEXTOR device. This is a joint US-TEXTOR project. The feasibility of 
impurity control with pump limiters is an open question at the moment. First 
experiments performed on ISX have shown that recycling impurities (N2) puffed 
into the tokamak from the vessel wall can be reduced by pump limiters. Whether 
or not the impurities produced at the limiter itself can be controlled will have 
to be investigated in future experiments. 
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Abstract 

TOKAMAKS: TURBULENCE AND FIRST TEST OF AN ERGODIC MAGNETIC 
LIMITER. 

The characteristics of the ubiquitous low-frequency turbulence in tokamaks have been 
examined in an extensive set of experiments using far infra-red scattering to measure the full 
spectrum, S(ki; co), of density fluctuations throughout the plasma in the TEXT tokamak and 
using sets of probes to measure the structure of both density and potential fluctuations at the 
edge of TEXT and continuing into the interior in the smaller Caltech tokamak. Scattering 
experiments reveal a broad frequency spectrum of fluctuations which show clear dispersion 
in k0 , propagating in the electron diamagnetic direction with phase velocity s 2 - 3 vDe, but 
no kr dispersion. The wavelength spectrum is peaked at k±ps < 0.5. The fluctuations show 
marked spatial asymmetries. The amplitude rises toward the outside; probes show rf/n of 
20—80% at the periphery. Probes reveal complex turbulent structures with statistical 
properties matching those from scattering which reverse apparent propagation direction at the 
limiter. Density and potential fluctuations are related to drive an outward radial flux. The 
Ergodic Magnetic Limiter (EML) on TEXT, created with eight modular coils which impose 
a helical magnetic perturbation, m/n, of 7/2 or 7/3, is designed to explore the effects of an 
EML and study heat transport in an ergodic layer. Experiments have demonstrated that a 
small resonant perturbation with a fractional amplitude of ~10~3 creates a stable ergodic 
magnetic layer and substantially modifies the heat flow pattern to the limiter. 

* University of California at Los Angeles, Los Angeles, CA, USA. 

273 



274 BROWER et al. 

Low-frequency microturbulence driven by plasma 
inhomogeneities is universally observed in tokamaks and 
generally considered to be related to anomalous 

il ?1 
transport L1'iJ. Experiments reported here provide a 
comprehensive description of the phenomena. On TEXT 
(R=100 cm, a=27 cm, BT=3T), a unique far-infrared (X=1.2mm) 
scattering system measures the complete S(k_L,a>) spectrum .of 
density fluctuations within the plasma for a single 
discharge "-JJ, Arrays of Langmuir probes provide spectral 
information for both density and potential at the edge. In 
the Caltech tokamak (R=45 cm, a=16 cm, B =0.35T), an 8 x 8 
probe array provides similar information, adding pictures of 
the 2-D structure in the edge region. The results are 
complementary and consistent. 

For a scattering volume located along a vertical chord 
through the plasma center, frequency spectra for each kfl are 
shown in Fig. 1(a), which is a single representative shot from 
the plateau region of a sawtoothing discharge at 
n=3.5 x 1013cm"3, Teo=900eV, and Tlo=600eV. Three general 
features are the distinct frequency peak for each wavenumber, 
the shift of the peak to higher frequency and broadening at 
larger kQ, and a significant reduction in magnitude for 
kQ>7cm . The statistical dispersion relation inferred from 
the peaks is shown in Fig. 1(b). The dispersion is linear for 
kû<9cm with a phase velocity * 2-3 v™ , the electron 
diamagnetic drift velocity, and rolls off at higher kfi. 
Heterodyne measurements show the fluctuations to propagate in 
the electron diamagnetic direction. The poloidal wavenumber 
spectrum peaks broadly at kQps =:0.25. In contrast, the kr 

spectra have no dispersion, peaking near zero frequency and 
broadening as k increases. The integrated spectra correspond 
to îl/n>15% at the plasma edge. 

The spatial distribution of poloidal fluctuations is 
examined by scanning the scattering volume along a vertical 
chord through the plasma center as shown in Fig. 1(c) for kfi = 
Çcm"1. The center of the scattering volume is translated 
beyond the plasma edge to verify spatial resolution. The 
scattered power peaks near the edge, as expected, but 
surprisingly is an order of magnitude larger at the top than 
at the bottom. Only minor changes in the shape of the 
frequency spectra are observed across the plasma; a similar 
asymmetry is observed at kQ=4.5, 7 and 12cm . Reversing the 
direction of plasma current inverts the spatial distribution 
as shown in Fig. 1(d). The plasma was well centered for these 
observations; deliberate movement of the center up, down, in 
and out had only small effects on the asymmetry. 

Laser ablative impurity injection provides one means of 
studying the cause of the microturbulence. Sufficient 
impurity (here scandium) may be introduced to produce 
significant changes in plasma parameters and profiles. The 
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FIG.l. Density fluctuation spectra from scattering. 

consequences for S(k_L,o)) may be continuously monitored. The 
effect of the injection on the frequency (at kfi=4.5cm ) and 
wavenumber spectra are illustrated in Fig. 2. Prior to 
injection, typical spectra are observed. Within 1 ras after 
injection, both the frequency and wavenumber spectra shift to 
lower values, followed by a reduction in the fluctuation 
level, which reaches a minimum at 4 ms. The spectra -recover 
within 10 ms. The frequency shifts are seen at all kfi; ?i is 
reduced by ~30%. The concomitant changes in the plasma 
include a prompt increase in edge density, giving a threefold 
increase in density gradient scale length, followed by a 
slower return to the original profile with 10% greater average 
density. Electron temperature, as measured by cyclotron 
emission, likewise decreases promptly upon injection across 
the plasma, lowering T£ without change in profile. The prompt 
changes coincide with the spectral changes at 1 ms and are 
qualitatively consistent with drift waves. 

The scattering observations continue to the plasma edge, 
where they overlap consistently with Langmuir probe 
measurements which determine both density and potential 
fluctuations with finer spatial resolution. The edge 
parameters for both TEXT and Cal tech tokamaks are n^-10^cm

_3 
and T^~ 20 eV. The S(ku,ü)) at three radial positions from 
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inside to outside the limiter (aL=27cm) in TEXT are shown in 
Fig. 3 as contour plots Li+J# inside, propagation is in the 
electron diamagnetic direction, and the characteristics of the 
turbulence match the scattering results in general features. 
Outside, the direction reverses, but this is explicable by a 
Doppler shift induced by the ErxBT poloidal drift velocity 
resulting from the radial electric field measured in this 
region. The intervening region of broadened spectra is 
rendered peculiarly complex by the high shear present; 
additional shear-driven processes may enter L->>6J. 

A picture of the structure of the density fluctuations is 
provided by an 8 x 8 probe array covering a region 
1.8cm x 1.8cm at the edge of the Caltech tokamak L'-l 
Variations from the mean density are represented by color 
(dark is dense) smoothed between probes over the 2-D array. 
Figure 4 shows several frames from a movie thus produced; the 
time interval between frames is 1.2 us. Again, propagation 
is in the ion direction near the wall, reversing toward the 
interior. The 2-D structure actually appears to consist of 
localized "blobs" which move irregularly through the edge 
region. However, these blobs do not appear to have a lifetime 
significantly longer than the local autocorrelation time 
(5-10 ys), and they appear to have a range of shapes and 
sizes comparable to the average correlation lengths L°J. 
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Statistical analysis of the data from both machines 
establishes several common features. The probes as used are 
nonperturbing. The frequency and k spectra are broad. The 
wavenumber spectrum peaks at k Q P g« 0.1 and has most of its 
power within kQPg<0.5, where ps is the ion gyroradius at Te. 
The fluctuation amplitude is large, ñ/n ranging from 20% to 
over 80% near the wall. The spectral index for power law 
decay of P( u) or P(k) at large argument is in the range of 2 
to 4. The density and potential fluctuations are correlated 
with a phase relation to drive a radially outward particle 
flux. 

The large amplitude and broad spectra of the fluctuations 
must be interpreted as strongly nonlinear turbulence. 
Although the description of a strongly turbulent plasma is an 
extremely difficult problem, several nonlinear models have 
been presented recently which can explain semi-quantitatively 
many of the observed features '•9-'. j n particular, two numerical 
fluid models of strong collisional drift-wave turbulence 
predict a 2-D structure which looks remarkably similar to that 
of Fig. 4 L10,llji H 0 w e v e r ) turbulence from the resistive MHD 
rippling mode is also a possible explanation •-12ĵ  purther work 
will be necessary to test the various models and explain all 
the features of the observations. 

An Ergodic Magnetic Limiter (EML) offers promise as an 
effective mechanism for radiative cooling of future high power 
devices [13,14], I n T E X T ) eight modular coils are used to 
generate a helical perturbation field with mode number ratio, 
m/n, of 7/2 or 7/3 LLDK A weakly ergodic structure results 
from the radial overlap of the fundamental island mode with 
the several harmonic modes produced by toroidal coupling. The 
radial perturbation field strength relative to BT is typically 
10"3. 

One of the most striking effects of the EML is the 
transformation seen in the annular ring of recycling light 
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present in tangential view of the poloidal limiter 
[Fig. 5(c)]. With EML (ra/n = 7/2), the emission manifests a 
poloidal pattern at q ~, 7/2 resembling that of nested 
magnetic "islands" [Fig. 5(a)]. With increasing qa, this 
island pattern evolves into a striped structure. Fig. 5(b) 
shows the clear stripes present when q ~ 10/2, at which point 
the resonant layer lies deep inside the limiter radius. The 
depth in the plasma column to which structure can be seen 
increases strongly with plasma density. For the ra/n = 7/3 
coil configuration, however, the visible structures described 
above are seen only faintly. 

An infrared, thermal-imaging camera measures the heat 
deposition profile on the inboard side of the primary hoop 
limiter, which is comprised of 16 Ti-coated graphite tiles. 
Without the EML the heat flux profile on the central three 
tiles is fairly uniform [Fig. 5(d)]. With EML, the heat flux 
pattern is localized poloidally in a pattern that repeats with 
an angular spacing approximately equal to the separation 
between island centers [Fig. 5(e)], The bilateral asymmetry 
in the pattern arises because the heat fluxes parallel and 
antiparallel to a field line intersect the right and left 
sides, respectively, of the limiter. The spatial location of 
the poloidally concentrated heat flux depends on q . At high 
q the heat flux pattern with EML becomes similar to that 
without. Field-line calculations show that the bright areas 
are the locations connected to the interior of the plasma 
column and the dark areas are connected back to the limiter 
with little radially inward excursion. The excellent 
agreement of the measured patterns with theory demonstrates 
that parallel heat transport dominates over perpendicular in 
the EML region. 

A drop of =« 20% in the boundary temperature due to EML 
has also been observed by an electron cyclotron emission 
radiometer. Such a drop is most evident at densities below 
4 x 10iJ cm and high helical field. The conditions for the 
temperature drop and the magnitude of the drop are consistent 
with the theoretically estimated electron thermal 
conductivity. Corroborative evidence for a depression of the 
temperature across the EML layer is the observed broadening of 
the radial profiles of doubly and triply ionized carbon. A 
factor two reduction in the Ti-XI and Ti-XXI signals is 
likewise suggestive of a reduced temperature for the plasma in 
contact with the TiC-coated limiter. 

Work supported by the U S Department of Energy. 
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DISCUSSION 

R.N. SUDAN: What fraction of the width of the measured frequency 
spectrum is attributable to the intrinsic effect of turbulence? 

K.W. GENTLE: The width of the spectrum cannot be attributed chiefly 
to plasma variation within the volume observed. Especially for kr and the higher 
values of k#, which have the broadest spectrum, the plasma is fairly uniform 
within this volume. 

R.N. SUDAN: How does this width vary with wavenumber k? 
K.W. GENTLE: The width is greater at higher k. 
S.M. HAMBERGER: Although the existence of turbulent drift-like waves 

has been convincingly demonstrated, is there any real experimental evidence 
relating such waves to the transport inside the plasma? 

K.W. GENTLE: Probe analyses of turbulence indicate particle transport 
rates at the periphery consistent with particle confinement times. Within the 
plasma it has not yet been possible for fluctuations to be linked quantitatively 
with transport. 
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Abstract 

DIVERTOR AND EDGE PLASMA CHARACTERISTICS OF BEAM-HEATED 
D-III DISCHARGES. 

In high-power beam-heated divertor discharges with P I N « 7.5 MW, the central radiative 
power density from nickel can be suppressed to less than 10% of the heating power density 
by gas puffing. The radiative loss in the divertor increased as the main electron density was 
increased. 24% of the absorbed power was observed to be radiated in the divertor in high-
density, H-mode discharges. During a density scan, the radiative power from the main plasma 
remained constant. With the increase of the main plasma density, the electron temperature at 
the divertor plate decreased to 8 eV (4.5 MW absorbed power). The electron density at the 
divertor plate was 3 X 1014 cm - 3 . Measurements of electrostatic potential in the divertor 
suggest that there is a possibility of a significant difference in the plasma potential between 
a good and a poor heating mode. Divertor configuration experiments with a small mirror 
ratio («1.2) suggest that a magnetic mirror might not be important in creating good-
confinement discharges. 

1. INTRODUCTION 

The magnetic poloidal divertors are shown to have 

capabilities such as impurity réduction!1,2,3], ash removal[4] and 

heat removal by radiative cooling[2,3,5,6,7,8] . The dense and 

cold divertor plasmat3,9,10,11,12] is envisaged to protect the 

divertor plate from unacceptably high erosion. 

* Toshiba Corporation, Japan. 
** Mitsubishi Atomic Power Industries Inc., Japan. 

*** Hitachi Ltd., Japan. 
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The discovery of H-mode in ASDEX[13] further motivated the 
investigation of the divertor plasma. In D-III, high temperature 
and high density plasma of Te ~ T¿ ~ 5 keV and ne ~ 6-7 x 10

13cm"3 

has been demonstrated[14]. This paper deals with radiative 
cooling and edge plasma characteristics of the beam heated 
divertor discharges. 

One possible mechanism of the H-mode was proposed by Ohkawa 
[15] and Hinton[16]. They theorized that the particle trapping by 
the magnetic mirror creates electrostatic potentials along the 
field line in the scrape-off layer, which reduce the heat flux 
along the field line and maintain large temperature difference 
between the main plasma and the divertor plasma. In addition, the 
experiments in UCLA tokamak indicated that radial electric field 
has a strong influence on the particle confinement[17]. On these 
viewpoints that the electric field at the plasma edge might be 
important in the overall confinement characteristics, the 
measurement of electrostatic potential has been attempted by using 
a movable probe in the divertor region. In spite of the 
perturbations the probe has made to the main plasma and the 
divertor plasma, some results have been obtained which suggest 
change of electrostatic potential between good heating modes and 
poor heating modes. 

2. IMPURITY REDUCTION 

The central radiative power density is shown in Fig. 1 as a 
function of the ion saturation current of a Langmuir probe near 
the upper separatrix on the divertor plate. The ion saturation 
current measured at the divertor plate is proportional to the 
particle recycling flux at the divertor plate. The ion saturation 
current at the divertor plate increased as a consequence of 
enhauced gas-puffing. All these data were taken from good 
confinement discharges. As will be shown in chapter 4, the 
electron temperature decreased with increasing ion saturation 
current. Therefore, Fig. 1 shows that impurities were decreased by 
the combination of 1) a reduction of ion-sputtering due to 
reduction of the electron temperature at the divertor plate, and 
2) an increase of the particle shielding efficiency due to the 
increase of the divertor density. 

3. RADIATIVE COOLING 

The total radiative power in the main plasma and the remote 
radiative cooling power( radiative cooling in the divertor ) were 
plotted as a function of main electron deusity in Fig. 2. The 
remote radiative cooling power increased as the main electron 
density was increased, whereas the radiation loss in the main 
plasma remained constant all through the deusity range 
investigated. In the high-density good-heating mode discharges, 



IAEA-CN-44/A-V-1 283 

0.7 

0.6 

0.5 -

0.4 

2 0-3 
o < 
ce 

°- 0.2 

0.1 

By = 23kG 

lp =790kA 
P|N=7.5MW 

ïïe =5.8-6.9 
x10l3cm-3 

0 0.1 0.2 0.3 0.4 0.5 0.6 

t,(A) 

FIG. I. Central radiation power decreasing strongly with increase of particle recycling at 
the edge. 

5 6 

ñe (1013 cm-3) 

FIG.2. Radiation power in diver tor PDIV and radiation power in main plasma PMAIN as 

function of electron density of main plasma. 



284 SHIMADA et al. 

4 0 

30 

20 

10 

-

• • \ 

• 

o 

o 

• • 

• 
• 

* \ \ 

* \ * \ 

\ * \ * 
\ t \ A • 

V * \ 
\ * \ \ \ » *\ \ 

\ A \ 
Y \ A 

x -2 MW \ 
o OH ^ 

• PNBI = 2.0 MW 

* = 5.0 MW 

» = 5.8 MW. 

• = 6.7 MW 

• = 7.5 MW 

i i i 

• 

• 

• 
• 

V 7 M W 

• 

-5MW 

A 

1 

5 6 7 

ñe [lO,3<ní3] 

FIG.3 (a) Electron temperature at 
upper separatrix as function of 
electron density of main plasma 
and absorbed power. 

FIG.3(b). Ion saturation current 
at upper separatrix as function of 
electron density of main plasma 
and absorbed power. 

300 

1 200 

—4 

100 

' 

-

• 
**So 

o 

• 
• • • 

OH 

PNB 

• 
• 

• • 

• 

• • 

Il 
II 

il 

= 

• 

2.0 MW 

5.0 MW 

5.8 MW 

6.7 MW 

7.5 MW 

A 

A • 
A 

• 

A 

• • 

• 

• • / A 

A / 

f m 

• 
A 

5 6 7 

ñe [ lO 'W] 



IAEA-CN-44/A-V-1 285 

FIG.4. Single-null H-mode divertor configuration and position of Langmuir probe. 

the remote radiative cooling power and the radiative power in the 
main plasma were about equal ( P¿iv=l.l MW and Pmain

=l«0 MW with 
total absorbed power of 4.5 MW ). Furthermore, the trend in high 
density regime suggests that the remote radiative cooling power 
can be further increased for higher main electron density. 

4. DENSE AND COLD DIVERTOR [ 18] 

The electron temperature uear the upper separatrix is plotted 
as a function of the electron density of the main plasma and beam 
power( Fig.3(a) ). This figure shows that the electron 
temperature decreased from 25 eV to 8 eV as the electron density 
of the main plasma increased ( 5 MW ). The electron temperature 
became higher with higher beam power, but the value is expected to 
be lowered significantly by the higher density operation. The ion 
saturation current increased non-linearly with main plasma 
deusity( Fig. 3(b) ). No large change was observed in the ion 
saturation current for the higher beam power. The highest 
electron density near the upper separatrix was 3 x 10l4 cm~"3 with 
an absorbed power of 4.5 MW. 

5. FLOATING POTENTIAL MEASUREMENTS 

A movable probe was used for the measurement of the floating 
potential, electron temperature and ion saturation current (Fig.4) 
The experiments were done with following parameters: B^=24 kG, 
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FIG. 5. Floating potential measured at midplane within 4 cm from separatrix surface against 
line-averaged electron density of main plasma. 

I-^óOO kA, neutral beam injection power of 2 MW and both beam 
and plasma species were deuterium. 

Some changes in the plasma characteristics have been 
observed duriug the radial scan of the Langmuir probe. 
Perturbations were seen in diamaguetic signal, radiation power, 
ion saturtiou current observed on the divertor plates, H a line 
intensities near the raidplane Langrauir probe, and away from the 
Laugmuir probe. Perturbations were very modest in the low density 
poor heating mode, strong in the good heating mode, very strong in 
the high-deusity poor heating mode. Perturbations became stronger 
and stronger as the probe tip was inserted deeper. The stored 
energy (diamagnetic signal) showed 20% degradation of confinement 
when the probe was at the position of Fig.5. The radiation power 
increased from 40% to 70% (low density poor heating mode) and 50% 
to 80% (good heating mode) and from 70% to 100% high deusity poor 
heating mode) of the input power. The perturbations in H a signal 
along the chord looking at the upper separatrix and neutral 
pressure in the divertor weremodest. In addition, a large 
particle flux (2xl0-*-9 cm~^/sec) was observed at the midplane probe 
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FIG. 6. Single-null H-mode divertor configuration with small mirror ratio (^1.2). 

tip. A simple model suggests that the particle flux must be 
detected on the divertor plate because the particle flux blocked 
by the probe rod is less than 10% of the total particle flux from 
the main plasma. Furthermore, the Ha signal looking at the 
Laugmuir probe rod was only a factor of two larger than the 
pre-insertion value. If most of the particle flux was blocked by 
the probe rod, the Ha signal near the probe rod would be orders of 
magnitude larger than the pre-insertion value. Contrary to these 
simple arguments, there is some indication that the disturbance 
may be larger than expected. The ion saturation current measured 
on the divertor plate ( both on the upper separatrix and lower 
separatrix ) decreased by one or two orders of magnitude by the 
probe insertion. This suggests a possibility that the patterns of 
particle recycling might be significantly changed from the usual 
H/L mode discharges. 

Fig. 5 shows the electron density dependence of the floating 
potential measured at the raidplane within 4 cm to the separatrix 
surface. In the low density case, the floating potential was 
positive and energy confinement was poor. The floating potential 
changed from + 50 V to -30 V at 4 x 1013cm~3. Simultaneously, the 
main discharge turned from poor heatiug mode to good heating mode. 
The change in diamagnetic signal was a factor of two larger in the 
good heating mode than in the poor heating mode. For the higher 
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electron density, the particle recycling at the main plasma 
periphery increased and the energy confinement deteriorated, 
whereas the floating potential did not change. 

To summarize, though complicated by the perturbations made 
by the probe to the main and divertor plasmas, we have obtained 
results which suggest that there are cases in which the 
electrostatic potential at the edge changes substantially between 
good-heating modes aud poor-heating modes. 

6. OUTSIDE DIVERTOR CONFIGURATION [19] 

In Ohkawa-Hinton theory of the H-raode, the magnetic mirror 
is essential iu developing the electric field aloug the field lin< 
and this electric field is considered to reduce the heat flux 
aloug the field line and sustain large electron temperature gap 
between the main plasma edge aud the divertor plasma. 

Iu the H-mode, single-null divertor configuration, the 
mirror ratio is ~ 1.8 ( the ratio of the major radius of main 
plasma outer edge to the major radius of the divertor plate on th< 
inside wall ). Recent experiments with a divertor configuration 
which has a single-null on the outside wall (Fig. 6) demonstrated 
that this configuration with a small mirror ratio of 1.24 ( ratio 
of the major radius of main plasma outer edge to the major radius 
of the null point ) is also capable of maintaining good 
confinement. This result suggests that the magnetic mirror 
trapping might not be important in H-mode physics. 

7. CONCLUSIONS 

Following experimental results were obtained in siugle-uull 
H-mode divertor configuration in D-III. The divertor of D-III has 
no divertor chamber, no divertor throat and divertor coils are 
located outside the vacuum chamber. 

1) The central radiation loss was reduced to a low value by strong 
gas puffing. Strong gas puffing resulted in smaller impurity 
production and more efficient suppression of backflow of 
impurities from the divertor. 

2) The remote radiative cooling ( radiative cooling of the 
divertor plasma ) iticreased with electron density of the main 
plasma. The radiative power of the main plasma was constant for 
the whole electron density range investigated. The remote 
radiative cooling power iu high density divertor discharges was 242 
of the total absorbed power( 4.5 MW ). 

3) The electron temperature at the divertor plate became lower 
with high electron densities iu the main plasma. An electron 
temperature of 8 eV was observed with an absorbed power of 4.5 MW, 
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which suggests that uuacceptably high erosion of the divertor 
plate can be avoided by operating the divertor at high densities. 

4) The ion saturation current increased with main electrou 
density. An electron density of 3 x cm~3 was observed with an 
absorbed power of 4.5 MW. This suggests that the pumping 
requirements of fusion reactors can be relaxed in high density 
divertor operation. 

5) Though complicated by the perturbations made to the main and 
divertor plasmas by the probe insertion, the measurements of the 
electrostatic potential in the divertor plasma suggest that there 
is a possibility of a significant difference in the electrostatic 
potential between good-heating modes and poor-heating modes. 

6) Experiments of divertor configuration with a small mirror ratio 
suggest that the magnetic mirror might not be important in H-raode 
physics. 
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DISCUSSION 

R.J. HAWRYLUK: Previous presentations have shown that the confinement 
time becomes degraded in the H-mode when a strong gas puff is applied. In your 
experiment on control of the central power radiated with a strong gas puff, did 
the confinement time become degraded? 

M. SHIMADA: It is also true with Doublet III that excessive gas puffing 
results in deterioration of confinement. However, the data in the figure showing 
the radiation power were taken from H-mode shots and show that the cool and dense 
radiative divertor is compatible with the H-mode. 
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Abstract 

IMPURITY STUDIES AND TRANSPORT CODE MODELLING OF JET PLASMAS. 
Impurities in JET are studied by visible and VUV spectroscopy, and from bolometer 

and soft X-ray signals. The measurements provide information on impurity influxes and 
densities in the plasma. These showed that light impurities could be controlled well initially, 
but were subsequently increasing. A relatively high level of metal impurities (~0.2%) is 
mainly responsible for high radiative power losses (~70% P n ). A wall material deposit on 
the graphite limiters is the primary cause of metal contamination. Molybdenum was present 
on the carbon surfaces as a result of the manufacturing process. Chlorine is an abundant 
impurity, probably introduced when washing the torus. Extensive transport code calculations 
have provided acceptably consistent models for present JET plasmas, taking account of 
transport, radiation and q < 1 activity. With the high levels of impurities present, it has been 
necessary to reduce the magnitude of several of the commonly used transport coefficients. 
In addition, the relation between the global confinement time and the assumed local transport 
coefficients was destroyed by both the q < 1 activity and impurity radiation. Control of 
metallic impurities should lead to improved performance. 

1. DIAGNOSTICS FOR IMPURITY STUDIES 

Spectroscopic instrumentation was limited to the visible and 
UV spectrum during July-December 1983. Quartz fibres 
coupled the plasma light to filter boxes for H and 
continuum measurements. The H intensity was used for 
deriving the hydrogen particle confinement time and for 
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recycling studies. The continuum at 523.5nm, checked for 
absence of line radiation, serves as a routine monitor of 
Z _ . Optical fibres are simple and convenient in use and 
will operate during the active phase of JET, but restrict 
observation to wavelengths above 350nm. Eight vertical and 4 
horizontal channels are installed: the latter view carbon or 
nickel limiters. These fibres also transmit light to three 
spectrometers, one equipped with a linear detector array 
(OMA); and the others provide photographic spectra or 
monitor selected impurity lines in the visible (OIV, CTII, 
NiXII). To extend the wavelength range into the UV, another 
spectrometer mounted close to the torus views a carbon 
limiter. It was used to study carbon and oxygen influxes, 
as well as metals (CrI, Nil, Mol) deposited on the carbon 
during operation. Recently, a VUV survey spectrometer 
(10-170 nm) was added, and the first spatial scan instrument 
is planned for late 1984. 

Eight single bolometers mounted round the torus have 
checked toroidal symmetry (no significant asymmetries were 
observed in OH discharges). The total radiative power 
losses and their radial profiles are obtained from 14-
channel vertical and 20-channel horizontal bolometer 
cameras. The bolometers provide information on the plasma 
size and ellipticity. 

Four soft X-ray diodes, screened by different beryllium 
filters, measure high-energy radiation, which reflect the 
plasma MHD behaviour (particularly sawtooth activity). A 
provisional pulse-height analysis system provides informa
tion on the X-ray spectrum and the metal K lines. 

2. ANALYSIS METHODS 

Until recently, only visible and UV lines (ie. low 
ionisation impurity stages) could be observed. These 
provide information on the local influxes of the respective 
elements. Basically, a similar analysis has been carried 
out to that for deriving the hydrogen flux from the H 
intensity. However, certain atomic physics problems 
(unknown excitation rate coefficients, population of 
metastable levels, etc.) are encountered. Furthermore, when 
analysing lines of ionised species, corrections for particle 
losses up to this stage must be made. From local impurity 
influxes and the (recycling) hydrogen flux, the release 
rates of respective impurities have been calculated. 

The total influx is obtained by adding limiter and wall 
contributions. As a rule, the limiters are the more import
ant source of both hydrogen and impurity influxes, with the 
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FIG.L Part of a JET VUV spectrum recorded by the survey spectrometer. 

possible exception of strongly elongated plasmas, where the 
plasma-wall interaction at the top and bottom of the vessel 
is strongly enhanced. 

Assessing the plasma impurity content from visible 
spectroscopy is much more difficult. The influx rates have 
served as a relative measure for obtaining e.g. the ratio of 
different metals or of oxygen and carbon. Code calculations 
have been performed and normalised to the intensities of 
available lines (CIII, OIV, NiXII). Considering that the 
respective ionisation stages will be at the plasma edge or 
even in the scrape-off layer, the results have large 
uncertainties. The bolometer profiles have been most 
helpful in determining metal content of the plasma. 
The soft X-ray enhancement factor and the Z measurement 
have been used as a global indication of impurity content. 

When the VUV spectrometer became available, metal lines, 
emitted in the plasma centre, could be observed directly 
(Fig.l). For lighter elements radiating only at the 
boundary, lower ionisation stages of nickel and chlorine 
have been used for measuring a ratio of densities (e.g. by 
comparing NiXVIII with C1XV, or C1VII with OV). These links 
are only reliable if the transport of the different 
impurities is the same. There is no sign of accumulation in 
JET. 
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3 . RESULTS 

The first operation in June/July 1983 produced only low 
temperature (VjOeV), high loop voltage (^14V), radiation-
dominated discharges without sawtooth activity. Following 
more intensive cleaning since October 1983, JET has operated 
as a typical tokamak, with low loop voltage (^1V), high 
central electron temperatures (1.5-3keV) and early sawtooth 
activity. However, the impurity analysis has been 
complicated by the changing diagnostic capability, the 
varying state of cleanliness of the vacuum vessel and the 
differing modes of tokamak operation. In particular, the 
change from near-circular to elongated discharges 
has resulted in stronger interactions with the wall. The 
principal impurities are identified from the emission lines 
to be carbon, oxygen, chlorine, chromium, nickel and 
molybdenum. Chlorine is believed to come from the detergent 
used to wash the torus after a vacuum opening. Molybdenum 
was deposited on the limiter surface during the 
manufacturing process. The main flux of impurities comes 
from the surface of the limiter, as does the hydrogen. The 
impurity production rates at the limiter are approximately 
2%, 10% and 2% of the hydrogen flux for metals, carbon and 
oxygen, respectively. From the intensities, the ratios of 
influx rates for the metals Ni:Cr:Mo are 7:1:1. The nickel 
and chromium are essentially wall material deposited on the 
limiters during glow discharge cleaning and disruptive 
discharges. 

The bolometers show that typically 70-100% of the input 
power is radiated (Fig.2), almost independently of electron 
density and with approximately constant radiated power 
density in the plasma. With the known plasma temperatures, 
only the metals can be responsible for this radiation in the 
plasma bulk. Estimates of the metal content, taking as 
representative the coronal radiating efficiency of nickel, 
yield values of 0.1-0.3%n (n cy 2xl019m 3 ) . These were 

e e 
much the same during all the operating periods. Higher metal 
levels are found when light impurities are reduced and vice 
versa. 

The chlorine, carbon and oxygen levels have been more 
variable, from a low point of 0.5% oxygen and carbon 
(Z =3-4) in October 1983, to 2% oxygen and carbon and 0.5% 
chlorine (obtained from the VUV survey instrument) in May 
1984. This latter combination gives Z f_ ^5.5 with about 
equal contributions from chlorine, nickel and oxygen. 

Generally, impurity levels increase with input power and 
decrease strongly with density. Fig.3 shows Z ' as a 
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PW(MW) 

FIG.2. Radiated power as a function of Ohmic input power for different values of BT 

(e is the plasma elongation). 

function of n ,illustrating both the density dependence and 
the variation with the various campaigns on the machine. 
For the same conditions, Z .. is consistently higher in 1984 
than in 1983. The electron temperatures show the same trend 
maintaining a more or less constant loop voltage (0.8-1.2V) 
for the whole data set. 

4. SIMULATING JET PLASMAS 

Many expressions for anomalous electron thermal 
conductivity, x » have been proposed to reproduce and 
predict tokamak results. Several have been considered 
(Table I) to simulate the JET Ohmic results and provide a 
basis for future«computations. They are the so-called 
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FIG.3. Zeff versus electron density for several experimental periods (e is the plasma elongation). 

Alcator-INTOR, Neo-Alcator, T-ll, Coppi-Mazzucato-Gruber and 
Mercier coefficients [1-5]. 

Other features of the transport models relevant for the 
present study are: 

- neoclassical ion thermal conductivity x. (enhanced by 
a factor 1-5); 

- anomalous particle fluxes (both diffusive and 
convective) for hydrogen and impurities; 

- coronal equilibrium impurity radiation; 
- Spitzer resistivity, with or without trapped particle 

correction; 
- simulation of the q < 1 activity; either increasing 

the transport in this region, or modelling the 
sawtooth activity as first proposed in [6]. 

To assess the performance of transport models, a reference 
"average" JET discharge has been considered, characterised 
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TABLE I. EXPRESSIONS FOR ANOMALOUS ELECTRON THERMAL 
CONDUCTIVITY, xe 

n 

(xl019m~3) 

Experiment 1.8: 

XeAI 2x1o19 

2.5 n e 

XeNA 2.6xlO20e 
1.7 n R e 

XeTll 1021T V 7 * 
3 neqft 

XeCMG = -2l^CBC 

e 4 e 

Y w 1.46x1o1,9!0'8 
e M = nqT *'» 

n e 
*XeAI 2.5xl019 

2 n 
e 

*XeNA 3.1xlO20e 
1.4 n R 

e 
*XeTll 9xlO20T V 7 , 

3.3 n qR C 
e^ 

*X n _ .284x1016Be 
e C M G n °,8qT 

e n e 
*y „ 1.46xl019T°'8 

e M = nqT a/i» 
^ e 

tio% 

1.8 

1.7 

1.8 

1.8 

1.8 

1.8 

1.8 

* 1.8 

1.8 

1.8 

T 
e 

(keV) 

2.3±20% 

1.9 

2.6 

2.5 

2.5 

2.4 

2.4 

2.6 

2.6 

2.6 

2.8 

T 
e 

(keV) 

.75+20% 

.74 

.74 

.77 

.70 

.70 

.88 

.82 

.89 

.83 

.89 

TE 

(s) 

.30+30% 

.29 

.30 

.32 

.28 

.29 

.30 

.28 

.31 

.30 

.31 

pn 

(MW) 

2.2+10% 

2.1 

2.0 

1.9 

2.0 

2.0 

2.5 

2.6 

2.5 

2.4 

2.4 

p 
RAD 

(MW) 

1.8+10% 

1.7 

1.8 

1.8 

1.8 

1.6 

1.9 

1.8 

2.3 

1.8 

1.9 

z « erf 

5.5+30% 

5.3 

5.5 

5.5 

5.5 

5.5 

4.2 

4.1 

4.5 

4.1 

4.5 

* With trapped particle corrections to resistivity. 
Units are those used in the text, with e the local inverse aspect ratio. 

by the following parameters: average minor radius 
a = /ab=1.4m, major radius R=3m, plasma current 1=2.3MA, 
toroidal field B =2.5T. Appropriate experimental values 
(Table I) are used, together with profiles of temperature 
and radiated power, as constraints on the computational 
results. 

It is assumed that the variety of impurities observed in JET 
can be represented by one metal impurity, nickel, and one 
light impurity, oxygen. Nickel gives the main contribution 
to the radiated power, whereas oxygen contributes more to 
Z . This picture is questionable, mainly because chlorine 
plays an important role in the discharges, and chlorine 
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contributes both to radiation and Z . r . However, the 
erf 

general results presented depend more on the values of Z 
and on the radiated power losses than on the actual blent of 
impurities. Advantage has been taken of the long current 
flat tops available in JET by comparing results in the 
steady state. 

5. SENSITIVITY OF ANOMALOUS x AND TRAPPED PARTICLE 
CORRECTION TO n e 

The results of computations are summarised in Table I. When 
metallic impurity radiation is taken into account, it has 
not been possible to reproduce the experimental results with 
unmodified absolute values for X AT» X « A and x T1 • The 
temperature is too low, the Ohmic input power is too high 
and, as a consequence, the energy confinement time is 
underestimated by at least 50%. The experimental results 
are recovered by reducing XeAJ> XeNA» X e T U by factors of 
about 2.5, 1.5 and 3, respectively. However, no 
modification of x r M r ox x M was required. 
Neoclassical corrections to Spitzer resistivity play an 
important role. For each choice of x » Z ,f at the lower 
end of the experimental error range is needed for acceptably 
low average temperatures and Ohmic input power (Table I). A 
higher nickel concentration (closer to that observed) can be 
tolerated with trapped particle corrections. Notice 
however, that the estimates of impurity concentrations are 
rather uncertain. 

6. EFFECTS ON x ASSOCIATED WITH q£ 1 REGION AND IMPURITIES 

With all models, the effects of q < 1 activity is to limit 
the central temperature, and to couple more strongly the 
central region with the edge, thereby decreasing T and 
introducing a q dependence different from that found in x 
(Fig.4). e 

Impurities can change the dependence of T on size, as 
illustrated for x AT in Fig.5. For a pure plasma, 
T oC â2 but when impurity radiation is taken into account, 
T oCa 0* 5. To recover the orginal scaling, it is necessary 
to modify substantially the impurity content (n^.oCâ ** is 
illustrated). 

Computations of the time evolution of discharges indicate 
that reducing the light impurities, and hence Z ff, without 
reducing the metal concentration, causes difficulties in 
overcoming radiation at low temperatures and in producing 
peaked current density profiles. On the other hand, 
reducing the metal concentration appears to be beneficial, 
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even keeping the same level of light impurities. The 
radiated power can be reduced to about 20% of the Ohmic 
input, and T increases, by more than 50% in the case of x M» 
XeTll a n d XeNA« 

7. CONCLUSIONS AND FUTURE PLANS 

Initially, JET appeared to control light impurities well, by 
baking and glow discharges. However, they have increasingly 
become a problem. Metallic impurities (Ni, Cr and Mo) are 
mainly responsible for high radiation power losses (70-100% 
P~) . Fortunately, the local radiation on axis is much lower 
than the local Ohmic input (10-30%), so that energy 
confinement times would be derived with reasonable 
significance. Metal deposition on the carbon limiters is 
the main cause of metals in the plasma. Oxidation of these 
metals when opening up the machine may also be responsible 
for the oxygen increase. Chlorine is an abundant impurity, 
probably introduced by washing the torus. 

Transport code simulations emphasise the effects of high 
levels of impurity concentrations. In particular, transport 
coefficients such as X 

^eAI' 
XeNA' XeTll Predict a l o w e r T

E 



300 BEHRINGER et al. 

(by more than 50%) than measured in present discharges, 
unless reduced values are used. Scaling laws of the global 
energy confinement time cannot easily be interpreted in 
terms of x • Only very preliminary conclusions are possible 
on the functional dependence of x and on the trapped 
particle correction in the resistivity. 

Indications are that there can be a favourable dependence of 
X on T in present Ohmic plasmas and that the trapped 
particle correction to the resistivity should be reduced or 
suppressed. 

To improve plasma performance, it is most important to 
control metal concentrations. To reduce the impurity 
levels, the following experimental measures will be tried: 
pulse-discharge cleaning; glow discharges in methane; neon 
puffing and mechanical cleaning of the limiter surfaces 
during the next shut-down period. Possibly, the electron 
density might be increased in a modified start-up scenario, 
which would keep the impurity levels low throughout the 
pulse. 
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DISCUSSION 

G. FUSSMANN: Might not the impurity problems in JET be partly the 
result of low screening efficiency of the boundary layer, and have the plasma 
edge parameters been measured to assess this problem? 

K.H. BEHRINGER: The plasma edge density has not yet been measured in 
JET, but it is probably low. The screening efficiency is also low, as can be deduced 
from the long hydrogen particle confinement time. Lower values of Te and higher 
ne may be found in the very high density pulses showing poloidal asymmetries. 
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R.J. GOLDSTON : I am curious about your results showing a modification 
of size scaling due to impurity radiation, which must be dependent on your models 
for impurity generation, screening and confinement. Could you or one of your 
colleagues comment on how impurity radiation varies with plasma size in your 
model? 

M.L. WATKINS: We have demonstrated that, with a particular numerical 
transport model for an impure JET plasma, shortening of the minor radius — 
while keeping q, ïï~e, ïïz, the transport mode, etc., constant — leads to a decrease 
in the radiated power relative to the Ohmic input power. This compensates the 
worse transport properties of the smaller plasmas, with the result that the global 
energy confinement time becomes independent of size. Recovery of a strong 
size dependence requires an increase in impurity concentration (e.g. n z ~ a - 4 ) 
in order to increase the radiated power loss. In real smaller plasmas, greater limiter 
interaction is likely to lead to such an increase in the impurity concentration. The 
details of the production, transport and radiation properties of these impurities 
will then determine the size scaling of the energy confinement time. 

R.J. TAYLOR: I do not think that the JET impurity content is characteristic 
either of small or of large tokamaks. Is not Zeff high at the beginning of the 
discharge as well as at the flat-top? At what point in the discharge does Zeff 

begin to depart from unity? 
K.H. BEHRINGER: In JET, the impurities are not produced during break

down. We know that chlorine, for example, only comes in after about one 
second. Zeff more or less follows the current, i.e. starts out at a relatively low 
value (%2) and increases up to the flat-top, during which it remains constant. The 
same behaviour is seen with the impurity influxes from the limiters. 
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Abstract 

NEUTRAL-BEAM HEATING IN TFTR - PROJECTIONS AND INITIAL RESULTS. 
The first neutral-beam line of TFTR has recently been commissioned. The TFTR neutral-

beam heating system, its present performance and ultimate operating parameters are briefly 
described. To investigate future modes of operation of TFTR, extensive plasma modelling 
studies using the BALDUR 1-D transport modelling code have been performed. The results of 
these studies are presented in the light of recently formulated scaling laws and j3-limits. In the 
last few weeks, the first low-power neutral-beam injection experiments on TFTR have begun 
(Pjnj < 1.5 MW); the initial results are reported here. 

1 . TFTR NEUTRAL BEAM SYSTEMS 

The TFTR device was designed to achieve reactor-like plasma 
conditions using auxiliary heating at power levels far above Ohmic 
heating. For this purpose, a 120-keV, 25-30 MW neutral beam 
system was chosen, backed up by adiabatic compression to multiply 
the effective heating power. 

The neutral beam system design is due primarily to the 
efforts of the Lawrence Livermore National Laboratory (LLNL) and 
Lawrence Berkeley Laboratory (LBL). The latter laboratory also 
had responsibility for fabrication and testing of the prototype 
ion sources. The basic system parameters are shown in Table.I. 

The TFTR neutral beam heating system will consist of four 
beamlines, each with three ion sources. Each ion source has its 
own independent power supply system, consisting of a filament 
supply, an arc supply (including an arc modulator for notching the 
arc current to facilitate turn-on of the accelerating voltage and 
for crowbar functions), a decel supply, and an accel supply that 
uses a tetrode for the high voltage series switch and for voltage 
regulation. The power system was designed for 5 sec pulse 
capability at 0.033 duty cycle. 

Each beamline consists of a rectangular box 3 m wide, 4 m 
high, and 5 m long, with approximately 30 m of cryo-pumping 
surface. The measured pumping speed for hydrogen is 2.5 ML/sec. 
This is backed up by a conventional turbo-molecular-pump, Roots 
blower and mechanical pump. 

The beamline systems were designed for either tangential or 
perpendicular orientation to optimize heating of both the large 
TFTR plasma (R = 2.5 m, a = 0.85 m) and the precompression plasma 
(R = 3.1 m, a = 0.55 m). Experience with high-powered neutral-
beam heating in PLT and PDX guided the decision to start with the 
tangential injection geometry. The injectors are arranged in a 
one-counter, three-co configuration, which produces only one half 
as much net momentum input as the all-co arrangement, while 
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TABLE I. TFTR NEUTRAL BEAM SYSTEMS 

V o l t s 

C u r r e n t 

P u l s e L e n g t h 

Gas Flow 

D i v e r g e n c e ( 1 / e ) 

P e r p e n d i c u l a r 
t o s l o t s 

P a r a l l e l t o s l o t s 

%D+/%D2/%D3 

Power Through Duct 
P e r S o u r c e 

A l l N e u t r a l s 
120 keV D° 

F i e l d - F r e e * Source 

120 kV 

65 A 

0.9 sec 

22 T¿/sec 

0.92°±0.05° 

0.42°±0.05° 

60/30/10 

3.1±0.3 MW 
1.5±0.2 MW 

Hybrid 
Source 

120 kV 

67 A 

0.5 sec 

22 T¿/sec 

0.95°±0.05 

0.35°±0.05° 

80/15/5 

2.4±0.3 MW 
1.9±0.4 MW 

Long-Pulse 
Source* 

120 kV 

70 Aa 

2.0 sec 

12 T ¿ / s e c b 

0 .95°±0 .05 o b 

0 .35±0 .05 o b 

83 /12 /5 b 

See Ref. 11 
!See Ref. 12 
iBased on size increase to 12 cm by 43 
"'From measurements on present 10 cm by 
D° at 80 keV 

cm extraction aperture. 
39 cm source aperture with 

reducing the risk of impurity contamination associated with 
counter-injection. 

At present two beamlines are installed on TFTR in the co 
positions, but only one is outfitted with operational ion 
sources. Present operating levels have been < 55 kV with total 
power up to ~ 1.5 MW. At an operating voltage of 80 kV, with H 
beams and field-free sources, we will be able to inject ~ 1.2 MW 
of neutrals at all energies per ion source. A major vacuum 
opening to install the next two beamlines, and a system upgrade to 
120 keV will begin in January 1985. In the summer of 1986, we 
plan to install longer-pulse sources (2 sec) with improved species 
mix, recently developed by LBL (Table I). 
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2. TRANSPORT SIMULATIONS OF FUTURE TFTR OPERATIONS 
2.1. Methodology 

We have recently conducted a study of the anticipated 
performance of TFTR with full power D-T operation in the baseline 
configuration, and with various upgrades. The BALDUR 1-D tokamak 
transport code was used to assess the effect on Q of variations in 
energy and particle confinement, variations in the density profile 
shape and the line average density, and upgrades to 1 ) raise the 
plasma current, 2) lengthen the neutral beam pulse and improve the 
species mix, and 3) shorten the time needed to compress high f$ 
plasmas. In addition to well-known uncertainties about transport 
diffusivities, the results of these transport simulations' are 
affected by simplifications incorporated in the numerical models 
of various processes. The most important of these in the present 
context is the neglect of energy diffusion in the fast-ion model, 
which leads to an underestimate of the beam-target fusion reaction 
rate: a plasma for which the code finds Q ~ 0.85 may in fact 
"really" have Q ~ 1.0. All code results reported here are 
therefore slightly low. (Qss ^

s defined to be the equivalent 
steady state Q, for the achieved plasma parameters, with the beam-
heating power adjusted to maintain the plasma in thermal 
equilibrium. ) The relevance of attaining Q ~ 1 to the study of 
thermonuclear plasmas is demonstrated by recognizing that in the 
hot central core of an equilibrium plasma at Q ~ 1 the alpha 
heating power can constitute a significant increase (~ 40%) over 
the input beam heating. 

In simulating TFTR plasmas, we have proceeded by using 
experimentally validated scaling laws for the global energy 
confinement time in neutral beam heated tokamaks [1,2,3]. While 
these scaling laws represent the existing data base reasonably 
well, there are obvious uncertainties in extrapolating to values 
of beam power, plasma size, and plasma current outside the range 
of the data base. Choosing xE

 Œ (1 + a Pi..)- » for example, 
instead of T E «

 pK~a» leads to very different extrapolations. We 
have adopted 

T = 0.037 I P ~ 1 / 2 R1,75 a~°*37(sec; MA, MW, m, m) (1) 
L p b 

as the anticipated L-mode energy confinement time [2]. If a 
regime of high confinement analogous to the H-mode, P-mode, Z-
mode, or scoop-mode is attained, it will by definition have 
significantly better confinement; so we take as an alternate model 

*H ' 2 H < 2 > 
In addition to confinement, another factor which may 

strongly affect the plasma performance is the stability boundary 
for allowable toroidal beta. The experimentally observed boundary 
[4,5] is apparently roughly consistent with theoretical 
calculations in the absence of a stabilizing shell. The 
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FIG. 1. Steady-state Q versus energy confinement time for different radial profile shapes of 
electron thermal diffusivity. 

underlying causes of the observed beta boundary are not fully 
understood, but there is a growing body of evidence in favor of 
the scaling 

I = 3.5 (I /(Ba) (%; MA, T, m) 
max p T 

(3) 

2.2. Large Plasma 

The relative insensitivity of Q at fixed x E to the profile 
shape of Xe^r^ *s illustrated in Fig. 1, where Qsg is shown as a 
function of xE for three xe^

r^ profile shapes, with the large 
plasma configuration (see Table II). The striking directness of 
the relation between Qsg and x E justifies our approach of 
extrapolating machine performance predictions on the basis of T E 

scalings, which are significantly constrained by available data, 
rather than on the basis of proposed Xe^r^ scalings, which are 
less well constrained. 

According to Eqs. (1 ) and (2) the expected energy 
confinement times for the large, 2.5 MA TFTR plasma are: 

xL = 93 msec 
TH = 186 msec 

(Qss = 0.25) 
(Qss = 0.5) 

If the energy confinement time were substantially higher than 
these values# the achievable Q would still be limited to 1.0 if 
the toroidal beta is limited by 3 m a x - 2.0%, as given by Eq. (3). 
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FIG.2. Steady-state Q versus energy confinement time for anticipated operation of 0.5 s hybrid 
sources, and for anticipated operation of 2 s high species mix sources. 

The prospects for higher Q can be improved by raising the 
plasma current, since both T E and $ m a x are proportional to I . 
Upgrading the OH system may make it possible raise I to over 3 HA 
and subsequently adding lower hybrid current drive may raise the 
c a p a b i l i t y to 4 MA. 
would be: 

TT = 150 msec 
TH = 300 msec 

f W - 3-2% 

At t h i s l eve 

( Q s s - 0 .4 ) 
(Q s g = 0 .7 ) 

(Qss - 1 - 5 ) 

Even if the energy confinement were sufficient to produce 
Q ~ 1 the neutral beam pulse length of 0.5 sec would seriously 
limit the ability to study the physics of burning plasmas; Q 
would approach 1 only at the end of the heating pulse, and since 
the alpha-particle thermalization time would exceed 0.5 sec, the 
plasma would be far from equilibrium. To improve the scientific 
usefulness of TFTR in the study of thermonuclear plasmas, the 
neutral beams will bè upgraded to permit 2 sec heating pulses in 
1986. In addition, to the slightly higher power and better species 



IAEA-CN-44/A-V-3 309 

1.6 

1.4 

1.2 

1.0 

Sí 0.8 
o 

0.6 

0.4 

0.2 

"0 100 200 300 400 500 
TE(ms) 

FIG. 3. Steady-state Q versus energy confinement time for nearly flat tritium density profile 
and for approximately triangular profile. 

mix of the long-pulse beams, the longer heating pulse also raises 
the achievable Qgg at fixed T E by allowing the plasma sufficient 
time to come to equilibrium with the heating power (Pig. 2), 

Optimization of the plasma density profile before neutral 
injection has a large effect (Fig. 3). By peaking the density 
profile the neutral beam penetration is improved, and the 
quadratic density dependence of the thermal fusion power produces 
a large increase in Q at either a fixed T E or 0. Higher plasma 
density with a flat profile, by contrast, reduces central heating 
and temperature. A planned pellet injection system will enhance 
our ability to control the density profile, as well as improving 
fuelling efficiency. Pellet injection will also permit studies of 
the role of edge recycling in gross energy confinement, and 
perhaps provide access to regimes of enhanced confinement. 

2.3. Compression 

We have related Q and the precompression T E for the 
standard compression configuration (I = 0.6 •> 1.0 MA). 

T i i r 

Xe(r) = C/ne(r) 

J I I L 
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TABLE II. TFTR PLASMA CONFIGURATIONS 

Large Standard High-Current 
Plasma Compression Compression 

Ip(MA) 

R0(m) 

a(m) 

BT(T) 

2 . 5 

2 . 4 7 

0 . 8 5 

5 . 2 

1 .0 

3 . 0 5 

0 . 5 5 

4 . 2 

+ 

+ 

•*• 

+ 

1.5 

2 . 0 8 

0 . 4 5 

6 . 2 

2.2 > 2.7 

2.79 • 2.25 

0.70 -»• 0.63 

4.6 + 5.7 

Demonstrating Q ~ 1 in this mode would require toroidal $ 

'max 
upgrades to permit compression with I = 1 •*• 1.5 MA (Table II) we 
have 3 m a x = 1.9%, which limits Qgg to 0.7. Even with T E ~ T L the 
energy confinement in the precompression plasmas is sufficient to 
reach this anticipated 3 m a v at full field operation. 

With the scalings adopted here [Eqs. (1), (2), and (3)], T E 

is optimized by maximizing plasma current and minimizing the minor 
radius. The current is limited in TFTR by available volt-seconds 
and the minor radius is constrained to maintain q.(a) greater than 
2. The optimal minor radius which results from this analysis is 
small enough to permit a modest compression, accelerating the beam 
ions up to 185 keV, near the optimal energy to maximize 
P /P^g . With a modest OH-system reconfiguration and a larger 
compression capacitor bank, both the empirical T H and 3 m a x scaling 
laws permit Q ~ 1 to be achieved in a high-current compression 
configuration (Fig. 4). If compression is assumed to heat only 
the thermal and fast ion components, QL_ in this figure drops by 
only <- 0.1 : 

TT = 107 msec 
T„ = 214 msec 
•H 

= 2.6% 

(Qss = 0.55) 

The anticipated plasma pressure at $ in the post-compression 
position is nearly as great as could ultimately be achieved in the 
4 MA large plasma. 

2.4, Discussion 

In the process of pursuing its fusion-related goals, the 
TFTR experiment will carry out significant new tests of high-
temperature MHD stability and plasma transport. For example, in 
the standard compression mode (Table II) the MHD beta limits 
should be energetically attainable at full magnetic field 
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FIG. 4. Steady-state Q versus energy confinement time for high-current compression scenario. 
Points connected by dashed line indicate scatter in results due to Monte-Carlo calculations. 
X indicates reduced Q associated with slow compression in the absence of upgraded capacitor 
banks. 

strength. Thus we can expect to challenge the anticipated & in 
a previously unexplored regime of low collisionality, high aspect 
ratio, and very high magnetic Reynolds number (S = 108-109). It 
should also be possible to study the effects of large fast-ion 
pressure (8 b e a m ~ ^thermal*

 i n drivin<3 M H D activity [6] and/or in 
permitting access to regimes of very high 3 [7]. The TFTR neutral 
beams can be steered independently in order to permit optimization 
of the pitch angle distribution of the fast-ion population. 

3. RECENT RESULTS 

Recently one TFTR neutral beamline, with three ion sources, 
has been brought up to very modest operating parameters. Typical 
accelerating voltages have been ~ 50 kV, with 600 kW of neutrals 
injected into the torus per ion source. The maximum power 
delivered to the plasma to date has been 1.5 MW of neutrals with 
three sources operating. This constitutes ~ 5% of the ultimate 
heating capability of TFTR. The present field-free ion sources 
result in predominantly half-energy neutrals, so the effective 
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FIG.5 (a). Time evolution of power flows in 1 MA TFTR discharge with and without 630 kW 
neutral-beam infection. 

50 

NBI P¡nj = 630 kW 

2.0 2.5 
TIME(s) 

3.0 

FIG. 5(b). Time evolution of stored energy and of plasma density in I MA TFTR discharge with 
and without 630 kW neutral-beam injection. Stored energy measured using |3p + £¡/2. The Q.-J2 
value for this current was chosen to give agreement with the stored energy from SNAP kinetic 
analysis at indicated time in Ohmic discharge. 

beam energy is close to 25 keV/nucleon. At the low densities 
J 9 _-3i explored to date, however, (n ~ 2 x 10 ) beam penetration is 

calculated to be adequate, providing a central peaking factor for 
the heating profile [H(0)] of about 3. A serious problem in 
conducting these experiments arises from the need to make an 
accurate determination of the injected power, when operating well 
below the design parameters of the ion sources. Preliminary beam-
line calorimetry, and tests of re-ionization losses in the beam 
ducts, confirm the values estimated from test stand results, so we 
believe the beam powers quoted here to be accurate to within +5, 
-15%. 
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FIG. 6. Ion temperature versus time from neutron emission and Doppler broadening of 
Ti XXI Ka radiation for same discharge as Fig.5. 

Figure 5 shows the response of a 1 MA TFTR plasma to the 
introduction of 630 kw of neutral beam power. The plasma current 
is feedback controlled accurately at 1 MA, so the drop in Ohmic 
heating power indicates that the loop voltage drops modestly. At 
the highest power level, loop voltage drops as great as 0.35 volts 
have been observed. The line-average density rises at a rate 
close to the direct beam fueling rate. At higher plasma densities 
the density rise tends to be somewhat less than the calculated 
beam fueling rate, while at lower density it is somewhat 
greater. The total radiated power increases with injection, but 
in general the fraction of radiated power over input power is less 
during injection than during the Ohmic phase. At the lowest 
densities, and 1,1 MW power level, there are indications of a 
moderate central peaking of the radiated power, reaching a maximum 
of 70 kW/m at r = 0.2 m. However within this radius the 
radiation profile is still measured to be hollow. At higher 
densities this peaking is absent, and the radiation profile rises 
proportionately across the discharge. 2 e f f from visible 
bremsstrahlung and X-ray PHA measurements stays roughly constant 
during injection despite the rise in density. In Fig. 5b total 
stored energy from the equilibrium measurement of g + JU/2 is 
shown for a beam-heated and an Ohmic discharge, at similar 
densities. The 1^/2 model used to determine 3 from the 
equilibrium measurement has been calibrated by comparison with 
kinetic measurements of g in the Ohmic discharge, at the point 
shown. Preliminary diamagnetic loop measurements show values of 
Ag_ consistent with the equilibrium measurements. 
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Figure 6 shows the time evolution of the ion temperature 
measured by Doppler broadening of TiXXI K line radiation, and by 
neutron emission, for the same discharge illustrated in Fig. 5. 
In order to obtain agreement between the two ion temperature 
measurements, it was necessary to assume that the density rise 
observed during injection was due to hydrogen from the fast ions 
and beam-lines, rather than due to recycling of the working gas. 
A similar assumption was required on PLT. Charge-exchange 
measurements were not available for this particular discharge, but 
in general show satisfactory agreement with the other 
diagnostics. The maximum ion temperature measured by the TiXXI K 
diagnostic of 3.2 keV was achieved in a low density discharge with 
P. • = 1.15 MW. Electron heating has been weak, perhaps because 
it is masked by the density rise. In addition, calculations 
indicate that the injected power transferred from the beam ions to 
the electrons in the core of the discharge is a small fraction of 
the Ohmic input power. Typically at higher densities the 
electrons heat by ~ 100-200 eV evenly across the discharge. This 
constitutes a modest broadening of the electron temperature 
profile shape. 

An increase in the intensity of H + D radiation from the 
vicinity of the moveable limiter is observed during neutral beam 
injection. Since the rate of density rise is comparable to the 
beam input, and the rise of the H + D light is significantly 
greater than the density rise, one can tentatively conclude that 
the gross particle confinement time has fallen by about 30%. 
However more complete toroidal and poloidal coverage of the 
emission is required to obtain an accurate value for the particle 
confinement time and its time evolution. 

Figure 7 shows the gross energy confinement times 
determined from the magnetic equilibrium measurement as a function 
of density for various power levels and currents, tl^ is defined 
as the total measured stored energy divided by P0H plus the 
ionized beam power, paus» The £-¡/2 model has been separately 
calibrated at 1.0 and 1.4 MA to provide agreement with Ohmic 
kinetic measurements performed in conjunction with the beam 
runs. It is clear from this figure that confinement determined in 
this way degrades considerably with even modest injection 
levels. The worst degradation is observed at the lower current, 
and highest densities. The density scaling characteristic of 
Ohmic heating appears in this data to be weakened at the lower 
current. While the anticipated positive I scaling [Eq. (1)] is 
not as yet observed, the strong negative scaling with plasma 
current of the Ohmic discharges is essentially eliminated at the 1 
MW injection level. 

In order to confirm these magnetic equilibrium 
measurements, we haye performed preliminary transport analyses of 
many of the discharges shown in Fig. 7, using the PPPL transport 
analysis codes SNAP and TRANSP, as well as the ORNL analysis code, 
ZORNOC. Figure 8 shows the resulting thermal confinement times. 
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FIG. 7. Energy confinement time measured from j3p + fi¡/2 versus line average density for Ohmic 
shots, and for beam shots at the end of injection. 9.-J2 value chosen for each current to give best 
agreement with Ohmic kinetic data. 
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FIG.8. Energy confinement time measured from kinetics versus line average density for Ohmic 
shots, and for beam shots at the end of infection. Electron temperature and density profiles from 
Thomson scattering, ion depletion from PHA and visible bremsstrahlung impurity measurements, 
ion temperature from Ti XXI Ka Doppler broadening and neutron emission. Typical uncertainties 
are + / - 12% for Ohmic and +20%l~15%for beam-heated discharges. 

The trend of confinement degradation with increasing power is 
clearly confirmed. This data set, however, shows a somewhat 
stronger density scaling of T E with injection than seen in Fig. 7. 
Calculations indicate that this is due in part to the 
contribution of beam ion stored energy to tgq at lower density. 
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Because of the closeness of T and T^, and the low injection power 
levels, it is difficult to determine whether the ions or the 
electrons (or both) contribute to the degradation of the global 
confinement time with increasing power. At the lowest densities, 
core radiation may also play a significant role. There is no 
evidence of enhanced MHD activity to cause us to suspect anomalous 
loss of fast ions. 

It is interesting to speculate on what can be learned from 
these unique results, which elucidate the transition from Ohmic to 
degraded (presumably L-mode) auxiliary heated confinement at 
injected power levels well below P0H» Figure 9 shows the values 
of 3 deduced from the equilibrium measurements of the same 
discharges shown in Fig. 7. From these figures we can see that 
confinement degrades with injection even at values of g below 
those achieved with Ohmic heating at the same plasma current. The 
Ohmic heating scaling experiments performed at these currents and 
densities [Refs. 8 and Fig. 9], however, show no sign of degrading 
confinement. Thus it is clear that (5 itself is not the unique 
determinant of confinement degradation, but rather we must also 
look towards effects associated with the plasma edge, or with the 
process of auxiliary heating. 

Toroidal rotation associated with tangential neutral beam 
injection in TFTR has been determined from measurements of the 
Doppler shift of the TiXXI K line. At the highest injection 
powers and lowest densities, rotation speeds in excess of 10 
m/sec have been observed. Calculations based on a simple model 
for the rotation profile shape indicate that the initial spin-up 
rate is consistent with the input torque from the neutral beams. 
The rate of fall of the rotation speed after the end of injection 
gives a momentum confinement time of typically 0.3-0.4 sec, 
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roughly consistent with the measured speed at 0.5 sec, and the 
calculated input torque. Preliminary scaling results indicate 
that the rotation speed falls with increasing density, and may 
rise less than linearly with increasing input power. 

The understanding of momentum damping in tokamaks has 
practical significance for schemes of current-drive, and for plans 
to use unidirectiona'l neutral beam injection to minimize impurity 
effects. The need to incorporate rotation damping into 
calculations of anomalous transport may have value in helping to 
discriminate among candidate theories. Neoclassical theory [Ref. 
9] gives a rotation damping time of several minutes for this 
plasma, while ripple-damping, dominated by ripple-plateau effects 
[Ref. 10], gives a core region damping time of several seconds. 
Charge-exchange can conceivably serve to explain the damping rate, 
but high central neutral densities in the mid 10 /m range would 
be required. 

4. CONCLUSIONS 

Simulation studies of future operating scenarios for TFTR 
show that present scaling laws are consistent with the achievement 
of the fundamental research goals of TFTR, including the 
attainment of Q values of ~ 1. From the simple expression for 
3 [Eq. (3)], one can deduce that the maximum attainable plasma 
pressure scales as I B„,/a. The high-current compression scenario 
for TFTR, by maximizing ID and B-, while minimizing a, can in 
principle achieve plasma pressures corresponding to volume average 
electron and ion temperatures of 16 keV at a density of 7 x 
10 /m . The study of plasma transport and stability in this 
unexplored regime of plasma parameters will provide fundamental 
new information on plasma stability and confinement. 

Initial injection results in TFTR appear to show much the 
same scaling behavior observed on other machines at much higher 
heating power densities, possibly because the electron thermal 
diffusivity of the base TFTR Ohmic plasma is so small [Ref. 8], 
The sensitivity of TFTR to these effects should facilitate 
physical understanding of the observed transport, and of the 
techniques that have been developed to achieve enhanced 
confinement regimes. In this context the ability of the TFTR 
device to suppress recycling by displacing the plasma slightly 
from the limiter may be particularly useful in controlling the 
H-mode transition. Since edge region temperatures in TFTR are 
already high (~ 200 eV) in low-q Ohmic discharges it is possible 
that the application of more neutral beam power will be sufficient 
in itself to produce an ASDEX-like H-mode transition. 
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DISCUSSION 

A. GIBSON: Can you comment further on the effect of the neutral-beam 
heating on impurity content and on edge temperature? 

H.P. EUBANK: We see an increase in radiation on the central plasma region 
for the low end of the density scan. At moderate densities no change in radiation 
profile is observed. Ze f f and the relative concentrations of metallic impurities 
remain more or less constant, although in an Ohmic discharge they would have 
registered a drop for the same density increase. At such moderate densities, T e 

increases by 100—200 eV over most of the profile. I don' t have the answer, 
however, for the temperature right at the edge. 
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Abstract 

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF THE ASDEX DIVERTOR 
SCRAPE-OFF LAYER. 

A detailed experimental study of midplane plasma parameter profiles in the boundary 
region has shown the existence of a region of improved confinement — particularly pronounced 
in the H-regime — immediately inside the separatrix. The inclusion of non-local contributions 
to the conductive heat flow along field lines into a scrape-off-layer-modelling code indicates 
a substantial effect of suprathermal electrons on heat transport and energy transfer to the 
target plates even when the behaviour of thermal plasma is still collision-dominated. The 
transport of impurities has been studied by blowing in gaseous, recycling impurities in either 
main chamber or divertor domes during Ohmically and NI-heated discharges. Results imply 
either their improved confinement in the bulk plasma or their enhanced backflow from the 
divertor chamber during the H-regime. 

1. INTRODUCTION 

Previous experiments on ASDEX, DOUBLET III and PDX have 
demonstrated the principal advantages and the reactor potential 
of poloidal divertors and in particular of the divertor high-
recycling regime, where the impurity production rates are reduced 

* FOM-Instituut voor Plasmafysica, Rynhuizen, Nieuwegein, Netherlands. 
** PPPL, Princeton University, USA. 

*** CEN Grenoble, France. 
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and helium pumping should be facilitated. Modelling of scrape-
off parameters has also led to a good qualitative understanding 
of the hydrogen recycling and energy transfer processes and 
partly even to quantitative agreement with experimental results 
(see review in /1/). Experimental and theoretical efforts des
cribed in this paper therefore concentrate on areas where 
scrape-off models either need additional empirical input (radial 
plasma profiles and cross-field diffusion coefficients), arrive 
at the limits of their validity (long mean free path effects on 
parallel heat flow), or have not yet been formulated theoreti
cally in a satisfactory way (impurity transport). 

Such studies are facilitated on ASDEX by the experimental 
flexibility to switch between limiter and single or double null 
divertor operation, to Ti-getter in either one or both divertor 
domes, and to blow-in hydrogen or gaseous impurities at diffe
rent locations. At the same time the edge-relevant diagnostics 
available on ASDEX have been continuously expanded, and the 
range of NI heating powers has been extended up to 4.2 MW 
(using D° injection). 

2. RADIAL PROFILES IN THE SEPARATRIX VICINITY 

A special edge Thomson scattering system, electrostatic 
probes and a lithium beam experiment have been used to obtain 
high resolution profiles of n e and T e in the midplane of the 
discharge chamber over the separatrix vicinity. Figs. 1a and 1b 
show a set of representative profiles for discharges with ohmic 
heating (OH) and with neutral injection heating in the good (H) 
and bad (L) confinement regimes at medium plasma densities 
(ñe = 4 x 10

13 cm-3, Ip = 320 kA, Bt = 2.2 T; L and H: 
PJJJ = 2.85 MW) . Outstanding feature of the profiles is their 
sudden steepening beyond some minor radius. 

Based on the profile given in Fig. 1a, this behaviour re
quires a nearly discontinuous decrease in n)(e by a factor of 5 
to 6 in the H-mode case; the profile fits shown imply also a 
similar variation for the OH, and one by a factor of ~2.5 for 
the L discharge, but with increased uncertainty for the last two 
cases. Absolute values of n)(e can be derived under the assump
tion that the power transported radially through the steep gra
dient region by electron heat conduction is equal to that ulti
mately deposited at the target plates and the walls of the di
vertor chamber. This results in nXe = 0.6 x 1 0 ^ cm~1«s~1 for 
the OH and 5 x 1 0 ^ cm~1.s*-1 for the L-mode case. During the H-
mode the scrape-off behaviour is generally instationary /2/. The 
randomly placed laser scattering pulses primarily represent 
quiescent periods between bursts,when the power reaching the 
divertor reduces to about the Ohmic level ( — 150 kW). This 
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FIG.l. Radial profiles of (a) Te and (b) nQ in the midplane over the separatrix vicinity for 
Ohmically and NI heated discharges; r = rs is the separatrix position according to magnetic 
signals. Vertical bars indicate separatrix positions determined from electron pressure profiles 
in the divertor chamber using the assumption neTe = const along field lines. 
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yields nxe ~ 0.2 x 10l7 cm-1 * s-1 ̂  a value only less than an order 
of magnitude larger than the corresponding neoclassical electron 
heat conductivity. 

The theoretical interpretation of the H-mode depends cru
cially on the location of this improved confinement layer rela
tive to the separatrix. Figure 1 shows the position of the latter 
according to magnetic signals,which give however an uncertainty 
in absolute value of +̂  1 cm, although relative displacements of 
the plasma can be recorded with much higher accuracy. A more 
accurate identification of the separatrix in the mid-plane can 
be made by using the near-constancy of n • Te along field lines 
in subsonic flow regimes, to place it at the location where the 
electron pressure is equal to the maximum value recorded by 
probes in a scan across the scrape-off fan in the divertor. The 
separatrix position determined like that corresponds approxima
tely also to the transition from a linear to an exponential de
cay of the plasma parameters, as expected from the onset of pa
rallel losses. Electron temperatures at this location are also 
in much better agreement with predictions of scrape-off simula
tion calculations and the simple analytic formulas of ref. /3/ 
for the midplane separatrix values. These arguments place the 
radial thermal barrier inside the separatrix and suggest its 
identification with the narrow zone over which divertor fields 
produce a significant deviation from the poloidal field struc
ture of limiter tokamaks. (This conclusion has also been drawn 
from a study of the propagation of sawtooth-triggered heat pul
ses into the plasma boundary /4/). 

3. ELECTRON ENERGY TRANSPORT ALONG FIELD LINES IN THE SCRAPE-
OFF LAYER 

The theoretical modelling of heat transport parallel to 
field lines, the evaluation of energy fluxes from probe measure
ments of ne, Te and estimates of energy transfer to the target 
plates are usually based on the assumption of small deviations 
from a Maxwellian velocity distribution. Results of some mea
surements in the divertor chamber can however not be reconciled 
with this assumption. This particularly concerns the decrease 
of the product is • Te¿ of ion saturation current and electron 
temperature at higher divertor scrape-off temperatures Te¿ ob
served in plasma density scans at constant heating power /5/, 
and the reduced width of the power deposition profile measured 
by infrared thermography at the target plates as compared to 
the profiles of is • Te¿ determined by probes /6/. Indications 
for non-Maxwellian velocity distributions are also given by the 
analysis of Thomson scattering spectra in the divertor chamber 
/6/. 
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FIG. 2. Plasma parameters along scrape-off field lines between midplane (s = 0) and target plate 
according to SOLID-code calculations for ASDEXgeometry using either the classical 
Spitzer-Harm electron heat conductivity (a, b) or the model ofRef. [7] (c, d). 

As the maximum contribution to the classical Spitzer-Harm 
heat flux along field lines is made by particles with veloci
ties v ~ 3.7 vth, it is to be expected that corrections to this 
expression have to be applied long before the mean free path of 
thermal particles approaches characteristic dimensions. In this 
intermediate regime, which covers most of the operating range 
of present divertor tokamaks, a fluid model for the plasma dy
namics in the scrape-off layer can still be used, but long mean-
free path effects have to be considered in the conductive heat 
flux. The situation is similar to a regime of laser-produced 
plasmas, for which electron energy transport has been studied 
extensively using Fokker-Planck calculations. Results of such 
calculations have been fitted by Luciani et al. ¡Il by an inte
gral expression for the conductive heat flux, which has been 
incorporated into our 1-d SOLID scrape-off layer code /8/. 
Figs. 2a-d show the plasma parameter variations along field 
lines obtained with and without these non-local corrections to 
the Spitzer-Hârm conductivity. As these corrections imply also 
a heat flux limit, the actual mid-plane temperatures are some
what increased. Figure 2c also shows a steep decay of Te 

in the high temperature region, whose location and shape depends 
however strongly on the rather arbitrarily assumed distribution 
of the energy flux entering the scrape-off by cross diffusion. 
In contrast to this, the total drop of Te between midplane and 
target plate, as well as the other quantitative conclusions de
pend essentially only on the density regime, the total non-ra
diative power crossing the separatrix and the scrape-off layer 
width. 

(a) 

(b) 

10 tr . 15 S m 
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HO" cm"3] 

FIG.3. Effective electron energy transfer coefficient S*ff according to SOLID calculations 
using the heat transport model of Ref. [7], as function of the electron density in the target 
plate vicinity and energy flux into each divertor channel. (ASDEXgeometry; 2 cm assumed 
scrape-off width for both energy and particle fluxes.) 

Along field lines, at the low temperature end, a signifi
cant fraction of the energy flux is carried by high energy elec
trons which originate upstream in the high temperature, steep 
gradient region and are only weakly attenuated in the low tem
perature - high density recycling zone. As the expression of 
ref. HI was derived for an essentially infinite medium it does 
not include possible effects due to the build-up of electron re
flecting potentials at the target plates. As only a minor en
hancement in sheath potential is needed, however, to reflect 
sufficient cold electrons originating in the immediate vicinity 
to compensate for the relatively small particle flux of high 
energy electrons /9/, the large additional energy flux associa
ted with the latter will indeed enter the target plates. 

This enhancement of the electron energy flux into the 
sheath region is the dominating macroscopic effect of this mo
del. It can be quantified by the definition of an effective 
electron energy transfer factor 6eff = qed/(k Tecj Fid) in terms of 
electron temperature and of total electron energy and ion particle 
fluxes at the sheath entrance. Figure 3 gives the results of a 
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sequence of calculations, for which both the energy flux into a 
single divertor chamber and the intensity of recycling were in
dependently varied. They show that already at moderate power 
fluxes and rather high densities one can expect a substantial 
enhancement of 6eff above its strongly collisional limit of 4. 
As, at least over some parameter regime, this enhanced energy 
transfer does not involve a significant additional build-up of 
sheath potential, it would reduce the predicted sputtering yield 
even below the one computed on basis of transfer of the same 
energy flux with 5eff = 4 but at neccessarily higher Te¿ or r¿¿. 

Obviously the present straightforward application of the 
formulas of ref. HI to a physical situation different from the 
one they were originally derived for can be critizised. We are 
therefore presently adding collisions to the electrostatic Monte-
Carlo model of réf. /10/, to study in more detail the interaction 
of a weakly collisional plasma with the target plates. 

4. IMPURITY RETAINMENT OF THE DIVERTOR IN NEUTRAL INJECTION 
HEATED DISCHARGES 

Injection of calibrated amounts of recycling, gaseous im
purities into the main and divertor chamber and observation of 
their transient and asymptotically established distributions 
can yield critical information about the transport of impuri
ties in the scrape-off layer. In the experiments presented here 
we have extended previous work /11/ by using the increased NI 
injection pulse length to compare the behaviour with and with
out additional heating under better defined quasistationary con
ditions. Fixed amounts of argon (8 x 1016 atoms per pulse) were 
blown into either the top or the bottom divertor or the main 
discharge chamber in two puffs of 10 ms duration, timed at 0.8s 
and 1.2 s after discharge initiation. The first pulse falls in
to the ohmic heating phase, the second one 80 ms after the 
start of the neutral injection pulse, into an established H-
regime plasma with Da~bursts /2/. Discharge parameters of the 
deuterium background plasma were Ip = 420 kA, Bt = 2.2 T, 
P N I (H° injection) = 3.4 MW, ïïe = 5.5 x 1013 cm~3. 

Figure 4 shows the spectroscopically recorded signal of 
the ArXVI line at 354 Â from the main plasma, for three cases 
differing in the location of the gas valve used for the argon 
influx. Signals during the ohmic phase repeat the behaviour 
described in /11/ and are consistent with the following model: 
after inblow into one of the divertor domes, argon enters with 
a time constant x D of the order of the vacuum time constant of 
the divertor chamber (~90 ms) thé main plasma vessel, where it 
gets ionized and remains for an average residence time T p 
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FIG.4. Intensity of Ar XVI line emission from bulk plasma during argon blow-in experiments. 
For the three cases shown Ar-puffs were applied in either the bottom or top divertor or the 
main plasma chamber. 

(~3 ms) before it is transported again into one of the diver-
tors. Asymptotically in time (and independent of the location 
of the original gas influx) argon particles distribute them
selves therefore with a dominating fraction TQ / ( T D + Tp) as 
neutral atoms in the divertor chambers, and only a small rest 
as ions in the bulk plasma. Inblow in the main chamber changes 
this pattern only during a transient phase, during which a much 
larger flux of neutrals is offered to the bulk plasma, leading 
to a temporarily enhanced ion concentration. 

The second puff of argon, released during the H-phase of 
the neutral injection heated plasma, results in significantly 
increased ArXVI signals from the bulk plasma for all three 
valve locations. From simulation calculations with a multistage 
impurity transport code it must be concluded that the observed 
variations in the spectroscopic signal even understate the 
actual changes in the total argon-ion content of the plasma. 
Obviously modifications in the transport behaviour associated 
with neutral injection lead to a different distribution of ar
gon between divertor chamber and bulk plasma, with an increased 
fraction present as ions in the main plasma. In fact an increase 
of ArXVI during neutral injection is already observed prior to 
the second gas puff, as the argon present from the first pulse 
starts redistributing. In terms of the global balance model 
described in /11/ this implies either an enhancement of the 
impurity residence time in the main vessel, or an enhanced out
flow from the divertor chamber: additional data are needed to 
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discriminate between the two possibilities. Results underline 
however that the increase in intrinsic impurities observed du
ring H-discharges does not necessarily have to involve enhanced 
sources /6/. 
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DISCUSSION 

R.D. STAMBAUGH: Two years ago, both ASDEX and D-III explained the 
argon exhaust observed in terms of entrainment of the argon ions against the 
divertor plate as a result of friction of the plasma flow to the plate. Why do you 
not think that the loss of argon exhaust with NBI is due to NBI heating making the 
divertor plasma less collisional (too hot)? 

K. LACKNER: In ASDEX, in contrast to the open geometry of Doublet, 
a significant accumulation of argon in the divertor chamber (of the order of that 
observed in Ohmic discharges) is already ensured by the reduced vacuum conduc
tance between divertor chamber and bulk plasma. In these conditions, a mere 
reduction in the rate of trapping of the recombined atoms from the target plates 
(via ionization and friction in the scape-off layer) cannot explain our results. 
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Abstract 

LOW-q DISCHARGES IN THE FRASCATI TOKAMAK (FT). 
A systematic study of the MHD instabilities that limit the accessible operation parameters 

has been performed on the Ohmic discharges of the Frascati Tokamak (FT). The modifications 
in the profiles associated with the m F 2, n = 1 precursor of the disruption are detailed for the 
cases of breaking through qL = 3, low-qL operation, disruption at the high density limit and 
disruptions following the disappearance of the sawtooth activity. The loop voltage negative 
spike of the disruption itself is found to be associated with the appearance of a burst of 
m = 3, n = 2 mode in the presence of the m = 2, n = 1 precursor activity. 

1. MHD ACTIVITY AT LOW-qL 

Operation at low-qL (qL < 3) and the corresponding MHD characteristics 
have been investigated thoroughly in the Frascati Tokamak (FT). Figure 1 shows 
the narrow window in the Murakami parameter 1 < ffeR/BT < 2 X 1014 cm-2 • kG -1 

that allows the discharge to break through qL = 3, together with the regions in the 
Hugill plot where the discharges that disrupt at qĵ  = 3 end up. The MHD 
phenomena on both sides of such a window show the absence of sawtooth activity 
and the presence of characteristic relaxations of the amplitude of the m = 2, 
n = 1 tearing mode. Conversely, the onset of sawtooth activity is a necessary 
requirement for successful low-qL operation to the point where, if the sawtooth 
switches on during current rise at qL > 4, the crossing of q^ = 3 is unnoticeable 

* Association Euratom-Confédération Suisse, Centre de Recherches en Physique des Plasmas, 
Lausanne, Switzerland. 
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FIG.l. Hugill plot of explored parameters of FT Ohmic discharges, showing the various 
macroscopic phenomena that limit the operation. 

on any signal. When qj_ = 3 crossing corresponds to the onset of the sawtooth, 
it is preceded by a cascade of poloidal mode numbers from m = 3 to m = 2 and 
to the m = 1 activity that switches on the sawtooth [1 ]. In this last case the 
Te(r) profile, as measured by the electron cyclotron emission (ECE), shows its 
most peaked feature just at the qL = 3 crossing. The empirical way to break 
through qL = 3 is to operate at 1.2 < îp < 2.6 kA/ms and either make a strong 
prefilling of the vacuum vessel or use a strong gas puff just after startup of the 
discharge. The effect of high-Z impurities on the qL = 3 crossing seems very 
relevant if strong prefilling is used: the intensity of the Fe XVI line is higher at 
higher îp , and the highest intensities are associated with disruptions at qL = 3. 
The use of low prefilling plus strong gas puffing allows control of the heavy 
impurities and successful low-qL operation at higher Ip also. On the other hand, 
a limited number of data taken in low-Z impurities (oxygen) contaminated dis
charges seem to suggest that the effect of the light impurities is, if anything, 
beneficial to breaking through qL = 3. This seems to suggest that the low-Z 
impurities could play a role analogous to that of the strong gas puffing, i.e. peak 
the current profile by cooling the outer edge of the discharge. 

2. CHARACTERISTICS OF LOW-qL DISCHARGES 

During the steady state phase at qL ^ 2 . 5 , the highest Murakami parameter 
achieved so far has been ñeR/BT = 4.7 X 1014 cm"2-kG-1, which is roughly the 
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FIG.2. Behaviour of the electron energy replacement time rt normalized to n& versus 
qL at BT = 40 and 60 kG. 

same achieved at qL « 3.5. The Thomson scattering measured Te(r) profile 
appears to be quite flat in the central region of the discharge, presumably owing 
to the broad extent of the sawtooth activity, and, together with the ne(r) profile, 
gives the following parameters for the FT low-qL discharges: q at the axis 
0.4 < q(0) < 0.7; radius of q = 1 resonance 9 < rs < 11 cm; normalized electron 
collisionality 0.2 < v£ < 1.7; electron energy replacement time 5 < r | e < 15 ms; 
effective ion charge 1 < Zeff < 1.5. 

Figure 2 shows the behaviour of the electron energy replacement time Tg 
normalized to ne versus qL for BT = 40 and 60 kG. The remaining dependence 
on B^ seems to suggest a dependence of the confinement on ñ e / I p [2]. 

At low qL the complementary character of the sawtooth and the m = 2, 
n = 1 activity seems to be lost. Although all steady state low-qL discharges are 
sawtoothing, a continuous m = 2, n = 1 mode with low amplitude, 
gm=2,n=l/Bo ss ( 1 _ 5 ) x 1 0 - 3 j a p p e a r s a s s o o n a s qL < 2.6. Figure 1 shows the 
localization of this phenomenon in the Hugill plot. At low qL the sawtooth activity 
has an inversion radius between 7 and 9 cm, as observed by soft X-ray diodes, 
with a period rR from 3 to 8 ms and amplitudes Affe/ñ"e ^ 3% and ATe(0)/Te(0) 
» 15%, the limiter radius being 20 cm. 

3. DISRUPTION FOLLOWING THE DISAPPEARANCE OF THE SAWTOOTH 
ACTIVITY 

The presence of the sawtooth activity on a steady state discharge seems to 
be a very important indication that a macroscopically stable current density profile 
is achieved. In fact, every time the sawtooth activity disappears in such a discharge, 
a major disruption follows after 30-50 ms. This kind of disruption seems to be 
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rather localized in the Hugill plot (Fig. 1 ) in a region covering both sides of the 
qL = 3 resonance. As soon as the sawtooth activity disappears, the current weight 
centre of the discharge starts to drift toward the inside of the vacuum chamber 
and the line-averaged density increases. No signs of changes seem to come from 
the edge of the plasma as both the Da emission and the electron density in the 
scrape-off layer are unaffected during the same period of time. The ECE tempera
ture profile exhibits a tendency to drop in its peak value and become slightly 
hollow in the centre, whereas the soft X-ray emission profile shows at the same 
time a trend that can be interpreted as an accumulation of impurities in the central 
region of the discharge [3]. However, the MHD activity is restricted to an 
exponentially growing m = 2, n = 1 mode that precedes the disruption by 
2—3 ms only. This kind of disruption is in any case easy to avoid: a moderate 
increase in the gas puffing rate during the plasma current flat-top is able to keep 
the discharge regularly sawtoothing. 

4. DISRUPTION AT THE HIGH DENSITY LIMIT 

The high density discharges of FT show sharp increases (by a factor of 50) in 
the Da radiation accompanied by strong modulation (100%) of the signal [4]. The 
phenomenon is probably correlated with the formation of a cold plasma blanket. 
The ñ- a product ((4-10) X 101S cm -2) is high enough to justify the screening 
of the walls against the neutrals from the plasma core. The impurity line radiation 
decreases during the Da increase, and the ECE temperature profiles become 
narrower during this regime. Figure 1 shows that the region of the Hugill plot, 
in which the Da increase takes place, is near the high density limit for FT Ohmic 
operation, whereas for q L >3.5 this regime can be sustained in an unsteady state 
(plasma current and line-averaged density decreasing at the same rate) for up to 
600 ms. If this regime is entered at qL ^ 3.5 it leads in a rather short time 
(~20 ms) to a major disruption. Figure 3 gives an enlarged view of the MHD 
behaviour of one such disruption: the Da precedes by more than 10 ms the 
m = 2, n = 1 precursor, which is otherwise the first detectable signal of a major 
disruption in a sawtoothing discharge. This suggests that the charge-exchange 
and ionization losses could overcome the thermal transport power flux at the 
edge, leading to a contraction of the current channel followed by the excitation 
of the q = 2 resonance and the subsequent major disruption. 

5. DISRUPTIONS IN SAWTOOTHING DISCHARGES 

Disruptions can still occur on FT in steady state sawtoothing discharges, 
without any observed sign (up to now) that the power balance is being affected, 
apart from the growth to very large amplitudes of the m = 2, n = 1 precursor 
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FIG.3. Expanded waveforms of a high density disruption: fa) loop voltage; (b) Da emission; 
(c) 5.m = 2 , n = 1 ; (d) soft X-rays from the centre. 

oscillation on a timescale longer than 10 ms. These disruptions can be quite 
sudden from the point of view of the time evolution of the ECE temperature 
profile, which can remain unperturbed up to the collapse of the plasma current. 

A further puzzling feature of such disruptions is that they are completely 
delocalized over the whole region of the Hugill plot in which the discharges 
sawtooth; however, their frequency of occurrence increases strongly during low-qL 

operation. Owing to the similarity between these last disruptions and the high 
density disruptions (except for the Da increase), one would tend to infer that the 
fundamental mechanism, i.e. the alteration of the power balance at the edge, 
leading to the contraction of the current channel is similar. Nevertheless, no 
experimental observation has yet made clear which term of the power balance 
could play the role that the ionization and charge-exchange losses seem to play 
in the high density disruptions. 

INTERACTION OF m/n = 2/1 AND m/n = 3/2 ACTIVITIES DURING 
THE DISRUPTION 

A general behaviour characterizes the magnetic perturbation during the 
disruptions of the Frascati Tokamak: the disruptive event itself (i.e. the negative 
spike of the loop voltage) can be attributed to the superposition between the 
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FIG.4. Detailed waveforms of the events duringa single loop voltage drop in a disruption of a sawtoothing 
discharge: (a)B™=2; (b)B™=3; (c)B^=2; (d) loop voltage. 

m = 2, n = 1 precursor and a burst of m = 3, n = 2 mode (Fig.4). This last 
mode, which has its resonant surface at q = 1.5, i.e. in the intermediate confine
ment region of the discharge, could be driven highly unstable by the non-linear 
modifications of the current density profile due to the growth of the m = 2, 
n = 1 precursor [5]. 

The coexistence of these two modes of different helicities with large ampli
tudes can produce the destruction of the magnetic surfaces in the previously 
anaffected intermediate confinement zone of the discharge. 
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Abstract 

TOKAMAK DISRUPTIONS IN LT-4 WITHOUT PRECURSOR OSCILLATIONS. 
Results are presented of observations on events leading to major disruptions in the 

LT-4 tokamak for q(a) «* 3. They show that, although steady oscillatory signals are obtained 
under normal conditions, all oscillatory activity effectively disappears during the predisruptive 
phase (i.e. when the rapid loss of plasma energy occurs). This behaviour, which exhibits no 
evidence of any large growing mode, contrasts sharply with the experience in other tokamaks. 
Although there is evidence that intermittent mode-locking to a stationary frame can occur at 
other times, it has not been possible to verify the existence of sufficiently large stationary 
islands, whether growing or not, to explain the process. 

1 . INTRODUCTION 

Major disruptions in tokamaks are usually preceded by 
characteristic oscillatory signals originating from growing MHD 
perturbations, consistent with magnetic islands moving in the 
laboratory frame [1,2]. We report here highly reproducible 
observations which show such disruptions occurring after an 
apparently quiescent phase which shows no growing oscillations 
and relatively small static perturbations. 

In these experiments, major disruptions are characterized 
by large decreases in temperature, in which the central chord 
soft X-ray emission becomes small, followed by a decrease in 
current by up to 20%. Because of the control system employed a 
single disruption is normally insufficient to terminate the 
discharge. 

2. EXPERIMENTAL ARRANGEMENT 

The observations are made in the LT-4 Tokamak [43 (major 
and minor plasma radii 50 and 10 cm, respectively) under the 
following Ohmic heating conditions: toroidal field 1-2 T; 
current 40-70 kA, normally of duration 100 ms; mean electron 
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FIG.l. Typical waveforms for discharges used in this study. 

density 1.5 to 3 x 1013 cm-3 ; 2.5 < q(a) < 3.0. Typical 
waveforms for the discharges reported here are shown in Fig.l. 
Note that the feedback control maintains the plasma position to 
within about 1 mm, despite considerable changes in plasma 
conditions arising from bursts of MHD activity and from minor 
disruptions. Major disruptions, with large current changes, 
give rise to somewhat larger (but still controlled) movements. 
We believe that this feature of LT-4 minimizes irreproducible 
variations in plasma conditions which can complicate such 
experiments. Standard diagnostics are used for macroscopic 
measurements [4], and fluctuating quantities are observed, 
using a seven-channel soft X-ray detector array and sets of 
poloidal field pick-up coils at a radius of 14 cms, distributed 
both toroidally and poloidally around the torus, some of which 
are cross-connected to respond to specific poloidal mode 
numbers (m=l, 2, 3, 6, 7). Signals are recorded with 8 or 10 
bit accuracy at sampling rates up to 1 MHz. 

3. RESULTS 

This work draws on previous experience [5] over a 
significant range of parameters which showed that the MHD 
behaviour can be well characterized by the single parameter 
q(a) into well-defined and reproducible regimes. One of these, 
which forms the starting point for this study ('Regime III' in 
[5]), occurs for 2.9 <. q(a) <. 3.2 and is typified by strong 
oscillatory signals on both X-ray and magnetic coils, with 
B /B « 0.3%, frequency about 20 kHz, and dominated by 
m/n = 2/1 and 3/1 spatial harmonics. The X-ray signals have 
similar frequencies, but no sawtooth behaviour can be 
distinguished in this regime. 
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FIG.2. The two types of sequence which both lead to disruptions: 
(i) type A; (ii) type B. 
The traces illustrate (a) the regime of strong MHD activity, (b) sawteeth, (b') irregular activity, 
(c) minor disruptions and (d) the major disruption. 

The disruptions studied all evolve from the above 
condition, and follow one of two possible paths, shown as A and 
B in Fig. 2, which illustrate the sequence with typical 
signals. The two paths are also illustrated in the Hugill 
diagram, Fig.6. 

3.1.Disruption Path A 

As the current is increased so that q(a) < 2.9 (as at 31 ms 
in Fig. 2(i)) the fluctuation level decreases smoothly to a 
very low but still discernible level, while sawteeth appear on 
the X-rays as seen in Figs 2(i) and 3(i) (taken for different 
shots) . These sawteeth continue with constant amplitude and 
period until they cease abruptly e.g. as at 34.5 ms in Fig.2(i) 
or at 37.8 ms in Fig.3(i). This is followed by a significant 
fall (up to 60%) in X-ray emission during which the emissivity 
profile broadens. From this point disruptions become 
inevitable. This 'thermal quench' is sometimes accompanied by a 
small density decrease of a few percent, while no evidence is 
seen of growing magnetic or X-ray signals, which remain very 
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FIG.4. Poloidal distribution ofBp at 5 fJis intervals during major disruption showing presence 
of weak mode. 6 = 0 is outside, 6 — 90 is top. 

0 180 e° 360 

FIG.5. Poloidal distribution ofBp at 20 ¡JS intervals during the 'start-stop ' sequence of 
Fig.2(ii). 

weak. Careful integration of these weak magnetic signals over 
several milliseconds has failed to show the clear presence of 
any stationary perturbation larger than the estimated 
integration limit Êfp/B_ « 1% although this possibility cannot 
be excluded. A series of minor disruptions occurs next 
(Figs 2(i) and 3(i)), each broadening and lowering the X-ray 
profile, followed always by a major disruption. The poloidal 
magnetic field measured throughout a major disruption shows a 
weak growth of a stationary pattern, again mainly 3/1 and 2/1 
in structure, as shown in Fig.4. This perturbation does not, 
however, exceed about 0.1% at the Mirnov coils. 
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FIG.6. Experimental Hugill diagram for LT-4 showing the two paths to disruption (A and B) 
indicated by o. The hatched region corresponds to strong MHD activity ('Regime III'). 

3.2.Disruption Path B 

If the density is slightly higher than that required to 
enter the stability window on the Hugill plot [6], an increase 
of current first leads to a density decrease, and the regular 
'Regime III' oscillatory activity is seen to stop and restart, 
as shown at b' in Figs 2(ii) and 3(ii), without otherwise 
changing its amplitude or frequency. This irregularly active 
phase may last many milliseconds and does not necessarily lead 
to disruption. If the density recovers or q(a) increases 
slightly the regular activity is recovered. The 'stop-start' 
azimuthal pattern is shown in Fig.5. However, if the density 
falls further, so that path B is followed, the irregular 
activity ceases. During the subsequent few milliseconds the 
density and the total X-ray emission both decrease by about 10% 
and 30%, respectively. The oscillatory signals become very weak 
and sawteeth are never seen in this phase. This leads to the 
onset of minor disruptions and then to a major disruption, as 
illustrated in Fig.3(ii), which occurs at roughly the same 
total X-ray emission and profile as in path A. Thus, in both 
cases, the quiet periods preceding the initial minor disruption 
occur at roughly the same position in the Hugill diagram, but 
are reached by different routes (Fig.6), while the subsequent 
disruptions appear similar in terms of radiation power, radial 
emissivity profiles, and magnetic perturbations. 

4. SUMMARY 

The main difference between these results and others lies 
in the absence of growing oscillatory signals that are reported 
from other tokamaks [3,7]. Measurements such as those reported 
from TFR [3] show indisputable growth of oscillatory MHD modes 
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for up to 700 |is before a major disruption. No such growth is 
observed on LT-4 and indeed, attempts to induce growth of 
oscillatory modes by deliberately moving the plasma before and 
during a disruption failed to produce any such effect. 

In general, we have been unable to positively identify any 
growing island of half-width greater than about 3 mm (which 
corresponds to a peak-to-peak fluctuation level of 0.1% for an 
m = 2 mode [2]). Although a stationary mode can be identified 
immediately before a disruption, it represents less than a 0.1% 
perturbation. Furthermore, long term integration (with its much 
reduced accuracy) gives an upper limit of 1% which corresponds 
to about 1 cm for the island half-width of any slowly growing 
mode in the pre-disruptive phase. In any case these islands 
appear to be far too small to be consistent with models of 
disruptions that simply invoke growth or overlap as a possible 
mechanism. 
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Abstract 

SUPPRESSION OF TEARING MODES IN TOKAMAKS BY A HELICAL MAGNETIC FIELD. 
The influence of a weak, steady J2 = 2 helical magnetic field on plasma MHD activities 

and disruption has been studied both theoretically and experimentally. It is pointed out 
that an £ = 2 helical current of (0.2—1%) Ip is a very convenient and effective way of improving 
the quality of the discharge and suppressing the disruption. 

The sudden collapse of plasma current due to a major disruption is one of 
the main problems in large tokamak design. Although the probability of 
occurrence of a major disruption can be considerably decreased by careful control 
of the discharge conditions, it is still impossible to avoid it completely. It is 
well known that the disruption is due to the development of n = 1, m = 2 and 
other tearing modes [1,2]. Thus, one hopes to suppress the disruption by 
controlling the MHD activities. The main experimental results of suppressing 
the disruption by a helical field (HF) in Pulsator, ATC, T-7, etc., have been 
published since 1974 [3, 4]. Some evidence of controlling the tearing modes by 
feedback has also been shown [5, 6]. Here we report our detailed studies of 
the influence of a weak HF on plasma activities. 

Tearing mode theory has predicted that the growth rates of the corresponding 
modes decrease if the gradient of the plasma current profile at the resonant 
surface is reduced. The weak £ = 2 HF could produce magnetic islands near the 
q = 2 resonant surface so that the distribution of the current density would be 
flattened. Using the helical co-ordinate system, the plasma equilibrium con
figuration with HF has been calculated in our laboratory, and from these results 
the non-linear tearing mode equations have been solved by the initial value 
problem method [7]. It is found that when the amplitude of the HF (Bh) is 
within 0.2— \%o Bp (Bp is the poloidal field), the development of the n = 1, 
m = 2 tearing mode is delayed. If Bh is larger than 1% Bp , the development could 
not be delayed, and it is perhaps possible even to speed it up. Too large Bh 
will destroy the plasma, because of the wide magnetic islands. It is supposed 
that the presence of HF should stop the rotation of the perturbation mode. 
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FIG.l. Schematic view of HT-6B tokamak. (1) Toroidal-field coil; (2) OH transformer coils; 
(3) programmable vertical-field coils; (4) feedback vertical-field coil; (5) helical winding; 
(6) horizontal-field wires; (7) vacuum vessel; (8) bottom-supporting disc; (9) guides. 

The experiments have been performed on the tokamak HT-6B (Fig. 1 ) of 
the Institute of Plasma Physics, Academia Sinica. The parameters of this device 
are Bt < IT, R = 45 cm, a = 12.5 cm. Combining the use of a glow discharge 
at low pressure and a Taylor discharge, Zeff could be reduced to about one. For 
the convenience of controlling the discharge, Bt ^ 3 -5 kG, Ip « 12—20 kA, 
ne

 % 1013 cm -3 were chosen in the experiments. The electron temperature is 
near 150 eV (Thomson scattering). An fi = 2 helical winding (radius 22 cm) 
has been fixed just outside the vacuum chamber. The helical current could be 
varied in a programmed way, but in most experiments reported here only a 
quasi-rectangular current pulse has been used (30—500 A). 

It is observed that the rotation of the MHD perturbation has been stopped 
by helical current (Ih). Figure 2 shows the signals of the Mirnov probes arranged 
at different poloidal angles (0 = 0°, 45°, 90°, 180°), but at the same <t>. 
A and B (also in the following) designate two successive discharges proceeding 
in the same conditions, except for Ih ^ 0 (A) and Ih = 0 (B). The non-zero 
phase shift between the different signals in Fig.2B (travelling wave) has 
disappeared in Fig. 2A (standing wave). This fact supports the starting point of 
our theoretical calculation. 

The delay in the development of the MHD modes due to HF could be observed 
very clearly in the start-up phase of the tokamak discharge. It is well known 
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FIG.2. Mirnov probe signals. A) Standing wave (1^ = 40A); B) travelling wave (Ih = 0). 

that in the start-up phase, the different-m modes (n = 1) will appear successively 
as q(a) decreases from 6 to 3. Figure 3 shows the cos md coil signals (m = 5,4,3) 
of two discharges (A: Ih = 300 A, B: Ih = 0). Although the decrease in q(a) 
in discharge A is faster than in discharge B by about 100 ¡is, the development of the 
m = 5,4,3 modes of A is still later, near 150 ¿is. There is no detectable influence 
of Ih on the development of the m = 2 mode. The average amplitudes of the 
different-m components of the helical field at the plasma surface have been 
measured and are shown in Table I. The too large value of Bj^, is perhaps the 
reason why the m = 2 mode could not be delayed by HF. 
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B A: No.22936 l h = 300 A 
B: No. 22935 l h = 0 2 0 0 ^ 

_ B m - 5 

B m = 3 
v ^ ^ ^ v n N A M / W V ^ 

-I I 1 L. 

FIG. 3. cos md coil signals of two discharges: A) 1^ = 300 A; B) Ih = 0. 

TABLE I. AVERAGE AMPLITUDES OF 
COMPONENTS WITH DIFFERENT m 
OF HELICAL FIELD 

m 

B^m)(G) 

5 

0.5 

4 

0.5 

3 

0.3 

2 

4 

Of course, the main goal of our experiments is to study the effects of HF 
on the MHD behaviour of the plasma in the flat-top phase. To arrive at a 
scientifically convincing conclusion, it is necessary to carefully control the 
discharge so that a well located plasma torus with low q(a) and strong MHD 
activities could be obtained repeatedly. Figure 4.1 shows the signals of m = 2 
and m = 3 magnetic perturbations of two successive discharges (A: Ih = 40 A, 
B: Ih= 0). Figure 4.2 is the spectrum of the m = 2 mode signals in Fig.4.1. 
The suppressing effect of the helical current on the m = 2 MHD perturbation 
is very clear. Since Ih is too small to produce a sufficient m = 3 component of 
helical field, the suppression of the m = 3 mode is unexpected. Considering 
that the frequencies of the m = 2 and m = 3 perturbations are the same, the 
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B A: No. 23064 l h = 40A 
B: No. 23065 l h = 0 , 2 0 0 ^s, 

A m = 3 

B m = 3 

A m = 2 

'^Y^^i^^ 
,B m = 2 

FIG. 4.1. Signals ofm = 2 and m = 3 magnetic perturbations of two discharges: A) 1^ = 40 A; 
B) Ih = 0. 

FIG.4.2. Spectrum of m = 2 mode signals. 

phenomenon should be explained as a mode-mode coupling effect. Figure 4.3 
shows the magnetic signals of a discharge with Ih = 500 A started at t = 8.55 ms. 
Here, the m = 2 activity has been strengthened, and the collapse of the plasma 
has moved up. Also, we have another kind of discharge with very low MHD 
activity. The influence of HF on the tearing modes of such discharges is too 
weak to be observed. 
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FIG.4.3. Magnetic signals of discharge with 1^ = 500 A. 
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FIG. 5. In tensity spectra of soft-X-ray signals fro m discharges of Fig. 4.1. 
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FIG. 6. Fluctuation spectra of CHI line intensity near plasma edge of the same plasma as is 
used for Fig. 4.1. 

The radiation from the plasma also shows the effect of suppressing MHD 
perturbations by HF. Figure 5 gives the intensity spectra of the soft-X-ray 
signals of the same discharges as in Fig.4.1. The fundamental frequency in 
Fig.5B is exactly the same as the frequency of the m = 2 mode in Fig.4.2B. 
The removal of the MHD perturbation by the helical current in Fig.5 A is 
even clearer. Figure 6 shows the fluctuation spectra of the C III line intensity 
near the plasma edge of the same plasma as in Fig.4.1. The suppression effect 
could be detectable. 

The facts mentioned show that a weak £ = 2 HF could greatly improve 
the quality of the discharge; thus, it should be able to suppress the disruption 
instability. The main difficulty in observing such a suppression effect is how 
to find a tokamak operation regime where the Ih = 0 discharge with minor and 
major disruptions can be obtained repeatedly. By a good deal of exploration, 
this type of discharge has been realized in our HT-6B tokamak as is shown in 
Fig.7B. Figure 7A shows the plasma behaviour of the discharge with Ih = 40 A 
just after several discharges of the type shown in Fig.7B (Ih = 0). The minor 
disruptions have all been suppressed by HF, and the discharge has been prolonged. 
The final collapse of the plasma in Fig.7A is entirely -due to exhausting all the 
Ohmic-heating volt-seconds. The discharge with Ih = 0 just after a series of 
discharges with Ih = 40 A may still have the same behaviour as that shown in 
Fig.7 A, but after several discharges, the behaviour will be reduced to that 
of Fig. 7B type. 

http://iiyiiilimiiMil.ummli.iiu.ii
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FIG. 7. Discharges with 1^ = 40 A and 1^ = 0 (see main text). 

All our results show that an fi = 2 helical current of (0.2%—1%) Ip is a very 
convenient and effective tool for improving tokamak discharges and suppressing 
disruptions. More detailed results will be published in the near future. 
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Abstract 

MHD BEHAVIOUR AND DISCHARGE OPTIMIZATION IN JET. 
The electron density in JET is limited by disruptions, the disruption boundary having 

rather precise dependence on the plasma current. Disruptions on the current fall are preceded 
by a reduction in the rate of fall of electron density, this reduction being correlated with the 
spectroscopic signals. During the current quench which follows the disruption, the energy loss 
is mainly due to radiation from impurities, this radiation producing a cold, highly resistive 
plasma. The observation in some discharges of m = 2 magnetic fluctuations during startup, 
while qa is still above 10, indicates a rapid peaking of the current. Higher m-modes are found 
to be correlated with broad current profiles. The growing magnetic oscillations which appear 
before disruptions often become phase-locked but the amplitude of the non-oscillatory signal 
continues to grow. In some cases, the growth of the magnetic perturbation occurs entirely 
without oscillation. Soft X-ray sawtooth oscillations are observed on all high current discharges, 
the period being typically 30—40 ms. The onset is sometimes accompanied by oscillations at 
about 500 Hz. The period of the oscillations has been compared with theoretical predictions. 
JET plasmas are vertically unstable if b/a exceeds 1.2. The growth of the instability is limited 
by eddy currents induced in the vacuum vessel, allowing the plasma position to be feedback-
stabilized. The loss of stabilization in one discharge caused a force of hundreds of tonnes to 
be transmitted to the vacuum vessel. 
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1. INTRODUCTION 

Since JET [1] became operational in June 1983, operating 
conditions for ohmically heated discharges have been 
established. JET is similar in size and plasma current to 
the proposed next generation of reactor-like tokamaks (e.g. 
NET), so the experience gained should have a substantial 
impact on their design. This paper describes some relevant 
experimental results. 

2. START-UP AND CURRENT RISE 

Numerical studies were performed to define the optimum 
magnetic field configuration for start-up, taking into 
account the iron transformer circuit and eddy currents in 
the vacuum vessel. The resulting choice of coil turns, 
which minimise the dipole and quadrupole fields, permitted 
successful operation. Breakdown for pulse discharge 
cleaning was obtained at 7V per turn in a toroidal field of 
0.15T, indicating that stray fields were very low. For 
tokamak operation, with 20V per turn at 2.6T, the filling 
pressure was in the range 2-4 x 10 5mbar. Subsequent 
discharge behaviour showed strong dependence on filling 
pressure. The appearance of m=2 instabilities in many 
discharges when q was still greater than 10 implied an 
early peaking of the plasma current. A rapid current rise 
around the plasma axis resulting from a localised 
penetration of the radiation barrier in that region is a 
suggested explanation. 

The maximum allowable rate of current rise is an important 
consideration for future operation as the passive circuit 
used for start-up links the available magnetisation flux to 
the rate of current rise. Also, a prolonged current rise 
limits the maximum plasma current and the volt-seconds 
available in the flat-top. Disruption-free operation has 
been obtained at l.OMAs * in JET. The minor radius was 
increased from 0.65 to 1.05m in the first two seconds of 
the discharge to suppress skin currents. 

3. DISRUPTION 

Many JET discharges are terminated by disruptions. Fig.la 
shows the plasma current versus time for pulses which 
disrupt in the current rise, flat-top and current decay. 
Fig.lb shows values of plasma current at disruption as a 
function of the vertical line integral density for a number 
of "circular" (elongation ratio, b/a s 1.15-1.2) and 
"elongated" (b/a = 1.5-1.6) discharges with toroidal field 
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values 1.5-2.6T. These results can be represented by a 
line-average electron density limit 

n = (0.7/b + 7.8BT/Rq ) x 10
19m"3 

where the major radius R = 3.1m, a = 1.1m, B is in the 
range 1.5-2.6T and the approximate safety factor 

q = 2irabB /u I R 
a l o p 

The disruptions usually occur in the current decay and 
result from particular type of trajectory in the disruption 
diagram. Some typical trajectories are also shown in 
Fig.lb. The reduction in the rate of fall in density, 
which leads to a crossing of the disruption boundary, is 
correlated with a sudden increase of the vertical chord 
spectroscopic signals such as H , CIII and visible 
bremsstrahlung whilst the limiter H and Cri decrease. 

The current quench is found to be due to rapid cooling by 
impurity radiation. The ohmic heating is generated by the 
decay of the stored energy in the poloidal magnetic field 
and approaches 1GW in some discharges. The quench is 
considerably more rapid for disruptions that start at high 
currents. Current decay rates between 106 and 108A« 1 have 
been observed. Above 107A« 1, the vertical field amplifier 
is unable to provide sufficient voltage to maintain the 
preprogrammed position and the plasma is swept onto the 
inside wall. Fig.lc shows a comparison of the energy input 
from ohmic heating, during a slow quench, with the total 
radiated energy estimated using a 16-chord bolometer 
measurement. Shown in Fig.Id are the vertical chord line 
integral emissivity profiles obtained during this quench. 
The peak shifts from the limiter to the inside wall, 
indicating changes in the impurity source during the quench. 

4. MHD INSTABILITIES 

Poloidal field coils, with a frequency response to 10kHz, 
inside the vessel and 14 external saddle loops on each 
octant have been used to investigate magnetic activity. 
The observed fluctuation frequency is independent of mode 
number and varies between 0.7 and 1.4kHz, for all 
elongation ratios. The apparent motion is in the electron 
diamagnetic drift direction (antiparallel to the plasma 
current.) The mode numbers, determined from the phase and 
amplitude variations of poloidal field signals, agree 
provided the vessel is assumed to have a conducting wall 
for rotating modes. Poloidal mode numbers m=5, 4, 3, 2 and 
toroidal mode number n=l have been identified at 
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FIG.2. Magnetic fluctuation level as a function of surface value of the safety factor. 

fluctuation levels ranging up to 3% of the poloidal field 
at the resonant surface. 

During the first second of the current rise, mode activity 
is complex, often displaying m=2 and 3 "soft" disruptions 
at early times, sometimes followed by m=4, when the current 
channel expands. Early m=2 activity develops in several 
ways: it can decay at constant frequency to an 
undetectable level; alternatively, it slows down and 
locks, followed either by a decay or a disruption. The 
plasma usually recovers from this unstable period. 
Occasionally, this phase of the discharge shows only low 
level m=4 activity, but later behaviour is not 
significantly different. The presence of high m 
(>4) modes is correlated with broad hollow current and 
temperature profiles. In the flat-top phase of some 
discharges, fluctuation levels fall to less than 0.01% of 
the poloidal field at the resonant surface and the 
corresponding island width to less than 1% of the plasma 
radius. For safety factors below 3 for circular, and 4 for 
elongated discharges, the m=2, n=l activity increases 
rapidly, as shown in Fig.2. 
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FIG.3. Waveforms of a disruption showing magnetic fluctuations, soft X-ray emission and 
plasma current. 

Fig. 3 shows typical waveforms of a disruption. The final 
sawtooth is evident on the soft X-ray signal as the m=2, 
n=l mode grows. The mode frequency falls from the usual 
lkllz and in this situation the growth time is estimated 
to be 10ms. The mode then locks for 20-100ms. The growth 
is nearly linear when locked, with the perturbed field 
increasing by up to a factor of two. The final 
perturbation level is ̂ 3% at the resonant surface, which 
corresponds to an m=2, n=l island width of 20% of the 
plasma radius. This does not extend to the limiter but 
approaches the q=3 surface. The internal inductance 
changes by less than 0.1% and the average density by less 
than 5% during mode growth and locking. The current 
termination starts with a fast mode whose growth time is 
less than 200us and whose dominant component is m=2, n=l. 
In some cases, disruptions have no oscillatory magnetic 
precursor but multipolar analysis of the magnetic signals 
indicates a growing, but phase-locked, m=2, n=l mode. 

5. SAWTEETH 

Sawtooth oscillations are seen on the soft X-ray signals on 
all high current pulses. They usually start during the 
current rise, about l-2s after breakdown. Soft 
X-ray signals are measured by four surface barrier diodes 
close to the midplane. With different Be foil filters 
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providing low energy cut-offs at ^200, 440, 840 and 
1300eV, well formed sawteeth are evident on the highest 
energy channel when the central temperature is below 
1.5keV. 

The onset of sawtooth behaviour is sometimes accompanied by 
an oscillation at f^500Hz. This dies away during the first 
few hundred ms after onset, as the sawtooth amplitude 
increases. Phase difference measurements indicate m=l 
oscillations. Double sawteeth, with approximately twice 
the normal period, are often seen. Variations correlated 
with the sawteeth are often observed on the 2mm 
interferometer and spectroscopic signals. 

The sawtooth oscillation period increases during the 
current rise, varies slowly during the flat-top and 
decreases as the current falls. In Fig.4, the sawtooth 
period during the flat-top is compared with two analytic 
predictions [2,3]. Both analyses estimate the time for the 



360 THOMAS et al. 

magnetic island, resulting from an m=l internal resistive 
kink or tearing mode, to encompass the geometric axis. The 
predicted scalings are quite different, due to different 
assumptions about the type of instability and the relative 
magnitudes of the growth rate and diamagnetic frequency. 
Despite this, both predictions give good agreement with 
earlier tokamaks, where the sawtooth periods lay in the 
range 0.5-13ms, as compared with 30-60ms in JET. The radius 
of the q=l surface, a factor in both predictions, is not 
defined by the available diagnostics onxJET. Using an 
empirical fit1 to TFTR data, r =(ab)^/q , the 
McGuire-Robinson predictions lie on average within 20% of 
the JET data, whereas the predictions of Jahns et al. do not 
fit well. 

The transit time of the heat pulse, which is created by the 
sudden flattening of the temperature profile in the central 
region, is given by the delay between the sawtooth signals 
on the soft X-ray channels and the H signals. This 
permits estimates of thermal diffusivity values [2] which 
are similar to those obtained from energy confinement. 

6. VERTICAL STABILITY 

JET plasmas are vertically unstable when b/a exceeds 1.2. 
This instability is slowed down by eddy currents in the 
vacuum vessel and mechanical structure whose decay time is 
around 4ms. A feedback stabilisation circuit has been 
implemented allowing routine operation up to b/a = 1.7. 
The measured instability growth rate during initial 
operation, before introduction of the feedback system, and 
later, when reducing the loop gain to zero, were in general 
agreement with theoretical expectations. The vertical 
instability has been triggered in many disruptions of 
elongated discharges. It is not clear whether this 
originates in the current profile changes during the 
disruption or the behaviour of the thyristor bridge. 
In one discharge, a vertical instability occurred during 
the current rise, when b/a was 1.7 and the current was 
2.7MA. The plasma column moved down approximately 1.0m and 
the current decayed by 0.3MA in the first 50ms. In the 
next 30ms, the current decayed to zero. The plasma 
position estimation is uncertain for this phase due to 
the eddy currents in the vacuum vessel which had a net 
toroidal component of 0.5MA. During this instability and 
termination, the vacuum vessel, which weighs lOOt, was 
subjected to a considerable shock and underwent a complex, 

1 We are grateful to K. McGuire for this information. 
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damped oscillation with a peak displacement of order 0*0 lm. 
Since the plasma inertia is negligible, the force balance 
must have been maintained throughout the instability and 
termination. A force imbalance of several hundred tonnes 
is calculated for maximum plasma displacement. A poloidal 
plasma current, which returns through the vacuum vessel, is 
suggested to explain this imbalance and the mechanical 
shock is due to the interaction of the vessel current with 
the toroidal field. The plasma motion across the magnetic 
field gives sufficient voltage to drive the current. 

7. FLUX CONSUMPTION 

The flux consumption, measured at the ohmic heating primary 
terminals and the flux loops on the vacuum vessel, agrees 
with calculations from a static equilibrium code and a 
constant resistive voltage drop of 0.8-1.2V. Current 
density profile changes were taken into account by 
constraining the safety factor on axis to 0.8, in the 
equilibrium code calculations. A satisfactory 
approximation is to represent the flux consumed at any 
point by 

ijKt) = {1.5 ± 0.5 + M I + V t } (Wb) 
s t a r t - u p induc t ive r e s i s t i v e 

where M is a mutual inductance which represents the 
equilibrium flux distribution and whose value ranges from 
2.2uH at the limiter to 4.3uH at the ohmic heating primary 
terminals. The flux consumed in establishing the plasma 
current distribution is included in the start-up term. The 
breakdown loss is 0.2 to 0.5Wb. 

The flux available on the magnetic axis of a 5MA discharge 
is 5AWb at £ =0 and 66Wb at 3 =1.5. 36Wb is obtained from 
the ohmic heating primary andpthe rest from the vertical 
field. The plasma inductance is approximately 8uH, and, 
consequently, 5MA discharges of duration of 10s or more can 
be made, provided the full magnetising current can be used 
without causing disruptions. 
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Abstract 

THE INFLUENCE OF RESONANT HELICAL FIELDS ON TOKAMAK CONFINEMENT. 
Experiments have been performed on the TOSCA tokamak to investigate the influence 

of magnetic perturbations on confinement. The perturbations are either imposed, via external 
windings, or natural plasma fluctuations. Large applied m = 2, n = 1 fields stop the m = 2, 
n = 1 oscillations and reduce the amplitude of the broad-band radial field perturbations Br. 
The size of the imposed magnetic islands depends upon the response of the plasma. Measure
ments indicate that there is an enhancement of the applied field. Theoretical predictions 
depend critically upon details of the current profile. The effect of finite conductivity is 
considered. The magnetic power spectrum has been measured as a function of radius and 
density. The global energy confinement appears to be independent of b r . Large fluctuations 
C$40 V), correlated with m = 2, n = 1 activity, are seen on the floating potential of the limiters. 

Introduction 

A number of tokamaks, see [1], have used a variety of 

helical perturbations to influence the mhd activity. In 

particular, the m=2 oscillation may be stopped, even with a very 

simple coil system [l]. The effect of the plasma on the 

applied field is studied, experimentally and theoretically. 

The question of the penetration time has also been addressed, 

globally rather than locally [2]. 

Few experiments have been performed elsewhere to study 

magnetic fluctuations inside a tokamak plasma (eg [3,4] ) and 

their correlation with confinement. More data, especially on 

the correlation with density and global confinement time, are 

presented here. 

* University of Oxford. 
** University of Oxford, Balliol College. 
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(ii); solid line regions (ii), (in). 

Theory 

The presence of a plasma current can significantly change 

the applied (2,1) field from the vacuum value. The pressure 

balance equation may explain this. Working in cylindrical 

coordinates with a cylindrical equilibrium (J(r), B(r)), all 

equations are linearised (j, b, p <* exp(ime + ikz)). The Q,z 
components of the perturbed pressure balance equation require 

m 
7 Je 

kJz = 0 1) 

everywhere for the equilibrium current if the perturbation is 
steady-state and vacuum-like (j = 0). In general, this is not 
so, and hence j must be non-zero. 
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0.20 

FIG.2. Radial field and saddle coil current showing time dependence of m =2, n = 1 response 
for an equilibrium near the (ii)l(iii) boundary. Vacuum field is for /saddle = 1-

and 
The radial field equation obtained from pressure balance 
vfb* = 0 [5] is singular. It has solutions which 

demonstrate that the radial dependence of b in areas of the 
plasma where (1) is not satisfied depends strongly on B(r). 

Equilibria of the form J 

have been used 
z = J 0 ( l - ( r / a ) f ) 9 ; vp = 0 

where f * 2 and 1 < g < 20. By varying J and 
g, (q *q ) space can be spanned. The response may be described 
by a = b (m,n, plasma)/b (m,n, vacuum) at the resonant surface 
( r ) . Then i f the q - p r o f i l e were to evolve from region ( i ) 
through ( i i ) to ( i i i ) ( F i g . l , for m=2,3; n= l ) , the response 
would be attenuating (-l<a<0) un t i l ( i i ) when ampl i f icat ion 
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sets in (a< -1), becoming arbitrarily large at the (ii)/(iii) 

border where the sign changes discontinuously and the gain 

begins to fall. 

At the boundary between regions (ii) and (iii) the 

response is singular (in the steady state); this border also 

coincides with the line A1 = 0 for the equilibria used when 

there is no conducting wall, in agreement with [6]. This 

solution is the marginally stable tearing-mode eigenfunction 

[6]. If J is locally flattened inside r , reducing A' to zero 

the 'flip' boundary (Fig.l) can be raised to any q < 2 and the 

response enhanced. 

Investigations with a linear time-dependent initial-value 

code [7] (RIPPLE4, including external helical currents) have 

been made to model the effects of resistivity (Fig. 2). 

Agreement with the steady-state code (S-»°°) was found for 

S(s -cRv./a) > 10 3 (less than in the experiments) and the 

pressure gradient has negligible effect. 

Experimental Results 

1. Resonant helical fields 

A deliberately simple set of saddle coilsfl] have been 

used on TOSCA (R = 0.3m, a, - 0.08m). 

Most studies have been done with 8 semicircular conductors 

on the torus R = 0.3m, r = 0.13m at 9 = ± 78.75°, ± 101.25°. 

The m=2, n=l component dominates in the plasma. Higher-m 

harmonics dominate at the edge. The configuration has no net 

helicity. As with other machines and other configurations, m=2 

oscillations can be quenched (Fig.3). 

The time to remove the oscillation is short ~ 200ns, 

compared with TR(classical ) ~ 5ms, consistent with Fig.2, and 

close to the timescale of disruption precursors. 

It is possible to apply large perturbations, b (2,1)/B ~ 

2-3% at q=2, without changing the confinement substantially, 

provided q > 4. At lower q, or if a configuration with more 
a ~ 
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FIG.3. Fluctuations on a magnetic coil and a limiter (a) without and (b) with applied helical 
field. Ip^lOkA.B^^S kG, n^lO19 m~3. 

harmonics (especial ly m=l, n=l) i s used, the core region i s 
affected and sof t disruptions resu l t . 

Estimates from f i e l d l i n e t rac ing in toro idal geometry 
show some s t o c h a s t i c i t y f o r vacuum f i e lds (x ~ I 2 (saddle)) 
and xe (stochast ic) « xe(experiment) near r(q=2) in most cases. 

F igure 4 shows the p r o f i l e s of S 2 ,K | as measured by a 
magnetic probe. The q=2 radius is < 5cm. The magnetic f i e l d 
power is summed from 125 to 500 kHz. The m=2 osc i l l a t i on 
apparently drives much of the h igh- f requency spectrum: 
applying the hel ica l f i e l d to remove the osc i l l a t i on reduces 
the power (at high frequency) by a factor of ~ 2 , without 
substant ia l ly changing the p r o f i l e . 

2. Response measurements 
The net radial f i e l d perturbation is measured with a probe 

to r - 5.5cm (e=90°). The chief error comes from the 
equi l ibr ium f lux surface s h i f t . The response to the non-
resonant (2,1) perturbation i s small . The conclusion is that 
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the plasma current enhances 

illustrated by b (plasma)/b 

measured after the oscillation has ceased. 

the applied field. This is 

vacuum), Fig.5. The fields are 

The second curve 

shows the same ratio for the resonant (2,1) component alone, 

assuming only the (2,1) field is affected by the plasma. The 

result agrees qualitatively with the theory if the current 

profile is near marginal stability to the (2,1) tearing mode. 

3. Limiter experiments 

TOSCA has 3 limiters, a pair at top and bottom (a 

and an ou te r m idp lane l i m i t e r ( a 1 T M = 8.5cm 
o LIM -

toroidally by 90 . Each subtends about 30 

L I M - 8cm) 
di splaced 

at the minor ax is . 
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Strong oscillations at the m=2 frequency (~ 40kHz) are observed 

on the limiter floating potential, remote from the q=2 surface: 

AVf < 40V, <Vf> = -60 to -80V. The phasing of all 3 limiter 

signals is consistent with m=2,n=l. |Vf| . appears to coincide 

with the X-point. When connected to the vessel an average 

current of 15A modulated by ~ 60% at this frequency flows to 

the limiter. The 40 kHz signal comes primarily from the limiter 

face on the electron side (split limiter measurements). 

Oscillations might therefore be due to current carrying 

electrons, modulated by the rotating m=2 structure, being 

intercepted by the 1 imiters. 

Langmuir probe signals from 8.2 cm whether toroidal!y near 

(3mm) or far from the limiters, are dominated by broad band 
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f luc tua t ions . Analysis of probe current f luctuat ions [8 ] on 
TOSCA indicates that n /n >> T /T for r > a , . I t is apparent 
that spat ia l averaging 1>y the l im i t e r empnasises the long 
wavelength mode. 

Figure 3 shows quenching of the l im i t e r m=2 osc i l l a t ions 
by the saddle c o i l s . The f a l l i n lv I i s probably due to 
reduced edge temperature. 

Confinement in ohmic plasmas 
The low-dens i t y ohmic sca l ing law fo r %f [ 9 ] f i t s the 

TOSCA data to better than a factor of 2, for (ñ > 3 x 10 1 8nr 3 ) . 

Measurements of the magnetic f i e l d f luctuat ions in and 
outside the plasma reveal the fo l lowing: 

( i ) b 2(o)) ~ u)"a, a ~ 4, approximately independent of density 
and measurement radius (5-9 cm). 

( i i ) The absolute leve l o f , E 1> 2 U ) (125-500kHz) varies by 
only ± 25% at r=8cm as the density (and %^) is increased by a 
f a c t o r of ~ 3. There is no simple corre la t ion between TF and 
E "5 2 (E t> 2 can even r ise with n at r=5cm). 

( i i i ) s b~ 2 increases as r decreases. 

Estimates of %e from f l u c t u a t i n g and stochastic f i e lds 
[10 ] are always low, by t yp i ca l l y a factor > 10, when compared 
w i th experimental values (r>5cm). Moreover, as the confinement 
is unchanged as the broad band and coherent mode amplitude drop 
on removal of the m=2 osc i l l a t i on (Fig. 4 ) , i t seems that 
neither port ion of the spectrum can be responsible for the 
t ransport . 

Conclusion 
Experiments with simple saddle co i l s have provided evidence for 
the influence of plasma on an applied (m=2, n=l) hel ica l f i e l d . 
The resul ts are consistent wi th theoret ical models. Large 
hel ical perturbations may be applied without substantial change 
in. confinement. The removal of the m=2 osc i l l a t i on reduces the 
high frequency f l u c t u a t i o n l e v e l . There i s no c lea r 
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corre la t ion between %^ and *&2> (high frequency, broad band) or 

d b ( 2 , l ) / d t . Together these support the suggest ion t h a t 

magnetic f l uc tua t ions , whether low-or high-frequency, do not 

control transport in the outer t h i r d of these ohmically heated 

tokamak plasmas. 
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DISCUSSION 

ON PAPERS IAEA-CN-44/A-V-5-1 TO A-V-5-5 

M. KEILHACKER: I have a comment on the first part of your report, in 
which you discussed changes in the power balance at the plasma edge due to 
ionization and charge-exchange losses leading to a thermal instability as possible 
causes of disruptions. I think that this is exactly what was observed and 
discussed in connection with Alcator and ASDEX (see, for example, their paper 
at the 11th European International Conference at Aachen in 1983), and was 
termed 'marfe' and 'pre-disruptive state' by the two groups, respectively. 

F. ALLADIO: The enhanced recycling regime was observed in the Frascati 
Tokamak (FT), and these findings were published before the Aachen Conference 
(see Phys. Lett. 90A (1982) 405). However, in FT its disruptive character is 
observed only for qL < 4. 

F. SCHÜLLER: I should like to make two comments. First, I should mention 
that in JET there are two modes of current quench, depending on the ability of the 
position control to hold the plasma. The first is — as you mentioned — the fast 
current quench with strong radiation from the inside where the position control 
is not able to hold the plasma. However, if that position is maintained, the quench 
time is ten times longer and radiation is homogeneously emitted. 

Secondly, in the case of high-density disruption, we see in JET a strong poloidal 
asymmetry of the bolometers and of the Ha light, which would seem to bear out 
Dr. Keilhacker's comment that there is a connection between 'marfes' and the 
high-density disruption. 
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Abstract 

PLASMA HEATING IN THE TORTUR TOKAMAK BY LOW-FREQUENCY TOROIDAL 
CURRENT PULSES. 

Turbulent heating effects in the TORTUR tokamak due to different rates of increase of 
the toroidal currents induced by near- or above-critical electric fields are studied. A common 
feature of the heating due to current pulses of widely different pulse times and magnitude is 
the large time lag between the energy input and the subsequent increase of thermal energy of 
the plasma. An explanation could be found in the thermalization of a superthermal electron 
distribution, with an upper energy near (OJ^/CO^)2 Te, formed by the presence of the toroidal 
electrical fields, coupling through anomalous Doppler effect to weakly turbulent plasma modes 
as fast magnetosonic waves and dissipative drift waves. 

1. EXPERIMENTAL PROCEDURE AND DIAGNOSTICS 

TORTUR has the following parameters: R = 0.46 m; a = 0.085 m; 
Bmax= 3.0 T. After plasma formation (Te (0) « 10 eV; Ti < Te ; np = (2-10) X 
1019 m~3), the slower low-voltage heating is brought about by the discharge of 
capacitorCj (1 mF; 5000 V; Iimax < 7 0 k A ; E j < 2 5 V/m; Eim /f <0.15 V-s/m), 
coupled to the primary of an iron core transformer (0.25 V-s). A current plateau 
is maintained during 30 ms by discharging an electrolytic bank C2 (0.4 F; 500 V; 
I 2 <45kA)(seeFigs 1,2). 

Up to four, critically damped, fast high-voltage pulses of variable current 
magnitude can be administered on top of the plateau by capacitor banks C3 (E3 < 
1 kV/m; Alp < 50 kA; r ^ * 5 X 10 -6 s; E3 m a x /f < 2 X 10 -2 V-s/m). 

375 
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The capacitors, C3, are connected to a 2 cm copper shell which surrounds the 
Inconel liner. The shell acts simultaneously as a one/one transformer and a passive 
shield for short-timescale plasma equilibrium (<2 ms). External magnetic fields 
adjust the column position on longer timescales. 

Te and np were measured at the radial positions r = 0.005 and 0.06 m by a 
high spectral resolution 20-channel polychromator for Thomson light scattering [ 1 ]. 
The time evolution of Te(r) was also followed by a six-channel electron cyclotron 
emission ECE polychromator. Local and time-resolved ion energy distributions 
were measured actively, using a 25-kV injected hydrogen beam near the plasma 
axis (width of beam about 4 cm), as well as from passive charge-exchanged atoms. 
Information on the plasma impurities is obtained from soft X-ray measurements 
(foil transmission data with channeltrons and surface barrier detectors). X-ray 
emission was also monitored with a cooled Si-Li detector. Low-frequency drift 
waves (<1 MHz) were measured by collective scattering of 4 mm waves. 

2. RESULTS AND DISCUSSION 

Discharges were explored without and with fast pulses superimposed on the 
plateau. First, the typical turbulent heating effect at the start due to the slow 
bank, ending up in the plateau stage (30 kA), is shown together with the heating 
due to one fast pulse (duration: 10 us) at t = 8 ms (Fig. 1(a)—(e)). In Fig. 2(a)—(0, 
the time histories of Te and Ti after one fast pulse are shown in greater detail. 

Heating aspects of the first current ramp are now discussed. During this 
current ramp (bl1 /9t<^3 X 107 A/s), Te(r) increases almost at the same rate through 
out the plasma. The ions are not yet heated. This fast increase is very characteristic 
of turbulent heating. As argued later, heating due to ion-acoustic turbulence is 
held responsible in this period. During the first ms, strong superthermal mm 
radiation is emitted, whereafter normal ECE1 profiles yield radial Te profiles. 
An X-ray tail spectrum up to several keV also develops in the same period (Fig. 3(a) 
and(b)). After Ii m a x at t — 1.5 ms, the energy input slows down to a value 
necessary to maintain the plateau state [2, 3]. However, Te(r) continues to increase 
from a value Te(0) = 300 eV at t = 1.5 ms to almost 1000 eV, reached at t = 3.5 ms 
(Fig. 1(b)). Thereafter, Te diminishes in about 2 to 3 ms towards its plateau value 
(600 eV), while the ion temperature Tj(r) increases to values of about 0.7 Te(r). 

The plateau state can be characterized by: <Te> = 0.3 Te(0) and (np> = 
0.5 n(0). The plasmas have a high poloidal beta: j8poi ^ 2. A high drift parameter, 
Vd/Vxi = 1, is maintained by C2 at relatively high loop voltages of 4 to 6 V, indi
cating resistive anomalies by a factor 4 compared to a classical discharge with 
Zeff = 2. This factor can be found by using the empirical scaling results for 

1 Electron cyclotron emission. 
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tokamaks as given by Pfeiffer and Waltz [4]. Zeff « 2 follows from absolute 
intensity measurements with the very soft X-ray arrangement. These reveal an 
oxygen impurity concentration building up in the peripheral region (Ar « 3 cm) 
with Te * 200 eV [5]. 

Up to 45 kA, temperatures and densities increase precisely proportional 
to I2. Densities follow Murakami scaling with the insertion of Zeff = 1.7 [2], 
These dependences, as well as Vi00p

 a n1 / 2 for np « n (Murakami), are completely 
consistent with accepting a slightly turbulent plasma state characterized by a 
plasma conductivity a oc np

1/2 and do not, or only weakly, depend on Te. The 
intensity of low-frequency drift waves, peaked near 100 kHz (Fig.4), is observed 
to scale linearly with AIp

2 [6]. 
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The energy confinement times (re, 2—2.5 ms) are in agreement with the 
empirical formula, following Pfeiffer and Waltz [4]. At the high q-values used 
(6—7) the discharges are mostly disruption-free. 

Heating due to one fast pulse (Figs 1 and 2) is very similar to the heating by 
capacitor Cx, showing a delay in the increases of Te and Ti of 2—3 ms after the 
pulse maximum. A temporary decrease (1—2 ms) in Te is found near the plasma 
boundary (Figs 1,2). This decrease is accompanied by an increase in OII line 
radiation (Fig. 1(e)) and a decline in soft X-ray recombination radiation. The 
increased resistivity probably causes magnetic reconnection after field line tearing. 
However, re is not changed. 

Despite stable heating, an apparent short time decrease (<500 /xs) in Te is 
sometimes observed and is not yet explained. When the column is carefully centred, 
large disruptive instabilities can be avoided. 

ATe and ATj near the axis increase proportionally with (AIp)
2 (Fig. 5(a) and 

(b)). For AIp> 35 kA, the increases terminate for the electrons while the increase 
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of the ions continues [3]. The build-up of a hot electron tail between 2 and 
20 keV after the pulse is clearly demonstrated in the range 2-20 keV (Fig. 3(b)). 

Heating due to three pulses fired at time intervals, Atp , of 2 and 3 ms is 
shown in Fig. 6. It is found that successful heating is obtained for A tp ~ re. 
The possible physical origin of the phenomena encountered is briefly discussed 
below. 

During the current rise due to bank Ci, the heating can be typified by 
E Í / E R A X U ; (0Jce/wpe)

2 = 4; T e /Ti>l and vd /c s>2 (cs= (kTe/mi)1/2 ; E R A is 
the runaway field strength). Under these conditions, strong bulk electron heating 
occurs owing to current-driven ion-acoustic turbulence. At the same time, a con
siderable part of the supplied energy is used for the formation of a tail energy 
distribution (about 10% of population) up to tens of keV (Fig.3). The unimpeded 
acceleration of the electrons is avoided by anomalous Doppler electron cyclotron 
coupling to plasma modes as fast magnetosonic waves or by scattering of the 
beamlets by normal Doppler effect [3,7], Evidence for this effect is the presence 
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of the superthermal tails found from X-ray data. The excitation of fast magneto-
sonic turbulent noise is deduced from the deviation of Thomson-scattered light 
from anormal Gaussian (see Fig.7). Clearly, satellites corresponding to a population 
near VA are found. We found that thermalization of the scattered tail population 
of several keV can account very well for the delayed increases of Te and Ti. 

Nearly identical arguments can be used for the fast high-voltage pulses. There, 
E P / E R A ^ !• However, because Te ** Ti, only weak ion cyclotron waves can grow. 
Indeed, only retarded heating is found, which again can be ascribed to beam-
plasma effects, much the same as discussed before [3]. 

Summarizing: in small tokamaks, considerable additional heating — during 
times exceeding r e by far — is shown by the application of repeated low-frequency 
current pulses. 
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Abstract 

EFFECTS OF q AND HIGH BETA ON TOKAMAK STABILITY. 
In the Columbia University Torus II tokamak, plasmas have been studied with volume-

averaged toroidal beta values as high as 15%. Experimental equilibria have been compared 
with a 2-D free boundary MHD equilibrium code PSEC. The stability of these equilibria has 
been computed using PEST, the predictions of which are compatible with an observed 
instability in Torus II which may be characterized as a high toroidal mode number ballooning 
fluctuation. In the University of Wisconsin Tokapole II tokamak, disruptive instability 
behaviour is investigated, with plasma able to be confined on closed magnetic surfaces in the 
'scrape-off region', as the 'cylindrical' edge safety factor is varied from q « 3 to q « 0.5. 
It is observed that at qa « 3 major disruption activity occurs without current terminations; 
at qa <C 2 well-confined plasmas are obtained without major disruption; and at qa *« 0.5 
only partial reconnection accompanies minor disruptions. 

I. STABILITY OF A POLOIDAL DIVERTOR TOKAMAK 
IN VARIOUS q REGIMES 1(University of Wisconsin) 

Two features which strongly influence the stability of a 
toroidal plasma are the radial profile of the magnetic field 
line pitch and the boundary condition imposed at the plasma 
edge. In the Tokapole II tokamak we have investigated the 

* Present address: Plasma Physics Laboratory, Princeton University, Princeton, NJ, USA. 
** Present address: Universidade Estadual de Campinas, Brazil. 

1 Work supported by US Department of Energy. 
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gross stability properties as the safety factor q is varied 
from 3 to 0.5 in the presence of an atypical boundary 
condition in which a magnetic separatrix contains the tokamak 
plasma. This boundary differs from that of other poloidal 
divertor tokamaks in that in these experiments Tokapole II is 
operated without scrape-off plates Inserted into the region 
beyond the divertor separatrix. Thus, substantial plasma 
current and density can exist outside the separatrix which is 
thereby embedded In a conducting plasma. 

Tokapole II is a tokamak in a four-node poloidal 
divertor configuration [1]. Four current-carrying divertor 
rings are located within a 44 cm x 44 cm square aluminum 
vacuum chamber with a 50 cm major radius. The distance from 
the tokamak magnetic axis to the divertor separatrix (where q 
becomes infinite) is about 8-9 cm. The device has the 
unusual feature that a large amount of poloidal magnetic flux 
exists outside the separatrix but within the vacuum vessel. 
As q is varied (shot-to-shot) from 0.5 to 3, the toroidal 
magnetic field varies from 3 kG to 6 kG, toroidal loop 
voltage at the plasma center from 6 V to 2.5 V, density from 
1013 cm"3 to 5x1012 cm"3, electron temperature from about 
80 eV to 150 eV, and pulse duration from 4 ms to 12 ms. 
Plasma current remains at about 25 kA. 

We examined the gross plasma stability in three regimes: 
q ~3, qa£2, and q ^0.6, where q denotes the edge safety 
factor obtained for a uniform current density, cylindrical 
plasma with the same cross-sectional area and total plasma 
current as the experimental plasma. A key result emerges in 
each regime, namely (1) q~3 plasmas exhibit extremely large 
soft x-ray sawtooth oscillations and m/n=even/odd precursor 
oscillations (where m and n are pololdal and toroidal mode 
numbers). These events have the properties of a major 
disruption except that current termination does not occur; 
(2) qa£2 plasmas are obtained with only small sawteeth, m^n

3»! 
precursor oscillations, no major disruption and good 
confinement properties; (3) q J^.S tokamak plasmas 
(previously reported in Refereuce [2] are obtained with 
sawtooth soft x-ray oscillations but only partial 
reconnectlon as Indicated by sawteeth oscillations in q which 
is localized about the q=l surface. It is conjectured below 
that properties of the separatrix and divertor configuration 
may be responsible for the lack of current termination during 
a major disruption, the ability to obtain qa<2 without 
disruption and the partial reconnection at qa^0.5. 

For the q^^ plasmas, large sawtooth oscillations are 
observed on the soft x-ray detectors (Fig. la). Typically 
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FIG. 1. (a) Central chord soft X-ray signals during q&~ 3 Tokapole II discharges, (bj Poloidal 
magnetic field oscillations that precede the sawtooth crash. . 

only 2 to 5 of these large sawteeth occur during a discharge. 
Superimposed on the large sawtooth oscillations are 1 to 4 
small sawtooth oscillations. The inversion radius for both 
the large and small sawteeth are similar and occur near but 
somewhat inside the divertor separatrix. A growing precursor 
oscillation of even m, odd n is observed for both types of 
sawteeth on magnetic pick-up loops placed near but somewhat 
outside the separatrix (Fig. lb). These oscillations are not 
purely sinusoidal but are distorted in a way consistent with 
what would be expected Ifanm/n=3/2 mode and m/n^/l mode 
were rotating together with the same toroidal angular 
velocity in the electron diamagnetic drift direction. These 
data suggest that the sawtooth oscillations for q ̂ 3 are 
m/n=2/l driven disruptions as observed on many other tokamaks 
[3]. The lack of current termination in these disruptions 
may result from the lack of a material limiter near the 
separatrix, coupled with the small major radius shift 
expected when the current profile is flattened in the 
divertor configuration [4]. 

If the plasma current is increased or the toroidal 
magnetic field is decreased until qa<2, the large sawtooth 
oscillations are eliminated and only small sawtooth 
oscillations are observed. In this case very little 
precursor activity is observed on the external pick-up loops, 
but instead an m^n^l precursor is observed on the soft x-ray 
diodes. This suggests that the sawteeth In this case are the 
usual internal disruption driven by the m=n=l mode [5]. 

An MHD equilibrium code was used to estimate the current 
density and q profile in the qa<2 case. Inputs to the code 
were the total plasma current, the current in the divertor 
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rings, the radial position of the peak in the soft x-ray 
emissivity (assumed to be the magnetic axis), and the 
sawtooth inversion radius (assumed to be the q=»l surface). 
This analysis indicates that the position of the q^ surface 
is very near the divertor separatrix. These qa<2 plasmas are 
obtained with good energy confinement, i.e. confinement 
times (~ several hundred microseconds) comparable to that at 
higher q and compatible with empirical scaling from other 
devices. 

In discharges with q ̂ .6 [2] sawtooth oscillations are 
observed on the soft x-ray detectors. However, in contrast 
to what would be expected from the usual picture of the 
m/n^l/l driven disruption based on resistive tearing mode 
theory, direct measurement of the poloidal magnetic field 
within the plasma with probes indicates that the plasma 
current density profile does not fully relax to a q>l state, 
i.e. only partial reconnection occurs. 

In summary, many of the above features may be related to 
the magnetic separatrix. The separatrix may have a 
stabilizing effect, reminiscent of a conducting shell in that 
at qa^2 the major disruption is avoided with the q=2 surface 
very close to the separatrix, and at qcC%5 only partial 
reconnection occurs with a saturated local q5»! island. At 
q w3 the magnetic limiter aspect of the separatrix is 
advantageous in prohibiting plasma termination in the 
presence of a disruption by inhibiting the major radius shift 
and eliminating plasma contact with a material limiter. 
These interpretations require theoretical calculations to 
distinguish the effects on stability of the separatrix, the 
altered current profile and the "scrape-off region". 
Operation of other poloidal diverter tokamaks without 
scrape-off plates would be illuminating. 

II. HIGH BETA TOKAMAK EQUILIBRIUM AND STABILITY STUDIES2 

(Columbia University) 

Research carried out at Columbia University on the 
equilibrium and stability properties of tokamak plasmas with 
volume - averaged toroidal beta in the 9% and 15% range is 
summarized in this paper. Measurements were made in the 
Torus II tokamak [6,7], the machine and plasma properties of 
which are listed in Table I. Equilibria obtained 
experimentally have been compared with examples modelled 
using the 2D free boundary MHD equilibrium code PSEC [8]. 

2 Research supported by US Department of Energy contract DE-AC02-76ET53016. 
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TABLE I. SUMMARY OF BASIC MACHINE 
AND PLASMA PARAMETERS OF TORUS II 

Major radius, R 

Vacuum vessel cross-section, 2a 

2b 

Toroidal field, B T 

Safety factor at edge, q(a) 

Elongation 

Peak beta 

Poloidal beta 

Volume average toroidal beta 

Plasma current 

Inverse aspect ratio 

Peak density 

Filling gas, helium 

Peak temperature, T e 

23 cm 

13 cm 

25 cm 

3.5 kG 

1.5 

1.8 

40% 

3 

9 -13% 

30 kA 

0.2 

1.0 X 1015 cm 

10 mtorr 

80 eV 

The stability of ideal-MHD modes for these model equilibria 
was then computed using PEST [9]. The predictions of the 
latter code are compatible with observations of an 
instability in Torus II which may be characterized by a high 
toroidal mode number ballooning fluctuation [10]. 

Electron temperature and density profiles were measured 
along the major radius on the equatorial plane at ten spatial 
locations simultaneously with a multi-point Thomson 
scattering diagnostic [11]. The measured pressure profiles 
were fitted to a 2D free boundary equilibrium [12] using the 
PSEC code, with the aid of magnetic data obtained from probes 
and external coil currents. A typical equilibrium has a 
qCCO^O^ and q(a)Œ1.3, peak toroidal beta of 35%, and 
<P>=10%. Magnetic probe observations have indicated a 
toroidal current density ~400A/cm and plasma elongation of 
as much as 4:1 immediately after the plasma is formed at high 
beta, in agreement with a numerical simulation using a 2D MHD 
initial value code [7]. 

Using PEST, the pressure profiles computed to fit the 
experimental data were examined for ballooning stability: the 
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FIG.2. Growth times for ballooning instability as a function of toroidal mode number for 
three equilibria. 

growth times for various mode numbers are shown in Fig. 2. A 
dual beam CO2 laser interferometer system detected 
instability in these equilibria. The instability amplitude 
was largest on the large major radius rim of the pressure 
profile (ballooning), with growth rate ~2xl0 s~* , maximum 
amplitude ~10%, laboratory frame frequency of 250 kHz in the 
ion diamagnetic direction, and toroidal mode number in the 10 
to 16 range [10]. Both growth rate and mode number are in 
agreement with the theoretical prediction. These mode 
numbers are the largest that could be expected without a 
strong finite Larraor radius damping effect [13]. 

Using the BALLOON Code [14], the critical toroidal mode 
number, n for stability to ballooning modes was calculated 
for a flux - conserving sequence based on the equilibria 
studied with PEST. No "second regime" of stability was found 
in this sequence. The absence of second stability in this 
sequence may be due to the action of the terms proportional 
to the toroidal current in the expression for normal 
curvature. These terms are neglected In the usual large 
aspect ratio calculations for which second stability is 
predicted, but are included in the present BALLOON 
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calculation [9]. For this sequence of equilibria, the aspect 
ratio was 5. By varying the initial plasma formation 
conditions, a different class of high beta equilibria may be 
produced, with narrower pressure profiles and an aspect ratio 
of 10. Applying the BALLOON code to a flux-conserving 
sequence based on these narrower profiles produced 
considerably higher n and thus greater ballooning stability 
than the lower aspect ratio case, over a wide range of 
average betas. Evidently the aspect ratio is still not large 
enough for a second stability region to appear. However, 
over the range of betas of interest in this experiment, the 
n is sufficiently large to permit finite ion Larmor radius 
effects to stabilize much of the instability. 
Experimentally, the CO^ interferometer could not detect any 
instability in these narrow pressure profile cases for the 
full 20 to 25 us containment duration available in this 
experimental configuration. 

Results from the initial operation of the successor to 
Torus II, the Columbia High Beta Tokamak ("HBT"), will be 
presented as well as the modelling of the plasma formation, 
equilibrium and expected stability appropriate to ballooning 
and axisymmetric MHD modes in this new machine. The HBT has 
the following features: operational pulse length up to 
lms; better axisymmetry; ability to vary the plasma 
elongation from circular to 1.8:1; improved vertical 
stability for circular cross-sections and passive 
stabilization for elongated cross-section. The computed 
circular equilibria show operation suggestive of a "second 
stability" regime at volume-average beta of about 12%. 
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Abstract 

IMPROVED CONFINEMENT OF HIGH-0 TOROIDAL SCREW PINCH PLASMA WITH 
ELONGATED CROSS-SECTION IN ETL-TPE-2. 

The equilibrium, stability and energy transport of a tokamak-type plasma of an average 
)3-value of up to 13% and an ion temperature of 400 eV are investigated in a toroidal screw 
pinch with elliptic cross-section. The high-jS plasma is produced by fast-rising toroidal and 
poloidal magnetic fields. The energy confinement time is improved by reducing light 
impurities and irregular fields; its maximum value is 0.5 ms, which is of the order of the 
energy confinement time for neoclassical ion heat conduction. A kink mode instability is 
observed for integer-q values as in an ordinary tokamak, but it is independent of the 0-value 
and the other parameters. No pressure-driven instability or associated deterioration of the 
confinement time have been found for poloidal betas of 1 to 5. 

1. INTRODUCTION 

Production and confinement of stable plasmas with average |3-values of up to 
40% are confirmed in various toroidal screw and belt pinch experiments [1—4]. A 
screw pinch experiment at ETL-TPE-1 showed that the safety factor qa at the wall 
must be above one, as in the case of a tokamak [5]. The screw pinch configuration 
is set up by a simultaneous rise in the poloidal and toroidal magnetic fields, which 
makes it possible to realize an almost flat q-profile with force-free current around 
the central plasma column [6]. At the same time, a high-j3 plasma is produced by 
rapid pinch implosion. On the other hand, high-|3 tokamak theory predicts that a 
second high-j3 region of stability exists for high-n ballooning modes and the 
instability gap is narrow or even disappears as the shear parameter becomes 
smaller [7]. This area corresponds to the screw pinch configuration. 

* Supported by Atomic Energy Bureau, The Science and Technology Agency, Prime 
Minister's Office, Japan. 
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Therefore, it is one of the most important subjects in the present stage of 
screw pinch experiments to clarify the characteristics of the /3-dependent 
instability and the related confinement properties. To study this topic, the screw 
pinch configuration should be maintained, and the energy confinement must be 
improved in order to avoid being affected by impurity radiation loss and irregular 
magnetic fields [3, 5, 8]. In TPE-2, it is confirmed that the configuration can be 
maintained by introducing a power crowbar system [9], and a maximum energy 
confinement time of the order of that for neoclassical ion heat conduction is 
obtained by reduction of both light impurities and irregular magnetic fields. 
These improvements enable a study of the confinement aspects of high-/? plasmas. 

The characteristics of instabilities and confinement of high-/3 plasma are 
studied in a wide range of parameters and |3-values. The deterioration of the 
confinement associated with the pressure-driven instability has not been recognized 
clearly in the experiment. 

2. EXPERIMENTAL SET-UP 

The parameters of the experiment and the apparatus, which have already 
been described elsewhere [8,10], are briefly listed in Table I; a cross-sectional 
view is shown in Fig. 1. The high-|3 screw pinch configuration is established by 
applying the fast-rising poloidal, Bp , and toroidal, B t, magnetic fields almost 
simultaneously, the safety factor qa being kept constant during the discharge. 
This results, in turn, in a flat q-profile with the force-free currents around the 
plasma core. To obtain the flatter q-profile with a smaller pitch minimum, Bp 

TABLE I. PARAMETERS OF THE EXPERIMENT 

Major radius 40 cm 

Cross-section (elliptic) 26 X 42 cm 

Filling gas and pressure D2(He) 0.33-1.13 Pa 

Rise time Duration 

Toroidal field (Bt) 0.4-0.6 T 2.8 ¡is 0.45 ms 

Plasma current (Ip) 40-150 kA 3.6 MS 0.60 ms 

Compensating coil current 0-100kA 4.2/us 0.55 ms 
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FIG.2. Time evolution of various discharge parameters. 
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should start at about 0.5 fis before Bt [5,11 ]. The positive bias field is applied 
before the main discharge to control the /3-value and the q-profile [5,11 ]. The 
main discharge is also preceded by a pre-ionization discharge of slow-rising plasma 
current in the same period as the bias field. A typical time evolution of such a 
discharge is shown in Fig. 2. Figure 3 is a plan view of TPE-2 showing various 
diagnostic devices. 

3. EXPERIMENTAL RESULTS 

3.1. Impurity reduction by surface coating and cleaning discharge 

The production of an impurity-free plasma which is not radiation-dominated 
is a major problem in the fast pinch experiment since the discharge tube has to be 
made of insulating material [10]. To overcome these difficulties, a suitable 
combination of discharge cleaning and titanium coating (about 0.8 ¡im in thick
ness) over the alumina ceramic vacuum vessel has been adopted [10]. The oxygen 
impurity is easily removed by several hundreds of shots of cleaning discharges. 
The dominant light impurity is the carbon in this experiment; to reduce it, more 
than 104 shots of cleaning discharge have been performed in a slow and low-
current discharge mode. The absolute density of the carbon impurity is checked 
by doping CH4 during the process; it is estimated to be nearly 1018 m - 3 . A fast 
pre-heating discharge is provided in TPE-2, but even in a diverted half-cycle pre
heating discharge the impurity radiation is two to three times larger than that in 
the carefully controlled main discharge. These results indicate that a plasma 
which is not radiation-dominated can be produced in the fast screw pinch 
discharge [12], when the direction of the Poynting vector is always kept inward. 

3.2. Equilibrium and irregular fields 

Plasma equilibrium and stability are, essentially, kept up by the conducting 
shell which is set close to the vacuum vessel and is divided into two parts by the 
poloidal slits (Fig. 1 ) and into six parts by the toroidal gaps (Fig. 3) [8,10]. The 
shape of the plasma is basically determined by the shell in this experiment 
although it depends on the |3-value, the pressure profile and the amount of force-
free currents [13]. The equilibrium and the shape of the plasma can be modified 
by the vertical field which enters the plasma region through the poloidal slits. 
The vertical field is created both by the vertical and the compensating coils [8]. 
The shell has an elliptic cross-section with a moderate elongation factor of 1.57 
as a result of optimizing the equilibrium, the stability and the production of 
plasma for increasing jS. A typical example of a calculated equilibrium configuration 
is shown in Fig. 4(c). 
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FIG.3. Plan view of TPE-2 showing various diagnostic devices. 

The axisymmetric equilibrium is frequently destroyed by localized image 
currents, etc., chiefly because of the large equilibrium shift due to the high /3-value. 
In TPE-2, the irregular field caused by the external coils is reduced to less than 
1% by developing a dumbbell-shaped poloidal magnetic coil and others [9,14]. 

However, the most essential irregular field arises from the leakage of the 
poloidal field from the shell gaps. A compensating coil system and its power-
crowbarred current supply system are provided to eliminate this irregular field [8]. 
This coil system can produce a vertical field keeping up the same equilibrium as 
in the case of a shell, even if this shell does not exist. The poloidal field in the 
gap region was measured by nine magnetic search coils; it is confirmed that the 
field is formed as if there were no conducting shell without compensating field 
(Fig. 4(a)). Figure 4 shows that the measured direction of the field vector is 
nearly the same as that of the calculated equilibrium; then, it may be concluded 
that the axisymmetric equilibrium is well maintained by the compensating field. 
By optimizing the current waveform of the coils, the poloidal flux in the discharge 
vessel is increased by a factor of 1.1 to 1.2, and the one-turn voltage along the 
equator is reduced by a factor of 1/2 to 1/3. 

3.3. Plasma parameters 

The ion temperature as obtained from Doppler broadening of the carbon 
spectral line C V (227.1 nm) is shown in Fig. 5, with Te obtained from soft-X-ray 



R ( CM ) R ( CM ) R ( CM ) 

(a) (b) (C) 

FIG.4. Comparison between measured magnetic field vector in toroidal gap and poloidalflux surface obtained by equilibrium analysis: 
(a) field vector without compensating field and equilibrium flux surface fj3p = 4.6), excluding vertical field component; (b) field vector and 
flux surface created by compensating coil currents; (c) resultant field vector in case of optimized compensating coil current and typical 
equilibrium flux surface. 
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FIG.5. Time evolution of T\ estimated from broadening of carbon spectral line (C V, 227.1 nm), 
Te from soft-X-ray measurement, ne measured by C02 laser interferometer and (it evaluated from 
diamagnetic measurement. Average for |3 is taken over entire discharge vessel area. Rapid decay 
of fit offer 350 fis corresponds to disruption at q& «* 1. 
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FIG. 7. Poloidal beta (3p, average Rvalue fit, ellipticity a/b, and shift of magnetic axis A, 
estimated by equilibrium analysis in decaying Bt mode of discharge. 

measurements. A peak ion temperature of 400 eV is achieved, mainly by fast-
compression heating; it is nearly consistent with the following scaling law: 

Ti(eV) = 7.3 X 102F0°-7(mtorr)T°-6 (cm)-B^6 ( T - M S - 1 ) ^ - 8 (T) 

for deuterium gas before thermal relaxation between electrons and ions (P0 is 
initial filling pressure of the deuterium gas and r0 is the effective radius of the 
discharge chamber) [5]. The electron temperature Te is evaluated from the 
plasma conductivity, assuming Zeff = 1 and a hyperbolic current density profile 
(Fig. 6). The line density of the electrons is measured by a C02 laser inter
ferometer (Fig. 5). The electron density is kept almost constant throughout the 
discharge, and the effective ionization rate is 50 to 70% of the filling pressure. 

The peak ]3-value which corresponds to a peak ion temperature of 400 eV 
is 25%. The 0-value is also estimated from diamagnetic measurements and a 
numerical equilibrium analysis, where nine Bp values are employed on the wall [13]. 
The decay of the wall-averaged j3 is similar to that of T¡ (Fig. 5). In discharges of 
decaying toroidal field mode, the average Rvalue, ¡3t, as calculated by equilibrium 
analysis, is kept nearly constant and a ¡3t of 13% is attained, as is shown in Fig. 7. 

3.4. Energy confinement and balance 

The total radiation loss rate through the carbon impurity is estimated to be 
about 40 kW, which is much less than the Ohmic-power input rate of 1.2 MW, in 
a typical high-q discharge. The equation Prad = C(Te)nenjm p V is used in the 
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FIG.8. Time evolution of Te, T[ and Ip at plasma centre analysed by transport code. 

estimate, where C(Te) is the radiation loss rate coefficient 
(C(Te) » 8 X 1 0 J 3 4 J m ~ 3 s - 1 for carbon impurity and electron temperature of 
100 eV), ne and n i m p are the electron and the carbon density, respectively, and 
V is the volume of the plasma, n ^ p is nearly 1018 m~3 as described in Section 3.1, 
and ne is about 2 X 1020 m~3, which is obtained from line density measurements 
as shown in Fig. 5, on the assumption of a hyperbolic density distribution. As 
nimp anc* ne a r e increased by doping CH4 and increasing the filling pressure, 
respectively, a large decay rate of the plasma current is observed above the 
critical value of n ^ n g . A nearly identical decay rate is obtained for two cases 
where Prad are nearly equal and comparable to the Ohmic input rate but n ^ p 
and ne are different: 

Case I: n ^ = 2.3 X 1019nT3 , ne = 3.3 X 102 0m - 3 , Prad = 1.5 MW; 

Case II: n i m n = 1.1 X 1019nT3 , ne = 5.6 X 1020nT3 , Prad = 1.2 MW. 
*imp 

The gross confinement time rE is estimated from the equation rE = W/Q 
(W is the stored energy in the plasma and Q is the Ohmic input power) at the 
time of dlp/dt = 0 in the middle of the discharge, where a steady state may be 
assumed. The electron temperature Te is evaluated from the plasma conductivity 
(Fig. 6), and Tj is set to be equal to Te. The maximum energy confinement time 
for various discharges as a function of the plasma current Ip or qa is shown in 
Fig. 6. The deep dip of TE and the steep rise of the plasma resistivity in Fig. 6 
around qa = 2 correspond to the instability as described in Section 3.5. The 
equilibrium for the high-/3 plasma is poor above qa = 4. The peak value of 
T E « 0.5 ms at qa «* 3 is of the order of T E for neoclassical ion heat conduction; 
the dependence of B p ( a i /q a ) is, however, quite different. . 
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FIG.9. Time and space evolution ofBp on the wall. Numbers 1 to 9 correspond to positions 
of nine magnetic search coils along outer half of circumference of discharge vessel (1 : top, 
5: equator, 9: bottom). Large Bp fluctuation and propagation behaviour are clearly seen in 
middle (qa « 2) and at end fqa «* 1) of discharge. 

The time evolution of Tj, Te and other parameters after the implosion 
heating phase are analysed by a transport code in the presence of impurities and 
force-free currents around the plasma column. The initial profiles of the impurities 
are determined by the results of an implosion simulation, and Te, T¡ and other 
plasma parameters are set equal to the experimental data. Figure 8 shows the 
time evolution of Te, T¿ and Ip . The impurity loss rate has little influence on 
the gross confinement as is clarified experimentally, and the heat conduction loss 
rate is almost the same as the Ohmic input rate («* 1 MW). In this simulation, the 
neoclassical heat conduction coefficient for ion and the neo-Alcator scaling for 
electrons are used. In the case of Alcator scaling for electrons, an increase in 
the current density and electron overheating are seen near the wall, which is, 
however, not observed experimentally. The moderate impurity influx does not 
affect these phenomena. 

3.5. Stability 

The most evident instability appears at qa *=» 2, and the Bp fluctuations 
occurring with it are observed in the discharge mode, where qa is decreasing with 
the slow-rising plasma current, as is shown in Fig. 9; minor instabilities occur at 
the other rational numbers of qa. Instabilities of this type appear for any mode 
and any discharge parameters, such as j3, j3p and ne, whenever the qa is close to 2. 
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FIG.10. Frequency spectrum of poloidal field fluctuation 8Bp/Bp in unstable discharge phase. 

The hump in the loop voltage and the current decay or quenching which results 
in the apparent reduction of rE and Te as shown in Fig. 6 always appear with 
the instability; however, the Bp fluctuations are not always detected clearly by 
the magnetic search coils. This fact suggests that the instability may have internal-
mode character. The toroidal and poloidal modes of the instability are analysed, 
and it is found that the instability may be of the kink type (dominant poloidal 
mode number m = 2, toroidal mode number n = 1 at qa «» 2). The frequency 
spectrum of the magnetic field fluctuation is also analysed in Fig. 10; it has a 
turbulent nature without dominant frequency modes. In quiescent discharges 
without instability, the fluctuation level, SBp/Bp, is of the order of 10"3. The 
plasma seems to collapse below a q-value of about one, and the plasma current 
terminates immediately in any discharge, as was clarified in TPE-1 [5]. 

Except for the unstable region as described above, the plasma is, in general, 
stable and no pressure-driven ballooning-type instability has been detected clearly. 
As can be supposed from the smooth decay of j3t as shown in Fig. 5, no instability 
gap between the low- and the high-(3 region, if any, nor any associated reduction 
in the confinement time have been found in the experiments, with j3t between 
1 and 13% and j3p between 0.3 and 5. 

4. CONCLUSIONS 

A stable tokamak-type plasma of an average |3-value of up to 13% and an ion 
temperature of 400 eV is realized by implosion heating and is confined for 0.5 ms 
in a screw pinch with elliptic cross-section. The energy confinement time is 
improved by reduction of the light impurities and the irregular magnetic fields; 
consequently, it may be determined from ion and electron heat conduction. The 
maximum gross energy confinement time is 0.5 ms, which is of the order of the 
neoclassical ion heat conduction. A kink mode instability, which is accompanied 

FROM SO TO 450 
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by deterioration of confinement, is observed at a q-value around two; it seems, 

however, to be independent of the /3-value and other discharge parameters. No 

reduction in the confinement time associated with the /3-dependent pressure-driven 

instability has been observed. 
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Abstract 

IMPROVEMENT OF BEAM-HEATED LIMITER DISCHARGES BY CONTINUOUS PELLET 
FUELLING IN DOUBLET III. 

A centrifuge pellet injector is employed to produce and maintain high-density peaked 
profiles with low edge recycling in the Doublet III tokamak. Whereas gas-fuelled limiter 
discharges are characterized by high edge recycling and poor confinement during neutral-beam 
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injection, the pellet-fuelled limiter discharges exhibit low edge recycling and energy confinement 
that is similar to diverted H-mode discharges (P-mode). In comparison to gas-fuelled discharges 
which have 1^(0) « 1.0 X 1014cm-3 and rE» « 45ms, the values for pellet fuelling are increased 
up to rigCO) « 2.0 X 1014cm~3 and rE* « 70ms at 2.4 MW of beam heating. The neutron 
production rate is increased from 1 X 1011 s -1 to 1 X 1012 s-1. A technique of interrupting the 
neutral-beam injectors just before injecting each pellet results in reduced edge ablation arrd a 
further sustained enhancement in energy confinement for a peak beam power of 3.2 MW at 
53% duty cycle. Pellet fuelling of divertor H-mode plasmas is also studied. In this case, the 
confinement times are not dramatically improved, but high-density discharges can be produced 
while maintaining the H-mode. 

1. INTRODUCTION 

A continuous pellet injector [1] , developed at Oak Ridge 
National Laboratory (ORNL), was used to study high-density limiter 
and divertor discharges in Doublet III (D-III). Using deuterium 
pellets as a fuel source, plasmas were created that were notably 
different from the common gas fueled discharges. The pellet fueled 
plasmas are characterized by centrally peaked density profiles, low 
edge density, reduced edge recycling, and significantly improved 
energy confinement in beam heated limiter discharges [2] (P-mode). 
In pellet fueled limiter plasmas, low edge recycling is a 
consequence of central fueling; in this respect, the P-mode is 
similar to the D-III H-mode where the recycling is reduced by the 
action of a magnetic divertor [3]. 

Pellet injection experiments have been performed on several 
devices including the Oak Ridge Tokamak (ORMAK) [4], the Impurity 
Study Experiment (ISX-A, -B) [5-7], the Poloidal Divertor 
Experiment (PDX), [8,9], ASDEX, [10], Wendelsteiu VII-A (WVII-A), 
and Alcator—C [11]. These experiments have been useful in 
determining the physics of pellet ablation in ohmic and beam heated 
discharges and in demonstrating the efficiency of pellet fueling 
over a wide rauge of pellet injection parameters and device 
operating regimes. In most instances, the energy confinement time 
has been found to increase at least in accordance with empirical 
scaling in Joule heated discharges. 

Whereas all previous pellet experiments except D-III were 
performed by injecting one or at most four pellets into plasmas 
that were sustained by gas fueling, this experiment is unique in 
that pellet fueling was the dominant particle source term. In this 
paper we describe the results of the first steady-state pellet 
fueling experiment with emphasis on the coufinemeut aspects. In 
addition, we report ou a systematic study of a novel method of 
reducing pellet ablation by briefly interrupting the neutral beams 
before each pellet is injected, the effect of which is 
preliminarily observed in D-III [2]. This beam interruption method 
is similar to the multiple short pulse beam heating experiments 
performed on WVII-A [12] and JFT-2M [13] to enhance heating 
efficiency. 
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FIG. 1. Temporal evolution of typical parameters for both gas-fuelled (dotted lines) and 
pellet-fuelled (solid lines) discharges: a) plasma current; b) line-averaged electron density 
obtained by C02 laser interferometer and pellet infection timing (arrows); c) pre-programmed 
gas puff rate; d) plasma-stored energy and neutral-beam injection power; e) neutron 
production rate; f) central electron and ion temperatures, Te and Tv obtained from electron 
cyclotron emission (ECE), Thomson scattering (TS) and multiple Doppler-broadening measure
ments with emphasis on charge-exchange excited line of intrinsic O VIII (DOP). 

2. EXPERIMENT 

D-III is a tokamak in which the major radius is 1.42m and the 
minor horizontal radii of 0.42m and 0.38m for the limiter (K=1.4) 
and divertor (<=1.6) discharges, respectively. Discharge 
parameters are: plasma current Ip=620kA and toroidal magnetic 
field Bt=2.4-2.6T. The line-averaged electron density and the 
central electrou temperature of the target deuterium plasma for the 
pellets are tig = 3.0-3.5xl013 cm"3 and Te=l.lkeV. The hydrogen 
beam power is scanned from 2.4 to 5.0MW with beam energy of E 0 « 
73keV. 

The pellet injector produces D2 pellets, 1.3mm in equivalent 
sphere diameter, every 31 or 39ms which corresponds to the 
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FIG.2. Neutral-beam power dependences of a) Da signals at limiter surface (D^ ) as 
peripheral recycling level and neutral pressure at upper chamber (P ); b) global energy 
confinement time obtained by diamagnetic measurement and pellet penetration measured 
from limiter surface and normalized by minor radius, xp/a(X). All data are taken at t = 720ms. 

equivalent fueling rate of 26 or 32 Torr»£/s. Each pellet contains 
~7xl()19 deuterous which coresponds to the volume averaged density 
of <ue>~lxl()13 cm~3 in D-III. The velocity of pellets was measured 
by the time-of-flight method and found to be 800m/s. Pellet 
ablation and penetration are monitored by a photodiode with Da/Ha 

line filter and plasma TV. Both are located 90° apart from the 
pellet injector in the toroidal direction. 

2.1. Limiter configuration continuous beam 

_ In a typical P-mode discharge, a low-density target plasma of 
ne~3xl0-'-̂  cm--* is raised to and maintained at 1x10-^ cm""-' by 
injection of pellets at a rate of 32 s""1 (Fig. 1-b)). The first 
three pellets are injected prior to beam turn-on. The first two 
pellets after the beam turn-on still raise the density. These 
pellets penetrate to deeper than «33cm and produce a centrally 
peaked density profile. In this buildup phase, the particle 
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FIG.3. Improvement of energy confinement time by beam interruption in limiter discharges. 
Global energy confinement time is obtained by smoothing stored energy signal over several 
pellets from diagmagnetic measurement, W: TE* = iV/f^abs _ dW/dt) where Pabs is total 
absorbed power. Open circles correspond to maximum and minimum values o / r E * and X 
corresponds to pellet penetration for t - 700 to 800 ms. Triangles correspond to TE* for 1.3M W 
continuous beam case. The beam duty ratio is 53% with 20 ms of duration. At is the delay 
time from beam turn-off. 

confinement time is extremely long, as indicated by the "stairstep" 
increase in density as each pellet is added and by lowered edge 
recycling. About 60ms after the beam turn-on, the particle 
confinement time degrades significantly and pellet penetration is 
also reduced to 20-25cm. As a result, the density reaches an 
equilibrium, with a total fueling rate of 32 Torr»A/s of 
pellets and 11 Torr«Jt/s of gas. After this phase, the central 
density drops as the profile broades due to the shallower fuel 
deposition. The pellet fueled discharge was compared to a gas 
fueled discharge that was brought to similar line-averaged 
densities by increasing the gas injection rate to 85 Torr«£/s (Fig. 
l-c))._ The gas fueled plasma has a typically flat density profile 
t»e(0)/ue = 1.2 as compared to the pellet fueled triangular density 
profile ne(0)/ne = 2 [2]. The edge neutral pressure and limiter D a 

signal for the gas fueled case are two to three times higher than 
for the comparable pellet fueled case (Fig. 2). 

The neutron production rate during the beam phase is increased 
by a factor of 10 in the pellet fueled case (Fig. 1-e)). This is 
consistent with a factor of 2 higher central density and a 20% 
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FIG.4. Da signals coming from pellets to 90° filtered photodiode (Da ) as pellet ablation 
profiles: a) for continuous 1.3 MW beam heating and bj for interrupted beam heating 
(averaged beam power of 1.6 MW), in Fig. 3 (At = 8 ms). Penetration is measured from limiter 
surface, xp , deduced from measured pellet velocity (800 m 's'1). These pellets are infected 
between t - 730 and 830 ms in both cases. 

greater ion temperature (Fig. 1-f)). The plasma stored energy W 
from the diamagnetic measurements is also greater in the pellet 
fueled case (Fig. 1-d)). However, the stored energy degrades with 
time. The global confinement time TE* (=W/(Pabs~dW/dt), where Pabs 
is the total absorbed power) increases continuously during the 
first 65ms of beam injection and becomes 70% higher than in the gas 
fueled case when using 2.4 MW of beam power as shown in Fig. 2. 
The confinement degrades with increasing the beam power to a value 
slightly above that for the gas fueled case when the pellet 
ablation at the edge (~10cm) starts to increase and the penetration 
is reduced to 20-25cm. These effects may be related to the general 
confinement degradation during beam injection, to reduced pellet 
penetration resulting in a broadening of the density profile, or to 
an increase in the edge density and edge recycling. 
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2.2. Limiter configuration interrupted beam 

A scheme was tested to enhance pellet penetration by briefly 
interrupting the neutral beams just before each pellet was 
injected. This is based ou the relatively fast slowing-down time 
of fast ions in the edge plasma which is less than 10ms, and the 
expected dependence of the ablation on the fast ion population [6, 
14]. The energy confinement time and pellet penetration are 
improved over the continuous beam case for delay times greater than 
8ms. Further delay shows little additional improvement (Fig. 3). 

A comparison of pellet ablation profiles for continuous vs. 
interrupted beam (Fig. 4) shows that there is no significant 
difference in pellet penetration. However, the pellet ablation in 
the outer 10cm of the plasma is reduced by interrupting the beam. 
The reduction in the edge ablation with improved penetration 
results in lowered edge density and slower central density decay 
time as measured by the visible bremsstrahlung array. This 
reduction of edge ablation may account for the maintained 
improvement of the energy confinement time keeping low edge 
recycling (Fig. 5-b)). Temporal deviation of the energy spectrum 
of charge-exchange ueutrals coming from the plasma edge shows fast 
decay, <5ms, of lower energy components (EQ/2, EQ/3) after every 
beam turn-off. 

2.3. Divertor configuration 

In gas fueled divertor ohmlc discharges, the recycling and the 
neutral pressure both at the edge and the divertor region, increase 
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Open symbols denote 

nonlinearly as the density i s raised above 4xl0 1 3 cm -3. The energy 
confinement time saturates near 60ms (Fig. 6 ) . In contrast to 
that, the pel let fueled confinement times continue to improve with 
increased density. This i s probably due to the fact that in the 
pel let fueled discharges both the edge pressure and the limiter 
recycling light are maintained at relatively low levels (Fig. 6) 
and/or the successful density r ise at the plasma ceuter which has 
good confinement properties. The "stairstep' 
also observed in the divertor configuration. 

increase of np i s 

During continuous neutral beam heating of very high density 
plasmas, the confinement times remain near the improved ohmic level 
for the f i rs t ~60ms but then rapidly deteriorate corresponding to 
the increase of edge ablation. Reduciug the pel let fuel rate from 
32 s~l to 26 s~l reduces ne and produces good confinement times. 
These are similar to H-mode discharges in D-III [3,15] even though 
the pel let penetration i s only 10cm past the separatrix. Sustained 
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FIG. 7. Comparison ofñe TE* plot between pellet- and gas-fuelled discharges for both limiter 
and divertor configurations with continuous beams. Upper envelope of open circles corresponds 
to D-III H-mode discharges [15]. For gas-fuelled discharges, rE* is calculated when dW/dt = 0. 

improvement of T E * by beam interruption is also observed in the 
divertor configuration. 

3. DISCUSSION AND CONCLUSION 

The improvement of energy and particle confinement in pellet 
produced plasmas has been established in both ohmic and beam-heated 
limiter and divertor discharges. The energy confinement is seen to 
improve with increasing density, in contrast to the saturation 
found in gas fueled plasmas. 

While the confinement of pellet-produced beam heated plasmas 
deteriorates with time and with increasing beam power, a method of 
interrupting the beams has produced sustained high confinement 
discharges with suppressed pellet edge ablation. The enhancement 
of the ablation at the edge by neutral beam is found to be 
responsible for the confinement deterioration. A simple model 
calculation shows that the lower energy components of the beam 
particles which are supposed to deposit at the edge may be 
important for the edge ablation. The reduction of edge density and 
recycling seems to be a key aspect of the improved confinement 
along with the peaked central densities. 
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Since the pellet-produced low-recycling divertor discharges 
contradict the merit of "dense and cold divertor [16,17]", the 
independent control of divertor plasmas might be important for 
pellet injection in divertor configurations. 

The combination of the improved confinement and the high 
densities has produced a significant extension of the ne,

 T E * 
diagram (Fig. 7) for D-III. The Lawson product ne(o)

,TE* is 
increased by a factor of 3 to 4 in both limiter and divertor 
discharges. The neutron production rate has been improved by a 
factor of 10 over limiter beam-heated plasmas of comparable gas 
fueled discharges. These results are very encouraging for large 
nondivertor tokamaks that will rely heavily on neutral beam heating 
to produce energy breakeven conditions. 
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DISCUSSION 

S. YAMAMOTO: I have a comment on the multiple short pulse (MSP) 
neutral-beam method. The importance of this method for confinement studies 
on beam-heated tokamak discharges has been pointed out by our experimental 
group at J AERI. A combination of the MSP method and the pellet injection 
method is one example of its application. In the JFT-2M tokamak, using the 
MSP method, we have excited waves in the ion cyclotron range of frequencies 
in a controllable manner. The experimental results have already been presented 
at this Conference in Paper IAEA-CN-44/F-IV-10. 

R.J. GOLDSTON: The Alcator C team found two interesting effects with 
pellet injection. The first, of course, was the improvement of T E in Ohmic 
discharges. Secondly, they found rapid rearrangement of the ne and Te profiles 
when the pellets did not penetrate to the centre of the discharge. Have you also 
observed these two effects? 

C.A. FOSTER: We have obtained improved confinement in Ohmic 
discharges, i.e. a continuation of density scaling, as was seen in Alcator. With 
regard to the rearrangement of the Te and ne profiles, the central temperature 
dropped rapidly (in less than 100 ¿is) when the pellet passed the q = 1 surface 
but took several milliseconds when the pellets penetrated less than ~30 cm, 
where the q = 1 surface was thought to be. The density, however, always took 
tens of milliseconds to redistribute. It may be that the fast density rearrangement 
is not necessarily a pellet effect but a plasma effect. 

R.J. HAWRYLUK: You say that the q = 1 surface was thought to be at 
about 30 cm. How was this defined? 

C.A. FOSTER: I am sorry, we pellet people look at the plasma from the 
outside! The q = 1 surface was 10 cm from the centre. 
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G. FUSSMANN: Is the enhancement of neutron flux that you observe in 
connection with pellet injection of thermonuclear origin or is it the result of 
beam production? 

C.A. FOSTER: In this experiment we used deuterium pellets and gas puff. 
The beams, however, were H°, so that no D+ fast ions should have been present. 
The neutrons must therefore have been thermonuclear. 
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Abstract 

ELECTRON CYCLOTRON HEATING AND PLASMA CONFINEMENT IN THE T-10 
TOKAMAK. 

Experimental studies of electron cyclotron heating in T-10 at the fundamental resonance 
frequency have been carried out by injecting about 1 MW of 83 GHz microwave power from 
the low-field side of the torus. The absorption efficiency is confirmed to be 70—75%. The 
variation of the plasma energy content with RF power, electron density, plasma current and 
location of the resonant layer is presented. Deterioration of the energy confinement time is 
observed at ECRH in all regimes under study which appears to be especially strong for low 
currents (I <200 kA). In the regime with Ip = 290 kA, aL = 34.5 cm, ñe = 1.6 X 1013cm-3, 
in which a threefold increase in the central electron temperature (from 1.3 to about 4 keV) 
has been obtained, the confinement degradation is found to be consistent with the scaling, 
K « \ /T , where K is the electron thermal conductivity. It is shown that the linear ñg 

dependence of the electron energy confinement time, rEe
 a ne, which is typical for Ohmic 

discharges, remains valid for ECRH, too. ECRH is observed to be effective for suppression of 
the m = 2 oscillations when the resonant zone is located outside the q = 2 surface. 

1. INTRODUCTION 

Experiments with 1-MW electron cyclotron resonance heating (ECRH) have 

been carried out in the T-10 tokamak. The main objectives of the experiments 

are to study (i) the ECRH efficiency for different discharge conditions and 

419 
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different locations of the resonant zone; (ii) the dependence of electron thermal 
conductivity and particle transport on electron temperature and its radial profile; 
and (iii) the possibility of suppression of MHD modes by controlling the Te(r) 
profile. 

The ECRH system consists of six 83-GHz gyrotrons radiating 70% of micro
wave power as an ordinary mode and 30% as an extraordinary mode. RF power 
is launched from the low-magnetic-field side of the torus, with a pulse length of 
100 ms. With the resonant layer located near the plasma centre (BT = 2.96 T), 
the region of energy deposition has a diameter of 10 to 12 cm. For off-axis 
plasma heating (rres % aL/2), the thickness of the energy deposition layer is 
1.5 to 2 cm. 

The experiments have been performed in a wide range of discharge para
meters: at line-averaged plasma densities (ñe) of (1.5—5.5) X 1013 cm -3 , safety» 
factors (qL) of 2.2 to 7.5, and limiter radii (aL) of 34.5 and 17 cm, with toroidal 
magnetic fields (BT) of 2.8 to 3.4 T, which correspond to a shift (Ar = R - R0) 
of the resonant zone varying from -9 to +22 cm. 

The electron temperature is measured by using soft-X-ray pulse height 
analysis (PHA), Thomson scattering, and electron cyclotron emission (ECE) at the 
second harmonic (the last method is normalized to the PHA data in the Ohmic 
phase). Besides, the Te(r) profile at the plasma periphery, in the range of 
50—500 eV, is determined from the ablation rate of the accelerated carbon pellets. 
The ne(r) profile is measured with an eight-channel microwave interferometer. 
The ion temperature profile is determined from the spectra of charge-exchanged 
neutrals, and the peak ion temperature is inferred from the neutron flux measure
ments. Radial profiles of density, radiation losses, soft-X-ray emission, and 
radiance of the impurity spectral lines are determined in a single shot. The total 
energy stored in the plasma, 

W = 6TT2R0 / ne(Te + Ti)rdr 

0 

is determined from diamagnetic measurements. 
The spatial distribution of the absorbed RF power is determined by a change 

in the dTe(r, t)/dt values as measured by ECE diagnostics at the beginning of the 
gyrotron pulse. Figure 1 shows the experimental profile of RF power deposition 
with the resonant zone located near the plasma centre. The total absorbed RF 
power, Pabs, is found to the 70—75% of the injected RF power, P R F , which is 
in good agreement with the previously obtained data [1 ]. 

In all regimes under study, including low-density discharges (ñe down to 
1.6 X 1013 cm - 3) with the highest temperature increase (ATe up to 3 keV), no 
pronounced deviation of the electron energy distribution from a Maxwellian 
distribution has been observed in the energy range of 3—15 keV. 
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FIG.l. Radial profile of absorbed RF power as measured from emission at the second harmonic 
of the electron cyclotron frequency in a discharge with Ip = 240 kA and h~e = 1.6 X 1013 cm~3. 
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FIG.2. Increase in plasma energy content as a function of infected RF power. Data are reduced 
to ïïe = 4.5 X 1013 cm~3, taking into account the density dependence of AW as shown in Fig. 3. 

2. VARIATION OF PLASMA ENERGY CONTENT WITH RF POWER, 
DISCHARGE CONDITIONS AND LOCATION OF RESONANT LAYER 

The increase in the total plasma energy content, AW, is plotted in Fig. 2 as 
a function of the injected RF power at Ptot/^OH °f UP t o —2.5, where 
Ptot = ^abs +

 POH>
 anc* P O H

 an<^ ^OH a r e t n e Ohmic heating powers without and 
with ECRH, respectively. We see that AW increases linearly with P R F , although 
its absolute value is somewhat less than the values expected for an unchanged 
global energy confinement time, r E = TgH. 

The approximately linear increase in AW and the weak variation of j3p/|3^H 

with rising density (Fig. 3) indicate that the linear ñe-dependence of the electron 
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FIG.3. (a) Increase in plasma energy content (solid curve) and j3p/j3°H ratio (dashed curve) at 
ECRH versus line-averaged electron density in a discharge with Ip = 270 kA, aL = 34.5 cm. 
(b) Relative change in global energy confinement time at ECRH as a function of density for 
the same conditions. 
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FIG .4. (a) Increase in plasma energy content due to ECRH as a function of plasma current at 
aL = 34.5 cm. Data are reduced to ñe = 3 X 1013 cm~3. 
(b) Soft-X-ray emission along the central chord during ECRH in low-q^ discharge. 
(c) Relative change in global energy confinement time with q^at P R F = 940 kW. 



IAEA-CN-44/F-I-1 423 

R-R0(cm) 

-10 0 10 20 

15 

AW 

(kJ) 

10 

5 

28 30 32 34 

BT (kG ) 

FIG.5. Variation of increase in plasma energy content with shift of resonant zone at 
Ip = 270 kA, aL = 34.5 cm. Data are reduced to «e = 4.5 X 1013 cm'3. 920-kW data reduced 
to / > R F = 57ÙkW are shown by crosses. 

energy confinement time, rE e oc ñe, which is typical for Ohmic discharges, is also 
valid for ECRH conditions. This conclusion is confirmed by a detailed analysis 
of the electron energy balance (see Section 3). 

As we see from Fig. 4a, AW remains approximately constant when the 
plasma current varies in the range of 490 to 250 kA (qL = 2.4—5); it drops 
significantly when the current decreases below 200 kA (qL > 6). Note that, 
at low qL values of 2.2 to 2.5, sawtooth oscillations almost completely modulate 
the Te increase in the region of r ^ aL/3 (Fig.4b). In the Ip < 200 kA regime, 
the power dependence of AW deviates markedly from a linear dependence at 
P tot/PoH ~ 3; a progressive deterioration of confinement with increasing RF 
power is clearly seen. 

Figure 5 shows the variation of AW with the toroidal magnetic field and, 
thereby, the location of a resonant layer at Ip = 270 kA (a change in B j by 0.1 T 
shifts the resonant layer by 5 cm). Unexpectedly, AW and, therefore, the overall 
heating efficiency are nearly constant over a wide range of Ar, -9 < Ar < 22 cm, 
i.e. for outward shifts of the resonant layer of up to r ^ a.i/2. ECR heating with 
shifted resonant zone results in a flatter and broader Te-profile and higher Te-
values at the plasma periphery than for central heating (Fig. 6). The electron 
thermal conductivity near the plasma boundary appears to be less in the former 
case although quantitative estimates require more precise measurements of the 
electron temperature at the plasma periphery. 

As the global energy confinement time does not change significantly with 
the shift of the resonant zone, the broader Te-profiles and the lower Te(0) 
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FIG. 6. Radial profiles of electron temperature in Ohmic phase (OH) and during central 
(30.4 kG) and non-central (33 kG) ECR heating at Ip = 290 kA, ñe = 3X 1013 cm~3, 
ÛL = 34.5 cm. Results of soft-X-ray pulse height analysis (PHA) are not corrected for profile 
effects. 
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FIG. 7. Relative increase in ion temperature at ECRH as a function of electron density at 
Ip = 280 kA, aL = 34.5 cm for (a) BT = 30.4, (b) 28.8 and (c) 32.5 kG. Curve (d) shows 
expected ATi(0)/Ti(0) values for conditions of curve (a). 
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observed for non-central energy deposition should have a beneficial effect on the 
ion temperature. As is shown in Fig. 7, the increase in the ion temperature is, in 
fact, greater in this case. On the other hand, when the resonant layer is shifted 
outward t o r * aL/2, there is no need for the waves to penetrate to the plasma 
centre, making it possible to heat high-density plasmas with ne(0) > nec, where 
nec is the critical density for the injected waves. In our experiments, effective 
heating was observed at ne(0) = 1 X 1014 cm -3 , while nec = 8.5 X 1013 cm -3, 
and a strong refraction of the incident radiation should occur at ne = 7 X 1013 cm-3 

The variation of ion temperature with plasma density during ECRH, shown in 
Fig. 7, can be explained in terms of Coulomb electron-ion energy transfer, as is 
illustrated by curve (d) in this figure, which was calculated for the conditions of 
curve (a) from the measured Te, T¡ and ne profiles, on the assumption that 
rEi = const. 

3. ELECTRON ENERGY CONFINEMENT AT ECRH 

A detailed analysis of the electron energy balance was performed for the 
Ohmic and ECRH phases in two different operational regimes in T-10: (i) at 
Ip = 290 kA, qL = 4.2 with the standard limiter radius, aL = 34.5 cm; and 
(ii) at Ip = 100 kA, qL = 2.9 with a reduced limiter radius, aL = 17 cm. To 
diminish electron-ion coupling, the plasma density has been kept low, in these 
discharges. 

The experimental results are shown in Fig. 8 and listed in Table I. 
The plasma parameters during the Ohmic phase are largely similar in both 

regimes, except for the electron thermal conductivity, Ke, which is higher by a 
factor of about three in the 34.5 cm than in the 17 cm case. 

For aL = 34.5 cm, a threefold increase in the central electron temperature 
(from 1.3 to about 4 keV) is obtained during ECRH with P R F ^ 920 kW and 
Ptot/PoH — 2-4, whereas the volume-averaged electron temperature, (Te>, is 
increased by a factor of about 2.1. The obtained data show that the electron 
energy transport is enhanced for ECRH over the entire plasma cross-section: 
rE e falls from 31 to 20—22 ms, and Ke increases by a factor of 1.4 to 1.6 in the 
r/aL = 0.3—0.7 region. Assuming that the observed changes in rE e and /ce are 
associated with an increase in Te, i.e. rE e « T^* and Ke

 Œ T^, we find 
a = 0.5—0.7 and y = 0.4—0.6. The y value tends to increase at the plasma 
periphery (r > 0.6 aL); however, the accuracy of the Te measurements in this 
region is not sufficient for a definitive conclusion to be drawn. 

As can be seen from Table I, an increase in the line-averaged density from 
1.6 to 3.1 X 1013 cm -3, at the same RF power, results in an approximately two
fold increase in rE e , which is in good agreement with the conventional tokamak 
scaling law, rE e oc ñ 
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The analysis of the ECRH data obtained at aL = 17 cm is more complicated 
as no steady-state conditions have been achieved in this case, because of a strong 
increase in ñe during the RF pulse. The injected RF power of 570 kW in these 
experiments is lower than that in the 34.5 cm case, whereas the value of 
P to t/P0H 0*4.3—4.7) is significantly higher, because of a lower Ohmic heating 
power (^ 120 kW). According to the electron cyclotron emission measurements, 
the central electron temperature reaches its maximum O 3 . 3 keV) approximately 
25 ms after the beginning of the RF pulse and decreases significantly thereafter 
(down to about 2.8 keV, late in the RF pulse). In Fig. 8(b), the results of the 
ECE measurements at the instant of the temperature maximum are plotted along 
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TABLE I. T-l 0 PLASMA PARAMETERS IN ECRH EXPERIMENTS 

Parameters 

aL(cm) 

Ro/aL 

BT(T) 

Ip(kA) 

<lL 

ñ e ( 1 0 1 3 c m - 3 ) 

PR F(MW) 

Pabs(MW) 

Ptot/POH 

T e(0)(keV) 

<Te)(keV) 

( T e > ECRH / < T e > OH 

TE(ms) 

TEe (ms) 

OH 

1.37 

0.42 

-
31 

31 

Regime I 

34.5 

4.35 

3.04 

290 

4.2 

1.6 

0.92 

0.65-0.7 

2.3-2.4 

ECRH 
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with the PHA data, time-averaged for 15 to 85 ms of the RF pulse. As can be 
seen in the figure, the values of fce calculated for the maximum electron 
temperature are nearly three times as high as those in the Ohmic phase, yielding 
a temperature exponent 7 of 0.9 to 1.1. 

In Fig. 9, the measured values of Ke are compared with those predicted by 
T-ll scaling [2]: 

K o = • 

1020 VTe / r 

VAj qR \ R 

7/4 

(1) 

We see that this scaling fits reasonably well the experimental data obtained in the 
Ohmic phases of the two regimes as well as those obtained at ECRH for the hot 
plasma core (r < 0.6 aL) in the 34.5 cm regime, whereas the ECRH data at 
aL = 17 cm exceed the scaling markedly. 
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FIG.9. Comparison of experimental Ke values shown in Fig. 8 with T-ll scaling predictions. 
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FIG. 10. Time evolution of electron density profile at ECRH. 
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A more pronounced relative degradation of the electron energy confinement 
time during ECRH in the latter case is not understood, at present. The radiation 
power as measured by the bolometric array away from the limiter is small 
compared to the heating power; however, the radiation near the limiter was not 
measured in these experiments (a hidden radiation loss of about 0.3 P t o t at 
aL = 17 cm might account for the observed excess in confinement degradation). 
On the other hand, bearing in mind the strong degradation of the energy confine
ment observed at aL = 34.5 cm in the Ip > 200 kA regime (see Fig. 4), we may 
speculate on a possible current scaling of rE e , irrespective of limiter radius and 
qL values. 

The particle transport is affected by ECRH, as well. The time evolution of 
the ne(r) profile in the early stages of the RF pulse for the 180 kA regime at 
aĵ  = 34.5 cm is shown in Fig. 10. As in previous ECRH experiments, a fast drop 
is observed in the central density, along with an increase in ne at the plasma 
periphery. This drop is found to increase with RF power and qL • Preliminary 
calculations show that, to explain the observed rate of ne-profile shape re-arrange
ment, a significant increase in the particle diffusion coefficient, along with a 
reduction in the inverse pinch velocity, is required. 

4. SUPPRESSION OF MHD OSCILLATIONS BY ECRH 

For non-central ECR heating, the microwave power is absorbed by a 2 cm 
wide plasma layer. This enables control of the Te(r) profile, and, hence, of the 
current density profile. According to Ref. [3], the m = 2, n = 1 mode could be 
suppressed by increasing Te outside the q = 2 surface. 

The experiments have been carried out in a plasma with aL = 28 cm, 
Ip = 220-270 kA, qL = 3.2-3.9, and ïïe = (3.2-4.5) X 1013 cm -3 . The m = 2 
mode intensity is recorded by a set of magnetic probes. The probe output voltage 
is proportional to A2 co2, A2 and co 2 being amplitude and frequency of the 
m = 2 poloidal magnetic field fluctuations, respectively. The radius of the 
q = 2 surface, as derived from the measured Te and Zeff profiles, is found to 
be about 18 cm at BT % 3.4 T, Ip « 260 kA. Shown in Fig. 11(a) is a scope 
trace of the envelope of the probe output voltage for Ar = 14 cm (where Ar is 
the displacement of the ECR zone), i.e. with the resonant zone inside the q = 2 
surface. Figure 11(b) shows the probe signal obtained for Ar = 21 cm. In the 
first case, the m = 2 mode is destabilized during ECRH, the probe signal being 
increased by a factor of about 2, while in the latter case the mode is stabilized: 
the probe signal drops by an order of magnitude during ECRH. It is found that 
the observed increase in the probe signal is mainly due to a frequency growth, 
while the reduction in the m = 2 mode activity results from a decrease in 
amplitude. The results obtained are illustrated in Fig. 12, which shows the 
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dependence of lg [(o>2A2)ECRH/(a>2 A 2 ) Q H ] on rE C R / rq = 2 , where the probe signals 
are taken at the end of the RF pulse and before it. 

Thus, the possibility of suppressing the m = 2 mode by increasing the 
electron temperature just outside the q = 2 surface has been demonstrated. This 
result justifies the hope that ECRH could be used to prevent the development of 
the disruptive instability. 

5. CONCLUSIONS 

The experimental results are summarized as follows: 

(1 ) A threefold increase in the central electron temperature, from 1.3 to 4 keV, 
is obtained at ECRH in T-10 with 0.9 MW of microwave power. 

(2) Confinement degradation with ECRH observed in the high-current discharges 
(Ip > 200 kA) at aL = 34.5 cm can be explained in terms of a temperature 
dependence of the electron thermal conductivity of the form /ce <x Tj with 
T ^ 0.4-0.6. 

(3) A stronger reduction in the energy confinement time than that corresponding 
to «e ce T¿/2 is observed in the 100-kA regime, with a reduced limiter radius 
(aL = 17 cm) as well as in the low-current (qL > 5) discharges at aL = 34.5 cm. 

(4) A linear dependence of the electron energy confinement time on the line-
averaged electron density, rE e « ne, is observed to be valid for ECRH in the 
T-10 parameter range studied (Ip = 270 to 480 kA, P R F up to 0.95 MW). 

(5) For non-central ECRH with Ar up to (2/3)aL, the global energy confinement 
time in the high-current discharges (qL < 4, aL = 34.5 cm) is observed to be 
no worse than that obtained for central energy deposition. This enables 
high-density plasmas (ne(0) > nec) to be heated, which improves ion heating 
at ECRH. 

(6) It is shown that ECRH can be used to stabilize the m = 2 mode. This opens 
the opportunity of controlling the development of disruptions. 
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DISCUSSION 

J. JACQUINOT: Could you increase the critical density limit with ECRH-
heated plasmas? 
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V.S. MUKHOVATOV: I cannot answer this question, as in most of the 
discharges studied up to now the critical density in Ohmically heated plasmas 
has been higher than the cut-off density for the injected waves. 

R. WILHELM: Can you tell whether the degradation observed in xe is simply 
a consequence of increased temperature or whether it is caused by the microwave 
itself (e.g. by RF-induced convection)? 

V.S. MUKHOVATOV: In this case we consider the temperature dependence 
of xe to be the simplest reason for confinement degradation. The possible effect 
on confinement of the microwave itself has not yet been analysed in detail. 

B. COPPI: Can you comment on the possibilty than the electron thermal 
conductivity might depend on the plasma current when strong ECRH is present? 

V.S. MUKHOVATOV: In principle, such a possibility does not contradict 
the data obtained. It should be noted, however, that the relative power input, 
P to t/PQH, varies with current, and the relative degradation of confinement is 
approximately the same at Ptot/PoH = c o n s t anc* at different currents. 

R.J. TAYLOR: You have shown that the 'xe law' varies in your experiment 
from one kind of dependence on Te to another. In fact, it may be that local xe 

depends on the overall discharge balance in all tokamaks and is related to edge 
conditions, in particular. Your rE dependence on 1/Te could equally well be 
given as rE ~ l/P to t- This must be so if your radiation is low and your edge 
density does not change. For the same reason, the improvement in confinement 
with ne can be related to non-varying edge conditions for a given power input, as 
in Ohmic heating. 

V.S. MUKHOVATOV: I agree with your general statement concerning the 
importance of boundary effects. At the same time, I should point out that the 
edge density increases strongly during ECRH, especially in discharges with a 
reduced limiter radius. 

D.C. ROBINSON: At what q-value or range of q-values were you able to 
achieve suppression of the m = 2 instability? Were you able to exploit this and to 
raise the plasma current further? 

V.S. MUKHOVATOV: The experiments on suppression of the m = 2 mode 
were done at relatively high q-values of 3 -4 . No attempt to increase the current 
beyond the disruption limit using ECRH has yet been made. 
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Abstract 

ION CYCLOTRON HEATING EXPERIMENTS IN PLT. 
Results from ICRF heating experiments in the D-3He minority regime on the PLT tokamak 

are reported. At the highest coupled radiofrequency power of 2.6 MW, a central ion temperature 
of 3.6 keV has been measured in plasmas with a central density of 5 X 1013 cm-3. The central 
value of the electron temperature is strongly modulated by the sawtooth internal relaxation 
and reaches values in excess of 3 keV. No deterioration of the ion heating efficiency has been 
found in the investigated range of plasma parameters. 

INTRODUCTION 

The PLT research program on plasma heating in the ion 
cyclotron range of frequencies is directed toward the 
demonstration that this is a viable method for heating a reactor 
to ignition. To achieve this goal PLT operation must be 
extended to plasma conditions as close as possible to those 
contemplated for larger devices. 

Very promising results obtained on PLT in both the minority 
fundamental and the majority second harmonic heating regimes 
have been reported previously [1,2]. Since the best heating 
efficiency has been found for the 3He minority regime, we have 
converted all three of the existing sources to 30 MHz so that we 
can explore this regime at a power level of up to ~ 5 MW with a 
relatively high toroidal field of ~ 30 kG. In this paper we 
present the first results obtained on PLT with the new ICRF 
system at a power level of up to 2.6 MW coupled to the plasma. 

PLT ICRF SYSTEM 

In previous experiments, the power limit per one half-turn 
loop antenna on PLT was approximately 0.5 MW. This power 
capability is far below the power density requirement for future 

* Work supported by US Department of Energy Contract No. DE-AC02-CHO-3073. 
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high density heating experiments. A redesign of the rf vacuum 
feedthrough has permitted a substantial increase in the 
individual antenna and overall power handling capability [3], 
Presently, all PLT antennas are fed with the new feedthroughs, 
with a maximum power of 1.5 MW delivered to a single half-turn 
antenna. 

The experimental results presented in this paper were 
obtained with three half-turn antennas on the low field side of 
the torus, and a maximum power of ~ 3 MW at 30 MHz. Two of 
these antennas are located in adjacent ports (45 cm apart) and 
are phased 180° with respect to each other, thus giving an n_ 
spectrum peaked at ~ 10. The third antenna is ~ 135 cm from the 
first pair and imposes a broad n.. spectrum centred about 0. Of 
the 3 MW delivered to the three antennas, approximately 85%, or 
2.6 MW, is coupled to the PLT plasma. 

EXPERIMENTAL RESULTS 

i . > 3 

In the ICRF experiments described m this paper, He has 
been used as the minority species in a deuterium plasma with the 
toroidal magnetic field in the range of 30-32 kG. The main 
limiters were top-bottom carbon mushrooms located toroidally 
90 cm away from the nearest antenna. An auxiliary limiter was 
located in the midplane on the outside of the torus. 

Previous studies have shown that the plasma current in PLT 
must be maintained at values above 300 kA to prevent a 
precipitous drop in the ion heating efficiency and the 
simultaneous influx of impurities [4]. For this reason the 
plasma current was maintained in the range of 500-600 kA. 

Typical parameters of the target ohmic plasma were a 
central electron temperature T e o ~ 1*5 keV, a central ion 
temperature T. ~ 1 keV, and a line-average density H « 2-4 x 
10 cm . The value of Z e f f derived from the measured electron 
temperature and density profiles was in the range 1-1.5. 

One characteristic feature of ICRF in PLT is a density 
increase during the rf pulse. This is shown in Fig. 1 where the 
time evolution of ñ is shown for 2.6 MW of rf power into the 
plasma. We found that the density increase tends to saturate 
with rf power. We also found that the density during the ICRF 
pulse depends very weakly on the target plasma density so that 
low density discharges are strongly perturbed by the rf and, 
therefore, are more difficult to control at large power levels. 

An increase in the charge-exchange outflux of low energy 
(< 1 keV) neutrals was observed during the ICRF heating pulse. 
This flux is apparently toroidally uniform and was measured to 
be linearly dependent on ICRF power, and about equal to 
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FIG. 1. Line-averaged electron density (dashed line) and total radiated power as a function of 
time for Pri = 2.6 MW. 

10 cm" -s" 'MW~ [5]. An increase in the H emission was also 
measured at several locations around the torus. These 
observations suggest that the density increase caused by ICRP is 
predominantly due to an increase in recycling at the vacuum 
vessel wall, although a small fraction of the density increase 
is due to an influx of impurities (see below). We have also 
found that the charge-exchange outflux increases significantly 
for plasma currents below ~ 300 kA. This current threshold 
effect parallels that for impurity influx, and suggests that 
fast ion losses may trigger the increase in recycling. 

Minority concentrations, n = n3 /ne, of 10% or smaller 
were used in the ICRF experiments. HeThe density of 3He was 
estimated from the increase of ñe produced by the injection 
of He into the discharge. Our study of the mode conversion of 
fast magnetosonic waves into ion Bernstein waves indicates that 
this is a good estimate of the 3He concentration in the central 
part of the plasma torus [4]. In this study, density 
fluctuations at the ICRP frequency were detected with scattering 
of microwaves at a fixed position on the midplane. The magnetic 
field necessary to localize an ion Bernstein wave with a well 
defined wave vector inside the scattering region was measured. 
The measurements at several values of the wave vector were then 
fitted to the kinetic dispersion relation. The only free 
parameter was the minority concentration. The values obtained 
for_n agree (within ± 20%) with those estimated from the changes 
of ñ e induced by the puffing of

 3He. 

Three techniques have been used for determining the ion 
temperature: charge-exchange measurements, Doppler broadening of 
impurity line radiation, and neutron emission measurements. 

I.O 
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Totol Rod. 
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TIME(s) 

FIG.2. Time evolution of central ion temperature derived from: charge-exchange (squares), 
Doppler broadening of the Fe XXV line (circles), neutron emission (triangles) for PIf = 2.6 MW 
andn6(0) = 5XlOi3 cm'3. 

This redundancy is necessary because each method has intrinsic 
uncertainties. Together these measurements provide a consistent 
picture of the ion heating. 

to determine the central deuterium ion 
temperature, T., from charge-exchange measurements, the measured 

T , must be corrected to account for the effects of 
radial profiles of the plasma parameters on the 

In order 

value, 
plasma parameters on tne energy 

distribution of escaping neutrals. The neutral density profile, 
which is not directly measured, is calculated assuming an edge 
neutral density and temperature. The time evolution of T^ 
derived from charge-exchange measurements is shown in Fig. 2 for 
a discharge with ñe = 3.8 x 10 cm and 2.6 MW of coupled rf 
power. For this case the calculated correction factor is 1.1. 

The second method used for determining the ion temperature 
is Doppler broadening of impurities lines, FeXXV (for T^ in the 
center), FeXX (for Td at r » 20 cm), CV and C H I (for Td at the 
edge). While this method can provide a precise measurement of 
the impurity ion temperature, T¿mo» ¿t suffers from the fact 
that the value of T^ may be different from that of T^. In 
fact, since both deuterium and impurity ions are heated by 
collisions with the He hot component, the power per ion scales 
approximately like Z- /nu . We can estimate a lower limit of the 
ratio T^/T^-p by assuming that the only loss of energy suffered 
by the impurity ions, which may all be assumed to have the same 
temperature, owing to their strong coupling, is due to 
collisions with the background deuterium. The power deposition 
to the ions is estimated using the value of the central power 
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FIG.3. Time evolution of impurities for Prf = 2.6 MW and ne = 3.8 X 1013 cm' 

deposition to the electrons, which is derived from the time 
evolution of the electron temperature (see below), and a 

•a 

calculation of the JHe energy distribution using an isotropic 
quasi-linear rf diffusion model, which has shown good agreement 
with the observations in the case of D-H minority heating [6]. 
The resulting temperature difference which can be supported by 
the collisional coupling between impurities and deuterons is 
estimated to be ~ 400 eV for the highest measured T^ ~ 4 
keV. The corrected values of T, derived from FeXXV Doppler 
broadening measurements are shown in Fig. 2 for the 2.6 MW case. 

Finally, the central values of Td are obtained from neutron 
flux measurements, taking into account the deuterium depletion 
due to impurities. By using the plasma composition derived from 
spectroscopic measurements (Fig. 3), we obtain the values of T, 
shown in Fig. 2 for the 2.6 MW case. 

The spectroscopic results of Fig. 3 reveal not only that-
most of the deuterium depletion is caused by oxygen and carbon 
impurities (in addition to that attributable to He), but that 
the bulk of the radiation (Fig. 1 ) is caused by these lighter 
impurities in the periphery of the plasma. The higher Z 
impurities give a radiation contribution from the central region 
of ~ 0.2 to 0.3 W«cm and contribute somewhat to the value of 
Z -- which almost doubles during the rf pulse for the case 
shown. 

Figure 4 shows the radial profiles of TJ derived from 
Doppler broadening measurements for several values of rf power 
and ñe * 3.8 x 10 cm . Figure 5 shows the dependence of the 
ion temperature increase on rf power and plasma density. These 
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FIG. 4. Radial profiles of ion temperature from Doppler broadening of impurity lines for 
ne^3.8X1013 cm'3. 

data indicate that, within the range of rf power and density 
investigated, the ion heating efficiency remains approximately 
constant. 

The electron temperature, Te, was obtained from the measure 
of the plasma emission at the second harmonic of the electron 
cyclotron frequency and from Thomson scattering of laser 
light. Figure 6 shows the time evolution of Te at four radial 
locations for the 2.6 MW case. The central value of Te is 
strongly modulated by the sawtooth relaxation. The same 
phenomenon is seen in Fig. 7, which shows the radial profiles of 
T at the top of a sawtooth and 1 ms after the internal 
disruption. Another effect produced by large rf powers is also 
that of flattening the central part (r < 20 cm) of the density 
profile. 

Figure 8 contains the time evolution of the central value 
of T during a sawtooth period. These data show that the slope 
of T at the beginning of the sawtooth steadily increases with 
power, but neither the amplitude nor the period of the 
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FIG. 5. Central ion temperature increase (a) as a function of rf power for ne = 3.6 X 10n cm 
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FIG. 6. Time evolution of Te derived from second harmonic electron cyclotron emission at 
different radial locations for Prí =2.6 MW andñ^ = 3.8 X 1013 cm"3. 
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FIG. 7. Electron temperature profiles from Thomson scattering for P,f = 2.6 MW (a) at the top 
of a sawtooth oscillation, and (b) 1 ms after internal relaxation. 
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FIG.8. Time evolution of Te(0) during a sawtooth oscillation. A - Ohmic; B - 0.9 MW; 
C- 2.6 MW. 
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FIG. 9. Values ofPe = 1.5 nefO)dTefOJ/dt, (a) as a function of rf power and (b) as a function 
ofr¡ = niHJnJor Prí = 1.8MW. 

oscillation isa strong function of rf power at large power 
levels. Figure 9 shows the quantity Pe = 1«5 n (o)dT (o)/dt at 
the beginning of a sawtooth oscillation as a function of rf 
power for a constant value of n ^ 0.07. If we neglect the 
electron thermal losses in the center of the discharge over the 
first part of the sawtooth period, p is a measure of the 
central power deposition to the electrons. These data indicate 
that p increases with rf power and has a value of ~ 1 W-cm at 
2 MW. We have also found that the value of p is a growing 
function of n (Fig. 9). This must be considered a clear 
indication that other processes (i.e. mode conversion), besides 
collisions with the hot minority component, play a role in the 
ICRF heating. 
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DISCUSSION 

The results of Figs 4 and 5 indicate that no catastrophic 
ion energy loss has been encountered as the ICRF power to the 
antennas was raised to the 3 MW level. This is also shown in 
Fig. 10, where the energies of the various plasma components are 
displayed as a function of the coupled rf power. 

Moreover, if we assume that the power delivered to the 
electrons has the same dependence on rf power as that shown by 
p e in Fig. 9, we conclude that ICRF does not result in a large 
deterioration of the electron energy transport in PLT for the 
range of power investigated. In fact, while the value of p 
increases by a factor of ~ 4 (Fig. 9), the total electron energy 
doubles (Fig. 10). Therefore, the electron energy confinement 
time, at the worst, decreases by a factor no larger than ~ 2 
from the ohmic value. The global power balance is summarized: 

P 0 H (MW) 

P r f (MW) 

p rad (MW) 

E t o t ( k J ) 

T* (ms) 

T**(ms) 

0 . 7 

0 

0.25 

24 

34 

53 

~ 0 .7 

0 . 9 

0.55 

39 

24 

37 

~ 0 .7 

1 . 9 

0.75 

55 

21 

30 

~ 0 .7 

2 . 6 

0 . 9 

69 

21 

29 

Here the quantities T* and T** are the gross plasma energy 
confinement times without and with the radiation losses taken 
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into account, respectively. We see that the plasma confinement 
time reaches a certain value when the input rf power becomes 
comparable to the ohmic power, and does not deteriorate with 
further rf power increase. This must not be considered a 
scaling of transport with rf power, because the true meaning of 
T* is only that of a lower limit to the true plasma confinement 
time. In fact, we do not know whether 100% of the coupled rf 
power is transferred to the core plasma, or what fraction of the 
energy of the fast minority ions is lost. 

It is noteworthy that while the radiation loss does 
increase with the application of rf power, the fraction of 
radiated power is similar to that in ohmic plasmas. 
Consequently, during rf heating, radiation losses remain a small 
part of the total power balance. 
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DISCUSSION 

S.-I. ITOH: Have you measured the electric field on the wall or near the 
antenna during ICRF launching and compared it with and without ICRF? 

E. MAZZUCATO: No, we have not. 

S.-I. ITOH: I ask because ICRF launching changes the boundary condition 

for the plasma and scrape-off layer. It may also affect the recycling rate in the 
scrape-off layer. 
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A. GIBSON: How does the minority ICRF heating efficiency you observe 
compare with that of neutral-injection heating previously observed in your 
tokamak? 

E. MAZZUCATO: The ICRF heating efficiency observed is very similar to 
that previously obtained in PLT with neutral-particle injection. 

R.R. WEYNANTS: You mentioned that an increase in nH e .3/nD causes an 
improvement in electron heating efficiency. Did you see a decrease in ion efficiency 
at the same time? 

E. MAZZUCATO: The increase observed in electron heating efficiency caused 
by the increase in the 3He concentration was accompanied by a decrease in the 
neutron flux. 

R.R. WEYNANTS: In the last slide you showed in your oral presentation, there 
was a PO H which did not change with increasing RF power. Can you comment on 
this? 

E. MAZZUCATO: The Ohmic power did not change appreciably during the 
RF pulse. In fact, the increase in electron temperature was balanced by an increase 
in the value of Z ff. 

B. COPPI: How do you relate your estimates of ICRH efficiency to the fact 
that you have large oscillations over the entire plasma column? 

E. MAZZUCATO: The ICRF heating efficiency is the result of many different 
phenomena, including the large oscillations observed. 

V.E. GOLANT: Have you compared the heating results with numerical 
simulation, and what can you say about ion thermal conductivity during heating? 

E. MAZZUCATO: Since we do not know the radial profile of the energy 
deposition, we did not attempt a numerical simulation of the ion energy transport. 
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Abstract 

HIGH-POWER ICRF HEATING EXPERIMENTS IN THE JFT-2M TOKAMAK. 
The main activity in JFT-2M has been devoted to high-power ICRF heating experiments 

in the two-ion hybrid heating regime. It is demonstrated that the impurity increase in ICRF 
heating can be reduced by controlling the k|| spectrum in the ICRF heating experiment. High-
power ICRF heating experiments up to 1.6 MW have been accomplished, and a toroidal beta 
value of 1.2% is obtained. The density and plasma current dependences of the gross energy 
confinement time in ICRF heating are similar to those in the case of Ohmic heating. 

1. INTRODUCTION 

Recently, the effectiveness of ICRF heating has been demonstrated in PLT [1 ], 
TFR [2] and JFT-2 [3]. Now, the main interest in ICRF heating experiments is 
being shifted towards confinement studies in the high-power heating regime. 

However, in such a high-power ICRF heating regime, the plasma is contaminated 
by impurities [4, 5]. In TFR, an ICRF heating of 1.5 MW was achieved, but the 
plasma was contaminated by nickel impurity. The effect of the impurity was 
reduced by an order of magnitude by changing the material of the limiter and the 
Faraday shield protector from Inconel to graphite. 

As a different method, controlling the k|| spectrum of the excited wave is 
proposed theoretically in order to reduce the impurity increase [6]. In Section 3, 
it will be demonstrated that a reduction of impurity increase in two-ion hybrid 
heating is obtained by this method, with an array of three loop antennae in JFT-2M. 

* On leave from the University of Tokyo. 
** On leave from Mitsubishi Electric Co. 

*** On leave from Mitsubishi Atomic Power Industries Inc. 
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The reduction of the impurities made it possible to obtain a high-beta plasma 
of up to 1.2% with 1.6 MW ICRF heating and to study the confinement scaling in 
such a high-power ICRF heating regime. The results will be presented in Sections 4 
and 5. 

2. APPARATUS 

The JFT-2M tokamak has a D-shaped vacuum vessel with a 1.31 m major 
radius and a 0.415 m X 0.595 m minor cross-section [7]. In the present ICRF 
heating experiment, the target plasma has a D-shaped cross-section with an 
elongation ratio of about 1.2. The plasma surface is determined by graphite 
limiters, and the vessel wall is gettered by titanium. 

An RF generator with 4.5 MW maximum power is operated at 15.2 MHz in 
order to perform heating experiments in the two-ion hybrid regime. An array of 
three loop antennae on the high-field side is used. The length of the radiative part 
is 50 cm and the width of the central conductor is 7 cm. The Faraday shield is 
made of titanium [4]. The resistance of the antenna and the matching circuit 
is about 0.27 £2. The coupling resistance depends strongly on the electron density 
of the target plasma. It is less than 0.2 £1 in the low-density regime 
( ^ 2 X 1013 cm"3) and increases up to 0.5 Í2 in the high-density regime 
((4—5) X 1013 cm -3). To perform the electron heating experiments in a mode 
conversion regime, the hydrogen-to-deuterium density ratio, nn/n^ , is about 40%, 
which is determined by spectroscopic measurements and mass-separated charge-
exchange neutral analysis. The toroidal magnetic field of 1.15 T is determined so 
as to obtain the maximum heating efficiency and the minimum increase in the 
radiation loss power. 

3. EFFECTS OF k|| SPECTRUM 

The ICRF heating experiments on the k|| spectrum have been carried out by 
changing the phase relation of the RF currents among the three antennae. When 
all RF currents are applied in phase (in-phase operation), there is a peak of the k(| 
spectrum at k|| = 0. On the other hand, when the RF current of the middle 
antenna is applied out of phase (out-of-phase operation), the ky spectrum has a 
peak at about ky = 8 m - 1 . 

In both operations, the temporal evolution of the plasma parameters with a 
net input power PRF = 300 kW is shown in Fig. 1. In these experiments the plasma 
current Ip is fixed at 150 kA. With in-phase operation, the electron density 
increased during ICRF heating, and with out-of-phase operation, the density 
decreased. So, the gas puffing is controlled so that nearly the same density values 
are achieved. 
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FIG.l. Temporal evolution of plasma parameters in ICRF heating of 300 kW with an array of 
three loop antennae. Solid and dotted lines correspond to out-of-phase and in-phase operation 
respectively. In this experiment, the toroidal magnetic field Bj - 1.15 T and the plasma current 
Ip = 150 kA. 

The solid and broken lines in the figure correspond to out-of-phase and in-
phase operation, respectively. The increments of the central deuterium ion 
temperature, whose energy spectrum has no high-energy tail, are almost the same 
in both cases. The main difference appears in the impurity behaviour of these two 
operations. The increase in the radiation loss power PR in the in-phase operation 
is by a factor of 1.6 larger than in the out-of-phase operation. The increases in 
the impurity line radiations of the in-phase operation are also larger than those of 
the out-of-phase operation. Though the loop voltage decreases with the heating 
in both cases, the decrement is smaller in the in-phase operation. Furthermore, 
the loop voltage increases gradually from 60 ms after the initiation of the 
ICRF pulse, in the case of in-phase operation. The central electron temperature 
obtained.by soft-X-ray spectrum analysis and the poloidal beta determined by 
magnetic measurements increase and are sustained during the ICRF heating in the 
out-of-phase operation. On the other hand, in the in-phase operation, the electron 
temperature and the poloidal beta increase in the initial stage, but begin to 
decrease at 60 ms after the initiation of the ICRF pulse. The 2 coce emission, 
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FIG.3. Profiles of ion temperature, electron temperature and electron density at t = 600 ms 
(Ohmic heating) and t - 720 ms (ICRF heating). Ion temperatures are measured by charge-
exchange neutral analysis, C V line Doppler broadening, and neutron emission. Electron 
temperature and density are measured by Thomson scattering. Electron temperatures at top 
and bottom of sawtooth oscillation are distinguished by Aand V. respectively. Experimental 
conditions are the same as those of Fig. 2. 

file:///ootXJ


IAEA-CN-44/F-I-3 449 

I E C E , at r = 20 cm indicates that the electron temperature in the peripheral region 
rises and keeps its level in the out-of-phase operation, but decreases gradually in 
the in-phase operation. 

These experimental results indicate that the in-phase operation of the loop 
antennae causes an impurity increase and then radiation cooling. In the out-of-
phase operation, however, the increase in radiation loss power is reduced by a 
factor of 1.6, and the radiation cooling does not seem to impair the plasma 
parameters at this power level. Therefore, the high-power heating experiment is 
performed in the out-of-phase operation. 

4. HIGH-POWER HEATING EXPERIMENT 

Up to now, a net input power of 1.6 MW with a duration of 130 ms has been 
applied to the plasma. The density limit is raised from about 4 X 1013 cm - 3 for 
Ohmic heating to (5-6) X 1013 cm -3 with ICRF heating. The maximum net input 
power is limited by the breakdown at the tuning stubs in the low-density regime 
and the major disruption in the high-density regime. 

The temporal evolution of the plasma parameters with 1.2 MW ICRF heating 
is shown in Fig. 2. The plasma current is 228 kA, and the ICRF heating is started 
at 600 ms. The line-averaged electron density has been raised from 3.1 X 1013 cm -3 

to 5.0 X 1013 cm -3 during ICRF heating by gas puffing. The loop voltage decreases 
from 1.7 to 0.8 V. The central electron temperature measured by Thomson scattering 
increases from 0.8 keV at 600 ms to 1.9 keV at 640 ms and then decreases gradually. 
The poloidal beta, however, continues rising during the ICRF heating. Therefore, 
the decay of the electron temperature is considered to be the result of the rapid 
increase in electron density. The central deuterium temperature obtained by 
charge-exchange neutral analysis increases from 0.5 to 0.9 keV. Strong electron 
heating is observed in the n H /n D = 40% plasma as is to be expected from mode 
conversion theory [8]. 

The profiles of the electron density, the temperature measured by Thomson 
scattering, and the ion temperatures obtained from charge-exchange neutral 
analysis, the neutron emission and Doppler broadening of the spectral line C V 
at 720 ms are shown in Fig. 3. In this case, the poloidal beta as determined by 
magnetic measurements increases from 0.35 to 0.9 for ICRF heating, and then 
the averaged toroidal beta reaches 1.1%. The poloidal beta deduced from the 
profile data increases from 0.31 to 0.89, where (nH + nD)/ne = 0.8 is assumed. 
Therefore, both poloidal-beta values are in good agreement, within experimental 
accuracy. 

In the case of an ICRF heating of 1.6 MW, a poloidal beta of 1.0 has been 
obtained. So the average toroidal beta of 1.2% has been achieved by ICRF 
heating only. 
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CONFINEMENT SCALING 

The density dependence of the gross energy confinement time is shown in 
Fig. 4(a). The gross energy confinement time and the total input power are 
defined by T^Q = W/Ptot, where P t o t = PRP + PQH a n d W is the stored energy of 
the plasma. In Ohmic heating, r E G has a linear dependence on the line-averaged 
electron density up to 2.5 X 1013 cm -3, and then deviates a little. The same 
tendency is to be found for ICRF heating. Here, the density dependence of the 
gross energy confinement time can approximately be represented by 
ñ e l 3 (1-0.083 ñ e i3) , withñej3 in 1013 cm"3. 

The power dependence of the stored energy is shown in Fig. 4(b). To 
eliminate the density dependence of the confinement time, we define a normalized 
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stored energy W* = W/[ñel3 (1-0.083 ñ e l 3 ) ] . The figure shows the degradation 
of TEG with power in the ICRF heating, but the degradation is not so large as in 
the NBI heating case. We cannot conclude that the deterioration of energy 
transport or radiation cooling by the impurities causes this degradation of TEG 
since there is also the possibility of a part of the RF power being absorbed in 
the peripheral region of the plasma [9]. There is no difference between the 
Ip = 164 kA and Ip = 228 kA cases, within experimental accuracy. The Ip 

dependence of the gross energy confinement time as seen in the NBI heating 
experiments cannot be observed in our two-ion hybrid ICRF or Ohmic heating 
experiments. 

6. SUMMARY 

An ICRF heating experiment has been performed in the two-ion hybrid 
heating regime. The main results are as follows: 

( 1 ) It is demonstrated that impurity increase in ICRF heating is reduced by 
out-of-phase operation with an array of three loop antennae. 

(2) The reduction of the impurity increase leads to a rise in the density limit up 
to (5-6) X 1013 cm -3 with ICRF heating. 

(3) An average toroidal beta value of 1.2% has been obtained with a net input 
power of 1.6 MW. 

(4) It is shown that the dependence of the gross energy confinement time on 
the line-averaged electron density and the plasma current in ICRF heating 
is similar to that for Ohmic heating although the gross energy confinement 
time decreases slightly with the total input power in ICRF heating. 
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DISCUSSION 

J. JACQUINOT: Total elimination of the radiation at kt, = 0 requires a well-
defined power distribution among the three antennas. What was this power 
distribution in your out-of-phase case? 

M. MORI: In the slide I showed in my oral presentation the k|t spectrum 
was schematic. The purpose of that drawing was to show that the k spectrum 
has peaks at k„ = 8 m " ' with out-of-phase operation. When the RF current 
of the three antennas is the same in out-of-phase operation, the power spectrum 
at k,, = 0 is small but not zero. This conclusion is supported by the loading 
calculations of H. Kimura. 

L.A. BERRY: How do the values of energy confinement time you obtain 
during the steady-state period of the RF pulse compare with those you obtain 
from the decay of stored energy after the RF power has been turned off? 

M. MORI: Because in many cases the plasma density was not well controlled 
after the RF power had been turned off, it was difficult to estimate the gross 
energy confinement from the decay of stored energy. The energy confinement 
times deduced by the two methods are, however, approximately the same. 

R.J. GOLDSTON : In Fig. 4 you show a curve for W* versus total input 
power. If you fit this curve with a power law such as W*oc P01, what value of cc 
do you obtain? 

M. MORI: Approximately, W*ocp^ . This relation implies that r E G scales 
as r E G ce ñe/y/(Te + T¡) in the low-density regime. (In our electron heating regime, 
the contribution of Te is dominant in this relation.) One cannot, however, conclude 
from the above that the deterioration in r E G is necessarily the result of such a 
temperature dependence because the power deposition of ICRF and the contributic 
of radiation loss to the energy balance are not well understood. 
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Abstract 

RF HEATING OF CURRENTLESS PLASMA IN HELIOTRON E. 
Recent electron cyclotron resonance heating (ECRH) and ion cyclotron range frequency 

heating (ICRF) experiments performed with a current-free plasma in Heliotron E are described. 
Parametric studies of ECRH are in progress. For both fundamental and second-harmonic 
resonances, optimum heating is observed when the plasma density is near the cutoff density 
(for the ordinary wave, in the case of fundamental resonance and for the extraordinary wave, 
in the case of second-harmonic resonance) and when a resonance zone exists on the magnetic 
axis. The maximum heating efficiencies for the fundamental and second-harmonic resonances 
are 6.5 eV-kW"1 per 1019 m -3 and 2.4 eV-kW-1 per 1019 m~3, respectively. The ray-tracing 
analysis agrees qualitatively well with the experimental results. The power dependences of the 
plasma parameters are also investigated. — The first ICRF experiment with fast-wave heating 
of a current-free plasma has been performed. The ICRF wave power and pulse length are 
550 kW and 15 ms, respectively. The frequency is 26.7 MHz. Ions and electrons are heated 
effectively. The increase in ion temperature is only slightly changed by varying the hydrogen ratio 
of the gas puff. On the other hand, the electron temperature increase has a definite peak for 
a high proton ratio (» 15%). This agrees qualitatively with the mode conversion picture of 
minority heating. 

1. INTRODUCTION 

A current-free plasma was successfully produced in Heliotron E by electron 
cyclotron resonance (ECR) waves (200 kW at 28 GHz) [1-3] . The electron 
transport near the central region of the plasma was explained, to within a factor 
of six, by the neoclassical theory [3, 4]. The optimum plasma density was, 
however, limited to 0.5 X 1019 m~3 (line-averaged) because heating became 
inefficient for a central plasma density exceeding the cutoff density of the waves. 
Therefore, the frequency of the ECR waves was increased to 53.2 GHz in order 
to obtain a higher plasma density with high electron temperature. In fact, the 
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FIG.l. Experimental configuration. 
1) Resonance surfaces of u/2ir = 53.2 GHz (B = 1.9 T); 2) right-hand cutoff; 
3) upper hybrid cutoff. 

Ray tracings of ordinary (O) mode and extraordinary (X) mode are indicated by solid lines 
for oj = wce. 

optimum plasma density increases by a factor of four, compared to the case of 
28 GHz, as will be described in the next section. 

Wave absorption for both the fundamental and the second-harmonic 
resonances (GJ = co^ and w = 2 coce) was studied experimentally and compared 
with ray-tracing analysis. 

A preliminary ICRF heating experiment with the aim of ion heating of a 
current-free ECRH plasma was also performed. The fast-wave heating experiment 
was the first test of ICRF heating in a fully toroidal device with current-free 
operation. Heating and wave absorption mechanisms were studied. Ion and 
electron temperature increases were investigated with various hydrogen ratios in 
the gas puff. 

2. ECRH EXPERIMENTS 

Five gyrotrons (Ù)/2IT = 53.2 GHz) were installed to produce a high-temperatun 
current-free plasma. The maximum microwave power and pulse length are 1 MW 
and 100 ms, respectively. The microwaves are fed into the vacuum chamber 
through five TE02 circular oversize waveguides with flexible bends. An almost 
equal mixture of ordinary and extraordinary modes (O- and X-modes) was injected. 
The experimental configuration for w = coce (ne0 < 3.5 X 1019 m~3: cutoff 
density for O-mode) is shown in Fig. 1. The wave is launched from the low-field 
side. For the second-harmonic resonance (co = 2coce), the right-hand cutoff does 
not appear for ne0 < 1.75 X 1019 m"3. In Fig.2(a), the observed electron 
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FIG.2. (a) Experimentally obtained values of Te0 and ne versus magnetic field strength; 
(b) ECR power deposition calculated by ray-tracing method. 

temperature and density are shown as a function of the magnetic field strength. 
The microwave power is 160 kW, in this case. Optimum heating is obtained when 
a resonance exists on the magnetic axis. 

The dependences of the electron temperature and internal energy, We, on 
the electron density are shown in Fig.3. In the case of co = coce (B = 1.9 T), 
We increases with the density and the maximum value is obtained near the cutoff 
density of the O-mode. The maximum heating efficiency is given by 

T e(0) / (PEcH/n e)=6.5[eV-kW- 1perl0 1 9m- 3] 

which is higher than the value of 5.0 for 28 GHz. For co = 2coce, maximum 
heating is observed at the right-hand cutoff density, and the heating efficiency 
is 2.4 eV-kW-1 per 1019 m - 3 , which is much less than that for co = coce. 

There is a factor-of-2.5 difference between the heating efficiencies at 
co = coce and at co = 2coce. From the absorption calculation for co = co^ based 
on ray tracing, the dominant contribution to the absorbed power is the O-mode 
for the single-path analyses. For co = 2coce, the X-mode plays the dominant role 
in the absorption. The numerical results shown in Fig.2(b) indicate that the 
efficiencies for both heating schemes are comparable. However, for co = co^, 
the X-mode can be absorbed efficiently if the wave is injected from the high-field 
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FIG.3. Te0 and electron internal energy We versus ne at fundamental and second-harmonic 
resonances. 

side. It is probable that X-mode power injected from the waveguide at the low-
field side goes around to the high-field side through a very-low-density region or 
a vacuum region during successive reflections between the right-hand cutoff 
surface and the wall. It is conjectured that both the O-mode and the X-mode 
contribute to the heating for co = coce while the X-mode only contributes for 
co = 2coce. This could explain the difference in the heating efficiencies. Also, 
another explanation is possible: the difference may be attributed to electron 
thermal diffusion coefficient Xg • If Xe has a 1/B or a 1/B2 dependence, the 
temperature achieved in the co = 2coce case would be lower than in the co = coce 
case, even if there is no significant difference in the absorbed power. 

The power dependence of the electron temperature, internal energy and 
bolometric power is shown in Fig.4, for co = coce. The average density is kept 
constant (1.7 X 1019 m~3). The internal energy continues to increase and is not 
saturated. The radiation power is estimated to be less than 30% of the input 
power. The electron confinement near the central region of the plasma is 
explained within a factor of several times unity by the neoclassical theory in 
the plateau regime, as was the case for 28 GHz. The plasma parameters are near 
the collisionless regime. Transport properties are under investigation. 

3. ICRF EXPERIMENTS 

In this section, we report on ICRF heating results using the fast wave and 
the slow wave. The target plasma is produced and heated by an ECRH pulse 
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FIG.4. Electron temperature, internal energy and bolometric power versus ECR power for 
fundamental resonance. 

with a maximum power of 200 kW at 53.2 GHz. In this experiment, the 
frequency of the ICRF pulse is fixed at 26.7 MHz, which coincides with the 
fundamental proton cyclotron frequency at B = 1.75 T. Under this condition, 
the proton cyclotron resonance surface is located at a third of the plasma radius. 
Four antenna loops with Faraday shields are installed on the high-field side of 
the plasma in the meridian plane. The loading resistance of the plasma is 3 to 
5 Í2. The maximum coupled RF-power to the plasma is 550 kW, which is 
limited by breakdown at the feedthrough section. The pulse length is limited 
to around 15 ms by the capacitor bank of the RF-power supply. 

Typical time traces of the plasma parameters with fast-wave heating are 
shown in Fig.5. The electron density is controlled by gas puffing and gradually 
increases up to 2.5 X 1019 m~3. The ion temperature does not reach a saturated 
level because of the short pulse duration. In this discharge, the increase in 
electron temperature should not be due to the ICRF pulse directly since the 
proton mixing ratio is too small for electron heating by mode conversion to be 
expected. This is probably attributable to the following fact: the energy loss 
of the electrons due to collisions with ions is reduced, while the ECRH pulse 
heats the electrons continuously. Therefore, the net input power to the electrons 
increases. No density change due to the ICRF pulse is observed during the 
experiments. 

The heating efficiencies which include both the ion and electron energy 
increases are plotted as a function of the electron density in Fig.6. The efficiency 
of the minority heating by fast-wave heating increases with density, reaching 
2 eV-kW"1 per 1019 m~3 at high densities. In the figure, the data of two other 
different heating modes are plotted. One mode is second-harmonic heating by 
the fast wave and the other one is heating by slow-mode waves. The data on 
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FIG.5. Temporal evolution of electron density, bolometric power loss, central-chord ion 
temperature and electron temperature. The ICRF pulse is indicated by dotted lines. The 
electron density is controlled by gas puffing. (Frequency = 26.7 MHz, Bo = 1.9 T, 
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FIG.6. Dependence of energy increase normalized by RF power on line-average density. 
(Frequency = 26.7MHz, minority heating: B0 = 1.9 T; T?H =nnl(nn + nD) = 0-02: 
second-harmonic heating: B0 = 0.94 T, T?H = 1.0; slow-mode heating: B0 = 1.9 T,r¡H = 1.0.) 

second-harmonic heating indicate high heating efficiencies in the present para
meter range. The lack of data in the high-density regime is due to the low 
cutoff density for ECRH (co = 2wce). The heating experiment using the slow 
wave is performed with pure hydrogen. However, the energy increase disappears 
at high density, i.e. above 2.0 X 1019 m~3. This result agrees qualitatively well 
with cold-plasma dispersion theory. 
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FIG. 7. (a) Electron and (b) ion temperature increase and (c) energy content ratio of high-
energy tail to bulk component of hydrogen versus proton mixing ratio in the filling gas. 
(Frequency = 26.7MHz, B0 = 1.9 T, PlcRF s 300 kW, "ñe = (1.7-2.0) X 1019 m"3.; 

In Fig.7, the increases in electron and majority ion temperature and the 
energy content ratio of the high-energy tail to the bulk component of hydrogen 
for minority heating are plotted as a function of the hydrogen ratio. The energy 
content ratios are measured by a neutral-particle analyser. The density is lower 
than in the case of Fig.5. The base electron temperature is around 600 eV, which 
is much higher than the ion temperature. Therefore, the increase in the electron 
temperature should be due to direct heating by the ICRF wave. The increase 
in the ion temperature does not change substantially. On the other hand, the 
electron temperature increase for a high proton ratio is about 15 to 30%. The 
central region of the plasma (r <J a/2) is effectively heated. According to theory, 
the mode conversion rate from the fast to the ion Bernstein wave on the high-
field side increases with the proton ratio. And at a proton ratio of less than 30%, 
the two-ion hybrid resonance surface is located on the inner side of the half-radius. 
On the other hand, ion heating is expected at a low proton ratio. The peak of the 
high-energy hydrogen tail appears at a proton ratio of around 5%. These 
experimental results agree qualitatively with the mode conversion theory for 
minority heating. 

CONCLUSIONS 

It is observed in ECRH experiments that efficient electron heating for both 
fundamental and second-harmonic resonances occurs when a resonance zone 
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exists on the magnetic axis. The heating efficiency reaches 6.5 eV-kW-1 per 1019m 
for the fundamental resonance. The experimental results, combined with ray-
tracing calculations, indicate that ordinary waves (and perhaps also extraordinary 
waves) play a dominant role in heating for the fundamental resonance while 
extraordinary waves are significant for the second-harmonic resonance. The power 
dependencies of electron temperature and internal energy were investigated. 

The first ICRF experiment for fast-wave heating of a current-free plasma has 
been carried out. The loading resistance of the antenna is comparable to that 
occurring in tokamaks, and effective ion and electron heating is observed. These 
results encourage higher-power ICRF heating in Heliotron E. 
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DISCUSSION 

R.S. PEASE: You say that the electron energy confinement is near to neo
classical; what measured data have you to support this conclusion? 

O. MOTOJIMA: We analysed the energy balance of electrons by measuring 
the profiles of the electron temperature (with laser Thomson scattering), ion 
temperature (with neutral-particle analysers), density (with laser Thomson 
scattering and microwave interferometer) and radiation (with a bolometer), and 
by calculating wave absorption using ray tracing. Xe is calculated and compared 
with the neoclassical value. In the central region, xe is near to neoclassical (to 
within a factor of 5 to 10). The definition of energy confinement is as follows: 

WP W 
Tnet =

 r gross _ P 
E p _ p > TE p 

M rad ^ 
R.W. CONN: You show that the rise in ne ceases during ICRH. This seems 

to be consistent with particle pump-out as observed in tokamak experiments. 
Have you confirmed the existence of this pump-out and what happens to rE 

during ICRH? 
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O. MOTOJIMA: The increase in density before the ICRF pulse is caused 
by the gas programme. The gas puff valve is shut off during the ICRF pulse 
in order to obtain a density flat-top. No pump-out has been observed, nor any 
particular decrease in rE due to the presence of the RF wave. 

A.C. RIVIERE: I disagree with the statement in the fourth paragraph of 
Section 2 of your paper that heating at 2oJce will be less efficient. Our own ray-
tracing calculations show that high absorption efficiency can be obtained at 
2coce when account is taken of wall reflections with mode changes. Your 
suggestion that the heating at 2coce is due only to absorption of the power launched 
in the X-mode is not consistent with our findings. At co , the 0-mode is less 
strongly absorbed and, for small optical depth absorption at the UHR layer, 
can lead to less efficient power deposition at the edge. May I ask whether the rate 
of rise of stored energy in the plasma is different in the two cases, or whether 
there is evidence from the rate of fall that the absorbed power is different in these 
cases? 

O. MOTOJIMA: The rate of increase in the stored energy is different, as 
is shown in Fig.3. The mechanism of wave absorption depends strongly on the 
field structure. We therefore have to be careful to take each field configuration 
into account and to compare one with another. 
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Abstract 

LOWER HYBRID HEATING, CURRENT DRIVE AND ION CYCLOTRON HEATING 
EXPERIMENTS ON ALCATOR C AND VERSATOR II TOKAMAKS. 

Lower hybrid electron Landau heating experiments have been carried out on the 
Alcator C tokamak at densities 0.8 X 1014 < ñ(cm~3) < 1.7 X 1014, and at B = 7 to 11 T. 
With use of SiC-coated graphite limiters, on injection of 850 kW of power at a density of 
5g — 1.3 X 1014 cm - 3 in deuterium, typical temperature increases of AT¡ — 0.7 keV, 
ATe — 1.0 keV were observed. Current drive and ramping experiments have also been carried 
out at densities 1013 < ñgícm - 3) £ 1014. The maximum current drive efficiency, defined as 
77 = ñ( 1014 cm"3)I(MA)R(m)/P(MW), was T? ^ 0.12 at B = 10 T and T? ^ 0.08 at B = 8 T. 
Current ramping experiments have resulted in ramping rates of Al/At ^ 400 kA/s with 
Prf ~ 8 6 0 kWat a density of ñ e ^ 3 . 0 X 1013 cm - 3 . Initial results from the Alcator C 180 MHz, 
0.5 MW ICRF heating programme are reported. Significant heating results were obtained in 
the hydrogen minority regime: on injection of 400 kW of radiofrequency power, the ion 
temperature rose by as much as 600 eV at a density of ñg < 1.9 X 1014 cm - 3 . In Versator II, 
during lower hybrid current drive experiments the global particle confinement increased by 
approximately a factor of two above the Ohmic discharge value when the Parail-Pogutse 
electron tail instability was stabilized. 

* Now at Raytheon Co., Wayland, MA, USA. 
** Now at EG&G, Los Alamos, NM, USA. 

463 



464 PORKOLAB et al. 

1. ALCATOR C LOWER HYBRID EXPERIMENTS 

In past experiments on Alcator C up to 1.1 MW of rf power at 
4.6 GHz was injected through two 4 x 4 waveguide arrays [1-4]. 
In the present phase of experiments, three 4 x 4 arrays have 
been installed into Alcator C. During current drive experiments, 
flat-top toroidal currents in the range 120-230 kA have been 
driven at densities 1.0 x 10iJ ¿ ne(cm ) ̂  8 x 10 J at magnetic 
fields 8 < B(T) < 11 [2-4]. In these experiments adjacent wave
guides were phased at 90° so that 1 < Ny < 2.5 (where Ny = 
ck||/ü)). The ohmic heating transformer was open-circuited during 
flat-top current drive experiments. For pulse lengths t > 50 
ras, inductive current drive mechanisms could be eliminated and 
a purely rf~driven toroidal current equilibrium was established 
[2]. Thus, the flat-top current drive efficiency was determined 
from the relationship n = ñe(10

14cm~3) I(MA)R(m)/P(MW). Using 
molybdenum limiters at B = 8 T and B = 10 T, 77 = 0.08 and r\ = 0.12 were 
deduced, respectively. For silicon carbide-coated graphite limiters 
the efficiency is typically 30-40% lower. These results have 
been reconfirmed with the present 3-array system in SiC limited 
plasmas (see Fig. 1). Thus, the efficiency is independent of 
the distribution of power sources and depends mainly on the 
total power injected and the limiter material used. Analysis of 
the results indicates that for these experiments J/P¿[> t n e 

normalized current drive efficiency, is of the order of 30-50 
(depending on magnetic field and limiter material). Preliminary 
estimates indicate that 30-60% of the rf power finds its way 
into the bulk plasma, replaces the ohmic heating power and 
maintains the current. Perpendicular plasma hard x-ray emission 
was measured in previous experiments using a single 2" x 2" Nal 
scintillator. Without rf power there is negligible emission, 
whereas with rf a high energy x-ray tail extending out to at 
least 450-500 keV was observed [2-4], The current experimental 

1 1 1 1 1 

5 = 0.19-^'' * 
B=10T 

o°^° $íJÍ ¿:SiC,3WG1984 
n ^ •*• o«: Mo Limiters " 
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0 0.2 0.4 0.6 0.8 1.0 1.2 
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FIG. 1. Current drive parameters during flat-top current drive shots atB= 10 Tin Alcator C 
(WG: waveguide). 
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setup consists of eight 1" x 3" Nal scintallators which collect 
perpendicular x-ray spectra simultaneously. Preliminary results 
from these detectors are shown in Fig. 2, where the emission pro
file of x-rays at 82 keV is shown for B = 10 T, 5 = 6 x 1013 

cm"3, I = 170 kA, Prf = 410 kW, carbon limiters, and 90° wave
guide phasing. This amount of rf power was not sufficient to 
flat-top the current. From similar x-ray data we find a clear 
trend for a broadened emission profile at higher photon energies, 
in agreement with lower hybrid accessibility conditions. 

We have also carried out preliminary current ramping experi
ments. The key question here is the efficiency with which rf 
energy is transferred to poloidal field energy. A typical cur
rent ramping result was AI/At - 400 kA/s at ñg = 3.2 x 10

13cm""3 

at B = 8 T in hydrogen plasma when 860 kW of rf power was injec
ted [2,3]. During this time there was a sharp fall in the plasma 
internal inductance, and consequently the rate of conversion of 
injected rf energy into stored magnetic energy was only d/dt 
(l/2LIp)/Pr£ z 0.05. Upon examination of several shots, the 
maximum efficiency of this energy conversion was 20%. At present 
we do not understand what factors determine this efficiency. 

Electron Landau heating experiments were carried out in the 
density regime 0.8 x lO^cm $ 5e £ 1.7 x lO^cm"3, and at 
magnetic fields 7 T < B < H T . The waveguides were phased 180° 
relative to each other to launch a power spectrum peaking at N|| -
ck||/oj * ± 3.1. In this range of parameters f/fLH(0) ; 2 so that 
direct ion Landau heating can be excluded. Bulk ion heating 
follows by collisional equilibration between electrons and ions. 
Heating experiments were performed with molybdenum, graphite, 
and SiC-coated graphite limiters. Maximum temperature rises were 
obtained in the presence of the SiC-coated graphite limiters. 
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FIG. 3. Tj versus time deduced from neutron emission data. B= 9 T, Prf = 550 kW, 
ñe^1.4XlOl4cm-3. 

Thomson scattering measurements of Te show that for Prf * 850 
kW, typically ATe - 1 keV at ñ"e - 1.4 x 10

14cm J [3], The ion 
temperature was measured by both charge exchange neutral tech
niques [3] and by neutron emission rates. The temporal evolu
tion of the ion temperature deduced from neutron emission rates 
is shown in Fig. 3. One sees that ATimax =0.8 keV is obtained. 
In these measurements a Z¿ of 8 was assumed in order to get 
agreement with charge-exchange neutral measurements. While 
initially Zeff « 1.5, during rf injection Zeff rises to about 
4.6. These results imply that about half the deuterons were 
replaced by carbon and silicon ions (^s±^ne ~ 0*009; nc/ne = 
0.064; nD/ne = 0.486). The average electron density increases 
by ~ 15% during rf injection. An increase in (3g + l±/2) of 0.2 
was also observed in these experiments. Meanwhile, 2<Jce and 
in particular soft x-ray measurements indicated the formation of 
a significant electron tail with a density nex/

n
e ~ ̂

 anc* 
mean energy of TT z 15-20 keV. With either graphite or molyb
denum limiters the heating quality factor, r\ - oE.T.ñj/Prf 
(where j is the species index) is of the order of 10 eV 1013 

cnf3/kW for rf powers P £ 0.5 MW. At higher powers the best 
heating rates (n » 22) were obtained with silicon carbide coated 
graphite limiters [3]. _ ., 

As the density was raised, in hydrogen at nQ > 1.5 x 10 
cm""3, B = 9 T, (W/WTH(0) > 1.8) and in deuterium at nQ > 2 x 
lO^cm"3, B = 9 T, (Ww^CO) > 2.2) ion tails were detected by 
the charge-exchange analyzer. At these densities the electron 
tails and the bulk heating disappeared [3,5]. The ion tails 
originated' from near the plasma surface with relatively short 
lifetimes (T * lOOps). Above these critical densities there 
was significant reduction in the wave amplitudes in the plasma 
interior, as detected by collective scattering using a CO2 laser[6], 
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FIG.4. Computer modelling of LH heating. Prf = 850 kW; T^ =* 1.4 X i01 4 cm-3; B = 9 T; 
Zeff = 1.5-+4.6;Zi^8. 

Near the critical densities, strong parametric excitation 
of ion cyclotron harmonics was also observed by both probes and 
CO2 laser scattering [5]. It is not clear yet what role para
metric excitation, or scattering of lower hybrid waves by low 
frequency density fluctuations [6], play in preventing efficient 
lower hybrid wave penetration. 

In order to interpret these experimental results, extensive 
computer modeling was performed using a combined 1-D transport 
code, toroidal lower hybrid wave ray tracing code, and a Fokker-
Planck code (including relativistic effects and the ohmic dc 
electric field) [7]. Impurity injection was included simultan
eously with rf injection, assuming fully ionized impurities and 
a constant radial profile for Zeff. During rf injection, the 
electron and ion thermal diffusivities were fixed at their ohmic 
values. In a typical code simulation with 850 kW of injected 
rf power, edge density nea = 0.3 neo, edge temperatures Tea = 
Tia = 5 0 eV» zeff r i s e from 1.5 to 4.6, and an effective impur
ity ion charge state Z¿ = 8.0 (carbon-silicon impurity mixture), 
the central electron temperature rose from 2.0 keV to 3.15 keV 
and the central ion temperature rose from 1.0 keV to 1.8 keV 
(see Fig. 4)). In this case $e + 1^/2 increased by 0.18 (in 
reasonable agreement with experimental results). The increase 
in 39 + £-¡72 was due to a doubling of 3e» with 1^/2 remaining 
constant. Approximately 700 kW of rf power was absorbed at r 
£ 0.5a due to quasilinear Landau damping, and 150 kW was 
damped due to electron-ion collisions near the periphery of the 
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FIG. 5. Charge-exchange neutral spectra of the hydrogen minority component with and withom 
ICRF power injection. B = 12 T; Prf ^ 400 kW. The concentration T? ^ 2%corresponds to 
the heating case shown in Fig. 6. 

plasma column (r £ 0.8a). Finally the Fokker-Planck code 
predicts quasilinear electron tail densities of n«j/ne « (0.5-
1.0) x 10~3, in good agreement with experimental measurements. 

2. ALCAT0R C ICRF RESULTS 

The first phase of the Alcator C ICRF heating program was 
completed recently. In these experiments 500 kW of rf power at 
180 MHz was available at the source. The coupling and power 
handling characteristics of a full turn loop antenna were evalu
ated under conditions for second harmonic hydrogen heating at 
B - 6 T in hydrogen, and for fundamental minority hydrogen 
heating in a deuterium plasma at B * 12 T. Significant heating 
results were obtained in the hydrogen minority regime: the ion 
temperature rose by as much as 600 eV for 400 kW of rf power 
injected at a maximum density of 5 * 1.9 x 10 cm . Second 
harmonic heating was attempted at lower power (200 kW) with 
ambiguous results. 

The antenna consisted of two pairs of half-turns. The 
antenna shield consisted of two sets of overlapping stainless 
steel rings and the design followed that developed by Faulconer 
[81. The target plasmas (a = 12.5 cm, R = 64 cm, ne = 0.5-2 x 
lO^cnf3, I = 200-350 kA) had a carbon limiter of reduced minor 
radius, and the ohmic input power was comparable with the maximum 
rf power. The antenna radiation resistance, typically 2-3Œ for 
one half-turn, was in reasonable agreement with theoretical pre
dictions. This is to be compared with the vacuum radiation 
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Í7G. 6. /CRF heating of H minority ions (1.5-3%) in a D plasma. Prf = 400 kW; B = 12T. 

resistance (0.1-0.2Œ). Up to 400 kW of rf power was injected 
into the plasma in a 70 ms pulse through the lower half antenna 
element. The ICRF power density on the antenna (Faraday shield) 
surface was in excess of 1 kW/cm^. In a deuterium plasma with 
a hydrogen minority of 0.5-1% (B0 = 12 T, f = 180 MHz), the 
hydrogen minority component was heated to Tg * 4.3 keV when 400 
kW of rf power was injected (see Fig. 5). As shown in Fig. 6,at 
higher H*" minority concentrations (1-3%), upon injection of 400 
kW of rf power, the deuterium temperature rose by a maximum 
amount of 600 eV. Ion temperature measurements from both charge-
exchange neutral spectra and neutron emission rates are in 
reasonable agreement. The temperature of the corresponding 
hydrogen component is 2.1 keV (see Fig. 5). The electron temper
ature, measured from the soft x-ray spectrum and with a five-
point Thomson scattering system, remained approximately constant 
at Te - 2.1 keV for the hydrogen minority heating conditions. 

During rf power injection, the electron density increased from 
1.2 x 1014cm"~3 to 1.9 x 1014cm~3, and Z ff rose from 1.5 to 2.5. 

For second harmonic hydrogen conditions (BQ = 6 T, f = 180 
MHz), only 200 kW of rf power was injected. The ion temperature 
rise was limited to 100 eV and was not consistently observed. 
No ion tail was evident in the charge-exchange spectrum, but 
Fokker-Planck calculations at n = 2 x 10 "caT3 show that tail 
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FIG. 7. Temporal evolutions ofñ^ and measured Ha emissions during LHCD on Versator II at 
various ports. Dotted lines show signals in corresponding Ohmic discharge. 

would be indistinguishable from the Maxwellian for power levels 
up to 600 kW. However, no tails were observed even at lower 
densities. 

3. VERSATOR II EXPERIMENTS 

In the low density regime (n < 6 x 10 cm ), signifi
cant density increases (An /n s (0.5-2)) have been observed 
during combined ohmic and 800 MHz lower hybrid current drive 
(LHCD) experiments on the Versator II tokamak [9]. Furthermore, 
such increases disappeared above the current drive density 
limit (ñe > 7 x 10* cm ). The results reported here indicate 
that the density increase during LHCD is due to an improvement 
of the global particle confinement. In order to eliminate other 
sources of the density rise, the Ha emission has been measured 
at various toroidal positions. As shown in Fig. 7, during rf 
injection the Ha emission decreases by ~ (10-30%) at every loca
tion while ñ increases monotonically. Hence it is concluded 
that the density increases are not caused by increased ioniza
tion of hydrogen neutrals. A UV monochrometer has been used to 
monitor impurity emissions (C,N,0,Fe). These measurements show 
a slight decrease or no change in the impurity emission during 
rf injection. Therefore, the total volume ionization rate 
decreases during rf current drive, yet the density increases 
signficantly. 
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In order to obtain a quantitative estimate of the global 
confinement time fp, the global particle balance equation T„ = 
N/(S~N) is used, where N is the total number of electrons in the 
discharge, S is the total volume ionization rate and N is the 
time derivative of N. N is calculable from the density profile 
measurements. The main contribution to S is due to ionization 
of hydrogen neutrals, hence the source term S is taken to be 
proportional to the brightness of Ha averaged over all toroidal 
locations. The particle balance equation is then used to follow 
the time evolution of xp during the rf pulse. It is found 
that Tp increases during rf injection by a factor of approxi
mately 2.3 over Tp in the initial ohmic phase. When the rf 
power is shut off, Tp decreases rapidly. The increase of xp is 
largest when the lower hybrid waves are traveling in the elec
tron drift direction. When the waves are launched in the 
anti-current drive direction, the confinement and density remain 
at their ohmic levels. This improved confinement behavior 
occurs above a threshold rf power level, typically for Prf 
£ 4 kW. However, this threshold power appears to depend on 
detailed equilibrium conditions and possibly impurity levels. 

It is well known that low density (wpe « wce) ohmic 
tokamak discharges are subject to the Parail-Pogutse electron 
tail instability, which is driven by the velocity anisotropy of 
the electron distribution function [10]. This instability is 
manifested by the presence of relaxation oscillations on various 
diagnostics, e.g. loop voltage, hard x-ray emission, cyclotron 
emission, rf probes, etc. In the present experiments, this mode 
occurs in the initial ohmic phase of the discharge; however, 
the mode is suppressed when sufficient rf power is injected. 
The power threshold necessary for tail mode stability is the 
same as is needed to initiate the improved particle confinement 
behavior. In general, it is found that the improved particle 
confinement is observed only when the tail mode relaxation 
oscillations are stabilized during rf current drive. Further 
experiments studying these phenomena are under way; in particu
lar, the mechanism responsible for observed connection between 
the tail mode instability and bulk particle confinement has yet 
to be identified. 
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DISCUSSION 

R.J. HAWRYLUK: The pulses were relatively short compared with the 
L/R time of the discharges. Is there any information on how the current ramp 
efficiency changes as the duration approaches the L/R time? 

M. PORKOLAB: The typical L/R time is about 150 ms. During flat-top 
operation we went up to 400 ms, so we satisfied the condition of the internal 
inductance being nearly constant. In ramp-up experiments, relatively high 
powers were used (P ^ 0.8 MW) since we ramped up at ñe ^ 3 X 1013 cm - 3 . 
The consequence of this is significant impurity injection after 50 ms, when the 
ramp-up ends. During the RF pulse the internal inductance decreases. When 
we calculate the efficiency, which is r? = d/dt (Ljf/2)/PRp = 0.05—0.20, we 
make the appropriate correction for the changing inductance by including 
dL/dt through the measured dfij/dt contribution. 
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Abstract 

LOWER HYBRID CURRENT RAMP-UP IN THE PLT TOKAMAK. 
A study of radiofrequency current ramp-up in the PLT tokamak is reported. The plasma 

current was first raised to 200—300 kA by the Ohmic heating transformer, and the current in 
the transformer primary circuit was then held constant to remove the OH drive. After the 
current fell below 200 kA, up to 300 kW of the toroidally directed RF power at 
800 MHz was transmitted into the PLT plasma via a 6-element phased waveguide array. Current 
ramp-up rates between 0 and 120 kA/s for a 0.35 s time interval ((1/2-1/3) L/R time) were 
measured at densities between 2 and 4 X 1012 cm-3. It is estimated that about 20% of the RF 
energy introduced into the vacuum vessel was converted into poloidal magnetic field energy, 
LI2/2, where L « 3 juH is the total inductance of the plasma current loop. This conversion 
ratio should depend on a variety of factors, including the percentage of RF power absorbed 
by resonant electrons and the magnitude of the back current induced by the changing poloidal 
flux LI. The high ramp-up efficiencies are predicted theoretically in the regime in which the 
PLT ramp-up experiments operate, i.e. where the phase velocity of the waves is approximately 
equal in magnitude to the runaway velocity due to the back voltage. Comparison of the raw 
data with theory suggests that about 1/2 to 3/4 of the incident RF power is absorbed by 
resonant high-velocity electrons. 

INTRODUCTION 

Following initial theoretical suggestions [1] and favorable 
results on a number of tokamaks, PLT [2], ALCATOR C [3], JFT-2 
[4], WT-2 [5], VERSATOR-II [6], JIPP-T-II [7] and PETULA [8], 
lower hybrid current drive has been developed to the point where 
it is now seriously considered in the design studies for 

* Work supported by US Department of Energy Contract No.DE-AC02-76-CHO-3073. 
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proposed large tokamaks such as TFCX and INTOR. Both transient 
and steady state (T>L/R) tokamak discharges have been created, 
as well as current startup and ramp-up by RF means alone. 

The future development of this method of non-inductive 
current drive remains uncertain because of the need for high RF 
power levels. However, a more clearly defined, near-term role 
for lower hybrid waves has emerged: to help the air-core 
transformers in large tokamaks such as TFTR achieve higher 
currents, and therefore better ion confinement, during neutral 
beam heating. With this end in mind, we have studied the 
efficiency with which RF energy can be converted to poloidal 
field energy during current ramp-up experiments on the PLT 
tokamak. 

The minimum power needed to maintain an RF-driven discharge 
depends on the frequency of the collisions between current-
carrying tail electrons and the background plasma. The presence 
of a dc electric field during current ramp-up, however, destroys 
this simple relationship between collisions and power 
dissipation. Collisions during ramp-up can also be beneficial, 
since they prevent electron runaway in the presence of the 
(backward-directed) electric field induced by the change of 
magnetic flux linked by the torus. We can distinguish three 
regimes of operation, which are characterized by the relative 
strength of the electric field and the collisional friction on 
the electrons which interact with the rf waves. If collisions 
are dominant, then most of rf energy is wasted in heating the 
plasma. If the electric field is dominant, there is a high 
probability of the electron running away in the backward 
direction. If the backward runaways are confined, they will 
drain substantial energy from the poloidal field. Finally, if 
the two effects are comparable, i.e. the wave phase velocity is 
about equal to the runaway velocity, then a substantial fraction 
of the rf energy may be converted into poloidal field energy 
without runaway production. The ramp-up experiments on PLT 
appear to fall in this last favorable regime, or in a regime in 
which some runaways are created, but not long confined. 

THE EXPERIMENT 

The 800 MHz lower hyrid current drive apparatus on PLT 
consists of a 6—waveguide grill, with each guide independently 
driven by a 160 kw source [2]. The phase difference <S* between 
waveguides is set electrically and arbitrarily at the inputs to 
these sources; for the measurements reported here 6* was 60°, 
90° and 135°, corresponding to an average nB of 1.5, 2.3 and 
3.4. The spectral full width (at half maximum) of the grill is 
ônj z 1 »5. At the highest phase velocities, 6$ = 60° and ng = 
1.5, some of the spectrum is inaccessible to the plasma, even at 
the lowest densities. 
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FIG. 1. Current ramp-up using RF power (40-260 kW). The OH transformer was turned off: 
ñe = 2.2X 1012 cm'3. 

For these experiments the tokamak was run with deuterium 
plasmas, and with the plasma current I ranging from 150 to 400 
kA and the density from 1.5 to 6 * 10 1 2 cm"-*. Typically, the OH 
transformer primary was biased and then the current was 
reversed, as in normal PLT operation, but then the primary was 
clamped and the plasma current sustained by lower hybrid current 
drive. Often the clamping was not perfect, so that the OH 
transformer added approximately 15 kW of drive. For ~ 25% of 
the data reported here, however, the current in the primary was 
in fact set to zero, and the power supply open circuited; in 
these cases the OH transformer supplied no drive power. In 
either case, however, the equilibrium field coil (EF) supplied 
some drive to ̂  the plasma, in an amount approximately 
proportional to f, and typically 10% of the total power flowing 
into the poloidal field energy. 

Figure 1 shows a set of ramp-up experiments. The plasma 
was initiated by the OH transformer and the plasma current 
brought up to ~ 210 kA. At 100 ms into the discharge, the 
primary current was clamped and the plasma current allowed to 
decay. The density was 2.2 * 10 1 2 cm"3 and after the 100 ms 
point the OH transformer contributed ~ 6 kW of drive - a loop 
voltage of 33 mV. After 300 ms, at which time the current had 
decayed to approximately 180 kA, the RF was turned on for over 
350 ms (300 in the 260 kW case), which is ~ 1/3 of an L/R 
time. Forty kilowatts sufficed to maintain the current nearly 
constant under these plasma conditions and additional power 
caused ramp-up, with 260 kW producing an Í of ~ 120 kA/s . 
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400 

FIG.2. The ratio ofpoloidal energy flow Wto net RF power P R F as a function ofPRF. W has 
been corrected for inductive coupling from the OH and equilibrium coils. 

This high ramp-up rate was sustained for only 200 ms; after 
that, a hot spot appeared on a limiter which caused a sudden 
density rise, which in turn reduced the ramp-up rate. No hot 
spots appeared in the other cases shown in Figure 1, and the 
density remained constant. The hot spots occur at high power 
and long pulse times. 

A measure of the effectiveness of current-drive ramp-up is 
given by the conversion ratio e = W/PRF, where PRF is the net RF 
power going into the plasma, and where W = (d/dt)LI /2 - Pext» 
and Pext accounts for the power coupled via the EF and OH 
windings of the tokamak. The ramp-up efficiency is not 
constant, but is a function of RF power and phase velocity, and 
plasma current and density. Figure 2 shows the variation of e 
with RF power input for nQ = 2.2 * 10

1 2 cm"3, I * 180 kA, <S* = 
60°. Below 40 kw, e is negative, i.e. the RF power is 
insufficient to hold the current constant. Above 50 kw, e rises 
rapidly to a maximum of ~ 25%. Under other conditions (higher 
density or phase angles > 60°), the maximum e varies between 12 
and 20%. 

THEORY 
It is convenient to distinguish between the different 

channels for power flow in the system. An rf source of power 
is transmitted into the system, of which some fraction n is 

absorbed by resonant electrons. The absorbed power, P^n = ^PRF' 
RF 
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V
Ph /VR 

FIG. 3. The efficiency (W + V2 /R)/PR F as a function of the ratio of the phase velocity v h 

to the runaway velocity vR. ñ j = (1.5-6.0) X 10n cm'3; I - (150-400) kA. À0 values are: 
x 60°; • 90°. 

flows in two directions: a power P„ goes into Coulomb 
collisions, causing bulk heating, and the remainder P ^ = P i n -
P„ is available to increase the poloidal field energy. The 
change in poloidal field energy is given by W = Pe-, - V /R, 
where V /R represents the resistive bulk heating of the back 
current, i.e. work done by the field on the background plasma; V 
is the loop voltage; R is the plasma resistance. 

From the above discussion, it is reasonable that the 
conversion efficiency, p

ei/
pin' depends primarily on the 

dimensionless ratio <v
Dh

>/vR' where the runaway velocity vR, 
which is related to the Dreicer velocity, is given by vR = 
|4irnee

3 log A/Eme| and <v h> is the average phase velocity of 
the waves. The problem may be formulated in terms of the 
Langevin equations for an electron suffering collisions and 
being decelerated by an electric field [9]. When the waves 
increase the energy of a particle, there is a resulting increase 
in the energy flowing into the poloidal field, e/EVy dt. The 
ratio of these two increments gives P -J/PJ , which depends only 

on <vDh
>/vR an<^ t*ie ^ o n c ^ a r 9 e z» 

In order to compare the theoretical results with the 
experimental data, we plot Pei/PRF (where Pel = W + V /R) 
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against <vDh>/vR. Here R is taken to be the Spitzer resistance 
of the oackground plasma, based on Thomson scattering 
measurements, and V is the calculated loop voltage. The runaway 
velocity is obtained from the measured density and loop voltage, 
and <v . > is estimated by taking the peak of the Brambilla n« 
spectrum and multiplying by a factor of 1.4. 

The theoretical efficiency p
ei/

pi n differs from P ei/
p
R F by 

the absorption factor n. We therefore plot TI Pei/P^n and adjust 
n to give the best fit. The comparison between theory (line) 
and experiment is shown in Fig. 3. In this case, we took Z = 5 
and fitted n = 0.75. There are two points worthy of note. When 
the experimental data are plotted in this way, there is very 
little scatter in the points, despite the fact that Fig. 3 
includes the results of over 200 discharges operating in a 
variety of regimes. The second point is that the experimental 
data closely follow the theoretical curve. Note that there are 
only two adjustable parameters in this fit - the absorption 
factor n, and the n¡| upshift factor. If there is no upshift of 
ri[|, then n = 0.5 gives the best fit. 

SUMMARY 

Measurements of lower hybrid current ramp-up following 
ohmic discharges in the PLT Tokamak show that 15-25% of the RF 
input power can be converted into poloidal field energy. 
Calculations show that this conversion ratio is reasonable, 
because the phase velocity of the waves is comparable to the 
velocity for electron runaway in the (back) electric field 
induced by the current ramp-up. 
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DISCUSSION 

S. TANAKA: In your current ramp-up experiments, Ip is increased while 
the electron density is constant. What change is observed in the electron 
velocity distribution function, especially in the high energy tail electrons? 

R. MOTLEY: In our analysis we assume that the shape of the electron 
distribution function is not reflected by ramp-up. We have, however, no 
experimental evidence for this yet. 

G. FUSSMANN: Do you have any information on the confinement time 
of the 'tail electrons'? 

R. MOTLEY: We have no direct evidence showing whether the surface 
tail electrons are formed at the centre or on the periphery. Since the electron 
temperature is so low and the confinement so poor at the edge, we believe that 
the electrons diffuse from the core. 

V.E. GOLANT: What can you say about the role of fast electron losses 
in the energy balance of your current drive experiment? 

R. MOTLEY: First, we estimate that only 5—10 kW of power (out of 
about 200 kW) is sufficient to account for the limiter hot spots observed. 
Secondly, a lower limit to the hot electron confinement time during current 
drive at the lowest densities can be established by assuming that all the power 
is lost in the tail. By this method we obtain Th o t < 30 ms. 
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Abstract 

LOWER HYBRID HEATING IN THE FRASCATI TOKAMAK (FT). 
The density limit for the interaction of lower hybrid waves with tail electrons has been 

found to be due to an absorption by H ions both in an H plasma and in a D plasma where 
H is a minority always present in FT discharges. The increase of the coupled radiofrequency 
power up to 300 kW via two grill structures has not changed the previous results on the value 
of this density limit. Electron heating up to about 700 eV in the bulk plasma has been 
observed together with effects typical of current drive experiments. Results are reported on a 
new spectroscopic method giving insight into the distortion of the Maxwellian electron 
distribution in the Ohmic phase as well as during the RF pulse. 

1. INTRODUCTION 

Experiments on the Frascati Tokamak (FT) with additional heating in the 
lower hybrid frequency range (f = 2.45 GHz) are reported. The available RF power 
has been coupled to the plasma through one grill structure up to 200 kW and 
recently through two grills up to 300 kW. Each grill is a 2 X 2 waveguide structure, 
each waveguide measuring 1.5 cm X 7.1 cm. This grill produces a spectrum 
peaked at low values of ny between 2.5 and 1.3 (the latter being the accessibility 
value). The coupled RF power is still comparable to the Ohmic power 
(about 500 kW at B = 80 kG). Significant heating has been obtained in the 
low-density electron absorption regime. In FT this is characterized by 
ñe <, 5 X 1013 cm - 3 and corresponds to the region in Fig. 1 where a large increase 

* Present address: Association Euratom-Confédération Suisse, Centre de Recherches en 
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FIG, 1. Density dependence of the main diagnostic signals (ojce emission, H neutral, parametric 
decay signal), indicating three different regimes in FT experiments with LH heating at 
B0 = 80 kG. 

of the emission in the wce range has been observed [ 1 ]. Two other regions 
of interest are shown in Fig. 1. First, an intermediate regime where 
0.5 <, ne <, 1.5 X 1014 cm -3, which is present when the threshold for the onset 
of decay instability occurs at sufficiently high density. Transition from electron 
to ion tail absorption takes place in this regime. This is true not only in an H plasma 
but also in a D plasma where absorption by a minority of H ions present in 
the plasma takes place [2]. In the latter regime, for ñe > 1.5 X 1014 cm -3, 
conventional lower hybrid (LH) ion heating via stochastic absorption [3] is possible 
since linear turning points in D plasma correspond typically to ne > 2 X 1014 cm -3. 
In this high-density regime, however, the occurrence of parametric decay 
instabilities (PDI) inhibits wave propagation to the centre and central ion 
heating [1,4]. Figure 1 shows this effect in H plasma where CX-neutral increase 
drops as the decay instability signal increases. The occurrence of PDI phenomena 
correlates with plasma edge conditions, which in turn depend strongly on the 
plasma current (see Ref. [4]). 

We discuss the regime of transition from electron to ion absorption for various 
RF power values and the low-density regime where heating and current drive effects 
are observed. 

ALLADIO et al. 
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o 50 < P < 100 kW 
• 100 < P < 150 kW 
A 150 <P<250kW 
a 250 < P < 300 kW 

FIG.2. Electron cyclotron emission at the fourth harmonic versus density in a D plasma for 
B- 80 kG, for four ranges of coupled RF power P. 

2. TRANSITION FROM ELECTRON TO ION REGIME 

The particle/wave interaction which produces a population of mildly 
relativistic electrons and bulk electron heating has been found in FT only at 
a density below the limit of 5 X 1013cm~3 (see Ref. [5]). This interaction and the 
related phenomena observed in FT (where the launched spectrum is symmetric 
in the parallel direction and the DC inductive E0 field is always present) are similar 
to those observed in current drive experiments where a density limit has also been 
found. The density limit observed in FT has been studied by looking for 
a dependence on co/o;LH, cope/coce and Ip/ñ. These parameters are related to 
various kinetic effects and wave propagation characteristics [5]. The critical 
density turned out to be insensitive to any of these parameters in both H and 
D plasmas [ 1 ]. By changing the RF power in the range 100 to 300 kW (with one 
or two grills), we have also found no significant dependence on the coupled power. 
This is shown by the electron cyclotron emission (ECE) increase associated with 
the electron tail formation induced by the LH waves, which is plotted in Fig. 2 
versus density for several discharges at three different RF power levels. The fall 
of the curves is always in the vicinity of the value He = 5 X 1013 cm -3. These results 
are again in agreement with the explanation [6] based on the transition from 
electron to ion absorption in the bulk plasma. This implies a scaling of the density 
limit with a;2, which is in fair agreement with experiments in different 
machines [2, 5]. The unexpected insensitivity of the density limit on the ion mass 
in FT has been found to be due to a minority of H (up to 3%) always present in the 
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FIG.3. Energy spectrum of H neutrals in a D plasma at ñ s 7 X I013 cm'3 with and without RF. 
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FIG.4. Time evolution of neutron emission for the discharge of Fig.3. 
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D plasma [2]. The absorption of the RF power by this H minority leads to a 
transition density practically equal to the one observed in pure H. Accordingly, the 
energy spectrum (Fig.3) of the H minority ions accelerated in a D plasma by the 
RF, and drifting downward in the ripple of B field, shows a plateau for energy 
greater than 5 keV. This has been measured for discharges above the density limit. 
In the same conditions, the spectrum of the main D ions does not show a plateau 
but only a modification corresponding to a small ion heating (about 100 eV), 
which has also been confirmed by neutron measurements, as shown in Fig.4. 

Another important feature is the question of the upshift or broadening of 
the ri|| spectrum. In the electron interaction regime the standard quasilinear 
theory, using the launched spectrum, gives negligible power absorption, whereas 
only an upshift or broadening of the spectrum up to ny ~ 7 can justify the 
experimental results [7], This is the same 'gap-filling' problem that occurs in 
current drive experiments where low ny are launched [8], What is remarkable is 
the evidence that such high values of njj, required theoretically in the electron 
mode, are also present above the density limit where H minority absorption takes 
place. Indeed, in Fig.3 the knee of distribution occurs at low energy (< 6 keV). 
Since this energy should correspond to the minimum perpendicular velocity of 
the waves (<f = \ m^co /k^ :^ ) , one can easily derive (nj_)max and, using the dispersion 
relation, obtain (n||)max ^ 7. This is in surprising agreement with the above 
request of quasilinear theory in the electron regime below the density limit. This 
threefold increase of ny spectrum when the waves penetrate to the plasma centre 
can therefore be postulated with more confidence. Several explanations have been 
proposed both in relation to electron heating and to current drive, but at present 
a definitive solution of this problem is still missing [9]. 

3. HEATING IN THE ELECTRON REGIME 

In discharges with line density of about (2—4) X 1013 cm -3 , working 
at B0 = 80 kG, Ip ^ 350 kA, RF power up to 300 kW has been coupled to 
the plasma to observe electron heating and current drive effects. Recently, we have 
used two grills put into two adjacent horizontal ports (90° in the toroidal direction). 
The two grills were coupled in parallel to the two klystrons and the phase between 
waveguide columns of each grill was set at n. After conditioning, the second 
structure also operated with a low reflection coefficient (â 10%) up to a total 
coupled power of 300 kW. The use of a second port to coupled RF power required 
the Thomson scattering diagnostic to be suppressed. Electron temperature 
was therefore measured only by soft X-ray emission and with more uncertainty by 
coce emission. Ion temperature was measured by CX-neutral analyser (in the 
perpendicular direction). In typical 80 kG discharges with ñ e ^ 3 X 1013 cm -3, 
an increased ATe « 700 eV and ATj * 200 eV at the plasma centre have been 
obtained with 250 kW of total RF power. However, optimization of these 
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FIG.5. Time behaviour of the ratio of the intensity of the satellites to the resonant line of 
Fe XXV, indicating the suprathermal (<§~>1 keV) electron population. Crosses are measured 
values; circles are values calculated for a Maxwellian with the measured temperature. 
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FIG. 6. Same as Fig.5 with B0 = 80 kG; Ip s 350 kA. 

discharges has not yet been achieved, either for discharge stability or for 
the maximum RF power which can be coupled. Indeed, at peak specific power 
of 6 kW/cm2 (obtained previously on a single FT grill [ 1 ]), we expect to couple 
RF power up to values close to 500 kW. 

A spectroscopic method has been developed [10, 11] based on the ratio of 
the line intensity of the dielectronically excited satellites to the resonance line of 
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medium-Z, He-like impurity ions. This ratio, which depends only on Te in a 
Maxwellian plasma, can be used to reveal significant deviations from Maxwellian dis
tribution of the tail electrons. This measured ratio can be related [10, 11 ] to the relative 
number of the electrons exceeding the Maxwellian value above the threshold energy 
of the resonance line excitation S'c = 7 keV. In Fig. 5, the time behaviour of 
this line ratio is reported for a 40 kG, 220 kA discharge. The circles are those 
expected for a Maxwellian plasma with the measured increase in Te, and the crosses 
are the measured ratios. These ratios indicate a decrease of the line ratio 
corresponding to a non-Maxwellian electron tail only during RF. The estimated 
fraction of these suprathermal electrons amounts to about 2% during RF pulse, 
while the Maxwellian fraction is.less than 0.1% at Te = 0.8 keV. Figure 6 shows 
an 80 kG discharge, where a significant deviation from Maxwellian tail is already 
present in the Ohmic phase. The circles indicate the expected line ratio in the case 
of a Maxwellian distribution at the measured temperatures. The fraction of the 
suprathermal electrons (about 2%) is not much altered during RF and is about 
twice the Maxwellian value (at Te ^ 1.5 keV). 

This seems to indicate that at 80 kG, where the current density is very high 
at the plasma centre (J0 ^ 1 kA/cm2), parallel energetic tails are already developed 
in the Ohmic phase. During RF, the parallel and perpendicular redistribution of 
these tail electrons due to RF absorption takes place without changing their 
fraction much. This fraction is instead increased by RF in a discharge at 40 kG, 
where the plasma is close to Maxwellian in the Ohmic phase. 

4. CONCLUSION 

Experiments in FT plasma with LH additional heating have shown that the 
presence of the density limit for electron heating and current drive regime is due 
to the transition from electron to ion absorption. In particular, this absorption 
occurs on H ions in both an H and a D plasma where an H minority is always 
present. Ion tail absorption takes place and the minimum resonating energy 
corresponds to ny values two or three times larger than the corresponding values of 
the launched spectrum. This upshift in n^ is also able to explain the experiments 
in the electron heating regime by means of quasi-linear theory. 

In the electron regime, coupling of RF power via two grill structures has been 
obtained in FT up to 300 kW. Preliminary results show an increase in the central 
electron temperature up to about 700 eV. Deviations from a Maxwellian distribution 
above approximately 7 keV can be measured by means of a new spectroscopic 
technique based on X-ray line ratios. These measurements indicate that, already in 
the Ohmic phase, the deviations are much stronger at 80 kG than at 40 kG. Only 
at 40 kG is an appreciable variation in the number of tail electrons observed when 
RF is applied. 
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DISCUSSION 

E. CANOBBIO: Do you see any change in the density for the onset of 
parametric decay instabilities (PDI) as a function o f P ^ p ? 

F. SANTINI: There should probably be a dependence of the density 
threshold for PDI on the RF power. So far, we have no data for checking the 
behaviour of the critical density for PDI onset with RF power increasing. 

A. Chian-Long CHI AN: Inhibition of wave penetration into the plasma 
in the high-density regime due to PDI is certainly a serious problem. What 
methods are being investigated at Frascati with a view to suppressing these 
PDIs? 

F. SANTINI: We have shown that, by increasing the current, the edge 
conditions are modified so that the parametric decay threshold in density 
increases (for a fixed RF power). In any case, the parametric decay onset is 
a serious problem if one wants to heat the ions (close to linear turning points). 
For this reason, we are in favour of the electron heating mode by LH waves. 

F. SÔLDNER: In charge-exchange measurements in FT, the intersection 
point between the high energy ion tails and the thermal part of the spectrum 
is found at rather low energies. You explain this in terms of an upshift of the 
N|| spectrum. For this explanation to be right, you would need to find efficient 
ion heating at much lower densities than are calculated for the original spectrum 
launched by the grill if the stochastic theory of ion heating can be applied. 
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F. SANTINP. Acceleration of the minority hydrogen ions is substantially 
perpendicular. They are then trapped in the ripples of the magnetic field. Most 
of them drift straight down to the periphery without having time to transfer 
energy to the main deuterium plasma. That is why in this case we found a 
relatively small increase in T .̂ 

F.W. PERKINS: What is the decay rate for the energetic hydrogen ions 
after the RF is turned off, and is this decay rate consistent with ripple losses? 

F. SANTINI: The decay time of the H0 signal is one acquisition time 
(5 ms). The estimated transit time for protons drifting downwards in the 
ripple is much shorter (typically 300 fis). 
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Abstract 

INVESTIGATION OF ADDITIONAL HEATING - PLASMA ROTATION IN FT-1 TOKAMAK. 

The studies of high-frequency heating methods are continued on the FT-1 tokamak 
(R = 62 cm, a = 15 cm, B0 < 1.2 T, J < 50 kA). The power of the gyrotron generator used 
for ECRH (Electron Cyclotron Resonance Heating) (30.6 GHz) is increased up to 150 kW; 
hence, it is a factor of 2.5 higher than that of Ohmic heating at 30 kA. The dependence of the 
electron energy content and the energy confinement time on the ECRH power is studied. For 
comparison, with the same parameters, the Ohmic-heating power is investigated. — Experiments 
on lower hybrid heating (LHH) are made at moderate generator power (20 kW, 420 MHz). The 
dependence of the heating efficiency on the position of the power input device — below the 
plasma cross-section is established. It is explained by the toroidal drift of the energetic ions 
produced during LHH. In the most favourable position of the antenna device — below the 
torus in our case - an efficiency of 2.5 X 1013 eV- cm - 3 • kW -1 is found. — Collective motion 
of the ion and electron components of the plasma is studied in the Ohmic-heating regime. The 
velocity of poloidal and toroidal rotation is measured by the Doppler shift of impurity lines, 
pellet injection and MHD activity analysis methods. From the data of the experiments, the 
radial distributions of electric field and plasma potential are obtained. 

1. INVESTIGATION OF ELECTRON CYCLOTRON HEATING EFFICIENCY 

The dependence of electron temperature and energy content on the micro
wave heating power was studied in experiments on electron cyclotron resonance 
heating (ECRH). The purpose was to investigate the heating at Ph > Pj (Ph is 
the power of a microwave generator, Pj the initial Ohmic-heating power) and to 
study transport processes in the plasma in these conditions. The tokamak FT-1 
parameters are: R = 62 cm, a = 15 cm, B0 < 1.2 T, K 50 kA, iTe = 
(0.5—1.5) X 1013 cm-3. A gyrotron generator (30.6 GHz, 2 ms) provided power 
of up to 150 kW, i.e. a factor of 2.5 higher than that of the Ohmic heating at a 
discharge current of 30 kA. The power input was carried out by an extraordinary 
wave in the direction of the strong magnetic field. Previous experiments [1 ] 
have shown that most effective heating is achieved for a central localization of 
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FIG.l. Te(r) profiles in Ohmic heating (30 kAJ and during ECRH (100 kW, 150 kWJ. 

FIG.2. Dependence of relative energy content (Wh/Wj) on relative heating power (Ph + P¡/P¡). 

the resonance zone and an electron density corresponding to the condition 
WpO = <¿ce at the axis of the discharge. We restricted our study to this case. 
A laser scattering technique was used to measure the radial distributions of the 
temperature Te (r) in the Ohmic regime and in case of additional ECRH of 
various power values. 

Typical Te(r) profiles are shown in Fig.l. There is a distinct rise in the central 
temperature with increasing ECRH power. Unlike most other experiments [2-5 ], 
only a slight decrease in the electron density is found on FT-1 during ECRH, 
probably because of the short duration of the heating pulse, TE<Th<Tp. 
(rE is the energy confinement time, and rp the particle life-time). 
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According to Refs [2—5], the rise of energy content in a plasma is not so 
fast as the rise of the total heating power, Ph + P' (Pj is the Ohmic power 
during ECRH). Formally, this implies a decrease in the energy confinement time 
TE- The range of ECRH power variation was, however, too small for reliable 
conclusions to be drawn. In our experiments, this range was expanded substantially 
(Ph/Pj = 2.5). The results of the measurements are shown in Fig.2 in the form 
Wh/Wj plotted versus the Ph + Pj)P- points. (W¡ and Wh are the energy contents 
before and after ECRH.) If rE does not change in the conditions of additional 
heating, the points must fit a straight line passing through the zero point and 
the co-ordinate point (1, 1 ). The results of several ECRH experiments are plotted 
in Fig.2: A - F T - 1 ; o _ T-10 [2]; Q-TM-4[5] ; X-JSX-B[3] ; • - JFT-2 [4]. 
The data show that in the range of Ph/Pj under study, ECRH seems to be less 
efficient than Ohmic heating. There are some reasons which may explain this fact: 

1 ) Formation of some additional energy loss mechanisms under the influence 
of powerful microwave oscillations in the plasma. This idea is confirmed by the 
decrease in plasma density observed in many ECRH experiments. 

2) Increase in the electron thermal conductivity with rising temperature. 
To study this problem, Te and ne profiles were measured in FT-1 for different 
Ohmic-heating powers, from 45 to 125 kW. (I = 18 to 50 kA.) Two series of 
measurements were carried out in different conditions. In the first series, the 
discharge current was varied for B0 = const = 1.06 T. The safety factor varied, 
10.8 < q < 3.8. In this case, TFJ decreases somewhat when Pj rises. In the second 
series, we had B0°cl, q = const. In this case, r^ increased to a certain degree with 
rising Pj. The entirety of the obtained data shows that, in our experimental 
conditions, changes in rg most probably depend on changes in B0 and q, but no 
direct dependence on Te was observed. 

3) A broader energy deposition profile for ECRH than for Ohmic heating, 
because of the wide antenna pattern of a microwave emitter. Numerical modelling 
using a transport code has shown that the observed decrease of Te is consistent 
with the calculated value, provided a probable energy deposition profile is assumed. 

It should be mentioned that the actually measured change in plasma con
ductivity during ECRH is less than that calculated from laser measurements of 
the Te profile. Formally, this implies an increase in Zeff during ECRH. No change 
was, however, observed in the spectral emission of the impurity lines. Probably, 
this phenomenon can be explained by a distortion of the electron velocity 
distribution towards increasing vj_/v|| during ECRH, resulting in an increase in the 
number of trapped particles. 
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FIG.3. Chord distribution of charge-exchange neutrals (2.4 keV) during LHH by (1) lower 
and (2) upper antenna. 
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FIG.4. Dependence of charge-exchange neutral fluxes in Y = 0 plane on plasma density ne(0) 
during LHH by (1) lower and (2) upper antenna and in Ohmic heating (3). 
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FIG.5. Charge-exchange spectra in Y = 0 plane during LHH by (1) lower and (2) upper 
antenna and in Ohmic heating (3). (4) same as (1), 1 ms after LHH pulse has ceased. 
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2. INFLUENCE OF TOROIDAL DRIFT OF IONS ON LOWER HYBRID 
HEATING EFFICIENCY 

A 420 MHz, 20 kW, 5 ms generator was used in the LHH experiments. The 
power was launched into the plasma by two electrostatic antennas, placed 
symmetrically in the upper and the lower parts of the discharge chamber. A 
corrugated slow-wave structure was mounted inside the chamber [6]. LHH in 
resonance conditions is accompanied by the production of fast ions with high 
transverse energy. This phenomenon was found and studied on FT-1 [7, 8]. 
Energy losses due to poorly confined fast ions can decrease the heating efficiency. 

In experiments described, a moveable charge-exchange (CX) analyser was 
used to measure the particle flux distribution along the chords in the perpendicular 
cross-section of a discharge. A marked difference in the CX fluxes produced by 
the lower and the upper antenna was found. Figure 3 shows chord distributions 
of the particles with energy of 2.4 keV, the labels (1) and (2) corresponding to 
the lower and the upper antenna, respectively. In both cases, the flux maxima 
are shifted in the direction of the toroidal ion drift towards the top half of the 
torus. When averaged over the cross-section, the lower antenna produces a more 
intense flux. When the magnetic field is reversed, the distributions of the CX 
fluxes are reversed relative to the torus rnidplane. 

It is assumed that the region where the ion acceleration takes place lies near 
the operating antenna, and the ions accelerated by the wave become trapped 
toroidally or in local ripples of the magnetic field. In a magnetic field of the 
direction as used by us, the ions drift from the upper antenna to the discharge 
periphery and get lost, whereas from the lower antenna they drift towards 
the plasma centre. When colliding, the ions become trapped on the passing orbits, 
their energy being thermalized. Drift of locally trapped ions may play an important 
part in energy transport towards the central part of the discharge. 

The conditions for capture and thermalization of fast ions improve with 
increasing toroidal current and plasma density, but the LH resonance surface is 
shifted towards the periphery when the density rises. Figure 4 shows the 
dependence on the central plasma density of CX fluxes (1 keV) produced by the 
lower antenna (1), the upper antenna (2) and in Ohmic heating (3). The fluxes 
grow rapidly at n0 > 1 X 1013 cm-3, when an LH resonance zone is formed in 
the plasma, if the density continues rising, the CX flux produced by the upper 
antenna decreases whereas that produced by the lower antenna keeps growing 
continuously. Figure 5 presents charge-exchange spectra measured in a discharge 
with I = 50 kA, B0 = 1.06 T, ne = 1.3 X 1013 cm -3, (1) LHH, the lower antenna; 
(2) LHH, the upper antenna, (3) Ohmic heating. There is a marked difference 
in the non-thermal 'tails' of the spectra, 1.2 to 2.4 keV, between (1) and (2). 
Besides, the slope of spectrum (1) changes in the range of 0.3 to 1.2 keV, which 
indicates total ion heating. There is no change of slope in spectrum (2). 
Spectrum (4) is measured 1 ms after the LHH pulse of the lower antenna has 
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ceased. After the 'tail' has been thermalized, the change in the spectrum slope 
corresponds to an increase in ion temperature from 130 to 170 eV at an LHH 
power not exceeding 20 kW. The efficiency of heating is 2.5 X 1013eV- cm-3-kW" 
In previous experiments [9], where the antenna was placed at the outside of the 
torus, the ion temperature increase did not exceed 30 eV, the power being 
60 to 80 kW. 

Thus, it is shown that the LHH efficiency can depend on the position of 
the power input device. The direction of the drift of the fast ions created during 
LHH should be taken into account, especially in the case of a rather dense plasma 
where propagation of the waves to the central part of the discharge is impossible. 
The most favourable position of the antenna is on the top or bottom sides of the 
torus, depending on the direction of the magnetic field. In most experiments, 
the power input devices (the 'grills') were placed at the outward sides of the torus. 
This position seems to be unfavourable and could result in a decrease of heating 
efficiency, owing to losses of fast ions, which are produced in the region of weak 
and strongly rippled magnetic field and become toroidally or locally trapped in 
the peripheral discharge zone. 

3. POLOIDAL AND TOROIDAL ROTATION OF PLASMA 

It is of great interest to obtain experimentally magnitude and sign of the 
radial electrical field Er in a tokamak plasma. This can be achieved if the poloidal 
and the toroidal velocities of plasma rotation are known. The relationship between 
both velocities is given by 

Bp cEr 

B T Bn 
vp = v T ~ ~ (*) 

The neoclassical velocity of poloidal plasma rotation, as a whole, is described 
by the following expression [10]: 

cTi fa In m d In TA 
v n e o = L i + k i\ ( 2 ) 

P eBT V dr dr / 

where k is a coefficient depending on the ion collisionality parameter. 
The poloidal rotation velocity of the plasma components can be obtained 

from Eqs (1) and (2), the diamagnetic drift velocity of the corresponding 
component v^ = (c/zenBT)-d(nT)/dr being added. 

On FT-1, plasma rotation was studied in the Ohmic-heating regime. Measure
ments of the poloidal velocity vp made by the carbon pellet "injection method are 
described in Ref.[l 1 ]. Magnitude and sign of vp can be determined from the 
relaxation length of the line emission of the C4"1 and C"2 ions, ablating from 
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FIG. 6. Poloidal velocity vp measured by the pellet injection (r<8 cm) and by the Doppler 
shift of spectral lines (r~> 8 cm). 
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a pellet, the ionization times being known. The ionization times are much shorter 
than the collision times of the C+1 and C+2 ions with protons; therefore, 'test' 
carbon ions are not involved in the plasma motion in the toroidal direction. The 
diamagnetic drift does not make any contribution to the poloidal velocity of the 
'test' ions; thus, vp is only determined by the drift in the radial electrical field. 

Figure 6 shows vp measured by the pellet injection method for 2 cm < r < 8 cm 
in discharges at J = 30 kA; BT = 0.75 T; ne(0) = 1 X 1013 cm-3; Te(0) = 300 eV; 
Tj(0) = 100 eV. The maximum value of vp is 3 X 10s crn-s-1. The discrepancies 
in the vp values in Ref.[l 1 ] and in this paper are due to corrections of the 
ionization rate coefficients [12]. The dependence of vp on the toroidal magnetic 
field Bj for r = 8 cm is shown in Fig.7. In both figures, the dashed lines represent 
calculations from Eq.(2). 

Injection of pellets disturbs the plasma. Therefore, some measurements of 
vp and vj were carried out by using the Doppler shift of the impurity lines 
0+ 4 (2781Â) and C+2 (4647Â). To measure the poloidal velocity, observation 
was performed along the chords passing through the regions of maximum density 
of the 0+ 4 and C+2 ions. In this case, the diamagnetic drift of impurity ions 
could be neglected, and the experimental values of vp could be compared with 
those calculated from Eq.(2). Results of Doppler shift measurements of vp are 
shown in Fig.6; the data obtained from 0+ 4 and C"2 emission correspond to 
plasma radii of 10 cm and 13 cm, respectively. The shift of two line profiles 
being, in general, only about 5% of the thermal broadening, a high accuracy of 
measurements was hardly attainable. This fact prevented us from studying the 
vp dependence on the plasma parameters, and the data presented in Fig.6 
correspond to discharges with I = 30 kA; BT = (0.6-1) T; ïïe = 
(0.6—1) X 1013 cm - 3 . The toroidal rotation velocities measured from the shift 
of the C"4, 0+ 4 and C+2 lines are shown in Fig.8. vT is maximum at the dis
charge centre and reaches 8 X 10s cm-s-1. Its direction is opposite to the plasma 
current and reverses with current reversal. The direction of vp as determined 
by the two methods coincides with the direction of the electron diamagnetic 
drift and changes its sign with reversal of BT . 

The radial electric field Er at the radius r > 8 cm can be calculated from 
(1 ), by using the values of vp and vT from Doppler measurements. For 
r < 8 cm (where vp is measured by pellets), the first term in (1 ) can be neglected. 
The results of Er calculations are represented in Fig.9 (solid line). Er is always 
directed from the periphery towards the centre. The potential of the plasma 
centre, F(0) = -200 V, corresponds to the radial distribution of Er. The dashed 
line in Fig.9 is a result of a calculation from (2): E£eo = vp

eo BT/C. From (1 ) 
and (2), we obtain an expression for v"eo. The dashed curve in Fig.8 shows the 
result of the v£eo calculation by using the Er distribution obtained experimentally. 
From comparing theoretical predictions with experimental findings, it can be 
concluded that the electric field and the plasma rotation at the periphery 
(r > 9 cm) are determined by processes not taken into account in neoclassical 
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FIG. 9. Radial dependence of electric field ET in a plasma. 

transport theory [10]. For the central region of the plasma, the experiment is 
quite consistent with the theory. 

To study the rotation of the electron component of the plasma, an analysis 
of MHD oscillations on four magnetic probes was used. The probes were located 
around the poloidal section of the torus at angles of 7r/2 between them. According 
to Ref.[13], such oscillations are due to the rotation of the helical structure of 
currents with electron rotation velocity. At certain values of the magnetic field, 
the oscillations on the probes become regular and their amplitude increases 
dramatically. In these cases, the poloidal helical number m = 2, 3, 4, and the 
oscillation period T could be determined quite easily. The resonance magnetic 
surfaces were at qr = 11 — 12 cm. Disturbances of the current density (the tearing 
modes) can probably develop on these surfaces. The poloidal rotation velocity 
of the disturbances, v"1= 27rr/(mT) « (6—7) 10s cm-s -1 is directed along the 
diamagnetic drift of the electrons and may be considered to be the result of 
adding the velocity of rotation in a radial electrical field and the electron dia
magnetic drift velocity. The values of v"1 for three resonant magnetic fields are 
plotted in Fig.7. The difference in poloidal velocities measured by the pellets 
and by MHD-activity techniques is in agreement with the value of the electron 
diamagnetic drift velocity as obtained from measurements of ne(r) and Te(r) by 
laser scattering (note that the velocities were measured at different radii: vpel 

at r = 8 cm, vMHD at r ^ 11 — 12 cm). 

In studies of the MHD activity in discharges with 2.8 < qa < 3.4, a dependence 
of the oscillation amplitudes on their periods was found for m = 2. The width 
of a magnetic island developing at the current channel boundary is proportional 
to-^/ABp, where ABp is the amplitude of a poloidal magnetic-field 
disturbance [131. 
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FIG. 10. Dependence of period ofMHD oscillations and poloidal velocity of electron gas on 
magnetic island width. 

An increase in the island width may result in a decrease in the gradients 
dTe/dr and dne/dr for rm = 2, which, in its turn, leads to a decrease in the 
diamagnetic velocity of the electrons. The dependence of the period T and the 
velocity v® on>/ABp is shown in Fig. 10. It should be noted that an increase 
in the magnetic-island size can cause a decrease in the electron temperature, 
which may also result in a decrease of the velocity of rotation. 
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DISCUSSION 

R. WILHELM: Do you also observe fast ion tail formation in the ECRH 
experiments? 

V.E. GOLANT: Yes, we have observed a fast ion tail during ECRH on 
FT-1. It corresponded to the measured decay spectrum of the pumping wave. 
The results were presented at the 11th European Conference at Aachen in 1983. 

R.J. GOLDSTON: Many years ago, Dan Jassby and I proposed using 
'ripple injection' to assist neutral beam penetration. I am glad to see you have 
done something like this with lower hybrid heating! I would like to ask how 
efficient this ion-heating scheme is compared with other heating techniques. 

V.E. GOLANT: The efficiency of the heating achieved was essentially 
higher than that of the conventional heating scheme used in our experiments 
(typically 2 to 4 times). 

F. LEUTERER: What is the N|| spectrum launched by your antennas? 
V.E. GOLANT: The maximum of the spectrum corresponded to N\\ « 4. 
M. PORKOLAB: Presumably the fast ions would drift through the plasma 

in a few tens of microseconds. Thus, if the bulk ion heating is due to collisional 
equilibration between fast ions and the bulk, I wonder whether there is enough 
time for the equilibration of energy between the two components. 

V.E. GOLANT: The confinement time of the fast ions is long enough for 
the optimal position of the antenna. This amount of time (some hundreds of 
microseconds) is comparable with the time of energy exchange between fast 
particles and the main body of ions. 
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Abstract 

LOW-q CURRENT DRIVE AND PLASMA HEATING IN THE PETULA-B TOKAMAK WITH 
LOWER HYBRID WAVES. 

Radiofrequency power up to the MW level was used in the Petula-B tokamak at f = 1.3 GHz 
for bulk ion heating and current drive studies. Significant bulk ion heating was obtained: 
ATj = 0.45 keV at ñ e = 6 X 1013 cm"3 in D2 plasmas with P H F = 0.7 MW. Density and plasma 
current dependences were studied. Impurity behaviour and the role of edge plasma parameters 
are discussed. The density window for effective ion heating was found to be rather narrow. 
RF-driven discharges, without Ohmic power, of up to 200 kA for time duration longer than 
0.3 s and densities of up to 1.6 X 1013 cm"3 were produced. Current drive efficiency was 
improved by a factor of 2 for discharges where lower hybrid current drive (LHCD) was combined 
with 1 0 - 3 0 % of OH current drive. The energy confinement time of the plasma with an 
RF-driven current was studied as a function of the RF power and of ne Vqlâ) . For an optimum 
value of the RF power, the confinement time is improved compared to pure OH discharge. 
The MHD stability of LHCD discharges is analysed. The level of the m = 2 tearing mode was 
lowered, allowing a q(a)= 2 discharge to be attained more easily. This is attributed to a flattening 
in the current density profile. For q(a) close to 3, the growth of the m = 2 mode was suppressed, 
avoiding a major disruption which would occur in the OH discharge. 

1. INTRODUCTION 

Lower hybrid waves have proved a very versatile method for plasma heating. 
Using an array of waveguides, i.e. a grill, either bulk plasma heating or current 
drive operation can be obtained with the same coupler by adjusting the phasing 
between waveguides and the parameters of the target plasma. We report here on 
data obtained on the Petula-B tokamak for bulk ion heating and current drive. 
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Bulk ion heating results from collisional damping of fast ions produced by 
the interaction between the perpendicular wave spectrum and the ion population. 
Such an interaction is only possible if the plasma density is high enough for the 
perpendicular wave index to reach values above 200 — 300 [1]. Below this critical 
density (ne = 2.4 X I013 cm"3 in Petula-B) the wave can interact with parallel 
energetic electrons, giving rise to a radiofrequency-induced current in the way 
suggested by Fisch [2]. 

As already demonstrated in air-core tokamaks, it was possible in Petula-B, 
an iron-core tokamak, to maintain the current without Ohmic power at values 
up to 200 kA for time duration longer than 0.3 s and densities of up to 
rfe = 1.6 X 1013 cm"3. The experimental data fit the scaling IRF/PRF

 = ^-5X 1013/rfe, 
which means that the usual figure of merit: ( I R F R n e /PR F ) is 1.1 and is similar 
to those found in other air-core devices. With such a scaling law, maintaining the 
current with RF current drive would require too great a power in future large 
devices. We have studied in Petula-B the behaviour of a hybrid RF-OH current 
drive discharge, where lower hybrid current drive (LHCD) is combined with 
10 —30% of the Ohmic current drive, for which the current drive efficiency is 
improved compared to a pure LHCD regime. We have also compared the energy 
confinement time and the stability of an RF-driven discharge with those of a 
standard OH discharge. 

Significant bulk ion heating was obtained in Petula-B: ATj = 0.45 keV; 
ne = 6 X 1013 cm"3 for P H F = 0.7 MW in D2 plasma [3, 4]. Impurity behaviour 
and dependence of the ion heating efficiency with plasma density and plasma 
current were studied in order to optimize the heating and to indicate why bulk ion 
heating has not always been observed in the ion heating mode in a number of other 
experiments. 

2. EXPERIMENTAL ARRANGEMENT 

In Petula-B (R = 0.72 m; a s 0.17 m; B < 2.8 T; Ip < 230 kA) the Ohmic 
current is driven by an iron-core transformer with discharge duration times of 
0.25 s at B = 2.8 T and 0.5 s at B = 2.5 T. Contrary to the case of air-core 
tokamaks, it is not possible, in normal operation, to shut off the primary circuit 
since the strong primary-plasma coupling prevents the primary current from 
decaying fast enough. This strong coupling entails some constraints in operating 
Petula-B in the LHCD regime [5]. 

A single klystron (f = 1.3 GHz; P < 1.5 MW) supplies up to two 4-waveguide 
grills simultaneously. Three different grills have been installed in the Petula-B 
facility. They differ both in their material (SS or titanium) and in their design 
(multijunction grill [6] or conventional grill). Both grills have approximately the 
same geometrical characteristics, giving a central value of 5.2 for the parallel wave 
spectrum for a phase shift of ir between adjacent waveguides. This value is very 
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FIG.l. RF power dependence of ion heating in H2 plasmas (ne = 4.5 X 10n cm 3 ) and 
D2 plasmas (ne~ 6X 1013 cm'3) and RF energy dependence of AZeff in D2 plasmas for 
various plasma currents. 

suitable for bulk ion heating experiments. With a 7r/2 phasing, a progressive wave, 
whose main spectrum may interact with suprathermal electrons in the 10-100 keV 
range, can be used for current drive experiments. A low-pressure argon glow 
discharge conditioning technique is used, allowing power densities up to 2.5 kW/cm2 

to be launched into the torus. 

3. BULK ION HEATING 

Measurements of bulk ion heating by various methods (parallel charge-
exchange, neutrons, Doppler broadening of Ne IX and O VII lines) were found to 
be in good agreement [4]. Ion heating is directly proportional to RF power up 
to 830 kW, as shown in Fig. 1(a). However, during the heating pulse, Zeff increases 
continuously with RF energy (Fig. 1). A detailed analysis [7] shows that the flux 
of metallic impurities increases continuously with time while that of light impuri
ties begins to increase and then tends to saturate. No major change of electron 
temperature is observed and this can be attributed to the large increase of radiation 
losses. For an injected RF power of 0.7 MW in a D2 plasma, the Ohmic power 
increases from 240 kW to 330 kW and the total radiated power from 150 kW to 
360 kW. A simple 1-D energy balance simulation code indicates that 200 kW are 
directly coupled to the ion population and the global energy confinement time 
decreases from 12 to 5 ms. 
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FIG.2. Ion heating efficiency versus (a) density (I = 150 kA) and (b) plasma current 
(ñe = 6X 1013 cm'3) for D2 plasmas. 

The origin of metallic impurities can be attributed to the" fact that fast ions 
with large orbits suffer severe diffusion and impinge on the limiter and the walls, 
generating metallic ions by sputtering. The origin of light impurities is less well 
understood and seems to depend strongly on the edge plasma parameters, as 
suggested by the various curves of Fig. 1(b), where the plasma current is varied, 
which entails a variation of the density at the plasma periphery [7]. The increase 
of Zeff is more severe at higher plasma currents although the confinement of fast 
ions is improved. 

As shown in Fig.2(a), the ion heating efficiency starts to decrease when the 
density exceeds 6 X 1013 cm"3. The density window for efficient ion heating 
appears rather narrow: (5 - 7 ) X 1013 cm"3. Analysis of the charge-exchange 
spectra and the neutron flux indicates that the coupling to the ions takes place in 
the outer part of the plasma. This contradicts the estimate from the dispersion 
relation, which predicts that wave plasma coupling can take place in the central 
part of the plasma for densities up to 8 X 1013 cm"3. The beneficial effect of 
higher plasma current on fast ion confinement is offset by the corresponding 
increase of impurities, and the ion heating efficiency saturates as shown in Fig. 2(b). 
There is no clear correlation between the onset of parametric decay waves and the 
ion heating limitations [8]. 

As suggested in Ref.[9], lower hybrid drift wave scattering by density fluctua
tions in the plasma periphery may limit wave propagation. Bulk ion heating can 
be easier with the high N values used in Petula-B than in other experiments. In 
fact, decreasing Ny from 5.2 to 3, by using a different phasing, results in a reductior 
by a factor of 3 in the ion heating efficiency [4]. 
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FIG.3. Power dependence of RF-driven current, central electron temperature and global energy 
confinement time for I = 140 kA and ne = 1013 cm'3. 

4. CURRENT DRIVE 

The dependence of the current driven by the RF, as inferred from the loop 
voltage drop ( I R F = - Ip AV/V), is shown in Fig.3 as a function of the RF power 
for an initial Ohmic current of 135 kA. The observed AV/V saturation can be 
simulated by assuming a large decrease in the plasma resistance during LHCD [10]. 
The power dependence of the central electron temperature and the global energy 
confinement time is given in Fig.3. The electron temperature, as inferred from 
a 4-channel Thomson scattering system, increases slowly with the RF power after 
an initial drop. The main plasma electron density profile and the ion temperature, 
measured from neutral analysis, remain approximately constant during LHCD. 
When the RF power increases, the global energy confinement starts to increase 
from 3 ms to 5 ms and then decreases and goes back to its initial value at higher 
power. Above P H F = 50 kW, the residual Ohmic power stays in the range of 
15-30 kW. For such discharges, an optimum operating regime is obtained at 
relatively low power: P H F = 6 0 - 9 0 kW. The electron cyclotron emission (ECE) 
spectra do not change significantly above these RF values, which may indicate 
that the number and the energy of the fast electrons driving the current reach a 
saturation point. 

In this zone, the current drive efficiency is improved by about a factor of 
2 over a pure LHCD regime. Current drive efficiency is plotted in Fig.4(a) against 
(cope/cjce)'

2, which is indicative of the wave accessibility. Solid squares correspond 
to the experimental data and open circles are the values estimated from Fisch's 
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FIG.4. (a) Current drive efficiency versus (tope/<^ce)
2, and (b) global energy confinement time 

versus ne \Jq(a) for: 

0.7<ñ„<1.8X1013 cm'3; 1.2<BT<2.8T; 67<L<165kA. 

theory [2, 11], assuming that the interacting wave spectrum extends from the 
accessibility (high-velocity electrons) to the upper value of the spectrum at the grill 
mouth. A fitting factor of 2 gives good agreement for (ojpe/coce) values up to 1. 

The energy confinement time of the OH discharge agrees very well with the 
neo-Alcator scaling law: rg œ ne \ /q(a) [12], as shown in Fig.4(b). The energy 
confinement time for LHCD discharges, corresponding to the optimum conditions, 
is plotted with the same parameter dependence. For all data, the global energy 
confinement time is improved in LHCD discharges as compared to the correspond
ing OH discharge. 

5. MHD STABILITY IN LHCD DISCHARGES 

As is commonly observed in tokamaks, the growth of the m = 2 tearing mode 
limits the operation at low values of q(a). In Petula-B, low q(a) discharges 
(3 > q(a) > 2) have been obtained by applying a second current ramp, the electron 
density being kept constant. This rise in current has to be fast enough for the 
m = 2 tearing mode to stay below the disruptive limit [13]. Under these conditions 
it has been possible to obtain stable plasma with q(a) values as low as 2 for both 
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FIG.5. Time evolution of the loop voltage, the ((ie + SL-J2) signal, the envelope of mode 
activity (Be), and the soft X-ray signal on a central chord, during a current drive shot. The last 
diagram shows the radial variation of the scrape-off plasma density. 

pure OH and LHCD discharges. However, the amplitude of the m = 2 mode is 
reduced when the RF is applied and it is easier to reach q(a) values of 2 with LHCD 
discharges than with OH discharges. 

This beneficial effect of the LHCD is most dramatic for q(a) values close to 3, 
for which a major disruption occurs in an OH discharge, without a second current 
ramp. Application of RF suppresses the growth of the m = 2 tearing mode, as 
shown in Fig.5. The MHD mode structure is investigated by means of the fluctua
tions of the poloidal field measured by a set of Mirnov coils located round the 
plasma, the soft X-ray fluctuations at different chords and the density fluctuations 
measured by a movable IR heterodyne interferometer [14]. The time variation of 
the loop voltage, the poloidal field fluctuations and the inductance ((3Q + 9.J2 where 
/3 represents only a few per cent of the total signal) are shown in Fig.5, with and 
without RF. Without RF, the m = 2 tearing mode grows rapidly to values such that 
a major disruption terminates the discharge. In addition, the plasma inductance 
increases continuously, indicating current peaking, while during LHCD the plasma 
inductance stays constant at the start of RF or even decreases slightly (Fig.5). 
When RF is applied, the loop voltage stays close to zero, the m = 2 mode is 
triggered but is maintained at a very low level, allowing the discharge to be 
disruption-free up to the end of the RF application. As illustrated in Fig. 5, the 
sawtooth activity is suppressed by the RF application. This may indicate that the 
q = 1 surface is no longer located in the plasma, although the production of 
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sawteeth is questionable in the presence of non-Ohmic discharges. All experimental 
data seem to indicate a flattening of the current profile. Such a beneficial effect of 
RF-driven current could be related to a change of the current profile [15] and can 
modify the magnetic island width as suggested in Ref.[16]. 

A large decrease in the scrape-off plasma density, measured with a 4-channel 
movable interferometer, is also observed, as shown in the last diagram of Fig.5. 
This decrease is not explained by an RF ponderomotive force effect [8]. Such a 
decrease may contribute to a favourable current density profile in the outer part 
of the plasma required for MHD stability. 

6. SUMMARY 

Bulk ion heating is obtained with good efficiency, 4 eV X 1013 cm"3/kW, but 
within a narrow density window. Density gradients in the plasma periphery seem 
to play a leading role in limiting wave propagation at densities above 
ne =6 X 1013 cm"3 and for the penetration of light impurities into the plasma. 
Such effects may eventually be overcome by using a high parallel index for the 
wave. 

Current drive effects are similar to those observed in air-core tokamaks. 
Within an optimum range of RF power ( 5 0 - 100 kW) the energy confinement time 
is slightly improved, from 3 to 5 ms. In addition, the current drive efficiency can 
be improved by a factor of 2 if a residual amount of OH heating is maintained. 
A beneficial effect on the MHD stability is observed during RF current drive 
discharges. It appears that lower hybrid-driven currents act directly on the current 
density profile such that the growth of the m = 2 island is suppressed and major 
disruptions are prevented. It has been possible to obtain stable plasmas with q(a) 
values as low as 2. 
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DISCUSSION 

F. SÔLDNER: You observe a continuous increase in metallic impurities 
throughout the RF pulse length. Such a time behaviour indicates a release of 
impurities due to thermal effects rather than to increased sputtering by fast 
ions. We have made similar observations in experiments with the ion-coupling 
regime on ASDEX. Have you other measurements which would clarify the 
origin of the metallic impurities? 

C. GORMEZANO: Metallic impurities start to increase at the very 
beginning of the RF pulse, and they increase linearly as a function of time. 
Such a rapid start is not likely to be due to thermal effects. Moreover, the 
metallic impurities tend to reach saturation with high energy RF input. It 
should also be noted that, at the point of RF shutoff, the level of metallic 
impurities decreases in a time shorter than that of the bulk ion energy content. 
Both experimental observations, together with the behaviour of the Fe XVI 
line with the plasma current, suggest that metallic impurities are caused by 
sputtering of fast ions and not by thermal effects. 

R.J. GOLDSTON: You mentioned the global confinement time at moderate 
power in the current drive mode. What is the global confinement time in the 
ion heating mode? 

C. GORMEZANO: In the ion heating mode, the global energy confinement 
time decreases from 12 ms to 7 ms for an injected power of 0.7 MW in D2 

plasmas. 
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Abstract 

THEORETICAL STUDIES OF LOWER HYBRID CURRENT DRIVE AND ION CYCLOTRON 
HEATING IN TOKAMAKS. 

A computational model for PLT lower hybrid current drive and ramp-up experiments 
combines a parallel velocity Fokker-Planck treatment of lower hybrid current drive with 
minor radius flux diffusion and toroidal ray-tracing wave propagation. Computational and 
experimental results are in good accord. Analytic solutions of the two-dimensional velocity 
space (vj_, vu) diffusion problem give values of the current drive parameter J/Pd, which agree 
with numerical results, both relativistically and non-relativistically. Turning to ICRF heating, 
two new all-metal antenna designs will permit power flux up to 10 kW-cm -2. A full wave 
solution to the magnetosonic wave equation, based on the parabolic method, yields cylindrical 
convergence and treats the diffraction limitation on intensity correctly. Mode conversion 
with energy absorption has been added to the BALDUR ICRF modelling code. A Fokker-
Planck treatment of high-energy ion tail formation by ICRF finds that enhanced thermonuclear 
reactivity can occur. 
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LOWER HYBRID HEATING 

Theoretical Model for Current Ramp-up 

It has been demonstrated that lower hybrid waves can be 
used to ramp up the plasma current [1]. Of particular interest 
is the fraction of input rf power, P<n, which goes into the 
poloidal magnetic field, Pf¿e]_¿i = 1/2 d(LI

2)/dt, where I is the 
plasma current and L is the total inductance. In general, the 
contribution to Pfiei¿ due to changes in the internal inductance 
is small. The ratio of Pfj^a to P^n is plotted versus the 
input power for a given series of PLT runs in Fig. 1. The lower 
hybrid waves are injected into a plasma with a decaying 
current. At the start of injection, the initial current ranges 
from 160 to 220 kA with the majority of the runs at an initia^ 
current of approximately 180 kA. The waveguide phasing is 60 
for all the data shown. 

The modeling code contains the following physics: The wave 
energy is propagated in the ray approximation using a warm 
plasma, electromagnetic dispersion relation. Toroidal effects 
on the ray propagation are included in the small aspect ratio 
limit. The waves exchange energy with the electrons and ions 
through the Landau interaction with distribution functions 
computed self-consistently from kinetic equations which 
include: quasilinear diffusion, collisional diffusion and drag, 
electric acceleration, and radial losses. Ion damping is 
negligible at the densities used in ramp-up but absorption by a 
hydrogen minority can be important at higher densities.The 
inductive electric field is determined self-consistently, 
including the effects of the strongly non-Maxwellian electron 
distribution function on the plasma conductivity. The electric 
field couples the flux diffusion equation to the Fokker-Planck 
equation for the electrons. The temperature and density 
profiles are not presently evolved in time. 

For comparison with the experiments, the computed integral 
of j • E is equated with Pfiei¿T The code results for two 
values of Z^^ are shown as solid lines in Fig. 1. The initial 

ert 3 1 9 •? 
current is 180 kA, the average electron density is 3 * 10 cm , 
and the center temperature is 1.25 keV. For both Z f f cases 
approximately 40% of the input rf power is absorbed. 
Experimentally, it is found that a power of about 100 kw is 
required to maintain a steady-state current of 180 kA. This is 
in reasonable agreement with the Z f f = 4 theoretical curve, 
while the "Z>eff - 1 case requires approximately a factor of two 
less power. At higher power the experimentally determined 
efficiency of 12-14% is in better agreement with the Ze¡£ - 1 
curve. A higher conversion efficiency, ^f±ei(^/'P±nr is obtained 
at higher power for Zeff = 4 relative to Ze£f = 1, because at 
higher Ze«£ the back ohmic current opposing the ramp-up is 
reduced. 
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FIG.l. Theoretical (solid curves) and experimental values for the current ramp-up 
efficiency in PLT. Solid (open) points are from discharges with line average density 
(3.1-3.3) X 10n cm'3 ((3.4-3.6) X 10n cm'3). 

Current-Drive Efficiency 

Lower hybrid theory at MIT has focused on numerical and 
analytical solutions to the linearized steady-state two-
dimensional Fokker-Planck equation for the resonant electrons in 
strong rf fields. The results show that there is an appreciable 
broadening of the resonant plateau in the direction 
perpendicular to the toroidal magnetic field and the tail 
perpendicular temperature T ± >> TB, where T B = mev£ is the bulk 
temperature. 

Analytically, for the nonrelativistic case and ion charge 
Z^ = 1, when D is constant for v1 < V|| < v2 where v^Cv,) is the 
low (high) velocity boundary of the resonant domain, it is found 
that there are many more particles in the plateau, carrying the 
current, than estimated by 1D theory [2]. The ratio of the 2D 
current to the 1D current and Tj/TB are given by: 

J2/J1 = v^2[Ttlniv2/v^)/iv2
2 - v^)] 1 / 2 = TTTj^Tg 

The figure of merit J/P¿j increases by a factor of 3, compared 
with the 1D theory and is given by: 
J/Pd = (v2 - v»1 )/[2£n(v /v )J, where the current density J 
and the power dissipated p, are in units of envt and menv£v 
respectively. Here v = 4ire* n(AnA)/m^v^. This is in excellent 
agreement with the numerical result and explains the numerically 
found 2D enhancement [3]. 

In accounting for relativistic effects, an analytic 
treatment based on a method of moments is developed where the 
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relativistic Fokker-Planck equation for energetic electrons 
colliding with a thermal background of electrons and ions is 
used [4]. The moment equations yield the evolution equations of 
the average energy, momentum, and current of the energetic 
electrons. For the steady state with LH diffusion the figure of 
merit as well as the average perpendicular energy are given 

by: íJ/Pd^R = [(£+1>2 - 1J/[(e+1)3/2(e+2+Z.)1/2], where the 
subscript R means that J is in units of enc, Pd is in units of 
vcmc

2n (vc = vv^/c3), and e = Y - 1 is the kinetic energy (in 
2 

units of mc ) of the current carrying electrons; and 
qjJql + 2

q l + 1 6 ql + 16)1/2J = 8 ( y 2 - 1 " < L ) > where 1̂ = 
VJ^Y/C, Vĵ  being a measure of the average perpendicular energy. 
The numerical results indicate a significant enhancement of the 
perpendicular temperature as well as of the radial one. For 
example, for a spectrum located between the parallel wave 
numbers 1 .4 and 5, the current generated, power dissipated and 
the maximum perpendicular temperature, for Alcator C parameters, 
are 137 kA, 263 kw, and 130 keV respectively. A good agreement 
between the numerical results for the perpendicular temperature 
and the analytic, relativistic theory has been found. 
Relativity and the location of the spectrum affect significantly 
the current generated and power dissipated. 

The numerical work has utilized an adaptive time-step, At, 
selection called Aggressive Alternating-Direction-Implicit 
(AADI) procedure. The asymptotic state for f is achieved by 
using as few time steps as possible consistent with stability of 
the solution. A residue e is defined as e = ( 8f / ^ ^ ) m ^ v , where 
max refers to the entire V||(P||)/ vĵ (pĵ ) mesh. As long as e 
decreases, the solution is considered acceptable up to that 
"time" level and e is saved for future comparison. At is 
gradually increased until e no longer decreases. An increase in 
e indicates the onset of numerical instability. The time step 
which is on the verge of instability is followed by a smaller At 
which is intended to allow the solution to stabilize itself. 

ICRF HEATING 

ICRF Antennas 
The radiation resistance of an ICRF antenna in a large 

tokamak can be computed from straightforward arguments [5], Let 
the antenna size be large compared to the density decay distance 
in the plasma scrape-off layer. Then poloidal and parallel wave 
numbers can be ignored, a slab model is appropriate, and 
the magnetosonic wave equation takes the simple form: 

(d2Ee/dx
2) + 0 2 / V 2 ) E Q = 0 ; k2 = w2/V2 = W2 4irnM/B2 

Define x as the position at which kQ n/n' = 1 . The plasma 

surface impedance ng is then rig = nQ c(o)/k0c)x where C lies in 

the range 1 .2 < C < T depending on the details of the density 
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profile [51. Normally, ng << nQ and the Poynting flux into the 
plasma is P = H^g where Hz is the impressed magnetic field 
computed as if a perfectly conducting surface existed at xQ. 

Two promising ICRF antennas designs have been identified. 
Both ICRF antennas are versions of narrow-gap all-metal cavities 
with a moderate Q * 15 and have a modular construction which can 
be simply bolted on to a large port. The first design [5], 
carried out for the big-Dee Doublet III, consists of a shallow 
box with a novel active element which simultaneously functions 
as a coil and as a capacitor. The second [6], is a quarter wave 
segment of reentrant waveguide which acts as a loaded 
resonator. Both achieve perfect matching to transmission lines 
and radiate 10 kw/cm . 

ICRF antennas generally have Faraday shields to eliminate 
the parallel electric field and to exclude neutral particles and 
radiation from the driven elements. These functions are aided 
by Faraday shield designs with narrow gaps. But the gaps cannot 
be too narrow or the rf magnetic field will not penetrate 
through them. The criterion [73 that magnetic shielding be 
negligible is irAyfc/Lg £ 0.3, where Ay denotes the poloidal 
periodicity length, £ the length of the narrow gap in the 
poloidal plane, g the gap spacing and L the length of a Faraday 
shield element along the toroidal field. 

Propagation of Magnetosonic Waves 

Let us turn to propagation of magnetosonic waves from the 
periphery to the center, of a tokamak plasma. Qualitatively, the 
large decrease in Alfven speed induces a cylindrical convergence 
of wave power into a focal spot where intensity is limited by 
diffraction. Ray tracing wave propagation algorithms cannot 
treat diffraction phenomena. This has motivated us to develop a 
new wave propagation algorithm based on the parabolic 
approximation to the wave equation. The new algorithm not only 
treats diffraction correctly, but is also more computationally 
efficient than ray-tracing techniques. Furthermore, it provides 
the electric field amplitudes and polarization needed to 
implement Fokker-Planck calculations of ion velocity 
distributions, and, via fast Fourier transforms, gives the 
incident Fourier amplitudes for mode conversion equations. 

Our current code models the minority hydrogen/second 
harmonic deuterium heating in a cylindrical tokamak equilibrium, 
but it is readily generalized to treat other schemes by changes 
in the dielectric tensor elements. The algorithm divides the 
tokamak into two regions: an inner uniform-density region and 
an outer region where the parabolic approximation [8,9] is 
used. This approximation is based on the assumption that the 
wave propagates primarily in the radial direction, i.e., 8/3r >> 
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1/r 8/38. Under this assumption, the propagation is described 
by a single partial differential equation for Eg: 

3E„ 32E, 
3 1 3 r x 7 2iw 6 1 

IF 7 "3F l r E e J + ke Ee ~ "TT Te~ + ~ ftr* "v r2 392 
= 0 (1) 

where k£ = ® /VÍ and VA denotes the Alfven speed and Ü the ion 
cyclotron frequency. By factoring out the rapidly varying 
cylindrical waveform from Eg, i.e., Eg(r,0) = e(r) ty(r,6), Eq. 
( 1 ) is reduced to a parabolic equation for the slowly varying 
amplitude function, tj>(r,9). The cylindrical waveform, e(r), 
consists of generalized Hankel-type functions obtained by 
integrating the first two terms in Eq. (1) with Eg replaced by 
e(r). Amplitudes of the incoming and outgoing waves are 
determined by the launching structure, boundary condition at the 
conducting walls, and transmission and reflection coefficients 
associated with the mode conversion/cyclotron absorption 
layer. Analytic full wave solutions in the inner uniform 
density, strong focussing region are readily obtained since 
gradients in equilibrium quantities may be neglected in these 
regions. Fast Fourier transforms are utilized to match these 
solutions to the parabolic solutions and to the mode 
conversion/absorption layer. 

Mode Conversion Processes During ICRF Heating of Tokamak Plasmas 

In second harmonic and minority species approaches to ICRF 
heating a wave-particle interaction zone occurs where various 
plasma resonance conditions are satisfied. The wave in this 
region must be treated with kinetic theories which include 
linear and quasilinear effects. Near the locations of the 
resonances (k •»• °°) and cutoffs (k + 0), the variation of the 
wave length is rapid so that the WKB approximation is no longer 
valid. Moreover, kinetic effects will introduce finite 
temperature plasma waves. This leads to the possibility of mode 
conversion phenomenon where the dispersion properties of the 
cold plasma and kinetic waves coalesce in both real (r) and (kj 
space. To simplify the complex nature of the kinetic theory, 
only the fast wave and the ion Bernstein wave are included in 
the solution. Moreover, since the cutoff and mode conversion 
layers are essentially vertical slabs, a one-dimensional 
approximation in the direction of the major radius is used in 
the mode conversion region. The mode conversion calculation has 
been linked with the ray tracing and transport codes to simulate 
ICRF heating of tokamak plasmas. 

The general one-dimensional, fourth order mode conversion 
equation, including absorption [10], is solved using the Green's 
function technique to obtain the tunnelling (T), relection (R), 
and mode conversion (C) coefficients. The value of these 
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TABLE I 

T r a n s m i s s i o n , R e f l e c t i o n , and Mode Convers ion C o e f f i c i e n t s 
fo r Second Harmonic Hea t ing 

Transmission Reflect ion Conversion 
,2 

Fast wave; I T J 2 = e _ 2 n I R J 2 = 0 P | C J 2 = d - e ' ^ J e ' ^ l 1 0 

High Field 
Incidence 

Fast wave; |T2|
2 = e"211 |R2|

2 = M - e ^ V e " 2 * 2 p|c2|
2 = e-

2n( l-e"211) e " 2 ^ ^ 
Low Field 
Incidence 

ion Bernstein |T3|
2 = 0 |R3|

2 = e " 4 ^ 2 ^ ^ |c+|2/P = ( 1-e-2n)e-2ac1K* 
Wave; High 

Field incidence Ic^/P = e~2T|( 1-e~2n)e~2ac2,C 

coefficients depends on the direction of the incoming wave 
(either from the cutoff region or the mode conversion region). 
When absorption is included in the calculations, numerical 
solutions for the coefficients are necessary. As an example, 
new results for the coefficients in the second harmonic case are 

summarized in Table I, where ctcl = 0.l6n~
2'3e~2T1, ctc2 = 

0.9n"0,42, P = eny4/*(1+Y)1/2|r[(3/4) + (in/Tr)) |2, n = TT(1+Y)/2X2 

and the conversion of energy gives |T k|
2+ |R]C|

2 + P|E]C|
2 + E a b s 

= 1. (See Ref. 10 for the definition of X, y, p.) 

Fokker-Planck Calculations of Fusion Reactivity 

We have examined fusion reactivity enhancement by ICRF 
heating in large tokamaks using a new bounce-averaged, two-
dimensional Fokker-Planck code including a general quasilinear 
operator. The heating is applied to only one plasma species. 
The remaining species are represented by fixed temperature 
Maxwellians. The reactivity enhancement is characterized by 
dividing the resulting bounce-averaged fusion reaction rate by 
that obtained from an equivalent Maxwellian distribution: The 
equivalence here is defined by requiring the collisional power 
transfer to the remaining species to equal the applied rf power. 

We have considered the to = 2 w , case in detail. The solid 
lines in Fig. 2 show results of a parameter survey of the <av>-
enhancement obtained by varying the electron density and the 
background electron and tritium temperature for a 50-50 DT 
plasma with an absorbed rf power of 0.5 W/cm . The rf 
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3 4 5 6 7 

BACKGROUND TEMPERATURE (keV) 

FIG.2. (ov) enhancement versus background temperature, with ne as parameter (solid line). 
The dashed line connects constant-Q points. 

perpendicular wavenumber is chosen according to the cold plasma 
dispersion relation with n JJ = 2. Large fusion reaction rate 
enhancements, greater than 3, are obtained at the lower 
densities and temperatures. In order for the <crv>-enhancement 
to impact the overall power balance, the Q (fusion/rf power) 
must also be appreciable. For Q = 0.5 and <0v>-enhancement 
greater than 2, the additional fusion power output is 25% of the 
input RP power, and thus is a significant factor in the power 
balance. For Q = 0.5 and Te = T T = 6 keV the <av>-enhancement 
remains approximately equal to 2.0 as the rf power and density 
are scaled together up to 2 W/cm and 2 * 10 cm . 

The ion tail formation gives additional velocity space 
average results. The poloidal density variation associated with 
build up of fast ion banana tips in the resonance layer is found 
to be up to 5% over the range of parameters covered by Fig. 2. 
The poloidal variation of fusion reactivity is found as high as 
a factor of 2 at the lowest temperature; this effect decreases 
with temperature. Going to higher power and proportionately 
greater density results in approximately the same poloidal 
variation as a function of temperature. 
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DISCUSSION 

F.F. CHEN: The wall-mounted antenna is a clever idea, especially since the 
slots can be oriented parallel to the toroidal field to prevent electron short-circuits. 
However, having an E perpendicular to B causes oscillating electron E X B drifts 
which can lead to instabilities. I am referring here to multipacting effects in the 
partially ionized plasma near the wall. Have you considered these? 

F.W. PERKINS: As long as the wave frequency is well below the electron 
cyclotron frequency, an electron will not gain energy from the electric field 
during its gyration orbit away from the surface. The fields are not strong enough 
for an ion to cross a gap directly. 

T. CONSOLI: Where is the window for the narrow-gap cavity antenna 
located, and how do you avoid electric breakdown? 

F.W. PERKINS: The windows are located in the rectangular coaxial trans
mission lines, which carry only forward power. Reference [5] gives the details, 
including the values adopted for the breakdown electric field. 
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R.R. WEYNANTS: For your work on second harmonic heating, you showed 
expressions for the transmission and other coefficients depending on 'attenuation' 
factors rj. In a paper presented at the 4th International Conference on Plasma 
Heating in Toroidal Plasmas in Rome, 1984,1 proposed similar formulas with 
which the etas could be linked directly with the local wave dispersion relation. 
Do the etas in your work have the same property? 

F.W. PERKINS: Yes, the formula for r\ can be taken directly from the 
properties of the complex wavenumber in the region where propagation is not 
permitted by the local dispersion relations. However, the computation of trans
mission and reflection coefficients requires the solution of a fourth-order wave 
equation. 

J.G. CORDEY: Is there an enhancement of ôv due to the ICRF heating as 
a result of the non-Maxwellian nature of the distribution? In other words, is the 
non-Maxwellian ôv divided by a Maxwellian ôv of the same energy greater than 
unity, or is the enhancement of ôv due to the fact that one of the species has a 
higher average temperature than the background? 

F.W. PERKINS: The ôv enhancement is relative to the reaction rate for a 
Maxwellian distribution of deuterons that transfer the same power to the tritons 
and electrons. 
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Abstract 

LOWER HYBRID CURRENT START-UP AND ICRF HEATING IN THE JIPP T-IIU TOKAMAK. 
By injecting a lower hybrid wave into a cold and low-density ECR plasma, a plasma 

current is initiated and raised to a quasi-stationary level of about 20 kA. The current rise time 
is inversely proportional to the bulk electron density and agrees well with the collision time 
of the high-energy electrons with the bulk plasma. In the current rise phase, the bulk electrons 
are quickly heated up to more than 100 eV by the return current of the bulk electrons. 
During ICRF heating of an Ohmic plasma, impurity influx and growth of the m = 2 mode are 
effectively suppressed by combined application of strong gas puffing and additional current 
rise. The stored plasma energy continuously increases during the RF pulse, the peak value 
being proportional to the RF power input. In ion Bernstein wave heating, the ions are heated 
up effectively in the perpendicular direction, and then a portion of the energy relaxes to the 
bulk ions through collisions. The heating efficiency is comparable with that in the two-ion 
hybrid regime. 

1. INTRODUCTION 

The study of non-inductive current drive and RF heating is of great importance 
in tokamak research. Lower hybrid current start-up and ICRF heating, including 
an ion Bernstein wave, are carried out in the JIPP T-IIU tokamak, which has a 
circular cross-section, a major radius R0 = 91 —93 cm, a limiter radius a.^ = 
23—25 cm, and a maximum toroidal field Bt<3 T. 

* Faculty of Science, University of Tokyo, Tokyo 113, Japan. 
** Research Institute for Atomic Energy, Osaka City University, Osaka 558, Japan. 

*** Plasma Physics Laboratory, Princeton University, Princeton, New Jersey, USA. 
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FIG.l. Typical waveforms of lower- and higher-density RF-started discharges ((a) and (b)j. 
FLH: LHW power, PYLCH: ECHpower, Ip: plasma current, V\oop: loop voltage, ñe: line-
averaged electron density. 

2. LOWER HYBRID CURRENT START-UP 

Recent research on current drive by a lower hybrid wave (LHW) has been 
directed towards studying a current start-up [1—3] which effectively saves volt-
seconds in the Ohmic-heating transformer. 

Figure 1 shows typical waveforms for lower- and higher-density discharges. 
The plasma current rises up to a steady-state value of I p m in a characteristic 
time rr, which is considerably longer than the measured Lp/Rp-magnetic 
diffusion time of about 5 ms for Zeff ^ 4. The experimental data show that 
rr oc i/ñe [3]. The rise time agrees well with the collision time of the current-
carrying high-energy electrons (Tet

 % 30 keV) with the bulk plasma. The 
current drive efficiency is estimated as Ipm/PLH ^ 0-5 A/W for ñe= (0.8—4) 
X 1012 cm"3 and P L H = 15-50 kW. 

When the RF current is turned on in a tokamak, a reverse electric field is 
induced and produces a return current [4]. During the current rise phase when 
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FIG. 2. Time behaviour of oxygen lines in RF-started tokamak discharge. T&: central electron 
temperature. Solid curve is derived from VUV spectroscopy, and open circles are Thomson 
scattering data. 

an appreciable negative loop voltage appears, rapid transition occurs in the 
oxygen lines from lower to higher ionization states (Fig.2(e)). The bulk electron 
temperature rises to higher than 100 eV for about 20 ms (solid curve in Fig.2(d)), 
consistent with the Thomson scattering data. The power flow from the high-
energy to the bulk electrons is negligibly small in this phase since the energy 
relaxation time is longer than 50 ms for ïïe ^ 1 X 1012 cm -3 and Tet

 % 30 keV. 
The heating is dominated by the return current, except for the low-current phase 
(t < 30 ms), where parametric instabilities might also occur. 

In conclusion, we may say that the fundamental mechanisms governing the 
dominant loss process of high-energy electrons and bulk electron heating due to 
return current have been clarified. The possibility of current start-up without 
Ohmic-heating field is demonstrated. 

3. ICRF HEATING 

As a heating method alternative to neutral-beam injection, ICRF heating is 
applied in many tokamaks [5—8]. The heating efficiency is seriously affected 
by the influx of impurities and the growth of an m = 2 mode. Considerable 
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Case A Case B 
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FIG. 3. Time behaviour of normalized impurity radiances for two cases, with PRP = 450-500 kW, 
Bt = 2.88 Tand «n/"e -0.1. Case A: with gas puffing; Case B: with gas puffing and 
additional current rise. 

increases in impurity influx and electron density are usually observed during the 
RF pulse, owing to the rise of the scrape-off electron temperature [9]. Strong gas 
puffing (GP) and additional current rise (CR) [ 10] are applied during ICRF heating 
in JIPP T-IIU in order to remove these obstacles. 

The heating is applied up to 0.8 MW in a deuterium plasma with hydrogen 
minority (ñn) by using high-field-side antennas and a 40 MHz RF system, where 
Bt = 2.64-3 T and ñn/ñ e = 0.03-0.2. Figure 3 shows two cases of ICRF heating; 
Case A: GP only (from t = 100 ms) and case B: both GP and CR (from t = 117 ms) 
In Case A, the impurity radiances increase remarkably although the cooling of 
the outer plasma region is by GP. When CR is superimposed (Case B), the radiance 
of the impurity ions in the lower ionization states increase rapidly and subsequently 
decrease or saturate. The radiances in the higher states decrease or keep the initial 
level, in spite of the increase in ïïe. The remarkable increase in radiances after the 
RF pulse is due to recombination. 

Figure 4 shows the ICRF-heated discharge of Case B. The ion cyclotron 
resonance layer is located at about half the plasma radius, and the hybrid 
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FIG. 4. (a) Discharge waveforms in Case B; (b) time evolution of electron temperature profile; 
(c) dependence of various stored energies on P R F -

resonance layer exists in the central plasma region. The central electron tem
perature increases quickly up to about 2.0 keV after about 5 ms and then 
decreases slowly with a large sawtooth modulation, while the central deuteron 
temperature (Too) increases slowly with a rise time of about 20 ms, consistent 
with the D-D neutron emissions. The value of S (= j3p + fii/2) from magnetic 
measurements increases substantially although the plasma current is increased. 
The values of fii and j3pe (electron component) are estimated from the magnetic 
diffusion equation by using the observed Te (Fig.4(b)) and ne profiles. The 
stored energy estimated from j3p (= S-fii/2), j3pe, and j3pi (= j3p-j3pe) increases 
continuously during the RF pulse. We also show the time evolution of the stored 
energy (Wp, Wpe and Wpi), the Ohmic input (POH) and the global energy con
finement time (TEG

 =
 W P / ( P O H

 +
 P R F - W P ) ) . The confinement time TEG 

increases with ïïe and approaches the value expected from Ohmic scaling in 
the quasi-steady state. The temporal increase in Wpe is caused by the broadening 
of the Te-profile and the increase in ne rather than by significant heating at the 
centre. In Fig.4(c), we show AWp, ñeATe0 and ñeAToo as functions of PRE-
The increment of stored energy increases linearly with P R E , while ñeATe0 and 
ïïe ATDO do not exhibit a linear dependence of PRF- This suggests that the radial 
profiles broaden with increasing PRE assisted by GP and CR. 
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FIG.5. (a) Time evolution of 'proton temperatures' obtained by perpendicular and parallel 
charge-exchange neutral energy analysis, where Te0 « 600 eV, Ip % 120 kA, 7fe « 2.0 X 1013 cm 
and H2 gas with 10% 4He. (b) Typical energy spectra of charge-exchange neutrals. 

In conclusion, we may state that the radial profile control in electron tem
perature, electron density, current density, and ion temperature is very effective 
in suppressing the impurity influx and the growth of the m = 2 mode as well as 
in establishing a good heating performance. 

4. ION BERNSTEIN WAVE HEATING 

Heating by ion Bernstein waves, for which an easier launching is expected, 
is carried out by using a loop antenna with RF current parallel to Bt (Nagoya 
type-Ill coil [11]) which is placed at the low-field side. The toroidal field is set 
to be Bt = 1.8 T for f = 40 MHz so that the third harmonic of the 4He cyclotron 
resonance is located near the centre of the plasma, where a mixture of H2 and 
4He is used [12]. Figure 5 shows time histories of Ti„ and T^ of hydrogen ions 
measured by neutral energy analysers. A rapid rise and a large increment are 
seen in T^, while T^, which is regarded as the bulk ion temperature, exhibits 
a gradual rise and a moderate increment. The heating efficiency is about 
3 X 1013 eV-cm -3 kW_1, which is comparable to that in the two-ion hybrid 
regime. According to a ray-tracing analysis, the third harmonic of 4He provides 
a good wave absorption mechanism, and then the protons are heated through 
collisions. The observed anisotropy in the distribution function suggests, 
however, some other heating mechanisms which directly heat the protons. The 
possible mechanisms are half-integer harmonic heating [13] and stochastic 
heating since no hydrogen cyclotron harmonic layer exists inside the plasma. 

As a conclusion, we remark that ion Bernstein wave heating is viable, and 
further studies are required to clarify the heating mechanisms. 
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DISCUSSION 

P.P. LALLIA: What is the impurity influx during Bernstein wave heating as 
compared with wave conversion heating? 

K. TOI: The impurity influx during ion Bernstein wave heating is rather high 
compared with that found in ICRF heating in the two-ion hybrid regime. Optimi
zation of the discharge with ion Bernstein wave heating may bring the level of the 
impurity influx down to that of ICRF heating. 

P. SMEULDERS: Did you see a difference in the behaviour of sawteeth in 
the ICRH experiments with and without current rise? If so, could that explain 
the behaviour of the impurities? 

K. TOI: The behaviour of the sawteeth is almost the same for the two 
discharge modes. Sawtooth activity does not have a significant effect in terms 
of the reduction of impurities. 

R. MOTLEY: I am surprised that the return current is the dominant heating 
mechanism in your ramp-up experiments; that contrasts with our results on PLT. 
If your interpretation is correct, the electron temperature should drop sharply 
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after you have held the current constant for a few energy confinement times 
following ramp-up. Have you performed this experiment? 

K. TOI: The ECR target plasma is a cold one, and it has no runaway tail. 
The return current is sustained by the bulk electrons. During the current rise 
phase, the bulk electrons are heated mainly by the return current and then by 
the power flow from the high energy electrons, which is the dominant heating 
mechanism during the constant current phase. 
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Abstract 

ALFVÉN WAVE HEATING: ADVANCES IN TCA. 
Changes to the limiter material and to the radiofrequency antenna construction reduced 

the metallic impurity content to a low level with Prad(0)/Po„ (0) less than 5%. Following these 
improvements, the maximum available RF power, 400 kW, has been accepted by the plasma. 
The clean conditions have demonstrated the importance of the resonant mode structure, the 
role played by toroidal coupling in low-n excitation and the relationship between the impurity 
line intensities and the RF wavefield. All these results were obtained with completely unshielded 
antennae. Lateral antenna screens were added which further reduced the metallic impurity 
concentration during the RF pulse and consequently allowed sustained electron and 
ion heating as well as a reduction in the loop voltage during the RF pulse. The edge plasma 
conditions during the RF pulse are also different with side screens. 

1. INTRODUCTION 

The TCA tokamak (R,a=0.615,0.18 m, B^<1.52T, Ip<170kA, 
qj>2.2), described in Ref. fl], continues to be used to study 
the resonant absorption of shear Alfvén waves as a method of 
heating plasmas. The experiment has recently been upgraded with 
feedback current control and an increased pulse-length (flat-top 
120 ms). An external antenna structure drives a surface wave with 
w < u)ci which in turn can be damped by the presence of a layer 
in the plasma satisfying the resonance condition, valid in the 
large aspect ratio approximation, 

(nWq(r)) 2B 2 

u2(r) = — $ - (l-u>2/w
 2) 

HQP(r) R
2 C 1 

where n and m are the toroidal and poloidal wavenumbers 
respectively, and p(r) is the local mass density. In order to 
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excite preferentially a chosen set of (n,m) resonance surfaces, 
the antenna structure itself is periodic with 4 toroidally spaced 
groups of one top antenna and one bottom antenna. The antenna 
phases can be changed to define the dominantly excited modes. The 
resonance criterion for low n values in TCA yields a frequency in 
the range of 1-5 MHz and all the results in this paper were 
obtained at 2.5 MHz with both hydrogen and deuterium as the 
working gas. This low frequency leads to a relatively large 
antenna current (~ 1000 A in TCA) but low antenna voltages due to 
the low antenna inductance, itself resulting from the wide 
antenna design. 

The first Alfvén w'ave heating experiments on TCA [2] showed 
electron and ion temperature increases accompanied by large 
increases in radiated power loss and plasma column resistance as 
well as a large increase in electron density. The ion and 
electron temperature increases were not maintained during the 
full 30 ms of the rf pulse. 

In the present paper we describe the work which has been 
carried out since these initial results were obtained and which 
has led us to sustained ion and electron heating for 10 electron 
energy confinement times, although not to a true steady state. 

2. LIMITER AND ANTENNA CHANGES 

The rapid evolution of the central radiated power loss con
cealed any maintained electron heating in our first experimental 
tests. The original stainless steel bar limiters were replaced, 
in turn, by wide bare carbon limiters, wide stainless steel 
limiters, wide TiC-coated carbon limiters and narrow bare carbon 
limiters. The results from these trials [3] demonstrated the 
unacceptable behaviour of the wide stainless steel limiters and a 
dramatic improvement with lower-Z limiters. The narrow bare 
graphite limiters produced the lowest central radiated power loss 
(0.17 W'Cirr3) but the TiC-coated graphite produced the lowest 
total radiated power loss (60 kW), which compared favourably with 
the narrow steel limiters (0.80W«cm~3 on axis and 140 kW total). 
All results were obtained under standard conditions 
(ñe = 2.2 x 10

l9m~3, 1.5 T, D2).The loop voltage of the target 
plasma was reduced from ~3.7 V to 1.7 V, also indicating a sub
stantial improvement in purity with the carbon limiters, which 
were subsequently retained. 

During the rf pulse the radiated power profile was still 
peaked on axis, even with the carbon limiters, and so we removed 
the stainless steel plate antennae and replaced them with the 
present bar antennae, coated with 6-7 \xm of TiN, which present a 
reduced surface area to the plasma column while maintaining a 
similar toroidal extent. Considerable improvements to the target 
plasma were observed with Prad(°)/

poh(u) ~ 5%' an<^ t n e 

radiated power loss on axis during rf heating was reduced to 
0.4W-cm~3 in standard conditions [4]. This configuration was 
retained for most of the experimental results described. 
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FIG.l. Linear behaviour of the density and equilibrium (¡5 + 9.-J2) as a function of rf power 
(1.5 T; D2;qx* 3.5; (N,M) = (2,1). 

As a result of these improvements, we were able to deliver 
400 kW of rf power (the maximum available) at higher density in 
the (n,m) = (-2,-1) continuum region (ïïe » 5-6x10

l9m~3 ), while 
maintaining sawtooth activity throughout the heating pulse. The 
antenna loading remained constant and the increase in plasma den
sity and (p + 5,1-/2) were roughly linear (FIG. 1) up to the maxi
mum power. We note that the density rise during the rf pulse was 
maintained and even increased, while the plasma purity was 
improved by all these changes. It seems most improbable that an 
impurity influx can account for even a substantial fraction of 
the present density rise. A change in particle transport may need 
to be invoked. 

3. DISCONTINUOUS PLASMA BEHAVIOUR 

The improvement in plasma purity during the rf pulse allowed 
us to observe finer details of the effects of the mode structure 
on the macroscopic plasma parameters [5,6"]. As the rf pulse is 
applied at high power, the density inevitably increases, which in 
turn sweeps the resonance surfaces through the plasma. At certain 
densities a new resonance surface appears in the plasma when the 
resonance condition is satisfied on axis, preceded by a discrete 
Alfvén w'ave (DAW) in the case of positive helicity modes 
(n/m > 0). We see in FIG. 2 that the plasma density rise, the 
soft X-ray flux rise and sawtooth activity, (p + ii/2), 1^ and 
(Rpl+Lp/2) all show a break when the spectrum changes, as shown 
by the change in the loading curve, Rant* 

This behaviour was first detected associated with a DAW near 
the calculated (n,m) = (±2,0) threshold. This mode should not be 
excited directly by our antenna system in (N,M) = (2,1) excita
tion and is experimentally not found to be directly excited with 

ne no19m'3} 
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FIG.2. Discontinuous plasma behaviour at the (n,m) - (2,0) threshold (1.5 T; H2, 
q^3.5;(N,M)=(2.1)). 

(N,M) = (2,0) excitation. We have shown that its excitation is 
attributable to toroidal coupling [6,7], with our value of aspect 
ratio V a £ 3.4, confirming the original attribution of mode 
number. The relatively large increase in antenna loading due to 
the (n,m) = (±2,0) continuum makes this region of the spectrum 
interesting for heating, for which toroidal coupling is therefore 
of vital interest. Numerical calculations [8J previously pre
dicted strong toroidal coupling to the (n,m) = (2,2) continuum 
and DAW which we have also confirmed experimentally [7]. We have 
observed discontinuities not only near the thresholds of the 
toroidally-coupled modes (n,m) = (±2,0), (-2,-2), (±3,0) but also 
near the directly excited mode thresholds (n,m) = (—1,—1)r 
(-2,-1). 

One remarkable feature of this behaviour is its lack of 
determinism with respect to the imposable plasma parameters. When 
crossing through a threshold we observe a strong reduction in the 
density rise rate, from R^ = 1 x 102lm~-s~1 to 9 x lO^nT^s-1 
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in FIG. 2, provided that the threshold occurs well into the rf 
pulse. The gas feed is held fixed during the rf pulse. If we apply 
the rf pulse to the plasma at a density just above the discon
tinuity,' in the previous "slow density rise" zone, the density 
ramps as fast as before the discontinuity. We are forced, there
fore, to consider the discontinuity to be a change in plasma 
operation "mode" in order to explain the lack of determinism. 
Given the substantial density rise, even up to +200%, and the 
observed Efct intensity decrease, we must consider the possibility 
of a relationship between the H mode as observed on ASDEX [9j 
and the "fast density rise" mode seen before the discontinuity. A 
major difference is that the density rise has no threshold, down 
to a few kilowatts of rf power. 

The change in operation mode at the discontinuity may be 
associated with the transitory increase in low frequency (~10 kHz) 
mhd activity observed when crossing through the associated DAW, 
and the drop in (p + ii/2), which can also be interpreted as a 
current redistribution. A further observation, compatible with 
this interpretation, is that the plasma has a tendency to disrupt 
when crossing a mode threshold if the crossing is attempted above 
a certain rf power level. This level depends critically on the 
plasma operational conditions. 

4. EFFECT OF THE WAVEFIELD 

We have carried out spectroscopic measurements on the im
purity line behaviour during the rf pulse. The Li-like lines CIV, 
NV and OVI, as well as low ionisation metallic impurity lines 
Fell, T i m , all generally show an increase during the rf pulse. 
They have also shown up a considerable fine structure during the 
crossing of a DAW. We find that the increment of the edge-line 
intensity is linear with respect to the antenna current rather 
than to the rf power for Prf < 100 kW at a fixed position in 
the spectrum. This appears to eliminate spurious power deposition 
at the edqe as being responsible for their increase in intensity. 
When we vary the excited mode structure, we further find that 
the increase anti-correlates with the antenna current, hence also 
with antenna voltage and antenna near-field at fixed rf power 
(FIG. 3). In fact, we see that the edge-line intensity increase 
correlates best with the amplitude of the poloidal component of 
the far-field wavefield, which is in fact the greatest wavefield 
component both in the DAW and in the continuum. 

The origin of the increase and hence the mechanism respon
sible for the correlation is not confirmed. The increase is not 
totally due to an impurity influx as previously feared, shown by 
its prompt response to a changing wavefield. The burn-through and 
diffusion delay is measurable in our conditions, which we have 
verified by injecting a small pulse of mainly nitrogen into the 
same target plasma and measuring the time delays of the peak 
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FIG.3. Dependence of edge-impurity line intensity on the wave field amplitude in the region 
of the (n,m) = (2.1) discrete Alfvén wave. 

intensities of the successive ionisation states. A density pro
file modification remains a possibility, but it would have to be 
highly structured radially. Vfe therefore assume that the effect 
is mainly due to a change in the electron temperature profile 
where the line is emitted, due to the magnitude of the wave-
field. Since the wavefield itself shows discontinuous behaviour 
at the mode threshold, it is interesting to moot a connection 
between these results and the previously discussed discontinuous 
behaviour. 

5. EFFECT OF LATERAL SCREENS 

Measurements previously made in the edge plasma using the 
floating antenna potential, Langmuir probes and grounded probes 
showed up considerable changes during the rf pulse. Increases in 
the electron edge temperature from ~15 to > 25 eV and reductions 
in the edge density were observed [10]. Similar measurements were 
made on TFR using ICRH [11] and slotted Faraday shields. In addi
tion, we have observed non-Maxwellian electron distributions 
during the rf pulse which we have interpreted in terms of elec
tron beam formation [12]. Subsequently, we have placed solid 
lateral screens, coated with TiN, both sides of each antenna, 
~5cm from the edge of each group and extending to 1cm outside the 
limiter radius, with the intention of reducing the rapid edge 
plasma diffusion along the field lines towards the antennae. The 
screens were placed far enough from the antenna so as not to per
turb the direct antenna field at the plasma boundary. 

We found four main results. Firstly, the non-linear increase 
in loading observed at low power [13] has been eliminated and the 
DC plasma antenna hold-off resistance has increased by two orders 
of magnitude, strongly suggesting that we have achieved the large 
local reduction in edge plasma density intended. Secondly, the 



IAEA-CN-44/F-III-3 537 

solid lateral screens, while not blocking the antenna current 
near-field, block the surface-wave wavefield and reduce the an
tenna loading by ~50%, in agreement with our numerical estimates. 
The screens do in fact provide antenna image currents since the 
plasma surface wave effectively enhances the inductance, between 
screens and antennae. Thirdly, the edge plasma profiles of density 
and temperature remain unchanged outside the screens when the 
rf is applied at the 100-150 kW power level. Fourthly, we find a 
considerably reduced increase of the metallic impurity concentra
tion during the rf pulse as determined from bolometric and spec
troscopic data. The radiated power loss on axis under the pre
vious standard conditions is now-0.15 W/cm3 during the rf pulse 
with the screens compared with ~0.4 W/cm3 previously, agreeing 
with a reduction by a factor of 2-3 in the metallic impurity core 
lines. The line intensities from low-Z impurities have remained 
the same, and still increase during the rf pulse. The density 
increase due to the rf pulse, at fixed rf power, has remained 
practically unchanged. 

6. HEATING RESULTS 

In FIG. 4 we show the effect of the rf pulse with 
~ 100-150 kW of rf power. The conditions ñ^ ^ 2.1 x 1019 m-3', 
Ip = 120 kA> qx ^3.5; E^ = 1.5 T'r IV, (N,M) = (2,1); are 
such that the rf is applied in the (n,m) = (2,0) continuum and 
the density increase is enough to take us up to the (n,m) = (2,1) 
DAW. The Zeff of the target plasma is approximately 4, relatively 
large, due to the use of bare carbon limiters. 

As a result of the improvement to the radiated power loss, 
the electron temperature increment (850-1100 eV) is almost sus
tained during the 30 ms rf pulse, with Prf/P0h varying bet
ween 60-100%. These measurements were obtained by both soft X-ray 
techniques and Thomson scattering. In FIG. 4 we also see that the 
loop voltage is reduced by -30% during the rf pulse, reaching its 
initial value only at the end of the pulse, possibly attributable 
to a low-Z impurity influx. We obtain a heating efficiency 
ñ(ATeo)/Prf -3-5 x lO^eV-nT^kW-1 depending on the condi
tions. The ion temperature increases during the rf pulse and is 
£till maintained for its full duration [ 5] and we find 
n(ATi0)/Prf up to 2 x 1019 eV-nf^-kW"1 according to the con
ditions. The direct ion heating remains difficult to estimate 
accurately in the presence of an increasing plasma density. In 
the special cases when the density increment is minimal, we do 
still observe an increase in ion temperature. 

In FIG. 4 we also see that the total plasma energy increment 
measured via A(p + lj/2) from the equilibrium change is main
tained during the rf pulse, as is Ap¿ measured by a diamagnetic 
loop. The total radiated power increases during the rf pulse, by 
,~80% from ~70 kW to -130 kW with -110 kW of rf power and -190 kW 
of ohmic power. This increase occurs only towards the end of the 
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FIG.4. Heating observed at Pr{ % 100-150 kW; B0 = 1.5 T; D2; q « 3.5; (N,M) = (2,1). 

rf pulse and is counteracted by the increase in ohmic heating 
power from its reduced value, allowing the temperature increment 
to be sustained. 

We have also been able to confirm that, in our standard 
operating range, the (N,M) = (2,1) excitation mode is superior to 
(1,1) and again to (4,1) excitation. The heating efficiency 
TI = ñ"(A(Te+Ti) )/Prf ~3-7 applies to this optimal choice of 
operating regime. 

We owe a lot to the interest and encouragement of Professor 
F. Troyon and to the support of all our technical staff. Ihe work 
described here is partly supported by the Swiss National Science 
Foundation. 
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DISCUSSION 

M. PORKOLAB: What happens to Zeff during the RF pulse - does it rise? 
If so, by how much does it rise, and do you take into account the associated 
reduction in ion density when calculating the heating efficiency? 

J.B. LISTER: The Zeff increase is taken into account in the transport 
calculations, as are the dilution effects. 

R.J. GOLDSTON: To follow up, could you tell us about the time evolution 
of Zeff during the RF pulse? 

J.B. LISTER: Zeff increases during the RF pulse, as is shown both by an 
increase in radiated power and line intensities at the edge and by the increase in 
the column resistance. The increases in Ohmic power and radiated power are 
roughly parallel. Zeff of the target plasma is ~ 3 . The increase in Zeff is about 
0.5 at the power level mentioned. 
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Abstract 

PROPAGATION AND COUPLING EFFICIENCY OF ICRF WAVES IN TOKAMAKS AND 
PARTICLE SIMULATION ON ICRF SECOND-HARMONIC HEATING. 

Theoretical and numerical analyses for optimizing the input efficiency of the ICRF 
heating scenario are carried out for a tokamak plasma in Part A. The stationary wave equation 
in a realistic geometry is solved with the appropriate boundary conditions. Microscopic 
kinetic effects are included. Wave-field patterns, power deposition profiles, antenna loading 
impedance, non-plasma power loss, etc. are obtained simultaneously. Coupling conditions 
and accessibility are examined. Scaling laws for the partition ratio of input power among 
different plasma species are obtained. Desirable antenna structures for efficient input are 
discussed. In part B, ICRF second-harmonic heating of a single-species plasma is studied by 
using a I2 quasi-neutral hybrid code. The temporal evolution of the wave profiles is shown 
graphically. Mode conversion and tunnelling of the magnetosonic waves are confirmed, both 
the high- and low-field-side excitation. 
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PART A: PROPAGATION AND COUPLING EFFICIENCY 
OF ICRF WAVES IN TOKAMAKS 

1. Introduction 

Radiofrequency waves in the ion cyclotron range of frequencies (ICRF) 
are promising candidates for efficient plasma heating in magnetic fusion research. 
Several processes, such as coupling to a plasma, modification of the wave, wave 
absorption and thermalization, are involved in RF heating [1 ]. To assess the 
heating efficiency, we divide the heating process into three stages: 1 ) wave 
absorption (input), 2) thermalization and 3) transport (output). In addition, 
we introduce integrated macroscopic quantities to gain a perspective of the 
optimum heating conditions for the total system. 

Here, in the first stage, we examine the conditions of optimum input efficiency 
by solving a wave equation with appropriate boundary conditions. Linear 
propagation and absorption structures of the ICRF waves excited by an antenna are 
extensively studied. Microscopic kinetic processes inherent to a high-temperature 
plasma with spatial inhomogeneities are considered. Macroscopic quantities, such 
as antenna loading impedance and power partition among different plasma species, 
are calculated. Including non-plasma power losses, such as resistive wall loss, we 
derive the coupling efficiency of an antenna. Guidelines for antenna design are 
also suggested. 

2. Model, basic equation and solution 

We first formulate the wave equation as a stationary boundary value problem, 
in which a model antenna carries an oscillating current, J = Ja(?)exp(—icot). The 
wave field in the plasma satisfies Maxwell's equation, 

VX V X E - ^ E = iwMo( Y h + ï ) 

where the subscript s denotes the particle species. Including plasma inhomogeneity 
and kinetic effects, we have derived the explicit form of Js [2]. We retain 
corrections up to the order of p2k\ (p is the gyroradius). 

The plasma (minor radius a, major radius R) is surrounded by a conducting 
shell of radius b. Toroidal co-ordinates (r, 6, <f>) are used, with r the minor radial 
distance, and 6 and 0 the poloidal and toroidal angles, respectively. We choose 
a low-pressure equilibrium; the strong toroidal magnetic field is given by 
B0 = B0/(l + r cos0/R), and the density and temperature profiles are given by 
N(r)/N0 = l-r2 /a2 and T(r)/T0 = exp(-3r2/a2). 

We have exploited a powerful code to solve the wave equation for a plasma 
with two-dimensional inhomogeneities, using the finite-element method [3]. 
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FIG.l. Poloidal structure for second cyclotron harmonic resonance in hydrogen plasma. 
Contours of wave electric field and power deposition to each plasma species are shown. 
Conducting wall, loop antenna and plasma surface are also indicated. Solid lines denote 
positive and dashed lines negative values; each contour line indicates one tenth of the 
maximum value of |EX |, |E | or PH. 

The shape of the vessel wall and the antenna configuration can be chosen 
arbitrarily as is shown in Fig. 1. Typical wave field and power deposition to each 
plasma species in the case of second cyclotron harmonic resonance are shown in 
Fig. 1, using the parameters of the JFT-2M tokamak: OJ¡2TT = 40 MHz, R = 1.31 m, 
a = 0.35 m, b = 0.415 X 0.59 m, N0 = 3 X 1019 m - 3 , T0 = 5 keV, B0 = 1.3 T, 
and mode number k^R = 12. 

We also use a slab model, in which the one-dimensional inhomogeneity in the 
x (= r cos6) direction is retained. 

3. Coupling conditions and accessibility 

Constraints on the Fourier components which contribute to heating are due 
to 1 ) geometric factors of the antenna, such as its toroidal width fiT, which 
restrict the ky-spectrum of the emitted wave and to 2) the plasma parameters 
(such as N'/N, N0, ...), which determine the accessibility condition for the fast 
wave [4], i.e. k | < k£ with 

c ~ ca GJ 2 -£2? N0 

copi and Í2¿ being the ion plasma and cyclotron frequencies. When the antenna 
is narrow, i.e. CTkc < 1, the Fourier components k || satisfying kc < k|| < Cj1 do 
not contribute to the power input but strengthen the reactive electric field. We 
find that the coupling between the plasma and antenna becomes optimum at 
k c % ~ 0 ( l ) . 
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FIG.2. Ion/electron absorption regions are shown in plasma temperature, To, and antenna 
toroidal width, fiT, plane. Contours of antenna loading resistance, R, are also indicated by 
dashed lines and parameter X2/R by dot-dashed lines; their unit is Í2 • m"1. 

4. Input efficiency 

To evaluate the input efficiency, we introduce macrovariables such as the 
power deposition profile, Ps(r ) (= 0 s(r )-E(r ))) and the absorption to each 
plasma species, P§ (= / Ps(?) dr*), which yields the partition ratio, Ps/P, of the 
total input power P (= 2 Ps) as well as the deposition area. The total impedance, 
Z = R + iX (R is the loading resistance, X the reactance) gives 1) the amplitude 
of the electric field for a given input power, proportional to X2/R, and 2) the 
relation between the plasma input P and the wall loss Pw as RI2 = P + P w . The 
ratio of the non-plasma power loss (wall and circuit losses) to the input power is 
related to Z [4]. 

From analytic estimates and a parameter survey by numerical calculation 
(slab model, ky = 0), we find several scaling laws. The results are shown for the 
second cyclotron harmonic resonance. For high-field-side excitations, the 
condition for ion heating (KT1 is the skin depth of the wall) 

m; B: 

2[x0e
2 RK(b-d)2 < N 2 T < 

2mi7r2 B2 

e2 Mo R2 (1) 

is obtained [5]. In a high-pressure region, the electrons alternately absorb the 
wave energy. For low-field-side excitations, the loading resistance and the wall 
loss are estimated approximately as R « co/x0a(b-d)2kc/107r(b—a)2 and 
PW/RI2 ^ 107r/f<;akc£T (£Tkc < 1) per unit length in the y-direction [5]. Ion/ 
electron absorption regions are shown in the plasma/antenna parameter space 
in Fig.2. To render the absorption by ions efficient in a high-temperature region, 
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the antenna width must be large. In the small-fix region, X2/R increases and the 
reactive electric field is enhanced. If £T is too large, R decreases, and circuit loss 
dominates. From these results we may conclude that, as the temperature 
increases, the antenna width must be changed or phasing of multiple antennae 
is required. 

5. Deteriorating factors and trade-off 

In determining the heating scenario and the antenna parameters, we also 
must consider the deteriorating effects of RF waves, such as impurity sputtering, 
stress and heat load on the antenna/wall. The impurity problem has been 
analysed [6]; it has been found to become less serious in larger machines, owing 
to the enlarged loading resistance [7]. 

There are many trade-offs to achieve high heating efficiency. In the case 
of a waveguide launcher [8], the transmission coefficient is found to reach a value 
comparable to that of the loop antenna. It also enables us to determine the non-
plasma power loss. The high-energy beam ions are found to increase the coupling 
efficiency and affect the deposition profile [9]. Once the trade-off priorities are 
given, the heating scenario can be optimized. 
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FIG.3. Bird's eye views of space-time wave profiles. Symbols A, M and 2ND indicate positions 
of antenna, mode conversion point and second-harmonic resonance. Parameters are B0 = 1 T, 
N0=4X 1019 m~3, T0 =4 keV. 
(a) Ex for high-field-side excitation (HFSE). Mode-converted ion Bernstein wave (IBW) is 

seen on left-hand side of point M. 
(b) Ey for HFSE. Long-wavelength magnetosonic wave is not reflected at M. A small fraction 

of it is transmitted through evanescent region. 
(c) Ex for low-field-side excitation (LFSE). Mode-converted IBW is also seen. 
(d) Ey for LFSE. Wave is partially reflected backward at M and forms incomplete standing 

wave in Divisions 6-8. In Divisions 1-4 transmitted wave also forms standing wave, 
because of wall reflection on high-field side. 

PART B: PARTICLE SIMULATION ON ICRF SECOND-HARMONIC 
HEATING 

An ICRF wave is supposed to heat ions through the mode-converted ion 
Bernstein wave (IBW). We report here the first simulational confirmation of the 
mode conversion and the tunnelling of an ICRF wave near the second-harmonic 
resonance in a single-species plasma. 

The simulation has been performed by using a l£ quasi-neutral hybrid 
code [1 ], where the electrons are treated as a massless fluid and which reproduces 
the dispersion relations of the magnetosonic wave (MSW) and IBW in a homogeneou 
plasma. 

The plasma is modelled by a slab of hydrogen plasma bounded by two con
ductor walls at x = 0 and x = 0.64 m. The x-axis is normal to the slab and the 
z-axis is along the static field B, which varies as B(x) = B0R0/(0.98 + x), where 
B0 = 1 T and R0 = 1.3 m. The density N0 and the initial ion temperatures 
T0 (= Te0), which are homogeneous throughout the present simulation, are 
4 X 1019 m~3 and 1,2,4 and 8 keV, respectively. Waves of frequency co0 are 
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excited by antennas in which an oscillating sheet current flows in the y-direction. 
The antennas are immersed in the plasma as is shown in Fig.3, where the plasma 
is divided into eight divisions. The field components excited are Ex , Ey and Bz, 
and the wave vector It is along the x-axis. The simulational parameters are as 
follows: the grid number is 128 or 256 (the grid spacing is smaller than the ion 
gyro-radius), the particle number is 6400 or 12 800, and the time that has elapsed 
is 12 300 and 16 400 steps (<65 ion gyro-periods). 

Bird's eye views of the space-time wave profiles are shown in Fig.3 for 
T0 = 4 keV over two periods 47r/co0, both for high- (HFSE) and low-field-side 
excitation (LFSE). The superpositions of two different types of waves are 
observed, whose profiles change abruptly across the mode conversion point. 
These features of wave propagation demonstrate the occurrence of mode con
version and tunnelling. 

In fact, the waves of short and long wavelength observed satisfy the dis
persion relations of IBW and MSW, respectively. Note that the short wave is a 
so-called backward wave, and the direction of the energy flow is opposite to 
that of the phase velocity. The transmission rate predicted by theory [2] is now 
0.45, which seems to interpret the simulation result for LFSE while for HFSE 
the transmission rate estimated from the data is smaller than 0.45, for which 
the reason is unclear. The transmission rate is found to decrease exponentially 
as the temperature increases; this tendency is consistent with the theory. 

Tail heating is observed. The ion energy is deposited around Division 3 
in Fig. 3 for HFSE and around Division 6 for LFSE. Since the collisional effect 
is negligible in the present simulation, some stochasticity induced by the waves 
may be considered responsible for this phenomenon. 
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DISCUSSION 

J. JACQUINOT: In your 3-D finite-element codes, are you able to retain the 
two very different scale lengths corresponding to fast waves and ion Bernstein 
waves? 

S.-I. ITOH: Yes, this can be done. In the case of JFT-2M, we have been 
able to keep both fast waves and ion Bernstein waves. However, the computation 
needs to cover a large area. 

R.R. WEYNANTS: I am very impressed by your detailed description of the 
actual electric field distribution. I also think, however, that — specifically in the 
edge region, which is important, for example, for impurity generation — the field 
distribution is even more complicated because of antenna end effects and the 
presence of the Faraday shield. 

S.-I. ITOH: I entirely agree with your comment, and these effects could in 
principle be included in our analyses. 
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Abstract 

SPECTRA OF LOWER HYBRID WAVES REQUIRED TO SUSTAIN SIGNIFICANT CURRENTS. 
A simple quasi-linear model is used to compute the current that can be sustained by a 

power source with the spectrum of a given shape. It is shown (a) that the current observed 
in PETULA-B can be explained by theoretically determined broad spectra, and (b) that narrower 
spectra (with which it is impossible to sustain a significant current) can be made very efficient 
by minute modifications. A high-N n wing, containing only a few per cent of the total power, is 
sufficient to increase the current generated by a few orders of magnitude. This current is of the 
same order as that obtained with a broad spectrum. 

1. INTRODUCTION 

Experiments on lower hybrid (LH) current drive have recently been very 
successful in sustaining toroidal currents in tokamaks [ 1]. It has repeatedly been 
stated [1,2] that the 'classical' theory of Fisch [3], which is a simple consequence 
of the quasi-linear theory [4], can satisfactorily account only for the observed 
efficiencies (in terms of current per incident RF power) and not for the observed 
currents. For instance, on PLT [5] the injected waves apparently have phase 
velocities that are too high to interact with a significant number of electrons. The 
currents obtained from the theory are several orders of magnitude smaller than 
those measured. 

If it were not for this fundamental discrepancy, the quasi-linear theory could 
be regarded as relevant to the experiments. Indeed, additional discrepancies as 
mentioned in Ref. [2] have lately found possible explanations based on quasi-linear 
theory: the. density limit observed in experiments is strongly correlated with the 
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onset of wave/ion interactions [6], which constitute an energy loss channel for 
current generation, and first indications of relaxation oscillations, observed in 
experiments [7], have now been found theoretically by means of a quasi-linear 
model [8]. 

At present, the situation is absolutely open, and speculations are permitted. 
Here, we speculate that the quasi-linear theory holds and that the spectra of 
LH waves inside the plasma are not necessarily the same as those obtained from grill 
[9,10] and propagation [11] theory. To explain such a discrepancy one might invoke 
spectral broadening due to the scattering of the LH waves on low-frequency densit] 
fluctuations [12] or the fact that the geometry of a real grill is more complex than 
that treated by theory. 

Once these assumptions are made, we ask for the shape of the required spectn 
to sustain significant currents. We show that the spectra obtained from the grill 
theory do not need modification to be efficient for current drive or that, at most, 
they need mild modification. We also show that small uncertainties in the 
knowledge of the spectrum are compatible with discrepancies of orders of 
magnitude in the sustained currents. We conclude therefore that it is premature 
to exclude quasi-linear theory as a valuable theory for LH current drive. 

2. QUASI-LINEAR MODEL 

To show an order-of-magnitude effect, as we intend to do, it is legitimate 
to adopt a very simple model. For this reason we do not deal with the spatial 
problem of current drive, which must include at least a ray-tracing calculation [11], 
but restrict ourselves to a quasi-linear theory in a homogeneous plasma. We argue 
that, in the lowest approximation, the power density absorbed by a homogeneous 
plasma has the same spectral distribution (in N(h the longitudinal index of 
refraction) as the total power P entering the plasma. 

In our model the electron distribution function is governed by: 

3f 
at 

v2 + 
Vj_ dv1

 l 9v, 
2 + 1 - Z 

3 a 
+ v.. — 9v, av„ 

, i a y,, a a i a 
+ (i + z) — + 

v1 3 ^ v 3v 3V|| v 0V|| 

3 3f 
f + — D — 

3v„ 3v„ 
(1) 

where the term involving v = ojp e In A/47rnvte represents the electron-electron and 
electron-ion collisional effects, and Z denotes the ion charge. The quasi-linear 

v 

diffusion coefficient resulting from the resonant Cerenkov interaction between the 
electrons and the lower hybrid waves is given by: 
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ir 12 

D = —!~3 / d(cos0)cos0 W(k = v„~\0) (2) 
27TV|| J 

o 

The wave spectrum W evolves according to 

^2(rf)w tSfc») (3) 

with the quasi-linear damping rate 

7T COS0 f „ 9 

Here the dispersion relation of the waves is assumed to be co = cos 6, 0 being the 
angle between the magnetic field and the wave vector k. The term S in Eq. (3) 
represents the spectrum of an external power source. For simplicity, its form is 
assumed to be 

S(k, 0) = S0s(k) Ô (cos 0 - cos 0O) (5) 

where S0 is a constant and the profile function s(k) satisfies 

/ s(k) k2 dk = 1 (6) 

All the quantities in Eqs (1) to (6) are normalized according to k-^k/Xp, v->wte, 
t-*t/wpe, M n / v ¿ , and W-+W47rnTeX¿. 

The function k2s(k) can be identified with the shape of the spectral distribu
tion p(N||) of the total power P: 

k2s(k)dk=p(N l l)dN„, N^kc/vte (7) 

Equations (1) and (3) were solved numerically using the finite-element 
method with the additional ansatz: f = F(v„) exp [-v2/2T(V|,)]/27rT(V|l). The details 
of the procedure can be found elsewhere [13]. The distribution function (initially 
Maxwellian) and the wave spectrum (initially the thermal noise) were advanced 
in time until the system reached a steady state. The electron current density was 
then calculated according to j = / V||F(v(|)dV||. In convenient units: 

I[kA] = 6.7 X 104n[1019nr3]Te
1/2 [keV]a2[m]j (8) 
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where a is the radius of the current column. The power required to sustain the 
current is given by : 

P[kW] = 2.9 X 1011 R[m]a2[m]n3 /2[1019irrá]Te [keV]S0 (9) 

Note that the uncertainty concerning the size of the radius a (in a simple 
model like ours) does not translate into an uncertainty concerning the dependence 
of I on P so long as j depends linearly on S0. From preliminary calculations and 
for values of a and P compatible with experimental data we know that j indeed 
depends more or less linearly on S0. 

3. RESULTS 

The results presented below were obtained for typical PETULA parameters: 
n = 1.5 X 1019m~3; T e = l k e V ; R = 0.72 m and a = 0.12 m. For simplicity, all 
the calculations have been made with Z = 1 and an accessibility limit at Ni( = 1. 
Correct modelling of these two quantities would, in general, lower the current j 
by as much as a factor of 2. Also, the value of cos 60 was fixed at 0.7 for 
convenience. 

Figure 1 shows a calculated power spectrum p(N¡,) [ 10] for PETULA (phase 
difference between guides is 90°) together with the electron distribution function 
F(V||) which results from the injection of a total power P = 190 kW (S0 = 3.5 X 10"* 
The domains of positive and negative Ny have been treated separately using the 
identification Eq.(7) but normalizing p(N|() in the domain -=»< NB < +°°. The 
currents carried by the non-Maxwellian tails are j = +0.075 and j = -0.005, and a 
first conclusion from Fig. 1 is that the counter-current produced is unimportant. 
The main result from Fig.l is, however, that there is no striking discrepancy 
between theory and experiment in the case of PETULA. The total computed 
current, j = 0.07, corresponds to ~100 kA as compared to the value of 130 kA 
observed in the experiment [7]. A further result from Fig.l and accompanying 
computations is that the wings at high N¡ (N¡|> 6—8) have no influence on the 
current at all. The power in these wings is Landau-damped without an appreciable 
effect on the distribution function. It therefore appears, for the power levels 
considered, that the discussion of the main lobe of the spectrum is sufficient. 

The power contained in the main lobe is P = 100 kW and the spectral 
distribution is modelled by: 

0, N| < 1 

P(N„) exp 

I 0, 

N , - N Q 

AN 
ln2 exp 

frm-No 
AN 

ln2 1 < N, < Nr 

N„ > Nr 

(10) 

The quantities N0 , AN and Nm are free parameters. 
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FIG.l. Shape of power spectrum p for PETULA-B versus parallel index ofrefraction N\\ 
and parallel electron velocity distribution F(v\\) resulting from an injection of 190 kW. 

Figure 2 shows the dependence of the results obtained for PETULA on 
eventual uncertainties concerning the width of the spectrum AN. The spectrum 
drawn as a dashed line is the best fit to the main lobe in Fig. 1 and has been obtained 
with N0 = 2.5, Nm = 6 and AN = 1.4. The resulting distribution function carries 
a current of j = 0.065, which is slightly lower than that obtained in Fig.l. From 
Fig.2 we note that only a narrowing of the PETULA spectrum influences the 
current noticeably: the current drops by almost an order of magnitude when AN 
decreases by a factor 2 (curve b). We conclude that significant currents can be 
sustained with N0 = 2.5, Nm = 6 and AN > 1.4. The dependence of j on AN is 
weak in this range. 

The strongest (and best known) effect is demonstrated in Fig. 3. Here the 
spectra corresponding to PETULA (curve a) and to PLT [5] (curve b) are shown 
together with the produced distribution functions. As the PLT spectrum extends 
only to N|, = 4, corresponding to the resonant velocity vM = 5.7, very few resonant 
particles are available to carry a current (curve b). Its value is j = 9 X 10-5, which 
is almost three orders smaller than the PETULA value, j = 0.065 (curve a). Our 
important and most spectacular result is shown with the dashed line. A minute 
wing which contains 4% of the total power is added to the PLT spectrum from 
N|| = 4 to N|| = 6. This wing is sufficient to 'bridge the gap': enough particles can 
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FIG.2. Gaussian power spectra p(N\\) and parallel electron velocity distribution F(s\\) resulting 
from an injection of 100 kW. Dashed line corresponds to PETULA-B (AN = 1.4); lines a and b 
have AN = 2 and AN = 0.8, respectively. 
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FIG. 3. Spectra p(N\\) and parallel electron velocity distribution F(v\\) resulting from an infection 
of 100 kW. The spectra can be attributed to PETULA-B (curve a: N0 = 2.5, Nm = 6, AN' = 1.4) 
and to PLT (curve b: N0 =2.2, Nm = 4, AN = 0.8). The dashed lines represent a slightly modified 
PLT spectrum and the corresponding distribution function. 
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diffuse from vu = 3.8 to v» =5.7, where they are accelerated and maintained by the 
main lobe of the spectrum. The present wing contains much less power than was-
found previously [ 14]. 

The unacceptable discrepancy between theory and experiment has therefore 
been reduced to an easily acceptable uncertainty about whether or not LH power 
spectra exhibit small wings containing a few per cent of the total power. It cannot 
be excluded, therefore, that LH current drive works in just the way it had originally 
been imagined. 
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Abstract 

LOWER HYBRID CURRENT DRIVE SIMULATIONS BASED ON TODAY'S 
EXPERIMENTAL DATA. 

A simulation model for lower hybrid current drive in toroidal devices has been 
developed. The results obtained with this code are sufficiently reliable to evaluate precisely 
the variations of the current drive efficiency with density, magnetic field and major radius 
observed in various devices. Optimum high-frequency and plasma parameters are obtained 
as a function of the electron plasma densities for possible operation scenarios of TORE-SUPRA 
and NET/INTOR. 

1. INTRODUCTION 

Various studies have pointed out the advantages of operating tokamaks in 
a steady state and the possibilities for doing so [1]. It has been calculated that 
high phase velocity, lower hybrid waves (LHW) are particularly promising for 
this [2]. Current experiments show that LHWs can effectively transfer momentum 
to the electrons in a tokamak and thereby sustain the toroidal plasma current 
with an interesting efficiency. 

We first describe a simulation model for LH current drive in toroidal devices 
which includes a zero-dimensional code for energy balance and current genera
tion and a simplified electrical circuit model [3,4]. We then compare the 
predictions obtained from this model with the experimental results. Finally, 
we determine the optimum HF and plasma parameters of TORE-SUPRA and 
NET/INTOR for various current drive scenarios using LHW. 

2. LH CURRENT GENERATION MODEL 

Plasma current is driven by LHW via the process of the energy and momentum 
absorption by resonant electrons. The wave energy absorbed by these resonant 
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electrons, whose velocity is usually relatively high, goes into the bulk electrons 
and thus heats them by a collisional relaxation process [2]. It is therefore 
essential to consider the plasma power balance consistently with the HF power 
deposition to the electrons ( P H F E ) anc* eventually to the ions ( P H F I ) - We solve 
the conservation equations for time evolution of the average quantities: 

3 d<neTe) 

2 dt 

3 d<niTi> 

2 dt 

d(ne> __ n 

~ PÍ2 + PHFE ~ Pei Pp< 

= Pei + PHFI ~ Pcx ~ Ppi 

<ne> 

dt T{ 

>v 

(1) 

y 

where P Q is the joule heating by OH current ( 1 ^ ) 
P e i is electron-ion energy relaxation losses 
P B is bremsstrahlung radiation losses by impurities 
P c x is charge-exchange losses 
P p e and Ppj are electron and ion transport losses 

(All quantities are understood to be per unit volume.) 

The electron and ion transport energy losses are given by: 

3 <n e)(T e) 
PC 2 TEe 

3 <nj> <Tj> 
PÍ 2 r E i 

(2) 

where neo-ALCATOR [5] and neoclassical scalings, respectively, are used for 
the energy confinement times T£e and rgj . In relations (1), S is the particle 
source term and Tf = 3 r g e the particle confinement time. 

The tokamak system is represented by the following simplified set of 
circuit equations [4]: 

dli „ dip 
OH coil: Yl=L1—

L+M-JL+Rlli 
dt dt 

>v 

din 
Plasma: 0 = LD — ^ + M p dt 

lp ~ la + lHF 

dt 
+ R p ( ! p _ I H F ) (3) 

J 
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where Rj , Lj are the resistance and the self-inductance of the primary of the 
tokamak transformer respectively, and M is the mutual inductance. I H F repre
sents the HF-driven current and Rp and Lp are the resistance and the self-
inductance of the plasma. 

According to the quasi-linear theory of current drive by LHWs, the driven 
current and the deposited power are determined by the balance of the quasi-
linear flattening of the electron velocity distribution function and the 
collisional relaxation with the field particles to the equilibrium Maxwellian 
distribution [2, 6]. The merit factor r? is given by [3, 4]: 

= fteRlHF = 1 1 [ _ 4 J L _ 
PHFE 15 + Zeff 

1-(N||2/N||i)2 

Log(Nm/N||2) 

£i = 0.956 + 0.044 Zeff 

(1013 cm- 3 ,m,A, W) (4) 

J 
where Ny represents the parallel refraction index of the injected waves (N||j and 
N||2 are the upper and the lower refractive index which reach the central part of 
the plasma), and the numerical factor as well as the dependence with respect 
to Zeff is established from numerical calculations in two dimensions of Karney 
and Fisch [6]. In this model we use the following profiles (x = r/a): 

ne = fte (1 - x 2 ) ? n 

T e = f e ( l - x 2 ) 7 e 

Ti = T i d - x 2 ) * 

(5) 

Experimentally, the merit factor 77 is defined from the HF power injected into 
the torus (PH F T ) . The relation between the power absorbed by the electrons 
and the injected power is given by: 

PHFE ~ ^ACC MD O - Mpi) PHFT _ ^ABS PHFT (6) 

where MACC *S *ne fraction of the HF power injected in the desired direction 
and such that N|| > N||ACC (accessible part of the Ny spectra) 

juD is the directivity of the injected wave = A sin (A 0) + B 
(A s 0.4 and B s 0.45) 

/ipj is the fraction of the power PHFT absorbed by the ions. 

The N|| spectrum excited by the coupling structure is determined by its lower 
N||m and higher N||M limits [4] defined by the relations: 
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N[|m = <N||) 1 -
N ^ x 

^ 

N||M = <NB> 1 + 
Ngh* 

< N | i > = ^ x (GHz, cm) 

(7) 

J 

Ngh represents the number of waveguides counted along the toroidal magnetic 
field B^; A is the geometric period of the grill [4]; and x = Aá>/27r (where Aá 
is the phase difference between waveguides). 

To determine the current drive efficiency the following relation is used for 
the accessibility condition: 

n¿ / 2 

N||ACC= 1-015 i r + 

0 

(10 1 3 cm- 3 ,T ,GHz) 

1 + n c 
1.03 0.44 

B* ZpAof2 

1/2 

(8) 

(Zp = ne/nj; A0 is the mass of the ions-, and f is the wavefrequency). Taking 
the form of excited spectra into account, one can assume for MACC

 a relation 
of the type: 

MACC = D 

NIIM - NllACC 
with D s 0.9 

N| |M-N l lm 

Depending on the relative values of N||ACC and N||m, one finds: 

(a) If N||m > N||ACC, then N | 2 = N||m and N|u = NiiM, and so 

(9) 

G = 
N llm 

l - (N] | m /N| | M ) 2 l 
Log(N||M/N||ACC) 

(10) 

(b) If N||m <N| |A C C , then N||2 = N ¡ A C C and N[(1 = N||M, and so 

G = 
N IIACC 

1 - ( N | | A C C / N | | M ) ' 

Log(N||M/N||ACC) 
(10') 

Figures 1(a) and (b) give, for ñe = 5 X 1013 cm"3, the variation of MACC a n ( l G 
as a function of A for various phase differences A0 when we consider the 
TORE-SUPRA parameters: R = 2.25 m; a = 0.7 m; B0=4 .5T; f= 3.7 GHz; 
A 0 = 2 ; 7n = 0-5. 
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FIG. 1. Evolution as a function of A, for various phase differences A(¡> of (a) MACO 

(b) factor G. 

The refractive indexes are indeed high when A is small and the factor G 
decreases, while the refractive indexes decrease for high As and no longer 
satisfy the accessibility condition (8), which entails a decrease of M^CC-

The determination of jupi is related to the interpretation of the existing 
density limit neL on current drive experiments [7]. We explain this density 
limit by the generation of perpendicular ion tails which absorb the HF 
power [8,9]. In this case, we have 

/xDi = 1 - exp 
*pi 

- 5 
A0ne 

n eL 
(11) 

2.28 f2 

n e L = 
3 

2a \ A0 Te 

Ti 1.03 

(M 

and a = 
n e Aj 

(12) 
(10 1 3cm- 3 ,T , GHz) 

3. SIMULATION OF CURRENT DRIVE EXPERIMENTS 

The model has been checked from the results obtained by ALCATOR-C [8], 
PLT [9] and PETULA-B [10, 11 ]. From Fig.2(a) it can be seen that the model 
applied to PETULA-B results [10] correctly reproduces the variation of the 
ratio I H F / P H F T

 w i t h respect to ne. On PLT, ALCATOR-C and PETULA-B 
the magnetic field B^ plays an important role on the merit factor 77: when 
B0 decreases (cope/wCe g r o w s a t constant density) T? diminishes strongly 
(Fig.2(b)). As Fig.2(b) shows, our model correctly reproduces this evolution, 
which is due to the accessibility condition limit. 
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( a ) PETULA-B 
1 ' ' I ' 
H2 plasma 
B f l= 2.7 Testa 
Jp = 150kA 

-1—1 1—1—r-

* vL = ° ( l H F , I p É V k , 

ñ c (!0!3cm-3) 

FIG.2. Simulation of the variation of (a) the ratio /HF/^HFT w^tn respect to «e obtained 
on PETULA-B; and (b) merit factor r¡asa function of cjpe/coce observed on PLT and PETULA-

2 0.5 

6 7 8 9 10 

ñe(10'3cm-3) 

FIG.3. Fraction of HF power absorbed by the electrons MABS-

Using our simulation, it is possible to determine the fraction of the 
HF power JU^BS

 =
 P H F E / ^ H F T which is absorbed by the electrons during 

current generation by LHW on PLT, ALCATOR-C and PETULA-B (Fig.3). 
We see that, at the maximum (¿upi = 0 or ne < ne L), MABS — 0-5 t o 0-8. 

We have also simulated the time history of a PETULA-B plasma dis
charge [11]. Figure 4 shows the time evolution of the loop voltage Vp and 
the peak electron temperature Te observed during a PETULA-B discharge [11 
(Ip = 150 kA; ñ e = 1.1 X 1013 cm - 3 ; P H F T = 90 kW) and the corresponding 
calculated values. It is important to note that: 
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FIG.4. Simulation of the time history of a PETULA-B plasma discharge: (a) loop voltage, Vp; 
(b) peak electron temperature, Te. 

(a) We obtain a good fit to the Vp and f e in the Ohmic phase, before the 
HF pulse, when we use the neo-ALCATOR scaling r£A for t h e electron energy 
confinement time. 

(b) During the HF pulse, the code predictions agree with the experimental 
results when we take rE e = 3 X r j ^ . To explain the electron temperature 
and the loop voltage observed on PETULA-B during current drive experiments, 
an increase of the electron energy confinement time must be assumed. The 
same conclusion is made when the total power injected in the torus PHFT

 i s 

taken into account [12]. 

4. APPLICATION TO TORE-SUPRA AND NET/INTOR 

We have used this model to simulate current generation by LHW on 
TORE-SUPRA and NET/INTOR. Various scenarios are considered. 
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FIG.5. Evolution of current efficiency /HF/^HFT as a function of A for TORE-SUPRA. 
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FIG.6. Calculated time evolution of TORE-SUPRA parameters during LH current generation. 
PHFT = 6MW; Ip = 1.7MA; ne = 6X 10n cm~3; f= 3.7 GHz. 

(a) TORE-SUPRA 

The frequency retained is 3.7 GHz and we have considered a coupling 
system with Ngh = 16. The evolution of the maxima of the ratio I H F / ^ H F T 

(for each phase difference A0 [4]) as a function of A is plotted in Fig.5 for 
various density values. The optimum value of A (broken line) decreases as ne 

rises: in the density range envisaged on TORE-SUPRA, one can take Aop = 1.3 cm 
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FIG. 7. Current efficiency /HF /^HFT as a function of wave frequency for NET/INTOR. 

We have considered the scenario illustrated by the PETULA-B discharge 
represented in Fig.4. The inductive current Ip = 1.7 MA (nominal current 
value on TORE-SUPRA) is removed by the HF power but is maintained constant 
during the application of the HF pulse. Figure 6 shows the time evolution of 
the main plasma parameters for ñ e = 6 X 1013 cm - 3 and when neo-ALCATOR 
scaling is used. It appears that when PHFT

 = ^ ^W, the average electron and 
ion temperature goes from 0.8 keV for both during joule heating to 1.9 keV 
and 1.7 keV respectively during HF pulse. The loop voltage Vp drops from 1 V 
in the Ohmic phase to 0.2 V during the HF pulse, and the plasma flat-top 
time rp reaches 35 s. 

(b) NET/INTOR 

We have applied this model to the NET/INTOR case (R = 5.2 m; â = 1.4 m; 
B^ = 5.5 T) in order to optimize the RF system so as to generate the total 
current, i.e. 6.4 MA during a low density phase. Figure 7 shows the evolution 
of the ratio I H F / ^ H F T

 a s a function of the frequency for various geometric 
period values A and for ñ e = 1013 cm - 3 . The maximum value of I H F / P H F T = 0.9 
is achieved when f X Aop = 6 GHz • cm. 

5. CONCLUSION 

We have developed a model which accurately fits today's experimental 
results obtained by LH current drive experiments. With this model we explain 
the results observed on the electron heating during HF current generation. This 
model has been applied to TORE-SUPRA configuration; plasma flat-top times 
of 35 s can be maintained with a plasma current Ip = 1.7 MA and electron 
density ïïe = 6X 1013 cm - 3 if the HF power injected into the torus reaches 6 MW. 
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1 1 1 
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Abstract 

PONDEROMOTIVE PRODUCTION OF FAST-ION AND FAST-ELECTRON TAILS BY 
LOWER HYBRID WAVES. 

•> 
The problem of the k-spectrum upshift for lower hybrid waves in a plasma slab is solved 

by showing that high íc-harmonics capable of strongly interacting with the plasma particles are 
created by the ponderomotive density modulations produced by a monochromatic LH pump, 
whose irreversible direct interaction with the particles is negligible. The boundary-value 
problem is solved for both standing- and travelling-wave excitation. It is found that there is a 
maximum depth at which the LH pump can penetrate in the form of resonance cones and 
efficiently create high harmonics of its original k-spectrum. The time average of the absorbed 
power density — a sum over the harmonics of appropriate quasi-linear expressions - is 
compared with the reactive power density, which permeates a fraction of the plasma volume. 
General conclusions on LH heating, current-drive and start-up are drawn with explicit reference 
to the requirements for large devices like JET. 

1. INTRODUCTION 

There is definite experimental evidence that Lower Hybrid (LH) waves 
efficiently produce Fast-Electron (FE) and Fast-Ion (FI) tails when this is ruled out 
by both linear wave propagation theory and quasi-linear wave absorption theory, 
which, to explain the results, would require that the launched k-spectrum be 
upshifted by a large factor. FE and FI tails are mutually exclusive phenomena 
occurring in adjacent density ranges, separated by the critical density n,,, which 
does not necessarily coincide with the density for the onset of parametric decay 
instabilities [ 1 ] (at higher densities, these ultimately seem to prevent wave 
penetration). Only quantities which do not depend strongly on the upshift of 
the k-spectrum as the figure of merit for current drive and i^, are fairly well 
reproduced by quasi-linear absorption [2] and linear propagation [3] arguments. 

The crucial problem is the k-spectrum upshift. Although toroidal effects on 
ray propagation are invoked for this purpose [4], they cannot be the essential cause 
since non-inductive current drive is peaked on axis and has also been produced in 
straight devices [5]. Similarly, the Parail-Pogutse instability [6] accompanying 
some phases of current drive is a consequence of a prior electron tail distribution 
and, in any case, cannot be invoked to explain FI tails and i^. 

567 
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Here we solve the upshift problem by showing that high harmonics 
of the launched k-spectrum capable of strongly interacting with the plasma 
particles are created by the ponderomotive density modulation produced by a 
monochromatic LH pump already tunnelled through the peripheral evanescence 
layer of the plasma. The simplest example is provided by the boundary value 
problem for LH wave excitation in a uniform plasma slab, sufficiently far from 
both the ojp = co2 cutoff and linear mode conversion at 
co2 s OJ^H = cOpi (1 + ajpe/co2

e)
_1 for electromagnetic and thermal effects to be 

neglected. 

2. SOLUTION OF THE PONDEROMOTIVE LH WAVE EQUATION 

In Cartesian co-ordinates with x across the plasma slab and z along B0, 
the equation for the complex amplitude of a y-independent electrostatic 
LH wave 

Fi(r\t) = E(r) = exp(- iwt) + c.c, Im (co) = 0 (1) 

is given by [7]: 

32E/3 x2 - 32 ( E exp(- 7lE|2)) /3z2 = 0 (2) 

Here E(x,z) stands for E||(x,z), x for kxx, and z for kzz with k2 = k2 co2/o;2e i; 
e± = 1 + co2/co2

e - ojpj/co2 > 0 , where kz (k >0 ) characterizes the main 
radiation lobe of the LH antenna; y = co2/87rn0 T co2 e1; where n0 and 
T = Tj + Te are the electron density and plasma temperature in the absence of 
the LH pump. The ponderomotive modification of the density implicit 
in Eq. (2) is 

n(r) = n0exp(-7lEl2) (3) 

or, introducing the time average value of the electric energy per unit volume, 

Ü= co2 ÍEl2/e7Tco2(l - co^/oo2) (4) 

ntf) = n0 exp ( - D(f)/4n0T(l + wpe/oj2
e)J (5) 

(It would be easy to WKB-extend Eq. (2) - and its solution - to the more 
realistic case of an inhomogeneous, cylindrical plasma.) Having in mind a LH 
antenna of finite axial length located at x = 0, we assign E(x = 0,z) and assume 
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Ü™Q E(x,z) = E0(x,z) is the linear solution of Eq.(2) corresponding to 
unperturbed resonance cones (RC) in the absence of mode conversion to the 
slow branch. The simplest expression for E0(x,z) which still retains the essential 
properties of the unperturbed RCs is, before reflection at x = b, 

E0(z ± x) = 0(z ± x) Ei i exp i(z ± x) + a exp [ - iK(z ± x) J f (6) 

where E!, a, and K are positive constants with obvious meaning, and 0(z ± x) is 
a properly chosen bell-shaped function vanishing outside the RCs. (After 
reflection, E0 has an analogous expression.) From Eq. (6) it follows 

^ E||(?,t) = 2 2_jE10(z±x) cos(z ± x - cot) + a cos I K(z ± x) + cot 

(7) 

Note that the phase (group) velocity related to the a-term in Eq. (7) is opposite 
to the phase (group) velocity connected with the other term. Case a = K = 1 
corresponds to standing-wave excitation not only along z but also along x. 

It can be seen [8] that the boundary value problem stated above is solved 
by the implicit equation 

E(x,z) = E0(z ± x + 7 
x 

/ g ( E(x,z), x' dx') (8) 

where, to lowest order in 7, 

= g E0(z ± x) = 3(E0|E0|2)/3z /2(ÔE0/3z) (9) 

With Eq. (6), Eq. (9) yields, for the (z - x)-resonance cone, 

Ei 0 2(z- x) -{ 1 +a 2 + 2a cos ( l + K ) ( z - x ) 

ei(z - x) + ae-iK(z- x) 
2 aj£ giK(z- x) _ e-i(z - x) 

ei(z-x)_ a K e - iK(z-x) (10) 

where we have disregarded the highly localized term involving grad 6. An 
analogous expression holds for the (z + x)-resonance cone. When K_1 = a = 1. 
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g = 3 E 2 0 2 ( z - x ) cos I 2(z - » ) 
+ 1 (11) 

The other important limit for practical applications is K 1 <a<\. In this case, 
the oscillating part of Re(g) is 

E 2 0 2 ( z - x) 2a cos f (1 + K ) ( z - x ) ) -^ cos 12(1 +K)(z - x ) j (12) 

The last term in Eq. ( 12) is the most important one for the production of high 
harmonics of the primary k-spectrum. As the imaginary part of g introduces only 
a modification of the amplitude of E of order exp(- TE 2X), it will be neglected. 
Thus, in the case of K -1 < a < 1, g can be written as 

g= -\ E f 0 2 ( z - x)cos( 2(1 +K)(z- x) 

Therefore, in both cases (the only ones we consider in this paper), E can be 
written as 

(13) 

E = Ei 0(z - x) exp i z - x + b cos 2h(z - x) 

+ a exp - iK z - x + b cos 2h(z - x) 
(14) 

where 

b = 7xE 2 q (15) 

withq = 3 fora= 1, q = -1/2 for a«U,and h = (l +K)/(1 +a2) . By using a 
Jacobi series expansion in terms of Bessel coefficients and keeping only the leading 
terms for harmonic production, Eq. (14) gives 

E = > 1 E2ph + 1 e x P i 

p = 0 

(2ph+ l ) (z - x) + p7r/2 

+ E 2ph+K e x P " i (2ph + K)(z - x) + PTT/2 (16) 

and, with Eq. (1), 
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E,|(?,t)= Y 

p = 0 

2 E2ph + 1 c o s (2ph+ l ) (z- x) + p7r/2- cot 

+ 2 E 2 p h + K c o s (2ph + K)(z - x) + p?r/2 + cot (17) 

where 

E2ph + K = V K | b | ) a E l 0 ( z ~ x> (18) 

High-order corrections in g with respect to Eqs (9) to (13) would simply introduce 
corrections of order yE\ x in b. 

The resonant aspect of the k-harmonic generation process described by 
Eqs (14) to (18) should be emphasized. Equation (2) is a hyperbolic non-linear 
equation of the Klein-Gordon type involving the interaction of at least four waves 
(with the same frequency). This resonant interaction is a secular (in space) effect 
in the sense that a given k-harmonic is excited essentially by the product of three 
harmonics of lower order — a term which has one k-number very close to the 
eigen-k-number of the harmonic considered. Such a secular aspect was overlooked 
both in a preliminary version of this work where the full wave equation was not 
considered [9], and in a number of papers devoted to the ponderomotive effects 
of LH pumps near the co2 = co2 cutoff [10]. A starting secular effect is considered 
in Ref. [11], but not exploited. 

By using Eq. (8) it can be shown [8] that 3E/8x and 3.E/9z tend to infinity 
when 7x3g/9z = 1, i.e. in the limit 7 -*• 0, when 2lblh sin [2h(z - x) 1 + 1 = 0 , 
and that the validity condition of Eq. (9) is 2|b|h < 1 ; when 

x > x 0 = ( l + a 2 ) / 4 ( l + K ) | q l 7 E ? (19) 

there are no physically acceptable solutions to the boundary value problem as it 
is formulated in this paper. Apparently, x0 is the maximum depth at which the 
LH pump can penetrate into a plasma in the form of resonance cones and, in this 
way, efficiently create high harmonics of its original k-spectrum. Thus in the 
presence of such a boundary at x = x0 , the secular effect builds up for 
2nx 0 < | z |< (2n + 1) x0 as, in this interval, b a ( | z | - 2nx0) (n = 0, 1, 2,...), and 
contracts for (2n + 1) x 0 < | z | < ( 2 n + 2) x0 as, in this interval, b « (2(n+ 1) x 0- |z | ) . 
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THE ABSORBED POWER DENSITY 

The time average of the power absorbed by the electrons (ions) per unit 
volume Pe(Pj), is the sum over all harmonics of the quasi-linear expressions for 
electron Landau damping (stochastic ion heating [12]. For comparison with the 
experiments, the following Practical Units (PU) will be used throughout the 
paper: Pe i in MW • m~3, U in MJ • m - 3 , Te i in keV, n in 1020 m~3, frequency f 
in GHz, B = B0 in tesla, and lengths in metres; the atomic number is indicated 
by A. 

In the collision-dominated (linear) regime, with Eq. (16), 

P e ^ e L ^ P e E ^ e ^ 2 ^ 1 

Y 

p = 0 

Jj(lbl) 

Xexp we/(2ph + l) J + a2 J2(K|b|) 

(2ph+ 1); 

(2ph + K): 

Xexp we/(2ph + K) (20) 

w2=(co/k | | V e)2 = mec2 /2N2 |Te 

= 255.9/N|Te, in PU 

If only the two cases K_1 = a = 1 and K_1 <a< 1 are considered, in the limit 
(b, kb) < 1, Eq. (20) becomes more simply 

(21) 

P e L = M e ( l + a 2 ) ^ (K |b | /2 ) 2 P + 1 (p!)2(2ph + K) 3 

P = 0 

X exp we/(2ph + K) (22) 

Aie = 16 JirconTef2 a2 w^c/lql ArN„ conp K 
pe 

= 6.2 X 109 a 2 e f f j n T/|q| K N{ Ar Te
3/2, in PU (23) 

where Ar is the depth into the plasma where power absorption is evaluated. 
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To write Pe in the HF-dominated (non-linear) regime, the primary and the 
upshifted ky-spectra are approximated by spectra with rectangular lines centred 

around (2ph + K ) k r | ( A k B ) p and with relative width (Ak||/k|| min) 

of order unity. Then, 

P - = PeNP
 = vt • e xP •ep 

we/(2ph + K) 

" e = n T e y e / ^ 2 7 T 

= 1.05 X10 3n 2 /T¿ / 2 , in PU 

A convenient interpolation of Eqs (22) and (24) is 

Pe = MeO+a2) ^ ( K | b | / 2 ) 2 p + 1 

P = 0 

X(l +r?ep)exp we/(2ph + K) 

(p!)2(2ph + K): 

2 ) - l 

77ep=(K|b|/2)2P + 1
J U e / î , e ( p ! ) 2 ( 2 p h + K) 3 

(24) 

(25) 

lijve = 5.9 X106 a 2 e f 2 f T / | q | K N | A r T e n 3 / 2 , in PU 

(The electron-wave interaction is collision-dominated or HF-dominated, 
depending on whether r/ep < 1 or r?ep > 1.) 

The corresponding equations for the ions are: 

w1
2=w2e1w2 Te/T¿ojpi 

= 58.9 e i f
2 A/N| ^ n , in PU 

P. L =MiO+a 2 ) ¿^ (K|bi/2)2P + 1 p!(2ph + K) 

P = 0 

Xexp I w¡/(2ph + K) 

(21') 

(22') 
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Mi = 0.4 Jit (cW<oci)
1/3 Me Te/we T¡ 

= 1.1 X109 a ^ 3 ' 2 ^ 3 /nKA/BV^/lqlKNjArTi, in PU 

oo 

'I iN ~"i / I (2ph + K)exp 

p = 0 

Wi/(2ph + K) 

(23') 

(24') 

where 

i ^ ^ n T ^ wj J 2 

= 3.12X103 n3/2 fe | / 2 /N|, Tj, in PU 

P i = ^ ( l + a 2 ) 

ou 

^ (K|b|/2)2P +1 

p = 0 

X(l+T} i p)exp 

p!(2ph + K) 

Wi/(2ph + K) 

r?ip = (K|b|/2)2P+ J MiM (p!)2(2ph + K) 

(25') 

fxilvi = 3.54 X 10s a2 e ^ f A/B)1/3/|q|K Nj Ar n, in PU 

4. COMPARISON WITH EXPERIMENTS AND CONCLUSIONS 

For comparison with the experiments, b and x0 have to be expressed in 
terms of W, the HF-power injected into the plasma, in MW. To make a simple 
slab model of the real situation, it is assumed that W fills a parallelepiped based 
on the antenna aperture and of height H = min (Ê0^a) where £0 = x0/kx (Eq. (19)) 
and €a is the depth at which the LH pump is completely damped. If 
H < r_,, the minor plasma radius, the basis of the parallelepiped, Sc, is taken to be 
equal to the antenna aperture, SA. If H > r , to take into account the divergence 
of the RCs in a real toroidal situation, Sc will be taken to be larger than SA. Energy 
conservation for one of the two RCs reads 
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W-Sc<U)7 = 0 2 v g | K z / K x | (26) 

where brackets < ) indicate space average and v is the z-component of the group 
velocity =* (1 - COJJJ/O;2) C/NJJ. On the other hand, from Eq. (4): 

«J e E2/co = 2 TTCO < Ü > 7 = 0 (1 - c 4 H / a ; 2 ) / ( l +a2) 

Thus, from Eq. (15): 

| | b | = 2.2 X 10- 2 | q |ArN| 0c /fTeJ(l +a2) , in PU (27) 

where 0C = W/Sc is in kW- cm - 2 ; with the same units, assuming |b|/2 
<(1 +a2)/8(l + K) (see [8]), i.e. 

^ | b | < 3 2 - 1 (28) 

when K_1 < a < 1, and 

^ I b K S " 1 (29) 

when K = a = 1, one obtains 

£ o ^ 5 . 6 8 f T e 2 ( l + a 2 ) 2 / | q | N | 0 c ( l + K), in PU (30) 

The absorbed power density Pe + P¿, as given by Eqs (25), (25'), (23), (23'), 
and (27), has to be compared with the time average of the reactive power density, 

pR =W/2S C H=5 0C/H, in PU (31) 

We now apply the theory to a selection of LH wave experiments (all in 
hydrogen): PLT (current drive) [13], Asdex [14], Alcator C (current drive) [15], 
and FT [1]. 

1) The characteristic parameters of PLT are: Te = 1, T¿ = 0.4, B = 3, 
Ip = 0.4, f = 0.8, N|| = 2, K = 3, a = 0.4, and 0A = 0.5. Condition (28) implies that 
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for 0C ^ 0.5 the LH pump cannot reach the plasma centre if n > 0.08. In this case, 
PR < 6, Pe < 2.3 and P¡ < 1.3. At lower densities conditions are met for current 
drive, since Pe + Pj ̂  PR with Pe > P¡ and J2a^ £0 > r . As an example, for n = 0.05, 

0C^O.25, P R ^ 0.8, P e ^ 0.72, P ^ 0.12, J 2 0 - £ a - 1.6. 

2) The characteristic parameters of Asdex are: Te = 0.8, T¿ = 0.5, B = 2.5, 
rp = 0.4, f = 1.3, and 0A = 2. For ion heating: Nj = 3, K = a = 1. In this case, 
£ 0 < 0 . 3 a n d P i < P e ^ P R , e.g. for n = 0.25, C0 = 0.2, P¿^ 2.7,Pe ^ 7.7 and PR = 50. 
For current drive: Nn = 2, K = 3, a = 0.4. Condition (28) implies that current 
drive is possible only when n < 0.2, since with 0C ^ 2, J20 ̂ 0 . 4 , Pe + Pj < PR < 25, 
P e < 1 3 , P i < 5 . 

3) The characteristic parameters of Alcator C (current drive) are: Te = 1, 
Ti = 0.8, B = 8, rp = 0.18, f = 4.6, N„ = 2; K = 3, a = 0.4, 0 A < 7. For n = 2, 
£a ^ 0.6, 0C ^ 3; PR = 25, Pe ^ Pj ̂  12. The LH pump reaches the plasma core also 
for higher densities. 

4) The characteristic parameters of FT are: Te = 1, T¡ = 0.8, B = 8, r = 0.2, 
f = 2.45, N|| = 2; K = a = 1 and 0A< 5. The LH wave reaches the plasma centre 
if n < 1.1 ; Pj ^ Pe ^ PR/2 for n ^ 0.85, with £a ^ 0.65. 

Finally, it is instructive to consider JET parameters for non-inductive start-up: 
Te = 2, Tj= l , B = 3 . 5 , r p = 1.8, f = 2, N,, = 2; K = 3, a = 0.4, 0A = 2. For n = 0.5: 
£a ^ 0.7, 0C ^ 2, PR ^ 14, Pe ^ 3 and Pj ^ 10. The LH pump cannot reach the 
plasma core for n > 0.3. Only for n < 0.16, £a > r , Pe > Pj and absorption is 
total: Pj+Pe = PR. 

In conclusion, we want to stress the importance of both the value and the 
parameter dependence of the maximum penetration depth for LH wave heating 
(Eq.(19)): 

fi0[m] ^-3.79 {[GHz] T[keV] eJ/N|0[kW- cm"2] (32) 

When directional antennae are used for current drive, this value has to be multiplied 
by 0.75. 
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DISCUSSION 

ON PAPERS IAEA-CN-44/F-III-5-1 TO F-III-5-3 

F.W. PERKINS: In PLT simulations, the effect of a high n„ has been 
investigated. It has been found that absorption occurs before the energy reaches 
the plasma centre. However, this simulation procedure related to a higher density 
than that found in most current drive experiments. It may well be that a high n„ 
tail is effective at low densities. 

K. APPERT: I agree that, for a precise assessment, the spatial problem has 
to be considered too. 

M. PORKOLAB: The low tail power required in PLT is due to the low density. 
I would be interested to know how much power one would need in the tail for 
Alcator, in which we operate at ñe = 5 X 1013 cm -3 during current drive experi
ments. We shall also check this from our code, for which we use toroidal upshift 
to close the spectral gap. 

K. APPERT: For an Alcator-like spectrum, the tail needs to contain 7% of 
the total energy in order to bridge the gap. 
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Abstract 

ICRF AND ALFVÉN WAVE HEATING EXPERIMENTS IN MACROTOR AND 
TOKAPOLE II TOKAMAKS. 

A variety of ICRF wave launchers have been tested in Macrotor to determine the plasma 
edge response and wave excitation efficiencies. Three types of coupler were used: localized 
and distributed transverse loops and a longitudinal loop. Longitudinal loop exciters were also 
used in the Tokapole II tokamak to study the excitation of slow Alfvén waves, where the 
shear Alfvén resonance was demonstrated by direct probe measurement of the wave magnetic 
field within the plasma. The resonance is identified as radially localized enhancements of the 
poloidal wave magnetic field, and agrees with theory in its radial location, polarization, radial 
width, risetime and wave enhancement. In Macrotor, the cavity eigenmodes and the electro
static ion cyclotron waves were excited at higher power. Edge plasma problems and the related 
impurity generation and density loss were avoided with the new distributed antenna, while 
heating and current drive were observed. Current initiation and ramp-up have also been 
observed in modest amounts (1 kA), improving with, but not requiring, a vertical field for 
initial momentum selection. Rather, the current direction is determined by the relative phase 
of the antenna sectors. 

PARTI: MACROTOR1 

Previous ICRF experiments in Macrotor and other higher field tokamaks 
showed that the near field of a localized antenna produced undesirable edge 
plasma problems. In past experiments on Macrotor [ 1 ], RF heating produced 
high energy ions at the plasma edge on a prompt time-scale, increased the electron 
flux to the antenna's Faraday shield, increased the plasma edge potential and, 
in consequence, reduced the particle confinement time by pump-out. 

1 Work supported by USDOE Contract DE-AM03-76SF-00010, Mod.017. 
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Although ICRF heating has been reasonably successful in higher temperature 
tokamaks (over 1 keV), particularly in PLT [2], questions remain about the 
edge plasma physics and its mitigation by antenna technology. In Macrotor the 
most severe limitation was found in the particle pump-out, which prevented 
further research in that device at power levels P(rf)/P(oh) > 1. 

Recently we have departed drastically from the traditional antenna design 
and have developed a large-area (10 m2) ICRF antenna which completely 
surrounds the plasma channel, except for the observation ports. This antenna 
consists of eight sectors each of which is a nine-turn helix. In the present paper 
the plasma edge response and central heating are compared for three different 
couplers: the new distributed antenna, a single transverse loop, and a longitudinal 
loop. All these antennas had Faraday shields, and the active elements were 
embedded in ceramic fibre dielectric to eliminate interelectrode breakdown. 
Current augmentation was observed for the distributed antenna in the tokamak 
mode of operation. Current initiation and ramp-up were also achieved. 

1. ANTENNA TECHNOLOGY AND IMPURITY CONTROL 

Figure 1 illustrates the antennas used. Both the single-loop antennas have 
inherent problems in that their surface areas are small compared with the 
plasma surface, and, owing to their linear geometry, they generate large fringe 
fields even when Faraday shields are used. In addition, the longitudinal antenna 
induces a large electron image current in the plasma just adjacent to its surface. 
The bulk of this current flows along open field lines, causing more parasitic 
effects than the conventional transverse ICRF antenna. 

Experience shows that impurity control technology cannot be applied 
successfully to a localized antenna. The distributed antenna was designed to 
idealize the plasma/antenna interface in order to separate the plasma edge 
response from that of the bulk plasma and to provide a suitable wall surface for 
means of impurity control. The following objectives have been achieved: 

(a) A well-defined k,| spectrum can be imposed either by using the antenna 
sectors in series as a 'slow wave' structure, or by driving them from multiple 
power sources whose relative phase can be adjusted electronically. 

(b) The use of a limiter has been avoided: the Faraday cage acts as a uniformly 
loaded first wall for the RF energy influx and the particle and heat efflux. 

(c) The Faraday shield can be heated to 600°C by RF-produced plasma, with 
no damage to the antenna components. 

Prior to initial tokamak operation, the Faraday shield was outgassed for 
24 hours at 300°C using RF-generated plasma. Figure 2(a) shows the history of 
impurity evolution. After this processing, titanium was deposited on the shield. 
Tokamak operation with Zeff = 1 was achieved 12 hours after the above preparatioj 
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FIG.l. Antennas investigated in Macrotor: (a) Single transverse loop; (b) Longitudinal loop; 
(c) Distributed transverse coupler; (d) One sector of the distributed antenna, showing con
struction details. 

was complete. More recently, an aggressive heating effort at 400°C was made to 
eliminate titanium hydride-deuteride produced during tokamak operation. 
Figure 2(b) shows the time evolution of the wall temperature and the partial 
pressures of hydrogen and water vapour. Virtually all of the trapped hydrogen 
was removed after only three hours. 

Although only a 400°C temperature has been attempted so far in Macrotor, 
test stand results show that operating the walls at 600°C will not jeopardize the 
integrity of the structure. The inside of each antenna sector is filled with alumina 
fibre insulation. This technique thermally insulates the water-cooled conductor, 
avoids all stresses from differential thermal expansion, and prevents any low-density 
plasma from forming near the conductor. In developmental models, such a 
plasma absorbed most of the RF power and initiated arcing. 
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(a) Prior to first tokamak operation: temperature and CO (mass 28) concentration versus time. 
(b) After titanium sublimation and tokamak operation: hydrogen and water partial pressure 

and temperature versus time in an RF-produced argon plasma. 
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FIG. 3. Antenna radiation resistances. The far-field intensity of the distributed antenna is 
shown at the top. 
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Antenna Geometry 

FIG.4. Wave excitation efficiency for the three antennas. 

2. ANTENNA LOADING; WAVE AND PARTICLE INTERACTIONS 

All three antennas excited: (a) the fast wave cavity modes, observed with 
magnetic probes and through the antenna radiation resistance, and (b) the ion 
cyclotron wave, observed by 2 mm microwave scattering. Wave production was 
much more efficient with the distributed antenna, while each antenna had very 
different characteristics for producing fast particles at the edge. 

Figure 3 shows the radiation resistance for the three antennas as well as the 
far-field intensity for the distributed antenna. There is excellent correspondence 
between the cavity modes and the peaks in the distributed antenna loading, in 
contrast to the dominant non-resonant loading of the longitudinal antenna. The 
transverse loop is intermediate between these cases. 

Figure 4 compares the wave excitation efficiency, the ratio of resonant 
power to total power absorbed, for the three antennas. The distributed antenna 
transfers nearly all the power to the waves. For the single transverse loop there 
is as much non-resonant as resonant loading, while for the longitudinal antenna 
most of the power transfer is non-resonant. 

Figure 5(a) shows the spatial profiles of fast particle production for the 
longitudinal and distributed antennas. The distributed antenna profile is nearly 
constant across the plasma whereas, for the longitudinal antenna, particle pro
duction is higher and is concentrated at the edge. The density loss is most severe 
for this antenna. We conclude that the non-resonant power transfer is to the edge. 
The heavy localized power deposition disturbs the plasma there and pumps 
out particles. 
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FIG. 5. (a) Fast particle production versus minor radius for the distributed and longitudinal 
antennas, (bj Electron cyclotron emission (ECE) from the centre and the edge. 

The distributed antenna increases the bulk ion temperature of the central 
plasma as well as the plasma current. The ion temperature is measured by 
Doppler broadening of impurity spectral lines and by an energy analyser for fast 
charge-exchange neutrals. The electron response at the centre is monitored 
by electron cyclotron emission at the second and third harmonics, and at the 
edge by radiometers below the fundamental and by Langmuir probes. Figure 5(b) 
contrasts the edge and central electron responses for the longitudinal and 
distributed antennas. The distributed antenna couples mainly to the central 
plasma, whereas the longitudinal antenna mainly affects the edge. The ion 
temperature and plasma current effects are modest (60 eV added to 120 eV 
base; 2 kA added to 45 kA) but are encouraging considering the low RF power 
attempted so far. 

CURRENT RAMP-UP 

It is well known that ICRF waves penetrate the plasma only when the 
density is above a minimum value. This cutoff density is lower at higher harmonic 
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of the ion cyclotron frequency, i.e. at a lower magnetic field strength for a fixed 
RF frequency. The distributed antenna can ionize the whole plasma column 
provided the RF power is sufficient and the toroidal field is small enough. 
Figure 6(a) shows the RF-produced plasma density versus magnetic field at 
several power levels. Once the magnetic field exceeds the limit, the ICRF wave 
does not penetrate and plasma generation stops. This is not the case for the 
longitudinal antenna, where plasma is produced in the vicinity of the antenna at 
all times. The behaviour of the single transverse loop is intermediate between 
the other two antennas. 

When the antenna is phased externally in the pattern 0, X, IT, IT + X, lit, 
2n + X, 37T, 37T + X, where X is varied from 0 to 2n, a toroidal current can be 
driven in either direction. This result is shown in Fig.6(b). 
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With the antenna sectors in series forming a slow wave structure it was 
possible to initiate and ramp up a DC plasma current of 1 kA. Figure 6(c) 
shows the evolution of the plasma current versus toroidal field. We estimate that 
10% of the RF power is dissipated through the current produced. 

Extrapolating these experimental results, 300 kW of RF power will be 
needed to fully ionize the Macrotor plasma in tokamak mode. This is equal to 
the power delivered by the Ohmic heating system on pure hydrogen, i.e. when 
impurity radiation during startup is negligible compared to the radiation from 
the hydrogen itself. 

4. SUMMARY 

The interface between the antenna and the plasma edge plays a major role 
in ICRF heating. By using a radically new distributed ICRF coupler that 
produces a well-defined k,| spectrum and phase pattern, we have provided a 
substrate for flexible and effective means of impurity control; we have succeeded 
in delivering RF power to the central plasma and not to the edge; and we have 
driven a promising DC current both at plasma initiation and in full tokamak 
operation. 

PART II: TOKAPOLE II2 

Experiments in Tokapole II have demonstrated the shear Alfvén resonance 
in a tokamak by direct probe measurement of the wave magnetic field within 
the plasma. The results agree with calculations which include toroidicity and 
non-circularity of the plasma cross-section. 

Although using the shear Alfvén resonance for plasma heating was proposed 
more than ten years ago [3,4], experimental application to tokamaks has only 
recently begun at Lausanne, Texas, Wisconsin, Australia and the USSR. Earlier 
experiments were performed in linear pinch and stellarator devices [4]. We report 
here measurements of the properties of the resonance and a comparison with a 
two-dimensional calculation by Kieras and Tataronis [5] in which the ideal MHD 
equations are solved for the Tokapóle II device. 

1. EXPERIMENTAL CONFIGURATION 

Tokapole II is a non-circular tokamak in a four-node poloidal divertor con
figuration with R = 50 cm. The distance from magnetic axis to separatrix is 

2 Work supported by US Department of Energy. 
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7—10 cm. To facilitate magnetic probe measurements, the device is derated to 
Bt = 5 kG, Te = 100 eV, ne < 1013 cm"3, and pulse length = 4 ms. The safety 
factor q becomes infinite on the divertor separatrix. Since q and the parallel 
wavelength vary drastically within 2—3 cm of the separatrix, this region can 
sustain numerous resonances. Stainless steel limiters are inserted to effectively 
eliminate plasma current outside the separatrix. 

For these studies, the four solid copper divertor rings are used as the launching 
structure. RF currents are superposed on equilibrium currents by grounding one 
of the three mechanical supports on each ring and driving one of the other supports. 
Proper phasing of the RF currents in each ring preferentially excites m = 1,2,4 
poloidal mode numbers and a spectrum of toroidal mode numbers, n, with 75% 
of the power in the n = 1 mode. Resonances in the radial profile of the poloidal 
wave magnetic field are observed. The RF field is strongly enhanced above its 
vacuum value at about 5.0 cm from the magnetic axis. 

2. EXPERIMENTAL RESULTS AND AGREEMENT WITH THEORY 

The 2-D tokamak case was treated both analytically (by an inverse aspect 
ratio, e, expansion) and numerically, using ideal MHD. Expression of the 
equations [5] in natural flux co-ordinates reveals that, in a tokamak, a resonant 
surface is also a magnetic surface, as observed experimentally. In Fig.7 three 
minor radius scans of the wave magnetic field are superposed; two scans are 
along horizontal chords, but at different toroidal locations, and the third scan 
is a vertical chord. The resonance has a measured symmetry of |m| = 1, |n| = 2. 
The slight plasma elongation accounts for the dashed curve peaking at a somewhat 
larger minor radius. Theoretical results predict resonance at 5 cm. 

Ideal MHD theory predicts that after many wave periods the wave magnetic 
field should be mainly perpendicular to the equilibrium field, i.e. Bt ~ eBp. 
Experimentally, the predicted polarization is observed, as indicated in Fig.8. The 
measured Bp typically exceeds Bt by a factor of 7—10 on resonance, whereas 
e_1 = 7. A resistive MHD boundary layer calculation of the resonance width was 
performed in Ref.[6] in which Ohmic dissipation was included in a thin layer 
about the resonant location. The estimated width is A = &ir(r¡p/ii0 CJ 0P') 1 / 3- For 
Tokapole II, this expression yields A = 4—8 cm. Employing, in the above 
expression, effective resistivities inferred from the power absorption formulas of 
Ref.[7] yields the heuristic results that the width due to ion viscosity alone is 
less than 1 cm and that due to electron Landau damping is about 16 cm. Since 
the measured widths are roughly 2—5 cm, Ohmic dissipation seems the more 
likely mechanism. Tokapole II operates with electrons in the plateau region. 

Reference [6] predicts that the risetime of the wave field is given by 
T = (24ju0/oj2i?)1/3(p/p')2/3. For Tokapole II, the predicted risetime is ~ 4 - 9 JUS. 
Experimentally, r has an upper bound of 40 JUS, limited by the oscillator risetime. 
The observed value is consistent with the theoretical value. 
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FIG.8. Polarization plot of resonant wave 
magnetic field, indicating polarization 
perpendicular to equilibrium field. 

3. SUMMARY 

In summary, detailed observations have been made of the spatial and 
temporal structure of the wave magnetic field. Since measurements of the 
resonance properties such as radial location, wave polarization, resonance width, 
risetime, and resonant enhancement are all in agreement with shear Alfvén 
theory, we believe these observations constitute an identification of the shear 
Alfvén resonance in a tokamak. 

For high power heating (Prf ~ 1 MW) experiments, four Faraday shielded 
antennas (each a double turn loop) are being installed which will be radially 
movable and rotatable so as to determine the optimal antenna orientation. 
Initial measurement with two antennas indicates that the radiation resistance 
varies from 0.5 £2, when B> is perpendicular to B, to 0.18 ft when B is at an angle 
of 40° to B. The measured B is independent of orientation; thus the loading is 
at least partly parasitic. 
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Abstract 

ICRF HEATING IN TOKAMAK PLASMAS: HIGH ENERGY ION TAIL FORMATION AND 
TWO-ION MODE CONVERSION SURFACES. 

An investigation is made of the strongly anisotropic high energy ion distributions which 
appear as a result of radiofrequency heating using both fundamental and second harmonic ion 
cyclotron frequency. Using reduced velocity distributions, the main characteristics of the high 
energy tails can be determined. The case where the RF waves are tuned to the second harmonic 
ion cyclotron frequency of neutral beam-injected particles is also investigated. The practical 
consequences of the two-dimensional treatment of the two-ion mode conversion layer are 
analysed. The'problem of evaluating the criterion for mode conversion to occur on various 
magnetic surfaces and the physical relevance of the solutions is discussed. 

1. HIGH ENERGY ION TAIL FORMATION 

Radiofrequency heating in the ion cyclotron range of frequencies has produced 
non-Maxwellian ion distributions in several experiments and numerical simulations. 
In particular, substantial heating and strongly anisotropic ion distributions have 
been observed in PLT for minority heating as well as for heating using the second 
harmonic ion cyclotron frequency. 

A more detailed analytical description of RF-induced high energy ion tails 
is lacking, although Stix in a classic paper [ 1 ] derived the form of the perpen
dicular velocity distribution of the heated particles in the case of minority heating. 
Here we examine the characteristic form of the RF-induced anisotropic high 
energy ion tails for fundamental and for second harmonic heating. We also investi
gate the energy clamping scheme where ICRF waves are tuned to the second 
harmonic ion cyclotron frequency of neutral-beam injected ions. 
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1.1. Results for high energy RF-induced ion tails 

The main features of the RF-induced ion tails are expressed by the parallel 
moments: 

+ 00 

F(v1)= / f(yL>vü)dV|| 

+ 00 +o° 

Tn(v±) = / 2 m V | | 2 f ( v -L ' V l | ) d V/ f ( v i ' v n ) d v « 

Based on the Fokker-Planck equation including the RF diffusion operator 
for ICRH [ 1 ], we obtain (for notation see Ref.[ 1 ]): 

v. 
/ r - 4 0 ^ + 7 

F (v, ) <x exp - / dv, 
y \ J (2/3 + 4D)Vl

 1 

where D « ^.{(k^/cj^) is the RF-induced diffusion operator. The parallel 
temperature, TIKYL), is determined by a complicated second-order differential 
equation. However, in the high energy tail region we find: 

(a) Minority heating (D = K = const ) 

2 F ( v ' ) a e x p (~è) 
The turnover velocity, v*, between the isotropic bulk distribution and the 
anisotropic tail is determined by 

\-l/3 

V* = \^ £ ~ 1 ) V0 

where £ is the Stix power parameter for RF heating. The parallel width of the 
tail is: 

TII(VI) = ( ^ M - r 1 lexP I^FT)) e r f c 
2tsK; 4 \ V\TKLJ\ Vv^Kt 

(b) Second harmonic heating (D = K0Vi). The corresponding expressions in 
this case are: 
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F(Vl)aexp(-¿) ; v . » ( ^ ) , 

T,(v i) = 
UljVy 

exp 
^oV 

E i ^ 
K 0 t S 

where Ei(x) is the exponential integral. 

1.2. Results for energy clamping 

In the energy clamping scheme, RF heating is especially effective for the 
second harmonic of the ion cyclotron frequency where the absorption is propor
tional to the mean energy (in contrast to minority heating where absorption is 
proportional to density). These features are conveyed in our solution of the 
Fokker-Planck equation, which includes both an RF diffusion operator and a fast 
ion source term. The latter corresponds to a neutral beam injected perpendicu
larly to the magnetic axis. 

At small RF power the fast ion distribution takes the form: 

f(v,M) = 
2TT 

G ( V ) Ô ( M ) 

G(v) 
H(v) 

H(v0)e 
a(v0,v) 

v < v 0 

v > v0 

H(v) 
v3 + v3 (v3 +v3)2 

"n v Jñ-l _3v4(Ke+KnJj_i) 

(vHv3)3 

a(v0,v) 
u3 + v3 + uJ^_1 

U2(Ke + KnJá-l 
v0 

where pitch angle scattering and background ion temperature are neglected (for 
notation see Ref.[2]). 

The presence of the Bessel function in the diffusion operator has the conse
quence that ions will not be significantly accelerated to energies above the first 
zero of Jn_i above the injection energy. 
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2. TWO-ION MODE CONVERSION SURFACES 

Earlier work by Hellsten and Tennfors [3, 4] shows that the mode conversion 
layers must closely follow magnetic surfaces and that the criterion for mode 
conversion near a certain magnetic surface, i.e. resonance of the fast wave at the 
surface in the me = 0 limit, is an ordinary differential equation along a poloidal 
intersection of the magnetic surface instead of the algebraic equation obtained 
in the one-dimensional case. Simplified evaluations of this criterion yielding 
values of the ion density for each magnetic surface to become resonant for the 
fast wave for me = 0 were presented in Refs [5,6]. The problem of evaluating the 
differential equation is further discussed here. However, owing to absorption, not 
all solutions satisfying this equation have physical significance. 

2.1. The resonance condition 

Using the same co-ordinate system (i//, f, 0) as in Ref.[3], the differential 
equation determining the fast wave resonances reads: 

B2 B! q2R2B2co2 

- D ^ D E 0 + q
 C l E ^ 0 (1) 

where \p denotes the magnetic flux, f is a poloidal co-ordinate, and 6 is the 
toroidal angle; D = 3/d£* + inq; q = (l/27r) § d£B t/RBp; n is the toroidal mode 
number; and B, Bt and Bp denote the total, toroidal and poloidal field strengths, 
respectively. The perpendicular component of the dielectric tensor eL for a cold 
plasma reads: 

CO 

a 

and may vary strongly along a magnetic surface, especially for surfaces intersecting 
a fundamental ion cyclotron resonance surface and/or an eL = 0 surface. 

2.2. Surfaces with large eL 

For magnetic surfaces passing through regions with large eL, the resonance 
condition requires locally high values of the derivatives of the wave function 
parallel to the magnetic field (corresponding to high k| when WKB can be applied). 
This means that the cyclotron damping is stronger than that expected from the 
traditional one-dimensional treatment [7,8], where the parallel wave number is 
assumed to be approximately constant and given by the antenna spectrum. For 
large k¡ , thermal effects make ex complex, which causes a broadening of the 
mode conversion layer or, for large enough kn, elimination of the layer. Physically 
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relevant solutions can be obtained for surfaces where e^ is small enough to justify 
the use of the cold plasma approximation. 

Magnetic surfaces intersecting the cyclotron resonance of the lighter ion 
were treated in Ref.[5], including some simplified thermal corrections and 
neglecting Im (ex). However, for these surfaces it is likely that the mode conversion 
layer is eliminated by absorption. In a recent treatment by Cattanei [9, 10], 
where he evaluates absorption, including coupling from an external antenna, mode 
conversion is found only for surfaces not intersecting the ion cyclotron resonance. 

For surfaces with marginal values of eL, the fast wave resonance is strong 
enough to change the polarity of the wave and locally enhance the cyclotron 
damping, but no mode conversion to the slow wave occurs. 

2.3. Surfaces intersecting ex = 0 

If the surface eL - 0 is located on the outside of the magnetic axis, there is 
always a class of magnetic surfaces with e± low enough for mode conversion to 
occur also for finite temperatures. By linearizing eL in a neighbourhood of €±= 0 
and assuming that Bp/B2 varies slowly, we can express e inc"E^ in terms of Airy 
functions. For large arguments the asymptotic forms of the Airy functions represent 
an evanescent wave for eL < 0 and travelling waves for eL> 0, which are easily 
joined to WKB solutions outside the linear region. The resonance condition can 
then be treated as in Refs [5, 6] provided that ex is not too large. Owing to the 
evanescence for eL < 0, a cyclotron resonance on the high field side of eL = 0 
has little influence on the mode conversion layer. When Eq.(l) is satisfied, mode 
conversion occurs on the fraction of the magnetic surface where eL > 0. 

When e± = 0 is located on the inside of the magnetic axis and close to it, 
mode conversion is also possible on a class of surfaces. As shown in Ref.[6], 
the mode conversion layer appears close to the magnetic surface which is tangent 
to the e_|_ = 0 surface for a rather wide range of parameters. Practical antennas 
excite a spectrum of toroidal modes, resulting in a corresponding number of mode 
conversion layers, which for appropriate choice of parameters are concentrated 
close to this tangent magnetic surface. 

When the cyclotron resonance layer of the lighter ion is located on the 
outside of the plasma, a conversion layer invariably appears close to the plasma 
boundary. Here the temperature and ex are both low, and cyclotron damping is 
not expected to eliminate this layer. This may cause absorption of RF power 
near the plasma boundary. 

2.4. Surfaces with e±> 0 

Close to the magnetic axis it is possible to have a class of magnetic surfaces 
with small but positive eL with a moderate variation. Here the evaluation of Eq.(l) 
is simple and leads to the familiar resonance condition: 
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R = T V^i (2) 

as a limit when the axis is approached [6]. To have resonance on a magnetic 
surface in the plasma core, the surface where Eq.(2) is satisfied must intersect 
the plasma mid-plane close to the magnetic axis. Consequently, the maximum 
value of eL on the magnetic surface tangent to ei = 0 is larger but normally of 
the same order of magnitude as the value on the magnetic axis. Therefore the 
boundary between the mode conversion regime and the minority regime is 
shifted somewhat from that obtained when kn is assumed equal to n/R. 

2.5. Conclusions 

In conclusion, mode conversion surfaces of practical significance can occur 
at magnetic surfaces close to the magnetic axis or near the plasma boundary. The 
magnetic surface which is tangent to the eL = 0 surface indicates the typical location 
of the family of mode conversion layers resulting from a practical antenna spec
trum. The condition for mode conversion to be the dominating process is some
what stronger than in the traditional picture. Experiments previously assumed 
to be in the mode conversion regime owing to the low value of nvth/R might very 
well be in the minority regime owing to high parallel derivatives of the wave fields. 
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Abstract 

LOWER HYBRID HEATING AND CURRENT DRIVE EXPERIMENTS IN ASDEX. 
Interaction of lower hybrid waves with ions and electrons was studied in the density range 

(0 .4-5) X lO^cm - 3 in ASDEX. At high densities, fast ions are produced by the radiofrequency 
at the plasma periphery. No bulk plasma heating was observed in the parameter range 
where it is predicted by quasilinear theory. At low densities the RF couples to suprathermal 
electrons. In this regime plasma currents up to 400 kA were sustained for one second. The 
energy content of the plasma is maintained during RF current drive. 

INTRODUCTION 

The lower hybrid transmitter of ASDEX [1] consists of 8 
klystron amplifiers feeding an 8-waveguide grill antenna and 
delivering a maximum power of 2.4 MW for 1.5 s at 1.3 GHz [2,3]. 
The front end of the grill can be interchanged in order 
to excite different power spectra of the antenna. Couplers with 
N = 3 and N = 4 have been used up to now. The inner sur
faces of the grill are coated with a layer of coarse gold to 
prevent multipactor-induced rf breakdown [4,5J. 800 kW at a 
pulse length of 1 s have been launched so far. 
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*** Faculty of Engineering, El Zagazig, Egypt. 
Academy of Sciences, Leningrad, USSR. 
Institute of Fundamental Technological Research, Warsaw, Poland. 
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The experiments were performed in two distinct regimes [63. 
At densities ñe < 3 x Í O ^ Cm~3 we studied current drive by 
feeding the grill at relative phases of Ay = IT/2. At higher 
densities, up to 5 x 

1013 
cm~3, we investigated the interaction 

with ions at Ay = TT. In both cases very good coupling is 
achieved consistent with theoretical predictions [63. 
ION HEATING REGIME 

High energy ions are observed by charge-exchange measure
ments in radial direction during lower hybrid application at 
densities above a threshold which is ñe ~ 2 x l O ^ cm~^ for 
Ip = 300 kA and Bt = 22 kG. An approximately bi-Maxwellian ion 
distribution is formed with a tail temperature of T-j^ = 3 to 
4 keV which decreases with increasing density. The total number 
of particles in the tail keeps increasing with increasing dens
ity up to at least ñ e = 4.5 x lO

1^ cm~3, where the flux of fast 
ions reaches a maximum [6]. A vertical scan with the charge-
exchange analyzer shows peaking of the flux of the fast ions 
near the plasma boundary. An up-down asymmetry of this flux 
reverses when the toroidal magnetic field is reversed. The flux 
is higher in direction of the Bt x VBt drift of the ions. The 
decay time of the fast ions after the rf pulse is shorter than 
1 ms. These observations are consistent with a perpendicular 
acceleration of the ions by the LH wave near the plasma 
boundary. In the whole density region where fast ions are ob
served neither bulk ion heating nor an increase of plasma beta 
is seen. 

The rate of energy transfer to the ions should be deter
mined by the lowest phase velocity perpendicular to Bt, 
vph min * n t n e w a v e spectrum. If we attribute the formation of 
the ion tails to resonant wave/particle interaction, we can 
derive vp^ m-£n from the intersection point E^ between the high 
energy tail and the bulk ion distribution in the charge-exchange 
spectra [73 : 

Eb = 1 m. v . . , wi th v~. . = c/N^aX follows N?321 = c//2E, /m. ° 2 i ph,min ' ph,min -*• -*- b i 

The values of E b and N
m a x are plotted in Fig. 1 for a 

density scan. In the same figure, theoretical values of N¿ are 
shown for the mean and the maximum value of the experimental N. 
spectrum. These are obtained from ray-tracing calculations 
combined with a power deposition code [83• These calculations 
predict efficient absorption of the LH waves by the ions in the 
region(4 - 5) x 10^3 Cm~3 for an Ohmic target plasma. The 
experimental Na values are about twice as high as the calculated 
ones. This discrepancy is even higher if one takes into account 
that the fast ions are produced near the plasma edge whereas the 
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FIG.l. Lower boundary E^ of high energy ion tails in CX spectra and the corresponding Wj_ 
values. The theoretical Nj_ values are calculated for the mean value and the upper boundary 
of the experimental N\\ spectrum. 
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FIG.2. Density dependence of LH effects in H2 discharges: 
ECE: amplitude of electron cyclotron emission spectrum at GO := 2.5 coce. 
CD: current drive by RF: (dl^Jdtf-(dIp/dt)OH from Fig.4. 
PDI: amplitude of second sideband of the parametric decay spectrum flog scale). 
CX: perpendicular ion flux at 8650 e V. 
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calculated high Nx values are reached only near the turning 
point deeper inside the plasma. 

In about the same density range where fast ions are 
detected; we observe parametric decay spectra with up to 15 side
band lines whose levels increase with density up to about ñ e ~ 

10*3 
cm"^ in H2, as seen in Fig. 2. At higher densities 

the level of the whole spectrum saturates, while the flux of 
fast neutrals still increases. Attributing the frequency separa
tion between the sideband lines to the local value of a)c£,we 
arrive at a position still outside of the separatrix where this 
decay should occur. Only at low densities (ne < n t ^ ) , where only 
one or two sideband lines can be seen, their frequency separation 
increases, indicating a parametric decay further inside the 
plasma. 

The plasma radiation measured by bolometers and soft X-ray 
detectors increases during rf application. The increase in total 
radiation losses accounts for about 50 % of the injected rf 
power if an isotropic emission is assumed. Spectroscopic mea
surements mainly show an increase of iron line radiation. High 
speed movie films taken during rf injection show arcing on the 
vacuum chamber walls which leads to ejection of small particles 
mainly from obstacles protruding from the wall near the grill. 

CURRENT DRIVE EXPERIMENTS 

At densities below nth, the fast ion flux and parametric 
decay signals disappear (Fig. 2). The loop voltage starts to 
drop,indicating an increased interaction with electrons. In such 
a low density plasma we can drive a dc current by exciting an 
asymmetric spectrum of LH waves. 

In most of the experiments the current in the primary coil 
of the Ohmic heating transformer is kept constant after a suit
able target plasma had been created. The plasma current I p then 
decays with its L/R time constant. Injection of the LH wave 
modifies the rate of change dlp/dt. At sufficiently high power 
or at sufficiently low density we can maintain a constant plasma 
current as shown in the insert of Fig. 3. The maximum current 
drive was obtained at a phasing of Ay = 75°, in agreement with 
the maximum directionality of the grill spectrum. However, in 
the experiments, A tj> = 90° was usually used since the number of 
arcs and breakdowns in the vacuum chamber observed by high speed 
movie films increased with decreasing Ay . This is attributed to 
an increasing part of the launched power spectrum becoming 
inaccessible. 

The result of a power scan taken at a density of about 
1 x 10̂ -3 cm~3 in H2 is shown in Fig. 3, where we plot the cur
rent decay rate dlp/dt versus the power Prf. Since in the 
experiment the density varies somewhat with the rf power applied, 
this power scan was corrected to the same reference density of 
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1 x 1()13 cm""3 (dashed line in Fig. 3) with the help of density-
scans. After a strong initial increase at low rf power, dlp/dt is 
found to continue to increase linearly with Prf. With the appli
cation of rf power the ECE1emission becomes highly nonthermal 
and shows the same power dependence as dlp/dt. This indicates 
that already at low power levels a suprathermal electron popula
tion starts to be formed which changes the L/R time constant of 
the plasma. Indeed, X-ray spectra show the existence of a high 
energy electron tail which extends up to at least 300 keV with a 
tail temperature of 50 - 100 keV. 

Figure 4 shows the result of density scans at constant rf 
power performed in H2 or D2 discharges. At low density the same 
dlp/dt results for both gases. However, in the case of H2 the 
current drive ends at ñ e ~ 2 x 10*-

3 cm-3, while it is observed 
up to about 3 x lO*-3 cm"*3 ±n E>2 discharges. These densities 
agree with calculations of density limits for the rf current 
drive which assume that the interaction with the ions is the 
limiting mechanism [9]. Indeed, the parametric decay spectra and 
fast ion fluxes appear at roughly the same densities (Fig. 2). 

There is one interesting feature in Fig. 4. At the lowest 
density of 0.4 x 1013 cm""-3 the ohmic discharge tends to become 
suprathermal as seen from ECE. At about the same densities we 
applied different programming of the density at the beginning of 1 
discharge to obtain shots, some of which stayed thermal, others 
became suprathermal during the Ohmic phase. With rf the same 
dlp/dt is obtained. This indicates that the presence of supra
thermal electrons in the Ohmic target plasma has no effect on 
the rf-sustained plasma later on. Extrapolating the linear part 
above 100 kW in the power scan of Fig. 3 to zero power yields a 
decay rate dlp/dt comparable to that of suprathermal Ohmic 
discharges, which suggests a similarity to rf-sustained plasmas [ 1 

The efficiency of LH current drive defined as T) = ñ e Irf R/Prf, 
ñe[10

13 cm - 3], Irf[kA], R[m], Prf[kW], was investigated by a 
number of shots with dlp/dt = 0. Figure 5 shows the densities 
and corresponding rf powers for which different plasma currents 
could be sustained. Typical values of n are between 0.7 and 1.0. 
The efficiency increases with plasma current and toroidal 
magnetic field. 

The beta values obtained when the plasma current is kept 
constant by the rf alone are close to those of Ohmic discharges 
with comparable plasma currents. The radial ion temperature 
profile stays constant throughout the rf current drive phase, the 
temperature being near the Ohmic value. The same holds for the 
density profile. In discharges with dlp/dt * 0, MHD modes often 
appear, which indicates changes in the current profile. These 
modes as detected by Mirnov coils always show an (m = 2, n = 1) 
structure. They rotate poloidally and toroidally in the direc
tion of the electron diamagnetic drift at a frequency of 2 kHz. 

Electron cyclotron emission. 
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FIG.5. Densities and RF powers for which a constant plasma current could be maintained 
by RF alone. Bt = 22 kG. The straight lines are calculated with r¡ = 0.73. 

If the power is further increased, the plasma current rises 
and the loop voltage becomes clearly negative. In such a case 
operation with constant plasma current controlled by feedback 
leads to an increase of the primary current IQH* This is clear 
evidence for recharging the OH transformer. Its flux could be 
increased by up to 0.2 Vs. 

CONCLUSIONS 

The experiments in the ion heating regime suggest that the 
LH wave does not penetrate into the central plasma. The rf power 
seems to be deposited near the plasma edge, producing high energy 
ions. These are not confined and cannot transfer energy to the 
bulk plasma. The quasilinear theory for wave propagation and 
absorption does not seem to apply to our experiments. At den
sities below the critical value for wave/ion interaction the 
lower hybrid waves transfer energy to the electrons. A supra-
thermal electron distribution is formed, and with asymmetric 
phasing of the grill the plasma current can be driven by the rf 
alone. Currents up to 400 kA at ñ e = 0.5 x 10

1 3 cm-3 have been 
sustained for. 1 s. 
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Abstract 

IONIZATION AND CURRENT DRIVE DYNAMICS WITH ECR AND LOWER HYBRID 
WAVES IN A TOKAMAK. 

A theory of ionizing the plasma and driving a current in tokamaks without vortex 
electric field is considered. A model of particle and energy transport is developed. This 
model allows an agreement between the calculated and the experimental data to be found. 
A mechanism for the escape of fast particles from the discharge due to their quasi-linear 
interaction with the lower hybrid waves is suggested. The effect of beam particle escape 
and fan-like instability on the dynamics of current drive and the plasma energy balance is 
analysed by analytical and numerical methods, which allows many experimental dependences 
to be explained. 

By now, a small number of full-scale experiments on current discharges 
in tokamaks without vortex electric field have been performed. ECR-waves were 
used to break down and ionize the plasma, and lower-hybrid waves were used to 
drive the longitudinal current in WT-2 and JIPPT-2 [1, 2]. The maximum current 
( ^ 100 kA) was obtained in PLT, where only lower hybrid waves were used at 
all stages of the discharge. In this paper, a theoretical model of plasma ionization 
and longitudinal current drive in tokamaks with RF waves, which explains the 
main experimental results, is suggested. 

1. GAS IONIZATION WITH ECR-WAVES 

It is well known that extraordinary waves in the cyclotron zone are not 

depolarized at low densities (tOpe « w B e
v T e / c 2 ) t ^ - 5 ] and hence electrons 

within a narrow resonance zone (Ar/R « (eE/mcw) 2 / 3 ) are driven up to the 

energies e % 5 keV, whereupon they step out of resonance, because of relativistic 

frequency detuning. Far from resonance (at Ar/R > 10"2, in practice), electron 

heating follows ordinary quasi-linear theory, and it may be assumed, in the energy 

balance calculations, that the power P of the electron cyclotron waves, with a 
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certain distribution along the radius, is delivered to the electrons. It is usually 
assumed [6] that the loss of particles and energy occurs through two channels: 
toroidal drift of particles at a velocity Vj_ = cT/(eB0R) and escape of particles 
along the magnetic field (in the presence of a vertical control field and a stray 
field) at a velocity of vy = (BJB0)y/T~JM. In this case, the set of equations 
for the energy balance is written in the following way: 

dn , , n 
— = < o v > i n ( N - n ) - - (1) 
dt T 

3 dnT , , 3 nTe 
= P _ ( a v > . n ( N - n ) I - (2) 

2 dt l 2 T 

where r = a/(V|| + v^) is the characteristic life-time of particles <<7v)j the ionization 
cross-section, I the energy spent on ionization of a single atom, and N the density 
of the neutral gas. Numerical calculations have shown that Eqs (1) and (2) 
provide a value of Te that is by about an order of magnitude higher than that 
obtained in the experiment. The model given by (1) and (2) should be modified 
to achieve agreement between calculations and experimental data, in the following 
way: 

Plasma confinement is known to be brought about by currents passing througl 
the plasma and compensating for the ballooning effect. There are two possibilities 
of creating equilibrium. The first is a vertical current flow due to toroidal electron 
and ion drift. However, it should be remembered that, for T e > T i ; the electron 
current circuit should be partly closed through the liner. This implies electron 
emission from the liner into the plasma in the steady state. If such a mechanism is 
not possible, no such equilibrium will occur. The plasma will be accelerated by 
the ballooning force and escape from the plasma volume at sonic speed. The 
second opportunity of confinement appears when an external vertical magnetic 
field is applied to the plasma. Such a field gives rise to a possible closure of the 
vertical electron drift circuit by an opposite current along the magnetic field 
lines, due to a vertical electric field. It is easy to show that equilibrium in such a 
device is possible when the condition 

8?rnT 

BÎ 
< R/a (3) 

is satisfied. In this case, a vertical electric field 

Eu = va 
b « le BÎ R 
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FIG.l. Electron temperature Te versus.plasma density for ionization by EC-waves for the 
WT-2 device (P = 20 kW, a = 9 cm, R = 40 cm, B = 12 kG, B = 10 G). The crosses denote 
experimental results [1], and the solid trace represents a calculation using the model of confine
ment by a vertical magnetic field (Eqs (1) to (4)). 

is generated because the plasma is not ideal. Electrons and ions drift outward in 
the direction of the ballooning force, at a velocity of 

vv = 
cEb _ v 

R "Be 
B¿/B? 

under the action of this field. This velocity can exceed the velocity of the 
toroidal drift by an order of magnitude, so that the mechanism described deter
mines the main loss channel for energy and particles. Thus, the life-time in Eqs ( 1 ) 
and (2) should be written as 

T =• 
v x + v l 

(4) 

From Eq.(4), it follows that the maximum life-time is reached when the condition 
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is satisfied. As was observed in the experiments, the process of plasma creation 
by electron cyclotron waves is very sensitive to the magnitude of the vertical 
magnetic field as r (B¿) has a very pronounced maximum. The results of simula
tions for the set of Eqs (1) and (2) (Fig.l) allow the conclusion that the results of 
calculations and experiments are in good agreement. 

In addition, it should be emphasized that the set of Eqs ( 1 ) to (3) is only 
valid for thermal particles. Fast electrons, born in a narrow zone of the cyclotron 
resonance, are poorly confined by a vertical magnetic field, and their life-time in 
small tokamaks (WT-2 type) may be substantially shorter than the time of their 
Maxwellization. In this case, an appropriate fraction of wave energy is not 
contained in the device, thus decreasing the heating term in Eq.(2). 

2. LONGITUDINAL CURRENT DRIVE BY LOWER HYBRID WAVES 

The dynamics of current drive is described in sufficient detail in Ref.[7], 
so that here our attention is focused on some 'non-classical' aspects of the 
behaviour of fast electrons, which determine many peculiar features of the 
experiments. Note that in the experiments on PLT it has been shown that only 
a small (^ 10%) fraction of the delivered high-frequency power is spent on the 
creation of plasma column inductance and on beam energy dissipation due to 
collisions. The fate of the other portion of energy is not described by the classical loss 
mechanism. On the other hand, a substantial influx of impurities into the discharge 
probably due to fast-electron sputtering from the limiter, has been observed on 
Alcator-C in the case of current drive by lower hybrid waves in a dense plasma. 
These anomalies will be treated in the second part of this paper. 

Let us consider the possible anomalous loss channels for the beam particles. 
It is known that quasi-linear interaction of particles with waves in an inhomo-
geneous plasma results in diffusion in the co-ordinate space. To include this 
process, we may write the kinetic equation for the electron distribution function as 

of 3 , 9f 
— = St(f) + — ^ D ( V | | ) — - - v * f (5) 
6t 3v|| " dv|| 

Here, St(f) is the integral of collisions, 

7TCJ 
D = ^ ( k » w ^ , = " / V » 

Wk is the spectral energy density of the lower hybrid waves, co = copek||/k is 
the frequency of these waves. The parameter a in Eq.(5) describes the loss of 



IAEA-CN-44/F-IV-4 609 

particles caused by their quasi-linear diffusion in co-ordinate space due to inter
action with the waves, a. is estimated, by order of magnitude, to be 

kll ' VawBe 

For the function f, we should use the equation of propagation and interaction 
between plasma and lower hybrid waves [8]. In this paper, however, we restrict 
ourselves to the simplest assumption, keeping the coefficient of quasi-linear 
diffusion as D = D(V||). Moreover, we assume that D(v|¡) = 0 for vy < vt and 
V | | > V 2 . 

We use the ID-linearized collision integral to find the main properties of 
the solution to Eq.(5). Then, we can obtain a stationary solution to Eq.(5) in the 

the current drive efficiency follows: 

j/enve v2 - v\ - a (v2 - Vj) vj/v^. 

strong-quasi-linear-relaxation limit, D ^>> (ve/vi) . From this, an expression for 

p/imT, 
4vl„ In 

V! vTe 
4 v T e l n - - + — ( y 2 - v i ) V 2 (V 2 - VX) - - (V2 + V l V 2 + V ! ) 

(6) 

This expression is a result of Ref.[8], when a = 0. When a rises, i.e. the life-time 
of the particles decreases, the efficiency of the current drive drops, which is related 
to the fact that the energy of the HF waves is not only spent on overcoming the 
Coulomb forces of friction, but also on compensating the loss of beam particles 
and their energies, when they escape from the device. Probably, the efficiency of 
current drive on PLT and on Alcator-C dropped with rising launched RF power, 
for this very reason. 

From Eq.(6), it follows that the current can change sign at high a (i.e. at a 
high level of the launched HF power). It is also interesting to note that plasma 
cooling occurs when a certain level of launched power is exceeded. This happens 
because the work done by the forces of friction on the deceleration of the beam 
particles decreases with rising a, because of a drop in the amount of particles in 
the beam, and the fraction of energy lost with the fast particles rises. The condition 
of cooling can be written as 

2VT„ In V2/VI 
oc> \ (7) 

Vi(v 2 -V!) 

The results of the numerical solution to Eq.(5) are shown in Fig.2. We see 
that a kind of thermal instability in the plasma is possible in this model approach 
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_ J L - exp <v?/vf ) 
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FIG.2. Power P delivered to thermal component for current drive by lower hybrid waves versus 
spectrum of lower hybrid waves and parameter of particle escape, a, D - 1 for Vj < v^ < 10 ve. 
For solid curves, D = 0 at v., < Vj, for the dashed curve, D = 10'5 at v., < Vj. 

r - o . u 

FIG.3. Current drive efficiency by the lower hybrid waves, T?, transverse beam temperature 
d - T./Te, dissipated power P¿ = Pp /vnTe, and power delivered to thermal component 
P\i ~ (PD - PaïlvnTe versus a. Parameter of beam particle escape a, vx = 3ve> v2 = i0ve. 
The dashed trace is the calculation ofPh = /TD -Pa)lvnT& using the ID model. 
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when the delivery of lower hybrid power at a low level of decelerated waves 
provides the plasma cooling, i.e. a rise of the parameter vt/ve and, as a result, 
further cooling. It is natural that an increase in the fraction of launched power 
via the decelerated waves stabilizes the process. This is shown in Fig.2 by a dotted 
trace. 

Thus a quasi-linear mechanism of beam particle escape in the experiment 
can really abruptly decrease the current drive efficiency, especially when an 
imperfect spectrum with a small fraction of effectively decelerated waves is used. 

We now consider the effect of two-dimensionality in collisions on the 
processes described above. A longitudinal plateau of the distribution function 
with a transverse temperature of the plasma bulk is formed as a result of quasi-
linear interaction, as is shown in Refs [8,9]. In this case, the distribution 
function of the beam is enriched by fast particles of high transverse energy, 
which results in the growing importance of the beam particle escape in the current 
drive and in the energy loss. To describe these effects quantitatively, we assume 
that the 2D-distribution function for electrons, f(v^, V||), in the range of quasi-
linear interaction, v_^ vy^ v2, depends only on vt : f = f(v^) (limit of strong 
interaction), and f = fCy^l + vf| ) outside this range (this assumption is more 
justified with a rise in the effective plasma charge, Zeff). If we average Eq.(5) 
over the chosen contours of constant f, we shall derive an equation for the 
stationary distribution function: 

f + 
df_ 

dx 
1 + Z, eff In 

V2/Ve + y/x + vl/v, 

Vi /Ve +y/x + v\/v 

+ V™1 + vi V™1 + v* 
+ l + (v?/(xv^+v?))3 / 2 

-(v2/(xv^ + v ^ ) ) 3 M + («(v2-v1)/4v¡) / f(x)dx = 0 (8) 

This equation gives the electron distribution function versus the x-co-ordinate, 
which marks the contour of constant f, in particular, when wt <> vy < v2, 
x = (VJL/VÇ)2, when vy < vx and vy > v2, x = (v* +v})/v|. Equation (8) expresses 
the condition of particle balance within velocity phase space restricted by a given 
contour of constant f. Here, as in the ID case, the limit of strong quasi-linear 
interaction, D » (ve/vx) , is considered; therefore, D is only included in that 
term of the equation that describes the loss of particles. 

Results of the numerical solution to Eq.(8) are shown in Fig.3. The power 
necessary for heating the thermal component, calculated from the one-dimensional 



612 PARAIL et al. 

collision integral, is shown in the same figure as a dashed line. We see that the ID 
and 2D lines are similar to each other and for a > 0.05 plasma cooling starts. The 
2D-calculation provides, however, the power absorbed by the thermal component, 
exceeding the result of the ID-model by almost one order of magnitude. The 
reason for this difference is, as has already been noted, the greater amount of 
particles in the first case. With rising a, this difference decreases. An abrupt drop 
in the efficiency, r¡, for low a should also be mentioned. 

The suggested method of solving the 2D-kinetic equation provides a reduced 
efficiency of the current drive as compared with the numerical solution to the 
complete equation [11]. This is mainly due to the assumption of an isotropic 
distribution function in the range vy < Vj, which results in an increasing amount 
of fast particles in this zone and a corresponding excess of collisional dissipation. 
Our approach, however — without any claims that a quantitative agreement with 
the accurate solution might be achieved, allows the main physical peculiar features 
of a 2D-relaxation to be comprehended. It also permits the processes related to the 
development of a fan-like instability in the case of current drive by lower hybrid 
waves. 

3. ROLE OF FAN-LIKE INSTABILITY IN CURRENT DRIVE 

It is well known [10] that a fan-like instability leads to an isotropization of 
the electron distribution function in the Doppler resonance zone. Therefore, the 
inclusion of a fan-like instability is equivalent to a narrower plateau, i.e. to 
vi < Vj| < Vj ( 1 + wBe/cope) = vD < v2. The distribution function turns into an 
isotropic one at V|| > vD, but D(v|| > vD) f= 0 at vD < vy < v2 and an additional 
flux of particles, due to their quasi-linear interaction with the lower hybrid waves, 
emerges in this zone. This can be included in the derivation of an equation 
describing the distribution function in the presence of a fan-like instability. As a 
result, we obtain an equation similar to Eq.(8), where v2 should be replaced by 
vD, and an additional term, proportional to D, should be added within the 
brackets. 

The results of the numerical solution to the equation derived are given in 
Fig.4 and allow us to make the following conclusions: 

(1) The current drive efficiency begins to depend on the magnetic-field 
magnitude. For 

a ^ O 
and 2 2 

We/ n V V w P e / / 
the role of the fan-like instability weakens for larger ce. 
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e . , 0.05 0.1 a 

0.05 0.1 a 

FIG.4. Same as Fig.3 for a case when the fan-like instability isotropizes /e, beginning with 
the velocity vD = 7ve, (a) Dfvl{ > vDJ = ° - 0 i ' W Dfv\\ > V = °-7-

(2) The transverse temperature Tj_, the current I and the RF-power P0 

delivered are proportional to the quasi-linear diffusion coefficient D in the region 
of a fan-like instability at a ->• 0. This result is quite natural if one remembers 
that the instability effectively transforms the longitudinal energy of particles 
accelerated by the lower hybrid waves into transverse energy that is weakly 
absorbed in collisions. This dependence weakens with rising a. 

(3) With rising a, as happens in a plasma without fan-like instability, the 
current drive efficiency decreases. At certain values of a, the main plasma compo
nent starts being cooled because the entire RF wave energy is spent on 
compensating the loss of particles in the beam. 

(4) The current rise-time decreases with growing a because the flux of 
particles into the beam region is limited by collisional flux S, and the beam 

3 2 

density drops with rising a. The collisional flux is S = veve/y1 f\\(vx), 
hence the rise time r = n e /S m a x ^ ViV^/C^Vc), where vb is the characteristic 
beam velocity. 

In conclusion, we should like to concentrate our attention on one additional 
peculiar feature of the joint effect of the fan-like instability and the escape of 
particles, probably to be observed in the experiments. In the experiments on PLT, 
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it has been shown that it is impossible to drive a noticeable current (it has only 

been possible to sustain the current produced earlier by a vortex electric field), 

using a wide grill, which mainly radiates weakly decelerated waves. It has been 

shown previously [11, 12] that such a spectrum, if there is no beam particle loss, 

can create a plateau at a level that is sufficient to excite a fan-like instability, thus 

maintaining a substantial current. But, as we have said in the first part of our 

paper, fast particles escape from the device with unconfined plasma, without 

reaching the plateau level that is sufficient to excite the instability in the electron 

distribution function. 

REFERENCES 

KUBO, S., et al., Phys. Rev. Lett. 50 (1983) 1994. 
TOI, K., et al., IPPJ-667 (Feb. 1984). 
GOLANT, V.E., PILIYA, A.D., Usp. fiz. Nauk 104 (1977) 413. 
HAKKENBERG, A., WEENIK, M.P.H., Physica 30 (1964) 2147. 
ELDRIDGE, O.C., NAMKUNG,W., ENGLAND, A.C., ORNL/TM-6052. 
GILDENBACH, R.M., et al., Nucl. Fusion 21 (1981) 319. 
PARAIL, V.V., PEREVERZEV, G.V., Fiz. plazmy 9 (1983) 585. 
KARNEY, C.F.F., FISCH, N.J., Phys. Fluids 22 (1979) 1817. 
KRAPCHEV, V.B., HEWETT, D.W., BERS, A., Heating in Toroidal Plasmas 
(Proc. 4th Int. Symp. Rome, 1984) D-23. 
PARAIL, V.V., POGUTSE, O.P., Fiz. plazmy 2 (1976) 228. 
LIU, C.S., et al., Phys. Rev. Lett. 48 (1982) 1479. 
PARAIL, V.V., PEREVERZEV, G.V., USSR-US Workshop on Current Drive, 
Moscow (1983). 



IAEA-CN-44/F-IV-5 

PLASMA HEATING AT FUNDAMENTAL ION 
CYCLOTRON FREQUENCY IN THE TO-2 TOKAMAK 

L.I. ARTEMENKOV, N.A. AKHMEROV, V.F. BOGDANOV, 
K.Yu. VUKOLOV, Yu.V. GOTT, E.V. GRODZINSKIJ, 
A.A. GUROV, LA. KOVAN, S.G. MAL'TSEV, P.I. MELIKHOV, 
LA. MONAKHOV, P.A. MUKHIN, L.N. PAPKOV, 
A.P. POPRYADUKHIN, S.M. SOTNIKOV, K.Kh. YUSUPOV, 
V.A. CHUYANOV, N.N. SHWINDT, R.V. SHURYGIN 
I.V. Kurchatov Institute of Atomic Energy, 
Moscow, Union of Soviet Socialist Republics 

Abstract 

PLASMA HEATING AT FUNDAMENTAL ION CYCLOTRON FREQUENCY IN THE 
TO-2 TOKAMAK. 

Effective heating of a hydrogen plasma at the fundamental ion-cyclotron frequency is 
observed in the TO-2 tokamak. The HF-power is launched into the plasma from the low-field 
side through a narrow antenna, which excites a fast magnetosonic wave at one of the toroidal 
parts of the device. A generator with a power of up to 0.5 MW at a frequency f = 18.35 MHz, 
corresponding to a cyclotron resonance zone located at the centre of the plasma column, is 
used for heating. The ion heating efficiency is 2 eV-kW_I at an average plasma density of 
n = 1013 c m - 3 in divertor-free operating conditions when the divertor layer overlaps with an 
antenna-limiter. The ion temperature at the centre is doubled from 100 to 200 eV, without 
noticeable distortion in the distribution function of these particles, when the HF-power 
launched is about 100 kW. Also a significant increase in the electron temperature from 
200 to 300 eV is observed. 

Effective hydrogen plasma heating at the fundamental ion cyclotron 
frequency was found in the TO-2 tokamak. The TO-2 device is a racetrack 
tokamak with two toroidal divertors [1 ]. The experiments were carried out in 
the divertor-free regime, where the separatrix was close to the chamber surface 
and the plasma was limited by the HF-antenna. This antenna was placed in the 
central cross-section of one of the toroidal parts of the device; actually, it was 
a narrow stripline embracing the plasma column on the lower-toroidal-field 
side and shielded from the plasma by two lateral limiters with radial cuts. The 
radiating antenna surface was located 15 mm away from the plasma boundary 
in the limiter shadow; it occupied an angle of 150° in the poloidal direction. 
The antenna design allowed its application with double electrostatic screens. 
The majority of experiments was, however, carried out with an open-type antenna 
in order to strengthen the coupling with the plasma: a self-excited generator at 
f = 18.35 MHz, p = 0.5 MW, in a single-pulse regime, was used to heat the plasma. 

615 



616 ARTEMENKOV et al. 

20 40 60 80 100 120 t(ms) 
— I 1 1 1 1 1 1 r 

20 40 60 80 100 120 t (ms) 

FIG.l. Typical shape of X-ray signals (dashed line shows case without HF-pulse). 

The generator and the antenna, having symmetric outputs, were connected with 
each other through two quarter-wavelength lines and formed a single oscillatory 
system with rather high stability in frequency and magnitude of the antenna 
current when operation with the plasma was going on. 

Results of first ICRH experiments in the TO-2 tokamak are described in 
Ref. [2]. The experiments were carried out in a toroidal magnetic field of 
Bt = 1.2 T, corresponding to the resonance zone position along the axis of the 
toroidal parts of the device, in the hydrogen discharges of about 100 ms duration, 
at plasma currents of up to Ip = 35 kA. When PHF — 40 kW was launched into the 
plasma, at a plasma density of ñ e = 1013 cm -3 , an increase in the central ion 
temperature of A T{ = 50 eV was reached when the pressure rose by almost a 
factor of 1.5, which indicated that electron heating was effective. The rise in 
the electron temperature is confirmed by a drop in the C V-line intensity from the 
near-axis region of the plasma column, in the process of HF-heating. In these 
experiments, the level of HF-power launched into the plasma was limited, because 
of insufficient rigidity of the feedback system keeping up the plasma equilibrium 
along the major radius. 

In the latest experiments, an analog signal proportional to the power launched 
into the plasma was added to the feedback signal in order to decrease the plasma 
displacement under additional heating, and the fast response of the system was 
matched by the HF-power launching rate by a proper integration of the HF-pulse 
leading edge. These measures provided an opportunity to raise the power 
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FIG.2. Variation of electron temperature during HF-heating. 
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FIG.3. Typical energy distribution at maximum heating. 

launched into the plasma up to 100 kW. Moreover, the regime of discharge was 
also enlarged: I = 50 kA, U = 3 V, q = 2.5. 

The electron temperature was measured by a filtering technique, making 
use of the attenuation of the soft-X-ray signal intensity. A typical shape of the 
temporal behaviour of these signals, with and without (dashed line) HF-pulse,is 
shown in Fig.l. A peculiar feature is the strong contribution of the soft part 
in the hard-X-ray radiation at the initial stage of the discharge. Therefore, the 
data on the electron temperature are given from 70 ms onwards. The 
variation of the electron temperature during the HF-heating process (PHF - 60 kW) 
is shown in Fig.2. 

The ion temperature measurements were carried out by any electrostatic 
neutral analyser with solid target. The neutral flux along the major radius in the 
equatorial plane was analysed at the cross-section located on the side opposite 
the antenna. A typical energy distribution obtained at maximum heating at 

T r 

J I L 
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FIG.4. HF-probe signal, charge-ex change analyser signals and antenna current. 

the time of 80 ms into the discharge (PH F = 60 kW) is shown in Fig.3. We see tha 
in the energy range from 0.2 to 1.5 keV the ion distribution function with and 
without HF-pulse does not show any remarkable deviation from a Maxwellian 
distribution. A small 'tail' emerges, however, at higher energies. 

In the given case, the ion temperature change, A Tj, is equal to about 70 eV. 
These data are in agreement with ion temperature measurements by Doppler 
broadening of the C V-line (2271 Â), according to which Tj rises from 110 to 
180 eV during the HF-pulse. 

Signals from the analyser belonging to the 'tail' of the distribution (Fig.4), 
show an evident correlation with the HF-magnetic field envelope, the longitudinal 
component Hz of the fast magnetosonic wave. This attests to a direct connection 
of ion heating with the wave in question. 

We note that with increasing HF-power launched into the plasma up to 
100 kW during the heating process, considerable increases of radiation losses 
(signai from pyroelectrical detector, P R ) and plasma density occur. These changes 
are shown in Fig.5, together with the temporal behaviour of some impurity ion 
lines. Note that a rise in ïïe is probably accompanied by a rise in the density of 
protons, which is borne out by a proportional increase in the velocity with which 
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FIG. 5. Temporal behaviour of radiation losses, plasma density and several impurity ion lines. 

fast magnetosonic wave modes appear; this increase depends weakly on the density 
of the impurity ions. 

We are, at present, not able to give an unambiguous explanation for the rise 
in the plasma density. It cannot be excluded that it is caused by a slow wave 
generated by the radial current conductors of the antenna. We should also like to 
note that this process remains unchanged when an antenna with an electrostatic 
screen is used, but a substantial increase in antenna current is needed to reach the 
same temperature growth. 

Thus, the data obtained attest to an effective heating of the hydrogen bulk 
plasma at the fundamental ion cyclotron frequency. The total effectiveness of 
heating, without including the density rise, is given by 

V = ñe A (Ti + Te)/PHF X 1013 = 4 eV-kW"1 

A natural question arises: why has the plasma heating (with one sort of 
ions) at fundamental frequency, a? = coci, not been detected in tokamaks until 
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recently although experiments in this frequency range had been carried out from 
the beginning of the seventies? The answer, in our opinion, is that, so far, in 
no experiment known to us were the following two conditions fulfilled 
simultaneously: coincidence of oscillation frequency with ion cyclotron 
frequency near the plasma column axis and location of radiating antenna on the 
low-toroidal-field side outside the cyclotron zone! 

In these conditions, only a fast magnetosonic wave can be excited within 
the bulk plasma. This wave, during its propagation across the magnetic field, 
passes through the cyclotron zone and can either be completely absorbed within, 
depending on the damping, or generate toroidal eigenmodes. When the HF-power 
is launched from the opposite side of the toroidal field, a fast magnetosonic wave 
can also be excited, but in this case slow or ion cyclotron waves are excited more 
effectively and absorbed at the plasma edge, not reaching the cyclotron resonance 
zone [3]. Because of the different polarization of these waves, their mutual 
conversion is not effective. Therefore, the antenna resistance, or the power 
launched into the plasma, is mainly determined either by the magnetosonic waves 
excited from the low-field side of the torus, or by the ion cyclotron waves excited 
from the high-field side. 

This picture of magnetosonic and ion cyclotron wave propagation in a 
tokamak is completely true for an ion mixture (say, an H-D or a D-T plasma in 
the ratio 50/50) if the frequency coincides with the ion cyclotron frequency of 
the light mixture component at the plasma column axis and if the aspect ratio 
A > 4. With decreasing relative density of the light ions in the mixture, the area 
of propagation of the magnetosonic wave may become narrower because of the 
emergence of a cut-off zone related to the ion-ion hybrid resonance on the high-
toroidal-magnetic-field side. When this decrease is substantial, the well-known 
case of minority heating is realized. 

It is evident that effective ion heating at GO = coci is only possible for 
sufficiently strong cyclotron damping of the fast magnetosonic wave. For a long 
time, this damping was considered to be weak in tokamaks and (kjVku)2 times 
weaker than that at the second cyclotron harmonic (the ratio of longitudinal 
to transverse wavenumber is considerably smaller than unity, because of the 
plasma opacity). In addition, the fast magnetosonic wave is known to undergo 
surface damping at the cyclotron frequency, owing to conversion into an ion 
cyclotron wave, approximately with the same damping rate [3]. This is the reason 
why heating at the fundamental cyclotron frequency was considered to be 
ineffective when the HF-power was launched from whatever magnetic-field side. 

In contrast to a widespread opinion to the opposite, the TO-2 experiments 
have shown that the absorption of a magnetosonic wave is rather strong. 
According to the probe measurements, the quality factor of eigenmodes does not 
exceed 50, nor does it depend on the longitudinal wavenumber, kn. The damping 
factor for a fast magnetosonic wave exceeds the calculated value for absorption 
at the second cyclotron harmonic by more than an order of magnitude. 
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The strong absorption of fast magnetosonic waves observed at co = coc[ 
cannot be explained by conversion into an ion cyclotron wave since this process 
results in surface power deposition, nor by the effect of ion-ion hybrid 
resonances associated with the impurity ions, as all these ions have their charge-
to-mass ratio Z/M < 1/2 and their resonances in the hydrogen plasma are far 
beyond the plasma column. The resonance dependence of the absorption 
mechanism on the magnitude of the toroidal field suggests its cyclotron nature. 
We may assume that the strong absorption is due to the left-circular-polarized 
field of the fast magnetosonic wave, because of the inhomogeneity of the 
magnetic field and the real drift ion trajectories in the tokamak. The effect of 
the rotational transform on the absorption of the fast magnetosonic wave at 
co = oocj for strongly passing ions was studied in Ref. [4]. The conclusions of 
that paper on surface power deposition for modes with azimuthal number 
m ¥= - 1 is not, however, in agreement with our experimental results. 
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Abstract 

PLASMA CURRENT START-UP AND SUSTAINMENT BY RF (LOWER HYBRID AND 
CYCLOTRON) WAVES IN WT-2 TOKAMAK. 

By injecting a lower hybrid wave (LHW) into a microwave discharge plasma at electron 
cyclotron resonance (ECR-plasma) in the WT-2 device, a toroidal plasma current is generated; 
it starts up to Ip = 7 kA and is sustained by RF (ECH and LHH) power alone, without Ohmic-
heating power (RF tokamak). The current Ip sustained by LHW depends on the vertical field 
B v , and the maximum I m a x can be obtained when the MHD equilibrium is fulfilled. The 
minimum valué of the safety factor is estimated to be qa = 9. The efficiency of LH-current 
generation for the start-up is (Ip /kA) = 0.029 X (PL H H /kW)/(n e /10 1 3 cm - 3) and its current 
rise is about 300 kA • s - 1 for P L H H = 60 kW. The plasma electrons are composed of the bulk 
electrons ( n e = 1.5 X 1012 cm - 3 and T e = 20 eV) and the high-energy tail of electrons 
(ne = 2 X 1010 cm - 3 ) , which has two Maxwellian components with Te s 10 and 50 keV, 
respectively. The latter high-energy electrons are analysed by the observed X-ray spectra. 
This LH-driven current is only produced when high-energy electrons, which interact resonantly 
with LHW, are present in the initial ECR-plasma. A computer simulation is carried out in order 
to interpret the physical processes of the current start-up by RF. 

EXPERIMENTAL METHOD 

Recent experiments showed that an LH-driven current is produced in 
Ohmically heated plasmas and the tokamak plasma is sustained with the LH-driven 
current by injecting LHW after the Ohmic-heating discharge [1-4] . Here, we shall 
demonstrate that the plasma current can be started up and sustained by RF only, 
without Ohmic-heating power [5]. 
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FIG.l. Temporal evolution of (aj plasma current 1p; (b) loop voltage Vh; fc) vertically line-
averaged electron density h~e; (d) soft-X-ray emission Isx; (e) hard-X-ray emission IHX; 
(f) electron cyclotron emission !„; and (g) pyroelectric signal Ipym. 

The WT-2 tokamak has an aluminium shell, major and minor radii of R = 40 
and a = 9 cm and a toroidal field of BT < 13 kG. The initial ECR plasma is 
produced by injecting microwave power (f = 35.6 GHz, PECH ^ 120 kW, 
T < 10 ms) from a gyrotron into the vacuum vessel. To achieve the LH current 
drive, RF power (f = 915 MHz, PLHH ~ 100 kW, T < 3 0 ms) from a magnetron 
is launched into the plasma with a phase array of four waveguides (inner dimensions 
13 X 185 mm2), with a phase difference of 7r/2 from each other. The calculated 
power spectrum radiated from the launcher has a peak at N\\ — 4, whose equivalent 
electron energy is about 17 keV. It is noted that no Ohmic power is applied and 
the primary winding of the Ohmic-heating transformer is shorted. 

PLASMA CURRENT START-UP 

When P^cH IS injected» an ECR-plasma with an electron density of 
rjfe = 2 X 1012 cm-3, is generated and a weak plasma current, Ip = 0.5 kA, appears. 
When PLHH *S applied in addition to P^CH > t n e current Ip starts up rapidly and 
attains Ip = 7 kA near the end of P L H H , while ffe is kept constant at 
ne ^ 1.5 X 1012 cm - 3 (Figs 1(a) to (g)). The loop voltage VL is low (VL = ~LP X 
dlp/dt = -0.5 V). The direction of the electric field is such that it opposes the 
drift of current-carrying electrons. Therefore, it is assumed that the LH-driven 
current is generated in the ECR-plasma, and the current Ip is started up and the 
LH-driven-current-sustained (LH-CS) plasma is formed by injecting RF power 
(PECH

 anc* ^ L H H )
 on^ (^ tokamak). Soft-X-ray emission, I s x(0.85 keV), 

appears in the ECR-plasma and becomes very intense in the LH-CS plasma. 
Here, I s x is measured by an SSB detector, whose minimum detectable energy 
h^min is denoted by Isx(ni;min)- There is no hard-X-ray emission from the 
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FIG.2. (a) Temporal evolution of plasma current I for various values of vertical field Bv. 
(b) Maximum values ofIp are plotted as a function ofBv. Data (o) obtained from the LH-CS 
plasma produced by RF only, (•) LH-CS plasma after Ohmical plasma heating and (A) from 
the Ohmically heated plasmas. The line shows the relation of MUD equilibrium between 
/ p and Bv. 

ECR-plasma, but IHX (40 keV) appears and becomes very strong during the 
current start-up by PLHH- Accordingly, the secondary electron cyclotron 
emission 1^(68 GHz), whose intensity is an order of magnitude higher than 
that of the thermal level, even in the ECR-plasma, becomes intense in the 
LH-CS plasma. These strong emissions, I s x , IH X and 1^, suggest that non-thermal 
electrons are produced in the ECR-plasma and a high-energy electron beam 
carrying the current Ip is generated by LHW. It is noted that the stored magnetic 
energy (LpI*/2 = 30 J) is about 3% of the input RF power. 

MHD EQUILIBRIUM 

The vertical field Bv plays quite an important role for current start-up and 
sustainment. The temporal evolutions of Ip and Bv are shown in Fig,2(a), where 
the maximum plasma current Ip m a x is obtained at the end of P L H H for a certain 
optimum value of Bv0. For small Bv0 , the current Ip decreases suddenly and, 
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after passing the minimum value, Ip , increases again. The movement of the plasma 
column is estimated from the temporal variation of the horizontal profile of 
I§ x (0.2 keV) as measured by an array of six SSB detectors. Measurements show 
that the plasma column is displaced outward and touches the limiter when Ip 

decreases to the minimum value and then moves inward gradually as Ip increases 
again. When Bv is adjusted, the ECR-plasma is produced near the centre of the 
vacuum vessel and the LH-driven current is first generated in the outer region, 
then moves towards the equilibrium position near the centre and finally shifts 
towards the inner wall. The maximum values of Ip are plotted as a function of 
Bv in Fig.2(b). The solid line represents the MHD equilibrium relation for the 
tokamak current given by 

Bv = (ju0Ip/47rR){ln (8R/a) + 0 p - 3/2 +1^/2} 

where j3p = 1 and £j = 1 are assumed. The experimental plots agree well with the 
theoretical prediction. Thus, it is concluded that the LH-CS plasma produced by 
RF (ECH and LHH) only is in MHD equilibrium. The minimum value of the 
safety factor at the plasma surface is estimated to be qa = 9 for Ip = 4 kA, where 
the ECR-plasma is generated at the second cyclotron harmonic and then the LH 
current is started up. 

EFFICIENCY OF LH-CURRENT DRIVE 

Figure 3(a) shows the experimental values of rfe X Ip m a x for various values 
of Bv as a function of PLHH • The efficiency of the LH-current drive for start-up 
is obtained from the solid line as (Ip/kA) = 0.029 (PL H H [kW]/(ñe[1013 cm"3]). 
The current Ip max/P;LHH *s inversely proportional to the density ñ¿ (Fig.3(b)). 
The current rise for the start-up is nearly proportional to PLHH

 anc* given by 
(Ip max[kA])/(TM[s]) = 5.1 (PLHHÍkW]) a s s h o w n i n Fig-3(c). Here, the current 
attains Ip m a x at the time TM , which depends on Bv, but not on rfe. The current 
Ip m a x increases with BT as is shown in Fig.3(d), where the larger BT corresponds 
to the fundamental ECH and the smaller BT to the second harmonic. 

HIGH-ENERGY TAIL OF ELECTRONS 

Langmuir probe measurements show that the bulk electron temperature is 
Te = 20 eV for the ECR-plasma. In the case of current start-up, the bulk electron 
temperature is estimated to be of the same order as that of the ECR-plasma, by 
comparing the intensities of impurity lines. In addition, a high-energy tail of 
electrons is present in both ECR and LH-CS plasmas; it is measured by soft- and 
hard-X-ray emission from the plasma. SX is detected by a Ge detector 
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FIG.3. (a) Maximum plasma current Ip times ne ai a function ofPLHH; (b) Ip/PmH versus nt 

(cj current rise Ip/Tu versus PLHH and (d) Ip versus BT, 

(E = 3.0 ~ 200 keV) and HX by an Nal scintillator (E > 50 keV); the PHA 
method is used. Figure 4(a) shows the photon count as a function of energy, 
E (X-ray spectrum) for the time interval of t = 20—24 ms, where the photon 
count is integrated for 100 shots. Here, the SX spectrum has two Maxwellian 
components with Tx = 14 and T2 = 75 keV, and the HX spectrum is a Maxwellian 
distribution with T3 = 100 keV, where the HX spectrum is well connected with 
the SX spectrum. Thus, the X-ray spectrum suggests that the high-energy tail 
of electrons is composed of two Maxwellian components with T1 and T3 (= T2). 
Since the photon count near E m a x is not measured precisely, it is difficult to 
determine whether the higher components of the tail are Maxwellian or plateau. 
The temporal evolution of X-ray spectra is plotted in Fig.4(b), where high-energy 
electrons are present in the ECR-plasma and its energy and number increase as 
Ip increases. In Fig.4(c), the temperatures T l s T2, T3 and the maximum energy 
of the HX spectra, E m a x , are plotted as functions of time. The abrupt increase 
of T and Emay at t > 20 ms is ascribed to an acceleration of high-energy electrons 
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FIG.4. (a) Soft- and hard-X-ray spectra at t = 20-24 ms; (b) temporal evolution of X-ray spectra during current start-up; 
(c) electron temperature of the high-energy tail of electrons and maximum energy are plotted as functions of time; (d) temporal 
evolution ofIp and VL. 



IAEA-CN-44/F-IV-6 629 

due to the positive voltage VL with spikes. Thus, the electrons of the LH-CS 
plasma are composed of bulk electrons with Te = 20 eV, ne = 1.5 X 1012 cm - 3 

and the high-energy tail of electrons with ne = 2 X 1010 cm - 3 , which is composed 
of two Maxwellians with Te = 10 and 50 keV and carries the plasma current 
Ip = 7 kA. Such an energy distribution of electrons is also observed in LH-CS 
plasma generated after the Ohmic-heating plasma. 

ANISOTROPY-DRIVEN INSTABILITY 

In Fig. 1(b), sharp positive voltage spikes and a step-like decrease in Ip near 
the end of LH-CS plasma appear. Bursts of I H X , I s x and 1̂  and an abrupt inward 
displacement of the plasma column are correlated with the voltage spikes. This 
phenomenon is ascribed to the anisotropy-driven instability since the high-energy 
electrons are accelerated by the positive VL. This instability was observed in the 
LH-CS plasmas produced during or after the Ohmically heated plasma [6]. 
Further, these instabilities are stabilized, and Ip continues to increase or to be 
saturated when PgcH *S aPPned during the instability period in Fig. 1(b). 

INITIAL ECR-PLASMA FOR CURRENT START-UP 

The plasma current Ip can be started up when PLHH *S injected into an 
ECR-plasma produced in a low filling-gas pressure only ( p < l X 10~4torr) [6]. 
The strong emission, I s x , and the weak current, Ip , are observed for ECR-
plasma produced in such a low-pressure region, suggesting the presence of supra-
thermal electrons. When PLHH *S injected into these ECR-plasmas both Ip and 
IgX are enhanced drastically, and Ip is started up. This implies that the supra-
thermal electrons in the initial ECR-plasma are necessary to start up Ip by 
injecting PLHH > s m c e o n ^ t n e suprathermal electrons can interact resonantly 
with LHW having an index of N |j < 8 (equivalent electron energy <M keV). 

SIMULATION RESULTS 

A computer simulation has been carried out to interpret the current start-up 
experiments. For electrons uniform in space, the Boltzmann equation contains 
a non-linear Fokker-Planck collision term, quasi-linear diffusion terms of both 
ECW and LHW and particle and energy loss terms; the equation is solved 
numerically in the two-dimensional velocity space. It is noted that the effects 
of the vertical and poloidal fields are included through the electron containment 
time. The initial distribution of electrons is assumed to be Maxwellian with 
Te = 50 eV and ne = 1 X 1012 cm-3. The resonant region of ECW is 
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FIG.5. (a) Temporal evolution of plasma current density J- during PECH and - P ^ H injection. 
Contour lines of velocity distribution function are plotted in v(), \L space at (b) t =0, (c) 0.5, 
(d) 0.7 and (e) 1.3 ms; (f) temporal evolution of F(v^). 

|v||(109 c m - s - 1 ) | < 4 , while that of LHWis2<v| | (109 cm-s _ 1 )<8 . The quasi-
linear diffusion coefficients are assumed to be DECW = 0.05Dcoii and 
DLHW = O-̂ DcoU, respectively, where Dcoi! = 5 X 1022 cm2 • s~3 is an ordinary 
collisional diffusion coefficient. The ions are fixed Maxwellian ones, with 
T¡ = 30 eV. In Figs 5(a) to (f) the time evolution of the current density j p and 
the electron distribution function fe(v||, v¿) for the case of Bv = 5 G are shown. 
A weak current is generated when PECH *S applied, since Bv cancels the toroidal 
drift of some electrons. The current j p produces a poloidal field B p , which extends 
the electron confinement region. Thus, fe(v||, v¿) becomes more asymmetric along 
V|| (c), and jp increases. When PLHH *S turned on at t = 0.5 ms, the current j p 

increases more rapidly (solid curve in (a)). While the electrons are accelerated in 
the v¿ direction by PECH > t^ley a r e Pitch-angle scattered in the parallel direction 
via e—e and e—i collisions. These suprathermal electrons with v|| > 2 X 109 cm- s"1 

can interact with LHW and are quasi-linearly diffused into the high-vy region, 
resulting in the formation of a plateau in Fe (v j| ) along vy(f). 
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CONCLUSIONS 

The plasma current Ip can be started up and sustained by injecting RF 
(ECH and LHH) without Ohmic-heating power (RF tokamak). Such a start-up 
of the tokamak discharge by RF is very useful since the device becomes simple 
without Ohmic-heating transformer and its volt-seconds can be saved. It is noted 
that one half to one third of the total flux is dissipated during the start-up in 
tokamaks. The formation of an Ohmic-heating discharge (a) assisted, at the 
start-up, by RF is compared with (b) a discharge assisted by ECR pre-ionization 
[7] and (c) the usual Ohmic-heating discharge. The initial peak voltage of VL, 
the current and temperature rise time and the initial consumed flux decrease in 
order of (c), (b), (a). 
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Abstract 

ENHANCEMENT OF CYCLOTRON ABSORPTION OF A FAST MAGNETOSONIC WAVE 
INSTELLARATORS. 

A study is made of a possible mechanism for the enhancement of fast-wave absorption in 
the case of cyclotron resonance of the bulk ions in a stellarator plasma; this mechanism is 
associated with the helical structure of the confining magnetic field. 

1. INTRODUCTION 

High-frequency plasma heating in the ion cyclotron range of frequencies 
(ICRF) which is effectively being used at present (see, e.g. Refs [ 1, 2]) is now 
regarded as a promising heating method for future thermonuclear reactors. The 
following fast-wave heating regimes were most successful: ion-ion hybrid heating, 
ion cyclotron minority heating and heating at the second cyclotron harmonic, 
co = 2i2i. This paper deals with problems of fast-wave plasma heating at the 
fundamental cyclotron frequency of the bulk ions. This regime did not seem 
to be effective, not even in large devices [3,4], because of a relatively small 
absorption region in which |cu - Í2j| < knvi, but also owing to the unfavourable 
polarization of the fast-wave electric field there. In spite of the negative 
predictions, experiments carried out in the L-2 stellarator [5] demonstrated 
substantial ion heating. Here, a change in the magnetic field in both directions 
from the resonance value, where co = 52¿ at the plasma centre, results in a decrease 
of the absorbed power, which attests to the presence of a cyclotron absorption 
mechanism. But calculations making use of ordinary cyclotron absorption, 

CO*i [ / C O - f t A 2 ] 2 

P0 = — " I exp - -) |E+I (1) 
l&VtfkyVi I \ k,|Vi / 

with the ratio of the left-hand polarized component E+ to the module E of 
electric field in resonance given by |E+/E| = k||Vi/co, could not explain the strong 
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ion heating. Here, the following notation is used: co and kj are the frequency 
and the longitudinal wavenumber of the fast wave, respectively; copi and £2i 
are the plasma and cyclotron ion frequencies; vi is the ion thermal velocity. 

References [6-8] discuss special features in fast-wave absorption in the 
co = Í2j regime in tokamaks, taking into account magnetic field inhomogeneities 
and a finite rotational transform. The results of these papers are not consistent. 
We think that the conclusions in Refs [7,8], drawn on the basis of a dielectric 
permittivity averaged over the magnetic surface, are not quite correct since it is 
not the dielectric permittivity, but the absorption power whose average should 
be taken. In a stellarator, another reason appears to be of greater importance, 
i.e. the helical structure of the inhomogeneous confining magnetic field; here, 
the effect of absorption enhancement may be substantially higher than in a 
tokamak with similar plasma parameters. 

2. INDUCED PLASMA CURRENTS 

We now derive an expression for the plasma currents in the magnetic field 
of a stellarator. Integrating the linearized Vlasov equation along the characteristics, 
we find a distribution function of the first order: 

2 t 

2TT Vie; J 
1 —oo 

We choose a co-ordinate system (x1, x2, x3) so that x1 = const is the equation of 
the magnetic surface and the x2 and x3 co-ordinates have a period of variation 
of 2ir. Let the perturbation X take the form 

X<* exp(-icot + ik2x2 + ik3x3) (3) 

As the solution is unique, we have k2 = m, k3 = fi, where m and l are integers. We 
introduce an orthonormal system of accompanying bench vectors: 

ea = VxVlVx1!, eb = [el( X ea], e„ = B0/B0 (4) 

where B0 is the stationary magnetic field of the stellarator. We consider 'physical' 
components of the wave vector: 

ikb = £bVlnX, ik|| = ̂ nVlnX (5) 

and 'physical' components of the electric wave-field E, given by the relations 
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E a=e áE, Eb = eb-E, E„=ê~„-Ë (6) 

and, similarly, of the magnetic field B and the ion velocity V. It is well known 
that, for the electric field of a fast wave, neglecting electron inertia, we may 
assume that E ,¡ = 0. The 'physical' components of the vectors in question can be 
expressed in terms of the corresponding co- and contravariant components. 
This can be illustrated by, e.g. the relationship of kb and ky with the covariant 
components k2 and k3 of the wave vector: 

1 
b = i ^ Ç ( k 2 g 3 k ~ k 3 g 2 t ) B ° 

k „ = — (k2B¿ + k3B
3o) (7) 

Here, as usual, the quantities gy with subscripts (superscripts) indicate the 
corresponding components of the co- or contravariant metric tensor, 
g = Detgjj. 

We now consider the rotating components of velocity and electric field: 

v± = v a±iv b , E± = E a ± i E b (8) 

In the case where the ion Larmor radius is small compared with the typical size 
of the magnetic-field inhomogeneity and the transverse wavelength and considering 
only untrapped ions1, we derive the following expression for the left-hand 
polarized component of the ion current: 

Ji" = 7 ~ " Í e-vVvidv|| f E+(t')exp i / (k||V||-co + Í2j)dr 

t 

dt' 

(9) 

47T3/2
Vi 

We introduce the following important parameters: 

17 = , X = - > w b 0 =avj (10) 
^bo kllvi 

1 Trapped ions do not contribute much to cyclotron absorption. 



636 KOVRIZHNYKH and MOROZ 

where Í2i0 and esi2i0 are the mean value and the amplitude of the varying part of 
the cyclotron frequency, a = 2ir¡L, and L is the helical-winding period. We now 
consider conditions where 

X > 1 , T?>1 (H ) 

In this case, the main contribution to jj comes from the neighbourhood of 
stationary phase points which are, at the same time, the points of local cyclotron 
resonance: 

k||V|| - a? + Í2¿ = O (12) 

3. REGIME WITH RESONANT LONGITUDINAL VELOCITIES 

If during ion motion along a trajectory the condition (12) is periodically 
fulfilled, its period being T, then the integral (9) can be expressed as a sum of 
integrals in the intervals (t—T, t), ( t~2T, t~T),etc. The obtained series is 
a geometric progression. Summing up, we write: 

.+ _ "Pi 
J Í 47T3/2V; 

S(t, v||)exp(-vjj/vf )dv|| 

1 - e x p 

t -T 

i / (k||V|| - CJ + Í2j)dr 

t 

(13) 

where 

t t 

S(t,v||)= / E r(t ')exp 

t -T 

i / (k||V||-o; + í2i)dT 

t 

dt' (14) 

We see from expression (13) that, in this case, contributions are of importance 
that come from small intervals of the longitudinal velocity near the resonant 
velocities v|| = V||p (p being an integer), which satisfy the condition 

A4> = / (k||V||p-aj +Í2¿)dr = 2irp J (15) 

t -T 
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or 

k||V||P - Aw = pcobs (16) 

where Aco = co — i2j0, cot,s = 27r/T; the overbar denotes averaging over the T 
period. An ion moving with a resonant velocity of v||p subsequently passes 
similar resonances in the same phase with respect to the wave electric field. 

In a straight stellarator, the magnetic field only depends on the helical angle 
6 = $ - az; typically, T = 27r/o)t>o- We now go over from integration over the 
running time to integration over the running angle 6. Including contributions from 
the resonant velocities v||p, we derive for the mean power P, absorbed by the 
plasma per unit volume at the given magnetic surface, 

2TT 

P = — 
Sir 

Re J i E dd (17) 

the following expression: 

P = 
^ p i a 

327r3/2
Vi |Ao;| 

lv||p|exp 

2£ 

E+(0S) 

s=l 

lV||p 

(diydfl)* 

1/2 

22 

X ^ E+ (0 s l) 

sl = l 

rllp 

Kd iyd0 )0 B l 

1/2 

exp 
oviip 

(k||V||p - w + i2j)d0' 

(18) 

Here and below, we choose the root of an imaginary number to be that value 

whose argument has the smallest module. In expression (18), we clearly see the 

interference of contributions from various resonant angles 6S (where co = Q,^), 

C being the helical-winding multiple number. 

ABSORPTION IN THE ABSENCE OF RESONANT VELOCITIES 

In the case where cot>0 < Í2j0 (and even where rj > 1), an ion passes through 
many periods of cyclotron rotation between subsequent resonances. In doing so, 
various small effects slightly varying cyclotron frequency, longitudinal velocity 
and the distance between resonances may substantially affect the A4> phase so 
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that it becomes impossible to realize the resonances (15) and (16). In particular, 
inclusion of a small amount of toroidicity in a stellarator, et < es (et is the inverse 
aspect ratio) leads to Í2¿ depending on the poloidal angle d: 

ùtoiW&eflto co&d- iW) 

Hence, condition (15) can only be fulfilled with all angles d for et£l[0 < tubs- This 
condition is usually violated, and resonances (15) become impossible. 

Weak Coulomb collisions of ions, v\ < cobo> result in a small random change 
in the longitudinal velocity and, consequently, in a change of the time needed for 
passing between resonances, which causes a random change in the phase A4> 
given by 

A$, (20) 

which often is not small (e.g. in the experiments of Ref. [5]), as compared with 
2TT. 

From these considerations, we see that the currents jj at different resonant 
angles become independent and, in conditions (11), are only determined by values 
of the E+ field in a small neighbourhood of angles Ad < 1. Expanding the 
integrand of the integral (9) in a series near t' = t, we obtain 

.+ 
Ji = 

CO pi 

4irV2co 
E+ e~u 1(0, u) du (21) 

bo 

where 

l(0,u)= exp[ir?f(z)]dz (22) 

f(z) = 
e s ^ Í 0 L 

u dfy 
kllUVj - CO + il; + Z 

1 1 1 ' 2 d0 

U = V||/Vi, Z = W b 0 ( t ' - t ) 

(23) 

(24) 

The effect of magnetic field inhomogeneity is included by the term with the 
derivative dí2¿/d0 in expression (23). We see from (22) that the region of influence 
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is very small, z ~ rfx, if the angle 0 is non-resonant. In this case, the term with 
the magnetic field inhomogeneity can be neglected. When the angle 0 is close to 
the resonance angle, 0S, then the region of influence widens, z ~ rfV2. Because 
of the integration over velocities (21), the importance of the term with the 
derivative d£2j/d0 is only retained if 

ri<x2 (25) 

In the opposite case, we again come to the conclusion that the magnetic field 
inhomogeneity is unimportant. In what follows, we shall consider inequality (25) 
to be fulfilled. 

For the absorbed power (17), we obtain 

co? 
27T 

P = - / e_u du / |E+(0)|2Re{l(0,u)}d0 (26) 
327rs/2cob0 J J 

Remembering that the main contribution comes from the neighbourhood of the 
resonance angles 0S and calculating 

l(0s,u) = 

we derive 

17TCO bo 
[2u(diVd0)fl 

(27) 

c4 r |E+(0S)|2 

P = —— ) ; (28) 

s=l 

With the substitutions 

fi -+ 1, 6^-&, (dSli/dd)ds -+ etí2iosin^s (29) 

we recover, from this expression, the formula derived for tokamaks by Stix [9]. 

5. WAVE FIELDS 

The wave-fields E+(0S) can be found from Maxwell's equations by substituting, 
in these equations, the currents induced in the plasma and the currents flowing 
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in the exciting system (the antenna). It is convenient to express E+ in terms of 
a function G which weakly depends on how close the angle 6 is to resonance 
angle 0S. We have 

E+(0S) = 
4>/2V G(fls) 

co €+(dJ 
(30) 

where 

1 ^ n i 

y/lT COCO 
e_u l(0s,u)du 

bo 
(31) 

c 1 
G = — 

4TT v ^ g 1 1 

VS Bo 

(32) 

8B| 

3xi 

Here, B|| is the longitudinal component of the wave magnetic field. By substituting 
into (28), we obtain 

28 

P ^ 
^bO 

CO 
Pi 

IG(6L)| (33) 

s=l 

The increase in the power P with co^o and £ may be treated as proportionality of 
the absorption power to the number of ions having passed through the resonance 
per unit time. 

6. DISCUSSION AND CONCLUSION 

Calculations performed without inclusion of the magnetic field change along 
the ion trajectories yield much smaller values for the absorbed power. This is 
easy to illustrate by taking the expression P0 ( 1 ) for the local power and the value 
of e+ as obtained from plasma theory in a homogeneous magnetic field, 

e - i > / 7 Í 
w

P i „ , / w ~ n i 
W -

^k||Vi V k||Vi 
(34) 
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Averaging over the angle 6, we obtain 

2TT . . 22 

2TT J 
o 

Po(0)d0 = 
kW 

CO pi 
s=l 

|G(0S)1
2 

Kdfli/dfl)* 
(35) 

Comparing the values of P and P, we obtain the coefficient of absorption 
enhancement 

CO 

K = — = 
bo 

P (k||Viy 

/dOA 

\dd h 
(36) 

which is much larger than one under condition (25). Finally, we note the 
following inequalities which have to be fulfilled if fast-wave absorption in the case 
of cyclotron resonance of bulk plasma ions is to be increased: 

\<r}<x7 (37) 

To compare absorption enhancement in stellarators and tokamaks, we apply 
the obtained formulae to tokamaks. In this case, it is necessary to make the 
substitutions (29) and to replace GObO by vj/qtR, where qt is the safety factor, and 
R is major torus radius. Denoting quantities corresponding to stellarators and 
tokamaks by subscripts s and t, respectively, we may write 

t*"** (38) 

where ms is the number of periods of the stellarator magnetic field along the major 
circumference (for L-2, ms =14). A high value of this ratio is due to the fact that, 
in a stellarator, the number of ions passing through the resonance per unit time is 
much higher than in tokamaks since the magnetic field structure rotates simulta
neously with the helical windings. Moreover, it follows from inequalities (37) 
that, in stellarators, the range of k|| for which absorption enhancement is possible 
is also larger than in tokamaks and may cover an appreciable portion of the range 
of longitudinal wavenumbers, corresponding to a fast wave when k|| < copi/>/2c. 

The mechanism discussed provides sufficiently strong fast-wave absorption 
in stellarators and is, probably, responsible for the appreciable ion heating found 
in the L-2 experiments. 
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Abstract 

GENERATION OF RF FIELDS IN A TOROIDAL SYSTEM WITH ALFVÉN HEATING -
THEORETICAL MODEL AND EFFECT OF ANTENNA TYPE. 

The generation of RF fields in toroidal magnetic traps with Alfvén wave heating is investi
gated both theoretically and experimentally. Within the framework of the MHD model, the 
RF fields generated in a toroidal plasma by a helical antenna are determined. Analytical expressions 
for the RF field components in the plasma for the main and two lateral harmonics are given. 
Plasma heating by means of poloidal and helical antennas is studied experimentally. It is shown 
that the use of a poloidal antenna leads to high efficiency of the RF power input, but the electric-
field amplitude at the plasma periphery decreases substantially (three to five times). 

1. INTRODUCTION 

Among various methods of plasma heating one of the most promising is 
heating by means of kinetic Alfvén waves which arise in an inhomogeneous plasma 
as a result of the conversion of the fast (MHD) mode in the vicinity of the 'local 
Alfvén resonance' point where V h « C A [1 — 10]. 

The present paper consists of two parts. The first part presents the results of 
a theoretical analysis of the problem of RF field generation in a toroidal plasma 
placed in a helical magnetic field by external helical RF currents. In the second 
part, the results of experimental studies of the effect of the antenna type on the 
RF field structure at the plasma periphery in the R-0 device [10] are presented. 

643 
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2. THEORETICAL ANALYSIS OF RF FIELDS GENERATED IN A 
TOROIDAL PLASMA 

We consider a toroidal plasma column of radius a shifted by a distance A 
from the discharge chamber axis (A/a ~ a/R <§C 1, where R is the major radius 
of the torus) and placed in a helical magnetic field of the form: 
Bz = B0z (1 + (r/R)cos 0)"1, Bd = Boe r/a (1 + (r/R)cos 0)"1 ; here, q = (r/RXB^B, 
= const. The plasma column is surrounded by a conducting wall of radius d and 
by a helical antenna of radius b (a < b < d) with an exciting RF current flowing 
in it: 

31° 
L „ = 1° expi(£2t -m<p- k7z), - ^ = ibk7(l + (b/R)cos *)I° z,ip z,v? dip 

Thejplasma is described by a one-fluid MHD model (Í2 <$C CJCÍ, E|( = (E -h) = 0, 
h = B/B); and is characterized by the dielectric permittivity, e = Wpi/^ci- ^ e s e t 

e = e°(l + 7(r/R)cos 0), where e° refers to the cylindrical column and the 
factor 7 accounts for the toroidal inhomogeneity of the plasma density n and 
the magnetic field B z ; in particular, if n(r) = const, then 7 = 2. We also assume 
that kza <C 1, |B0^/B0zl < l , q * l . The problem is solved to first order in the 
small parameters a/R and A/a. Then, in a plasma, as is well known, besides the 
main mode with poloidal wavenumber m, lateral modes (harmonics) with wave-
numbers m +1 arise. The harmonics are generated for three reasons: the displace
ment of the plasma column, its toroidal inhomogeneity, and the toroidal non-
uniformity of the exciting current. From the continuity condition for the £-th 
harmonic of the exciting current, the relation fil { + bkzIzg = —b2 (kz/2R)Iz 

follows, from which the quantities Izg, 1^ are determined in a non-unique way 
so that an additional condition can be imposed; we assume that I g = 0 and, 
therefore, Iz£ = -(b/2R)I°. 

As a result of solving Maxwell's equations for a plasma [6,1], we obtain 
the following expression for 

Yg = xEflg ( £ = m, m + 1 ) for |m| =É 0, 1 : 

Yg(x) = A f iY^(x) + (a/R)Ffi(x)Am (1) 

where x = r£2/c; Y^1,2^ are the linearly independent solutions (regular and singular) 
of the equation 

- ( x Y n ) ' - C 2 / x 2 Y p = 0 
x X K 
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(the prime denotes d/dx), which are easily found either numerically or by means 
of power series expansions [11, 12]; Fm(x) = 0 

Fg(x) = — n 2x p [Y£2 )(X) M(
g
1} - Yj2)(x) M^2)] for £ = m + 1 ; 

M? = T + I ) ( I - ^ r Y + 6 - * 
qfv 

i$ + n ± (i) 

+ ( 7 + D 1 • J L W(0 
l3£ 

j(i) = 
fr^YJ^Y^dS 

wfitt)(nî-e°tt) 

T(0 = 

l YÍ>(O/Y' ± ? Y T 

Wo(£) 
d£ 

r(0 = l3£ 

.(i) Yjftt) 
m 

Y ±—Y 
m t m Wg(£) 

e°tt) 
d£ 0 = 1 , 2 ) 

wfi(« = Yj1)Y (2)' 
2 

.(2) ,(D' 
•S. 

(la) 

Here, we have introduced the following notations: 

xp = ri2/c, k7c/í2, n? = n7(l - 1/qjf), n„ = nf1 = k | C/í2, k„ = (k-h), 
Qfi = ~kza/£-BOz/BO0 = " (^ /^Q ' ^ = Rkz ( t n e toroidal wavenumber). The 
integrals I-g (j = 1, 2, 3) for a given density profile depend on the parameters m, 
£, rAg /a, where rAg is the radius of the local Alfvén resonance point (or, for 
simplicity, the 'A-point') corresponding to the 2-th harmonic, which is determined 
by the relation e(rAg) = (n¡)2 • The singularities arising in these integrals at 
r = rAg can, as usual [2, 4], be eliminated by integration in the complex plane. For 
the particular case of a parabolic density profile with e°(x) = e°(0) (1 — r2 /a2 ), 
we have Wg(x) = 2£xAg/x(x2 — x^g) (xAg = rAgi2/c); the corresponding power series 
expansions for the functions Yg* ' ) are given in Ref. [ 12]. The remaining RF 
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field components in the plasma are expressed in terms of Yg by means of the 
following relations (£ = m, m + 1, J? =£ 0): 

Hr£ ~ 

8 • C 
nH y u _ "IlL v ' H - — ( n 7 n f - e ° ) , „ . 2nzn? Y V " l 

£ 
V" 4- ¿ I _ i (2) 

The coefficients Ag are determined by matching the general solution given 
by expressions ( 1 ) and (2) to the vacuum fields, with the help of the boundary 
conditions at the displaced plasma surface [13] : 

±L reff 
m c z m 

A m ~ d - l / q * ) arT •m- m 

Ag 

b 
+ - R 

A % C r 

a 2n? x. 

c =-
m 2m 

n x Vc z m 

1 + s 
H-Kg 

1 - K r 
+ : A m ( F L + — a„F 

2 CI - 1/qjP \ c 
(- If 

R ~ m l r 8p 

at 9. = m + 1 

* r « p 

m? v mp I m l ( q ^ - l ) 

(3) 

*g ~ YÉp +
 Y

 ae Ygp 
XP 

^ ( m , Km) = 2|m| [Km(l ± s) - (1 + m)] (3a) 

«g (Kg, qg*) = 1 + Kg 2 
1-Kg ISI(qf-l) 

*»•&* • -
m 

ïmT 

Ygp=Yg(xp) , Ygp=Yg(xp) , etc. 

I | f = 1° (a/b)|E1~ * ((1 + Klg)/(1 - Kg)) is the 'effective' exciting current 
[ 13] for the £-th harmonic. 

In principle, formulae (1), (la), (2), (3) and (3a) give the complete solution 
of the problem of determining the RF fields in toroidal plasma if the functions 
Y^1'2-) are known. A detailed investigation of the expressions obtained, as well as 
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calculations of the RF power absorbed in the plasma, will be given in another 
publication; some general conclusions can, however, already be made on the 
basis of these formulae. Note that the first-order toroidal corrections to the RF 
field components in the plasma can.be represented in the following schematic 
form: 

j ifl /A . a ¡ b A 

Vm Va R R / 

where (SJ
g, Pg, Qg) = f j^Am^' Q> lm'» s» b/a> ^/a) anc* ^2 *s a r e s o n a n c e denomi

nator defined by expression (3a), its minimum corresponding to the condition of 
resonant excitation of the £-th mode of the helical plasma column eigenoscillations 
('helical resonance' [ 13] ). 

The three terms in expression (4) correspond to the above-mentioned three 
reasons for harmonics generation. We see from (4) that the harmonics with £ = m + 1 
have resonance peaks not only at 2 ,

mT j = min, but also at ? m = min, i.e. under 
the resonance condition for the main mode. The relative value of the resonance 
peaks at £ = m — 1 and fi = m + 1 depends essentially both on the direction of wave 
rotation (sign of s) and on the sign of q (i.e. on the direct-field helix direction). 

We see from these considerations that each harmonic has its own A-point. 
If the A-points corresponding to the £ = m + 1 harmonics lie within the plasma 
column, they contribute to the absorption, manifesting themselves as additional, 
not sharply pronounced, peaks in the absorption curves. 

3. EXPERIMENTAL STUDIES ON ALFVÉN HEATING BY HELICAL AND 
POLOIDAL ANTENNAS 

The increase of power input by RF methods of plasma heating, including 
Alfvén heating, leads to a rise in the impurity concentration. Most probably, this 
is because the antennas, besides the main mode heating the plasma core, excite 
some types of waves at the plasma periphery. These waves can lead to a growth 
of the electric fields and to RF power absorption and to an increase in the plasma 
boundary temperature, which, in turn, results in higher sputtering of the limiter 
and discharge chamber wall materials. 

To reduce the impurity concentration in the plasma, special experimental 
and theoretical studies on the control of the radial impurity fluxes were carried 
out. However, the most efficient way of solving this problem is to reduce the 
peripheral plasma heating [14—17]. 

The experiments performed previously on the R-0 stellarator have shown 
that Alfvén heating, simultaneously with efficient RF power input into the plasma, 
allows us to control the radial distribution of the plasma density by changing the 
direction of the RF wave propagation which is done by phasing the currents in 

http://can.be


648 KIROV et al. 
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FIG. 1. Radial distribution of the RF-field E -component. (1) \E \; (2) E . Conditions: He, -t= 0.-
B0 =5.2 kG; helical antenna with m =2, v = 2,f= 0.8.MHz. 

the antenna windings [18]. Such a control of the plasma density profile can be 
used to form a cold, dense plasma layer at the plasma periphery. Besides, 
Alfvén heating also allows the concentration of certain impurities to be reduced, 
when the RF field frequency is close to the cyclotron frequency of the impurity 
ions [10, 16]. 

For Í2 <̂C wci in a cold rarefied plasma (n ~ 109 to 1011 cm - 3) , besides 
the fast wave, also a slow Alfvén wave can propagate [ 1 ] . Therefore, for reducing 
the peripheral heating and impurity influx to the plasma, the antenna should be 
optimized such as to eliminate the possibility of slow-Alfvén-wave excitation. This 
wave is generated at the plasma periphery by RF currents, which are parallel to the 
stationary magnetic field. Such currents prevail in a helical antenna with small 
i>/m ratio. Therefore, such an antenna is well adapted to plasma pre-ionization and 
preliminary heating during the stage of density rise. For the main process of plasma 
heating due to conversion of the fast into a kinetic Alfvén wave, there is no need 
of generating an Alfvén wave at the plasma boundary; it is more expedient to use 
an antenna with poloidal RF currents. 

The purpose of the present paper is a comparative experimental study of RF 
fields at the plasma periphery for two types of multipole antennas, poloidal and 
helical. We also have investigated the dependence of the RF field distribution on 
the plasma parameters (n, T) and on the RF field frequency and multipolarity 
(Í2, m, v). 

The experiments were carried out in the £ = 3 stellarator R-0 [10, 18] with 
the following parameters: R = 50 cm, b0 = 5 cm (R and b0 are major and minor 
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FIG.2. Radial distribution of E and Ef components of RF field. (1) \E\; (2) E. Conditions: 
D2,4= 0.4, B0 = 3 kG; helical antenna with m = 2,v = 2,f= 1.45 MHz. 

(arb.un.) 

1 
5 r(cm) 

FIG.3. Radial distribution of RF-field E^ component in non-resonance mode of operation 
(Ü < k{]cA (0)). Conditions: D2,*= 0.2, B0 = 5.4 kG; helical antenna with m = 2,v = 2, 
/ = 1.45 MHz. 
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FIG.4. Radial distribution ofRF-field E component- Conditions: D2, -t = 0.2, B0 - 4 kG; 
poloidal antenna with m = 1, v - 2, / = 0.6 MHz. 

radii of the quartz discharge chamber); B < 8 kG,* < 0.8, <ne> 
= (0.8 - 20) X 1013 cm"3, Te = 20 - 50 eV, f = 0.6 - 1.5 MHz. Two types of 
antennas were used for Alfvén heating. The antenna of the first type consists 
of eight helical conductors enclosing the whole surface of the discharge chamber 
and allows excitation of travelling and standing waves having main harmonics with 
(m, v) = ±(1, -1 ) , ±(2, - 2 ) . The antenna of the second type, which excites the 
main RF field harmonics with v = ±1, ±2, m = ± 1 consists of eight poloidal turns 
that are distributed along the discharge chamber. 

Double electric probes with a spatial resolution of Ar ~ 0.3 cm were used 
to measure the RF electric-field components E , Er in the plasma. 

The experiments with the helical antenna have shown that the electric fields 
in the plasma have a typical distribution as shown in Fig. 1. We see that the electric 
field increases near the plasma boundary. Towards the interior of the plasma colun 
the electric field amplitude drops rapidly and grows again near the point where the 
local Alfvén resonance condition, £2 = cAkn = BO - nu ) / (RV 4 7 r n i m i ) i s fulfilled. 
Measurements of plasma temperature and density radial distributions by double 
electric probes have shown that the main part of the RF power is absorbed in the 
plasma interior. On increasing the plasma density or theRF field frequency, i.e. 
when the ratio CA/Vp h is reduced, the Alfvén resonance zone is shifted towards 
the plasma column periphery into the cold-plasma region, where the condition 
|3e = nTe/(B2 /Sn) > mjmi is not satisfied. In this case, the RF-field radial distributic 
changes its character (Fig.2). As in the previous case (Fig. 1), we observe the growtl 
of electric fields at the plasma periphery and within the Alfvén resonance zone. 
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FIG.5. (a) Energy content and (b)plasma density with only helical (m = l,v= 1) antenna (1) 
and with helical and poloidal antennas switched on simultaneously (2); (c) radial distributions 
ofRF-field Ey and Er components measured at instants of time indicated by arrows. Conditions: 
D2,-t= 0.4, B0=4 kG, f= 0.6MHz. 
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However, in contrast to the case shown in Fig. 1, the relative electric field amplitud* 
in the region between the resonance zone and the plasma boundary increases 
while in the inner plasma regions it is reduced. 

Estimates show that within the Alfvén resonance zone the condition )3e(r = rA 

> mjmi is not satisfied and, therefore* the Alfvén wave generated near the con
version point propagates towards the plasma boundary. 

To understand the nature of the electric-field increase near the plasma boundar 
the electric field distributions were measured at low densities when no Alfvén 
resonance zone lies within the plasma (£2 < K||CA(0)). In this case, the diamagnetii 
signal decreases substantially, the electric field changes its distribution in the inner 
region of the plasma to a considerable extent, but the electric fields at the plasma 
boundary remain practically unchanged (Fig.3). 

These experimental results can be explained by the fact that the growth of 
the electric fields at the plasma boundary is due to the slow Alfvén wave generated 
in the plasma periphery by RF currents flowing in the helical antenna parallel 
to the magnetic field. This conclusion is supported by experiments with poloidal 
antennas which have shown that,1 while highly efficient heating is retained 
(A(nT) j = A(nT)he]ic), the electric field values at the boundary are significantly 
reduced. Figure 4 shows the radial distribution of the E amplitude; it is seen 
that the value of E virtually does not increase on approaching the plasma 
boundary. Figure 5 c (1 ) shows the radial dependence of the electric fields excited 
in the plasma by a helical antenna while Fig.5c(2) refers to the case where helical 
and poloidal antennas act together. Figure 5a shows the increase in the diamagnetic 
signal that is observed when the poloidal antenna is turned on; Fig.5b is the 
oscillogram of the plasma density (the instants of time when the RF field distri
butions are measured are indicated by arrows). We see that turning on the poloidal 
antenna neither changes the electric field at the plasma boundary nor the plasma 
density, while the field amplitude in the resonance zone rises appreciably. 

The analysis of the radial distribution of electric fields generated in the plasma 
during Alfvén heating by helical and poloidal antennas shows that the helical 
antenna, besides the fast wave necessary for efficient plasma heating, also excites 
a slow Alfvén wave in the peripheral region of cold, rarefied plasma. This wave 
can be used for plasma pre-ionization and heating during the stage of density 
rise. However, at the main heating stage, the slow-Alfvén-wave excitation can 
result in peripheral heating and additional impurity influx. Therefore, to heat 
plasma up to high temperatures, it is advisable to use an antenna with poloidal 
currents which predominantly generate a fast wave near the plasma boundary. 
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Abstract 

FUSION THEORY AND COMPUTER SIMULATION AT UCLA. 
A number of problems of fusion interest under study by the UCLA plasma theory and 

computer simulation programs are summarized: (1) Generation of Bernstein modes from 
noise fluctuations during ICRF heating. This is an analytic study of the non-linear interaction 
of a fast Alfvén wave with fluctuations and how it affects electron and ion heating. 
(2) Simulation of high powered Doppler-shifted gyrotrons. This is a particle simulation of 
Doppler-shifted gyrotrons and predicts saturation powers and efficiencies. (3) Simulation 
of absorption of ECRH and upper hybrid waves. Particle codes in 1—2/2 and 2—1/2 dimensions 
are used to examine in detail the absorption processes for ECRH and upper hybrid waves. 
Conversions of the waves into Bernstein waves, the electron energy absorption as a function of 
space, and changes of the absorption and reflection coefficients with time are calculated. 
(4) Computer simulation of lower hybrid current drive. A 2—1/2-dimensional bounded code is 
used to study processes associated with lower hybrid current drive. Included are anomalous 
relaxation of the fast electron tail pulled out by the radio frequency. (5) Simulation of 
generalized toroidal cusp configuration. A number of possible modifications of the TCX 
device are simulated including the use of helical cusps and addition of toroidal fields. Particle 
orbits are calculated as well as the dependence of the electron and ion currents. Simple physical 
calculations are shown to account for the results. 

1. GENERATION OF ION BERNSTEIN MODES FROM NOISE 
FLUCTUATIONS DURING ICRF HEATING 

This analytical study considers the interaction of a fast Alfvén wave of 
—> 

wavenumber k 0 and frequency u 0 in the interval 1 < co0/Q,i < 2 with pre-existing 
low frequency (CON — 0) density fluctuations of the drift wave type of noise 
(kNiPi5^ 1> kNii % R - 1 ) observed in tokamaks. The particular effect isolated is 

* Work supported by the US Department of Energy. 
** Institute for Fusion Studies, University of Texas, Austin, Texas, USA. 

*** Lockheed California Co., Burbank, California, USA. 
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the generation of an ion Bernstein mode of frequency to and wavenumber k such 
that co = co0, kg = (k0)u, ki = kNi, where parallel and perpendicular refer to the 
magnetic field direction, Í2j is the ion cyclotron frequency, pj is the ion Larmor 
radius and R is the major radius. The underlying physics consists of the beat of the 
long wavelength oscillatory velocity, imposed on the plasma by the fast wave, with 

—> 
the short scale density fluctuations. The resulting beat current j s and associated 
source field Es = 3ir k'js/ito can drive Bernstein modes resonantly to an amplitude 
E = Es/D, where D = D(k*, co) is the kinetic dielectric for Bernstein modes. In the 
uniform plasma limit the secular growth is limited by electron Landau damping 
which is determined by the parameter £ = Í2i/(k0)ii ve «* (Tim/TeM)1/2 R/pt. For 
£ > 3, as may be characteristic of strongly magnetized large devices or of relatively 
cold regions, large amplitude Bernstein modes can be excited, and significant 
enhanced damping of the fast wave results. When such a situation arises the effect 
of plasma non-uniformities (in N0, B0, T0) must be considered and results in the 
limitation of the Bernstein mode amplitude due to wave convection out of the 
finite excitation region defined by the overlap of the Airy pattern of the ion 
Bernstein mode and the eigenfunction of the density fluctuation. 

The principal conclusions of the study are: (1) pure fast Alfvén wave 
antennas can excite ion Bernstein modes directly from the noise; (2) severely 
increased damping of fast waves can result in uniform plasmas; (3) in present 
tokamak devices, plasma non-uniformities are more important than electron 
Landau damping in limiting the amplitude of the excited Bernstein modes. 

The important properties of the direct conversion process are determined 
by the dependence of |D| - 1 on plasma parameters, as illustrated in Fig. 1 for a 
slab model tokamak with parabolic temperature and density profiles with 
Te/Ti = 2, Te(x = 0) = 1 keV, co/fli = 1.5 at the centre, and R/a = 3. The 
Lorentzian-type curves at the bottom of Fig. 1 show the spatially local behaviour 
of |D|_1 for different values of the noise wavenumber. It is evident that an 
optimum wavenumber exists for each radial position. This optimum value is 
indicated by the points and the associated maximum value of |D|_1 is the continuou; 
curve. It is seen that |D| - 1 increases towards the plasma edge owing to the decrease 
in electron temperature (£ > 3). 

The role of plasma non-uniformities can be visualized by plotting Re D versus 
radial position for a fixed noise wavenumber ky in the y direction (uniform directic 
for slab or poloidal direction), as shown for the outer portion of the tokamak 
profile (x = 0 is the centre). For this case it is seen that Re D = 0 at two different 
radii. At these points Bernstein modes with ky = 4.92 cm -1 can be excited. The 
mode excited at the inner point propagates toward the interior of the tokamak 
and thus contributes to useful heating, while the other mode goes to the plasma 
edge. The spatial dependence of the potential 0 of the Bernstein mode can be 
described near the points x = x0 where Re D = 0 in terms of the equation 
d20/dx2 - [iv + a(x - x0)] (¡> = "i^ky)"1 ES, 0 = (2ky)_1 9 Re D/dlq, v = Im D/j3, 
a = j3_19 Re D/3x. A useful feature of this equation is that it permits the comparisc 
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FIG.l. Lorentzian type of curves show local behaviour of \D\~l for different noise wave-
numbers for a slab model tokamak with parabolic density and temperature profiles (x = 0 is 
the centre). The points indicate the local optimum noise wavenumber giving the maximum 
value of l-Dl-1 shown by the continuous curve. 

FIG.2. Spatial dependence of Re D for a fixed ky = 4.92 cm~l is shown by solid curve. The 
plasma non-uniformities are determined by a = 2(8Re D/3x)/(3Re D/3kj.), shown by heavy 
points for the local optimum noise wavenumber. The lighter dots show the relative importance 
of Landau damping (F > 1 ) versus wave convection (T < 1 ) for each radial position. 

between the relative importance of Landau damping and convection through the 
parameter T = va~2'3. The heavy points in Fig.2 indicate the spatial behaviour of 
a and the lightly dotted curve indicates the corresponding F for the local optimum 
value of ky that generates a Bernstein mode. As illustrated, wave convection 
( r < 1 ) dominates most of the outer part of the profile. A similar dominance is 
also found for the inner part of the profile. 
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FIG. 3. Time history of the electron phase space ( 7 - I ) versus 4>: (a) Ap/p = 0.5%; (b) Ap/p = 2. 

2. SIMULATION OF DOPPLER SHIFT-DOMINATED 
CYCLOTRON MASERS 

This is a cyclotron maser with electrons injected at relativistic energies mainly 
parallel to B0 and the waveguide axis. The ratio of the perpendicular to parallel 
energies is typically 7_1; energy is efficiently extracted from both the parallel and 
perpendicular motion. The device has the advantage over the gyrotron in that it 
produces an output frequency at yooCQ (coc0 = rest cyclotron frequency) and is » 
tunable. We have simulated the operation of this device using a stretched 
1—2/2-dimensional relativistic electromagnetic particle code and found that 
a 1.25 MeV, 1.5 kA electron beam with 0.5% momentum spread propagating in 
a 10 kG magnetic field converted 25% of its energy to radiation at 90 GHz. Since 
the Doppler term is the dominant term in the output frequency, the electron bean 
momentum spread will play an important role in determining the efficiency of the 
device. The time history of phase space [(7 - 1 ) versus <j> = a>rt - kzVzt - tan - 1 X 
(Vr/%)] is shown in Fig.3(a) for 0.5% momentum spread and Fig.3(b) for 2.5% 
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FIG.4. Non-linear efficiency and free energy versus beam momentum spread. 

FIG. 5. Time evolution of electron phase space in the direction perpendicular to the DC 
magnetic field: (a) a>pt = 0; (b) upt = 300; (c) copt = 2000. 

momentum spread. The results clearly reveal that phase trapping is the saturation 
mechanism for these two cases. Furthermore, the results also indicate that an 
increase in momentum spread gives rise to at least two effects which tend to 
reduce the non-linear efficiency. The momentum spread reduces the free energy 
(To ~ 7R) of the beam for conversion (here 7 R is the wave resonant energy) and 
increases the number of electrons with energy close to TR. Figure 4 shows the 
electron beam free energy and non-linear efficiency versus the beam momentum 
spread. Even with 3% momentum spread, the efficiency is still greater than 10%. 
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FIG. 6. Time history of electrostatic waves at w = OJo and 2OJ0: fa) u>pt = 375; 

(b) Wpt = 2875. 

3. SIMULATION OF ABSORPTION OF ELECTRON 
CYCLOTRON WAVES 

A 1—2/2-dimensional relativistic electromagnetic particle code is used to 
simulate the propagation and absorption of a normal-incident ordinary wave 
launched from the low field side into a plasma with uniform density. The para
meters for the simulations are chosen to be Te/mc2= 8 X 10~4, V0/c = 0.035, 
w o / w p = 1-7, Lm/Xo = 1360, coc(0)/cop = 1.18, and the ions are immobile. The 
interaction region contains both the upper hybrid and cyclotron layers as shown 
in Fig. 5, which displays the time evolution of the x-direction electron phase space. 
The results clearly show that at cjpt = 300 a rather strong electron heating is 
taking place at and on the high field side of the cyclotron layer. Some of the high 
energy electrons have reached more than ten times their original energies. The 
electron temperature profile is consistent with the electron heating being due to 
relativistic effects. At cjpt = 2000, phase space reveals that, in addition to the 
localized electron heating, strong short-wavelength longitudinal disturbances 
arise between the upper hybrid and cyclotron layers. The interferograms of the 
electrostatic field for OJ = a>0 and 2w0 are shown in Fig. 6. The disturbance is 
the electrostatic upper hybrid wave which becomes evanescent in the regions of 
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co0 > cjUh and co0 < wc. The group velocity of the excited short-wavelength wave 
is small so that its convection loss is insufficient to suppress the growth. The 
mechanism of this non-linear mode conversion arises from frequency modulation 
at twice the upper hybrid frequency which is due to a combination of electron 
mass oscillation and the oscillating part of the density modulation induced by 
the incident ordinary wave. 

4. SIMULATIONS OF LOWER HYBRID CURRENT DRIVE 

Recent experiments [ 1, 2] in lower hybrid current drive have been successful 
in driving current even with waves whose parallel phase velocities are very fast: 
vph > vth- A variety of theories have been proposed [3—5 ] to explain this result. 
We have undertaken a series of particle simulations to test some of these hypotheses 
and assumptions. 

In a proposal by Liu et al. [3], a pre-existing high energy tail in the plasma is 
unstable owing to the Parail-Pogutse instability [6]. These unstable waves 
accelerate relatively slow electrons (2—3 vth) to velocities high enough to enable 
them to interact with fast lower hybrid waves. We performed a series of simulations 
to study the relaxation of an initial high energy electron tail with no RF [7,8]. The 
results showed that the tail evolved into a half-Maxwellian carrying about the same 
current on a time-scale about eight times faster than the current decay time due to 
electron-ion collisions, pe{. In other words, slower electrons were indeed accelerated 
at the expense of the fast electrons, so that the same current was carried by a larger 
number of slower electrons. This effect is similar to the one proposed by Liu et al., 
but the instability which was assumed to have caused it was not observed. We 
tried several cases with different maximum velocities vm , with the same results 
observed regardless of whether or not the Doppler resonance conditions were 
satisfied: co + coCe = k» vm an^ w/kn > 3 vth- Instead, it appears that enhanced 
Cerenkov emission was responsible for this effect. A distribution with a long 
flat tail is not in thermodynamic equilibrium, since Landau damping is essentially 
zero for waves with phase velocities corresponding to the non-thermal flat tail, 
3 Vtf! < co/k|| < vm . In this range of phase velocities there is strong emission by, 
and drag on, the superthermal electrons. Slow and fast particles exchange energy 
and momentum via the waves until the distribution evolves into a half-Maxwellian, 
and near-thermal equilibrium is reached. The two half-Maxwellians come to 
equilibrium with each other on a longer time-scale. In the simulations, increased 
fluctuations in precisely this range of phase velocities were measured. This effect 
is therefore a type of electron-electron collision, occurring through the exchange 
of waves. These wave-assisted collisions conserve electron momentum. 

The waves involved are the same cope cos 0 waves which are supposedly ' 
unstable in the theory of Liu et al. Furthermore, since the half-Maxwellian 
distribution which is the final state has lower parallel energy than the initial state, 
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we find that the perpendicular energy has gone up by the corresponding amount. 
Thus we find in the simulation many of the effects usually attributed in the 
Parail-Pogutse instability (acceleration of slow electrons, energy exchange between 
the parallel and perpendicular directions) but not the presence of the instability 
itself. The process appears, instead, to be more universal, involving emissions and 
absorption in non-equilibrium plasmas. 

5. SIMULATION OF GENERALIZED TOROIDAL CUSP 
CONFIGURATIONS 

The toroidal cusp experiment [9] is a toroidal picket fence with toroidal 
current induced by an iron core transformer. In TCXI it was found that for a loop 
voltage of 100 V a current of approximately 5 kA (ion current) was induced; 
no electron current could be detected. Ion temperatures up to 500 eV were 
obtained at densities of 4 X 1013 cm-3. The electron temperature was relatively 
low, being about 20 eV. If, in an upgraded device, ion temperatures in the fusion 
range (10 keV) can be obtained, the device might be run in a quasi-stationary 
fashion (applying AC to the transformer) for engineering and material studies. 
If means to close off the cusps are found, it might make a fusion device. 

Earlier simulation [10] successfully modelled many of the features of the 
simple TCX. We have now generalized these calculations to two modified 
configurations. The first is one in which the cusps are wrapped helically round 
the torus, and the second includes the effects of adding a toroidal B field in 
addition to the cusps. The simulation model is a fully electromagnetic, 2—1/2-
dimensional particle model. The plasma is a slab parallel to the xz plane with 
the cusps parallel to z. The helical situation is modelled by applying an induced E 
field with components in the x and z directions. We find that the cusps restrain 
electron motion parallel to x, and in the slab the ratio of electron to ion x current 
is proportional to \/Mi/m& (in a cylinder it would be 1 ). Parallel to the z direction 
the ratio of the electron to ion current is Mi/me. This implies that, for a helical 
toroidal cusp device, a helical electron current and a toroidal ion current would 
flow, giving the possibility of both strong ion and strong electron heating. In 
addition to the simulations, we have carried out single-particle orbit calculations 
which show that ion focusing exists for the helical situation as well as the 
poloidal TCX. 

If a toroidal magnetic field is applied (field n to x for the model) then we 
find that the electron current decreases below the y/Milme ratio up to the point 
where two neighbouring cusps merge. For fields larger than this, the electron 
to ion current ratio increases. For sufficiently large toroidal B field, the cusps 
simply produce a series of mirrors, and the ratio of electron current to ion current 
can be calculated on the basis of assuming that electron trapping in the mirrors 
occurs but that the ions flow freely through. 
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Abstract 

PLASMA HEATING BY MULTIPLE-SHORT-PULSE NEUTRAL BEAMS. 
A neutral-beam-injection (NBI) method has been developed to control the averaged and 

maximum input power independently. The method, the multiple-short-pulse (MSP) injection 
method, is characterized by the repetition period t and the pulse length t„ and is expected to 
be a useful tool for the investigation of NBI effects on plasma confinement. The method is also 
used to modify the velocity distribution function of injected beam particles. In the JFT-2M 
tokamak, waves have been excited by this method in the ion cyclotron range of frequencies 
(ICRF), owing to beam-plasma interactions in a controllable manner. The excited wave agrees 
qualitatively with the Alfvén wave eigenmode in the ICRF and may contribute to the non-
classical energy transfer from the beam ions to the bulk ions. The charge-exchange spectra 
during the MSP injection have been compared with those of ordinary continuous injection in the 
low-density regime. 
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1. INTRODUCTION 

The neutral-beam injection (NBI) facility has demonstrated its capability for 
plasma heating, but degradation of plasma confinement has been found during 
NBI heating [ 1 ] . It has also turned out that H-mode discharges remove this 
degradation [2]. The multiple-short-pulse (MSP) injection method enables the 
control of the averaged and maximum input powers independently and 
yields a new tool for studying the origin of confinement degradation [3,4]. 
Beam-driven ICRF waves were oberseved in W VH-A [5], TFR [6], and 
JFT-2 [7]. The ASDEX experiment has shown indirectly that beam-driven ICRF 
waves may play an important role in the beam heating process [8]. The MSP 
method allows the distribution function f(v) of injected beam particles to be 
controlled [9]. By employing the MSP method, we observed intense excitation 
of ICRF waves due to beam-plasma interaction in a controllable manner. We 
investigate the characteristics of the excited waves and the role of the wave in the 
power balance. We also present a kinetic theory of the ICRF instability and obtain 
a non-local eigenmode. The non-classical relaxation associated with this mode is 
evaluated. 

2. EXPERIMENTAL APPARATUS AND DIAGNOSTICS 

The experiments were made on JFT-2M (major radius R0 = 1.31 m, plasma 
radius ap = 0.35 m, toroidal field BT % 1.43 T, plasma current Ip < 0.3 MA) [10]. 
The NBI system consists of a co- and a counter-injector with an injection angle 
of 38° with respect to the plasma axis. Each injector can deliver 1.2 MW to the 
plasma for 200 ms at a source voltage, Eb , of 40 kV and a source current, Ib , 
of 65 A. The beam injection efficiency is about 45%. In MSP injection, the 
pulse repetition period tr and the pulse length tg are determined externally. The 
rise and decay times of each pulse are less than 150 us. RF oscillations in ICRF 
were observed by electrostatic probes placed in the scrape-off layer on the equatorii 
plane at the low-field side. The flux of energetic neutrals was measured by an 
E il B-type mass-separated neutral-particle energy analyser [11] along a chord 
nearly perpendicular (76°) to the magnetic axis so as to avoid the effects of ripple 
loss particles. The hydrogen-to-deuterium concentration ratio, n H /n D , was deter
mined from the line intensities of Ha (6562.8 Â) and D a (6561.0 Â) during the 
discharge, by using a i m Czerny-Terner spectrometer. 

3. EXPERIMENTAL RESULTS 

As in the JFT-2 tokamak, in the JFT-2M tokamak RF oscillations in the ICRF 
were observed during the initial phase of beam introduction [7]. To clarify the 
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t r = lOms 

FIG.l. (a) Relation between RF oscillation amplitude (oo/2n = 19 MHz) and beam pulse length 
fffi = 5 ms, 7 ms and 9 msj for fixed pulse repetition period (tr= 10 ms). 5 = 1.25 T, I = 150 kA, 
ne = 1.5 X 10™ cm'3, nH/nD = 0.3-0.5, Eb = 35 keV, and I¿= 50 A (0.75 MW co-injection). 
(b) Calculated parallel velocity distribution function ffvt) at plasma centre. In this case, beam is 
shut off at t = 5ms. Calculation parameters: Te = 800 eV, T. = 600 eV, n (0) = 2.25 X 10ncm~3, 
Eb=35k V, lb=50A and beam power fraction P(E):P(EJ2):P(E/3) = 6:3*1. 
(c) Time behaviour of slope of parallel velocity distribution function defined between two points 
denoted by arrows in (b) for MSP cases t& = 5 ms, 7 ms and 9 ms, and t =10 ms. 

mechanism of the wave excitation and the role of the excited wave in the power 
balance, we compared the plasma properties during MSP and ordinary continuous 
injection. 

3.1. Beam-driven ICRF wave 

Figure 1(a) shows the relation between the amplitude of the observed oscillations 
at the hydrogen cyclotron frequency GJ>CH corresponding to the magnetic field 
strength at the plasma centre and the pulse length. When the pulse length t£ is 
increased for fixed repetition period tr, no oscillations are detected in the later 
pulses. We study the distribution function of the injected beam ions by solving 
the Fokker-Planck equation numerically [12]. Figure 1(b) shows the time 
behaviour of parallel velocity distribution functions f(vü) at the plasma centre 
corresponding to the experimental conditions of Fig. 1(a). Figure 1(c) shows the 
time behaviour of the slope of the parallel velocity distribution functions defined 
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FIG.2. Time behaviour of plasma parameters; (a) RF amplitude (oi/2-n = 19 MHz) in MSP case, 
(b) RF amplitude (CÚ/2TT = 19 MHz) in continuous case, (c) plasma current and loop voltage, 
(d) line-averaged density, (e) values from magnetic measurement, (f) charge-exchange spectra 
of bulk fast D° atoms and (g) beam fast H° atoms in MSP injection case (solid lines and solid 
circles in each figure) and in continuous injection case (broken lines and open circles in each figur 
In MSP case, 0.55 MW co-beams (tn = 6 ms, t = 10 ms, E. = 30 keV and I. = 40 A) and counter-

x r o o beams (t^ = 4 ms, tr 10 ms, Eb = 30 keVand I = 40 A) are injected one after another. For 
continuous injection with Eb - 30 keV, source currents of each co- and counter-injector are 
reduced to 60% and 40% of those of MSP injection. Dotted-solid line in (f) denotes the line 
of S/N = 1. BT= 1.25 T. 

between the two points denoted by arrows in Fig. 1(b). These experimental 
results inply that the waves are excited when df(v||)/dv|| is positive and beyond 
a critical value. When the H° beams of Eb = 20 kV and Ib = 20 A were injected 
into a D+plasma at a density of 1.5 X 1013cm~3 and n H /n D « 0.3, RF oscillation 
was detected. When, however, the plasma density was doubled, no RF oscillation 
was detected. These experimental results and the calculation of the beam depositio 
show that the threshold ratio of beam density to plasma density, nh/n„, is larger 
than one-tenth of one per cent. The wavelength in the toroidal direction as measured b 
electrostatic probes is about 1 metre [7]. The RF spectrum is very narrow around 
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ncoCH and has no side-band. There is a time difference in the appearance of coCH 

and 2coCH. First the fundamental and then the second harmonic is observed. 
The amplitudes of the higher harmonics are much smaller than that of the fundamental 
one. In the density region from 1.5 to 4.0 X 1013 cm - 3 , the RF frequency is nearly 
constant around coCH at the axis. 

The observations depend on the concentration ratio n H /n D . The more 
nH /nD increases, the less the oscillation amplitude. In a discharge with co-injection 
of hydrogen beams into a hydrogen plasma (H° -» H+), no RF oscillation is detected. 

3.2. Role of excited wave in power balance 

The excited wave agrees qualitatively with the Alfvén wave eigenmode (to be 
described in the following section). For the H° beams into D+plasma, the 
excited wave is the fundamental cyclotron resonance for the H+ plasma and the 
second harmonic for the D+ plasma. If the excited wave is absorbed by the bulk 
deuterons, a non-Maxwellian high-energy tail may be created. We compared the 
plasma properties during MSP injection with those during ordinary continuous 
injection. The results of the experiments are shown in Fig.2. 

In the MSP injection case, 0.55 MW co-beams (tg = 6 ms, t = 10 ms, 
Eb = 30 keV, and Ib = 40 A) and 0.55 MW counter-beams (tg = 4 ms, tr = 10 ms, 
Eb = 30 keV, and Ib = 40 A) are injected one after another. For continuous 
injection with Eb of 30 keV, the source currents Ib of each co- and counter-injector 
are reduced to 60% and 40% of those of the MSP injection so as to make the 
average injection powers equal in the two cases. 

In the counter-injection phase, no RF oscillation was observed, as is shown 
in Fig.2(a), and counter-injection does not affect the RF oscillation during 
co-injection. No high-energy tail of charge-exchange spectra of bulk fast D° atoms 
was found during MSP injection with a power of 0.55 MW, as is shown in Fig.2(f). 
No adverse effect, due to the excited wave, on plasma confinement was observed. 

4. THEORY OF ICRF INSTABILITY 

We consider the theoretical model of a collisionless plasma slab in a strong 
magnetic field in the z-direction, B(x) = B0/(l + x/R0) (x = rcosfl, R0 is the 
major radius). We adopt a shifted Maxwellian distribution for the beam component 
and Maxwellian distribution for the bulk electrons and ions. The density and 
temperature profiles of the bulk components are n(x) = n 0( l - x2 /a2 ) and 
T(x) = T0exp(—3r2/a2 ), respectively. The high-energy beam component is 
assumed to be localized in the central region of the plasma, 
nb(x) = n b 0 ( l - (4x/3a) 2) (|x| < 0.75a); its uniform drift velocity and its 
temperature are denoted by ub and Tb . In the y- and z-directions, the plasma is 
assumed homogeneous. 
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FIG. 3. Spatial structure of marginally unstable mode driven by parallel H° beam in If plasma 
(io/2n = 20.15 MHz, k.,R0 = -8). Electric field (E , E ) , power density absorbed by each plasm* 
species (Pn, P.), and energy flux S are shown, n n = 5 X 1013cm 
nbQ = 1.5X10* 

eO TeO = TDO = l k e V > 

We consider small-amplitude electromagnetic perturbations of the form 
= E (x) exp(— icot + ik z), where we set k = 0. The wave-field must satisfy 

VX V X Ê - (o)2/c2)t = ico/to ) X (1) 

where s denotes the particle species. The explicit form of J ,̂ in which terms of 
the order of (pkx)2 are kept (p is the ion gyroradius), is given in Ref. [ 13 ] . The 
boundary condition on the wall at x = ±b is given as E'/E = E^/Ez 

= ± y ^ — co2/c2 — icoju0/r7w where 1?W is the wall resistivity. ICRF eigenmodes 
are obtained by solving Eq.(l) with a test current in the vacuum region x = —d 
(a < d < b). The mode is composed of a compressional Alfvén wave, an ion-
Bernstein wave and a modified ICRF wave. 

Figure 3 shows the example of a marginally unstable mode driven by a 
parallel hydrogen beam in a deuteron plasma (k||R0 = — 8, œ/2ir = 20.15 MHz). 
The beam energy is taken to be 30 keV, simulating typical NBI experiments 
(TKII = T h , = E h , n . ( 0 ) = 5 X l O 1 1 ^ 3 , T n =T ; n = 1 keV and n„n = 5 X 1013cnT: 

eO i0 ^0 
In this case, the excited wave energy is mainly absorbed by the deuterons, and 
energy transfer from beam ions to bulk ions takes place efficiently. Since the bulk 
ions absorb the wave through second cyclotron resonance, the damping is weak 
and the threshold beam density for the onset of the instability is low. For the 
more easily destabilized mode (k||R0 = — 8), the instability occurs below the level 
nb/ne « 0.5%. When the beam is present in the hydrogen plasma, the background 
ions also absorb the wave via the fundamental resonance: the damping is strong. 
For the destabilization of the mode, the beam density exceeds n^ng « 4% for the 
case of H+. The threshold density is comparable to the experimental value for 
nH /nD « 0 . 3 . 
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The non-classical energy transfer rate induced by this ICRF instability is 
compared to the classical value. Through the classical collision process, the energy 
loss rate of the beam particles is estimated to be dEb/dt «* 3 X 106eV-s -1 , and the 
major portion is transferred to the electrons. Averaging over the beam particles, 
the energy loss rate due to the ICRF instability, shown in Fig.3, is estimated to be 
dEb/dt « - 3 X 104 |E PeV-s"1 (E in V-cm -1 ). We see that the non-classical 
process is the dominant channel for the energy transfer if the wave amplitude of 
the ion heating mode is larger than 10 V-cm"1. We note that the excited ICRF 
eigenmode is absorbed mainly by the bulk ions; this non-classical process 
contributes to ion heating through high-energy beam ions. 

SUMMARY 

By employing the MSP method, we have excited waves in the ICRF due to 
beam-plasma interactions in a controllable manner. The wave characteristics are 
as follows: 

(1) the waves are excited when df(v||)/dv|| is positive and beyond a critical value. 
(2) these observations depend on the n H /n D concentration ratio. For nH /nD » 0.3, 

the threshold value of the beam-to-bulk electron density ratio for the occurrence 
of the instability is larger than one tenth of one per cent. In a discharge with 
co-injection of hydrogen beams into a hydrogen plasma (H° -* H+), no RF 
oscillation is detected. 

(3) the wavelength in the toroidal direction is about 1 m. The wave qualitatively 
agrees with the Alfvén wave eigenmode in the ICRF. 

We compared the charge-exchange spectra during MSP injection with those 
of ordinary injection in the low-density regime. No high-energy tail of charge-
exchange spectra of bulk fast D° atoms was found during MSP injection with a 
power of 0.55—0.75 MW. No adverse effect due to the excited wave on plasma 
confinement was observed. 
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